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Abstract

Light-matter interaction provides a powerful means to control mechanical excitation in the
nanoscale. The efficiency of this interaction reaches maximum at optical resonance. By
understanding and designing the electromagnetic resonance of nanostructures, we can
manipulate the electromagnetic field distribution as desired, with the benefits of enhancing the
field strength and squeezing the field spot to be tighter than the diffraction limit. This thesis
focuses on the enhanced mechanical effects arising at multipolar plasmon resonance of a
subwavelength plasmonic resonator. We perform Finite Difference Time Domain (FDTD)
simulation and show that the discrete rotational symmetry of the resonator determines the
possible output modes in angular momentum conversion at non-dipolar plasmon resonance. Next,
we analyze the efficiency of this conversion for a single, subwavelength nanoparticle in free
space. Finally, we calculate the mechanical effects and report that scattering-induced transfer of
torque can be unusually enhanced at non-dipolar resonance due to the effects of angular

momentum conversion.
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1. Introduction

1.1. Motivation: Torque transfer by Light

One of the significant challenges of nanotechnology is to develop a means to control the transfer
of energy and momentum to individual objects and molecules that are too small for direct reach.
Possible target objects include biomolecules, functionalized nanoparticles, and components for
microfluidics and other nanoscale devices.

In the size range from hundreds of microns down to a few nanometers, the transfer of
energy and momentum is best mediated by the use of fields, which can create a spatial
distribution of stress, temperature, or density. As one of the fundamental forces in nature, light
and other electromagnetic waves are particularly suited for this purpose because we can control
the wavelength, intensity, polarization state, and spatial distribution simultaneously. For small
particles on the order of a few microns and below, the optical response is governed by three
major factors; the particle size compared to wavelength, the material’s optical response, and the
shape factor. The effect of each factors have been elucidated by the contributions from a great
variety of science and engineering disciplines, including planetary atmospheres, climatology,
laser micro-manipulation, physical chemistry, and single particle spectroscopy, to name a few.

Recently, the optical resonance properties of metal nanoparticles have gained a wide
interest in both pure and applied science due to their enhanced optical absorption and scattering
at resonance. Unlike transparent and dielectric objects, metallic nanoparticles have free electrons
that can oscillate coherently with the incoming electromagnetic wave. When conditions are
satisfied so that the free electrons move coherently, a very efficient transfer of energy and
momentum is made possible. This is commonly used in sensor, diagnostics, photo-thermal
engineering, and imaging applications.

It has been observed for sub-wavelength metallic particles that the shape factor plays a
critical role in determining the optical resonance [1], [2]. The geometrical symmetry is especially

important for the transfer of angular momentum and torque. Various experiments have shown
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that the spin and orbital angular momentum of light can be transferred to microscopic particles
and anisotropic structures, ranging from symmetric dielectric particles to birefringent and
structured objects, and also with varied material properties. The results are reviewed extensively
in 1.2.3 and 1.3.5. Manipulation of the angular momentum state of light also enables dense
information packing per photon in quantum communication [3].

While complex structures have been fabricated and experimented, fundamental studies on
the effects of particle symmetry on plasmon resonance are still rare in literature. We numerically
study the transfer of optical angular momentum to simple shapes of metal nanopolygons, such as
triangles, stars, and hexagons. The results show that the transfer of angular momentum can be
enhanced by controlling the broken rotational symmetry of the structure together with plasmon

resonance.

1.2. Momentum of Light and Advances in Optical Micro-manipulation

1.2.1. The Mechanical Properties of Light

In the 17" century, Kepler suggested that light possesses mechanical properties, based on his
proposal that the tail of the comet is created by the radiation pressure of the sun. Maxwell’s
treatise on electricity and magnetism, published in 1881, became the basis for the quantitative
discussion of electromagnetism [4]. In 1884, Poynting quantified the momentum and energy flux
of an electromagnetic field [S] and later reasoned in 1909 that light with circular polarization
should carry angular momentum [6], from an analogy between a uniformly revolving shaft and a
beam of circularly polarized light. The optical torque from the circular polarization of light was
considered too small for experimental observation until the careful experiment by Beth in 1936
[7], where he measured the rotation of a birefringent wave plate suspended from a quartz fiber.
Thanks to the early pioneers, we now know and appreciate that photons have both linear
and angular momentum. In vacuum, the energy, momentum, and angular momentum of light per

photon can be quantified as:
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Ephoton :hw (11)
ﬁphoron = hl; (1 2)
jphutan = hm (1 3)

respectively, where h is the Planck constant, @ is the angular frequency of the electromagnetic

wave, k is the wave vector with the magnitude 27 / A, with A being the wavelength, and m is
the total angular momentum quantum number, with the sign indicating the rotational direction.

Detailed discussion continues in Chapter 2.

1.2.2. Light Induced Motion: Optical Tweezers

The influence of the momentum and angular momentum of a photon becomes evident during
scattering or absorption processes. For example, the transfer of linear momentum from photons
to an object results in an optical force that can be used for optical trapping and cooling, as
demonstrated by Ashkin et al. in 1978 [8]. In their first realization of an optical tweezer, Ashkin
et al. report that a strongly focused laser light incident on a transparent particle produced a
gradient force, acting on the particle towards the region of highest irradiance [9]. The
experimental studies on optical force and torque were greatly accelerated by the development of
optical tweezers, also called laser micro-manipulation and optical trapping.

Since then, the field of optical tweezers progressed rapidly to generate multiple-beam
optical traps, [10] improve the stability and trap strength, and broaden the application. Optical
tweezers were used to study mechanical effects that were previously too small for experimental
investigation, such as biological forces on the order of pico Newton (10"2N) and the mechanical
properties of biological compounds under tension and torsion (e.g. DNA [11], motor of bacterial
flagellum [12]). Transparent dielectric particles with the size of a couple of microns were used as
good “handle” particles because of the small absorption and scattering compared to other
optically participating materials. A comprehensive review on the advances in optical tweezers is

given in [13].
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1.2.3. Light Induced Torque in the Optical Tweezer Settings

The first demonstration of torque added to an optical trap was done by attaching a micropipette
tip on one of the dielectric particles and rotating the pipette tip mechanically [14]. Magnetic
rotation of paramagnetic beads was demonstrated next, without the unstable mechanical
component in the tweezer environment [11-13]. In order to measure the torque on the
paramagnetic bead, a visibly asymmetric bead was tracked optically [17]. Calibration of torque
for each bead was performed by measuring the phase delay of the bead rotation with respect to
the rotating magnetic field, inside a fluid of known viscosity [17]. The dynamic relaxation of
supercoiled DNA was investigated using this method [18].

Another way to simply apply torque to systems with a fixed rotational axis was to move
the optical trap in a circle around the axis of the sample. This scheme was used to study the
motor of the bacterial flagellum [12]. For systems with no fixed axis, an addition of one more
optical trap which works as a rotation point was implemented [19].

While instrumentally more challenging, a more powerful technique to introduce torque is
to use the change in the angular momentum of light. A light beam can carry angular momentum
by its elliptical polarization state and also by the modified phase front distribution, as explained
further in section 2.1.5. Liquid crystal arrays and holograms were used to introduce a desired
phase front modulation of the light beam. Torque was originated from the light beam and then
transferred to the particle via absorption and scattering of the trapping light [17-19]. A
comprehensive review on optical torque is given by [23].

An addition of angular momentum into the trapping light can also be made by the
asymmetry of the trapping particle itself, from the shape change such as windmill-shaped motor
structures [22-24] and from the intrinsic birefringent properties of materials such as calcite and
quartz [25-27]. Torque is applied to the asymmetric object in this case in order to conserve the
angular momentum of the entire system, composed of the incident and scattered light and the
object. When uniform birefringent particles are used, the incident and scattered light differs only
in the polarization states, as opposed to the spatial distribution of light. Consequently, the exact
torque on the particle can be calculated from the changes in the polarization state of the scattered
light [28], [30]. A feedback system was implemented to stabilize the torque applied to the

particle, which is similar to the feedback methods used for the control of force and position[28].
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For the difficulty in simultaneously aligning the extraordinary axis of the birefringent material
with the asymmetries of the particle and the axis of the desired experiment [29], micron-sized
quartz cylinders were fabricated with the extraordinary axis of the quartz aligned with the short

axis of the cylinder [31].

1.2.4. Other Approaches in Particle Manipulation

Along with the development of optical tweezers, magnetic tweezers [32] and AC
dielectrophoresis [33] methods have also been developed to trap and manipulate micron-scale
dielectric particles. In each of these techniques, the force scales with the volume of the trapped
object, which means that a 10 nm object requires a million times larger input power than a 1-
micron object.

In order to trap smaller objects, researchers have sought ways to decrease the trapping
volume by focusing light using sub-wavelength structures [34], which is explained further in
1.3.4, and by the use of electrokinetic traps with feedback, which effectively cancels the
Brownian fluctuation of a single molecule smaller than 100nm in solution [35].

For direct manipulation using contact forces in the nanoscale, the scanning probe
microscopes are used. (STM [36] and AFM [37]) Scanned probes require direct mechanical
access to the object being manipulated, with the tip necessarily a few nm away from the object.
Scanned probes have very high spatial resolution, but are restricted to moving objects on solid
surfaces. The usage is also limited to stiffer materials because a large local force exerted by a
sharp probe tip might damage soft biomaterials.

In conclusion, this section gives a brief overview of the advances in optical tweezers for
dielectric material manipulation. The incorporation of rotational forces is discussed in detail, and

several methods which can be substituted in place of optical tweezers are summarized.
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1.3. Light Induced Momentum Transfer with Metallic Elements

1.3.1. Considerations for including Metallic Elements

Before jumping into how metallic particles differ in their optical response compared their
dielectric counterparts, it is worth noting why metallic components are of interest for mechanical
manipulation. The biggest advantage in using metallic particles and structures is the sub-
wavelength local enhancement of the electromagnetic field at resonance, allowing efficient
transfer of energy, momentum, and angular momentum. This happens when the free electrons
inside the particle are in resonance, oscillating coherently with the incoming field. Because of the
high local electromagnetic field intensity produced, the visibility and sensitivity of the optical
signals can be increased. At the same time, scattering and absorption are greatly enhanced.

Because large scattering and absorption entail optical radiation forces of its own, it
hinders tweezer manipulation which uses laser intensity gradients to keep the particle at a desired
location. Also, absorption produces heating, and thermal effects pose additional challenges in
accurate manipulation. From these reasons, the use of metallic nanoparticles as “handles” for
micro-manipulation has not been realized.

On the other hand, engineering the scattering and absorption behaviors of nanoparticles
could open up new possibilities of optical manipulation. An enhancement in the application of
torque is particularly interesting with a metallic structure, since a simple plane wave can transfer
its spin angular momentum onto a nanoparticle through absorption [38]. Absorption and
scattering are very weak for dielectric materials with small optical constants. If only dielectric
materials are to be used, micrometer- or even millimeter-scale particles and motors are required
to generate a useful amount of torque, in the range of [pN pm/W pm™]. Due to this reason, most
of these dielectric systems require a manipulation of the phase front of the illuminating beam or a
complex anisotropy of the object such as birefringence or asymmetry in shape. This significantly
limits the type of light sources and materials that can be used. On the contrary, tailoring the
absorption and scattering of metallic particles could open up ways for a more efficient torque

generation.
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In order to do this, we first need to understand the optical response of metallic particles
and the governing parameters. The following section presents a brief history in the study of the

optical response of metallic particles and lists useful references.

1.3.2. Studies on the Optical Response of Metallic Nanoparticles

The strongly enhanced surface plasmon resonance of noble metal nanoparticles at optical
frequencies makes them excellent scatterers and absorbers of visible light (see 2.1.4 for a
detailed explanation). Studies about the resonance of metallic nanoparticles date back to
Faraday’s investigations of gold colloids in the middle of the 19th century. The Maxwell’s
equations for the optical response of metal nanoparticles were first solved analytically for a
homogeneous isotropic sphere by Gustav Mie in 1908 [39]. Mie’s solution remains of great
value to this day, and many extensions of Mie theory have been made for covering different
modifications including magnetic[40] and coated spheres [41].

