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Abstract

Angular momentum (AM) is an inherent property of electromagnetic fields. A light
beam can possess both spin angular momentum (SAM) and orbital angular momentum
(OAM). SAM and OAM are results of transverse spin and orbital energy/momentum
flows of the light beam respectively. Transverse spin momentum flow originates from
the rotating electric field vector of a circularly polarized light beam. SAM can have two
orthogonal states corresponding to left and right-handedness of circular polarization.
On the other hand, transverse orbital momentum flow is a result of the azimuthal phase
gradient present in optical vortex beams. Systematic control of the spatial phase of a
vortex beam can result in an infinite number of orthogonal states of OAM. AM carrying
beams can be easily generated in the laboratory by engineering polarization and spatial
phase of the Gaussian output of a LASER source. One of the commonly used and easy
to prepare OAM carrying beams is Laguerre-Gaussian (LG) beam. AM of the light
beam has been utilized as an extra degree of freedom to enhance optical information
transfer. Interaction of AM carrying light beams with matter not only provides a funda-
mental understanding of light-matter interaction but has been harnessed in applications
such as quantum memory gadgets, optical trapping, directional coupling and more. The
effects of optical AM interaction with matter are small at large scale and can be ne-
glected. But it is important to consider them at scales comparable to the wavelength of
the light beam and has been utilized in nanophotonics based applications.

Herein, we have studied the interaction of AM carrying beams with a single plas-
monic nanowire (NW). Our study aims at how transverse spin and orbital momentum
flows control the scattering of AM carrying beams from an individual NW and gen-
eration of plasmons in the NW. We show the optical Spin-Hall effect in the scattering
of a light beam from NW caused by spin flow, the detection of OAM states using a
single NW at the subwavelength scale and OAM controlled surface plasmon polaritons
generation in a plasmonic NW. In order to experimentally probe the above concepts,
we have utilized a home-built dual-channel Fourier plane microscopy setup and corrob-
orated the measurement with finite element based numerical simulations. Structured
light beams such as Hermite-Gaussian and Laguerr-Gaussian beams are generated us-
ing spatial light modulator working in off-axis hologram configuration for experimen-

tal observations. Using the developed experimental methods, we have also explored
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nonlinear optical effects such as second-harmonic generation and two-photon excited

fluorescence from organic mesowire using conventional optical Gaussian beams.
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Chapter 1

Introduction: Angular momentum of

light and its interaction with matter

A light beam is defined by its intensity profile, phase distribution and polarization de-
gree of freedom it carries. It is well understood that a light beam carries energy as
well as linear momentum. With respect to a coordinate origin, the light beam travel-
ing at distance’ R’ with linear momentum P also possesses orbital angular momentum
(OAM) given by, L. = R x P.

L. is extrinsic OAM and is transverse to the direction of propagation. But with
engineering of polarization and spatial phase of the beam, one can provide angular mo-
mentum (AM) to the light beam which is intrinsic to it and aligned along the direction
of propagation. Angular momenta of an optical beam associated with polarization and
spatial phase profile are spin angular momentum (SAM) and intrinsic OAM. Rotat-
ing electric field vector in circularly polarized light beam results in SAM. SAM can
have two orthogonal states with +h AM per photon corresponding to right and left
hand circular polarization respectively. On the other hand, vortex beams which have
helical phase front possess intrinsic OAM. Most common example of vortex beams
is Laguerre-Gaussian (LG) beams. LG beams have azimuthally varying phase term,
i.e., exp(-ilp) which results in OAM in the direction of beam propagation. Here, ¢ is
azimuthal coordinate and / is an integer value, known as topological charge or OAM
mode number which defines a particular state of OAM beam. OAM can have infinite
number of orthogonal states depending on spatial phase structure with magnitude equals
to /A per photon for topological charge /. Figure 1.1 [1] shows schematics represent-
ing three different types of AM in paraxial light beams. The figure indicates extrinsic
OAM is transverse to the direction of propagation of beam while intrinsic AMs are in
the direction of propagation. During the course of this thesis, I will be discussing SAM
and intrinsic OAM only, and for convenience, intrinsic OAM is mentioned as OAM. In
what follows, I will briefly discuss about history and origin of intrinsic AMs and their

interaction with matter within the scope of this thesis.
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(b) (©

Electric (magnetic) field X

Phase front

FIGURE 1.1: Schematic showing angular momentum of paraxial beams:

(a) extrinsic orbital angular momentum, (b) spin angular momentum and

(c) intrinsic orbital angular momentum. Reprinted by permission from
Springer Nature: Nature Photonics [1], Copyright (2015).

1.1 A brief history of angular momentum

History of study of angular momentum of light dates back to 1909 when J. H. Poynting
[2] proposed a uniformly revolving shaft as a mechanical model for circularly polarized
light. He suggested that change in polarization from circular to linear or vice versa by
an optical element (quarter wave plate) should exert a torque on the optical component.
He believed this exerted torque by the light beam on the optical element is too small
to be observed practically. But in 1936 [3], Beth experimentally observed SAM of
light. He used a quartz wave plate hanging on a filament and observed experimentally a
torque exerted by the light beam on the plate as it changes its polarization upon passing
through the plate.

On the other hand, Allen in 1992 [4] showed that LG beams which carry helical
phase front, i.e., exp(-il¢) possess orbital angular momentum equal to +/A per photon.
As OAM is a result of azimuthally varying spatial phase, he used astigmatic optical
components to observe it mechanically. He experimentally demonstrated that a torque
is exerted on a fiber with which two cylindrical lenses were suspended as LG beam
passes through lenses. The mechanical torque on fiber was a result of the change in
sign of OAM by optical components. At the moment, AM carrying beams are not only
used for fundamental understanding but have wide range of application also. I suggest
[5-10] for further reading on advances in the field of AM of light.

1.2 Origin of intrinsic angular momentum of light: Trans-

verse energy flows

From AM relation, it is clear that linear momentum in direction of propagation can not

generate intrinsic AM as both are in the same direction. Generation of intrinsic AM
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is possible only if there is a component of Poynting vector (linear momentum) of the
beam in the transverse plane aligned along azimuthal coordinate. Hence, ideal plane
wave which has total linear momentum (Poyting vector) in the direction of beam prop-
agation, cannot possess intrinsic AM. But in reality, the finite extent of light beam or
limited dimension of the detecting system, inhomogeneous distribution of intensity and
spatially varying phase with respect to transverse coordinates can result in a Poynting
vector component tranverse to propagation direction of the beam. These components of
Poynting vector are called transverse momentum (or energy) flows [11]. Henceforth, I
will use energy flow and momentum flow interchangeably. In this section, I will briefly
discuss about the origin of transverse energy flows for paraxial beams and their experi-
mental visualization.

Total energy flow density can be represented by time averaged Poynting vector (S),

S o« Re[E x H* (1.1)

Where E and H are time averaged electric and magnetic field vectors.

In 2006 [12], Bekshaev and Soskin showed that for paraxial beams, total energy
flow can be decomposed in spin and orbital energy flows. Where spin energy flow is
transverse in nature but orbital energy flow has both transverse and longitudinal com-
ponents. Transverse spin and orbital energy flows result in spin and orbital AM to a
beam respectively in the direction of propagation. Later in 2009 [13], Berry gave a

generalized description for energy flows in case of nonparaxial field.

1.2.1 Spin energy flow

Spin energy flow density (570) part of equation 1.1 for paraxial beam propagating in z

direction can be written as [12]

—

S, x —€, X Vng x curl(e,Ss) (1.2)

where, €, is a unit vector in the direction of beam propagation, 5/ | is transverse gradient
and S3 is forth Stokes parameter which gives the difference of intensity between right

and left hand circular polarizations, i.e., S35 = Ircp — ILcp.
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FIGURE 1.2: Origin of spin flow: (a) Due to finite boundary of a
beam, (b) Inhomogeneous distribution of intensity in a circularly polar-
ized beam. From ref [11]. Reproduced by permission of IOP Publishing.

We can draw following inferences from equation 1.2. First, spin energy flow density
has solenoidal behaviour and hence spin flow lines are continuous everywhere. Second,
it is clear that spin flow density depends on S3 and will be nonzero only for circu-
larly/elliptically polarized light beams. In particular, it is dependent on gradient of S5
and is perpendicular to both direction of propagation and gradient of S3. There are two
possibilities for the generation of spin flow in circularly polarized beam as shown in
figure 1.2 [11]. One of them is the finite extension in the transverse direction (figure
1.2(a)) (This contribution is not included in equation 1.2). If the circularly polarized
beam has a homogeneous distribution of the intensity, gradient of S5 is zero but abrupt
boundary of the beam results in macroscopic spin flow. Secondly, if the beam has
inhomogeneous intensity distribution and hence nonzero gradient of S3, it possesses
spin energy flow perpendicular to gradient of S5 as shown in figure 1.2 (b). For beam
having inhomogeneous intensity in radial direction, spin flow will be along azimuthal
coordinate which will give rise to SAM in the direction of beam propagation. Figure
1.3 shows numerically calculated spin energy flows using equation 1 for Gaussian and

Hermite Gaussian beams.

(a) (b) —_

Min

FIGURE 1.3: Spin energy flow density: Left hand circularly polarized
(a) Gaussian beam and (b) Hermite Gaussian beam. Arrows show the
local spin flow directions and the background is its magnitude.
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Experimental measurement of macroscopic spin energy flow:

When a light beam hits an object, it transfers momentum associated with the beam
to the object. Although this momentum is very small and can be neglected for large
objects but it is enough to move nanometer or micrometer size particles. O. V. Angelsky
et al., [14] used a non-spherical dielectric particle suspended in a water-filled cell for
the experimental demonstration of spin energy flow. They showed when the particle
interacts with weakly focused circularly polarized Gaussian beam, it performs rotational
motion about the center of the beam with spinning along its own axis as shown in figure
1.4. Rotational motion of the particle can be attributed to spin energy flow as there are

negligible possibilities for the conversion of SAM to OAM in weak focusing condition.

FIGURE 1.4: Orbital motion of non-spherical dielectric particle particle

in weakly focused Gaussian beam with left (upper row) and right (lower

row) hand circular polarizations. Figure has been adapted from [14] with
permission © The Optical Society.

1.2.2 Orbital energy flow

In contrast to transverse nature of spin energy flow, orbital energy flow has both lon-
gitudinal and transverse components. Longitudinal component represents the intensity
profile of the beam. On the other hand, transverse orbital energy flow results in OAM.
For a paraxial beam, orbital flow depends on spatial phase distribution and has follow-
ing relation [12]

So o 7, @ (1.3)

Where, ® is spatial phase distribution.

Equation 1.3 depicts that the transverse orbital flow is determined by gradient of
spatial phase distribution and will be zero for a beam with constant phase front. Hence
ordinary laser beams which have constant phase will not result in transverse orbital
energy flow. But Laguerre Gaussian (LG) beams have azimuthally varying spatial phase

distribution which results in transverse orbital energy flow and hence OAM. LG beams
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are widely used as a OAM carrying beams. In following, I describe energy/momentum
flows of these beams.

LG beam can be represented by following complex scalar function [4]

R +C;%)% (;g)’% () () (14

—ikr?z , , -
X exp (m) exp(—ilp)exp (Z(Qp + 1+ 1)tan ;)

where zp is the Rayleigh range, w(z) is the radius of the beam and the beam waist is at

z = ( for beam propagating in z direction. r and ¢ are transverse coordinates. Lﬁ, is the
associated Laguerre polynomial and C is a constant.
Using equation 1.1 and 1.4, we get linear momentum density components in 7, ¢

and z directions [15] as follows,

wkrz
P = g [uf?
60(4%—1—22)' K
wl
Fy =€ {7|U|Z] : (1.5)

P, = eqwk|ul?

where €, is permittity of free space, w is angular frequency and k = w/c is wave number.

Different components of linear momentum contribute to different physical proper-
ties of the beam. P, is the reason for the divergence of propagating beam. P, is linear
momentum in the direction of propagation of the beam. Fj, azimuthal component of
linear momentum represents transverse orbital energy flow and results in orbital angular
momentum in the direction of propagation (z) with orbital angular momentum density

equal to

Lint = €owl|ul®e. (1.6)

This shows that OAM is directly proportional to topological charge / and can have
infinite number of states depending on different value of number /. Figure 1.5 shows
transverse orbital energy flow for LG beam with topological charge / = -1. In chapter 2,

I will describe generation methods for different modes of LG beams.
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max

min

FIGURE 1.5: Orbital energy flow density: Arrows show the local trans-
verse orbital flow directions and the background is its magnitude for / =
-1.

Experimental measurement of transverse orbital energy flow:

Transverse orbital energy flow depends on spatial phase distribution in azimuthal
direction and can have different magnitude depending on different phase structures, i.e.,
different / value in the context of LG beams. Figure 1.6 shows two experiments about
the observation of transverse orbital energy flow. Figure 1.6 (a) [16] shows rotation of a
silver nanowire (NW) when it interacts with LG beams. Rotation of the NW is a result
of torque produced by transverse energy flow in the beam. Increment in magnitude of
orbital flow with [/ value can be observed in increase of angular velocity of the NW
rotation. Transverse orbital energy flow can also be visualized by diffracting the beam

from a single slit as shown in figure 1.6 b [17].

a

FIGURE 1.6: (a and b) Transverse orbital energy flow induced rotation

of silver nanowire using LG beams. (c and d) Diffraction pattern of LG

beams with topological charge -1 and +1 from single slit showing trans-

verse orbital energy flow. Figures have been adapted (a-b) with permis-

sion from [16] © (2013) American Chemical Society and (c-d) from [17]
© (2009), with permission from Elsevier.
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1.3 Interaction of AM carrying beams with matter (in

the scope of this thesis)

Interaction of AM of light with matter not only provides a fundamental understanding
of spin-orbit and orbit-orbit coupling of light but also finds applications in optical in-
formation transfer, memory gadgets, optical tweezers, etc. Although the effects due to
AM are very small in magnitude and can be neglected at large but have to be taken
into account at wavelength scale. In our work, we have studied the interaction of AM
carrying beams with single plasmonic nanowire (NW). Specifically, we have focused

on following questions:
1. Spin-Hall effect of light
2. Detection of OAM states at subwavelength scale
3. OAM controlled generation of surface plasmon polaritons

In this section, I will discuss about different concepts used and recent advances on above

topics and will outline the work of the thesis.

1.3.1 Spin-Hall effect of light

In view of condensed matter physics, Spin-Hall effect describes the deviation of up and
down spin electrons in opposite directions in the transverse plane to electric current
flow in a conductor [18]. Analogous to it, the spin-Hall effect of light represents SAM
induced transverse shift of optical beam [19]. The optical Spin-Hall effect essentially
originates from the interaction of SAM and extrinsic OAM. Spin-Hall effect has been
realized in gradient-index medium [20], upon refraction or refraction at the interface of
two transparent media [21-23], refraction through tilted polarizer [24], surface plasmon
polaritons in metal film [25], anisotropic plasmonic chain [26] and metasurfaces [27,
28] and many more. I would suggest reviews [1, 29] for the basic understanding of the
spin-Hall effect and recent advances in the field. Spin-Hall of light finds applications in
metrology [30], spin-dependent plasmonic lenses [31], position sensing [32], etc.

One of the examples of Spin-Hall effect is spin-dependent transverse shift of op-
tical beam upon reflection or refraction from an interface. Figure 1.7 shows the split-
ting of the linearly polarized light beam into spatially separated right and left handedly
circularly polarized beams upon refraction from air-glass interface [21]. This splitting
(optical spin-Hall effect) is a result of the geometrical phase [33] resulted from transver-
sality condition between the electric field and wavevector of a plane wave. A practical

optical beam consists of plane waves with slightly different wavevectors as it has some
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divergence from propagation axis. Because of the transversality condition, polarization
vector of plane waves with slightly different wavevectors in the beam rotates differently

upon refraction, which results in a global geometrical phase.

(a)

70 J(C)

<l | 5)*'

y-displacement (nm)

A =633 nm

. . . .
0 20 40 60 80
0, (degrees)

FIGURE 1.7: (a) Schematic showing spin-Hall effect of light upon re-

fraction. (b) Different rotation for plane waves with different wavevec-

tors. (c) Quantum weak measurements showing separation between two

spin components upon refraction for incident vertical and horizontal po-

larization as a function of incident angle with respect to normal. "From
[21]. Reprinted with permission from AAAS."

