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ABSTRACT

Understanding light-matter interactions in the near-�eld regime is crucial towards making

advances in optical matter and nanophotonics. However, the approach for much of the pre-

vious work in these topics is based on analyzing the electric �eld component of light and

the properties of matter that closely relate to the electric �eld. Since the relative magnetic

permeability of most materials is negligible at optical frequencies, the magnetic �eld com-

ponent of light-matter interactions was often foregone as a complementary value. Recently,

new nanophotonic structures and optical matter building blocks have been fabricated with

non-negligible e�ective magnetic properties. Thus, it is the goal of this thesis to investigate

new phenomena and applications in optical matter and nanophotonics based on magnetic

light-matter interactions. In this thesis, it is observed that optically magnetic nanoparticles

experience the novel Transverse Scattering Force, due to the photonic Hall e�ect, causing

them to undergo trapping behavior that is far from analogous to electric �eld-based opti-

cal trapping. Using the same optically magnetic particles to form the building blocks of

nanophotonic structures on conducting substrates, as well as to couple to electronic molecu-

lar transitions, it is discovered that the interaction between the electric and magnetic dipole

modes and images gives rise to novel scattering behavior and that non-metallic optically mag-

netic nanostructures can induce a small Purcell e�ect. The applications for this study on

magnetic light-matter interactions in optical matter and nanophotonics include mesoscopic

quantum physics, nano-scale machines, and electromagnetic cloaking.
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CHAPTER 1

INTRODUCTION

Since early times, the manipulation of light in the visible regime could be closely linked

towards mankind's increasing understanding of the natural world. In the early 1600s, Galileo

Galilei created what is presumed to be the �rst telescope and observed surface features such

as mountains and basalt plains on the Earth's closest celestial neighbor, the Moon, as well

as subtle additions to the known entities of the solar system, such as the moons of Jupiter

[1]. Likewise, scientists such as Robert Hooke and Antony van Leeuwenhoek popularized the

use of the microscope and made discoveries about the nature of cells and microorganisms

[2]. With the discovery of the laser, mankind achieved a new means for controlling light

and implementing it as a tool for exploring the natural world and advancing human welfare.

Indeed, much of the achievements of the information age have been made either directly or

indirectly using laser technology [3].

Since those times, the frontier of research has moved from redirecting light in the far-�eld

regime (l ≫ λ) using macroscopic devices, such as lenses, to the manipulation of light in the

near-�eld regime (l ≲ λ) using fabricated devices on the same size scale as the wavelength of

light [2]. Indeed, early e�orts in this direction were pioneered by Ernst Abbe who formulated

the extent to which light can be focused by a macroscopic lens [3]. This concept, known

as the di�raction limit, set a boundary to which light can be manipulated using classical,

geometric optics. However, further explorations were made by Lord Rayleigh who composed

the theory of elastic scattering of light [3], which explains why the sky is blue at midday,

and Gustav Mie who explained the scattering of light by spherical particles with sizes on the

order of a single wavelength [4]. These theories explored how light interacts with matter on

the wavelength scale and were important in bringing the frontier of research in light-matter

interactions to the near-�eld regime. Today, it is well known that nanosize matter ranging

from colloidal metal nanoparticles to periodic dielectric photonic crystals can manipulate
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light in the near-�eld regime, beyond the di�raction limit [2, 3, 5]. Indeed, current work

ranges from strongly focusing light using noble metal nanoparticles [6], to redirecting light

around objects using metamaterials [7], to imaging features smaller than the di�raction

limit, to promoting coupling in quantized systems such as quantum dots [2, 8]. Collectively,

this research forms the the general topic of nanophotonics, where the study of light-matter

interactions on the nanometer scale is explored [2, 3].

More recently with the discovery of the laser, light is not just used to observe matter, but

also to exert control such as in the case of optical matter and optical machines [9, 10]. The

ability to push and trap micron-size particles in water using laser light was demonstrated

by Arthur Ashkin [11]. These �ndings would form the basis of the optical tweezers method,

where micron and nanometer size particles are trapped using focused laser beams, and would

earn Ashkin the 2018 Nobel Prize in Physics [12]. Analysis of the light-matter interactions

using the Maxwell stress tensor formalism indicates that the induced forces are the result

of momentum transfer and redirection as light is scattered by the particle [13]. However,

a further treatment, which involves the same theoretical framework, will be undertaken in

Chapter 4, which will indicate many additional subtleties involved due to the interplay of

the electric and magnetic �elds and the particle material properties.

This scenario of light being used to exert forces on a particle of matter in solution can

be extended to collections of many particles. In this regime, the forces on a given particle

induced by the incident light are complicated by the fact that the light scattered by neigh-

boring particles also needs to be considered. As a result, there is interference between the

incident �eld, the �eld scattered by the given particle, and the �eld scattered by neighboring

particles, with the resulting forces also becoming an intricate function of the entire collec-

tion. In such a situation, many unconventional phenomena arise such as negative torque,

non-reciprocal forces, and self-organization [14, 15, 16, 17, 18, 19]. Such a system of many

particles with unique forces and self-organizing behavior is often termed "Optical Matter"
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[20].

1.1 Outlook

As will be discussed in later chapters, much of the current understanding of nanoscale light-

matter interactions at optical frequencies has been gathered by analyzing the electric �eld

and the electrical polarizability of the matter present [2, 3, 13]. Often times it was assumed

that the magnetic properties of the system were negligible and that the magnetic �eld was

a complimentary quantity that simply followed the electric �eld. However, recently there

has been a gradual shift in focus towards analyzing the role that the magnetic �eld may

play in nanophotonic and optical matter systems, as well as to fabricate such systems with

pronounced optical magnetic properties [21, 22, 23].

With this in mind, the work presented in this dissertation constitutes a series of explo-

rations into nanophotonics and optical matter in order to uncover new phenomena where

the magnetic �eld plays a dominant role. The main theme was to depart from the electric

�eld perspective and to investigate light-matter interactions by analyzing the magnetic �eld.

At times, the research was lead by theoretical insights, where simulations or simple �rst

principles calculations of the magnetic properties would indicate a possible novelty. At other

times, the investigative direction was based on the explorations that other researchers have

made along this new frontier.

As is the nature of research, certain projects would not come to a successful conclusion,

either because the resources and equipment needed were beyond the means available and the

experimental design lacked su�cient sensitivity or because the expected phenomenon was in

fact not present and what had been discovered was the null result. However, it is my hope

that future researchers will be able to build on these �ndings to achieve new scienti�c and

practical goals based on magnetic light-matter interactions. As such, collected here in this

dissertation are the most informative and salient results, organized so as to make it easier
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for the reader to understand what has already been done and what foundations are available

to be built upon.

1.2 Structure of Dissertation

This dissertation will be structured with �rst a brief outline in Chapter 2 of relevant electro-

magnetic theory, as well as a short description of the simulation methods used, . Since the

majority of the simulations performed in conjunction with the experiments was done using

open source packages or software created in-house, as many details will be provided in this

Chapter and throughout the thesis to aid the reader.

Then in Chapter 3, the experimental methods used for the proceeding works will be

described. For many of the experiments and sample preparations involved, home-built optical

setups and custom procedures were frequently used, so as much detail will be included in

order to aid the reader in recreating the experiment, should they choose to do so.

Starting �rst with optical matter, the endeavors to trap particles by relying on the mag-

netic component of light and the magnetic properties of matter will be presented in Chapter

4. In this work, it is discovered that magnetic optical trapping is not a direct analogue to

prior optical trapping work, which was often based on plasmonic metal nanoparticles with

strong electric polarizabilities and focused laser beams with intense electric �elds. In fact a

new phenomenon, the photonic Hall e�ect, needs to be considered in order to account for

the trapping behavior observed, and the simple point electric dipole based model used to

explain previous optical trapping behavior needs to be enlarged to include what is termed,

the Transverse Scattering Force.

Turning from optical matter to nanophotonics in Chapter 5, interactions in the near

�eld regime, mediated by the magnetic �eld were investigated. A high index nanoparticle

with magnetic Mie resonances was placed on a metallic substrate acting as a mirror and

the interaction between the particle and its mirror image was explored. It was discovered
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that the �nite conductance, and similar deviations from perfect mirror behavior, of the

substrate have signi�cant e�ects on the scattering behavior of the magnetic and electric Mie

resonance modes, as the particle is placed on the mirror substrate. As opposed to the typical

theoretical model for magnetic dipole and electric charge distributions placed near mirrors�

the method of mirror images�which is commonly described in electromagnetism textbooks, it

was discovered that a new model is needed, which takes into account the �nite conductance

of the substrate. In this Chapter, the corresponding experiments and the new theory will be

presented.

In Chapter 6 the topic of nanophotonics was once more taken up and strong and weak

coupling in nanophotonic systems with magnetic properties was explored. More speci�cally,

the possible coupling between the lanthanide ion, Eu3+, and a high index nanoparticle was

investigated. As will be discussed in this Chapter, Eu3+ has electronic transitions which oc-

cur via a transition magnetic dipole, while the high index nanoparticle posses strong magnetic

Mie resonance modes. Thus, it is expected that the combination of the two in close spatial

proximity would result in some form of strong or weak coupling that is magnetic in nature.

The results of these experiments will be presented along with a theoretical explanation.
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CHAPTER 2

THEORETICAL BACKGROUND AND SIMULATION

METHODS

For the scope of this dissertation, mainly the classical picture of light will be considered.

If necessary, a semi-quantum mechanical treatment of matter will be included in order to

fully explain certain light-matter interactions. However, considering that most phenomena

discussed in this thesis is mediated by light in the near-infrared to ultraviolet range and that

nanosize particles with masses much larger than single atoms or molecules are considered,

this treatment should be adequate.

Naturally, the beginning of a theoretical treatment of light would start �rst with Maxwell's

equations. Many outstanding textbooks [13, 24] and resources [2, 25, 26, 27] have been

written to give a thorough explanation of Maxwell's equations and related electromagnetic

phenomena, so a short summary of relevant principles will be discussed here. Listed below

are the di�erential form of the four macroscopic Maxwell equations [13],

∇ ·D = ρ (2.1)

∇ ·B = 0 (2.2)

∇×H = J+
∂D

∂t
(2.3)

∇× E+
∂B

∂t
= 0 (2.4)

where Equations 2.1, 2.3, and 2.4 follow from Gauss's Law, Ampére's Law, and Faraday's

Law, respectively, while Equation 2.2 is based on the nonexistence of magnetic monopoles

[13, 24, 25, 26, 27]. B and E are the Magnetic induction and Electric �eld, respectively, and

D andH are the Electric Displacement and Magnetic �eld, respectively. The current density

and charge density are denoted as J and ρ, respectively. E, B, D, and H are functions of
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time and space and typically have the following harmonic form,

E(r, t) = Re
(
E(r)e−iωt

)
(2.5)

Thus the time dependence can be removed via the application of the Fourier transform,

after which Maxwell's equations become [2],

∇ ·D(r, ω) = ρ(r, ω) (2.6)

∇ ·B(r, ω) = 0 (2.7)

∇×H(r, ω) = J(r, ω)− iωD(r, ω) (2.8)

∇× E(r, ω) = iωB(r, ω) (2.9)

where ω is the frequency of light.

The material properties of the system are contained in ρ, J,D andH. At the macroscopic

level, the electric displacement and magnetic �eld are further de�ned as [13],

H =
1

µ0
B−M (2.10)

D = ϵ0E+P (2.11)

where M is the magnetic moment density, P is the electric dipole moment density, and ϵ0

and µ0 are the vacuum permittivity and vacuum permeability, respectively. Assuming that

the matter involved is linear, local, and isotropic, Equations 2.10 and 2.11 reduce to [2],

H =
1

µµ0
B (2.12)

D = ϵϵ0E (2.13)

where the magnetization is proportional to the magnetic �eld (M = χmH) by the magnetic
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susceptibility constant (χm), just as the polarization is proportional to the electric �eld

(P = ϵ0χeE) by the electric susceptibility constant (χe), and µ and ϵ are the relative

permeability and permittivity, respectively. The relative permeability and permittivity are

functions of space and frequency, re�ecting the structure and response of the material present.

However, at optical frequencies the bulk magnetic response of most materials negligible, so

the relative permeability is often neglected (that is, µ ≈ 1).

Over wide electromagnetic frequency ranges, bulk matter will often exhibit absorption

and dispersion properties. This behavior is due to the charge carriers of the material being

unable to oscillate as fast as the electromagnetic wave, as well as electronic and rovibrational

transitions present within the constituent molecules and similar phenomena stemming from

the molecular and atomic nature of the material [2, 13, 24, 25, 26, 27]. In order to capture

this dispersive behavior, the relative permittivity is often set as a complex value,

ϵ = ϵ′ + iϵ′′ (2.14)

For most materials, the complex relative permittivity can be described as follows [13],

ϵ(ω) = 1 +
Ne2

ϵ0m

∑
j

fj

ω2j − ω2 − iωγj
(2.15)

where e is the electron charge, N is the molecule volume density, m is the electron mass,

fj is number of electrons of the jth molecule, ωj and γj are phenomenological constants

re�ecting the resonance frequency and damping of the jth molecule, and the sum is over

every molecule.

If a conductor is being considered, then the unbound charge carriers need to be taken

into account. In this case, the complex relative permittivity is described using the Drude
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model and has the following form [13],

ϵD(ω) = ϵ(ω) + i
Ne2f0

ϵ0mω(γ0 − iω)
(2.16)

where ϵ(ω) is Equation 2.15, f0 are the free electrons per molecule and γ0 is a phenomeno-

logical constant re�ecting the damping of the conducting material.