Yet this analytical method is fundamentally limited that the exact solutions are restricted
to highly symmetrical particles such as spheres, cylinders, and spheroids [37-38]. For other non-
spherical particles, a number of numerical approximate methods based on more advanced
scattering theories have been developed, which are discussed in detail in 2.3.3 and further in
Chapter 3.

The absorption and scattering cross sections of gold and silver nanoparticles are 5 to 6
orders higher in magnitude than other molecular species such as organic chromophores. This
enhancement happens when the free electrons on the surface of the conducting particle oscillate
coherently with the incoming electromagnetic wave. This special condition of electromagnetic
resonance is called (Localized) Surface Plasmon Polariton Resonance (LSPR, SPR, SPP). As a
result, the absorption and scattering of a metallic nanostructure can be significantly enhanced, as
explained in detail in 2.1.4. Different geometries that enable the excitation of LSPR are also
summarized in 2.1.4. Discussion on the experimental techniques for characterizing the resonance
modes will be discussed further in Chapter 5.

In general, light absorption dominates the extinction spectrum for particles of relatively
small radius (<20 nm), and light-scattering becomes the dominant process for large particles. As

the particle size increases, the surface plasmon peaks are usually shifted toward the longer, red
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wavelengths. New peaks may also appear in the extinction spectra due to the excitation of
quadrupole and higher order modes [44]. The enhanced absorption is commonly used in sensors,
diagnostics, and photothermal engineering applications. The enhanced scattering, on the other
hand, is mainly used for imaging.

A big advantage of the use of gold and silver in the biochemical environment is that their
surfaces can be easily functionalized with various functional groups by taking advantage of the
well-established monolayer chemistry based on alkanethiols (HS(CH)),X) with different
functional groups (X = CO;, SO5’, PO;%, OH, N(CHs);*, CHs) [45], [46].

One can precisely control the wavelengths at which gold and silver nanoparticles absorb
and scatter light by controlling their shapes, dimensions, and structures, and it is also possible to
tailor the magnitude of absorption and scattering coefficients by engineering their geometric
parameters.

In addition to extinction, gold or silver nanostructures can be used to substantially
enhance local electromagnetic fields. Upon excitation of SPP’s, charges will be concentrated at
the metal-dielectric interface, resulting in very strong amplification of the electric field E. For
colloidal particles 10-200 nm in size where LSPR modes are excited, the magnitude squared of
the electric field |EJ* can be 100 to 10,000 times greater in magnitude than the incident field. The
field distribution has a spatial range on the order of 10-50 nm and is strongly dependent on the
size, shape, and local dielectric environment of the particle.

The ability of gold and silver nanostructures to enhance the local electric fields has led to
the development of surface-enhanced spectroscopy, such as surface enhanced Raman scattering
(SERS) [47] and surface enhanced fluorescence [48]. Electromagnetic enhancement occurs when
the incident light is in resonance with the SPP modes of a metallic thin film or nanoparticle. Gold
and silver nanostructures with controllable shapes enable fine-tuning of the spectral positions of
the SPP peak wavelengths to achieve the desired resonance conditions, and therefore are
excellent candidates for sensing applications [2], [46-47]. Trianglular nanoplates, which are often
called “nanoprisms” in the field of physical chemistry, were extensively studied in the past
decade[50-53], and the existence of the quadrupolar resonance mode was reported several times

using a variety of excitation methods [54], [55].
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1.3.3. Trapping of Metallic Particles in the Optical Tweezer Environment

First, we summarize the advances in incorporating metallic particles to the traditional optical
tweezer environment. While the trapping of dielectric particles have been successfully realized
by optical tweezers, the trapping of metal nanoparticles in a stable manner has been more
difficult because metallic particles exhibit a high absorption and scattering behavior due to the
interaction of the incident electromagnetic field with the free electrons in the particle.

The scattering and absorption create forces of their own, and to overcome such effects
with a traditional optical tweezer, a stronger gradient force is necessary. In 1994, Svoboda and
Block showed the trapping of gold beads of 36nm diameter, where the gold particles were
trapped with a 7-fold higher trap stiffness compared to the similarly sized polystyrene beads [56].
This was possible because the particle was much smaller than the wavelength of light, thereby
falling into the Rayleigh regime, where the scattering from metals and dielectric particles are
similar. Larger metal particles have also been confined in two dimensions by annular rings [57]
or scanning beams [58] which rely on light scattering to produce a repulsive force and trap the
particle.

Hansen et al. showed experimentally that gold nanoparticles with diameters in the range
of 18 to 254 nm could be trapped with a tightly focused single laser beam [59]. Bosanac et al.
experimentally demonstrated the trapping of silver nanoparticles[60].

The possible improvements for the gradient force-based optical tweezers are the size and
stiffness of the trap. The focus of a conventional optical tweezer is diffraction-limited to be
approximately half the wavelength or larger. This focal spot size limits the achievable gradient
force from a given input laser power, and also reduces the precision of the trap when the size of
the trapped particle is much smaller than the trap itself. Because of the high laser power and the
absorptive property of metallic particles, the heating issue was pointed out as the major backlash

preventing the use of metallic nanoparticles for optical manipulation handles. [61].

1.3.4. Metallic Nanostructures as a Platform for Nanotweezers

The use of near-field optics was suggested in order to decrease the trapping volume and increase

the trap stiffness more effectively without increasing the intensity of the laser beams. Methods
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using waveguide modes that create evanescent fields above a dielectric surface were reported by
Ng et al. and Sasaki & Hotta in 2000, Gaugiran et al. in 2005, and by Yang et al. in 2009 [54-57].

The use of surface plasmon polariton (SPP) excitation was also investigated for the
creation of highly enhanced evanescent fields [32, 58-61]. Plasmon-based optical manipulation
was first demonstrated for the control of dielectric particles. Garces-Chavez et al. excited surface
plasmon polaritons (SPPs) on a gold film, and observed the self-organization of dielectric
particles over a large area through the combined effect of optical and thermal convection forces
[70]. Volpe et al. used a variation of an optical tweezer known as a photonic force microscope,
and measured the enhancement of optical forces on dielectric particles S00 nm above the gold
film [71]. The enhanced manipulation of gold particles separated by a small gap from a gold film
was observed by measuring the velocity of gold particles pushed by optical radiation forces

arising from SPP excitation [72].

1.3.5. Torque on Metallic Particles

In order to apply torque on metallic particles, two major approaches were taken that differ in the
source of the rotational force, similar to the study of dielectric particles. The first approach used
the angular momentum state of light as the source of the rotational force, as demonstrated by
O’Neil and Padgett [73]. They used an inverted optical tweezer with both spin angular
momentum from circular polarization and orbital angular momentum from Laguerre-Gaussian
beam. The orbital angular momentum input created a bulk motion of the spherical particles
around the beam axis, which was unaffected by the change in polarization, and thus they
concluded that the major mechanism for the particle motion is scattering rather than absorption.
The second approach used the rotation-inducing geometry of the particle as the source of
the rotational force, as demonstrated by Liu et al. [74] The authors fabricated a gold
nanostructure in a shape of a gammadion, and excited the plasmonic resonance of the
nanoparticle in order to enhance the rotational forces generated by the locally varied strength of
the electric field inside the gammadion. The rotor particle with size of 1/10 of the wavelength
was reported to be capable of rotating a silica microdisk, 4,000 times larger in volume. The
rotation velocity and direction can be controlled by varying the wavelength of the incident light,

thereby inducing different plasmonic modes that possess different torque directions [74].
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Recently, experimental advances in nanotrapping and nanotweezing enabled the
demonstration of extremely fast rotations of plasmonic nanoparticles in water, which results
from the transfer of spin angular momentum of circularly polarized incident beam due to

absorption, aided by heat-induced viscosity drop of the fluidic environment [75].

1.4. Problem Definition

Our goal is to numerically study the efficiency of angular momentum transfer at different
resonant modes of a metallic nanoparticle of varied geometries. Flat gold nanoparticles with
polygonal geometries are studied, such as triangles, stars, and hexagons. The particles used in
our analysis do not possess any intrinsic anisotropy or chirality, as opposed to complex rotational
shapes like windmills. The size of the particle is varied between 50-500nm, which is
approximately of the same order of magnitude as the wavelength, or smaller. The incident
angular momentum state is created by a circularly polarized plane wave at normal incidence, or
by a rotating electric dipole in the center of the nanoparticle. FDTD numerical calculation
method is used to study different geometries of flat metal nanopolygons, such as triangles, stars,

and hexagons.

Light Light, mode 1

Angular Momentum
Mode Conversion

Torque Generation Light, mode 2

Figure 1. Illustration of torque generation and angular momentum conversion at plasmon resonance. (a)
The generation of mechanical torque. (b) The conversion of angular momentum state by the resonant
excitation of the nanoparticle plasmon modes.
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Figure 1 visualizes the two major application perspectives from the high efficiency of angular
momentum transfer. The first is the enhancement of mechanical torque generation. The second is
the conversion efficiency of light’s angular momentum state from one to another, when the
nanostructure is excited at different resonance modes. This possibility is analyzed with a
conversion efficiency defined for a single ‘angular momentum converter’.

We find that the resonance is dictated by the discrete rotational symmetry of the structure
dictates the possible resonant modes that can be excited at normal incidence. We give a
theoretical interpretation for the symmetry-dependent resonant mode selection with an analogy
of angular grating. Our results show that the transfer of angular momentum can be enhanced by
operating at the ‘negative quadrupole’ resonance, which will be explained in detail throughout

the thesis.

1.5. Organization of Thesis

This thesis presents a numerical analysis of how a circular polarization of light interacts with the
optical resonance modes of a single, sub-micron nanoparticle suspended in free space. Chapter 2
provides a background on the scattering theory and plasmonic enhancement, then describes the
angular grating theory. Chapter 3 describes the methods and conditions of the finite difference
time domain (FDTD) numerical calculation. Chapter 4 discusses the results. Finally, chapter 5

summarizes the key findings and provides an outlook on future work.
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2. Theoretical Foundations

Before delving into the particular problem of enhancing the transfer of angular momentum to a
metallic nanoparticle, first we can start from a general picture of electromagnetic energy,
momentum, and resonance. What is the definition of the energy and momentum of light? How
can light exert force and torque onto a particle? What is an ‘optical resonance’ or ‘plasmon
resonance’? These are the basic questions that form the foundations of this study, of which the
answers are well documented in literature and textbooks.

The first scction of this chapter summarizes the theory of electromagnetic wave and the
optical response, and the second section presents the theoretical backbone of this thesis: the
angular grating analogy. This theory describes how the symmetry of the particle governs the
excitable higher order resonance modes of a nanostructure. According to this angular grating
analogy, we aim to answer the following question: what is role of the shape and symmetry of the
particle for torque transfer? The angular grating analogy explains why the excitation of resonant
modes depends on the discrete rotational symmetry of the nanostructures. Lastly, the third
section summarizes the characterization and calculation of optical response at resonance. Starting
with the Mie theory for highly symmetric particles, we move on to the computational methods

for non-spherical objects.

2.1. Basic Electromagnetic Theory and the Material Response to Light

A brief review of the underlying electromagnetic theory is presented in this section. Special care
is given to a modification in each term for the case of absorptive and dispersive (frequency-
dependent) optical media, such as noble metals that are considered in this thesis. Next, the
calculation of electromagnetic force and torque from the Maxwell Stress Tensor method is
reviewed. The material dependence of the constitutive relation is explained with simple models

of the dielectric functions, again with a few modifications for a proper treatment of the noble
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metals at a wide range of frequencies. Finally, the surface plasmon polariton and size-dependent

resonance of localized surface plasmon is explained.

2.1.1. Maxwell Equations

The macroscopic Maxwell equations can be written as the following [4].
V-D=p,,
V-B=0
oD

VxH=J,, +— (2.1)
ot

VxE:—a—B

ot
These equations link the four macroscopic fields D (the electric displacement), E (the electric
field), B (the magnetic induction or magnetic flux density), and H (the magnetic field), with the

external charge and current densities p,, and J_, , respectively. The total charge and current

ext ?

densities are a summation of the internal (p,J) and external (p_,,J,,) contributions, so that in

total, p,, =p+p,, and J,, =J+J_, holds.