1.3.2 Detection of OAM states

As discussed above, OAM is a result of azimuthally varying phase in vortex beams
which can have any value in multiples of 27 and results in an infinite number of OAM
orthogonal states. These states of OAM can be achieved routinely in the laboratory
using a phase mask on Gaussian beam, a typical output of the LASER (to be discussed
in chapter 2). But the utility of these beams, especially in optical information trans-
fer comes with the challenge of detection of different OAM states which carry unique
information at the receiver end. The fact that beams with different topological charge
comprise unique phase information, interference-based detection is widely used to de-
tect different OAM states. In interference-based detection methods, a reference beam
interferes with OAM carrying beam and results in unique patterns for different OAM
states. Figure 1.9 (a) shows detection of OAM states based on interference pattern
recognition at the macro scale [34]. The method can be utilized at the chip-scale also

as shown in figure 1.9 (b) [35]. Here interference patterns are a result of interaction
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between spherical wave generated by localized plasmon at nanohole and transmitted
OAM carrying beams. Several other proposed methods based on plasmonic gratings
are shown in [36-38].

These methods are either limited by the intensity of the reference beam or by com-
plicated nanostructuring. We propose and experimentally show that elastic scattering
from a single NW can be utilized for the detection of OAM modes at subwavelength
scale. In this way, we get rid of reference beam and use simple nanostructure which can

be integrated in plasmonic circuits.

et | Input OAM mode

Seamgpne A | 4 Reflected mode
l‘ll P Viewing screen b / { 1
0 QN | Transmitted mode
¥ |
.

LG,

FIGURE 1.8: Interference based detection of OAM states of an LG beam.
(a) Free space detection of the topological charge of the LG beam by in-
terfering it with reference plane wave. Interference patterns are shown
for [ = +3 taken at different distances along the propagation direction. (b)
Detection of topological charge at small scale by detecting interference
pattern generated by interference between transmitted LG beam through
thin plasmonic film and spherical wave generated by localized plasmon
at nanohole. Interference patterns are shown for / = +8 recorded at dif-
ferent distances along the propagation direction. Figure (a) has been re-
produced from [34], with the permission of the American Association
of Physics Teachers. Figure (b) has been adapted with permission from
[35]. © (2017) American Chemical Society

Z=160um

LG, (at beam waist) + LG, (at Rayleigh range) +
plane wave reference plane wave reference

1.3.3 Surface plasmon polaritons (SPPs)

We have studied how OAM affects the coupling of light to plasmonic nanowire waveg-
uide. In a nanowire, light is guided through surface plasmon polaritons (SPPs). SPPs
are surface electromagnetic waves at the metal-dielectric interface [39], as shown in
figure 1.10 (a). SPPs are confined to the interface and decay exponentially in both
mediums (inset, figure 1.10 (a)). Large (in comparison to dielectric) and negative per-

mittivity of metals makes the confinement of SPPs possible at the interface [39, 40].
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Solving Maxwell equations with an appropriate boundary condition at metal-dielectric

interface results in following dispersion relation for SPPs [40]:

€Em€d
k =k 1.7
SPP Ve te, (L.7)

Where €, and ¢, are permittivity of metal and dielectric mediums. kg = w/c is
wavevector of free space photon. Dispersion relation shows that for constant frequency,
the momentum of SPP is larger than of free space photon, as shown in figure 1.10 (b).
This mismatch of the momentum restricts the generation of SPPs to few methods such
as prism and grating coupled excitation [41]. Topological defects at the surface can
also provide extra momentum to photon for the generation of SPPs. In the case of NW
waveguide (shown in figure 1.10 (¢)), excitation of one of the extremity with light beam
provides extra momentum for SPPs generation. Efficiency of the SPPs generation in the
NW depends on many parameters of lights as well as NW. Some of them are numerical
aperture of focusing lens, polarization and wavelength of excitation light, diameter and

material of NW.

(&
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FIGURE 1.9: (a) Schematic showing SPPs on metal-dielectric interface.
Inset shows exponential decay of SPPs in both mediums. (b) Dispersion
diagram for SPPs. (c) Input polarization controlled excitation of SPPs
in silver NW at 633 nm wavelength using a high numerical aperture fo-
cusing lens (1.49 NA, 100x). Figures (a) and (b) have been reprinted by
permission from Springer Nature: Nature[39], Copyright (2003).

1.3.4 Outline of the thesis

The thesis focuses on how transverse energy/momentum flow of intrinsic AM carrying

beams affects the scattering and plasmon generation in NW. Thesis is divided into six

chapters. Following is the chapter wise breakup of the work included in the thesis:
Chapter 2 (Optical measurement techniques: Dual channel Fourier plane mi-

croscopy and spectroscopy setup)

Intensity (a.u.)

min
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We have utilized home built channel Fourier plane microscopy and spectroscopy
setup to understand light-matter interaction at small scales. The chapter focuses on the

following points:

e Generation of higher-order Gaussian beam (Hermite Gaussian and Laguerre Gaus-

sian beams)

e Concept of Fourier plane imaging and its implementation in the microscopy sys-

tem
e The architecture of the microscope

e Forward and backward light scattering configurations of microscope for the un-

derstanding of linear and nonlinear scattering of light

Chapter 3 (Spin momentum flow controlled far-field scattering of structured light
from a plasmonic nanowire: Optical Spin-Hall effect)

The chapter discusses the effect of transverse spin energy/momentum flow on the
elastic scattering of Hermite Gaussian (HG) and Gaussian beams from a silver nanowire.
Experiments are done in forwards scattering configuration where low numerical aper-
ture lens excites the NW and high numerical aperture lens captures the transmitted and
scattered light in the forward direction. We image the back focal plane of the collec-
tion objective lens to get Fourier plane images and study scattered far-field patterns as a
function of input polarization. We observe handedness dependent asymmetric scattering
patterns in farfield for circular polarization. Experimental observations are corroborated
using finite element method (FEM) based simulations.

Chapter 4 (Discrimination of orbital angular momentum states of vortex beam
using silver nanowire)

In this chapter, we present far-field elastic scattering from silver nanowire as read-
out mechanism of magnitude and sign of topological charge of Laguerre Gaussian (LG)
beams. We use the same forward scattering configuration as used in chapter 3 and cap-
ture scattered far-field using Fourier plane imaging technique. We compare scattering
pattern of LG beams with HG and Gaussian beams. OAM present in LG beams results
asymmetry in the scattered far-field induced by transverse orbital energy/momentum
flow. Different states of OAM form unique patterns in far-field and provides infor-
mation about magnitude and sign of topological charge. We mimic the experimental
configuration in FEM based simulations and qualitatively corroborate the experimental
measurements.

Chapter S (Transverse orbital momentum flow controlled surface plasmon po-

laritons generation in a plasmonic nanowire)



Chapter 1. Introduction: Angular momentum of light and its interaction with matter 13

In this chapter, we discuss the effect of OAM on SPP coupling in silver nanowire.
LG beam is focused using high numerical aperture lens at the extremity of the NW to
generate SPP. Now NW is scanned across the beam’s focus and SPP coupling is ob-
served for different position of NW wire on beam where transverse orbital momentum
flow favours or does not favour the SPP coupling in the NW. We propose and experi-
mentally show that azimuthal component of momentum induced by the helical phase
of the LG beam should be taken into account for momentum matching condition for
SPPs coupling. Our experimental results are qualitatively supported with finite elel-
ment based simulations. We also show that OAM controlled SPP generation in two
arms of kink NW and NW-NP (nanoparticle) systems can behave as an optical switch.

Chapter 6 (Conclusion and future directions)

Chapter concludes the thesis and gives futures directions related to the interaction
of AM carrying beams beams with NW.

Appendix (Directional second-harmonic generation controlled by sub-wavelength
facets of an organic mesowire)

In this work, we have utilized selective excitation of facets of triangular cross-
section mesowire to control second harmonic generation signal wavevectors. Exper-
iments are done in forwards scattering configurations. We have achieved a change of
140 degrees angle in the direction of SHG signal as a function of excitation spot posi-
tion across mesowire. We have done Finite-difference time-domain at the fundamental

wavelength to understand the experimental results.






Chapter 2

Optical measurement techniques: Dual
channel Fourier plane microscopy and

spectroscopy setup

Light-matter interaction has not only enriched the in-depth fundamental understanding
of electromagnetic-magnetic fields and matter but has also advanced today’s technol-
ogy with many innovative applications. The effects of light-matter interaction are much
pronounced at scales where object geometry becomes comparable to the wavelength of
light. Optical microscopes serve the purpose to observe the effects of light-matter in-
teractions at these scales. To boost the light-matter interaction at the micron or smaller
scales, we need to modify the parameters of light and improve the microscopy tech-
niques. In this chapter, we focus on both of these aspects. I discuss techniques to
generate complex beams that can possess angular momentum and can have complex in-
tensity distribution. On the detection aspect of light-matter interaction, I discuss Fourier
plane imaging technique, which provides resolution in momentum (wavevector) space.
We have built a two-channel microscopy system which involves complex beam gen-
eration, Fourier plane imaging techniques along with capabilities of doing nonlinear
microscopy and spectroscopy, and energy-momentum spectroscopy. The chapter is di-

vided into following sections:

e Generation of higher-order Gaussian beams (Hermite Gaussian and Laguerre

Gaussian beams)

e Concept of Fourier plane imaging and its implementation in the microscopy sys-

tem
e The architecture of the microscope
e Forward and backward light scattering configurations of microscope for the un-

derstanding of linear and nonlinear scattering of light

15
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2.1 Generation of higher-order Gaussian modes

Profile of a Laguerre Gaussian beam (LGL) is determined by its azimuthal (/,topological
charge) and radial (p) indices. Topological charge (/) determines the orbital angular
momentum (OAM) and radial index (p) determines the intensity profile of the beam. In
our experiments, we have focused only on the effect of the OAM and hence have put
radial index to be zero. In this section, I will introduce different possible methods for
the generation of LG beams and will discuss the method we have utilized.

Laguerre Gaussian (LG) beams are solutions of the paraxial wave equation in cylin-
drical coordinates. Hence a laser with a circular cylindrical cavity can produce these
beams [42, 43]. But LG beams can also be generated using optical elements, which
can provide azimuthally varying phase, i.e., exp(il¢) to the Gaussian output of conven-
tional lasers. This extra spatially varying phase can be provided by two types of optical
instruments. One of them is called the spiral phase plate [44]. Spiral phase plates have
azimuthally varying thickness with total change being in integer multiple (/) of wave-
length (M) of light, as shown in figure 2.1 [5]. When the light beam passes through
the plate, it travels different optical path length along azimuthal coordinate, and hence
different parts of the beam acquire different phases in azimuthal direction resulting in
an output beam with helical phase front. Integer / is essentially the topological charge
and determines the OAM mode of the generated LG beam.

—
[\

FIGURE 2.1: Schematic representation of generation of LG beams using

spiral phase plate. Here )\ is wavelength of the incident light beam and

[ is an integer which represents the topological charge of the generated

LG beam. Figure has been reproduced from [5] with permission © The
Optical Society.

Another generation method is based on holograms [45-48]. Holograms are recorded
interference patterns between a light beam of interest and a reference beam. When the

hologram is illuminated with the reference beam, it generates back the beam of interest.
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For practical purposes, a plane wave or Gaussian beam can be taken as a reference
beam. There can be two types of hologram configurations, i.e., off-axis and on-axis.
Interference between a mode of LG beam and reference beam can be recorded on a
holographic plate. In the context of interference of LG beam with the reference beam,
on-axis and off-axis holograms have the form of spiral Fresnel zone plate [46] and

forked diffraction grating [45] respectively as shown in figure 2.2.

Spiral Fresnel zone plate Forked diffraction grating
(On axis hologram) (Oft-axis hologram)

e

—
e —
e —
—

—

—
—
—

FIGURE 2.2: On-axis (Spiral Fresnel zone plate) and off-axis (Forked

diffraction grating) holograms for the generation of LG beam with topo-

logical charge / = 1. Figures have been adapted with permission from[46]

© The Optical Society and from Springer: Optical and Quantum Elec-
tronics [45], © (2015).

In our experiments, we have utilized forked diffraction grating to generate LG
beams. This configuration has an advantage over on-axis holograms in terms of pu-
rity of the mode. Forked diffraction gratings can also be generated numerically. Steps
to generate a forked diffraction grating are shown in figure 2.3 [5] where a phase mask

having azimuthally varying phase in an integer multiple of 27 (67 for this figure) and

linear phase ramp are added to generate the grating.

=3

2T

FIGURE 2.3: Schematic representation of fork diffraction grating gener-

ation with the addition of azimuthally varying phase mask and a linear

phase ramp for the topological charge, / = 3. Figure has been adapted
from [5] with permission © The Optical Society.
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Complex beam generation using spatial light modulator (SLM):

We have utilized SLM in off-axis holography mode for the generation of LG beams.
SLM is a computer-controlled optical device that can modulate the phase, amplitude,
and polarization of an optical beam. It uses computer-controlled liquid crystal display
(LCD) for the modulation of the light beam. Numerically generated diffraction patterns
were projected to display of SLM for the generation of LG beams. Figure 2.4 shows
schematic of an experimental setup to generate LG beams in the laboratory. SLM dis-
play (LCD) is illuminated with a Gaussian beam, an output of conventional HeNe laser
(633 nm). 1% diffraction order of the diffracted light beam from fork diffraction grating
results in LG beam corresponding to the topological charge used in hologram on the
screen. Different modes can be generated by just changing the hologram pattern on the
screen. We filter the 1% diffraction order and send it to the microscope. SLMs are not
only used to generate LG beams but can be utilized to generate other complex beams.
We have utilized the same method to generated Hermite Gaussian (HG) beams also.
Figure 1.4 shows the intensity profile of the LG} and HG;, beam generated using this

method at the 1% diffraction order.

@633 nm

SLM

Fork diffactin grating

FIGURE 2.4: Schematic for the generation of complex beams using spa-
tial light modulator in off-axis holography mode. Generated patterns for
LG(I) and HG( beams.

2.2 Concept of Fourier plane imaging and its implemen-

tation in the microscopy system

One of the important properties of a light source is the directionality of the light it
emits. For example, a tungsten bulb emits in all the directions, but a light beam from a
LASER is confined to very small wave vectors and hence the latter is called directional
source. It is easy to differentiate light sources based on directionality at the macro scale

as the human eye has a three-dimensional view. But differentiation becomes difficult at
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the micro or smaller scales where one needs a microscopy system to capture the signal
from these sources. It is because a microscope captures a two-dimensional image of
the emitter in real space coordinates and hence loses out on wave vector information.
Measurement of wave vectors of light from micro-scale emitters is possible using the
Fourier plane microscopy technique, which captures information in angular coordinates
(wave vector space). Fourier plane microscopy is based on Fourier transform property
of a lens [49]. Essentially, if an emitter/scatterer is placed at the front focal plane of a
lens, imaging the back focal plane (BFP) of lens gives information about wave vectors
of the emitted/scattered light. Fourier plane microscopy is a well-understood technique
[49] and was known as conoscopy[50, 51] in the early days. I suggest review[52] for

recent applications in Fourier plane imaging.

Focal plane
e p e —]

FIGURE 2.5: Schematic for the geometrical explanation of Fourier trans-
form property of a lens. Figure has been reproduced from [49] with per-
mission.

Focal plane

Fourier plane imaging technique is geometrically explained in figure 2.5 [49]. Light
emission from an emitter placed at the front focal plane of the lens can be expressed
as a weighted sum of the plane waves emanating at different angles (6,,6,). When
these plane waves pass through the lens, they get focused on different points (0, f, 0, 1)
at the back focal plane, here f is the focal length of the lens. The figure shows three
plane waves emanating at different angles (represented with three different colors) get
focused at three different points. Hence in this way, each point in the back focal plane
of the lens represents a particular direction of emission.

Implementation of Fourier plane imaging technique in microscopy system: It is
clear from figure 2.5 that one has to record BFP of the imaging lens to perform Fourier
plane imaging. But BFP of a microscopic objective lens is formed close to its back
aperture and is difficult to be captured on an imaging camera experimentally. An al-

ternate method to capture BFP is using relay lenses as shown in figure 2.6. Schematic
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shows placement of tube lens and Bertrand lens in 4f configuration. In 4f configura-
tion, the tube lens (TL), placed at fr; (focal length of TL) distance from BFP of the
objective lens forms a real plane image of the sample at its BFP. Now Bertrand lens
(BL), placed at f5; (focal length of BL) distance from BFP of TL, Fourier transforms
the real plane image and creates conjugate BFP at the charge-coupled device (CCD),
placed fp;, distance away from BL. Insets show an example of elastic scattering from a
single silver nanowire. Bright-field image of NW illumination with LG beam is created
by TL, which is Fourier transformed by BL to form BFP image of scattered LASER
light at CCD. BFP has the resolution in angular coordinates, and the maximum angle is

defined by the numerical aperture of collection objective lens.