If discrete objects and environments of di�erent media are considered, then the interfaces

between the di�erent materials give rise to boundary conditions that the electromagnetic

�elds need to ful�ll [2, 13, 24]. Using the integral form of Maxwell's equations, the boundary

conditions at the interfaces can be derived as follows [2, 13],

n · (D2 −D1) = σ (2.17)

n · (B2 −B1) = 0 (2.18)

n× (E2 − E1) = 0 (2.19)

n× (H2 −H1) = K (2.20)

where σ and K is the surface charge density and surface current density, respectively, and

where the subscripts indicate the regions on either side of the boundary. Equations 2.17

and 2.18 govern the �elds normal to the boundary surface, whereas Equations 2.19 and 2.20

govern the �elds tangential to the boundary.

Maxwell's equations, together with material properties and system structure represented

respectively by the permittivity and permeability constants and the electrodynamic bound-

ary conditions, form the essential fundamental principles needed to analyze the optical matter

and nanophotonic phenomena presented in this thesis. In the following section, these prin-

ciples will be used to analyze the light scattering of a spherical particle in a homogeneous

medium to lay further theoretical groundwork by shedding light on an elemental building

block frequently used for creating the nanophotonic and optical matter systems present in
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later work.

2.1 Mie Theory

The work presented in this thesis will make frequent use of spherical nanoparticles, either in

nanophotonic structures or as elements of optical matter. Fortunately, the electromagnetic

�elds of a spherical particle scattering incoming light were already analyzed by Gustav Mie

[4]. As a result, the theories originally derived by Gustav Mie and expanded by others will

be used often in order to gain an understanding of the light-matter interactions investigated

in this thesis [4, 28, 29, 30, 31].

To give a brief overview of Mie theory, a system consisting of a homogeneous sphere of

arbitrary material in vacuum under a plane wave is �rst considered. It is assumed that the

sphere is centered at the origin and that the plane wave is propagating in the ẑ direction and

polarized in the x̂ direction. To �nd a solution of the resulting �elds outside the particle,

Maxwell's curl equations (Equations 2.8 and 2.9) are �rst considered. By applying the

curl operator to both sides of Ampére's Law and Faraday's Law, the full set of Maxwell's

equations for the region outside the particle can be reduced to the following homogeneous

vector Helmholtz equations,

∇2E+ k2n2E = 0 (2.21)

∇2H+ k2n2H = 0 (2.22)

with the help of the identity, ∇×∇× = −∇2+∇∇·, and the divergence Maxwell equations.

The wavenumber is indicated by k, and n is the complex index of refraction of the medium.

The solutions to the vector Helmholtz equations are dictated by the spherical symmetry
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and boundary conditions of the problem and have the following form [28],

E =Mv + iNu (2.23)

H = inNv − nMu (2.24)

where

MΨ = ∇× (rΨ) (2.25)

nkNΨ = ∇×MΨ (2.26)

and Ψ = u, v is the solution to the scalar Helmholtz equation, ∇2Ψ+ k2n2Ψ = 0.

For the scattered �eld, the solution to the scalar Helmholtz equation in spherical coordi-

nates is [28],

u = eiwt cos(ϕ)
∞∑
n=1

−an(−i)n
2n+ 1

n(n+ 1)
P 1
n(cos θ)h

(2)
n (kr) (2.27)

v = eiwt sin(ϕ)
∞∑
n=1

−bn(−i)n
2n+ 1

n(n+ 1)
P 1
n(cos θ)h

(2)
n (kr) (2.28)

The function, P 1
n(cos θ), is an associated Legendre polynomial with order 1, and h(2)n (kr) is

a spherical Bessel function. The coe�cients, an and bn are given as follows [28],

an =
ψ′n(mkα)ψn(kα)−mψn(mkα)ψ

′
n(kα)

ψ′n(mkα)ζn(kα)−mψn(mkα)ζ ′n(kα)
(2.29)

bn =
mψ′n(mkα)ψn(kα)− ψn(mkα)ψ

′
n(kα)

mψ′n(mkα)ζn(kα)− ψn(mkα)ζ ′n(kα)
(2.30)

where α is the radius of the sphere, and ψn and ζn are the Riccati-Bessel functions given

in the notation used by Debye. For Equations 2.29 and 2.30, m in this case is the index of

refraction.
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2.2 Maxwell Stress Tensor

The ability of light to induce a force on matter has been hypothesized and explored by

�gures such as Johannes Kepler in the 17th century [32], down to Ashkin in more recent

times [11]. Since light carries momentum, there exists the possibility for momentum to be

exchanged during light-matter interactions, giving rise to optically induced forces due to

momentum conservation laws. The theoretical framework for this phenomenon is contained

in a formalism known as the Maxwell stress tensor, which also forms the foundation for much

optical matter theory [2, 10, 13].

The Maxwell stress tensor formalism originates from Maxwell's equations and the Lorentz

force, which is as follows,

F = qE+ qv×B

=

∫
V
(ρE+ J×B) dV (2.31)

where ρ and J are the charge and current densities. The Lorentz force gives the force on a

charge and current distribution due to the electromagnetic �elds present and is based on the

fundamental de�nitions of the electric and magnetic �eld. Following the derivation given in

Jackson, the Maxwell stress tensor is obtained from these fundamental laws and is given as

follows [13],

T̂ = ϵ0EE+ µ0HH− 1

2
(ϵ0E · E+ µ0H ·H) Î (2.32)

where Î is the identity matrix, and EE and HH are outer products of the vectors E and H.

The quantity T̂ indicates the �ow per unit area of momentum and can be integrated over an

arbitrarily de�ned closed surface to �nd the change in the �eld and mechanical momentum
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within the enclosed volume [2, 13],

∫
∂V

T̂ · dA =
d

dt
G�eld +

d

dt
Gmech (2.33)

G�eld =
1

c2

∫
V
(E×H)dV (2.34)

d

dt
Gmech =

∫
V
(ρE+ J×B)dV (2.35)

where c is the speed of light. Note that the integrand in Equation 2.35 is simply the Lorentz

force (Equation 2.31). Over the course of one optical cycle, the �eld momentum change

averages to zero. Thus, Equation 2.33 reduces to [2],

∫
∂V

〈
T̂
〉
· dA = ⟨F⟩ (2.36)

which is the mechanical force exerted on the enclosed volume due to an exchange of momen-

tum between the enclosed matter and the electromagnetic �eld.

Since the Maxwell stress tensor formalism follows from Maxwell's equations and the

Lorentz force, it in principle would yield the sum of all forces induced by electromagnetic

�elds. Further analysis can then isolate individual forces, such as the ones due to electric or

magnetic material properties, as will be explored in Chapter 4.

2.3 Simulation Software and Methods

Frequent recourse was taken to analytical and numerical simulations in order to elucidate

underlying physical principles and to con�rm experimentally observed phenomena. In partic-

ular, three di�erent software packages were used: MiePy and StokeD, SMUTHI, and MEEP

FDTD.

MiePy and StokeD are two Python modules developed by Dr. John Parker, a former

student of the Scherer group, for the purpose of calculating electromagnetic phenomena of
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nanoparticles in an aqueous solution and simulating the Langevin dynamics of the nanopar-

ticles due to the forces from the electrodynamic interactions [33, 34]. MiePy is based on

generalized multiparticle Mie theory (GMMT), calculating the electromagnetic �elds, forces,

and other related quantities around a collection of arbitrarily shaped particles under a user-

de�ned coherent light source [31, 33]. StokeD solves the Langevin equation for a collection of

particles, taking into account �uid viscosity, interparticle hydrodynamic interactions, simple

nonspherical particle shapes, and other external forces [34]. The two modules are su�cient

for calculating a wide variety of phenomena involving optical matter and were frequently

used for the work described in Chapter 4.

The package, SMUTHI (Scattering by MUltiple particles in THIn-�lm systems), is an

open-source software developed to calculate the electromagnetic �elds of a collection of par-

ticles embedded in layered media [35]. It is based on Mie theory and Sommerfeld integrals,

as well as the T-matrix formalism for the handling of particles with arbitrary shapes. This

software package was used heavily in the work described in Chapter 5. Shown in Figure 2.1

is a summary of the basic operating principles of SMUTHI.

Figure 2.1: Cartoon representation of the basic operating principles of the
open-source software package SMUTHI. The electromagnetic �elds around
particulate matter embedded in layered medium, such as a nanoparticle on
a semi-in�nite gold slab in air as shown in this diagram, are decomposed
into electric and magnetic multipole modes using Mie theory and the T-
matrix formalism [35].
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Finally, the �nite-di�erence time-domain method (FDTD) was applied frequently in or-

der to con�rm the results obtained by the MiePy and SMUTHI packages, as well as to gain

initial insight into experimental results. It is a well known method of iteratively solving

Maxwell's equations in order to obtain the electromagnetic �elds of an arbitrary system, and

for the later work in this dissertation, the MEEP (MIT Electromagnetic Equation Propaga-

tion) implementation of FDTD was chosen [36, 37, 38]. MEEP is an open-source software

implementation of FDTD with a Python, Scheme, and C++ interface and a library of dif-

ferent materials and analyses tools. In later work, MEEP was frequently run on parallel

threads using the OpenMPI framework in order to decrease computation time.

Figure 2.2: Cartoon representation of the basic operating principles of the
MEEP implementation of the FDTD method. The system, consisting of
a nanoparticle on a gold substrate, is discretized onto a three-dimensional
grid. Then Maxwell's equations are iteratively solved at each grid point
to give the electric and magnetic �elds themselves [36, 37, 38].

These simulation software were run on a home-built Linux desktop machine, out�tted

with an Intel i7-7800X processor and 128 GB of RAM, as well as on a Linux high-performance

computing (HPC) center [39], equipped with Intel Broadwell computing nodes with 64 GB

of RAM and 28 CPU cores per node. Real world time to completion varied from seconds,

as was frequently the case for simulations using MiePy and SMUTHI, to several days for

certain FDTD simulations.
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CHAPTER 3

EXPERIMENTAL METHODS

Presented here is a description of the salient experimental procedures and equipment used

throughout the course of the work in this dissertation.

3.1 Nanoparticle Characterization by Dynamic Light Scattering

Throughout this thesis, spherical particles with sizes on the order of 100 nm were used

as the elemental building blocks for optical matter and nanophotonic systems of interest.

These nanoparticles are available from commercial suppliers, as well as from collaborators,

and can be made from metals such as gold, silver, aluminum and platinum, as well as from

semiconductors, polymers, and ceramics [40, 41, 42].

Once received, dynamic light scattering (DLS) measurements were taken in order to

assess the nanoparticle quality. During this process, laser light is scattered by the suspended

nanoparticles. By taking the autocorrelation function of the scattering intensity over time,

the di�usion coe�cient may be found, from which the e�ective particle size is calculated

using the Stokes-Einstein equation [43],

dH =
kT

3πηD
(3.1)

where k is Boltzmann's constant, T is absolute temperature, η is viscosity, D is the di�usion

coe�cient, and dH is the diameter of the hard sphere that would di�use as fast as the particle

being measured.

Along the same line, by inducing electrophoretic motion using an external electric �eld

and measuring the Doppler shift of the scattered light via interferometry, the nanoparticle

electrophoretic mobility may be calculated. Using Henry's equation, the nanoparticle zeta
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potential can be derived from the electrophoretic mobility [43],

UE =
2ϵζf(κα)

3η
(3.2)

where ζ is the zeta potential, UE is the electrophoretic mobility, ϵ is the absolute permittivity,

η is viscosity, and f(κα) is Henry's function. Since all measurements were made using

aqueous solutions with moderate electrolyte concentrations, the value of 1.5 was used for

Henry's function, which is known as the Smoluchowski approximation [43].

To carry out this characterization, the as-received aqueous nanoparticle samples were �rst

diluted using 18 MΩ water in order to reduce the concentration to an acceptable range for

DLS measurements. After dilution, the solutions were sonicated for ∼ 4 minutes to disperse

the nanoparticles and break up aggregates. Then, the nanoparticle solutions were placed into

new disposable plastic cuvettes for size measurements, or into proprietary folded capillary

zeta cells (Malvern Instruments DTS1070) for zeta potential measurements. The zeta cells

were �rst rinsed with 18 MΩ water before use. The samples would then be loaded into the

light scattering instrument (Malvern Zetasizer Nano ZS), which was capable of performing

both DLS size and zeta potential measurements. An example of the resulting zeta potential

and DLS size measurement of an aqueous solution of silicon nanoparticles received from

collaborators is shown in Figure 3.1.
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Figure 3.1: Zeta potential and DLS size measurements of an aqueous
solution of silicon nanoparticles used as nanoparticle building blocks for
further experiments in this thesis.

3.2 Scanning Electron Microscopy for Nanoparticle and

Nanophotonic Structure Characterization

Due to the small size of the nanophotonic systems and optical matter investigated in this

thesis, frequent use was made of scanning electron microscopy to image and characterize

these systems. Speci�cally, a �eld e�ect scanning electron microscope (Carl Zeiss Merlin

SEM) with secondary and backscattered electron detectors was used to make observations.

A summary of the internal elements of the instrument is shown in Figure 3.2. Brie�y, the

SEM employs a Schottky �eld emitter electron gun to produce a stream of electrons which
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are accelerated by an extractor through an aperture. After exiting the aperture, the electron

beam passes between two condenser coils separated by another aperture which attenuate

and focus the electron beam �ux. The electron beam is then focused onto the sample, where

it is raster scanned using a set of de�ector coils. The resulting secondary and backscattered

electron intensity are recorded as a function of electron beam position in order to reconstruct

the full image [44].