The constitutive relation between D and E, B and H are:

D=¢E+P (2.2)
1

H=—B-M (2.3)
o

where the polarization P and magnetization M links the four macroscopic fields, and g, and p,
are the constants of vacuum electric permittivity and vacuum magnetic permeability, respectively.
The polarization describes the electric dipole moment per unit volume inside the material, caused
by the alignment of microscopic dipoles with the electric field, and P is related to the internal
charge density by V-P =—p. The definition and derivation for P will be discussed in detail in
2.1.4. Further, charge conservation relates the internal current density with polarization by:

v.y-_9P_® 2.4)
ot ot
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Then the divergence of the electric field can be expressed as the fotal charge density divided by

vacuum permittivity:

V.E = Pe (2.5)
80

and for linear, isotropic and nonmagnetic media, (2.2) and (2.3) are simplified as:
D=¢,cE (2.6)
B= yuH 2.7)
where ¢ is the diclectric function or the relative permittivity, and p = 1 is the relative

permeability. One more constitutive relation between the electric field and the internal current
density can be written as:

J=0E (2.8)
where o is the conductivity.

The Boundary Conditions at the interface between two media are:
(E,-E)xn=0 (2.9)

(H,-H)xn=0 (2.10)

where n is the outward normal of the interface. Different computational methods use slightly
different forms of the above governing equations. The computation in this thesis uses the original

time domain equations presented in this section.

2.1.2. Energy, Momentum, Force, and Torque

The Lorentz force law gives the force applied to a single charge q inside an electromagnetic field.
F=g(E+vxB) (2.11)

In case when the force is applied to a collection of charges, using the Lorentz force law for each

charge becomes difficult. A surface integral method can be used, called the Maxwell Stress

Tensor (MST) method. In order to formulate a stress tensor representing the change in

momentum due to electromagnetic forces, let us first define the energy and momentum of an

electromagnetic field.
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For a linear medium with no dispersion or loss, the total energy density of the

electromagnetic field can be written [76] as:
u=%(E-D+B-H)=%(805E2+,u0‘1,u“B2) (2.12)

This expression enters together with the Poynting vector of energy flow S=ExH into the
energy conservation law,
1%;
P V.§S=-J.E (2.13)
ot
relating changes in electromagnetic energy density « to energy flow S and absorption inside the

material. The Poynting vector in each direction can be calculated in the same way as
S,=EH -EH, . (2.14)

In a lossy, dispersive media, however, (2.12) does not hold because the energy of the
total electromagnetic field should not be complex or frequency dependent. According to Landau

and Lifshitz, the effective energy density is defined as

1 [d(a)s)

1
u_(w,)=—Re T
e (@0) 2 de

J <E(?’t)'E(F9t)>+E:UO H

(B(F,0)-B(r,n) (2.15)

where taking the real part of & requires the assumption of low absorption. The energy
conservation (2.13) is consequently modified to be (2.16) below.

Ot (@, )

P +V-S = -, Im| (@, |(E(F,1)- E(7,£)) (2.16)
For the case of highly absorbing media, the electric part of the effective energy density is

modified as the following.
& 2we, 2
U, ,=— g+—=||E 2.17
eff , E 4 ( 1 r j‘ | ( )

The additional factor of 1/2 is due to the implicit assumption of harmonic time dependence. For
energy localization in fields at metallic surfaces, (2.17) is used. The Poynting vector using the

complex electromagnetic fields can be written as:

S = E(7,t)x H(7, ) = Re(E(F)e™ ) x Re(H(¥) &™)

1 1 . (2.18)
= Re(ExH') +_Re(ExHe™)

and the time averaged form is:
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1 er 1 e
(S)=—]. St =—[ Sy
r T (2.19)

= lr lRe(E>< H) +1Re(E>< Hezi‘“’):|d = lRe(Ex H)
T2 2 2
A conservation law for the momentum of an electromagnetic wave can be written as:
PivV.T=0. (2.20)

For the calculation of the total force and torque applied to an object, a volume is chosen to
enclose the object to form a closed surface. The time-averaged form of the momentum

conservation law can be written as:
o) o /=
o +V~<T>=O . (2.21)

The Maxwell Stress Tensor is a second rank tensor, formulated to greatly simplify the
calculations of the Lorentz force through tensor arithmetic. The definition of the Maxwell

stress tensor is given in (2.22).

1
T,y =E,D;+BH,~—6,(E-D+B H)

| (2.22)
= 8By + 11 1 BBy = 6,,(606E + 44 17 BY)
The time averaged form can be written as:
l * 1 *® 1 * 1 *
(T,)= —Z—Re(E aDﬁ)+§Re(B aHﬂ)—ZRe(E -D)—ZRe(B ‘H)
_ l * 1 _1 _1 *
= {ERe(gosE aEﬂ)+5Re(,uo 1B’ ,B,) (2.23)

—%RG(SOSE* -E)—iRe(,ugl,u"lB* H)}

where the element off gives the flux of momentum parallel to the ath axis crossing a surface
normal to the Bth axis (in the negative direction) per unit time.

The time averaged force amd torque on a particle due to harmonic fields can be found by
integrating the MST over the closed surface area surrounding the particle. The integration gives

the value of the total force and total torque applied to the particle.

Force = @L"I-‘ “dA (2.24)
s
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Torque = (7 xT)- dA (2.25)
S
For numerical computation of the force and torque exerted onto the particle, the time-averaged

form of all the MST is used in equations (2.24) and (2.25).

2.1.3. Material Response to Light

The electromagnetic response of a nonmagnetic medium can be characterized entirely by the
relative permittivity g, also called the dielectric function. For time harmonic fields of the form of

exp(—iawt) , Fourier Transform can be done to the constitutive relations in the time domain,

D(7,1) =&, j d'dF e(F -7 ,t—1YEF 1) (2.26)
J(F, )= j &'dF o(F =7 ,t—)EF ,F) (2.27)
which yields:
DK, 0) = g,6(K, 0)E(K, @) (2.28)
J(K, w) = o(K, )E(K, w) (2.29)

where K is the wave vector and o is the angular frequency. Thus ¢ is given as the following in

the Fourier domain.

ic(K,w)

e(K,w)=1+ (2.30)

£,

The wave vector dependence of the dielectric function is called the nonlocal effect. In order to
neglect this K dependence and assume a spatially local response, A must be significantly larger
than all of the characteristic dimensions, such as the size of the unit cell or the mean free path of
the electrons. Nonlocal effects can be significant at sharp tips of metallic cones or in the
proximity of narrow gaps. In all the systems dealt in this thesis, the assumption of spatial locality
is valid, thus £(K =0, ) = &(w) .

It is worth noting that the distinction between the bound and free charges in (2.30) may
vary according to different conventions. At low frequencies, € usually represents the response of
the bound charges, while ¢ describes the free charge contribution. At optical frequencies, this

distinction can be blurred. A detailed description is given in [77].
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A simple equation of motion for an electron displacement in response to an electric field

excitation of E =E exp(—iat) can be written as:
m*(éz+F§E+a)027):—eE (2.31)
ot ot

where 7, e, and m" are the displacement, charge, and effective mass of a free electron,
respectively. mozzkbound/m* is the resonant frequency of the bound electrons, where kpouna is the
effective spring constant that limits the motion of the bound electrons as opposed to the free
electrons, for which we=0. For metals, w, can be neglected in the low frequency regime but
needs to be considered in the visible frequency regime in order to represent interband transitions
[78]. I'=1/1 is the characteristic collision frequency of the electrons, which represents the
damping due to electron scattering. The relaxation time 1 is typically on the order of 1071* s for
free electron gas at room temperature, corresponding to ['=100THz. The solution of the electron

displacement is:

- elm
F=—g—a—F (2.32)
(0" -—wy)+iTw

Optical resonance of a single medium happens when this electric displacement 7 is greater at
some frequencies compared to others, when the denominator of (2.32) becomes smaller. This
displacement can be plugged into the polarization,

P =—ner (2.33)
where 7 is the electron number density. Optical resonance thus represents the enhancement of P.

Therefore the relative permittivity € can be calculated as a function of w.

P -
g=l+——=1+2 (2.34)
&E &K
The general form of the solution is a Lorentz-oscillator type response, which includes the bound
electrons:
a)2
gwy=1-——~— (2.35)

@ -} +iCw

where @, :«/nez/gom* is the volume plasma frequency. One more extension to the model

should be made for noble metals (e.g. Au, Ag, Cu), in the high frequency region. The high

frequency response is dominated by the free s electrons, and the filled d band close to the Fermi
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surface causes a highly polarized environment. This residual polarization due to the positive
background of the ion cores can be described by adding the term P, = &,(¢, —1) to (2.2). This

gives:

wZ

swy=¢, - ———F—— 2.36
@)=¢. o' —a) +iTw (2.36)
where 1 < g, < 10, typically. The Drude model for purely free electrons can be simplified as

the following.
0)2
& pruae(@) =1— w2+—‘;rw (2.37)
The dielectric function is a mathematical representation of the magnitude and phase of
the electron oscillation with respect to the driving electromagnetic field. Further, the complex

dielectric function and the complex refractive index are:
e(w)=¢,(0)+ic, (o) (2.38)
ii(w) =n{o)+ik(w)=/¢() (2.39)
For both (2.38) and (2.39), the physical interpretation of the imaginary parts g;(®) and k(o) is
decay of the electron oscillation due to damping. The real part of the refractive index n(w)
represents the optical density of the medium, where the speed of light inside the medium is
inversely proportional to n(m). The real part of the dielectric function becomes important for
metals, and consequently for optical resonance. The sign of &;(w) is positive for most dielectric
materials where wo>m, and also positive for metals in high frequency regime above the plasma
frequency. On the other hand, metals below the plasma frequency exhibit a negative &(®), which

is the case for noble metals in the visible spectrum. A negative dielectric function means that the

electron oscillation inside the metal is out of phase with the driving electromagnetic field.

2.1.4. Optical Resonance at an Interface and the Surface Plasmon Polariton

In 2.1.3, we calculated () and defined the resonance of a single medium in bulk. In a single
medium, the enhancement of P with respect to the magnitude of E characterized optical
resonance. In this section, we discuss a different mode of resonance which can happen at the

surface between two different media.
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Dielectric, &,

Figure 2. An illustration of a metal-dielectric interface which can support surface plasmon polaritons.

At an interface between metallic (¢ < 0) and dielectric (¢ > 0) media shown in Figure 2, the
Maxwell’s equations can be solved to yield a surface-wave eigenmode solution for transverse
magnetic (TM) polarization [78]. This solution has the form of a surface wave bound to the
interface, mathematically represented as a wave propagating along the metal-dielectric surface
and decaying to zero away from the interface on both sides. The detailed derivation for a single
interface solution can be found in [71-73], and for multilayer systems with further discussions, in
[78]. At a single interface, the wave vector along the surface £, is expressed as a function of the

two dielectric functions &; and &, of the two media:

k =k, |25 g, =2 (2.40)
: £ +E&, c

which is plotted in Figure 3. The wave vector perpendicular to the surface k. inside the two

media becomes:

£,
k,,= E.kz—kj‘m——k —_d . j=L2 (2.41)
je =\ EKo oﬁ J

where j indicates the medium. To meet the constraint of a surface wave solution, exp(ik.z) should
be real and decaying in both media. This gives the conditions of (2.42) below.

£6 <0 and ¢ +¢&,<0 (2.42)
Because the dielectric constant of a metal is negative for frequencies below the volume plasma
frequency (o < wy), the surface wave mode can exist in this frequency range. This solution is of
great interest because the electromagnetic field is confined to a small volume near the surface

instead of being distributed in the whole volume, resulting in an enhancement in the field

intensity.
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This mode is called the surface plasmon mode, where surface plasmon polaritons are the
quanta of the electromagnetic surface waves that propagate at the interface between a metal and
a dielectric by the collective motion of electrons. The word “polariton” specifies that a plasmon
is a ‘quasi-particle’ instead of a real particle, which is named to represent the collective
oscillation of a dipole-carrying particle (an electron, in this case) resulting from a strong

coupling with an electromagnetic wave.

W k. =w/c

» X

Figure 3. Surface plasmon polariton dispersion. At low k,, @ of the surface plasmon curve (solid)
approaches that of the light line (dashed). At high k., ® approaches the constant value of w,,.