BFP of objective lens Conjugate (BFP)

(kxla ky1)§ “':%-

fTL

45—

TL

Emitter/Scatterer

TO149 0.00 1.49

FIGURE 2.6: Schematic showing the implementation of the Fourier
plane imaging technique in a microscopy system. A ray diagram shows
the relaying of the back focal plane (BFP) of the objective lens (OL) us-
ing tube lens (TL) and Bertrand lens (BL) on to CCD. Insets show the
scattering of LG beam from a silver nanowire at the real plane and back
focal plane. Legends: k;q and k,; are wave vector components in the
transverse plane. fry and fpr are focal lengths of TL and BL respec-
tively. CCD: charge-coupled device. NW: nanowire.
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2.3 Architecture of the microscope

We have built a two-channel microscopy and spectroscopy system in the vertical con-
figuration (a photograph of the same is shown in figure 2.7). The architecture of the
system is described using a schematic shown in figure 2.8. The home built microscopy
and spectroscopy systems consist of two objective lenses with different numerical aper-
tures (NAs) to excite the sample placed on a piezo nanopositioning stage either through

glass or from air-side.

FIGURE 2.7: Photograph of home built two-channel microscopy system.

The piezo stage has a minimum step size of 1 nm and hence an individual nanostruc-
ture can be selectively excited using a high NA objective lens. The system has flexibility
in terms of changing the objective lens according to the experiment under consideration.
For the excitation of the nanostructure, there are continuous (532 nm and 633 nm, op-
erational wavelength) and pulsed (140 fs pulsed width, 690 nm-1040 nm wavelength
range) lasers integrated with the microscope. Scattered or secondary emission from the
sample can be collected using either of the objective lenses to perform measurements
in forward or backward scattering geometry. Collected emitted/scattered signal by the
objective lens is now imaged at CCD or EMCCD (electron-multiplying charge-coupled
device) using relay optics to perform real plane or Fourier plane imaging. The collected
signal can also be sent to the spectrometer to perform conventional spectroscopy or
dispersion imaging and energy-momentum spectroscopy. The signal can be spectrally
and spatially filtered in the collection path using spectral filters and pinhole (placed at

image plane) respectively. With the capability of excitation and collection from both
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air and substrate (glass) sides, dual-channel optical microscopy system can be utilized
to perform optical measurements in both backward and forward scattering geometry on
structures placed on a transparent substrate. We have performed the following experi-

ments in forward and backward scattering configurations:

e Forward scattering configurations:

a. Scattering of angular momentum carrying beams from a single silver

nanowire

b. Wave vector switching of second-harmonic generation signal from a single
DAAQ mesowire

e Backward scattering configuration: Transverse orbital momentum flow controlled

surface plasmon polaritons generation in a plasmonic nanowire

In the following sections, we have explained separately the uses of forward and back-

ward scattering geometries of the dual-channel microscope (shown in Figure 2.8).

TL BL RL
FM i

SF
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FIGURE 2.8: Schematic representing the architecture of home-built

dual-channel microscopy system. Legends: NA: Numerical aperture,

SLM: Spatial light modulator, BE: Beam expander, LP: Linear polariza-

tion, M: Mirror, FM: Flip mirror, WP, Wave plate (half or quarter-wave

plate), L: Lens, BS: Beam splitter, BD: Beam dump, SF: Spectral filter,

TL: Tube lens, BL: Bertrand lens, RL: Flip lens to form real plane image,
CCD: Charge-coupled device.

BL




Chapter 2. Optical measurement techniques: Dual channel Fourier plane microscopy
and spectroscopy setup 23

2.4 Optical measurements performed

We have utilized dual-channel microscopy system in forward and backward scattering

configurations for linear and nonlinear optical measurements.

2.4.1 Forward scattering configuration

Scattering of angular momentum carrying beams from a single silver nanowire:
We have performed forward scattering measurements in the linear regime using forward
scattering configuration of dual-channel microscopy setup, as shown in figure 2.9. An
angular momentum carrying beam is focused on silver NW using a low NA objective
lens (0.5 NA, 40X). Scattered light in the forward direction is collected using a high
NA objective lens (1.49 NA, 100X) and is sent to CCD for real plane and Fourier plane
imaging. We have asked questions related to the effects that SAM and OAM of a light
beam create to the linear scattering of the light beam from the NW. In this regard,
chapters 3 and 4 extensively discuss the optical Spin-Hall effect and detection of OAM

states, respectively.

e
L]l < Gaussian/LG/HG Beam
HWP P1 ‘ ° "
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L2 | L3 L4
B

Image plane

FIGURE 2.9: Forward scattering configuration for measurements of scat-
tering of angular momentum carrying beam from a single Ag NW.

Wave vector switching of second-harmonic generation signal from a single
DAAQ mesowire:
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In this work, we have utilized selective excitation of different facets of a triangu-
lar cross-sectional DAAQ (1, 5 diaminoanthraquinone) mesowire to control the direc-
tion of the second-harmonic generation (SHG) signal. SHG measurements are realized
using forward scattering configuration of dual-channel microscope (shown in figure
2.10). A high NA objective lens (1.49 NA, 100X) focuses light at different facets of
the mesowire, and the forward scattered SHG signal is captured by a high NA objec-
tive lens (0.95 NA, 100X) and sent to CCD and spectrometer for Fourier imaging and

spectroscopy respectively.
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FIGURE 2.10: Forward scattering configuration for the measurement of
second-harmonic generation directionality as a function of the scan of
mesowire under tight focusing.

Directionality measurements are shown in figure 2.11. The mesowire is scanned
across the laser focus using the piezo stage at 200 nm steps size to excite different
facets of triangular cross-section mesowire. We have achieved 140-degree change in
direction of SHG emission upon scan of mesowire across the laser focus. A detailed
study is given in the appendix for control of SHG wave vector and its comparison with

two-photon excited fluorescence.
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FIGURE 2.11: (a) Schematic showing positioning of laser focus along

the short axis of the mesowire. (b) FESEM image showing the triangular

cross-section of the mesowire. (c) Directionality measurements of SHG

using Fourier plane imaging as a function of excitation scan across the
mesowire.

2.4.2 Backward scattering configuration

Transverse orbital momentum flow controlled surface plasmon polaritons genera-
tion in a plasmonic nanowire:

We have studied the effect of transverse orbital momentum flow on surface plasmon
polaritons (SPP) generation in a silver NW using the backward scattering configuration
of dual-channel microscopy setup. In these experiments, a high NA objective lens (1.49
NA, 100X) is utilized to focus LG beam on one of the extremities of the NW to gen-
erate SPP in the NW. NW now is scanned across the vortex using the piezo stage, and
SPP coupling to NW is observed by collecting backward scattered light using the same
objective lens. A detailed description on OAM controlled SPP coupling to NW is given
in chapter 5.
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and spectroscopy setup
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FIGURE 2.12: Backward scattering configuration for the study of OAM
controlled SPPs coupling in an Ag NW.

2.5 Dispersion imaging and energy-momentum spectroscopy

Dual-channel microsocpy system can also be utilized for dispersion imaging and energy-
momentum spectroscopy. Following are the examples for the same:

Dispersion imaging

For the dispersion imaging of a polychromatic signal, the real plane image is dis-
persed using grating in the spectrometer. Figure 2.13 [53] shows a dispersion image of
nonlinear photoluminescence from a single gold NW. Dispersion image gives informa-

tion about the wavelength distribution of nonlinear photoluminescence along the NW,
which cannot be resolved in the real plane image.
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FIGURE 2.13: Figure consists of FESEM image of the NW, real plane

image of nonlinear photoluminescence from NW and dispersion diagram

of nonlinear photoluminescence showing missing of shorter wavelengths

along the NW as a function of distance from excitation end. Figure has

been adapted with permission from [53]. © (2019) American Chemical
Society
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Energy-momentum spectroscopy:

The back focal plane of the emitted/scattered polychromatic light can be projected
to the spectrometer slit to perform energy-momentum spectroscopy. Spectrometer slit
selects a narrow range of wave vectors along an axis of BFP image and the grating
of the spectrometer disperses it. In this way, we have information about wavevector
on one axis and wavelength information on other axis, giving an energy-momentum
diagram. Figure 2.14 shows an energy-momentum diagram of molecular signals from a
plasmonic NW-film cavity [54]. The energy-momentum diagram shows the difference
in wavevector distribution of Raman and fluorescence signal from the cavity. Raman
signal is uniform along all wave vectors, but maximum fluorescence signal is directional
and comes at large wavevectors. This differentiation of wavevectors of two signals,

which overlap in the spectral range is not possible using only Fourier imaging.
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FIGURE 2.14: (a) Excitation of plasmonic NW-film cavity using 633 nm

laser. (b) Spectrum showing overlapping of Raman and molecular fluo-

rescence of Nile blue molecules from the cavity. (b) Selection of a strip

along k,/ko of BFP using slit of spectrometer. (d) Energy momentum di-

agram of the molecular signals. Figure has been adapted with permission
from [54]. © (2017) American Chemical Society






Chapter 3

Spin momentum flow controlled
far-field scattering of structured light
from a plasmonic nanowire: Optical
Spin-Hall effect

In this chapter, I discuss preferential radiation direction (preferential scattering) gov-
erned by the spin momentum flow in the forward scattering of light beams from a plas-
monic nanowire as a manifestation of the Spin-Hall effect. The chapter is an adaptation
of the research article "Opt. Lett., 43, 2474-2477 (2018)".

3.1 Introduction

In free space propagation, three forms of angular momentum (AM) i.e., spin angular
momentum (SAM), intrinsic and extrinsic orbital angular momentum (OAM) are inde-
pendent and conserved. However, because of Spin-orbit coupling, interconversion be-
tween different forms of AM is possible. Transformation of SAM to intrinsic-OAM are
reported in high NA focusing, space-variant subwavelength gratings and liquid crystal
devices [55-57]. Intrinsic AM (SAM or intrinsic-OAM) to extrinsic-OAM conversion
is called as Hall effect (spin-Hall or orbital-Hall) and also known as optical Magnus
effect [58]. This effect is observed in beam reflection or refraction [59, 60], propaga-
tion through medium [61-63] or metamaterial [64] and scattering [65—67]. Spin-orbit
effects cover a wide class of electromagnetic phenomena such as focusing, reflection,
scattering, light propagation and light-matter interactions. Therefore, Spin-orbit cou-
pling can be utilized in emerging photonic applications for the generation of structured
light, enhanced optical manipulation and controlling optical wave propagation [68]. In
the past, manifestation of spin-orbit coupling is reported in scattering of Gaussian beam

from a spherically symmetric particle [65, 69-71] except for a few reports on the use
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of structured light or aspherical geometry [66, 72, 73]. These effects are weak and one
of the important aspects is to enhance them in terms of Spin-Hall shift (separation of
orthogonal circular polarization) and signal strength (intensity of orthogonal circular
polarization analogous to Hall voltage). General consideration is on the enhancement
of Spin-Hall shift [74, 75]. Plasmonic structures have been proposed as potential candi-
date for the enhancement of Spin-Hall signal [76, 77]. It is also reported that structured-
light matter interaction enhances the optical manipulation [68]. Motivated by this, we
use a combination of structured light and a plasmonic nanowire to enhance the Spin-
Hall effect. We found that there is significant enhancement in the Spin-Hall signal
for Hermite-Gaussian beam over Gaussian beam. The additional advantage of using
Hermite-Gaussian beam is that, nodal line acts as the marker of the Spin-Hall shift, i.e.

respective orthogonal circular polarization can be found on either side of nodal line.

3.2 Forward light scattering from single silver nanowire

Experimental observations of the Spin-Hall effect were realized using Fourier plane
(FP) microscopy of forward scattered light as shown in the schematic (Figure 3.1). Here
we have utilized upper channel of the home built two-channel Fourier microscope as an
excitation path and lower channel as collection path for forward scattering of light from
a single nanowire (NW) (see Figure 2.9, chapter 2 for complete experimental setup).
Single crystalline Ag NWs were synthesized using standard protocol [78, 79] and were
drop casted on a glass coverslip. After letting the ethanol evaporate for few minutes, we
got self-assembled Ag NWs on the glass substrate with good monodispersity. Prepared
NWs range from 300 nm to 400 nm in width with several microns in length. Gaussian
mode (G) at wavelength 632.8 nm from He-Ne laser was projected on to the spatial
light modulator (SLM) with blazed hologram to generate Hermite-Gaussian (HG) beam
(figure 2.4, chapter2) [80]. Single Ag NW was illuminated with Gaussian or HG beam
using low numerical aperture objective lens (0.5 NA, 50X) and forward scattered light
through glass was collected using oil immersion objective lens (1.49 NA, 100X). Figure
3.1 (a) shows bright-field real plane image of excitation of a Ag NW of diameter 350
nm oriented along the x-axis with HG;y, beam. For Fourier plane (FP) microscopy
of forward scattered light, back focal plane of the collection objective was mapped
at the CCD camera using relay lenses. Figure 3.1 (b) shows a FP image of forward
scattered light from single Ag NW for left-hand circularly (LCP) polarized HG;, beam

illumination.
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Glass Substrate

FIGURE 3.1: Schematic of the experimental configuration to observe
Spin-Hall effect in the scattering from Ag-nanowire. Objective lens of
0.5 NA is used to focus structured light (HG;g beam) on the nanowire
placed on glass substrate and forward scattered light is collected using
1.49 NA oil immersion object lens. (a) Bright-field image of focused
HG;o beam on nanowire. (b) Experimentally observed scattered far-field
of LCP HG beam. The white circles represent respective NA values and
black arrows show the preferential scattering directions

3.3 Polarization-dependent scattering of Gaussian beam

Figure 3.2 (a) and (b) show experimentally observed FP images of the scattered Gaus-
sian beam with polarization along and perpendicular to Ag NW aligned along x-axis.
Scattered light spreads as a lobe along k,/kq axis in the FP image with a finite width
along k,/k, defined by the numerical aperture of the illumination objective lens (0.5
NA). For the analysis of FP image, there are two regions of interest, subcritical or al-
lowed (NA < 1) and supercritical or forbidden (NA > 1), depending upon the origin of
the light [30]. For incident beam polarization along the Ag NW, light is mostly confined
to subcritical angles (NA < 1) (Figure 3.2 (a)) but it spreads over supercritical angles (
1 < NA < 1.49) for polarization perpendicular to Ag NW. This can be accounted for the
accumulation of the electric field in the vicinity of the Ag NW for transverse polariza-
tion. In order to support our experimental results, we carried out finite element method
based simulation using COMSOL Multiphysics 5.1 to calculate the near-field electric
field and near-to-far-field transformations were computed by utilizing reciprocity argu-

ments [81]. Ag NW with pentagonal cross-section of diameter 350 nm and Sum in
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length was used in simulations. The wire was placed on a glass substrate with refractive
index 1.52 and surrounded by air (refractive index 1). Wavelength dependent refrac-
tive index of silver was obtained from [82]. Polarized Hermite-Gaussian or Gaussian
beam of wavelength 633nm was focused on to the nanowire-glass interface. The sim-
ulation area was meshed with free tetrahedral mesh of minimum element size 10 nm
and terminated using scattering boundary condition to avoid spurious reflections from
the boundaries. Numerically calculated FP images shown in Figure 3.2 (c) and (d) for
input polarization along and perpendicular to the NW show similar scattering pattern to

the experimental observations.

< [ongitudinal Transverse

max

-
=
£
>
T2 g
< =
& 2
= =
min
-1.49 0.00 1.49
kx/ko
(©)
1.49 max
= ‘ ' ‘
2
ot
=g —
== =
g j‘ 0.00 E
@ =
-1.49 min

-1.49 0.00
kx/ko

FIGURE 3.2: Scattering of Gaussian beam as a function of input po-
larization. (a) and (c) are experimentally measured and simulated FP
images for input polarization along the long axis of NW respectively. (b)
and (d) are experimentally measured and simulated FP images for input
polarization transverse to the long axis of NW respectively.