While both secondary electrons and backscattered electrons are emitted from the sample

due to the incoming electron beam, the secondary electrons are generated much closer to

the point of impact and can be used to acquire images with much �ner resolution [3, 44].

Thus for the majority of the imaging performed in this thesis, only secondary electrons were

measured.

19



Figure 3.2: Schematic of the basic elements of the �eld emission scan-
ning electron microscope. (1-2) Electron gun. (3) Extractor. (4) Anode
aperture. (5) Upper condenser. (6) Aperture. (7) Lower condenser. (8)
Scintillating secondary electron detector. (9) Objective lens. (10) De�ect-
ing coils. (11) Microscope sample. Note that only the secondary electron
detector is shown.

Samples were typically placed on a conductive indium tin oxide (ITO) coated microscope

coverslips and then �xed to metal pin stubs (Ted Pella) using copper tape. Incoming electron

�ux would be transferred from the sample to ground via the conducting ITO layer and copper

tape to prevent build up of electron charge that would severely distort the microscope image.

It is possible to image samples on nonconducting substrates, such as bare glass, using very

low probe current and voltage. However, the image quality is reduced signi�cantly.

At times, high quality images were needed of nonconducting samples on insulating sub-

strates. In these cases, the sample would be coated by a thin layer of evaporated metal
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before imaging. A sputter coater (Cressington 208HR) was used to deposit a layer of Pt/Pd

alloy, typically 5 nm thick, on the sample and substrate. The vacuum level at the start of

this process was 0.08 mbar. At this level, the metal atoms would di�use from the target

to the sample and coat all exposed surface area in an even fashion. Note that the metal

coating would severely a�ect the optical properties of the sample and would be applied after

all experiments were completed.

3.3 Electron Beam Physical Vapor Deposition

A number of experiments in this dissertation involved nanophotonic systems with a thin

metal �lm. To create these �lms, the desired metal was vacuum deposited onto a glass sub-

strate using an electron-beam evaporator (AJA ATC-Orion 8E e-beam evaporation system).

First, the substrate would be cleaned by plasma cleaning (Plasma Etch PE-100LF) with oxy-

gen or by washing with ethanol or acetone and blow-drying with nitrogen. For certain trials,

both methods would be used. Then, the substrate would be taped to a copper sample holder

and loaded into the e-beam evaporator vacuum chamber. After manipulating the sample

holder over the metal targets and pumping down the vacuum chamber, the desired material

target would be rotated into position and the proprietary e-beam melting and evaporation

sequence started. The deposition thickness was monitored using a proprietary crystal oscil-

lator (AJA ATC-Orion) coupled to the e-beam control unit. After depositing the selected

metal, further layers may be applied in the same manner, or the sample manipulated out of

the target region and removed via the airlock.

Potential material targets include Titanium, Germanium, Gold, Silver, and Platinum.

While the exact parameters used for deposition varied case to case, in general the guidelines

given in Ref. [45] were taken into account.
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3.4 Optical Trapping Setup

Described here is the optical trapping setup used for the creation and investigation of optical

matter. It also serves as the model for optical setups used in additional experiments such as

�uorescence spectroscopy and �uorescence lifetime measurements.

In order to generate the near-infrared (NIR) light needed for optical trapping, a contin-

uous wave Ti:sapphire laser setup (shown in Figure 3.3) was used. At the beginning of the

setup is a commercial continuous wave, diode-pumped visible laser (Spectra-Physics Millen-

nia Vs laser) for generating laser light with an output power of 5 Watts and a wavelength of

532 nm. The 532 nm light is fed into a commercial Ti:sapphire laser cavity (Spectra-Physics

Model 3900S) to produce 770 nm laser light of 750 mW power. The NIR light is directed

through a Faraday isolator to prevent re�ections from downstream components from inter-

fering with the Ti:sapphire cavity and then focused by a lens through a diamond pinhole for

spatial �ltering. The laser source is then re-collimated with an additional lens.

ML

TS

ISO

Figure 3.3: Image of the continuous wave Ti:sapphire near-infrared laser
source used for optical trapping experiments. (ML) Diode-Pumped, con-
tinuous wave visible laser source. (TS) Ti:sapphire laser module. (ISO)
Free-space optical isolator. The red line segments schematically depict the
optical beam path.
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Shown in Figure 3.4 is a diagram of the optical setup for optical matter and optical

trapping experiments. The incoming collimated NIR laser light is �rst sent towards a pair of

beam position stabilizing mirrors (Optics in Motion Analog Fast Steering Mirror). Because

the Ti:sapphire laser source and the subsequent optical setup span two joined laser tables,

any positional shifts due to vibrations, humidity, temperature, etc. need to be corrected.

Together, the two beam position stabilizing mirrors ensure that the incoming NIR laser beam

is traveling along a predesignated path. A partially re�ective mirror de�ects ∼ 4% of the

NIR beam towards a quadrant photodiode (QPD) which forms a feedback loop with the

beam stabilizing mirror. As a result, if the beam is de�ected away from the center of the

QPD, the control module rapidly adjusts the beam stabilizing mirror's actuators so as to

correct the beam.
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Figure 3.4: Schematic of the optical setup used for optical trapping ex-
periments. (LIN) near-infrared laser from continuous wave Ti:sapphire
laser source. (FSM) Beam stabilization mirror. (PM) Partially re�ective
mirror. (QPD) Quadrant photodiodes. (HWP) Half-wave plate. (PBS)
Polarizing beam splitter. (SLM) Spatial light modulator. (L1-4) Lens.
(RPC) Radial Polarization converter. (POL) Polarizer. (DBS) Dichroic
beamsplitter. (OBJ) Microscope Objective. (DF) Dark-�eld condenser.
(SP) Short-pass and notch �lter. (BS1) 80:20 beamsplitter. (CAM1) sC-
MOS array detector. (BS2) 50:50 beamsplitter. (CAM2) CMOS color
camera.

Once past the beam stabilization mirrors, the NIR laser is directed through a half-wave

plate (HWP) and polarizing beam splitter (PBS). The HWP rotates the beam polarization,

which was originally parallel to the laser table, to a user-de�ned orientation. The PBS

transmits the component of light polarized parallel to the laser table and de�ects the rest

of the light to a beam dump. The two optics together allow the transmitted power to be
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adjusted from the laser source maximum down to zero. A second HWP rotates the laser

polarization to perpendicular to the laser table.

The laser beam is then re�ected o� a spatial light modulator (Meadowlark HSPDM512-

785), which allows arbitrarily de�ned phase pro�les to be added to the laser wavefront.

However, for the majority of the trapping experiments described in this thesis, a simple

uniform phase pro�le was applied, or the spatial light modulator (SLM) itself replaced with

a mirror. After re�ecting o� the SLM, the beam is sent through a 4F lens system, as well as a

HWP and a PBS to ensure linear polarization, before entering a Radial Polarization converter

(RPC). The RPC is a commercial liquid crystal based converter (ARCoptix) that converts the

beam polarization from linear to azimuthal or radial polarization. The azimuthal or radial

polarization may be checked by placing a polarizer after the RPC and imaging resulting

beam on the transverse plane while rotating the polarizer. If properly polarized, two bright

lobes of equal intensity will appear, similar in shape to an atomic p-orbital, which will rotate

with the polarizer.

The cylindrical vector beam enters the back of an inverted microscope (Nikon eclipse Ti-

E) and is re�ected by a dichroic beamsplitter (DBS) towards the microscope objective (Nikon

Plan Apo IR NA 1.27 60x water immersion). The objective focuses the azimuthally polarized

NIR beam onto a sample cell constructed from sandwiching an adhesive spacer (GRACE

BIO�LABS) between two glass microscope coverslips. The sample is also illuminated by

an incoherent white light source (i.e. lamp or white LED) focused through a dark-�eld

condenser.

Both the backscattered NIR laser light and the incoherent white light scattered by the

sample are collected by the microscope objective and directed back towards the DBS. The

NIR light is blocked by the DBS, a 694 nm short pass �lter (Semrock BrightLine 694nm/SP),

and a 785 nm notch �lter (Semrock Stopline 785nm). The remaining scattered light is split

along two beam paths by a 80:20 beam splitter inside the microscope. Roughly 20% is
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directed towards a sCMOS array detector (Andor Neo) for imaging, while the rest of the

light is directed out of the microscope for spectroscopic measurements and further imaging.

The sCMOS array detector would typically be cooled to -25 ◦C and is capable of high frame

rates on the order of 100 fps.

After exiting the microscope, the scattered light is relayed by a 4F lens system towards a

50:50 beamsplitter. About half of the light is re�ected towards a CMOS color camera (FLIR

Grasshopper 3) in order to obtain color images of the sample in real time. The remaining

half of the light is transmitted into a Czerny-Turner imaging spectrometer and recorded on

an EM-CCD array detector (Andor Newton). The CMOS color camera is has no internal

cooling mechanism and is capable of frame rates of 121 fps or less. Conversely, the EM-

CCD array can be cooled to to -70 ◦C and has a proprietary electron multiplying readout

to magnify weak input signal and improve image contrast.

3.5 Procedure for Spectroscopic Measurements

In general, the procedure for recording and processing spectral measurements was constant

throughout this thesis, with some di�erences noted when applicable. First, the Czerny-

Turner imaging spectrometer was calibrated using the emission of a Mercury-Argon lamp

(Ocean Optics HG-1). Then, the spectrometer di�raction grating was rotated to produce

a specular re�ection, allowing the image of the entrance slit to be seen on the CCD array

detector. The exterior optics would then be adjusted to align the the image of a given sample

onto the entrance slit, and then the di�raction grating would be rotate back to its initial

position to produce a di�racted re�ection.

When taking spectra, an image spanning the full CCD array, or a select region of interest,

would be recorded and saved. Shown in Figure 3.5 is one example of a raw image recorded

on the CCD array after a measurement. In this case, the scattering of a silicon nanoparticle

is being measured, and consequentially the di�racted image of the nanoparticle is being
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recorded.

Figure 3.5: Raw image of di�racted scattering of a silicon nanoparticle as
recorded directly on the CCD array detector. CCD region of interest is
400 x 1200 pixels, with the red horizontal lines indicating the pixels that
will be binned together to derive the �nal scattering spectrum. Color bar
indicates the electron counts recorded on each pixel.

After performing a similar measurement of the output of the Mercury-Argon lamp, it can

be determined to which vertical column of pixels the scattered light of a given wavelength

is falling on. Thus the pixel electron counts give the scattering intensity, and the pixel

horizontal position gives the scattering intensity wavelength. During the post-processing,

only the data from a select number of pixel rows around the di�racted image would be

used in order to avoid including in further analysis the noise from pixels far from where the

scattered light fell, which in principle contain no relevant data. The counts of the selected

pixels would be horizontally binned together to give the �nal spectrum.

3.6 Setup and procedure for TCSPC measurements

For light-matter interactions occurring on the nanosecond to picosecond timescale, time-

correlated single photon counting (TCSPC) and its related electronics where used to record

these phenomena, especially the systems described in Chapter 6. While many excellent

resources such as Refs. [46] and [47] have been published describing this method, a brief
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summary is provided here. TCSPC involves (periodically) optically exciting a given system of

interest with a pulse of light and then recording the time that a photon is emitted, returning

the system to the ground state. The excitation power levels and pulse excitation frequency

are kept to a low level in order to ensure that during each cycle of excitation and emission,

ideally just one photon is detected. By recording the time delay between the excitation and

emission and then binning the delay times into a histogram, a probabilistic decay curve may

be generated showing the time-dependent nature of the system at hand. For �uorescence

(or luminescence) measurements, the �tted decay time gives the excited state lifetime and

insights into possible non-radiative relaxation processes.

Illustrated in Figure 3.6 are the major components of the TCSPC system used in the

work of this thesis. The central component is the timing card (Picoquant TimeHarp 260

PICO Dual) which can record input timing pulses with a precision of 25 ps. It is driven

by a periodic synchronization signal from the mode-locked oscillator of the excitation laser

light source (Fianium, WL-SC400-4). The synchronization output from the laser source is a

NIM compatible signal, so the voltage is �rst reduced using a 12dB attenuator (Mini-Circuits

VAT-12) before reaching the timing card.

TimeHarp

Attenuator

Inverter

SPAD LaserFiber 
Entrance

Attenuator

Figure 3.6: Schematic of the optical and electronic components of the
time-correlated single photon counting setup. (Blue) Electronic modules
and radio-frequency components. (Red) Fiber collimator and �ber optic
cable. (Gold) Radio-frequency signal connections.
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The emitted light from a given experiment was focused towards the entrance of �ber

optic cable using a collimator. The light was guided by the cable to the active region of a

single-photon avalanche diode (Perkin-Elmer SPCM-AQR-15-FC), which releases a pulsed

TTL signal when triggered. In order to bring the output signal from the single-photon

avalanche diode (SPAD) to an acceptable voltage range, an inverter (Picoquant SIA400

Inverter/Attenuator) and another 12db attenuator were connected to the SPAD before the

timing card.

In a conventional TCSPC setup, the excitation laser light source is connected to the

timing card using a long cable (on order of 100 ft) in order to delay the synchronization

signal so that the emission is recorded before the excitation laser pulse timing signal [46, 47].

This con�guration has become widely used because only a small fraction of excitation laser

pulses would induce a detectable emission photon. Thus in this con�guration, only laser

pulse cycles where an emitted photon is detected are measured. However, the timing card

in this work measures instead the delay between the most recent synchronization signal and

the detector signal. Provided that the periodic synchronization signal used to drive the card

is consistent, then the need for a delay cable is eliminated.

Furthermore, the timing card is capable of recording the absolute timestamp that the

detector signal arrives, as well as the delay between the synchronization and detector signal.