The surface plasmon frequency at the high k limit of Figure 3 is 0, =@, / /1 +¢&, . The plasmon

mode can be excited by a photon if both the energy and momentum of the incoming photon
match those of the surface plasmon. But this is not possible from a simple plane wave of normal
incidence. In Figure 3, the plasmon has a higher value of momentum in the x direction (k;),
compared to the photon. As a result, a ‘momentum-matching’ condition should be provided. This
1s typically done by: (1) manually tilting or strongly focusing the light to create an oblique
incidence, (2) introducing a light-tiling element on the surface, such as a surface roughness, a
prism, or a diffraction grating, and (3) using a sub-wavelength metallic particle, which has a
radius of curvature of the surface that is smaller or comparable to the wavelength of light. The
first two cases can be represented by the modification of the dispersion relationship, as shown in
Figure 4. The excitation of the plasmon mode, i.e. the surface wave mode, allows a confinement
of energy into dimensions smaller than the diffraction limit (A/2) and provides an enhancement

of the electromagnetic field.
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Figure 4. Momentum-matching methods to couple photons and surface plasmon polaritons. (a) By a
dielectric medium, i.e. prism coupling. (b) By a grating structure on the surface. The coupling is
represented by the intersection of the light line and the surface plasmon curve.

In Figure 4, the addition of linear momentum achieved by the two structures are: (a)
Ak, =(n—1)w/c by placing a dielectric medium with n, and (b) Ak, = j-27/a, , where j is an
integer, by placing a grating structure with lattice periodicity g, .

The third case, using a metallic nanoparticle, is another type of resonance where both the
electrons and the electromagnetic fields are strongly localized. This is particularly interesting due
to the extremely small confinement volume of the electromagnetic field and the large
enhancement in absorption and scattering efficiencies. This phenomenon is named as the

(localized) surface plasmon resonance (LSPR, SPR). Figure 5 shows a simple schematic of the

electron cloud of a metallic nanoparticle oscillating in response to the harmonic electric field.

Light [

electric field E Surface charges
time t time (t+T/2)

Figure 5. An illustration of Localized Surface Plasmon Resonance (LSPR). The dipolar SPP’s are excited
by the electric field of an incident light wave of frequency v=1/T. The electron cloud oscillates to form an
electronic (-) region on one side and an ionic (+) region on the opposite side.
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In Figure 5, let’s denote the dielectric constant of the metallic patticle to be g and that of the

surrounding dielectric medium to be €. In the limiting case of a very small metallic sphere of
radius « A, we can neglect the phase difference across the particle in the direction of propagation
of the driving electric field. The polarizability of the particle can be approximated in this case
[79]:

£,-§,
P=qE= (38," —£ = V]E (2.43)
£,+2¢,

where o is the polarizability of the particle, and V = 4ma3/3 is the volume of the spherical
particle. Metallic particles allow the real part of the denominator to approach zero, when
Re(ep)+2en = 0. For gold in water, this condition is satisfied at wavelength of excitation near
505nm [80]. At these wavelengths, polarizability increases greatly, indicating that the particle is
on resonance. At the resonance wavelength, energy from the external driving field can efficiently
couple into the particle and excite strong electron oscillation. When the resonance occurs in
visible wavelength range, the particle can be considered as an optical antenna. The oscillating
electrons can create very high surface charge densities and consequently very high local field
intensities.

Nanoparticles with geometries other than spheres permit stronger polarizabilities and
local fields. Examples of these particles include nanorods [81], nanoshells [82], nanostars [83],
nanotriangles and hexagons [76-77], and nanorice [84]. The sharp tips exhibited by these
nonspherical particles are very efficient in achieving high surface charge densities: the field
intensity enhances in the “hot spots” more than several hundred times [84].

A strong field confinement can also be achieved in small gaps or between metal
nanoparticle and metal surfaces or between metal nanoparticle pairs[79-80]. The small gap acts
like a capacitor which stores high density surface charges across the gap. An example is a bowtie
optical antenna, which is an optical frequency analogue of a radio frequency dipole antenna.
From the efficient excitation by external illumination, enhancement of the electric field can occur

within a spatial extent below the diffraction limit [87].
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2.1.5. Polarization and Angular Momentum

A monochromatic laser beam can be written as a plane wave propagating in the z direction in

terms of two orthogonal components:

E#n=Ex+E ) (2.44)
where 7 =(x,y,z), and E_=E "™ E =E ¢“™ are the two orthogonal electric field
components in x and y, respectively. If E, and E; have the same phase, (2.44) represents a
linearly polarized wave, with its polarization vector making an angle & =tan(E,,/E ,).

On the other hand, if Ex and E, have different phases, (2.44) is elliptically polarized. A

special case of an elliptical polarization is circular polarization, when the phase difference

between E, and Ey are exactly 90°, corresponding to the phase factor 1= \/——1 . At a fixed point in
space, the fields are such that the electric vector has a constant magnitude but sweeps around in a
circle at frequency m.

The sign (x+ip) is called a left circularly polarized beam (LCP) in optics, and a positive
helicity in some disciplines of physics. The rotation is counterclockwise when the observer faces
the oncoming wave. The opposite sign (x-ip) is called right circularly polarized (RCP) beam,
and it has negative helicity.

An orthogonal set of basis can describe an arbitrary polarization, and the LCP and RCP
vectors form an orthogonal basis set, which means that any plane wave of arbitrary polarization
can be decomposed into a weighted linear combination of LCP and RCP fields. The complex

orthogonal unit vectors can be written as:

F e (38) (2.45)

R
Together with the linear polarization basis, the four elementary polarization directions
(%, y, 7., 7 ) represent the four parameters of a Stokes vector, which is explained in [88] .

A laser beam carries angular momentum in two distinct forms: spin angular momentum,

associated with the polarization of the beam, and orbital angular momentum, associated with the
spatial structure of the beam [89]. Either or both can be zero. The spin angular momentum S

varies from —7% to 4 per photon, with S =—# for RCP and S = 7 for LCP. For linear polarization, S

= 0 and elliptical polarization can possess intermediate values. The spin angular momentum is
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intrinsic in each photon and is not affected by the spatial distribution of a light beam. Thus the
measurement is invariant with the translation of the measurement axis.

Orbital angular momentum is not associated with the polarization of a beam but rather
with the Poynting vector possessing inclined wavefronts, Laguerre-Gaussian beams being prime
examples [90]. Orbital angular momentum is quantized as /i per photon, where / is an integer,
allowing the value to potentially exceed the spin angular momentum. The transfer of both spin
and orbital angular momentum can occur through various methods, including absorption,
birefringence, and scattering, depending on the particle’s properties and the form of angular
momentum involved in the problem [23, 79-80]. The distinction between spin and orbital angular
momentum becomes important when considering the scattering or absorption processes by which

the angular momentum is transferred.
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2.2.Angular Grating Analogy

In this section, a theory of mode selection is presented with an analogy of linear and angular
grating. The theory aims to explain the strong geometry dependence of the angular momentum
transfer between the angular momentum carried by light and the discrete rotational symmetry of

the metallic nanostructure.

2.2.1. The Grating Equation

A diffraction grating is a periodic optical component, which splits and diffracts light into several
beams travelling in different directions. The directions of these beams depend on the grating
period a and the wavelength of light 4, related by a simple grating equation:

sin 9’—sin9=@ (2.46)
(4]

where the incident angle 6 and resulting angle @ are indicated in Figure 6.

——>|a}<—

. il

k’

—

— - ks R Gl

e T e e = —— -

Grating effect J = —1, 0, +1,

Figure 6. A schematic of a linear grating. The incoming wavevector k can be converted to discrete output
values k’, due to the momentum matched by the linear grating. The grating period is a, and the integer j
denotes the diffraction order.
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The field propagating in the x-z plane can be expressed as:

EF) =E&"*” =E """ (2.47)
and after the interaction with the linear grating in x direction, the change in the wave vector can
be written as:

k=k +j 2z

a (2.48)

k! =k'—k! =\k>—k*
where j is an integer. The total momentum k is conserved while the direction of propagation is
changed. If we focus on the momentum in the x direction &, the grating can add or subtract a
discrete value of momentum, 2n/a, decided by the grating period a.

A translation-invariant structure such as a smooth line has no means of adding
momentum in one direction. On the other hand, a grating has a ‘broken’ translational symmetry
in the sense that translation by an arbitrary value does not result in the same structure, thus
breaking the continuous symmetry. Instead, a grating has a ‘discrete’ translational symmetry,
because a translation by certain values, in this case an integer multiple of the grating period,
comes back to the original structure. This discrete symmetry of a grating allowing the

interference of the diffracted beams to possess a new direction of momentum £’ that is different

from the original &.

2.2.2. Angular Grating Analogy

The linear grating law explains how the translational momentum of light can be altered by a
periodic structure possessing a discrete translational symmetry. An analogy can be made for
rotational momentum. For analysis of rotation, the spatial dependence of the electromagnetic

field can be expressed in terms of angle ¢ as:

E(r,p)=E, (r)e™ (2.49)
where m is the total angular momentum number, which represents how much phase variation
occurs in one cycle of g=2x. For circular polarization, m=+1, because phase changes exactly 2n

during one cycle. This corresponds to a rotating dipole mode, as depicted in Figure 7. For higher

orders of angular momentum states, m can be larger than 1 and each integer m corresponds to a
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rotating multipole mode. Sign difference in m represents the opposite direction of rotation, just
like LCP (m=1) and RCP (m=-1).

Let us consider a non-circular object with N-fold discrete rotational symmetry. As in the
case of a perfect translational symmetry of a smooth line, a perfect rotational symmetry means
that there is no change in the structure under a rotation of an arbitrary amount. A perfect
rotational symmetry corresponds to a circle in 2D or a sphere in 3D.

Figure 7 shows an example of a structure possessing discrete rotational symmetry with
order N=3. An N-fold rotational symmetry implies that the optical properties of the system are
identical when the geometry is rotated by 27/N radians. This discrete rotational symmetry, as in
the case for the linear grating, supports a constructive interference of the diffracted light to
possess a new value of angular momentum, governed by the angular momentum equation:

m =m+ jN (2.50)

where ; is an integer and m’ denotes the output angular momentum.

Incident GX m=+1

Response @ m' = +4
4R

m =+1

m' =-2

J 1
PN

e.g. N=3-fold

L

Figure 7. A schematic of an angular grating with N-fold rotational symmetry. The incoming angular
momentum number m can be converted to discrete output values m’, due to the angular momentum
matched by the angular grating. The left shows an example of a N=3 fold angular grating. The right
shows the possible output angular momentum states, dictated by the discrete rotational symmetry of the
grating. The three lowest order responses are listed. The arrows represent the direction of field rotation of
each mode, and the multipole functions inside the round arrows indicate how much phase change occurs
in 2m azimuthal angle. The red and blue colors are the positive and negative phase of the electric field,
respectively. m’=1 is the dipole mode, m’=-2 is a negative quadrupole mode, and m’=4 is the octupole
mode.
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A triangle is a simple example of a 3-fold angular grating, because the structure repeats itself
after a rotation by a=2n/3 radians.

Note that the excitation of the quadrupole resonant mode m’ = £2 from a circularly
polarized beam at normal incidence is only possible with a 3-fold symmetric structure, as shown
in Figure 7. This is because m’ =14 JN = +2 is only possible when N=3 and j=-1. As a result, the
quadrupole resonant mode excited from a 3-fold symmetric structure is negative, which means
that the direction of phase change with respect to azimuthal angle ¢ is always opposite to the
incident excitation. This negative quadrupole mode is of particular interest in optical torque
generation. The result of this analysis is discussed in detail in Chapter 4.

The order of the angular momentum states each represents how much phase difference
occurs with respect to ¢. The electric field profile of m’ = %1 state resembles a rotating dipole,
while m’ = £2 resembles a rotating quadrupole, and so on. The modes with higher values of m |
indicate that the mode is not in a pure spin angular momentum state, but possesses a mixture of

spin and orbital angular momentum states, which are not distinguished in the model.

2.3. Characterization and Calculation of the Optical Response

2.3.1. Definition of Optical Cross Sections

Optical cross sections are defined to quantify the interaction of light with objects. The cross
sections represent the total power of light that is absorbed or scattered by an object imbedded
inside a medium, divided by the intensity of the incident light.