3.4 Scattering of linearly polarized HG,; and HG, beams

The intensity profile of Hermite-Gaussian (HG,,,,) beam propagating in z-direction is
determined by indices m and n along x and y-direction. Bright field real plane images
in Figure 3.3 (a) and (b) show illumination of Ag NW aligned along x-axis with HGg,
and HG;( beams polarized transverse to NW respectively. This makes the nodal line (no
intensity line) along and perpendicular to the NW for HGy; and HG;( beam illumination

respectively. Two intensity maxima separated by a nodal line in HGy; interact with NW
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at the same point along x-axis and result in a single lobe in scattered FP image as
shown in Figure 3.3 (c¢). But HG;( beams having nodal line transverse to NW interacts
with NW at two points along length of NW and results in two lobes in the scattered
FP image as shown in Figure 3.3 (d). Experimental observations are also corroborated
with simulated FP images (Figure 3.3 (e) and (f)). Two lobe formation in the scattering
of HG; beam results in enhanced Spin-Hall effect for NW aligned along the x-axis

in comparison to Gaussian beam and hence we consider HG;y beam for rest of the

discussion.
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FIGURE 3.3: Scattering of HGy; and HG1o beams from Ag NW. (a) and
(b) are the bright field real plane images showing illumination with HGq;
and HGjg beams on Ag NW respectively. (c) and (d) are experimen-
tally measured FP images showing the symmetric scattering of HGg; and
HG;g beams respectively. Simulated FP images for HGy; (e) and HGqg
(f) beams also confirm the symmetric scattering patterns in FP images.
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3.5 Circular polarization induced preferential scatter-
ing

As shown in Figure 3.4 (a) and (d), linearly polarized Gaussian and HG beam results
in symmetric lobes along the axis transverse to NW in scattered FP images. But these
scattering patterns have handedness dependent antisymmetry along k,/k axis on either
side of k,/kq = 0 for circularly polarized beam illumination. In other words for left-hand
circularly polarized (LCP) beam, we get preferential scattering along +k,/ko (-k,/ko) di-
rection for k,/ky < 0 (k,/kg > 0) as indicated by white arrows for Gaussian (figure 3.4
(b)) and HG (figure 3.4 (e)) beams.These pattern flip for right hand circularly polar-
ized (RCP) beams as shown in figure 3.4 (¢) (Gaussian beam) and (d) (HG;o beam). The
effect of biased/preferential scattering is enhanced in the case of HG( in comparison
to Gaussian beam. This handedness dependent preferential scattering is a result of spin
momentum flow component associated with circularly polarized beam [83, 84] and can
be termed as optical Spin-Hall effect. In following sections, we analyze the preferen-
tial scattering and later using numerical simulations explain observed Spin-Hall effect
and its enhancement in the scattering of circularly polarized HG,o beam over Gaussian

beam.
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FIGURE 3.4: Circular polarization induced preferential scattering from

Ag Nanowire. (a)-(c) Scattered FP images for linear (transverse to

NW), left-hand circular polarized (LCP) and Right-hand circular polar-

ized (RCP) Gaussian beam. (d)-(f) Scattered FP images for linear (trans-

verse to NW), LCP and RCP polarized HG1¢ beam. White arrows in the

FP images show preferential scattering induced by the handedness of the
circular polarization.

3.6 Analysis of Spin-Hall effect in forward light scatter-
ing from Ag NW

In FP image, there are two regions of interest, subcritical or allowed (NA<1) and super-
critical or forbidden (NA>1), depending upon the origin of the light [85]. The manifes-
tation of Spin-Hall effect is prominent within the subcritical region; therefore, we have
focused only in the region corresponding to 0.5-1.0 NA as shown in Figure 3.5. Region

corresponding to NA < (.5 was eliminated for containing unscattered light.

3.6.1 Experimental observations

Wire was aligned along the x- axis and centered at y=0. Far-field scattered power of left
circularly polarized (LCP) HG beam in +k, and -k, directions are defined as P, (k,, k)
and P_(k,, k,) respectively, as shown in top and bottom of Figure 3.5 (a). Subscripts

+ denotes power scattered along £k, directions. Here k, = k,/ky and k, = k,/k, are
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the normalized wave vector directions and kg is the free space wave vector. Sum of the
scattered power over all k,, is defined as P..(k;) = ¥, )P+ (ks, k,) shown in Figure 3.5
(b). It should be noted that the intensity sum in far-field images is done using a Matlab
program by adding the intensities at pixels of the image corresponding to different di-
rections in the far-field image. The resolution of the plot depends on the magnification
of the far-field pattern at the imaging camera. Higher is the magnification, fewer wave
vectors will map to a pixel and hence higher will be the accuracy. Figure 3.5 (d) and
(e) show P(k,) for right circular (RC), left circular (LC) and linearly (perpendicular to
wire) polarized HG-beam and Gaussian beams respectively. From Figure 3.5 (d) and
(e), it is clear that there is spin controlled preferential radiation direction in the scattered
far-field. Black arrows in Figure 3.5 (c) pictorially show preferential scattering direction
for LCP HG beam. To further quantify the amount of preferential scattering, difference
of powers (P, (k.. ) - P_(k;)) was plotted (Figure 3.6). It clearly shows that for LCP HG
and Gaussian beams, preferential scattering is in +k,, (-k, ) direction for k,<0(>0) form-
ing an antisymmetric scattering pattern, which is reversed on changing the handedness
of polarization. It also shows that the amount of preferential scattered power is signifi-
cantly greater for HG-beam then for the Gaussian beam. It should be noted that powers
of HG-beam and Gaussian beam were equal and these beams do not carry any orbital
angular momentum. Hence, we have experimentally demonstrated: (1) Spin-Hall shift
is on either side of the nodal line at the center of HG-beam, (2) the enhancement of
Spin-Hall signal by utilizing structured light and plasmonic nanowire. These aspects of
Spin-Hall effect are the result of spin momentum flow component of Poynting vector

associated with circular polarization, as explained below using simulation results.
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FIGURE 3.5: Analysis of Scattered far-field (Fourier plane image) from

Ag-nanowire. (a) Fourier plane image showing region of interest (0.5 <

NA <1.0) for observation of Spin Hall effect. (b) Definition of scattered

powers along +k, wave vectors i.e. P1(ky) = Y, )Pr(ks, ky). (¢) P(kz)

superimposed on P(k;, k,). (d) and (e) Distribution of P(k,) for LCP

(green), RCP (red) and linear (black) Hermite-Gaussian and Gaussian
beams respectively.
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FIGURE 3.6: Optical Spin-Hall effect. Difference of power scattered

perpendicular to long axis of nanowire, P (k) - P_(k;). Plots shown in

the figure are the experimental results for Hermite-Gaussian (HG_LCP

(green) and HG_RCP (red)) and Gaussian beams (G_LCP (blue) and
G_RCEP (violet) illumination.
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3.6.2 Numerical simulations

Figure 3.7 shows the simulation configuration and near-field total Poynting vector in yz-
plane at x = 0.1 ym for LCP HG-beam, where black arrows represent the total Poynting
vector flow in the plane. Poynting vector gives the measure of energy/momentum flow
in optical fields. As explained in chapter 1, total momentum flow can be decomposed
into ‘spin momentum flow’ and ‘orbital momentum flow’ for paraxial fields [83] as well
as for nonparaxial fields [84]. For a LCP HG;, beam, the calculated spin momentum
flow (V xIm(E* X E)) is shown in Figure 7(a). It clearly shows two azimuthally asym-
metric spin momentum flow vortices having center coinciding with maximum intensity
points (£0.5pm) of two lobes of HG;y beam. The spin momentum flow is proportional
to the transverse gradient of the intensity. Therefore, we chose a yz-plane at x=0.1um
(near maximum spin momentum flow) to demonstrate the effect of spin momentum
flow in near- and far-field shown in simulation configuration (Figure 7). Because of net
circulating spin momentum flow in the direction of scattered power along -k, wavevec-
tors, the total energy flow (shown by black arrows in near field in yz plane at x=0.1xm
) makes an angle with respect to normal (z-axis) to wire which is possibly giving rise
to net energy flow in the -k, direction in the scattered far-field. Total energy flow will
be reversed for yz plane at x= -0.1m because of opposite spin momentum flow. Hence
in the far-field we found a net energy flow (preferential scattering power) in +k,, (-k,)
direction for k, < 0 (k, > 0) as shown by black arrows in Figure 7(b). Similar explana-
tion holds for RCP HG;, beam and the corresponding figures are shown Figure 7(e)-(f).
For linearly polarized (perpendicular to the wire) HG;y beam there will not be any spin
momentum flow, therefore far-field is symmetric with respect to k. -axis without any

preferential scattering.
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FIGURE 3.7: Simulation configuration (Details about different param-
eters used in simulations are given in section 3.3) and results for HG1g
beam. (a) and (e) are the spin momentum flow for the LCP and RCP
HGg beams. Zoomed in view of center of figure (e) shows zero spin
momentum flow along the nodal line. Arrows show the local spin mo-
mentum flow directions and the background is its magnitude. (b) and
(f) are the corresponding scattered far-field respectively. (d) Scattered
far-field of HG-beam linearly polarized. Black arrows and white circles
in far-field shows the preferential scattering direction and NA value of 1
respectively.

In contrast to HG-beam, scattered far-field of Gaussian beam has only one intensity
lobe instead of two in FP image [86], because of absence of intensity minimum due to
no nodal line at center of the beam. Spin momentum flow for LCP and RCP Gaussian
beam is given in Figure 3.8 (a) and (e) respectively. Spin momentum flow vortex has a
singularity at the center of Gaussian beam with azimuthally symmetric spin momentum
flow, unlike HG beam. Following the similar line of thought as before, spin momentum

flows and corresponding scattered far-field of LCP, linear and RCP Gaussian beams are
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shown in Figure 3.8. Because of vortex spin momentum flow, intensity lobe (along
k, axis) in FP image gets weakly rotated in the direction of the handedness of spin
flow. Similar kind of energy shift is theoretically reported in the diffraction of circularly
polarized Gaussian beam [73]. In addition, directional scattering of circularly polarized

light from plasmonic and dielectric scatterers is also reported in [87—-89].
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FIGURE 3.8: Simulation results for Gaussian beam. (a), (c) and (e) are

the spin momentum flow for the LCP, linear and RCP HG-beams, (b),

(d) and (f) are the corresponding scattered far-field respectively. Black

arrows in far-fields represent the total energy flow components. Remain-
ing details are same as in Figure 7.

Finally, a plot (Figure 3.9) of difference of total power scattered (P (k,) - P_(k,))
perpendicular to the nanowire (as calculated above for experimental data) is extracted
from the simulated results. This plot shows the contribution of spin flow on the scat-
tered power from the nanowire. We can see that the maximum preferential scattered
power for HG-beam is nearly double as compared to Gaussian beam, proves the en-
hancement of Spin-Hall signal. This enhancement in far-field scattering of HG-beam
because of spin flow component perpendicular to the nanowire is significantly higher
than along the nanowire. Whereas for the case of Gaussian beam, spin flow has equal
components perpendicular and along the nanowire. Along the nanowire component re-
sults in the Spin-Hall shift that is seen as the weak rotation in £k,. It is worth noting
that, enhancement in the scattered power due to Spin-Hall effect is because of the spin
flow component perpendicular to the nanowire. Whereas, Spin-Hall shift arises due to

spin flow component along the nanowire.
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FIGURE 3.9: Enhancement of Spin-Hall effect. The difference of power

scattered perpendicular to the long axis of the nanowire, Py (k;) - P_

(k). Plots shown in the figure are the simulated results for Hermite-

Gaussian (HG_LCP (green) and HG_RCP (red)) and Gaussian beams
(G_LCP (blue) and G_RCP (violet) illuminations.

3.7 Conclusion

In summary, the chapter discusses experimental observation of Spin-Hall effect in the
scattering from a plasmonic nanowire. Spin-Hall effect is quantified by taking the dif-
ference of scattered powers perpendicular to the long axis of wire and explained on
the basis of spin flow component of the Poynting vector associated with circular polar-
ization. Simulation results reveal that scattered power difference is nearly double for
HG-beam than for Gaussian beam. With the advent of nanofabrication, Spin-Hall ef-
fect has immense potential for spin-controlled nanophotonic devices [64, 90, 91]. This
study may find direct application in enhancement of Valley-Hall effect [92] and sec-
ondary emission [76].






Chapter 4

Discrimination of orbital angular
momentum states of vortex beam using

scattering from a silver nanowire

This chapter is an adapted version of the research article "ACS Photonics, 6, 1, 148-
153 (2019)". Article discusses optical orbital angular momentum read-out using elastic
scattering of vortex beams from a self-assembled silver nanowire. The method is based
on recognition of far-field patterns captured using Fourier plane imaging of forward

elastic scattering from nanowire.

4.1 Introduction

Orbital angular momentum (OAM) is a result of the azimuthal phase gradient in vortex
beams and can have infinite many orthogonal states depending on spatial phase struc-
ture. Laguerre-Gaussian beams carrying OAM are widely used optical vortex beams.
The beams are termed as LG/, beams, where [ represents the azimuthal index (topo-
logical charge/mode number of OAM) and m represents the radial index. Topological
charge [ also means that vortex beam carries /i OAM per photon [93]. An azimuthally
varying phase term e? (where ¢ is the azimuthal coordinate) in vortex beam makes
the wavefront of these beams to trace a helical path with a phase singularity at its cen-
ter. Conventionally, vortex beams have been extensively studied in the context of optical
communication [94-96]. They also find applications in stellar vortex coronagraphy [97,
98], sensing [99] etc. Use of these beams are not limited to macroscale; they have been
harnessed at micron and sub-micron scale for quantum memory device [100], optical
tweezers [16, 101, 102], nonlinear optics [103—105], and many more.

Accessibility to infinite orthogonal states of OAM makes vortex beam an unparalleled
optical carrier for large information transfer. It has been observed that multiplexing of

OAM can enhance information transfer by many folds [94]. But this capability leads
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to the challenge of reading different OAM modes at the detection end, especially at
scales comparable to wavelength of light. Identification of different OAM modes has
been studied and realized at larger scales using conventional interferometric [106, 107]
and diffraction [17] measurements or using transformation optics [108, 109]. Recent
development in the nanofabrication has made the detection of OAM possible at even
much smaller scale [36-38, 110]. But complicated structure and large size of these de-
vices may constrain their integration in a compact nanophotonic circuit. At nanoscale,
plasmonic structures with large optical scattering cross-section exhibit unique way to
read OAM modes and recent efforts have shown great promise [111, 112]. Until now,
the reported methods utilize complex plasmonic architectures, which are challenging
to fabricate on large scale, and require clean room facility. There is an imperative for
research on simple plasmonic nanostructures that can read the OAM modes unambigu-
ously. More so, if the said nanostructures can be prepared by bottom-up nanofabrication
techniques using chemical synthesis, then they can be functionalized, manipulated and
integrated using processes such as self-assembly.

Motivated by these issues, we have utilized Fourier plane (FP) imaging of elastic scat-
tering of vortex beams from a single silver nanowire for the read-out of different states
of OAM. Plasmonic nanowire made of sliver and gold has been realized as subwave-
length waveguide optical antenna [113-116], sensor [117], nonlinear optical antennas
[118, 119] and as a platform to study spin-orbit coupling in light scattering [120]. They
are yet to be harnessed as OAM sensor and to this end, we have utilized elastic scatter-
ing of light from individual sliver nanowire for the detection of OAM. Importantly, we
discriminate the magnitude and sign of the OAM by directly reading scattered patterns
in the far-field.