This feature allows for other analyses, such synchronizing the photon counting measurements

with imaging measurements, to be conducted other than solely binning the delay times.
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CHAPTER 4

MAGNETIC FIELD TRAPPING AND PHOTONIC HALL

EFFECT OF SILICON NANOPARTICLES

Reproduced in part with permission from: Yanzeng Li, Emmanuel Valenton, Spoorthi Na-

gasamudram, John Parker, Muhua Biswas, Stuart A. Rice, Norbert F. Scherer. Magnetic

�eld trapping and photonic Hall e�ect of Si nanoparticles. Manuscript in preparation.

Since its inception in the late 1900s [11], optical trapping has evolved into a signi�cant area of

study, catalyzing substantial advancements in diverse �elds such as bio-medicine [48, 49, 50],

material science [51, 52, 53, 54, 55, 56, 57], and macroscopic quantum physics [58, 59, 60].

Despite nearly �ve decades of research, optical trapping remains a critical topic of inter-

est, with recent e�orts shifting from investigating single-particle systems towards exploring

many-body e�ects � the coherent electrodynamic coupling among multi-particles with light.

This research has uncovered a multitude of fascinating physical phenomena, including opti-

cal matter formations [61, 20, 62, 63, 17], optical matter machines [9], symmetry-breaking

electrodynamics [64, 65, 66, 14, 67, 68, 69, 70, 71, 15], and mesoscopic dipole interactions

[72, 73, 74].

Indeed so, the mechanism underlying single-particle trapping has been extensively ex-

plored and matured into the foundation of complex trapping schemes [75, 76, 77]. Typically,

metallic nanoparticles with inherent plasmonic resonances allow for strong interactions with

the electric �eld of light, making them widely selected materials in modern nanoparticle-

manipulation systems, such as Au and Ag. This trapping mechanism embodies the electric-

ity aspect of light-matter interactions; however on the other side of the coin, how magnetism

functions remains unsolved to date. Despite some recent theoretical works [78, 79] suggest-

ing possible con�rmatory experiments using magnetodielectric nanoparticles due to their

inducible magnetizations in contrast to the polarizations of metallic particles, experimental
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evidence still lacks. As Lukas Novotny notes in his book, at optical frequencies, induced

magnetization is practically zero [2].

Nevertheless, he follows up with an interesting prediction: magnetization in optical trap-

ping would function oppositely to what electrical polarization does. That is, a particle with

a negatively induced magnetization will be attracted to magnetic �eld extremes. Obviously,

this inference contradicts the hypothesis based on the point-dipole model [78], where the

magnetic �eld-governed gradient or dipole force virtually shares the same characteristics

with the electric version, meaning that the attraction should be attributed to positive mag-

netizations instead. These con�icting arguments form the central question that demands an

urgent con�rmation of the underlying mechanism of magnetic �eld trappings to ensure the

integrity of optical trapping theory.

Here, we present the proof of a principle experiment demonstrating magnetic �eld trap-

ping of nanoparticles in optical frequencies for the �rst time. Silicon nanoparticles, optically

excited at their magnetic dipole modes, were observed to reach dynamic equilibrium in the

most intense magnetic �eld region, albeit the electric �eld extreme present nearby, unam-

biguously manifesting the contribution of the magnetic �eld of light. More interestingly,

however, such trapping behaviors cannot be appreciated simply by either the point-dipole

model or the sign of magnetization, but rather a photonic Hall e�ect takes the responsibil-

ity. Our optical model, developed from the generalized Lorenz-Mie theory (GLMT), uncovers

the essence of the photonic Hall e�ect-engendered optical force � that is, a nonconservative

or scattering force featured by a quasi-anisotropy relevant to the polarization of excitation

�elds.

Remarkably, the quality of quasi-anisotropy converts the scattering force into a necessity

for the stability enhancement of optical traps, which complements Ashkin and Gordon's

Earnshaw theorem whereby only the dipole (conservative) force is deemed to be favorable

for any successful optical trappings [80]. This discovery may pave a novel path toward the

31



study of mesoscopic quantum physics, for instance, in which the scattering (nonconservative)

force almost always refers to as one of the primary factors hindering a single nanoparticle

from arriving at a quantum motional ground state [81].
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Figure 4.1: Optical magnetic trapping of Si nanoparticles with azimuthal beam.
(A) The intensity pro�le of a tightly focused azimuthal beam as decomposed into three
constituent �elds: E (reddish), Hρ (reddish), and Hz (blue) at focal volume, with black
arrows representing their polarization directions. (B) The ratios of Hz to E and Hρ intensity
vary with the numerical aperture (NA) of the focusing lens. The black dots in the plot
indicate the ratios at the NA of 1.27, which corresponds to the microscope objective used for
trapping particles in water (n=1.33). (C) The Mie resonance of Si nanoparticles are analyzed
in terms of their scattering cross sections in multipole modes at the excitation wavelength of
770 nm. The point of �rst intersection between MD and ED curves at Dia.=182 nm splits the
optical trapping regime into E- and H-�eld-dominated trapping domains. The patterned and
grey-colored spectral sections represent the transition stage (182-190 nm) and uninteresting
region (>250 nm) of this study, respectively. (D) The calculated potential energy pro�les,
across the azimuthal beam, illustrate the trapping tendencies of Si nanoparticles in the E-
and H-�eld trapping domains.

In our experiments, it is imperative to construct a spatially isolated magnetic �eld in

order to demonstrate optical magnetic trapping unambiguously. This was achieved by using

an azimuthal beam, which generates a longitudinally polarized magnetic �eld Hz at the

beam center (where the electric �eld is absent) through the azimuthally polarized electric
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component E of light following Faraday's law of induction, as seen in Fig. 4.1A. Additionally,

the magnetic component of light with radial polarization Hρ shares the annular region with

the electric component. The intensity of the induced magnetic �eld Hz augments with

the increase in the tightness of the beam focus, as seen in Fig. 4.1B where the ratios of

|ηHz|2/|E|2 and |Hz|2/|Hρ|2 vary as a function of an objective's numerical aperture (NA)

ranging from 0.4 to 1.29. From the plots, when the azimuthal beam is tightly focused with

an NA of 1.27, matching the microscope objective used in the experiments, the induced

magnetic �eld Hz attains signi�cant intensi�cation, with an intensity 1.5 and 3.4 times

greater than the intrinsic electric E and magnetic Hρ �elds, respectively. This trapping light

source will strengthen the Hz-actuated optical force and reduces any competing forces due

to other �elds, enabling successful optical magnetic trapping. The calculation assumes water

conditions (n=1.33) and normalizes the electric �eld ratio with the reversed wave impedance

η =
√
ϵw/µw, where ϵw and µw are water's permittivity and permeability.

Besides the engineered trapping �eld, Si nanoparticles are the other crucial factor making

this work possible as they are able to interact with the induced magnetic �eldHz via Mie-type

magnetic dipole (MD) resonances, acquiring magnetic �eld-mediated forces [21]. However,

caution must be taken with regard to their electric dipole (ED) resonances, which can be

excited by the annular-distributed electric �eld E and result in electric �eld-mediated forces

acting on the particles simultaneously. The magnitude of these two competing forces depends

not only on the intensity of the respective �elds, as discussed previously, but also on the

strength of the �eld-particle interaction, which can be deduced from the scattering properties

of the particles. Figure 4.1C presents a scattering spectrum (in black) for Si nanoparticles

with varying dimensions, calculated at an excitation wavelength of 770 nm using the GLMT

method. The decomposed spectra for the fundamental modes of MD and ED are included to

measure the relative strength of these modes. It is clear that the MD mode is dominant over

the ED mode only in a narrow dimensional range centered at a diameter of 200 nm, which
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corresponds to the MD peak. This resonant signature naturally constitutes our preliminary

hypothesis: only when Si nanoparticles fall into this dimensional range should magnetic �eld

trapping be achievable.

Verifying this conjecture and identifying optical magnetic trappings can be accomplished

by observing where the illuminated Si nanoparticles reach their electrodynamic equilibrium

in the trapping �eld, as a direct consequence of the disparity in the spatial distributions of the

induced magnetic �eld Hz and the electric �eld E (see Fig. 4.1A). According to the potential

energy pro�les computed for various-sized Si nanoparticles in Fig. 4.1D, the shift in the low-

energy valley from the azimuthal beam's annular zone to its center evidence light-particle

interactions transitioning from being dominated by the ED mode to being dominated by the

MD mode. Note that the inclusion of the magnetic quadrupole (MQ) mode in Fig. 4.1C is

intended to mark the rightmost boundary of our interest. Optical forces due to higher-order

modes become pronounced beyond this boundary and fall outside the scope of this study [82].

Moreover, we do not consider thermophoresis due to the relatively low absorption properties

of Si nanoparticles at the excitation wavelength [82].

Figure 4.2A portrays the schematic diagram of our experimental trapping unit where a

water-immersion microscope objective focuses an azimuthal beam into a water-�lled cham-

ber in which polydisperse Si nanoparticles di�use. The close-up depicts the azimuthal beam

focused near the top water-glass interface, with arrows indicating the polarizing directions

and spatial distributions of both the induced magnetic Hz (blue) and electric E (red) �elds.

The putative particle trapped at the extreme of the induced magnetic �eld provides a vi-

sual representation of magnetic �eld trapping. For more details about the Si nanoparticle

synthesis and the experimental implementation, please refer to the materials and methods

[82].

As anticipated, a single Si nanoparticle was found to be stably con�ned at the azimuthal

beam's central region, as shown in Fig. 4.2B where the dashed circle outlines the trap-
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Figure 4.2: Experimental evidence of optical magnetic trapping of Si nanoparticles
being trapped in a space dominated by magnetic �elds of light. (A) Schematic
representation of the microscope objective that is employed to generate a tightly focused
azimuthal beam for trapping Si nanoparticles in a water chamber. The closeup displays
a virtual azimuthal beam trapping a putative Si nanoparticle at the trapping plane, with
animated arrows indicating the longitudinal and azimuthal polarization of Hz (blue) and
E (red). (B) Far-�eld image of a representative Si nanoparticle with a diameter of 205
nm as being trapped at the center of the azimuthal beam delineated by the white dashed
circle. (C) SEMmicrograph of a drop-cast-prepared Si nanoparticle with the same dimension
as the trapped one shown in panel (B). (D) The Size of the Si nanoparticle shown in
panel (B) is determined by comparing the particle's in-situ scattering measurement (upper
panel) with the calculated Mie scattering spectra (lower panel) and aligning their respective
scattering signatures featured by the multipole modes. (E) Trapping trajectories of three Si
nanoparticles with di�erent sizes are presented, overlaid with their trapping beam pro�les
in the background, where the upper and lower rows exhibit the experimental and GMT-
Langevin dynamic simulation results, respectively. Their radial position distributions are
displayed in panel (F).

ping beam that was blocked with a notch �lter (see �g. S3). When the particle was opti-

cally secured in position, an in-situ spectroscopic measurement was performed to obtain the
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scattering spectrum of the particle (upper panel of Fig. 4.2D). Reproducing the measured

scattering features in GLMT-calculated spectra (lower panel of Fig. 4.2D) allows for the

determination of the particle's diameter which was about 205 nm. Such dimension indicates

a nearly maximal MD resonance that the particle acquired at the excitation wavelength

of 770 nm. Scanning electron microscopy (SEM) was also employed as an auxiliary tool

to characterize the particle's quality. Figure 4.2C displays a separate Si nanoparticle that

was prepared using drop-casting technique and exhibited the same scattering response as

the one in panel B. The SEM measurement con�rms that these two particles have identical

dimensions with tolerance of ±2 nm, further verifying the trapped particle's dimension as

well as structural quality. More elaboration on the particle size determination can be found

in �g. S6. The trajectories and probability density function (PDF) of the trapped particle

along the radial direction are shown in Fig. 4.2E and F, respectively, represented by the blue

color. Both statistical analyses, based on experimental (upper) and simulation (lower) re-

sults, provide evidence that the particle is trapped at the beam center, where the maximum

induced magnetic �eld Hz is present. This observation con�rms the magnetic �eld trapping

e�ect. For more detailed information on the experiments and simulations, interested readers

are directed to the materials and methods section [82].

With these experimental and simulation con�rmations, we retrospected and questioned

our initial assumption that magnetic �eld trapping is solely applicable to particles dominated

by magnetic dipole (MD) modes. To examine this hypothesis, we selected two particles,

with diameters of 162 nm and 239 nm, and subjected them to trapping experiments and

simulations. The results are displayed in Fig. 4.2E and F for easy comparison. The smaller

particle (162 nm in red) was successfully trapped in and underwent random walking along

the ring-like region due to its dominant ED mode that leads to a robust interaction with

the electric �eld E. This trapping mechanism can be adequately explained by the well-

established point-dipole model based on electric light-matter interactions. However, the
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larger particle (239 nm in green) de�ed our expectations by remaining at the center of the

beam and exhibiting even tighter con�nement, re�ected in its narrower linewidth in the radial

position distribution. This unexpected trapping scenario confuses as it starkly contrasts the

162 nm particle, even though they both have overwhelming ED modes, allowing them to

interact with the electric component of the trapping light more e�ectively.

This confusion gets aggravated as one attempt was made to fathom the paradoxical ob-

servations via a force analysis with the point-dipole model. This is because the Si nanopar-

ticles' magnetic polarizability (or magnetization), as excited by the current trapping laser

frequency, is negative, resulting in a repulsive magnetic dipole or gradient force (see �g. S7).

This implies that the magnetically polarized particles should behave as a magnetic �eld

"ejector" rather than a "seeker," contradicting what we observed in the experiments. There-

fore, an additional, unaccounted-for optical force must exist to reconcile the contradiction

and dictate the particles' electrodynamics. We hence propose the inclusion of a transverse

scattering force (TSF) in our model, as a result of the Si nanoparticles' photonic Hall e�ects.