The concept of a cross section is very commonly used to describe how large an object
appears to incident external radiation. The spectral scattering of an individual structure is
characterized by the scattering efficiency, which is a normalized representation of the effective
scattering cross section viewed by the light source. Here we consider only elastic scattering,
where the frequency of the incident and scattered light are identical. Inelastic scattering such as

Brillouin and Raman scattering are not taken into account. The scattering cross section C_ and

the unitless scattering efficiency (J,_ are defined as:

sca
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C,.(2)= Pw((i)) 0,.(=C=t) 2.51)

where G is the geometric cross section in the direction perpendicular to the incident illumination.

C,. . stands for the fraction of the incident power that is scattered, with the unit of area. The

sca

spectral absorption efficiency can be expressed in the same manner:

abs (2’) Qabs (2«) — Cabx (ﬂ')

ConD =7 "0y G

(2.52)

where C, is the absorption cross section and Q. is the unitless absorption efficiency. The

extinction is defined as the sum of scattering and absorption, both for the extinction cross section
C,,, and for the extinction efficiency Q,, .
ext (/’l) Cvca (ﬂ') + abv(ﬂ’)
O (1) = 0, (D) + 0,4, (4)

The extinction efficiency represents the total power lost from the incident field, per incoming

(2.53)

intensity, due to the presence of the particle.

2.3.2. The Mie Theory

The Maxwell’s equations for the optical response of metal nanoparticles were first solved
analytically for a homogeneous isotropic sphere by Mie in 1908 [39]. The Mie theory bridges the
intermediate size regions between the two limiting cases of the Rayleigh scattering model and
ray optics model [93], which describe Rayleigh particles with a << X and large particles with a

>> A, respectively.

2.3.3. Computational methods for the calculation of optical response

Although many extensions of Mie theory have been made in order to cover the different aspects
such as magnetic [40] and coated spheres [41], this analytical method is fundamentally limited
that the exact solutions are restricted to highly symmetrical particles such as spheres, cylinders,

and spheroids.
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For other nonspherical particles, a number of numerical approximate methods based on
more advanced scattering theories have been developed. These include the T-matrix method
[94], the generalized multipole technique (GMT) [95], the discrete dipole approximation (DDA)
[96], and the finite difference time domain method [82-83]. The T-matrix method and GMT are
surface-based methods that discretize only the surface of the particle to be solved numerically.
The DDA and FDTD methods are volume-based methods that discretize the whole volume of the
particle.

For metallic nanoparticles of complex geometries, it is suitable to use a volume-based
computational method for the calculation of scattering and absorption. The widely used DDA
method is briefly explained, and the FDTD method is explained in detail in the next chapter.

In the DDA method, the particle is approximated as an array of polarizable cubic
elements, with the array being large enough for the calculation to converge. The scattering and
absorption cross sections of the particle can be obtained once the location and polarizability of
each element have been specified. An advantage of the DDA method is that the optical cross
sections can be calculated from a simple dipole approximation. However, in order to obtain the
field distribution outside the particle for calculation of force and torque, the Maxwell’s equations

need to be solved for the region outside the particle and a complete simulation is required such as

the FDTD method.

2.3.4. Quantifying the Mechanical Effects of Absorption and Scattering

When a photon is absorbed, the momentum %k and angular momentum #m carried by that
photon are transferred entirely to the object. As a result, the mechanical effects can be

quantitatively represented using the absorption cross section, C, (4)=P, /1, , which is the

abs inc ?
absorbed power divided by the input intensity. Here, P, is the power absorbed by the particle
and I, is the intensity of the input illumination. The force and torque created by absorption can

be calculated by multiplying the number of absorbed photons per unit time (£, / ho) with the

momentum (#k) and angular momentum (%m) of a single incident photon, respectively. This

gives [38]:
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F, = Condie (2.54)
C

— I

M, = Canlie (2.55)
(2

where F. » [IN] and A-/'[abs [Nm] are force and torque from the absorbed field, c is the speed of

light, k is the direction of the momentum vector, and m is the angular momentum number.

Absorption arises from loss, which is associated with the imaginary part of the dielectric function

Im(e(A)). When normalized with incident intensity, the normalized force becomes C,,, /¢ and
the normalized torque becomes C, /.

When a photon is scattered, it carries a nonzero momentum after interacting with the
particle. Thus the momentum of the scattered photon, as well as the incident photon, affects the
resultant force and torque. The information about the outgoing, scattered field is essential. While
the absorption-induced mechanical effects could be simply quantified by figuring out the total
power absorbed into the particle, scattering-induced effects cannot be characterized this way.

This is especially true for Mie particles with C, <C__, which indicates that extinction is

sca ?

dominated by scattering. The mechanical effects caused by the

- C 1 ~ —
F_ =—"k+F (2.56)
C
Msm — seaq inc m+MSF (257)
w

where F,, and Mg, are force and torque calculated from the scattered field. Monitoring the

scattered fields can be done by using the TFSF source, as explained in 3.1.4.
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3. Finite Difference Time Domain (FDTD) Numerical Analysis

The finite-difference time-domain (FDTD) method is a direct solution of the Maxwell curl
equation, originated from the work by Yee in 1966 [99]. FDTD method is widely used in
computational electromagnetics to analyze interactions between electromagnetic waves and
matter, especially complex dielectric or metallic structures. The general procedure involves
approximating Maxwell’s equation in real space using finite differences, on spatial grids called
Yee cells. The time-domain responses are obtained by time-marching the fields explicitly and
applying appropriate boundary conditions. In this thesis, the commercially available Lumerical
FDTD software is used.

One of the major advantages of FDTD method is that a frequency response of a wide
range can be obtained with a single simulation, by using a broadband pulsed source. The
resulting time-dependent electromagnetic fields are Fourier-transformed to give the response in
the frequency domain. The memory requirement of the computation was 26.5GB and all of the

computations were carried out in the laboratory workstation.

3.1. Simulation Setup

3.1.1. Yee Cell

The Maxwell’s curl equations are discretized on the Yee’s lattice. The field variables are defined
on a rectangular grid, and the electric and magnetic fields are separated in time by one-half time
step and interlaced in space by one-half grid cell. Based on this scheme, center differences in
both space and time are applied to approximate the Maxwell equations on each grid points. We
use the grid size of 2 nm for the plasmonic nanostructure and the surrounding dielectric material.

For spherical particles with radius larger than 100 nm, the grid size of 3 nm is used.
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3.1.2. Absorbing Boundary Condition

To compute the field at any given point, we must know the value of the field at every adjacent
point on the grid. With a finite computation cell, information from nodes outside the cell is not
available. Fields at the nodes on the boundaries are therefore calculated using boundary
conditions.

In this thesis, the PML boundary condition is used in the three-dimensional simulation.
The Perfectly Matched Layer (PML) boundary condition is based on placing artificial absorbers
around the cell boundary. The absorber is designed to be completely impedance-matched with
free space, and a complete cancellation of reflection is achieved regardless of the incident angle.
With this boundary condition we can perform FDTD computer experiments that allow us to
calculate quantities of direct experimental relevance, such as extinction and transmission

spectrum.

3.1.3. Material Response Fit

The time domain material response is required in order to solve the Maxwell’s equations in the
time domain. Because the experimental data are tabulated in the frequency domain, we need to
use fit the data and then perform inverse Fourier-transform into the time domain. For the fitting
function, we can use simplified models which require only a couple of parameters to be
determined, or perform a more accurate fitting of the experimental data inside a specific
frequency window. We use the latter method to improve the fitting accuracy in the desired
wavelength window. The permittivity of gold is described by a fitting to the experimental data of
Palik [100]. 300 data points are taken from the experimental data, in the simulation wavelength
window (which is typically 350nm to 1200nm) and the fitting was performed with 5 independent
parameters. For some simulations, different wavelength windows such as 350nm to 900nm,
700nm to 1200nm, and 1100nm to 1800nm were used. The material fitting procedure for all of
the separate simulation ranges are the same. The results are shown in Figure 8. In order to
analyze the effect of absorption, two artificial materials are created with modified values of

Im(e). For these materials, Re(g) is identical to gold, while the imaginary part is changed to half
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and one tenth. Due to the low loss of the artificial materials, absorption-induced effects are
suppressed and the results are analyzed in detail in Figure 8.

The medium surrounding the metallic particle is regarded as a homogeneous dielectric
with constant refractive index. Vacuum medium with n=1 is used for all of the force and torque
calculations. The simulation result of Figure 11 is the only exception, using an artificially high
refractive index of n=2.35 in order to display many high-order resonance modes of the same

particle.

3.1.4. Light Source

The TFSF plane wave source is used in order to calculate the scattering of the particle. The
computation region using the TFSF source can be separated into two distinct regions. The total
field region includes both the incident and the scattered field, while the scattered field region
only records the scattered field, without the incident plane wave.

In order to realize circular polarization, we use the standard linear combination method
which is suggested by the Lumerical FDTD simulation software. First, two simulations are
carried out separately, using TFSF source of orthogonal linear polarizations, noted 0 and 90.
Then the resulting field data for the two simulations are combined with a phase shift, using the

following equation. The incidence is left circularly polarized.
Erotal = (EO -'-Z.E:%)/‘\/E

(3.1
H,.,= (Ho +iH,, )/\/E
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Figure 8. Dielectric function of gold, used in the FDTD simulations. (a) Real part of the dielctric function.
(b) Imaginary part of the dielectric function. The dotted line is a smoothed experimental data from Palik,
and the solid like is the FDTD function Fit. The solid dash line and solid dot line represents two artificial
materials with reduced Im(g), by a factor of 1/2 and 1/10, respectively.
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3.2.Geometrical specifications

The geometries considered are spheres, circular disks, flat polygons, and star-shaped particles.
The edges and corners are rounded with a radius of 15nm, to avoid nonlocal effects and also to
take into account the experimental limitations. The thickness of the flat structures is 40nm.

The 3D simulation region is divided into the total field and the scattered field region,
where the 6 scattered field power monitors are located outside the box formed by the 6 total field
power monitors. The scattered field monitors record only the scattered electromagnetic field. The
computation region is shown in Figure 9. The Cartesian (xyz) coordinate system is used in the

simulation.

+ Total Field Monitor

Structure

Scattered Field Monitor Plane Wave Source

(a)

(b)

Figure 9. Simulation scheme for Lumerical FDTD Software. The example particle illustrated is a flat gold
triangle with edge size 400nm. (a) y-z cross section of the simulation region. The linearly polarized plane
wave source is located between the total field and scattered field monitor boxes (yellow), propagating
towards the positive z direction. (b) x-y cross section. The orange box indicates the size of the meshing
region. The size of the particle and the monitors (yellow) are shown. (c) The 3D view of the entire
simulation space. The small orange box is the meshing region and the large orange box is the total FDTD
simulation boundary, where PML boundary condition is applied.
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4. Results and Discussion

The FDTD calculation results are discussed in three parts. Section 4.1 presents the optical
resonance spectrum of geometric particles with different N-fold rotational symmetry, in order to
substantiate the angular grating analogy. Section 4.2 discusses the conversion of the input
angular momentum mode (m=1) into a different output mode, which is a result of the interaction
with the sub-wavelength nanoparticle. This particle can be analyzed as a mode converter, with a
wavelength-dependent efficiency. Finally, section 4.3 discusses the creation of mechanical force
and torque that is generated by absorption and scattering at each resonant mode of the
nanoparticle. Post-processing of the simulation data is performed by modified Lumerical scripts

and MATLAB.

4.1. Verification of the Angular Grating Analogy

In this section, we present the simulation result which verifies the angular grating analogy of
chapter 2. We consider planar geometries with different orders of rotational symmetry, and focus
on the in-plane resonance excited on the plane perpendicular to the Poynting vector of the
excitation. Starting from a circular disk, we extend the discussion to representative polygonal
geometries shown in Figure 10. The angular momentum analogy described in section 2.2 is
verified in through numerical simulation. Table 1 shows the possible output angular momentum
modes excitable from an in-plane, LCP (m=1) plane wave excitation. Figure 10 shows the
variation of the number of folds N, and the representative geometries for each of the N-fold

rotational symmetries.
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Figure 10. Representative polygon geometries for different N-fold discrete rotational symmetries. N=2
corresponds to mirror symmetry about one linear axis. For higher orders, the representative polygons are
triangles for N=3, square for N=4, pentagon for N=5, and hexagon for N=6.