4.2 Architecture for OAM detection

Chemically synthesized Ag nanowires (NWs) [121] are dropcasted on a glass coverslip.
Measurements are performed on a sample containing wires with width ranging from 300
nm to 400 nm to confirm the reproducibility of the experiment. But all measurements
presented here are from single NW with diameter equal to ~360 nm. Figure 4.1 (a)
shows a schematic of FP imaging of forward scattered light from a single Ag NW.
Inset (Figure 4.1 (a)) shows real plane bright field optical image of representative NW
illuminated with LG beam. NW is oriented along the x-axis as indicated in bright field
optical image of NW. Figure 4.1 (b) shows a FP image of the transmitted LG} beam
having no NW in the focus of the beam. Figure 4.1 (c) shows the farfield scattering
pattern of the LG} beam in the presence of NW in focal regime of the beam. Presence
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FIGURE 4.1: (a) Schematic describing Fourier plane (FP) imaging of
forward scattering of Laguerre-Gaussian (LG) beam from Ag nanowire
(NW) placed on a glass coverslip. Back focal plane of the collection
objective lens is captured for the analysis of far-field. The inset shows
real plan bright field optical image of NW illuminated with LG beam.
FP images (b) without and (c) with NW in the focal region for LG(l) beam
illumination. Inner dotted circle in FP images represents critical angle
of air-glass interface. kg is free space wavevector. White arrows in FP
image show preferential scattering.
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FIGURE 4.2: Detailed experimental setup. M1-M4: Mirrors, L1-L5:
Lenses, L6: Flip lens, BS: Beam splitter, HWP: Half Wave plate, P: Po-
larizer, SLM: Spatial light modulator and CCD: Charge Coupled Device.
Illumination objective lens (0.50 NA, 50x) focuses Gaussian, Laguerre-
Gaussian (LG) or Hermite Gaussian (HG) beam generated by SLM using
the Gaussian output of the He-Ne laser (633 nm wavelength). Forward
scattered light is collected by a high numerical aperture objective lens
(1.49 NA). Back focal plane of collection objective lens (1.49 NA, 100x)
was imaged at CCD using lenses L2- L5 to measure Fourier plane (FP)
image. A Flip lens L6 was used to get the real plane image of the sample.

of OAM in the beam is represented by a unique scattering pattern in the FP image and
hence makes the NW a good platform to characterize OAM. A detailed experimental
setup is shown in Figure 4.2. We have used spatial light modulator (SLM) with off-axis
blazed holograms to generate LG and HG beams [122]. SLM modulates the phase of
the incident Gaussian beam (633 nm wavelength) from He-Ne laser to convert it into LG
or HG beam. First diffracted order from SLM is filtered through an aperture and sent to
microscopic objective (0.50 NA, 50x) as Gaussian, LG or HG beam for the illumination
of individual NW. Forward scattered light was captured with high numerical aperture
objective lens (1.49 NA, 100x). Fourier plane (FP) image of the forward scattered light
is captured by imaging back focal plane of the collection objective lens on to the charge
coupled device (CCD). A pinhole was introduced at the image plane to collect signal
only from excitation position on NW and hence to avoid scattering from other parts of
the sample. Unscattered light was blocked using a block at the conjugate back focal

plane in the collection path.
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In what follows, we show how the scattering pattern of LG beam differs from other
kind of beams and also utilize the patterns to discriminate the magnitude and sign of

the topological charge of OAM carrying beams.

4.3 OAM induced preferential scattering in far-field

First we compare how nanowire scattering pattern of LG beam differs from conven-
tional Gaussian beam. Figure 4.3 (a) shows scattered FP image of Gaussian beam with
input polarization aligned along y-axis, transverse to the long axis of NW. The direct
illumination near k,/ky = k,/ko = 0 is blocked and appears as black disk corresponding
to a region of NA of illumination objective lens (0.50 NA) in the FP image. Scattered
light spreads along k,/k, wave vectors with small distribution along k,/k, axis. Scat-
tering along k,/k is dependent on focusing of incident beam, and its spread increases
with increase in NA of illumination objective.

Figure 4.3 (b) shows FP image of forward scattering for transversely polarized LG;*
beam. We get preferential radiation direction (preferential scattering) indicated by white
arrows in FP image. Biased scattering can be attributed to OAM in the LG beam [123].
Due to the presence of OAM in LG beams, Poynting vector circulates around intensity
null. This makes Poynting vector directions to be opposite for two interaction positions
on both sides of the singularity of the beam on wire. Thus the far-field scattering pat-
tern is biased as per the OAM characteristics of the beam as shown in Figure 4.3 (b).
Signature of the OAM in scattered far-field does not change as a beam moves along the
length of the NW as shown in Figure 4.4. Hence the method is rendered to be robust
with respect to positioning. But length of the NW should be greater than the spot size

to avoid scattering from ends of the NW

Next, we compare the scattering patterns due to LG beam and Hermite-Guassian
(HG) beam that has singularity but no angular momentum. These beams have a nodal
line at the center as evident in the image above Figure 4.3 (c). The scattering pattern
is symmetric in FP image for transversely polarized HG;, beam (Figure 4.3 (c)). The
absence of intensity at wave vectors along k,/kg axis near k,/ky = 0 is a consequence of

singularity and nodal line at the center of LG and HG beams respectively.

The experimental observations in Figure 4.3 (a-c) were corroborated by full-wave
3D finite element method (FEM) simulations using COMSOL Multiphysics (version

5.1) commercial software. Ag NW is modeled with a geometry having a pentagonal
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FIGURE 4.3: Fourier plane (FP) images highlighting orbital angular mo-
mentum (OAM) induced preferential scattering (indicated by white ar-
rows) from NW for incident LG beam in comparison to symmetric scat-
tering for Gaussian and HG beams. Top insets show beams after the
SLM. Experimentally measured FP images showing farfield scattering
from NW (aligned along the x-axis) for transversely polarized incident
(a) Gaussian beam, (b) LG, ! beam, and (c) HG1¢ beam. (d)-(f) are corre-
sponding simulated FP images corroborating experimental observations
of scattering from different beams. Input powers used at the back aper-
ture of illumination objective lens were 70 nW (Gaussian Beam), 68 nW
LGy 1 beam) and 60 nW (HGy beam). Simulated scattered near-field
electric field (SNFEF) distributions are shown for (g) Gaussian beam,
(h) LG, ! beam and (1) HG1g beam. Schematics in these figures show
positions of cross-sectional planes (y-z planes) of SNFEF distribution
across NW for different beam illuminations. SNFEF has asymmetric
distribution for LG, ! beam in comparison to symmetric distributions for
Gaussian and HG1 beams across NW.
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FIGURE 4.4: (a)-(c) Illumination of NW with LGar 1 beam at three dif-

ferent positions along the length of the NW. (d)-(f) Corresponding FP

images for different illuminations shown in (a)-(c) respectively showing
similar scattering patterns.

cross section with diameter 350 nm and length 5,m, placed on a glass substrate. Wave-
length dependent refractive index of Ag is taken from[124]. The system is meshed with
the free tetrahedral mesh of size 20 nm to ensure accuracy. A single NW on glass is
illuminated with beam (Gaussian, LG, and HG) of wavelength 633 nm with beam waist
(633 nm) maintained at NW-glass interface to introduce similar focusing conditions
as of experiment. The local electric field is calculated, and the near-field to far-field
transformation is performed using reciprocity arguments [125]. Simulated FP images
of forward scattering shown in figure 4.3 (d-f) are in good agreement with experimen-
tally observed scattered far-field for different beam illuminations. To further understand
the effect of OAM on scattering we have analyzed the simulated scattered electric field
distribution near NW for illumination with different beams. OAM present in LG beam
results in asymmetric spatial distribution of scattered near field in comparison to sym-
metric distribution for Gaussian and HG beam illuminations as shown in Figure 4.3
(g-1). Near field electric field calculations also show localized plasmon generation at
the excitation position. It should be noted that there is no propagating plasmon mode
being excited as interaction of free space photons at the center of NW does not possess

enough momentum for the generation of surface plasmon polaritons in NW.
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FIGURE 4.5: Schematic for directionality measurements

4.3.1 Effect of different parameters of beam and NW on OAM in-

duced preferential scattering in farfield

We explored different parameters of beam and NW to check the robustness of the tech-
nique using FEM simulations. A quantitive parameter ‘directionality value’ for prefer-
ential scattering was calculated to compare scattering patterns as a function of change

in different parameters of beam or NW.

Definition of directionality value

Figure 4.5 shows method of directionality calculation of preferential scattering in FP
image. We have taken one lobe from the scattering pattern of the LG, ' beam for mea-
surements as the other lobe is exactly flipped image of this one. Now power scattered
in upper half (along +k, wave vectors) is defined as P2 = X, -0, x,>0)P(kz, k,) and
power scattered in lower half (along —k, wave vector) as P1 = ¥, ~0),(x,<0)P(Kz, Ky).
Directionality value ‘D’ in percentage is defined as D = (P1-P2)/(P1+P2). Here, D =0

and 1 mean minimum and maximum preferential scatterings respectively.

Scattering from NW with different materials

We performed scattering simulations to explore the effect of the material of NW on
scattering by changing the material to a dielectric (Zinc sulphide (ZnS)) and by making
the NW as perfect electric conductor (PEC) and keeping other properties constant at
633 nm wavelength as shown in Figure 4.6. We found method to be robust for working
with different materials. Directionality values (D) for preferential scattering of LG
beam calculated according to the procedure shown in Figure 4.5 are found to be 0.35
for ZnS and 0.40 for PEC NWs which are near to 0.38 for Ag NW.
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min [E/E,]* max

FIGURE 4.6: Simulated scattered Fourier plane images from NWs of

different materials i.e., (a) Zinc sulphide (ZnS), (b) Ag and (c) perfect

electric conductor (PEC) for LG, ! beam illumination (633 nm wave-
length).

Thickness dependent scattering from NW

We tried to maximize the directionality value by changing the diameter of the NW.
Figure 4.7 shows FP images for scattering with NWs ranging from 100nm to 500 nm in
diameter. We calculated directionality value (D) for NWs with different diameter and
found D = 0.29 (diameter = 100 nm), 0.30 (200 nm), 0.31 (300 nm), 0.38 (350 nm),
0.45 (400 nm) and 0.46 (500 nm) keeping other parameters constant. Directionality
value increases with increase in diameter which can be attributed to the increase in the

scattering cross-section with increase in NW diameter.

Effect of beam position relative to the short axis (y) of NW on far-field scattering

pattern

Preferential scattering is sensitive to displacement of NW along its short axis and have
maximum directionality value for parking of NW at the center of beam focus. Figure
4.8 shows scattering FP images for Ag NW movement in focus spot along its short axis
(y-axis). Calculated directionality value (D) changes as D = 0.21 (y = -200 nm), 0.35
(y =-100 nm), 0.38 (y =0), 0.32 (y = 100 nm) and 0.18 (y = 200 nm) for different NW

positions.

Scattering from NW with different cross sections

We have performed simulation with NWs having circular, triangular and square cross

sections with same diameter (350 nm) as of pentagonal NW used in this study and
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FIGURE 4.7: (a)-(f) show scattered FP images of LG, ! beam for NWs
with different diameters ranging from 100 nm to 500 nm.
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FIGURE 4.8: (a)-(e) FP images showing variations in the scattered

farfield patterns of LG ! beam as a function of movement along short

axis (y) of NW relative to beam position. Here NW is at the center of
beam fory = 0.
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FIGURE 4.9: Fourier plane images showing scattering of LG ! beam
(633 nm wavelength) from plasmonic NW of 350 nm diameter with cross
sections as (a) circular, (b) pentagonal, (c) square and (d) triangle.
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FIGURE 4.10: OAM induced preferential scattering in scattered farfield

as a function of operational wavelength. (a)-(d) Fourier planes images

showing scattering of LG ! beam of wavelength 600 nm to 900 nm at an
interval of 100 nm.

found that method works for all shapes as shown in Figure 4.9. Calculated direction-
ality values are as follows D = 0.46(circular cross section), 0.38(pentagonal cross sec-
tion), 0.26(square cross section) and 0.36(triangular cross section). Presence of OAM
induced preferential scattering in scattered farfield from NWs with different cross sec-
tions makes the present method robust to be used for any one dimensional component

of a photonic circuit irrespective of its shape.

Effect of operational wavelength on scattering from Ag NW

We simulated the scattering from an individual nanowire illuminated with different
wavelengths (600 nm — 900 nm). The scattering FP images are shown in Figure 4.10.
One can clearly see that FP patterns are very similar, qualitatively, to that of the experi-
mental one (633 nm) and hence giving the information about OAM induced direction-
ality. It should be noted that spot size and intensities for different wavelengths are not
same and hence FP images give only qualitative idea about OAM induced preferential

scattering.
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4.4 Pattern recognition based OAM detection

4.4.1 Scattering patterns are sensitive to the mode number

Figure 4.11 (a-c) shows experimentally measured scattering FP images of LG/, beams
as a function of varying mode number, /. Scattering FP image for / = -1 has two lobes
(indicated by white dots) on both sides of k,/k, axis with preferential scattering indi-
cated by white arrows (Figure 4.11 (a)). The number of lobes increases with increment
in the number of / in FP images. Figures 4.11 (b and c) shows that / =-2 and / = -3 have
three and four lobes, respectively. This suggests number of lobes in FP image is equals
to /+1 for a given OAM mode number /. It should be noted that preferential scattering
direction for / = -2, -3 remains same as of / = -1 indicated by white arrows in respective
figures. Increase in number of lobes with increase in mode number / can be understood
from the fact that higher order vortex beams are unstable and split into / number of

vortices as shown in insets of figure 4.11 (a-c) [126].
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FIGURE 4.11: Fourier plane (FP) images showing dependence of scat-
tering on the mangitude of OAM. Experimentally measured FP images
show unique scattering pattern for (a) [ = -1, (b) [ = -2 and (c¢) [ = -3.
Number of lobes in the scattering pattern along k,/kq axis increases with
increase in OAM mode number /. Number of lobes is indicated by white
dots. Insets in figures (a)-(c) show splitting of vortex in [ number of
vortices in real plane image with no NW in the focal regime. (d) - (f)
Simulated FP images corroborating experimental results.
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As explained in Figure 4.3, single dark region (singularity) at the center of beam
causes absence of wave vectors along k,/k, axis near k,/ky = 0 resulting into two lobes
in FP image. The cases of / = -2 and -3 modes will contain two and three dark re-
gions inside the beam, respectively. This means vortex with / = -2 mode interacts with
nanowire with three bright points (points with nonzero intensity) and hence scattering
from these three points results in three lobes in FP image. Similar explanation holds
for / = -3 mode and / = +1, +2, +3 modes (data not shown). It should be noted that the
input power for different modes are not the same. As the mode number increases, the
power density of the scattered light decreases. Input power for the scattering of differ-
ent modes of OAM shown in Figure 4.11 are 8 nW (LG, 1), 66 nW (LG, %) and 780 nW
LGy 3. Numerically simulated FP images (Figures 4.11 (d-f)) show similar pattern for
[ = -1 (Figure 4.11 (d)), [ = -2 (Figure 4.11 (e)) and [ = -3 (Figure 4.11 (f)) and hence
corroborate experimental findings. Increase in width of the scattered pattern along k. /k
for higher mode numbers can be accounted for increase in divergence of higher order
vortex [127]. This procedure becomes more useful for higher order modes of OAM as
splitting of vortex at focus plane is not distinguishable as shown in magnified real plane
images in Figure 4.12. In this case far-field scattering pattern provides clear distinction
in the higher OAM modes as shown for / =-4 to -7 in Figure 4.13.

LG

0

FIGURE 4.12: Magnified images of higher order vortex beams at the
glass substrate without wire in the focal spot
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FIGURE 4.13: (a) — (d) show FP images for illumination of wire with
LG beams having topological charge -4, -5, -6 and -7 respectively.

4.4.2 Scattering patterns are sensitive to sign of the topological charge

Vortex beams have positive or negative value of OAM. So it is crucial to identify the
sign of particular mode number of OAM along with its magnitude. Figure 4.14 (a and b)
show FP images of scattering for LG beam with / = +1 and / = -1 with same illumination
power (8 nW). As indicated by white arrows in experimentally measured FP images, it
is evident that preferential scattering inverts its direction as sign of OAM changes from
[ = +1 to -1. This is consistent with higher order OAM modes also (See Figure 4.15).
Change in the direction of preferential scattering can be understood from the fact that
as sign of OAM changes, the Poynting vector direction inverts which guides scattering
wave vectors accordingly [123]. Asymmetric distribution in scattering FP image for
different signs of a particular OAM mode is well corroborated by numerical simulations
(Figure 4.14 (c-d)).
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FIGURE 4.14: Discriminating the sign of topological charge. Scattering

FP images of LG Beam (a) 1 = +1 and (b) I = -1 from plasmonic nanowire

discriminating between sign of OAM mode 1 = I11. (c) - (d) Simulated
scattering FP images corroborating experimental results.
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FIGURE 4.15: Scattering FP images of LG Beam (a) [ =-2, (b) 1 =+2, (¢)
1 =-3, and (d) 1 = +3 from plasmonic nanowire discriminating between
sign of OAM mode | = 12| and 13I.

4.5 Conclusion

To conclude, we have experimentally shown that coherent light scattering pattern from
a chemically prepared plasmonic nanowire, self-assembled on a glass substrate can be
utilized to read-out the magnitude and sign of the topological charge of an optical vor-
tex beam. A clear distinction between vortex beam scattering patterns and other beams
that do not carry orbital angular momentum was established, which was further cor-
roborated by three dimensional numerical simulations. Our work introduces a platform
for OAM characteristics read-out at the chip-scale. By further combining techniques
based on pattern recognition and machine learning, one can possibly automate the read-

out procedure without human intervention. Such methodologies are of high interest in
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optical communication channels, and the fact that we use a simple, chemically synthe-

sized plasmonic nanowire structures may bring down the cost of such devices for future

developments.