As the name suggests, the TSF is a result of a biased scattering, in which the momen-

tum carried away by the scattered radiation is counteracted by this reaction as per the law

of conservation (see Fig. 4.3A). Therefore, the particles' scattering e�ects, especially in the

cases of near- or on-resonance optical trappings, are of crucial importance. Peculiar attention

should be given to Si nanoparticles in that, as previous studies point out, the photonic Hall

e�ects make them scatter light di�erently based on the light's polarization states and the

matter's refractive index gradients [83, 84, 85, 86, 87, 88]. Our further examination reveals

two additional aspects � i.e., applied �eld and local �eld gradient � of the photonic Hall

e�ects on Si nanoparticles, which are key factors in regulating the magnetic �eld trappings

and can be demonstrated in the following simulation. Figure 4.3B simulates a tightly focused

Gaussian with linear polarization where the electric and magnetic �elds polarize in x- and

y-direction, respectively. When placing the 205 nm Si nanoparticle at three representative
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Figure 4.3: Investigation of transverse scattering force due to Si nanoparticles'
photonic Hall e�ect. (A) Schematic diagram generalizes the Mie transverse scattering
(TS) from a Si nanoparticle that is excited near its E/H dipolar resonance. Did its sym-
metric scattering (left) become asymmetric (right), a net force FTS

net arises to balance the
momentum carried away by the biased �elds in the opposite direction. (B) The photonic
Hall e�ect in an exemplary Si nanoparticle (Dia.=205 nm) is demonstrated by characteriz-
ing its scattering properties at three designated positions (as labeled) in a linear-polarized,
tight-focused Gaussian beam. (C) Normalized far-�eld radiation patterns of the Si nanopar-
ticle at the di�erent locations reveal that it scatters light di�erently depending upon the
polarization states and intensity gradient of the exciting electric and magnetic �elds, which
follows the nature of photonic Hall e�ect. (D) Optical forces exerted on the Si nanopar-
ticle calculated at various positions along x- and y-direction with four methods including
transverse scattering (TS), point-dipole (PD) approximation, Maxwell stress tensor (MST),
and scattering corrected model (SCM). Note, all forces are normalized to the maximum of
the MST-calculated force. (E) Trapping sti�ness coe�cients of the Si nanoparticle in x-
and y-direction for its various diameters. The color is encoded to indicate the prime contri-
bution transitioning from dipole force to transverse scattering force as particle's dimension
increases. The positive κy re�ects a repulsion that repels the particle away from the central
area of the Gaussian beam in the y-direction.

positions in the trapping �eld, one acquires three typical far-�eld scattering patterns shown

in Fig. 4.3A. The scattering pattern of the particle at the origin displays a mirror symmetry,

which means that no net TSF is generated. It is important to note that the light scatter-

ing originates mostly from both the ED and MD radiations. The excited dipole moments

align with their respective exciting �elds and radiate electromagnetic �elds transversely (see

Fig. 4.3A). This phenomenon explains why the particle scatters more intensely on the x-axis
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due to its stronger MD mode (refer to Fig. 4.1C).

The mirror symmetry of the scattering is lost when the particle deviates from the "�eld

axes," which refers to the axes of symmetry for both the intensity pro�le and polarization

state of the �eld. The x- and y-axes serve as the �eld axes for the electric and magnetic

components of the Gaussian beam, respectively. When the particle is placed at position 2, its

deviation from the magnetic �eld axis leads to a breaking of �eld symmetry and a�ects the

MD-mediated scattering in the x-direction. Similarly, the asymmetric ED-mediated scatter-

ing at position 3 is due to the particle's displacement from the electric �eld axis. However,

these two con�gurations show di�erent bias in scattering, with the ED mode scattering light

along the local �eld gradient and the MD mode scattering light in the opposite direction,

which is a manifestation of the photonic Hall e�ect in Si nanoparticles.

The nature of TSFs is a derivative of the biased scatterings. Based on the scattering

tendencies related to the exciting �elds, a general rule can be deduced: MD-mediated TSFs

(FTS
MD

) attract particles into magnetic �eld maxima, while ED-mediated TSFs (FTS
ED

) repel

particles away from electric �eld maxima. Numerically solving the net momentum carried by

the unevenly scattered radiations leads to quantifying the TSFs [82]. In Fig. 4.3D, the TSFs

were measured for the particle at various positions along the electric (left, x) and magnetic

(right, y) �eld axes. The quasi-anisotropy, i.e., being attractive and a repulsive along the

orthogonal axes, features the dipole-based scattering forces.

The optical forces, computed using both the Maxwell stress tensor (MST, in black) and

point-dipole model (PD, in green dash), are also presented in addition to the TSFs. Com-

paring these forces explicitly re�ects the signi�cance of TSFs when optical trapping occurs

in the optical resonant regime (see �g. S8 to examine thoroughly). Among them, the MST-

computed forces accurately re�ect the actual optical forces experienced by the particle. This

is because the MST rigorously represents the particle's electromagnetic response by solving

the full set of Maxwell's equations and the Lorentz force. The substantial discrepancies
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between the MST-computed forces and the PD-computed forces highlight the inadequacy of

the conventional point-dipole model in describing the particle's electrodynamics. Only by

taking into account the TSFs can these misinterpretations be recti�ed (green circle). The

resulting �Scattering Corrected Model� (SCM) is therefore deemed suitable for interpreting

the electrodynamics of resonant optical trapping [82].

Leveraging the SCM to analyze the trapping e�ciency for Si nanoparticles of varying

sizes leads to comprehensively understanding the impact of the scattering force on magnetic

�eld trapping. Figure 4.3E shows the trapping sti�ness coe�cients along the electric and

magnetic �eld axes as a function of particle dimensions. The encoded colors indicate the shift

in dominant force contribution from the dipole force (FPD: gray) to the ED/MD-mediated

TSF (FTS
ED/F

TS
MD: red/blue) as optical resonances become pronounced (as seen in Fig. 4.1C).

From the plots, two key observations can be made. Firstly, near the magnetic dipole reso-

nance (vertical black dashed line), |κx| reaches its minimum value while |κy| is nearly zero,

indicating that particles in this region are primarily controlled by the MD-mediated TSF.

Secondly, as the particles grow larger, |κx| and |κy| become comparable in magnitude but

with opposite signs, meaning that particles will experience commensurate attraction and

repulsion from the magnetic- and electric-mediated TSFs in orthogonal directions, respec-

tively.

The above summarized fundamental properties of the TSFs allow us to unravel the mech-

anism of the magnetic �eld trapping by schematically decomposing optical force exerted on

a Si nanoparticle under illumination from an azimuthal beam, as shown in Fig. 4.4A. When

the particle is excited near its magnetic dipole resonance, its being attracted toward the

magnetic �eld maximum is primarily attributed to the FTS
MD (upper panel). As the particle

with larger dimensions is excited beyond the magnetic dipole resonance peak, it experiences

not only con�ning forces due to magnetic �elds, but also a repulsion from the FTS
ED activated

by the azimuthally polarized electric �eld, pushing it towards the beam center (lower panel).
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Figure 4.4: Force analysis of Si nanoparticle trapped in the azimuthal beam for
establishing optically magnetic trapping mechanism. (A) The mechanism for an
azimuthal beam stabilizing Si nanoparticles at its center principally relies on the magnetic
�eld scattering force FTS

MD actuated by the magnetic �eld of Hz. This inward optical force
drives particles to the most intenseHz region (upper panel). The electric scattering force FTS

ED
actuated by the electric �eld E enhances the trapping stability by repulsion (lower panel).
Note, this enhancement force is bi-directional on each side of the ring pro�le; therefore, the
enhancement force itself will not be able to con�ne Si nanoparticles as �rmly as the magnetic
�eld scattering force FTS

MD. (B) Radial distribution map of Si nanoparticles trapped in the
azimuthal beam is plotted as a function of their diameters, ranging from 100 nm to 250 nm at
a step of 5 nm. Experimental radial distributions of Si nanoparticles with selected dimensions
are incorporated for comparison. (C) Comparison of the trap sti�ness coe�cient of di�erent-
sized Si nanoparticles trapped in azimuthal κAZM and circularly polarized Gaussian κGausCP
beams provide a guidance of beam selection for trapping particles in the two distinct trapping
regimes.

This is why both 205 nm and 239 nm Si nanoparticles were trapped at the induced magnetic

�eld extreme, with the latter showing a tighter con�nement. More quantitative details of

the underlying mechanism can be found in �g. S10-12.

To gain a landscape of magnetic �eld trappings associated with Si nanoparticle's opti-

cal resonances, a radial position distribution map, as a function of particle diameters, was

generated through GMT-Langevin dynamic simulations, as depicted in Fig. 4.4B. As ex-

pected, the simulation result indeed reveals an abrupt transition from electric �eld trapping

to magnetic �eld trapping near the magnetic dipole resonance (Dia.=200 nm). Moreover,
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The trapping e�ciency unsurprisingly gets enhanced as re�ected by the gradual decrease in

the standard deviations of the distributions. Additionally, several experimental data from

Si nanoparticles of various dimensions are incorporated for comparison and generally match

the simulated trapping tendencies, further con�rming the validity of our force analysis.

With this newfound mechanism of optical magnetic trapping, one can immediately rec-

ognize its advantage in constructing stable optical traps at or near trapping targets' optical

resonances, despite the scattering forces being a "destroyer" for stable optical trap forma-

tions, as pointed out by the Earnshaw theorem. Dynamic simulation results, comparing the

trapping sti�ness of di�erently sized Si nanoparticles trapped in an azimuthal beam (κAzm)

and a circularly polarized Gaussian beam (κGauscp ) in Fig. 4.4C, reveal that while the Gaus-

sian beam provides stable trapping conditions for particles in the o�-resonance domain, its

performance degrades dramatically thereafter. In contrast, the azimuthal beam based on

�eld-mediated scattering e�ects outperforms in the resonance domain. This outperformance

will expand particle selection beyond the limits of small dimensions and low-index materials

in order to detune the particles' optical resonances relative to laser frequencies, potentially

bene�ting relevant research areas, such as optical levitation, which is currently limited to

the use of small-sized silica nanoparticles [89].

We have successfully shown the azimuthal beam trapping of Si nanoparticles to exper-

imentally corroborate particle manipulations with magnetic �eld in optical frequencies for

the �rst time. The failure to accurately explain the experimentally observed particles' elec-

trodynamics with the point-dipole model led us to identify the ED- and MD-mediated TSFs

and recognize their unique properties following Si nanoparticles' photonic Hall e�ect. Based

on this breakthrough, we developed the SCM, enabling us to determine the TSFs' quantities

via numerical computations and uncover the underlying principle of optical magnetic trap-

ping. Although, in this work, the contributor to achieving the optical magnetic trappings

is the scattering-type forces, it could be possible to realize the same phenomena with mag-
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netic gradient forces if the trapped particles' electric and magnetic dipole resonances were

well-separated since their MD had a greater strength even in the o�-resonance regime. We

predict that this proof-of-principle experiment could be accomplished by utilizing man-made

meta-atoms [90]. Furthermore, this work provides a new platform to study many-body ef-

fects and optical matter formations resulting from magnetic light-matter interactions, whose

mechanisms and scenarios remain largely unknown and warrant further exploration in the

near future. Additionally, we have pointed out that under illumination of a nonuniform beam

with linear polarization, the dipole-governed scattering forces exhibit quasi-anisotropy which

can be leveraged to design optical-driven mechanical systems for a variety of applications

such as particle sorting and optical conveyors as well as opto�uidic wells.
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CHAPTER 5

INTERACTIONS BETWEEN OPTICAL ELECTRIC AND

MAGNETIC MODES IN DIELECTRIC NANOPARTICLES AND

IMPERFECT MIRROR IMAGES

5.1 Introduction

The ability of metallic particles and structures, particularly ones based on noble metals,

to manipulate light in the nanoscale regime has been deeply studied due to the numerous

bene�ts and advances to be found in applications such as metamaterials, meta�uids, sensing,

solar energy collection, and nonlinear optics [3, 90, 91, 92, 93, 94, 95]. However, these

metallic nanophotonic systems exhibit the serious drawbacks of dissipative loss and heating,

so as a result a gradual shift to using semiconductor nanoparticles as building blocks for

nanophotonic systems is taking place [7, 91, 96].

At the visible range of the electromagnetic spectrum, certain semiconductors have a

large band gap and act as a dielectric medium with high index of refraction [96]. When

these high index semiconductors are fabricated into nanoparticles with the correct particle

dimensions, incident light can induce a circulating displacement current that gives rise to

a large magnetic dipole and a strong magnetic response [21]. This feature opens up the

possibility of manipulating magnetic light-matter interactions in order to promote speci�c

photonic behavior [97, 98]. Furthermore, the facile manipulation of the overall photonic

behavior of the nanoparticle by simply altering the dimensions and composition demonstrates

that high index semiconductor nanoparticles are formidable building blocks for nanophotonic

systems [91, 92, 96, 99, 100].

Now, despite the strong magnetic response of high index nanoparticles, they can still

exhibit a comparable electric dipole Mie resonance that partially spectrally overlaps with

the magnetic dipole mode [98]. One method to suppress the emission from the electric
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dipole mode is to pair the nanoparticle with its electromagnetic mirror image�a concept

from the method of image charges [13]. Essentially, the nanoparticle will be brought close to a

conducting metal �lm (i.e. a mirror), and the induced electric and magnetic dipole moments

in the nanoparticle will induce similar dipole moments (i.e. mirror images) in the metal �lm

that will recursively interact with the nanoparticle [101, 102]. Due to the orientation of the

electric and magnetic dipole moments of the nanoparticle and mirror images, the emission

from the electric dipole can be reduced, while the magnetic �eld at the interface is enhanced

[101, 103].