The discrete rotational symmetry exhibited by the nanostructure is expected to govern the
possible output modes of angular momentum. FDTD simulation was carried out for the simple
representative geometries shown in Figure 10. Table 1 shows a summary of the possible output
angular momenta m’ for incident light of m=+1, such as a circularly polarized plane wave or a

rotating electric dipole.

Table 1. The selection of output angular momentum states by the angular grating rule.

4 of folds | POssible m’ =mENj output states
from m=1 excitation
N=2 |5 -3 1 3 5
N=3 -5 =P 1 4
N=4 -3 1 5
N:5 -4 1 G
N=6 -5 1

The initial excitation of m=1 includes a far field source of a circular polarized light or a near field
source of a rotating dipole, and any combinations in between possessing the same azimuthal
order. The possible output modes are limited by the angular grating rule, as shown in Table 1.
Note that the excitation of quadrupole resonant mode m==2 from a circularly polarized beam at
normal incidence is only possible with a 3-fold symmetric structure. This is because
m’=1+jN==%2 is only possible when N=3 and j=-1. As a result, the quadrupole resonance excited

on a 3-fold symmetric structure always has a negative sign, meaning that the direction of phase
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rotation with respect to azimuthal angle ¢ is opposite from the incident circular polarization. This
negative quadrupole mode is of particular interest in the following chapters.

For clarity, the optical response is plotted in Figure 11 for a triangular gold nanoparticle
with edge length 300 nm, inside a high-index dielectric medium with n=2.35. The size of the
triangle is chosen to visualize the first four high-order peaks in the visible-near IR wavelength
range. The increase in the refractive index of the dielectric medium both red-shifts the resonance,

as explained in 2.1.4. The effect of particle size is discussed in 4.2.6.
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Figure 11. Optical resonance of a 3-fold symmetric plasmonic particle. The extinction (solid), scattering
(dotted), and absorption (dashed) are plotted with respect to wavelength. The triangle size is 300nm with
30nm-diameter rounded corners and 40nm thickness, and the surrounding dielectric medium has n=2.35.
The absorption and scattering peaks for the same mode occur at slightly different wavelengths, and the
absorption peaks correspond to 1715.76nm (m=1), 1044.74nm (m=-2), 814.14nm (m=4), and 706.321nm
(m=-5), respectively. The modes in the shorter wavelength region consist of out-of-plane hybrid modes
involving variations in the depth direction z.

Figure 11 shows a few discrete modes of multipolar plasmonic resonance of an N-fold
symmetric nanoparticle. When an incident electromagnetic field excites different resonant modes
of the nanoparticle, an efficient transfer of energy and momentum is expected to happen. For the
same particle, the snapshot of the electric field distributions at each mode is plotted in Figure 12,

The color shows the phase of E,, which is the electric field in the z direction. Red and blue colors
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represent the positive and negative phase, respectively. The phase change with respect to angle
can be counted along the periphery of the particle. The dipole mode (a) shows 2n phase change

around the periphery, which corresponds to a rotating dipole.

(a) (b)

Figure 12. Snapshot of E, on the surface of a 3-fold symmetric plasmonic particle. (a) m=1 dipole
resonance at 1715.76nm. (b) m=-2 negative quadrupole resonance at 1044.74nm. (c) m=4 octupole
resonance at 814.14nm. (d) m=-5 resonance at 706.32nm. The color represents the real part of E, in
arbitrary units. The distribution is measured with a 2D monitor located 2 nm above the surface. The + and
— marks the sign of the electric field.
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For a comparison, we also show the first and second non-dipolar modes for a square
nanoplate with N=4. The optical response is plotted in Figure 13, and the snapshot of the field in
Figure 14. For a square plate, m=-3 mode is observed right after the m=1 mode, skipping the m=-
2 mode. The negative quadrupole mode is not excited, because a 4-fold symmetry fails to match
angular momentum between dipole and negative quadrupole. The result is in clear accordance
with the angular grating rule. The importance of discrete rotational symmetry is highlighted
again in 4.2.5, where a triangular particle with N=3 is gradually changed into a hexagonal

particle with N=6.
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Figure 13. Optical resonance of a 4-fold symmetric plasmonic particle. The extinction (solid), scattering
(dotted), and absorption (dashed) are plotted with respect to wavelength. The square size is 400nm with
30nm-diameter rounded corners and 40nm thickness, and the surrounding medium has n=1. The
absorption and scattering peaks for the same mode occur at slightly different wavelengths, and the
absorption peaks correspond to above 990nm (m=1) and 578nm (m=-3), respectively. The modes in the
shorter wavelength region consist of out-of-plane hybrid modes involving variations in the depth direction
z.
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Figure 14. Snapshot of E, on the surface of a 4-fold symmetric plasmonic particle. Left shows m’=1
dipole resonance at 990nm, and right shows m’=-3 resonance at 578nm. The color represents the real part
of E, in arbitrary units. The distribution is measured with a 2D monitor located 2 nm above the particle
surface. The particle is identical with the one in Figure 13. The + and — marks the sign of the electric field.
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4.2.Angular Momentum Conversion of a Single Plasmonic Resonator

Recent demonstrations suggest that orbital angular momentum of light can offer new information
channels for boosting the speed of information transfer in free space [101]. Orbital angular
momentum beams have also been used in optical tweezers in order to manipulate particles [102].
Traditional means of modifying the angular momentum state of light include phase plates, q-
plates, and pitchfork holograms. These elements can create a phase distribution to a beam of
light. The recently demonstrated concept of metasurfaces also provides simple rules in designing
photon angular momentum converters [103-105]. All previous designs required the size of the
converter to be larger than the size of the light beam, and thus were too bulky for single-photon
applications.

Can we reduce the size of the light beam or waveguide to a size comparable to the
operation wavelength? This would compress the volume of information carriers and also reduce
the distortion from the environment. While classical and quantum information transmission in
metallic submicron-waveguide has been studied, the study of angular momentum converters in
this small scale is not yet available.

In this chapter, we study the possibility and efficiency of photon angular momentum
conversion through a single subwavelength plasmonic resonator. The feasibility of realizing such
a subwavelength converter is limited by the strength of the light-matter interaction through
localized surface plasmons. We explain how the strong plasmonic resonance can support a high
conversion rate which is orders of magnitude higher than the same structure made of dielectrics.
In particular, we focus on the conversion rules in subwavelength structures with three-fold
rotational symmetry. We find that the symmetry of the angular momentum converter plays a
crucial role in the conversion process. This approach may offer great potential in reducing the

size of optical angular momentum information converters to micron scale.

4.2.1. Possible Output Modes of a Plasmonic Converter

The angular momentum conversion of a subwavelength particle is based on the angular grating

effect, enhanced by the excitation of surface plasmon resonance. Recall that discrete rotational
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symmetry governs the output angular momentum modes via the angular grating rule. Each value
of m’ represents a possible channel for carrying information.

However, not every channel is efficient in capturing the energy from the external field.
The most efficient coupling to a particular mode happens when the external driving frequency

matches the resonant frequency of the mode. This is demonstrated in Figure 15.

Incident I I Transferred
momentum momentum

: m'=m+ 2N
m' = m + N

m * m = m
m'=m — N

m'=m-2N

Figure 15. A schematic of the conversion of angular momentum state from m to m’, by using a converter
which possesses N-fold discrete rotational symmetry. The angular grating effect allows the conversion of
incident angular momentum state m to multiple output states m’. A conversion to a particular m’ channel
is enhanced when the multipolar plasmon resonance matches the azimuthal order m’.

The left side of Figure 15 shows the incident angular momentum state, and the right side shows
the possible output angular momentum modes provided by a converter. This is dictated by the N-
fold discrete rotational symmetry of the converter geometry. The response can be tuned with the
incidence wavelength, with the maximum conversion occurring when the resonant frequency of

a particular mode exactly coincides with the excitation frequency.

4.2.2. Dipole to Quadrupole Converter with 3-fold Symmetry

Dipole to quadrupole mode conversion is possible only through 3-fold rotationally symmetric
structure, as explained in 2.2.2 and verified in 4.1. This conversion is demonstrated with a simple

model system of a triangular gold nanoparticle (or a nanotriangle) in air.
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The surrounding medium is set as vacuum (or air) with n=1, for convenience of analysis.
The existence of a dielectric medium requires a discussion of the different conventions used to
express the momentum of the electromagnetic field, which is discussed in Chapter 5.2.1.

The dimension of the particle is chosen so that dipole and quadrupole resonances occur in
the visible to near infrared wavelength range. For this we choose the edge length to be 400nm,
thickness 40nm, and the rounding diameter 30nm. The optical response for this configuration is
shown in Figure 16.

Because each resonance mode is dispersive, as the broadness of the peaks in Figure 16
indicates, the output angular momentum state at a particular wavelength is a combination of
different m’ modes. The efficiency of conversion into each angular momentum state will be

discussed in the following sections.
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Figure 16. Optical response of a 400nm triangular gold nanoplate inside vacuum (n=1). The extinction
(solid), scattering (dotted), and absorption (dashed) efficiencies are plotted with respect to wavelength,
and the two resonant modes, dipole (right inset) and negative quadrupole (left inset), are indicated with a
snapshot of E,. The triangle edge length is 400nm with 40nm thickness. The rotating arrows inside the
insets indicate the rotation of the phase. CCW direction matches the incidence and CW direction has the
opposite sign.
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4.2.3. Results from a Plane Wave Source

Let us first consider a plane wave input. The angular momentum state of this plane wave is
m=+1, which is a LCP plane wave in z direction. The structure concerned is a triangular gold
nanoplate on the x-y plane, as characterized in Figure 16. The incident electric field can be
written as:
E,. (7,1) =Re(E (X + )™ ") (4.1)
where the propagation direction z is normal to the surface of the converter. The angular
momentum transfer efficiency 1 can be defined as:
oG
P,

ext

(4.2)

where G [N-m] is the rate of angular momentum transfer to the response electromagnetic field
outside the particle, o [rad/s] is the angular frequency, and P [W=J/s] is the extinction power.
G has the same unit with torque, since G=dL/dt, where L is the angular momentum with units

[J-s]. G is calculated from (4.3) below:

G= Cﬁ(FxT‘sca)-dA (4.3)
)

where iea is the Maxwell Stress Tensor calculated from the scattered electromagnetic field, and
S is the closed surface around the nanoparticle. Pey is the total extinction power obtained directly
from the simulation, which can be further divided into the absorption and scattering part. The
value 1/0w=G/P.y represents how much angular momentum is transferred to the output field, per
extinguished photon energy. A positive (negative) 1 indicates that the output field carries a total
angular momentum with its sign the same as (opposite to) the input angular momentum. The
spectrum of 1 from the calculation is plotted in Figure 17.

A negative sign of n indicates that the output field carries a total angular momentum of
opposite sign from the input angular momentum. We find that i has a dip of negative value at the
quadrupole plasmon frequency of the Au triangle. The field profile shows the electric field
component normal to the converter surface. Indeed, we see a clear quadrupole mode rotating in
opposite direction to the incident excitation. This indicates angular momentum conversion to

m’=-2 state at the quadrupole resonance. For a comparison, the field profile away from the
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quadrupole resonance and closer to the dipole resonance shows a dipole rotating in the same

direction of the external driving field.
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Figure 17. Angular momentum conversion efficiency from a plane wave (far field) source. Left inset
shows a left-hand plane wave (m=1) that can be converted to a negative quadrupole (m°=-2) using the
resonant properties. Bottom (top) colored plot shows normal electric field 4nm above the surface of the
triangular nanoplate at 640 nm (900 nm), representing approximately the corresponding charge
distribution.

It should be noted that the total angular momentum is conserved. The loss of the field
angular momentum is balanced by the gain of angular momentum within the material. We also
note that linear or elliptically polarized incidence also follows the conversion rule because it can
be written as a linear superposition of right-hand and left-hand circularly polarized light. In this
case, the output will be a superposition between m=+2 and m=-2 quadrupole states. This also
explains why quadrupole resonances can be observed in previous works on plasmonic

nanotriangles by plane wave excitation. [54], [55].
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4.2.4. Results from a Near Field Source

Next, we consider the angular momentum conversion from a near-field source. The same Au
nanotriangle is drilled with a small triangular hole at its center, as shown in Figure 18, so that we
can place a near-field source in it. The symmetry is undisturbed, and the small hole does not
affect the dipole and quadrupole resonances of the nanotriangle.