Chapter 5

Transverse orbital momentum flow
controlled surface plasmon polaritons

generation in a plasmonic nanowire

The chapter explores the effect of transverse orbital momentum flow on surface plas-
mon generation in a silver nanowire. We have experimentally shown how the sign and
magnitude of the topological charge of orbital angular momentum carrying beams af-
fect surface plasmon polaritons (SPP) generation in an individual plasmonic NW. We

further corroborate experimental results with numerical simulations.

5.1 Introduction

Plasmonic nanostructures provide sub-wavelength confinement and guiding of light
[39]. These effects are possible because of the presence of sea of free electrons in
metals and large surface to volume ratio for nanostructures, which ensure maximum
interaction of free electrons with a incident light beam on the nanostructure. When a
light beam interacts with a plasmonic nanostructure having dimensions comparable to
its wavelength, such as a nanoparticle, it creates localized oscillations of free electrons
on the surface of the nanostructure. Quantum of these oscillations is called localized
surface plasmon polariton. If a plasmonic nanostructure is extended in one or two di-
mensions such as nanowire (NW) or film, electromagnetic waves coupled with free
electrons on the surface propagates along the extended dimension. These waves at the
metal-dielectric interface are known as propagating surface plasmon polaritons (SPP).
Enhanced near field electric field in the vicinity of a nanostructure has been utilized
to enhance weak molecular signals such as Raman scattering [128], local heat gener-
ation [129] and more. On the other hand, SPP in extended nanostructures have made
waveguiding of light possible at the sub-diffraction scale, which can further be utilized

in chip-based plasmonic circuits [130].

59
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Silver nanowires are one of such plasmonic geometries that confines light in one
dimension and propagates it in another dimension in the form of SPP [131, 132]. As
described in chapter 1, SPP have momentum larger than free-space photons. Hence
launching SPP in a nanostructure is possible only in circumstances where missing mo-
mentum is provided to the incident light beam. The momentum matching condition for

SPP generation can be expressed using the following expression
ESPP = Ephotan + é (51)

Where, ESPP 1s wavevector of SPP and Ephoton is wavevector of the incident beam.
G is extra momentum required for SPP generation. In the case of a plasmonic NW,
SPP can be generated by exciting NW at its one of the extremities where symmetry
breaking provides extra momentum for SPP generation. It is known that the efficiency
of the generation of SPP in NW can be controlled using different parameters such as
wavelength and polarization of light beam, the numerical aperture of the focusing lens,
and morphology of the NW [132].

In this chapter, we discuss the effect of transverse orbital momentum flow on the ef-
ficiency of SPP generation in a silver NW. As discussed in chapter 1, beams with helical
phase fronts carry orbital angular momentum (OAM), which can have both positive and
negative signs as well as variable magnitude depending on the spatial phase profile of
the beam. Helical phase front of OAM carrying beams results in a linear momentum
component in the transverse plane along azimuthal coordinate. As discussed in chapter
1, the magnitude and sign of the azimuthal component of linear momentum (transverse
orbital energy/momentum flow) are proportional to the topological charge of the OAM
carrying beam.

We have utilized the transverse orbital momentum flow to control the efficiency of
SPP generation in a silver NW. We experimentally show either change in sign of topo-
logical charge or change in position of NW’s extremity on two sides of the singularity
of the vortex beam enhances or reduces SPP generation depending on the direction of
transverse orbital momentum flow. Change in the magnitude of the topological charge
systematically changes the efficiency of OAM generation in the NW. We further demon-
strate OAM controlled SPP generation in systems like NW coupled to the nanoparticle
(NP), and how kink NW can behave like an optical switch. We provide finite element
based simulations to qualitatively understand the effect of transverse orbital momentum

flow on SPP generation.
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5.2 Hypothesis

As discussed in chapter 1, Laguerre Gaussian (LG) beams have transverse orbital mo-
mentum flow. We hypothesize that this transverse orbital momentum flow should have
implications on SPP coupling in the NW, as explained in figure 5.1. For NW placed
in the focus of LG beam at ‘position 1°, orbital momentum flow should favor the SPP
coupling for topological charge values with a positive sign (+/) and should oppose for
the topological charge values with a negative sign (—/). The effect will reverse for the
placement of NW at ‘position 2’. Essentially momentum matching condition given by

equation 5.1 for SPP should be changed to

ESPP = Ephoton + él (52)

with G = G + ﬁ¢. Where, 15¢ is linear momentum component along azimuthal
direction representing transverse orbital momentum flow. Signs =+ is decided by the
placement of NW at different positions in the focus of the LG beam as well as sign of
the topological charge. For example, for +/ values and NW placed at ‘position 1’ the
sign will be + (favoring coupling) and will be — (Opposing coupling) for —/ values
for the same position. Situation will reverse for ‘position 2°. For the case, where the
transverse orbital momentum flow is opposing the SPP generation and ]3¢ is equal to
G, there should not be any coupling of light to the NW even with satisfying other

requirements such as polarization and high NA focusing.

Position 1 Position 2
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FIGURE 5.1: Schematic depicting hypothesis for the effect of transverse

orbital momentum flow on SPP generation in plasmonic NW. NW is

placed in two configurations as indicated by position 1 and position 2
for varying sign of topological charge.
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5.3 Experimental observations

Ethanol solution containing Ag NWs was drop casted on to a glass substrate and was left
to dry. We selectively excited one of such NWs with linear polarized (polarized along
NW’s long axis) LG beam (633 nm wavelength) with varying topological charge (/)
using a high numerical aperture lens (1.49 NA, 100X). LG beams were prepared using
a spatial light modulator operating in off-axis hologram configuration, as discussed in
chapter 2. The extremity of the NW was scanned across the LG beam focus and SPP
coupling in the NW was analyzed in backscattering geometry (a complete experimental
setup is shown in figure 2.8, chapter 2) for two positions mentioned as ‘position 1’
and ‘position 2’ in figure 5.1. Figure 5.2 (a) shows a bright-field optical image of an
Ag NW with a diameter ~350 nm used for measurements of the effect of transverse
orbital momentum flow on SPP coupling. The NW is excited by an LG beam with
[ = £7. Figure 5.2 (b) shows that SPP coupling is maximum for / = +7 and is less for
[ = —7 for the placement of NW at ‘position 1°. The situation is reversed for ‘position
2’. Results are in agreement with our hypothesis, and hence, it shows that transverse
orbital momentum flow affects the SPP coupling in the NW. To confirm it again, we

perform topological charge dependence of SPP coupling in following section.
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FIGURE 5.2: (a) Bright field optical image of the Ag NW utilized for

understanding of the effect of transverse orbital momentum flow on the

SPP generation in the NW. (b) and (c) Experimental observations of SPP

coupling for varying position of NW in the focus and sign of topological
charge for LG beam excitation with [ = £7.

Systematic control of SPP coupling using the magnitude of topological charge:

Azimuthal component of linear momentum (F;) of LG beam is proportional to its
topological charge, and hence the magnitude of transverse orbital momentum flow in-
creases with an increase in the magnitude of topological charge [15]. To again confirm
our hypothesis expressed in equation 5.2, we performed SPP coupling measurements
with the varying magnitude of topological charge (/). According to the hypothesis, for
+ sign in equation 5.2, the coupling of SPP should increase with the increase in the
magnitude of /, and the effect should be reversed for — sign in equation 5.2. Figure
5.3 shows experimental observations for SPP coupling for LG beam excitation with (a)
[ =+1,(b)l =44 and (c) [ = +7. It is clear from images that the difference between
the intensities of light out-coupled at the distal end of the NW for ‘position 1’ and ‘po-
sition 2’ increases for an increase in the magnitude of / value. It should be noted that
input power at the back aperture of the excitation objective lens was approximately the
same for beams with different / values. Hence power density is not same for all beams

at the focus because focus size increases with an increase in the magnitude of /.
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FIGURE 5.3: (a) Bright field optical image of the Ag NW utilized for

understanding of the effect of transverse orbital momentum flow on the

SPP generation in the NW. (b) and (c) Experimental observations of SPP

coupling for varying position of NW in the focus and sign of topological
charge for LG beam excitation with [ = £7.

Hence to have a quantitative understating of the effect of transverse orbital flow on
SPP coupling as a function of the magnitude of topological charge, we have measured
the ratio of out coupled light at the distal end for two positions of the NW for every /

value. The ratio can be defined as

_ Out coupled light intensity counts at distal end for "position 1" excitation

~ Out coupled light intensity counts at distal end for 'position 2' excitation
(5.3)

Intensity counts were measured in the area denoted by white box at the distal end of
the NW for different positions to calculate the ratio, R. As expected from hypothesis,
we found R to be in increasing order with an increase in the magnitude of / value.
Measured ratios, R are 1.51, 3.82 and 6.67 for [ = +1, [ = +4 and [ = 47 respectively
for the observations shown in figure 5.3. Similar measurements performed on number
of nanowires yielded similar trends in the value of R as [ value was changed. The
magnitude of R is also sensitive to error in positioning of the NW.

As explained in equation 1.5, chapter 1, the azimuthal component of linear momentum,
Py % . We have calculated P, at the focus by measuring the radius of the vortex
beam (r) (distance between the vortex center and nanowire axis) in the experimentally

captured images. We have got P, value as 0.1, 0.27 and 0.37 units for [ = +1, [ = +4
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and [ = +7 respectively. This again supports that an increase in topological charge
(/) increases P, and hence the R values. But we should note that we have used a high
numerical aperture lens to focus the beam at the extremity of the nanowire where fields
differ drastically from beam propagating in the free space. Hence dependency of Py on
% ratio may not be the same in tight focusing conditions as of free space. For a better

understanding of this, we plan to perform rigorous simulations.

5.4 Simulation results

We performed finite element based simulations to qualitatively understand the effect of
transverse orbital momentum flow on SPP generation in a plasmonic NW. A pentagonal
cross-section Ag NW with 350 nm in diameter and 5 ©m in length was placed on a glass
substrate. Refractive index of the Ag was taken from [124]. One of the extremities of
the NW was excited with the LG beam (633 nm wavelength, / = 4-4) through the glass
substrate. Beam waist (= wavelength (633 nm)) of the beam was maintained at the
glass-air interface to focus the beam that provides a focus of ~1270 nm (twice of the

beam waist).
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FIGURE 5.4: Simulated images showing the effect of transverse orbital

momentum flow on the efficiency of SPP coupling in silver NW for ‘po-

sition 1’ with LG beam excitation (! = £4). Red arrows show transverse
orbital momentum flow direction.

Now NW end is placed under the beam focus at ‘position 1’ according to experimen-
tal observations. Figure 5.4 shows the coupling of SPP for the NW placed at ‘position
1’ with the LG beam excitation. The figure shows that the coupling efficiency of SPP
in NW is less for LG beam with / = —4 compared to / = +4 for ‘position 1’ and hence
showing similar trend as of experiments. Simulations are performed in weak focusing,
and hence the efficiency of SPP coupling to NW is also small, which further makes the
difference between the SPP coupling for / = —4 and +4 excitations small. These sim-
ulations provide only a qualitative understanding of transverse orbital momentum flow
controlled SPPs. Simulations to exactly mimic the tight focusing conditions of experi-
mental observations are under study. In that case, we will introduce lens specification
to have tight focusing and a quantitative analysis of SPP coupling in NW as a function

of the magnitude of topological charge should be possible.
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5.5 OAM controlled optical switch

Control of light propagation on a photonic circuit is one of the important challenges
in nanophotonics based devices. Different parameters, such as the polarization of input
light [133], the position of a scatterer [134] have been utilized to control the propagation
direction of light on a photonic circuit. The transverse orbital flow of OAM carrying
beams can also serve the purpose of directing light in a particular direction [38]. Here,
we show that OAM can control the direction of SPP in systems such as nanowire-
nanoparticle (NP) junction and kinked nanowires. Figure 5.5 shows FESEM images of
Au NP attached to Ag NW and kinked Ag NW systems. Ag NW-Au NP system was
created by the self-assembly process. We drop casted Ag NWs on a glass substrate
and after drying of the sample, Au NPs were drop casted on the same glass substrate.
This process resulted in the NW-NP junction shown in figure 5.5 (a) based on capillary
action [135]. On the other hand, kink NWs were formed by sonication of NWs solution
for a few seconds.

FIGURE 5.5: FESEM images of (a) Au NP coupled with Ag NW (b)
kink Ag NW.

In these systems, excitation of the NW-NP junction or junction of two arms of the
kink NW can launch SPP in two directions. These directions are towards two ends of
the NW for NP coupled with the NW system and ends of two arms of the kink NW for
other system. Our motivation is to selectively couple SPP in one particular direction
with the help of transverse orbital momentum flow of LG beams. We place junction in
the focus of the LG beam as shown in the bright-field optical image in figure 5.5 (a) for
kink NW and in figure 5.5 (b) for NW-NP coupled system.
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FIGURE 5.6: Selective excitation of SPP in different directions in (a)
kink NW and (b) NW-NP coupled system using transverse orbital mo-
mentum flow in LG beams excitation with [ = +7.

For kink NW (figure 5.6 (a)), LG beam with [ = —7 directs maximum light in
the NW arm aligned along y axis and [ = +7 light directs maximum light in other
arm of the kink NW system. Coupling in different arms is favored because of the
different direction of transverse orbital flow for two signs of the topological charge at
the junction. For / = —7, transverse orbital flow direction supports SPP generation in
arm aligned along the y-axis and suppresses the generation in other arm. The effect is
reversed upon the change in sign of the topological charge. Figure 5.6 (b) shows the
selective generation of SPPs in the different directions in the NW-NP coupled system
using transverse orbital momentum flow. Polarization of the input light was kept such
that it does not create bias in SPP generation in different directions. In this way, these

systems, excited with OAM carrying beams, can behave like an optical switch.
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5.6 Conclusion

We have experimentally shown that transverse orbital momentum flow of LG beams has
implications on SPP generation in the plasmonic NW and hence should be considered
in momentum matching condition for SPP generation. SPP coupling to the NW can be
controlled by changing the magnitude and sign of the topological charge of the beam
or placement of the NW in focus. Systems such as plasmonic kink NWs and plasmonic
NW coupled with plasmonic NP can act as an optical switch when excited with OAM
carrying beams. We have shown that change in the sign of the topological charge can
direct light in different channels of these systems and hence will find application in
plasmonic circuits. Numerical simulations also qualitatively corroborate experimental

observations.






Chapter 6
Conclusions and Future Directions

In conclusion, the thesis focuses on understanding different aspects of the interaction of
angular momentum (AM) carrying beams with a plasmonic nanowire (NW). We have
explored the effect of spin momentum flow on the scattering of the light beam from a
plasmonic NW. Far-field elastic scattering from a NW was utilized to detect different
states of the orbital angular momentum (OAM) at the subwavelength scale. We have
shown that the generation efficiency of surface plasmon polaritons (SPP) in plasmonic
NW can be controlled using transverse orbital momentum flow of OAM carrying light
beams. To realize the above phenomena experimentally, we have utilized a home-built
dual-channel microscopy system. The microscopy system consists of Fourier plane
imaging and spectroscopy capabilities and also includes spatial light modulator based
generation of structured light beams. We have also utilized the microscopy setup to
study the second-harmonic generation and two photon excited flourescence from or-
ganic mesowires. In this work, we study the excitation position-controlled directionality
of the second harmonic generation from different facets of the mesowire.

Our study provides a fundamental understanding of the interaction of optical AM
with one-dimensional plasmonic nanostructures and can potentially find application in
chip-based plasmonic circuits in terms of detection of AM and controlling light prop-
agation directions at diffraction limited scales. The developed home-built setup can
be further integrated with high power AM carrying light beams and can be utilized to
understand the effects of optical AM on nonlinear processes with the help of existing
detection capabilities such as dispersion imaging and energy-momentum spectroscopy.

In the following, I summarize the different topics covered in the thesis and discuss

future directions.
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Spin momentum flow controlled far-field scattering of struc-
tured light from a plasmonic nanowire: Optical Spin-
Hall effect

In chapter 3, we have explored the effect of spin momentum flow on the scattering
of Gaussian and Hermite-Gaussian (HG) beams from an Ag NW. Captured far-field
images of elastic scattering using the Fourier microscopy technique had circular polar-
ization handedness dependent preferential/biased scattering. The preferential scattering
was found to be more for the HG beam than for Gaussian beams. We understand the bi-
asing in the scattering as an effect of spin momentum flow present in circularly polarized
beams. Finite element based simulations also show spin momentum flow controlled bi-
asing in the scattering and an enhancement factor of two for HG beams in comparison

to the Gaussian beam.