In fact, the combination of an optically magnetic high index nanoparticle with a con-

ducting substrate has been widely explored in order to modify the photonic behavior of the

nanoparticle or to induce new polariton phenomena. For example, the nanoparticle in com-

bination with a conducting substrate or �lm can form a highly e�cient antenna, capable

of absorbing incident light over a large bandwidth [104, 105]. Once captured, the incoming

electromagnetic radiation can be concentrated into the gap region between the nanoparticle

and substrate for applications such as surface-enhanced Raman spectroscopy (SERS), or

transmitted into the substrate as a surface wave with high directionality [105, 106]. Further-

more, the gap mode of the high index nanoparticle and conducting substrate system has the

ability to couple to any �uorescent material present in the gap, increasing the photolumi-

nescence rate without any of the loss or extinction normally attributed to plasmonic metal

nanoparticles [92, 107, 108].

Given the wide use of a conducting substrate as a means of modifying the photonic

behavior of optically magnetic nanoparticles, attempts have been made to create a theoretical

framework to describe the interaction between the substrate and the optically magnetic

nanoparticle based on the method of mirror images [101, 102, 109, 110, 111]. From basic

electromagnetism, the method of mirror images indicates that when an electric charge or

magnetic dipole distribution is placed near a semi-in�nite conducting medium, the system
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is mathematically similar to the original distribution and it's mirror image in place of the

conducting medium (See Figure 5.1) [13, 112]. Extending this concept to the nanoparticle

on a conducting surface, this system can be considered as consisting of just the original

nanoparticle interacting with its mirror image [101, 102]. This approach has been used

to explain new photonic behavior such as new scattering modes [101, 110], polarization-

dependent scattering behavior [109, 111], and new forms of the magnetoelectric e�ect [113].

Figure 5.1: Cartoon representation of the method of mirror images. Near
a perfect electric conductor (PEC), the �elds of an electric charge and
a parallel magnetic dipole (Top Row) are analogous to the �elds of the
same charge and dipole with the corresponding mirrored charge and dipole
in place of the PEC (Bottom Row).

However, the method of mirror images is based on the idea that the substrate is a perfect

conductor and that the charge carriers of the conductor respond immediately to an external

�eld without any retardation or dissipation [13, 112]. In contrast, many common metals used

for plasmonics, such as copper, gold, and silver, have a large but �nite conductance [45]. At

optical frequencies, these metals would exhibit small, but nonzero, dissipative losses, phase

delay, and skin depth [13]. Furthermore, when the method of mirror images is invoked to

describe interactions between optically magnetic high index nanoparticles and conducting
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substrates, frequently a qualitative description is given [101, 110, 102, 109].

Thus, the goal of this project is to quantitatively explore the e�ects of a substrate with

�nite conductivity on the behavior of a nanoparticle and conducting substrate nanophotonic

system using the method of mirror images. First, a simple system consisting of a high index

nanoparticle on a conducting metallic �lm will be fabricated. Then the photonic behavior

of the system will be explored using optical scattering experiments and electrodynamic sim-

ulations, and the e�ect of the substrate will be analyzed using the method of mirror images.

Due to the fact that the high index nanoparticle posses both electric and magnetic Mie res-

onances, the e�ect of the substrate due to magnetic and electric based phenomena may be

analyzed simultaneously.

5.2 Simulation Methods

Towards analyzing the e�ect of the �nite conductance of the substrate, two simulation meth-

ods were used: the �nite-di�erence time-domain (FDTD) method and the software package

SMUTHI [35].

The advantage of using FDTD stems from its versatility in simulating a wide variety of

electromagnetic phenomena and photonic systems, as well as the ability to quickly calculate

spectral information over a wide bandwidth after a single simulation in the time domain via

the Fourier transform [37, 38]. In this Chapter, the three-dimensional (3D) software package,

MEEP, was used for FDTD calculations [36].

Shown in Figure 5.2 is a typical high index nanoparticle on conducting substrate system

simulated using MEEP. In this case, a 137 nm silicon nanoparticle was rendered on top of a

50 nm thick gold �lm, which was layered on top of a semi-in�nite glass solid. The external

environment was set to either vacuum or an optically dense medium, such as glycerol, and

the incident light source was set to a plane wave. The materials and orientation of the system

could be changed at ease, and instead of a gold �lm on glass substrate, a semi-in�nite metal
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solid may be rendered. Furthermore, a perfect electrical conductor (PEC) could be switched

in place of the metal substrate, allowing the case of a high index nanoparticle with a perfect

conducting substrate to be simulated.

Figure 5.2: Schematic view of a nanophotonic system modeled in MEEP
FDTD consisting of a high index silicon nanoparticle (Grey Sphere) on
conducting gold �lm (Gold Slab) deposited on a semi-in�nite glass solid
(Blue Slab) with plane wave illumination (Purple Arrow). Flux of
scattered light is measured on a surface (Red Box) enclosing the nanopar-
ticle, as well as through a plane behind the gold �lm and directly in front
of the nanoparticle (Grey Planes). System is bordered on all sides by
absorbing layers (not shown here).

After much testing, the borders of the FDTD simulations were set to absorbing layers

instead of perfectly matched layers (PMLs). PMLs are simulation constructs that gradu-

ally attenuate to zero any incoming radiation without re�ection and are commonly used to

enclose FDTD simulations since they mimic the scenario where scattered or emitted radia-

tion is released into free space [36, 38]. Unfortunately, during testing it was discovered that

evanescent waves created in dispersive media, such as gold, are not attenuated when they

reach the PMLs, but instead grow to in�nity. As such, absorbing layers, which have an

absorbance that increases from zero to in�nity from the front to the back of the layer, were

48



used. In principle, these absorbing layers prevent the �nite simulation cell size from a�ecting

the calculation of Maxwell's equations inside the cell by mimicking the scenario where emit-

ted radiation can dissipate into free space. However, the absorbing layers have the downside

of re�ecting a fraction of incident radiation. This re�ective property can be minimized by

increasing the thickness of the layers and by setting the absorbance to gradually increase

from the front to the back of the layer.

After testing and optimization, the FDTD mesh size was set to be 5 nm. This parameter

was chosen to minimize the hardware requirements, while still obtaining converged FDTD

results. The time step of the simulation, ∆t, was determined by ∆t = S∆x where ∆x

is the mesh size in reduced units, and S is the Courant factor. A Courant factor of 0.5

was determined to provide good convergence of results. Unless noted later, the dielectric

constants used for the metals and high index nanoparticle material were the ones that came

default with the software package. Under these conditions, most FDTD simulations would

take approximately two hours of real world time to �nish when running on a home-build

desktop machine with 128GB of RAM and a six-core processor (3.50 GHz).

In order to asses the spectral properties of the nanophotonic system, the �ux of the

scattered and incident light through di�erent surfaces was measured. From the recorded

�ux, the scattering cross section may be calculated as follows,

σscatt =
Wscatt

Isrc
(5.1)

where Wscatt is the total power of the scattered �eld and Isrc is �ux (power per unit area)

of the light incident on the nanophotonic structure. The surfaces for measuring the �ux can

be declared in arbitrary locations, and as shown in Figure 5.2, a planar surface would be set

up in front of and behind the metal-�lm and nanoparticle system in order to measure the

backward and forward scattering, as well as completely around the nanoparticle in order to

measure the total scattering cross section.
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The second simulation method used was the software package SMUTHI, which is designed

to calculate the spectral properties of thin layers of arbitrary materials with user-de�ned, em-

bedded nanostructures. Unlike FDTD, which involves numerically solving Maxwell's equa-

tions, SMUTHI is an analytical method based on the T-Matrix formalism and the Sommer-

feld integrals [35]. Furthermore, the analytical method assumes that the layered medium

consists of in�nite layers (semi-in�nite for the uppermost and bottommost layers and in�-

nite in two dimensions for the other layers), so no surrounding absorbing layers or PMLs

are required. The fact that the package is optimized to simulate nanophotonic structures on

�lms of arbitrary material makes it highly suitable for this work.

Much of the same systems simulated with FDTD were also simulated using SMUTHI

such as the silicon nanoparticle on a gold �lm on glass substrate (Figure 5.2). One subtlety

that became apparent after testing was that converging results could not be obtained if the

semi-in�nite top and bottom layers were set to dispersive materials, such as metal. Thus,

when a PEC or metal layer was used, it would be rendered as a layer of �nite thickness on

top of a semi-in�nite dielectric substrate.

For the di�erent materials present in simulations, the dielectric constants that came

default with the generalized multiparticle Mie theory software package, MiePy, were used

[33]. When running on the same desktop machine used for the FDTD simulations, the real

world runtime of the simulations created with SMUTHI was on the order of minutes.

One major advantage of the SMUTHI simulations was that the spectral properties of indi-

vidual Mie multipole modes may calculated. For example, the extinction cross section could

be calculated for the overall electric and magnetic dipole moment of the silicon nanoparticle

and gold �lm system shown in Figure 5.2. This feature would be utilized in understanding

the fundamental cause of any substrate-induced phenomena.
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5.3 Experimental Methods

To fabricate the nanophotonic system, gold was chosen as the conducting substrate due to

ease of vacuum deposition as well as its non-reactivity. Silver is a better conductor than gold

and more suitable for the construction of mirrors. However, Ag quickly reacts with oxygen

and atmospheric sulfur dioxide, resulting in a dielectric layer of silver compounds, which

would a�ect the photonic properties of a mirror made from Ag. As a result, Au was used

to fabricate the substrate for the nanophotonic system. For the high index nanoparticles,

silicon nanoparticles with diameters between 100-200 nm were utilized.

First, a glass coverslip was washed with ethanol and blow dried with N2. Then 2 nm

of Ti was deposited on top of the coverslip at a rate of 0.5 Å/s using an electron beam

evaporator (AJA ATC-Orion 8E e-beam evaporation system) in order to assure adhesion

between the Au layer and the glass substrate. Next, 50 nm of Au was deposited on top of

the Ti layer at a rate of 1 Å/s using the electron beam evaporator. Once the Au �lm was

fabricated, a polydisperse solution of silicon nanoparticles was shaken, sonicated for ∼ 5

minutes, shaken again, and drop-casted on the Au �lm. The coverslip was then allowed to

dry in a vacuum desiccator. Shown in Figure 5.3 are scanning electron microscope (SEM)

and optical bright�eld microscope images of a representative silicon nanoparticle on the gold

�lm after the solution has dried.
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Figure 5.3: (Left) Scanning electron microscope image of 137 nm silicon
nanoparticle on gold �lm. (Right) Bright�eld optical microscope image
of the same silicon nanoparticle (Red Circle) on the gold �lm. Scale bar
is 2 µm.

After fabrication, the light scattering behavior of the nanophotonic system was probed

using the optical setup shown in Figure 5.4. In summary, a suitable silicon nanoparticle was

identi�ed using bright�eld microscopy. Then, a drop of glycerol was applied, as well as an

additional glass coverslip so that the nanoparticle and gold �lm were sandwiched between two

coverslips (see Figure 5.5). The sample was then mounted in the optical setup. A broadband

laser light source was directed onto nanoparticle, and the scattered light was collected by an

immersion objective and directed towards a spectrometer coupled to a CCD array detector.

52



Figure 5.4: Experimental setup for scattering spectroscopy. For measure-
ments in the transmission con�guration, broadband laser light (S1) from
a pulsed �ber-continuum laser is sent through an Olympus 100x oil im-
mersion objective (OBJ2) towards the silicon nanoparticle and gold �lm
sample (SP). The scattered light is captured by a second Olympus 100x
oil immersion objective (OBJ1) and directed by a mirror (M1) towards
the spectrometer (SPEC) through a tube lens (TL) and a 4F system con-
sisting of two lenses (L1, L2) and a mirror (M2). After passing through
a periscope (PER) and entering the spectrometer, the scattered light is
recorded on a CCD array detector (CCD). Note that for the transmission
con�guration, the 50:50 beamsplitter (BS1) is rotated out of the beam
path. For measurements in the re�ection con�guration, broadband laser
light (S2) from the same pulsed �ber-continuum laser is directed towards
the Olympus 100x oil immersion objective (OBJ1) by the 50:50 beam-
splitter (BS1) onto the sample. Backscattered light is collected by the
same objective and directed towards the spectrometer in the same man-
ner as the transmission con�guration. For the re�ection con�guration, the
second objective (OBJ2) is removed and the second broadband laser light
path (S1) is not utilized.

In order to measure the forward and backward scattering, light from was collected from

the top and bottom using two di�erent objectives while the sample was �ipped with respect

to the incoming broadband laser. Thus, the sample was measured at four di�erent con�gu-

rations, summarized in Figure 5.5. The gold �lm was thick enough (50 nm) to re�ect enough
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light (∼ 98% re�ectivity at 800 nm) to act as an e�ective mirror, but still thin enough to

allow su�cient light through for the transmission measurements (∼ 2% transmission at 800

nm). During these measurements, the exposure time of the CCD detector needed to be

adjusted and the broadband laser light attenuated in order to avoid saturating the detector.

However, all other aspects of the measurement and the optical setup remained unchanged

when switching between the di�erent measurement con�gurations.