The angular momentum conversion efficiency can be defined for a near field dipole

source as the following. The rotating electric dipole moment in 3D can be expressed as:

p(t) = Re(p, (& +H)e ™) (4.4)
where the unit of p(t) is [Cm], Coulomb meters. The conversion efficiency from this finite source
is defined as:

e 5)

dipole
where Gragiation [N-m] is the rate of total angular momentum escaped from a closed surface
embedding the nanotriangle. This is calculated from:
Gy = P (#xTon)-dA (4.6)
N

and Pgipole 1 output power of a dipole source in the presence of the nanotriangle. Similar to the
case of plane wave excitation, we find that n has a dip of negative value at the quadrupole
plasmon resonant frequency. The radial component of the electric field E; close to the outer
edges of the nanotriangle can represent approximately the charge distribution of the quadrupole
along the outer edges. The converted quadrupole is clearly shown by comparing the plots of E,
with and without the nanotriangle converter, in the left and right insets of Figure 18 respectively.
The field is measured along the circumference of a circle of radius 400nm, centered at the dipole
source location, respectively. The field is measured along the circumference of a circle of radius

400nm, centered at the location of the dipole source.
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Figure 18. Angular momentum conversion efficiency from a near-field dipole source. Top inset shows a
dipole emitter can be converted to a quadrupole emission source using the resonant properties. The radial
plot on the left (right) shows the radial component of the electric field 400 nm away from the center of
dipole source when the nanostructure is present (absent).

4.2.5. Highlighs on the Importance of Broken Symmetry

Next we explore the effect of the broken rotational symmetry more carefully. The 3-fold discrete
rotational symmetry is the key to the high conversion efficiency into the quadrupole mode,
quantified by the magnitude of n. Can all particles with 3-fold symmetry such as 6-fold, 9-fold,
or circular discs work as a quadrupole mode converter? This is explicitly demonstrated by Figure
19, where change in conversion efficiency is plotted as a triangular particle is gradually modified
into a hexagon with 6-fold symmetry. From the result we see that the answer to the above
question is ‘no’. Once the particle has full 6-fold rotational symmetry, the negative quadrupole
contribution disappears because angular momentum cannot be changed by a number of 3

anymore. This can be interpreted that mode conversion is dictated by which symmetry remains
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intact and which is broken. In a hexagonal particle, the 6-fold symmetry remains intact and

therefore governs the conversion behavior.
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Figure 19. Comparison of the conversion efficiency between 3-fold and 6-fold symmetric converters. A
smooth change from 6-fold symmetric hexagon to 3-fold symmetric triangle is observed. The momentum
conversion onto the negative quadruple mode is only possible by a 3-fold symmetric structure, and not by
the 6-fold symmetric structure.

4.2.6. The Effect of Particle Size

The size of the plasmonic angular momentum converter also determines whether the conversion
process is benefitted from quadrupole resonance. Higher order plasmon resonances with short
plasmon wavelength are usually lossy because of the small group velocity. Therefore, larger size
converter is preferred for a given passive material. Figure 20 shows that the critical size for a Au
nanotriangle of thickness 40 nm is ~300 nm, with the corresponding operation wavelength ~600

nm.
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Figure 20. The size dependence of the conversion efficiency. An optimum size exists for a maximum
conversion efficiency. The results for a varied edge length of 200nm (gray), 250nm (red), 300nm (green),
350nm (blue), 400nm (black), and 450nm (magenta) are plotted.

The conversion efficiencies of negative angular momentum conversion we obtained so
far are only around -0.4, which is quite different from the theoretical value -2 for clockwise
quadrupole. It should be noted that a pure angular momentum state of the order m should have
n=m’. Energy absorption and the contribution of broadband dipole resonance are the two main
reasons for such a reduction of efficiency. Material with low absorption coefficient and gain

medium may be helpful in enhancing the efficiency in later designs.

4.3.Mechanical Effects at Multipolar Plasmon Resonance

Optically induced mechanical forces arise from scattering and absorption process. Both the
absorbed field and the scattered field transfer the momentum and angular momentum to the

target object. This section discusses the mechanical effects caused by optical scattering and
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absorption of a plane wave, incident on a plasmonic resonator at different multipolar resonances.
The first two sections explain how the mechanical effects from absorption and scattering arc
quantified. Next, the calculation results for Force and Torque are presented with a focus on the
varied size, shape, and material of the object, which determines the quality of the plasmon
resonance of the particle.

For all of the data presented, the direction of force is parallel to the direction of

propagation (/2 ), which is +z in the simulation. The direction of torque is +z as well, which is the
same as the axis of rotation for the circularly polarized incident field. The force and torque in all
the other directions are equal to zero, due to the symmetry of the particle in the depth direction,
and also due to the circularly polarized field containing exactly the same amount of x-polarized

and y-polarized components.

4.3.1. Calculation of the Mechanical Effects

Depending on the relative size of the cross sections, people categorize absorption-dependent and
scattering-dependent particles. It is commonly understood that the extinction becomes
absorption-dependent as the particle size decreases to be much smaller than the wavelength. Both
processes are enhanced at resonance, and the maximum efficiencies are achieved when the
particle is in strong plasmonic resonance with the incoming field.

While comparing the magnitude of C,,, and C_, can clarify the relative magnitude of the

scattered and absorbed fields, it fails to represent the relative importance of the two processes in
generating force or torque. In other words, cross section values cannot yield the complete
information about the light-induced mechanical effects. This is because the output momentum
and angular momentum carried by the scattered electromagnetic field can have a significant
effect on mechanical effects. For a same scattering cross section, the effect of scattering can be
different depending on the distribution of the electromagnetic field as well as the polarization
and direction of scattering. All of these factors would affect the resulting mechanical force and
mechanical force and torque. The calculation methods to separately account for scattering and

absorption are presented in 2.3.4.

68



4.3.2. Particles with Perfect Rotational Symmetry

The magnitude of the light-matter interaction reaches its peak when the particle is excited at its
plasmon resonance. This resonance can first be tuned by changing the size of the particle,
without altering the shape. Between scattering and absorption, which process dominates
momentum transfer and angular momentum transfer? First, spherical nanoparticles with perfect
rotational symmetry are studied.

Figure 20 shows the extinction efficiency for spherical gold nanoparticles with various
radius, from 50nm to 200nm. While small nanoparticles have absorption-dominant extinction,
larger nanoparticles exhibit increasingly scattering dominant behavior. The magnitude of the
absorption efficiency being nearly consistent represents that the number of photons absorbed

depends mostly on the cross sectional area of the nanoparticle, in this size range.
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Figure 21. The optical response of a spherical gold nanoparticle. (a) r=50nm. (b) r=100nm. (¢) r=150nm.
(d) r=200nm. Extinction (solid), scattering (dotted), and absorption (dashed) are plotted together.
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Figure 21. The optical response of a spherical gold nanoparticle. (a) r=50nm. (b) r=100nm. (¢) r=150nm.
(d) r=200nm. Extinction (solid), scattering (dotted), and absorption (dashed) are plotted together.
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For the same particles, the force and torque are plotted in Figure 22 and Figure 23,
respectively. While the force comes largely from scattering, the torque comes entirely from
absorption. Scattering-induced torque vanishes due to the two terms for the incident and
scattered fields in (2.57), cancelling each other out completely. This indicates that the angular
momentum is not altered for the portion of the field that is scattered. Therefore, the scattered
photons do not produce any mechanical torque. For a rotationally symmetric particle, absorption
is the only mechanism to achieve angular momentum transfer.

Our focus is to analyze the mechanism of angular momentum transfer to plasmonic
particles with different modes of resonance. The magnitude of torque produced by absorption
can be calculated using (4.9), which is proportional to the absorption cross section. From Figure
21, we find that the absorption efficiency for particles larger than r=100nm do not vary as the
particle size increases, meaning that the torque scales with the cross sectional area of the

spherical particle, instead of the radius or the volume.
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Figure 22. Light induced force on a spherical gold nanoparticle. The top (a) shows total force, and the
bottom (b) shows the force from absorption. The difference between the two is the scattering-induced
force. The lines indicate the size variation of 200nm (solid), 150nm (dotted), 100nm (dashed), and 50nm
(short dashed).
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Figure 23. Light induced torque on a spherical gold nanoparticle. 100% of the torque comes from
absorption. The lines indicate the size variation of 200nm (solid black), 150nm (dotted black), 100nm
(dashed dark gray), and 50nm (dotted gray). The torque from absorption is plotted with square markers
for all four curves, and shows an exact match with the total torque.

A thin circular disk with the same cross section is simulated next. A gold disk with
r=200nm and thickness of 40nm is simulated and the extinction efficiency, force, and torque are
plotted in Figure 24.

A comparison between the graphs (a) and (b) of Figure 24 shows that the force generally
follows the trend of the extinction, but careful examination shows that they do not scale perfectly
into each other. Higher extinction cross section results in a larger optical force, yet the total force
resulting from scattering does not come from all of the scattered photons possessing identical
values of output momentum. Instead, the scattered photons possess very different values of
output momentum. Some of the photons go through a very large change in momentum, such as
the backscattered photons, while other photons do not undergo such a big change. The total force

is a summation of all such effects.
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(a)

(b)
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Figure 24. Optical response of a circular gold nanoplate with r=200nm. (a) extinction (solid), scattering
(dotted), and absorption (gray dashed) efficiencies. (b) Force applied to the particle. (¢) Torque applied to
the particle, where 100% of the total torque (solid) and the torque from absorption (square marker)
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overlap exactly. The torque from the scattered field is zero.

74



Because two distinctive peaks are observed in Figure 24, the electric field distributions

corresponding to the two different modes are plotted in Figure 25.

(b)

Figure 25. Snapshot of E, on the surface of a circular gold nanoplate. (a) m=1 dipole mode at 900nm
excitation, (b) another mode with a different radial distribution, while azimuthal order is still m=1 (at
457nm excitation.) The color represents the real part of E, in arbitrary units. The distribution is measured
with a 2D monitor located 2 nm above the surface. The + and — marks the signs of the electric field, and
the rotating arrow indicates the direction of phase rotation. CCW matches with the incident illumination.

The torque plotted in graph (c) of Figure 24 shows that 100% of the torque comes from
absorption. This confirms that for particles exhibiting perfect rotational symmetry, the only
possible means of angular momentum transfer is absorption. Scattering does not produce any
torque on a perfectly symmetric particle.

The angular momentum number of both resonance modes in Figure 25 are m’=1. The
rotationally symmetric object has no means of converting the incident angular momentum m=1
into a different mode. While the radial field distribution varies from mode to mode, the angular
distribution is still exactly the same, and scattering produces no mechanical torque on the

nanoparticle.
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4.3.3. Particles with Discrete Rotational Symmetry

We know from the results of 4.2.3 that the scattered output field carries a significantly different
value of angular momentum with the incident electromagnetic field. In this process, how much
mechanical torque would be generated? Does scattering play a role in the torque transfer, unlike
the case for rotationally symmetric particles? The optical response of a triangular nanoparticle
with edge length 400nm is characterized in 4.2.3 and Figure 16. We examine the mechanical
force and torque resulting from this situation and plot the results in Figure 26. The analysis of the
force is very similar to that for Figure 24 (b). The graph resembles the extinction, although it
does not scale perfectly into the extinction plot of Figure 11.

Figure 26 (b) shows a very interesting result. The scattering-induced torque is nonzero,
and the value is very high for the quadrupole mode. How much of this torque comes from the
incident photons and how much from the actual scattered electromagnetic field? This is shown in

Figure 27.
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Figure 26. Force and torque due to scattering and absorption from a triangular gold nanoplate. (a) T orce
applied to the particle, which resembles the extinction efficiency profiles and is largely scattering
dependent. (b) Torque applied to the particle. Total value (solid), scattering-induced value (dotted), and
absorption-induced value (dashed) are plotted together.
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Figure 27. Torque from the scattered field due to angular momentum conversion. The total torque (solid),
torque from scattering (dotted), and the torque from the output scattered field (dot-dashed) are plotted
together.