Future direction:

In the present work, we study the scattering of circularly polarized light from 1D plas-
monic nanostructure. It will be interesting to do polarimetry of the scattering of linearly
polarized light from the NW. Analyzed scattered far-field patterns as a function of cir-
cular polarization may show accumulation of intensity with different handedness in
opposite directions in the Fourier plane image. Another direction we intend to work
is on the scattering of circularly polarized Laguerre Gaussian beams from NW, where
we will have both SAM and OAM. These two AM can favor or oppose the scattering

depending on their transverse momentum flow direction.

Discrimination of OAM states at subwavelength scale us-
ing a single NW:

In chapter 4, we have presented a far-field pattern recognition based method for dis-
crimination of OAM states at the subwavelength scale. We have utilized Fourier plane
imaging to capture far-field patterns in forward scattering configuration for Laguerre-
Gaussian (LG) beam illumination of a single Ag NW. Change in the sign and magnitude
of the topological charge of the LG beam produces a unique scattering pattern in the
far-field. The method is found to be robust for the different parameters of light beams

and NW, such as illumination wavelength, diameter of the NW, material of the NW, and
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cross-section of the NW. We also provide finite element based simulation to support our

detection method qualitatively.

Future direction:

There are two immediate directions to explore along similar lines. One of them would
be to understand the phase structure of the scattered light. We would like to understand
whether or not the scattered light has the signature of the phase structure associated with
different states of the LG. Phase structure can be realized by interfering the scattered
light with a reference beam introduced in the collection path of the microscope. Another
direction is to explore the effect of OAM on the far-field scattering above the critical
angle. In a Fourier plane image, light mapping to supercritical angles is a manifestation
of the near field confined near the nanostructure. Hence studying the scattering at above-
critical angle will provide information about the effect of OAM on localized plasmon
generated on the NW. For this study, one needs to work at plasmon resonance of the

NW along with its thickness for enhanced effects.

Transverse orbital momentum flow controlled surface plas-

mon generation in a plasmonic NW:

In chapter 5, we have discussed the effect of transverse orbital momentum flow on the
efficiency of surface plasmon polaritons (SPP) generation in a plasmonic NW. SPP cou-
pling in an Ag NW was measured for its placement on the two sides of the singularly
of tightly-focused LG beam. We have shown that SPP coupling efficiency is either
enhanced or reduced depending on whether the transverse orbital momentum flow is
favoring or opposing the SPP momentum. Hence we propose for the modification in
momentum matching condition for SPP generation in a NW. In the case of LG beam ex-
citation, the azimuthal component of linear momentum resulted from the helical phase
of the LG beams should be considered in the momentum matching condition for SPP
generation. We have presented a detailed experimental study of the effect of magnitude
and sign of transverse orbital momentum flow, and NW position in the focus on the
efficiency of SPP generation in the NW. We discussed that the OAM beam generation
of SPP in coupled NW-nanoparticle and kink NW plasmonic systems can behave as
optical switches. We believe OAM can provide greater control on light propagation in

a plasmonic-based circuit.
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Future direction:

In the present study, we have provided finite element based simulation in weak focusing
regime to qualitatively prove our hypothesis. But to quantitatively understand the effect
of magnitude and exact placement of the NW in the focus on efficiency of SPP gener-
ation, we plan to tightly focus LG beam by introducing objective lens specification in
simulations. Also in the present work, our focus was on the efficiency of SPP coupling.
But the placement of the NW at different places of transverse orbital momentum flow
should have implications on the SPP mode profile in the NW. We intend to study the
effect of transverse orbital momentum flow on the mode profile of SPP in NW using

Fourier plane imaging.



Appendix A

Directional second-harmonic
generation controlled by
sub-wavelength facets of an organic

mesowire

In this appendix, we show how sub-wavelength facets of an organic molecular mesowire
crystal can be utilized to systematically vary the directionality of second harmonic gen-
eration (SHG) in the forward scattering geometry. In addition to directional SHG from
the mesowire, we experimentally observe optical waveguiding of the nonlinear two-
photon excited fluorescence (TPEF). The appendix is an adaptation of the research ar-
ticle "Appl. Opt. 57, 5914-5922 (2018)"

A.1 Introduction

Localized manipulation and directional, linear and nonlinear emission of light at sub-
wavelength scale is one of the important goals of nanophotonics. To this end, a variety
of nanostructures made of plasmonic[119, 136-147] and dielectric objects[148—155]
have been realized, thanks to advancement in nanofabrication methods including top-
down and bottom-up approaches.

In recent times, nanophotonic operations of dielectric and semiconducting nanostruc-
tures have emerged as an exciting prospect in photonics[150, 156—159]. Given that
ohmic loses in dielectric nanostructures[ 149, 152] are mitigated compared to plasmonic
metals, they can be utilized in applications where Joule heating is detrimental. Certain
dielectric and semiconducting nanostructures with high permittivity also facilitate mul-
tipolar Mie resonances [151, 156] that can be harnessed for developing nano-optical
biosensing[157, 160], novel optical antennas[151, 161], and optimizing nonlinear fre-

quency conversion[157, 162]. As inherent losses are minimized in such nanostructures,
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they can sustain greater excitation powers, and hence provide an excellent opportunity
to improve nonlinear optical processes such as second harmonic generation (SHG),
third harmonic generation (THG), ultrafast optical switching, and many more [149,
150, 163-165].

An emerging prospect[149—152] in dielectric nanophotonics is to combine the unique
properties of optical antennas with nonlinear optics. In this direction, interesting devel-
opments have occurred recently, such as: the observation of directional SHG and THG
emission from silicon nanostructures [162, 166, 167]; efficient THG from germanium
nano-disc [153]; nonlinear vector beam generation[168], SHG radiation pattern engi-
neering [169], and polarization control[170] in Aluminum Gallium Arsenide (AlGaAs)
nanoantenna; metal-dielectric hybrid nonlinear nano-antennas[171-177] and metasur-
faces [178] with a specific directional emission.

A majority of the studies on dielectric nonlinear nanophotonics have utilized inorganic
nanostructures such as silicon, germanium and AlGaAs. The general approach to pre-
pare such structures is based on top-down nanofabrication either using high-power ul-
trafast lasers [148, 179] or electron beam lithography[168, 178]. Such top-down ap-
proaches generally result in polycrystalline nanomaterials, which can affect the yield
of nonlinear optical processes. As a complementary approach, organic nanostructures
can be prepared in single crystalline form using vapour phase methods, and can be
potentially utilized for nonlinear optical antenna applications. Furthermore, organic
molecular nanostructures have some advantages [180—184] such as low cost process-
ing, flexibility of deposition on desired substrate, ultrafast and large nonlinear response,
broadband spectral tunability by tailoring the structure of molecules and their arrange-
ment in crystals.

In the context of nonlinear optical antennas based on dielectric nanostructures, there are
two important aspects that have to be considered[169]: first is the efficiency of nonlin-
ear optical frequency conversion, and the second is the directionality of the nonlinear
radiation generated by the dielectric nanostructures. Over the years, a variety of organic
crystals have been harnessed for efficient nonlinear optical frequency conversion, and
crystalline organic nanostructures have been explored in the context of their nonlinear
microscopy [185-187]. However a relatively unexplored aspect of organic nanostruc-
ture is their utility as nonlinear optical antennas, especially their directional nonlinear
emission characteristics.

In this chapter, we show, how sub-wavelength facets of an organic molecular mesowire
crystal made of diaminoanthraquinone (DAAQ) can be harnessed to actively control
forward scattered SHG pattern. We test the ability of the mesowires with two and three
facets to direct and vary the SHG signal, and find that the directionality of SHG can
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be varied and switched over 130 degrees. This ability is mainly facilitated by the sin-
gle crystalline nature of the utilized mesowire, and is a clear advantage over polycrys-
talline nanostructures made of inorganic dielectric materials. In addition to directional
SHG emission, we show selective nonlinear waveguiding capability of our geometry.
Specifically we show how for the same pump excitation, the SHG signal is directional
and confined at a location in the mesowire, whereas the two-photon excited fluores-
cence (TPEF) emission is isotropic and delocalized. This observation has direct conse-
quence on spatial engineering of two different kinds of nonlinear emission on a single

mesowire.

A.2 Methods

A.2.1 Sample preparation

1, 5 diaminoanthraquinone (DAAQ) mesowires were prepared through physical vapour
transport method. The detail procedure to synthesize these molecular waveguide can
be found in previous reports[188]. In brief, DAAQ molecular powder (Smg, Sigma
Aldrich, 85% pure) was dissolved in ethanol (60ml, Sigma Aldrich, 99% pure) in sin-
gle neck round bottom (RB) flask. RB flask was then placed inside a heater cum rotor
bath for depositing DAAQ molecular film around the RB wall. Continuous rotation
at constant temperature (40°C) ensures the uniformity of molecular thin film around
wall of the flask. Afterwards, a cleaned glass coverslip was suspended inside the flask
through a glass bar attached on the top of flask. Subsequently, the whole arrangement
was then placed inside the silicon oil bath and increased the temperature of the system
up to 160°C-180°C for different growth durations. As the temperature of the flask ele-
vates, the molecules evaporate from the wall and start condensing on the glass coverslip.
These condensed molecules act as preferred nuclei sites for new incoming molecules.
Subsequently, these molecules get self-aggregated (J-aggregation takes place for our
system[188], confirmed in our previous study) and resulted as extended one dimen-
sional nanostructures (Figure A.3(a)). The length and diameter of molecular waveguide
can be easily controlled according to the growth duration and temperature. Deposition
of wires was done on marked glass cover slip for the correlation between optical micro-
scope image and field emission scanning electron microscope (FESEM) image of the
wire to be studied. The optical absorption maxima of the grown mesowires was found
to be around 520 nm (Figure A.1).
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FIGURE A.1: Schematic of Experimental setup for Fourier plane imag-
ing and spectroscopy measurement of SHG. L1, L2, L3, L4, L5 and L6
are lenses where L2 is tube lens, L3 is Bertrand lens and lens L4 is used
to form a real plane image. M1 and M2 are mirrors. FM is flip mirror.
HWP, LP and SPF represent half wave plate, linear polarizer and short
pass filter respectively. BS is beam splitter. SPF was used to block the
pump. In case of Fourier plane imaging of SHG and TPEF, extra short
pass filter and edge filter were used, respectively.

A.2.2 SHG microscopy coupled with Fourier plane imaging

In a SHG microscope, the captured SHG intensity can be expressed as[186]:

Isgg = |N / / / Esua(r,Q, k) f(Q)drdQdk|? (A.1)
VJQJNA

where Egpq is the electric field due of SHG signal, V' is the focal volume from where
the SHG is collected, 2 is the orientation of the molecules within the focal volume, &
is the wavevector of the SHG signal, r is the spatial coordinate of the nonlinear dipole,
f(£2) is the orientation factor, and N A is the numerical aperture of the collecting ob-
jective lens. In our measurement, we collect the signal in the Fourier-plane of the
objective lens, such that we do not integrate the signal over the whole NA, but retain
the information of the in-plane & vector distribution. This k& vector distribution can be

represented by two polar angles (6, ¢), where 6 represents the radial angle subtended
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FIGURE A.2: Schematic of Experimental setup for Fourier plane imag-
ing and spectroscopy measurement of SHG. L1, L2, L3, L4, L5 and L6
are lenses where L2 is tube lens, L3 is Bertrand lens and lens L4 is used
to form a real plane image. M1 and M2 are mirrors. FM is flip mirror.
HWP, LP and SPF represent half wave plate, linear polarizer and short
pass filter respectively. BS is beam splitter. SPF was used to block the
pump. In case of Fourier plane imaging of SHG and TPEF, extra short
pass filter and edge filter were used, respectively.

by the numerical aperture of the lens, and ¢ represents the azimuthal angle. Figure A.2
shows the optical microscope used to study the optical nonlinear response of the DAAQ
mesowires. The lower objective lens ( high numerical objective lens, 1.49 NA, 100x)
was used to excite the mesowire through the glass substrate using a Ti- sapphire laser

(140 fs, 80 Hz, Chameleon from Coherent) operating at 1040 nm wavelength.
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FIGURE A.3: (a) Representative FE-SEM images of faceted DAAQ
mesowires. PXRD pattern for 1, 5 diaminoanthraquinone (DAAQ)
mesowre on glass coverslip (red) and DAAQ powder(black). (b) Bright-
field optical image of faceted DAAQ mesowire. The typical length is
around 17 pm and width is 1.38 um. (c) Forward-scattered SHG spectra
from a DAAQ mesowire for excitation with pump polarization perpen-
dicular and parallel to the long axis of wire (longitudinal). Pump exci-
tation is 1040 nm (140 fs, 80 MHz). Power dependence of SHG signal:
Peak intensity of the signal at 520 nm was measured as a function of
pump power. (d) Variation of SHG as a function of angle of pump po-
larization. Maximum emission intensity is when excitation polarization
is perpendicular to long axis of the mesowire. (e) Schematic of forward-
scattered SHG wavevector variation as a function of position of 1040 nm
focused pump beam across the width of the DAAQ mesowire. The in-
set shows a real plane image of SHG emission at 520 nm from DAAQ
mesowire when excitation beam is parked at the center of the wire.

The focused spot size was measured to be ~ 670 nm. Measurements are done at
17 mW average power (at the entrance of microscope objective lens). We observed that
exposing the wire with 58 mW or more power, burns the structure. Piezo Nanoposition-
ing Stage (P-733.3CD, Physik Instrumente (PI) GmbH & Co. KG) was used to scan the
mesowire nm. Forward scattered signal was captured by the upper objective lens (0.95
NA, 100x). A pinhole was introduced in the real plane to spatially filter the signal from

the point of excitation. For the Fourier plane imaging of the forward scattered optical
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nonlinear signals, back focal plane (BFP) of the upper objective lens was imaged to an
electron-magnified charge-coupled device (iXon Ultra, Andor) using the tube lens (L2)
and a Bertrand lens (L.3). The pump (1040 nm) was blocked by a Short pass filter in
the collection path. For Fourier plane imaging of SH and TPEF signals, we introduced
additional short-pass and edge filters. The pump polarization was varied using a half
wave plate (HWP) in the excitation path. A linear polarizer (LP) was used to study the
output polarization dependence of the SH signal. For different excitation position, the
BFP image was captured at a step of 100 nm. A flip lens (L4) was used to capture the
emission in real plane for each BFP image. For spectroscopic properties, the signal was
sent to the transverse to its long axis over a diffraction limited excitation spot in the
steps of 100 slit of the spectrometer using a flip mirror and was focused to spectrometer

slit using lenses L5 and L6.

A.2.3 Numerical calculations

3D Finite Difference Time Domain (FDTD) simulations were performed at the pump
wavelength (1040nm) by considering a triangular DAAQ waveguide resting on the glass
substrate. Refractive indices (real and imaginary part) of DAAQ and glass were taken
from [188] and [189] respectively. The DAAQ wire was approximated as an irregular
triangular waveguide of length 10 m with one of the angles as 40° and base length as
1.3 um (see Figure A.4(a)). This was done to mimic the structure under study, as the
wire clearly shows two facets in the top view (see SEM images in Figure A.4 (b)). The
wire was illuminated using a Gaussian beam of wavelength 1040 nm through the glass
substrate. The Gaussian beam was focussed at the glass-wire interface using a thin lens
of NA 1.49.

The simulation area was meshed using the non-uniform conformal variant mesh of size
Snm to ensure accuracy and was terminated using Perfectly Matched Layers (PMLs) to
reduce spurious reflections from boundaries. Near field electric field was calculated by
positioning the Gaussian source at different positions along the axis perpendicular to

the length of the wire.

A.3 Results and discussion

A.3.1 DAAQ mesowires exhibit multiple facets

Figure A.3 (a) shows field-emission scanning electron microscopy (FE-SEM) images
of typical DAAQ mesowires used in this study. These mesowires are grown by vapour

deposition method[188, 190, 191] on a glass coverslip, and results in crystalline meso
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or nanowire [192]. The width of the wire can be controlled from meso- to nano-scale
by varying the deposition time [192].

In order confirm crystallinity of the grown structure, we performed x-ray diffraction
(XRD) on DAAQ mesowires deposited on a glass substrate (see XRD data in Figure
A.3 (a)). The growth direction of mesowire was along [011] axis of the DAAQ crystal.