Figure 5.5: Orientations of silicon nanoparticle and gold �lm sample dur-
ing the scattering spectroscopy measurements. For measurements in the
re�ection con�guration, the sample was oriented so that the incoming
broadband laser light would hit the silicon nanoparticle �rst and then
the gold �lm (a), as well as so that the incoming light would transmit
through the gold �lm �rst and then fall incident on the nanoparticle (b).
In the same manner, for the measurements in the transmission con�g-
uration the sample was oriented so that the incoming laser light would
transmit through the gold �lm �rst before falling incident on the silicon
nanoparticle (c), as well as so that the incoming light would hit nanopar-
ticle �rst and then the gold �lm (d).

5.4 Results

Before simulating the silicon nanoparticle on gold �lm system, the light scattering proper-

ties of a 137 nm silicon nanoparticle in air were simulated to ascertain the veracity of the

simulation methods used. Both the MEEP FDTD and SMUTHI software packages were

used, as well as the MiePy package. The results are summarized in Figure 5.6, where it can

be seen that the total scattering from all three packages are in good agreement with each
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other. In addition, the scattering per electric and magnetic dipole mode was calculated using

SMUTHI and MiePy, with the results of both packages being in good agreement with each

other (See Figure 5.6).

To test the simulation methods using the more pertinent case of a high index nanoparticle

on a substrate, the scattering of a 137 nm silicon nanoparticle on a semi-in�nite glass and

silicon substrate was simulated. The resulting total scattering is summarized in Figure 5.6.

For both cases, good agreement exists between the numerical MEEP and analytical SMUTHI

packages.
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Figure 5.6: Scattering cross section simulations performed using MiePy,
SMUTHI, and MEEP FDTD. (Top) Total scattering as well as scattering
per electric and magnetic dipole mode for a 137 nm Si nanoparticle in air
with no substrate. Total scattering for a 137 nm Si nanoparticle in air on
a glass (Left) and silicon (Right) substrate.

After con�rming the validity of the simulation methods, the light scattering properties

of a high index nanoparticle with magnetic and electric resonance modes on both a perfect

and imperfect mirror (conductor) were calculated. For the perfect case, a 137 nm silicon

nanoparticle on a PEC substrate was simulated. For the imperfect case, a 137 nm silicon

nanoparticle was instead simulated on a 50 nm thick gold �lm deposited on a semi-in�nite

glass substrate. The results are summarized in Figure 5.7. For the perfect case, two main

peaks are observed at 478 nm and 573 nm. These peaks are at nearly the same locations as
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the ones of the free particle (See Figure 5.6). However, the overall scattering cross section is

greater, and the intensity of the peak at 573 nm is lower than the one at 478 nm, which is

opposite to the free particle case. Furthermore when the total scattering of the nanoparticle

on PEC substrate is decomposed into scattering per electric and magnetic dipole modes, it

can be seen that both modes contribute to the intensity of the two main peaks. In contrast,

with the free particle case the two main peaks in the total scattering are distinctly either

magnetic or electric dipole in nature.

With regards to the imperfect case of a silicon nanoparticle on a gold �lm, two main peaks

are also observed in the scattering spectrum, one at 484 nm and one at 585 nm. Unlike the

perfect case with the PEC substrate, these peaks are shifted further away from the ones

in the free particle case. Furthermore, when the scattering spectrum is decomposed into

electric and magnetic modes, it is seen that both modes contribute to the intensity of the

two main peaks, just like the perfect case. However, the scattering spectrum of the silicon

nanoparticle on gold �lm is dominated primarily by the electric dipole mode, which deviates

from the scattering behavior of the free particle, as well as the silicon nanoparticle on PEC

case.
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Figure 5.7: Total scattering cross section and scattering cross section per
electric and magnetic dipole mode calculated for a 137 nm Si nanoparticle
on 50 nm Au �lm on glass substrate (Left), with peaks at 484 nm and
585 nm (Red Vertical Lines), and a 137 nm Si nanoparticle on a perfect
electrical conductor semi-in�nite substrate (Right), with peaks at 478 nm
and 573 nm (Red Vertical Lines). These calculations were performed
using both the analytical SMUTHI and numerical MEEP FDTD packages.

In addition to the simulations, the scattering spectrum of the 137 nm silicon nanoparticle

on a 50 nm thick gold �lm on glass substrate was experimentally measured. Both the

scattering in the backwards and forwards directions were measured (See Figure 5.5) in order

to quantify the total scattering as best as possible. To account for the spectral power

distribution of the laser light source, the scattering spectra were normalized by the scattering

spectrum of a bare region of the gold �lm. The results of the measurements are summarized

in Figure 5.8.
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Figure 5.8: Experimentally measured scattering spectra (Solid Lines) of a
137 nm silicon nanoparticle on a 50 nm thick gold �lm on glass substrate,
as well as numerically simulated scattering spectra (Dotted Lines). (Left)
Re�ected and transmitted scattering for the case where source beam im-
pinges on the nanoparticle �rst and then the Au �lm. (Right) Re�ected
and transmitted scattering for the case where the source beam transmits
through the Au �lm �rst and then impinges on the nanoparticle. All spec-
tra were normalized by the scattering of the bare gold �lm.

Based on the optical theorem [114], the presence of the silicon nanoparticle would scatter

light away from the detection beam path for both the re�ection and transmission con�gu-

rations. Thus, any strong scattering resonances would manifest themselves as a decrease in

recorded intensity. Since the scattering spectra are normalized with respect to a bare gold

�lm, then a strong scattering resonance would appear as a large dip, as opposed to a peak,

in the relative scattering intensity, whereas the lack of scattering resonances would appear

as a relative intensity value close to unity.

For the experimental con�guration where the incoming laser light source impinged upon

the nanoparticle �rst and then the �lm, particularly strong resonances are observed around

638 nm for the re�ection measurement and the 516 nm and 626 nm for the transmission

measurement. The presence of the second dip at 516 nm in the transmission measurement

suggests an anisotropy at this wavelength where the nanoparticle scatters only in the trans-

mission (forward) direction.
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Conversely, with the con�guration where the incoming laser light transmitted through

the gold �lm �rst and then impinged upon the nanoparticle, dips are seen at approximately

495 nm and 618 nm for the transmission measurement and at approximately 460 nm and

545 nm for the re�ection measurement. Once again, the presence of dips in the transmission

measurement and not the re�ection measurement (and vice-versa) indicate an anisotropy

in the scattering direction. Furthermore, the transmission measurement has peaks above

unity at 553 nm and 687 nm, as also does the re�ection measurement at approximately 515

nm. The presence of a relative intensity above unity indicates that the combination of the

silicon nanoparticle and gold �lm together is more e�cient at channeling light towards the

detector than just the bare gold �lm alone. Thus at these wavelengths, there is a sort of

anti-scattering regime for the nanoparticle and gold �lm system [115].

Also summarized in Figure 5.8 are the initial attempts made to compare the experimental

scattering spectra with the numerically simulated ones. To mimic the experimental condi-

tions, numerical simulations using MEEP FDTD were performed for the silicon nanoparticle

on gold �lm system, but with the scattered �ux measured through a plane directly in front

and behind the nanoparticle and gold �lm (See Figure 5.2). Thus, the transmitted and

re�ected scattered light could be analyzed just as in the experiment. Furthermore, the sim-

ulated scattering spectra were also normalized by the transmitted and re�ected spectra of a

bare gold �lm without the nanoparticle. These resulting simulated scattering spectra show

some resemblance to the experimental spectra (such as for the shape of the transmission

scattering spectrum of the case where the light source transmits through the �lm to then

impact the nanoparticle), but there are many di�erences which will be addressed in the

following sections.
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5.5 Discussion

Much of the groundwork for a full quantitative treatment of a high index nanoparticle with

magnetic and electric resonances on a conducting substrate using the method of mirror

images have been incrementally set up by previous authors, and in this section those di�erent

pieces will be brought together. The starting point would be to �rst consider the nanoparticle

as a collection of point multipole moments [2, 13, 113]. Con�ning the analysis to just the

visible regime and the initial multipole terms, the nanoparticle may be reduced to the induced

electric and magnetic dipole moments,

p = ϵ0αEEt (5.2)

m = αHHt (5.3)

where ϵ0 is the vacuum permittivity and αE and αH are the dipole polarizabilities derived

from the the scattering coe�cients, a1 and b1, from Mie theory,

αE =
6iπa1
k3

(5.4)

αH =
6iπb1
k3

(5.5)

and where k is the wavenumber and Et and Ht are the total electric and magnetic �elds.

The total �eld can be calculated numerically using FDTD or analytically as in [113].

The resulting scattered �eld from the e�ective magnetic and electric dipole moments

of the nanoparticle can be then calculated using the Green's function approach. Since the

nanoparticle is on a substrate, both the electromagnetic �eld from the nanoparticle that

re�ects o� the substrate, as well as the one radiating directly from the particle into free

space, need to be accounted for [2, 113]:
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p (r, r0)

]
p+

[
Ĝ

H
m(r, r0) + Ĝ

Hr
m (r, r0)

]
m (5.7)

Both Ĝ
E
j and Ĝ

H
j are the dyadic Green's functions corresponding respectively to the electric

and magnetic �eld scattered directly by the dipole moment (j = p,m) of the nanoparticle,

and Ĝ
Er
j and Ĝ

Hr
j are the dyadic Green's functions corresponding respectively to the electric

and magnetic �eld scattered by the dipole moment (j = p,m) of the nanoparticle and then

re�ected o� the substrate. The coordinate system is set with the z = 0 plane at the interface

between the substrate and free space, with the origin at the point of contact between the

nanoparticle and the substrate. The nanoparticle center is located at r0 = z0ẑ.

In the far-�eld regime with |r| → ∞, the dyadic Green's functions take on the following

asymptotic forms [2, 113],
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− sin θ cos θ cosϕ − sin θ cos θ sinϕ sin2 θ




(5.10)

Ĝ
E
m = iωµ0

ik e
ikr

4πr
e−ik(n·r0)


0 − cos θ sin θ sinϕ

cos θ 0 − sin θ cosϕ

− sin θ sinϕ sin θ cosϕ 0


 (5.11)

Ĝ
Er
p =

k2

ϵ0

eikr

4πr
eik(n·r0)

rs


sin2 ϕ − cosϕ sinϕ 0

− cosϕ sinϕ cos2 ϕ 0

0 0 0

−

rp


cos2 ϕ cos2 θ cosϕ sinϕ cos2 θ sin θ cos θ cosϕ

cosϕ sinϕ cos2 θ sin2 ϕ cos2 θ sin θ cos θ sinϕ

− sin θ cos θ cosϕ − sin θ cos θ sinϕ − sin2 θ


 (5.12)
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Ĝ
Hr
p = ωk

eikr

4πr
eik(n·r0)

rs

sinϕ cosϕ cos θ − cos2 ϕ cos θ 0

sin2 ϕ cos θ − sinϕ cosϕ cos θ 0

− sin θ sinϕ sin θ cosϕ 0

−

rp


− sinϕ cosϕ cos θ − sin2 ϕ cos θ − sin θ sinϕ

cos2 ϕ cos θ sinϕ cosϕ cos θ sin θ cosϕ

0 0 0


 (5.13)

Ĝ
Hr
m = k2

eikr

4πr
eik(n·r0)

rp


sin2 ϕ − cosϕ sinϕ 0

− cosϕ sinϕ cos2 ϕ 0

0 0 0

−

rs


cos2 ϕ cos2 θ cosϕ sinϕ cos2 θ sin θ cos θ cosϕ

cosϕ sinϕ cos2 θ sin2 ϕ cos2 θ sin θ cos θ sinϕ

− sin θ cos θ cosϕ − sin θ cos θ sinϕ − sin2 θ


 (5.14)

Ĝ
Er
m = −ωµ0k

eikr

4πr
eik(n·r0)

rp

sinϕ cosϕ cos θ − cos2 ϕ cos θ 0

sin2 ϕ cos θ − sinϕ cosϕ cos θ 0

− sin θ sinϕ sin θ cosϕ 0

−

rs


− sinϕ cosϕ cos θ − sin2 ϕ cos θ − sin θ sinϕ

cos2 ϕ cos θ sinϕ cosϕ cos θ sin θ cosϕ

0 0 0


 (5.15)

with ω being the electromagnetic frequency, µ0 as the vacuum permeability, and n(θ, ϕ) =

r/r being the direction of �eld propagation. The Fresnel re�ection coe�cients, rs and rp,

are given as follows [2, 113],
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rsE(kx, ky) = r
p
H(kx, ky) =

µskz − µksz
µskz + µksz

(5.16)

r
p
E(kx, ky) = rsH(kx, ky) =

ϵskz − ϵksz
ϵskz + ϵksz

(5.17)

with kz(kx, ky) and ksz(kx, ky) being the normal components of the wavevector of light outside

and inside the substrate, respectively, and µs and ϵs being the relative permeability and

permittivity of the substrate, respectively. The relative permeability and permittivity of the

free space, µ and ϵ, are assumed to be unity.