In the scattering process, the net torque is close to zero when the scattered
electromagnetic field carries the same angular momentum as the incident field. This exactly
cancels out the net torque transferred to the particle. While this was the case for the rotationally
symmetric particles, this is not true for the case shown in Figure 27, due to the effect of angular
momentum conversion. Here, the scattered field does carry exactly the same value of angular
momentum compared to the incident field. In fact, the scattered electromagnetic field imparts a
positive torque onto the particle near the plasmon resonance peak.

The magnitude and direction of scattering depends on the distribution of the nearfield
enhancement on the surface of the plasmonic nanoparticle. The snapshot of electric field
distribution on the surface of the particle is plotted in Figure 28 for the dipole and quadrupole
modes. The negative direction of rotation of the quadrupole mode is expected to affect the

angular momentum carried by the scattered field, in an opposite manner compared to the positive

dipole mode.

78



Figure 28. Snapshot of E, on the surface of a triangular gold nanoplate. (a) m=1 dipole mode at 900nm
excitation, (b) m=-2 quadrupole mode at 634.4nm. The color represents the real part of E, in arbitrary
units. The distribution is measured with a 2D monitor located 2 nm above the surface. The + and — marks
the signs of the electric field, and the rotating arrow indicates the direction of phase rotation. CCW
matches with the incident illumination.

4.3.4. Material Variation: Effect of the Reduction in Loss

The large transfer of angular momentum of the negative quadrupole mode comes from the
enhanced scattering, which is dictated by the particle geometry rather than the material
characteristics. In order to show this more clearly, two materials are simulated with an artificially
reduced Im(g), modified from the dielectrif function of gold. Their material characteristics are
plotted in Figure 8. Since reducing Im(e) decreases absorption, we expect that the quadrupole
peak would not decrease when as Im(g) is lowered, while the dipole peak does. For a triangular
nanoparticle, the data for half-loss gold, of which Im(g) is modified from gold with a factor of
1/2, are plotted in Figure 29. The data for one-tenth-loss gold, of which Im(g) is modified from
gold with a factor of 1/10, are plotted in Figure 30.
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(a)

(b)

(c)

Figure 29. Optical response of a triangular nanoplate, made of gold with reduced loss of 0.5xIm(g). (a)
Extinction (solid), scattering (dotted), and absorption (dashed) efficiencies are plotted together. (b) Force
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One can immediately notice that reducing Im(g) suppresses the absorption-induced force
and torque dramatically, while the scattering-induced effects are only slightly modified. As
expected, the torque at the dipole mode decreases to almost half the original value, while the
torque at the quadrupole mode, which is dominated by scattering, slightly increases and do not
show a significant change. In conclusion, the light-induced torque applied at the dipole and
quadrupole plasmon resonance arises from different phenomena.

Torque at the dipole mode of a triangular particle arises from the mixed effect of
scattering and absorption, and theé absorption-induced part is suppressed when Im(g) is decreased.
Torque at the quadrupole mode, on the other hand, arises mainly from scattering. This geometry-
driven effect is changed only a little by the modification of Im(g).

As a comparison, we plot the case of how absorption-dominant torque is modified when
the material loss is reduced. Circular disks with perfect rotational symmetry are simulated with
varied Im(g), and plotted below in Figure 31. The same geometry as Figure 24 is used with the

radius of 200nm.
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Figure 31. Light induced torque on a circular gold disk, for materials with reduced loss. Colors represent
the different materials, black for gold with full loss, dark gray for gold modified to half loss, and light
gray for gold modified to 1/10 loss. For all three cases, the torque contribution from scattering is zero.
Contribution from absorption is plotted in square markers.
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From Figure 31, the absorption-induced torque is highly governed by the imaginary part of the
dielectric function. All of the torque applied on a disk is a result of absorption, and this torque
decreases proportionally when Im(g) is reduced.

It should be noted that the kinks seen in the 1/10-loss material result is not a physical
peak but rather an unsteady effect arising from Im(e) approaching zero. When the imaginary part
is decreased even further, the data turns unstable below 550nm and the convergence is lost.

In conclusion, we confirm that torque is unusually enhanced at negative quadrupole
resonance mode, where angular momentum conversion occurs. This large torque comes from
scattering instead of absorption, which is an unusual finding for irrotational geometries. While
absorption is generally regarded as the major mechanism of spin angular momentum transfer
from light to matter, scattering can produce a larger contribution at certain non-dipolar resonance
modes, due to the scattered field carrying a different value of angular momentum from the

incident field.
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S. Summary and Qutlook

5.1. Summary

We numerically investigate the light-matter interaction of a single plasmonic resonator, focusing
on the transfer and conversion of angular momentum at different multipole resonances.

First, the angular grating analogy is presented to explain how the field distribution around
a plasmonic structure at resonance is dictated by two factors: (1) the angular momentum state of
the incident light, and (2) the broken rotational symmetry of the structure. The theory is validated
by FDTD numerical simulation for geometries with varied rotational symmetry.

Next, we propose using a subwavelength plasmonic nanoparticle as an optical angular
momentum converter in free space. The broken rotational symmetry of the structure dictates the
angular momentum channels supported by a single converter. The conversion efficiency is
governed by the quality of the plasmon resonance. The efficiency of the conversion is analyzed
in detail for a triangular converter possessing 3-fold symmetry, which allows conversion from a
dipole mode to a negative quadrupole mode.

Finally, we calculate the mechanical effects created from the enhanced absorption and
scattering at the plasmonic resonance modes. While absorption is generally regarded as the major
mechanism of spin angular momentum transfer from light to plasmonic particles, this is not
always true for objects excited at particular modes of resonance where conversion of the angular
momentum mode occurs. In particular, we find that the angular momentum transfer is dominated
by the scattering process at the negative quadrupole mode of a triangular particle. The scattered
field carries a different angular momentum value from the incident field due to conversion effect
at non-dipolar plasmon resonance. As a result, an unusually large, scattering-dominant
mechanical torque is applied to the plasmonic particle.

The primary focus of the thesis presented is to elucidate the angular momentum transfer
and conversion by a single plasmonic resonator through numerical calculations. After basic

experimental characterization, the natural next step can be branched two-folds. First is to focus
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on the enhancement of the mechanical effect created onto a single particle. Second is to integrate
the resonators into a metamaterial or a metasurface environment, which can manipulate light,

fluid, or adjacent micro/nanoparticles using the field distribution created.

5.2. Considerations and Future Outlook

This section summarizes the necessary steps for an improved study of the mechanical effects due

to scattering. Several key points which require a deeper investigation are summarized.

5.2.1. Handling a Substrate or a Surrounding Medium

The current simulation results in this thesis are carried out with a homogeneous medium of air
(n=1), except for the extinction result of Figure 11. This avoided the issue of field momentum
inside matter. However, for future simulations involving experimental verifications, it is essential
to introduce a substrate or a homogeneous medium surrounding the plasmonic particle.

The definition of electromagnetic momentum inside a medium has been an active topic of
debate in the previous century, also referred to as the “Abraham-Minkowski controversy’.
Minkowski defined electromagnetic momentum as:

DxB (5.1)
and Abraham defined it in an alternative form as:
g, ExH., (5.2)
The momentum density vector for a nonmagnetic medium is
G=DxB=¢gyExH+PxyH (5.3)
where the wave momentum density is a summation of the electromagnetic momentum density
&, ExH and a momentum density resulting from the dielectric polarization in response to a
field, P =D—-¢ E. There are excellent review articles which summarize the distinction between

the two formulas [106]. As a result, the Abraham and Minkowski conventions for the definition

of light momentum inside a dielectric medium differ by a factor of &.
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Ways to reconcile this controversy has been proposed by Barnett in 2010, by carefully
and consistently assigning diffcrent values for the momentum transferred to the diclectric matter
when light is incident upon it [107]. In summary, the Abraham form strictly represents the
kinetic momentum carried by the field, while the Minkowsky form represents the recoil
momentum which can be measured experimentally. The Minkowski form is also the canonical
momentum satisfying the commutation relationship between displacement and momentum
operators. As long as one formula is used consistently with the adequate term for the momentum
transferred to the medium, both formulas give correct results.

Because the recoil momentum is the one measurable through experiments, recent
experiments have confirmed again and again the use of the Minkowski form convenient and
correct [108]. Therefore, we suggest that the Minkowski momentum form be used inside the

Maxwell Stress Tensor.

5.2.2. Mode Theory

This thesis calculates the optical response which depends on the input excitation. Eigenmode
analysis, on the other hand, would provide a more accurate study of all of the resonances
supported by a resonator, and enable a study of the coupling between different resonance modes.
This is the necessary next step for the theoretical analysis of the non-dipolar high order

resonance supported by plasmonic particles.

5.2.3. Analysis of Thermal Effects

Because the plasmon phenomenon in optical and telecommunication frequencies typically
originates from the collective oscillations of free charges in a material due to an applied
electromagnetic field, plasmonic devices generally require metallic components, which have an
abundance of free electrons [109]. These free electrons provide the negative real permittivity that
is an essential property of any plasmonic material. However, metals are plagued by large losses,

especially in the visible and ultraviolet (UV) spectral ranges, arising in part from interband
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electronic transitions. Even the metals with the highest conductivities suffer from large losses at
optical frequencies.

In the Mie scattering regime, between the two size extremes, an enhancement in
scattering always entails an unwanted enhancement of absorption, and vice versa. Resonant
illumination can cause significant heat generation due to enhanced optical absorption by the
nanostructures, which results in a subsequent release of heat into the surrounding environment.
Because these consequences of plasmonic heating are generally regard as deleterious to the
optical trap, researchers have used various techniques including integrated heat sinks [110] to
mitigate heating. Also, structures that are well connected to the environment which allows heat
dissipation, such as extended metal surfaces or gratings are favored over isolated nanoparticles.
The extended metal surface can serve as a heat sink to prevent deleterious heat accumulation. On
the other hand, reserachers are also striving to search for ways to take advantage of the
convective forces arising from heating. Light-induced thermal heating alone can create very
large mechanical forces, often referred to as photophoresis [111].

Quantifying the amount of heat generated from optical excitation can be done through
simple FEM simulations. The analysis of the convective forces arising from thermal gradient
would complete the analysis of light-induced mechanical effects and allow accurate predictions

of experimental results.

5.2.4. Experimental Characterization of the Scattered Field

Two types of experiments can be designed from the simulation results presented in this thesis.
The first 1s to fix a particle, or an array of particles, on a rigid substrate or inside a medium. The
constraints in the mechanical movement allow a steady measurement of the scattered
elecrtromagnetic field surrounding the particle. The second is to allow and detect the mechanical
movement of the nanoparticle inside a fluid.

In both directions, the synthesis or fabrication of the plasmonic structure can be done
through various methods. Both top-down electron beam fabrication methods, as well as bottom-
up chemical synthesis in solution, are available to create subwavelength plasmonic
nanostructures with varied geometries. While chemical synthesis provides a superior quality of

the atomic flatness and sharp corners to create maximum field enhancement, it is generally
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difficult to sort and arrange the nanoparticles into a desired pattern. Electron beam fabrication
allows nanostructures fabricated with rounded corners, and the substrate can be varied as long as
a conducting layer is present. For transparent optical substrates, ITO-coated (Indium Tin Oxide)
glass is widely used, with a Titanium adhesion layer to attach gold on top of the glass surface. In
case a homogeneous medium is desired, index-matching oil can be used to create an optically
homogeneous dielectric environment.

Next, the characterization methods for the highly scattering nanostructures will be briefly
reviewed. The experimental techniques for the measurement of plasmonic excitation of
nanoparticles can be broadly grouped into far-field and near-field methods. The far-field method
measures the radiation field propagated from the nanoparticle, while the near-field methods use
highly localized excitation or detection, or both. Various near-field spectroscopy techniques have
been used in the past to quantify the plasmonic electromagnetic field enhancement. NSOM
(Nearfield Scanning Optical Microscopy) is a technique where the near field distribution is
scanned in response to a local optical excitation . Other methods using particle beams include
Cathodo-Luminescence (CL) spectroscopy, which detects the photons generated from a local
electron excitation [54], and Electron Energy Loss Spectroscopy (EELS), which measures the

loss of energy of the scattererd electrons [112].

We hope these steps will be pursued in the near future.
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