The elongated crystals exhibit monoclinic lattice with parameters a = 3.78 A, b =
973 A, ¢ = 15.01 A, 3 = 82.4° [192] and centrosymmetric space group P2,/C (no.
14)[193]. From the top-view (Figure A.3 (a)), most of the wires exhibit either two or
three exposed facets. One of the main objectives of our work is to determine if the

sub-wavelength facets of DAAQ mesowire can control the SHG radiation pattern.

A.3.2 SHG characteristics of DAAQ mesowires

A typical optical bright field image of a faceted DAAQ mesowire resting on a glass
substrate is shown in Figure A.3 (b). Since the width of the wires are typically less
than 2 microns, the facets cannot be resolved in optical microscopy images (Figure
A.3 (b)). First, we studied the polarization resolved SHG spectra of DAAQ mesowires.
By employing a forward-scattering nonlinear optical microscope (see methods section
for details), we focused a 1040 nm femtosecond-laser pump beam at the center of the
mesowire, and captured the SHG signal at 520 nm (after filtering out the TPEF signal)
in the forward scattering geometry. In Figure A.3 (c), we resolve the SHG spectra with
respect to polarization of the excitation laser beam. The nonlinear process is confirmed
to be second order by measuring emission intensity as a function of input power (see
Figure A.3 (c)). When the polarization of pump beam is perpendicular to the long axis
of the mesowire, the SHG signal is maximum, whereas for the parallel configuration,
the signal is minimum. In Figure A.3 (d), we show the pump-polarization dependent
SHG emission from the DAAQ mesowire. Going by the arguments of Brasselet et al.
[186], two inferences that we can draw from this observation are: a) the molecular
dipoles of the mesowires are aligned perpendicular to the long axis of the wire; b) the
distribution in orientation of the dipoles is narrow. We anticipated no contribution to-
wards emission from the bulk of mesowire as DAAQ crystals used in this work have
a center of symmetry. One of the important aspect of DAAQ mesowire is that max-
imum SHG is emitted in forward direction. Figure A.1 (b) shows SHG collected in
forward (towards air) and backward (towards substrate) directions for a typical DAAQ
mesowire. We have calculated the conversion efficiency (Isy / Ipymp, Where I: Inten-
sity) of SHG in forward direction and found it to be of the order of 10~ for 20 mW
pump power. Spectrometer is calibrated for pump power (1040 nm) by reducing the

LASER power and sending it directly to the spectrometer. Efficiency is calculated by
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taking the ratio of the counts of SHG in the spectrometer and counts corresponding to
the pump power (20 mW) measured at the entrance of objective lens. We have corrected
for the response of the spectrometer at SHG and pump wavelengths. It should be noted

that calculations for efficiency do not correct for losses due to optical components.
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FIGURE A.4: (a) Schematic of the experiment in which the focused ex-
citation position is varied across the width of a DAAQ mesowire with
two facets facing the air superstrate. Tip of the red arrows 1 to 6 indicate
the excitation spot. Green arrows indicate SH emission from facets of the
wire. Inset shows that projections of facets on base have different widths
which further indicate that one of the angles is less than 60°. This angle
is assumed to be 40° for numerical calculations. (b) FESEM images of
DAAQ mesowire of ~16.5 um length at two different magnifications.
Scale bars are of length 3 ym (full-scale image) and 500 nm (zoomed
in image) (¢) SHG emission (real plane images) and corresponding wave
vector distributions (Fourier-plane images) for excitation positions 1 to
6 shown in Figs. (a) and (b). € is half angle of captured cone and has
maximum value of 71.8° defined by numerical aperture (0.95) of objec-
tive lens. ¢ is azimuthal angle. Wavevector axes of Fourier-plane image
are defined as k,/ko=sinf cos¢ and k,/ko=sinf sin¢.

A.3.3 Hypothesis and scheme of the experiment

Given that the mesowire have subwavelength facets, how do they influence the direc-
tionality of the forward SHG emission? This is the central question we ask, and Figure
A.3 (e) shows the schematic of our experiments to address this question. Our hypothesis
is that when we precisely scan the pump excitation (in steps of around 100 nm) across

the width of the mesowire, we should be able to see a drastic change in the forward
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SHG radiation pattern. This expectation is due to the presence of the facets on the crys-
tal, which should influence the emission directionality. Importantly, we are interested to
know if we can switch the directionality of the SHG emission when the pump beam was
moved from one edge of the mesowire to another (see schematic in Figure A.3 (e)). In
the inset of Figure A.3 (e), we show a typical real colour image of the SHG emission at
520 nm when the pump beam is focussed at the center of the mesowire. When the beam
is laterally scanned across the width of the mesowire, we do observe spatial modulation
of SHG emission as shown in real plane images of Figure A.4 (c). Having observed this
modulation, our next goal is to quantify the angular intensity profile and correlate it to

the morphology of the mesowire.
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FIGURE A.5: Comparison of angular intensity distribution of SHG scat-
tering (520 nm) and elastic scattering (532 nm) from the same DAAQ
mesowire. (a) Schematic showing position of the pump beam ( 1040 nm
for SHG scattering and 532 nm for elastic scattering) at the center of the
mesowire. Fourier plane images captured for (b) SHG scattering and (c)
elastic scattering reveals the difference in angular intensity distribution.

A.3.4 Variation of SHG wavevector from a DAAQ mesowire with

two-facets

First, we begin by discussing the effect of varying the excitation position on the an-
gular emission of the second-harmonic generated at the DAAQ mesowire. Figure A.4
(a) shows the schematic of the experiment performed, in which the SHG signal is cap-
tured by positioning the pump-beam at various locations across the width of the DAAQ
mesowire. Positions 1 to 6 indicate the different locations of the focused pump beam
(step size~200 nm). The SHG emission pattern is angularly resolved by a transmission

mode Fourier microscope (see methods for the details on instrumentation). The DAAQ
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mesowire that we used for the experiment is visualized by FE-SEM imaging at two dif-
ferent magnifications (Figure A.4 (b)).

In Figure A.4 (c) (top) we show a series of real-plane SHG images recorded from the
mesowire for the six different locations of the laser spot. The numbers indicate various
positions (~ 200 nm step size) of the excitation beam that result in SHG scattering.
Figure A.4 (d) (bottom) represents the corresponding Fourier-plane image showing the
angular distribution of SHG signal. Following are inferences that can be drawn from

the experiment:

e By changing the position of excitation, the directionality of the SHG scattering
wavevector can be varied. Figure A.4 (d) shows an angle of maximum intensity
at @ = 63° for the excitation focus at one of the lateral edges of wire (position 1,
Figure A.4 (b)). When the focus is moved to the other end of the lateral edge of
the mesowire (position 6, Figure A.4 (a)) the angle of maximum intensity is at
6 = -67.8°. This indicates a change of 130.8° in the SHG emission angle. We
note that the maximum angle (71.8°) captured in our experiment is limited by the
numerical aperture of the collection objective (0.95 in this case). This means there
can be SHG emission beyond 71.8° which is not recorded in our measurements.
At position 4, when the excitation is at the center of the mesowire, maximum

SHG emission occurs at angles ¢ = 23° and 6 = -48°.

e The directionality of the SHG scattering depends upon the inclination of the facets

with respect to the excitation beam.

e For certain excitation positions (number 2 in Figure A.4 (c)), we observed inter-
ference fringes in the Fourier-plane image. This may be due to coherent superpo-
sition of the SHG waves emanating from dipoles at two different positions on the

mesowire.

e Added to this, the grown mesowires have strong absorption at the wavelength
of SHG emission (520 nm in this case). As a result, the angular distribution of
the surface SHG scattered light (520 nm) drastically differs from elastic scat-
tered light (532 nm) (Figure A.5). Interestingly, the wire behaves as an opaque
object (width ~ 3)) at 532 nm excitation close to the absorption maximum of
DAAQ mesowire. Figure A.5 (b) shows minimally transmitted light (background
speckles) through the wire. In contrast, the SHG scattered light at 520 nm shows
facet-sensitive directional emission (Figure A.5 (a)). It should be noted that elas-
tic scattering at 532 nm wavelength was performed using a line filter (for 532 nm
wavelength) in the collection path of the microscope to filter out any secondary

emission.
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FIGURE A.6: FDTD simulations showing electric near-field distribution

at excitation wavelength (1040nm) for various positions (a-c) along the

cross-section of a two-facet mesowire geometry. The arrows indicate

the position of Gaussian beam excitation. The dotted boxes indicate the
region of maximum intensity at the facets of the mesowire

Also, we performed angle resolved forward SHG experiment on a DAAQ mesowire
with three facets, and found systematic variation of SHG as we move the excitation

beam across the width of the mesowire (Data not shown).

A.3.5 Parameters influencing the SHG wavevector

Having experimentally observed variation in the SHG radiation pattern as a function of
excitation location, we are interested in understanding the relevant parameters that can
be connected to our observations. From a theoretical basis on nonlinear microscopy,
the SHG radiation patterns from a molecular assembly can be studied from at least
two approaches. One is the phased dipole array approach [194-197] and the other is
the Green's tensor approach [198]. We adapt the former approach to understand basic
elements of our results. In a SHG microscope, the far-field power per differential solid

angle is given by:[194]
1 2 2
P, (0,0) = §n2w€06'f’ | B2 (0, 0)|%; (A.2)

where ngy,, is the refractive index of the mesowire at the SHG frequency, r is distance
between the nonlinear dipole and the detector, Es,, (6, ©) is the electric field of the SHG.
This field can be further expressed as:[194]

Eau(0,0) = ES)(8,¢) - N - A(8, ). (A3)

The ng}(@, ) represents the dipolar electric field emission at the focal center of the
illumination, N represents the total number of molecules in the focal volume contribut-
ing to the SHG signal i.e. molecules present on the facet of the wire, and A(6, ¢) is a

scalar function representing the angular modulation, and is dependent on the waist of
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the excitation beam and the Gouy phase shift at the point of excitation [194]. Equation
(3) suggests that far field distribution depends on the dipole orientation. Also when we
move our focused excitation along the base of the mesowire, both N and A (dependent
on the geometry of the structure) vary, which leads to variation in the detected SHG
radiation pattern. We note that apart from the general parameters discussed above, the
cross-section geometry also plays a vital role in our observations. Especially, the orien-
tation of the facets with respect to the excitation beam will influence the SHG pattern,

which is discussed below.

A.3.6 Near-field excitation profile highlights the role of the facets

To further understand the change in the wave vector distribution of SH emission as a
function of excitation scan, we simulate the pump field distribution for different lateral
positions of excitation. Full-wave Finite Difference Time Domain (FDTD) calculations
are performed to visualize pump-field distribution at the upper two facets of DAAQ
mesowire (see methods section for details on simulation). The real and imaginary parts
of the refractive index of the mesowire used in the simulations are extracted from past
measurements [188]. The maximum value of the near-field distribution of the pump-
field (1040 nm) changes as we change the position of excitations in the geometry (see
dotted boxes in Figure A.6 (a to c)). Since the orientation of the facets changes as we
proceed from right to left in the geometry (Figure A.6), the location of the nonlinear
dipole excitation and emission will vary accordingly. What essentially is transferred to
far-field is the emission from the contributing nonlinear dipole at the facets. The di-
rectionality of the light in far-field now depends on which facet dominantly contributes
towards the nonlinear emission. A conclusion that we can draw from this result is that
by changing the excitation position one can selectively excite specific dipoles in the ge-
ometry, which further contributes towards directional SHG signal emanating from the
object. Although FESEM images (Figure A.3 (a) and Figure A.4 (b)) show a smooth
surface of DAAQ mesowires, there may be some fine structural details that are not de-
tectable at the given resolution of electron microscope. These structures can potentially
influence electric near-field of pump LASER and may further affect SHG from facets of
the mesowire. It is to be noted that for the simulations, we have not considered such fine
structural details of the wire. The experiments and simulations indicate that by varying
the position of the excitation-pump in a nonlinear microscope, one can alter the trans-
mitted SHG wavevector. Such capability to precisely tune the directionality of SHG has
direct implications on nonlinear optical antennas, where the directionality of the nonlin-
ear scattering wavevector can be actively tuned by external optical parameters without

having to alter the geometry, composition or shape of the material. We emphasize that
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such spatial tunability is mainly due to the fact that self-assembled organic mesowires
facilitate inclined crystallographic facets that can be harnessed to control directionality

of nonlinear optical antennas.

A.3.7 A prospect for spatial engineering of nonlinear emission: SHG
and TPEF from DAAQ mesowire
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FIGURE A.7: (a) SHG and TPEF spectra from a DAAQ mesowire
for pump polarizations parallel and perpendicular to the long axis of
the wire. (b) Nonlinear optical image of a DAAQ mesowire excited
at the center. Note there is faint TPEF emission from distal ends of
the mesowire, which indicates waveguiding property of the mesowire.
Fourier-plane images of the (¢) SHG and (d) TPEF emission from the
center of the wire indicates directional and isotropic distribution of light,
respectively. These images were collected by spatial and spectral filtering
techniques.

There are two aspects of organic molecular wires which we wish to emphasize. First
is that they facilitate not only SHG but also two-photon-excited fluorescence (TPEF)
[186]. Second is that certain organic mesowires can function as an optical waveguide
of fluorescent signal [188, 199]. With this hindsight, we are interested to compare the
directionality of SHG and TPEF from the same excitation on DAAQ mesowire, and
observe waveguiding effect, if any. Figure A.7 (a) shows the optical spectra of the
TPEF and SHG collected from the center of a DAAQ mesowire (Figure A.7 (b)) with
excitation parallel and perpendicular to the mesowire. We observed that the SHG emis-
sion is typically more intense compared to TPEF for both the cases. Both emission
processes reach their maximum intensity when pump polarization is oriented perpen-
dicular to long axis of the mesowire. This again confirms the orientation of nonlinear
dipole to be perpendicular to the long axis of the wire. Next, we probed the direction-

ality of the TPEF compared to SHG signal. To this end, we captured angle-resolved



Appendix A. Directional second-harmonic generation controlled by sub-wavelength
facets of an organic mesowire 89

nonlinear scattering by selective spectral and spatial filtering from the region of interest
and imaging it on the Fourier-plane of the collection objective lens (see method section
for details). In Figure A.7 (c) and (d) we compare the angle resolved SHG and TPEF,
respectively. It is clear that SHG scattering is directional compared to isotropic emis-
sion due to TPEF. This directional emission of SHG is because of the fact that SHG is
a coherent emission [186] process with a specific phase defined between the nonlinear
dipolar emitters, whereas TPEF is an incoherent process. Another observation is that
the TPEF signal propagates along the length of the mesowire and outcouples from ends
of the wire, whereas the SHG is confined mainly to the location of excitation (see the
center and distal ends of the mesowire in Figure A.7 (b)). This observation of localiz-
ing the coherent signal and delocalizing the incoherent nonlinear optical emission for
a common pump-excitation can be harnessed in signal processing, where the coherent
source is to be out-coupled in a specific direction and incoherent signal is to be guided

along the circuit.

A.4 Conclusion

In summary, controlling the directionality of nonlinear optical signal from sub-wavelength
structures have direct ramification on design and development of active optical antennas
and nonlinear optical circuits. Our study shows, how the crystallographic facets of an
organic mesowire can be utilized to control the second harmonic generation emission
pattern at sub-wavelength scales. We have demonstrated this principle on a two-facet
and three-facet mesowire crystals, and have emphasized the role of selective excitation
of spatially distributed dipoles as an important criterion for our observations. Numeri-
cal simulations of the prototypical geometry show spatial dependence of the near-field
excitation, which further corroborate the assumptions that nonlinear dipoles distributed
on the facets of the extended mesowire play a vital role in controlling the SHG direc-
tionality. Given that organic molecular mesowires can be prepared and deposited on
various substrates, our observation can be adapted to various platforms including flex-
ible plasmonic metasurfaces. An attractive aspect of organic mesostrutures is that they
can be easily integrated on various optoelectronic circuits, which means the proposed
optical antennas can be potentially operated under electric bias. Such biasing mech-
anisms can be utilized not only as active optical antennas, but also as coherent light
emitting devices facilitated by Frenkel exciton-polaritons[188] in such organic nanos-
tructures. Furthermore, our results show how SHG and TPEF can be spatially and

angularly discriminated on the mesowire by utilizing the waveguiding capability of the
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quasi-one dimensional structure. Such spatial and angular discrimination of two differ-
ent nonlinear optical emission processes by the same excitation can provide interesting
opportunities in nonlinear optical circuitry. An interesting prospect of our work is to
couple organic mesowires to optical microcavities, where mode coupling between the
wire and the cavity can lead to nonlinear optical interaction which can be reversibly

switched from weak to strong coupling regimes.
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