Assuming the incoming light is a plane wave at normal incidence and after applying the

dyadic Green's functions to Equations 5.6 and 5.7, the scattered electric �eld in the far-�eld

regime in spherical coordinates is found to be as follows [2, 113],

Eθ

Eϕ

 =
k2eikr

4πϵ0r

Φ(2)(px cosϕ+ py sinϕ) cos θ + Φ(1)(my cosϕ−mx sinϕ)/c

Φ(3)(py cosϕ− px sinϕ)− Φ(4)(mx cosϕ+my sinϕ) cos θ/c

 (5.18)

where the coe�cient functions are as follows,

Φ(1) = e−ikz0 cos θ + rpeikz0 cos θ (5.19)

Φ(2) = e−ikz0 cos θ − rpeikz0 cos θ (5.20)

Φ(3) = e−ikz0 cos θ + rseikz0 cos θ (5.21)

Φ(4) = e−ikz0 cos θ − rseikz0 cos θ (5.22)

By inspection, it can be seen that the second exponential terms of the coe�cient functions

(Equations 5.19 - 5.22) are similar to the �rst exponential terms, with the only di�erences

being the negation of the coordinate value, z0, and the inclusion of the Fresnel re�ection
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coe�cients. Thus, Equation 5.18 could be rewritten in the following form,

Eθ

Eϕ

 =
k2eikr

4πϵ0r
e−ikz0 cos θ

(px cosϕ+ py sinϕ) cos θ

(py cosϕ− px sinϕ)

+ (5.23)

k2eikr

4πϵ0r
e−ikz0 cos θ

 (my cosϕ−mx sinϕ)/c

−(mx cosϕ+my sinϕ) cos θ/c

+

k2eikr

4πϵ0r
eikz0 cos θ

−rp 0

0 rs


(px cosϕ+ py sinϕ) cos θ

(py cosϕ− px sinϕ)

+

k2eikr

4πϵ0r
eikz0 cos θ

rp 0

0 −rs


 (my cosϕ−mx sinϕ)/c

−(mx cosϕ+my sinϕ) cos θ/c


or in short,

Escatt = −Ep + Em − R̂E′
p − R̂E′

m (5.24)

where Ep and Em are the �elds of the electric and magnetic dipole in free space and E′
p

and E′
m are the �elds of an identical electric and magnetic dipole, just shifted by 2z0 dis-

tance along the z-axis towards the substrate and with the phase and amplitude adjustments

embodied in the operator, R̂ =

−rp 0

0 rs

.
With Equation 5.24 in mind, the case of a high index nanoparticle on top of a perfectly

conducting substrate can be considered. For this substrate, the Fresnel re�ection coe�cients
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take on the following form,

R̂ =

−rp 0

0 rs

 =

−1 0

0 −1

 (5.25)

= −Î (5.26)

with the scattered �eld now as,

Escatt = −Ep + Em + E′
p + E′

m (5.27)

which is just the original dipole moments of the nanoparticle, together with mirror copies

of those dipoles shifted away by the distance 2z0. Thus it can be seen that the underlying

physical picture for the simulation of the silicon nanoparticle on the PEC substrate shown

in Figure 5.7 is that of the original dipole moments of the nanoparticle interacting with their

mirror images.

The picture changes when the case of a good, but not perfect, conducting substrate is

considered. Because of the �nite conductivity and dispersive properties of the substrate,

the Fresnel coe�cients do not reduce to positive and negative unity, resulting in the Fresnel

re�ection coe�cient operator being R̂ =

−rp 0

0 rs

, where rp and rs are complex numbers

with absolute values varying from 0 to 1 (for most metals in free space). Applying the

operator, R̂, back to Equation 5.24, we see that the e�ect of the tensor products, R̂E′
p and

R̂E′
m, is to reduce the amplitude of the electric and magnetic image dipoles, respectively, as

well as to shift the phase of those same dipoles with respect to the original dipole moments.

As such, the image dipole moments in Equation 5.24 are not perfect mirror images

of the original dipole moments when the substrate is a good, but not perfect, conductor.

As summarized in Figure 5.9, the system of electric and magnetic dipole moments next

67



to the conducting substrate can still be considered as a system of electric and magnetic

dipoles interacting with their image dipole moments. However, the phase and amplitude

of those image dipole moments are modi�ed by the operator, R̂ =

−rp 0

0 rs

, with the

Fresnel re�ection coe�cient values determined by the properties of the substrate (i.e. the

permeability and permittivity).

Figure 5.9: Cartoon representation of the method of mirror images gener-
alized to account for the �nite conductivity of mirror substrates made from
real world metals. A nanophotonic structure with electric and magnetic
dipole moments, p⃗ and m⃗, on a conducting substrate with permittivity
and permeability, ϵs and µs, can be reduced to the same nanophotonic
structure with its original dipole moments, p⃗ and m⃗, interacting with im-
age dipole moments, p⃗′ and m⃗′, that are modi�ed in amplitude and phase
by Fresnel re�ection coe�cients, rsE and rpE .

It is believed that this physical picture is explanation behind the the scattering of the

silicon nanoparticle on the gold substrate system summarized in Figures 5.7 and 5.8 and

that it also explains the di�erence in scattering between the silicon nanoparticle on a PEC

substrate and the silicon nanoparticle on a gold substrate shown in Figure 5.7. Essentially,

the substrate supports a set of image dipoles, which interact with the original dipole modes

of the nanoparticle. If the substrate is a perfect conductor, then the image dipoles have the

same amplitude magnitude as and are in phase (or antiphase) to the original ones (similar

to the situation in Figure 5.1). Then, the electromagnetic �elds from both sets of dipoles
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constructive and destructive interfere to give the scattering shown in Figure 5.7. However, if

a substrate with a �nite conductivity is used, such as gold, then the image dipole amplitude

magnitude and phase are attenuated and adjusted, respectively. The electromagnetic �elds

of the image dipoles would then interfere di�erently with the �elds of the original dipoles,

giving rise to a new scattering spectrum, as shown in Figure 5.7. In fact, depending on the

phase di�erence between the two sets of dipole modes, it is believed that a Kerker e�ect is

possible and that the interference between the two sets of dipoles gives rise to the anisotropic

scattering observed in Figure 5.8 [116].

To test these ideas, the scattering spectra can be calculated from the electric and mag-

netic dipole modes of the nanoparticle and the corresponding mirror images. First, the

nanoparticle dipole moments were obtained using the procedures described by Ref. [113].

From these dipole modes, the image dipoles may be calculated using the generalized mirror

image framework described in Equations 5.18 to 5.24. Using the same framework, the scat-

tered electromagnetic �eld and the total power of the scattered �eld can be calculated. After

dividing the scattered �eld power by the source beam �ux (as in Equation 5.1), the scattering

spectrum may be obtained. By obtaining the same scattering spectra as shown in Figure

5.7 using this outlined approach, the cause of the scattering behavior of the nanoparticle

on gold �lm system may be attributed to the interference between the original nanoparticle

electric and magnetic dipole modes and their corresponding image dipoles, modi�ed by the

substrate.

During this process, many di�culties arose in calculating the electric and magnetic dipole

moments. This step required numerical integration, as described in Ref. [113], and it was

challenging achieving convergence despite the use of popular scienti�c integration software

packages [117]. Shown in Figure 5.10 is a representative result of attempting to calculate the

scattering spectra of the electric and magnetic dipole modes of the nanoparticle and gold

�lm system using the generalized mirror image approach just described. The e�ect of non-
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convergence in the numerical integration, required for obtaining the electric and magnetic

dipole moments, would appear as discontinuities in the scattering spectra, as can be seen in

Figure 5.10. Addressing these numerical issues are part of the future directions that will be

discussed in the next section.

Figure 5.10: Scattering spectrum of the electric and magnetic dipole
modes of a 137 nm Si nanoparticle on gold substrate system, calculated
using the generalized mirror image approach (Equations 5.18 to 5.24). Ef-
fects of non-convergence in the numerical integration can be see in the
discontinuities at 583 nm, 634 nm, 710 nm and 836 nm.

5.6 Conclusion and Future Work

In this Chapter, the e�ects of a good (but not perfect) conducting substrate on the pho-

tonic properties of a system consisting of a high index silicon nanoparticle with magnetic

and electric Mie resonances on conducting substrate were explored. First, the system was

investigated by simulating the scattered electromagnetic �elds using using numerical meth-

ods, where Maxwell's equations were iteratively solved and propagated forward in time. In

tandem, the �elds were also simulated and examined using analytical methods based on Mie

theory in order to understand the more fundamental aspects of the light scattering proper-
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ties. A signi�cant di�erence was observed in the total scattering behavior, as well as in the

scattering contributions of the electric and magnetic dipole modes, when the substrate was

set to gold, as opposed to PEC.

In addition to the simulations, the actual silicon nanoparticle on gold substrate system

was fabricated. A 50 nm thick Au �lm was deposited, which was thick enough to act as an al-

most opaque mirror but still thin enough to let light through for transmission measurements.

The scattering in the forwards and backwards direction was measured for the con�guration

where the light source transmitted through the �lm and then hit the nanoparticle, as well

as for con�guration where the light source hit the nanoparticle �rst and then the �lm.

A theoretical framework was drawn up that generalizes the method of mirror images

to include mirrors composed of good (but not perfect) conductors. In this framework, the

high index nanoparticle is treated as a collection of electric and magnetic point dipoles, and

the e�ect of the substrate is to produce another set of dipoles that mirror the ones from

nanoparticle. When a PEC substrate is assumed, then the theory recapitulates the textbook

formalism for charge distributions and currents near a perfect conductor, and it is seen that

the resulting �eld is the same as the combined �elds of the original dipoles and the mirror

image of those dipoles, shifted in space. However, if the substrate is not made from a perfect

conductor, those image dipoles are attenuated and phase shifted with respect to the originals.

The resulting interaction between the original dipoles and the phase shifted and attenuated

ones is what gives rise to di�erences in scattering behavior between the silicon nanoparticle

on PEC and the silicon nanoparticle on Au.

Now, it is to be noted that the experimental scattering spectra of the silicon nanoparticle

on gold �lm di�ered signi�cantly from the scattering spectra of the same system calculated

through numerical simulations. This di�erence persisted even after the measurement con�g-

urations, limited light collecting abilities, and normalization procedures of the experiment

were taken into account in the simulations. It is believed that two factors were responsible
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for these results. The �rst relates to the relative permittivity values used for the materials in

the simulations. It may be seen in Figure 5.3 that the gold substrate is quite granular, sug-

gesting that the �lm is not a single crystal. As a result, the relative permittivity could di�er

signi�cantly from the published permittivity values used, which were measured from �lms

that were more crystalline [118]. Along the same lines, the presence of chemical residue on

the surface is possible due to the manner in which the silicon nanoparticles were deposited on

the gold �lm. The presence of residue would manifest itself as an additional layer of material

with a relative permittivity di�erent from gold. Finally, it was not possible at this time to

measure how crystalline the silicon nanoparticle was. As a result, it is not clear whether the

nanoparticle was composed primarily of amorphous or highly crystalline silicon, each with

a di�erent relative permittivity. This variance in relative permittivity values would strongly

a�ect the photonic properties of the experimental silicon nanoparticle on gold �lm system

and could result in very di�erent scattering behavior than the one in simulation.

The other factor is the manner in which the numerical FDTD simulations were set up.

As mentioned before, the simulation system boundaries were set to absorbing layers with

an absorptivity that increases from zero to in�nity from the inner to outer surface. These

absorbing layers were used as opposed to the more commonly used PMLs because of the

potential for evanescent waves to create non-physical �elds in the PMLs. However, the

absorbing layers have the tendency to partially re�ect incident light resulting in artifacts

in the overall simulation results. It is possible that the absorbing layers were inducing

cavity-related e�ects on the nanoparticle and gold substrate system, resulting in an overall

scattering behavior that was di�erent from experiment.

Future work consists �rst in reconciling the experimental scattering results with the

calculated spectra from simulation. Towards that goal, it is believed necessary to �rst ex-

perimentally measure the relative permittivity values of all materials in order to create an

accurate system in simulation. The gold �lm permittivity would have to be measured, as
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well as the permittivity of the silicon nanoparticle. In addition, the surface of the gold �lm

would need to be washed without disturbing the nanoparticle or the Au surface in order to

address the e�ect of the chemical residue layer.

To account for the issues pointed out with the FDTD simulation boundaries, the sim-

plest solution is to use relatively thick absorbing layers. At very large or in�nite thickness,

the re�ectivity of the absorbing layers approaches zero, and the e�ect of the layers on the

scattering results becomes negligible. The primary downside to this approach is the memory

and processing resources needed to run this simulation, which would increase with absorbing

boundary layer thickness. One way to mitigate this drawback would be to use an adaptive

mesh with fewer grid points inside the thick absorbing layers, thus reducing the number of

calculations need to be completed with each timestep.

The most salient future direction for this work would be to investigate the anisotropy

in the experimental scattering spectra of the silicon nanoparticle on gold �lm. As shown in

Figure 5.8, the scattering properties of the system change when the system is �ipped such

that the light source transmits through the �lm before impinging upon the nanoparticle, as

opposed to impinging upon the nanoparticle �rst and then reaching the �lm (see Figure 5.5

for the di�erent con�gurations). In addition for both cases, the scattering spectra in the

forward and backward directions are di�erent. While only speculative investigations have

been done, it is expected that the magnetic resonance modes of the silicon nanoparticle are

behind the new scattering properties of the system. It is known from basic electromagnetism

that the magnetic �eld acts on matter at right angles (e.g. see Equation 2.31) and that most

magnetic-related phenomena mathematically involve a cross product, introducing chirality

and anisotropy. Thus, it is believed that the interplay between the magnetic and electric

resonances of the system is imparting new chiral properties into the scattering behavior and

that the fundamental cause may be found from a close examination from the chiral magnetic

�eld point of view.
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CHAPTER 6

ENHANCING LANTHANIDE ION MAGNETIC DIPOLE

TRANSITIONS USING NANOPARTICLE-BASED MIE

RESONANCES

6.1 Introduction

Advances in plasmonics and nanostructure fabrication methods have allowed the manip-

ulation of electromagnetic �elds beyond the di�raction limit, as well as the �ne control of

light-matter interactions at the nanoscale [7, 91]. As a result, new opportunities have opened

up for applications in areas such as sensing, photovoltaics, biomedical therapies, and non-

linear optics [3, 7, 91, 92]. Further research in this area has potential to produce results in

even more novel areas such as cloaking [7, 119].

Of particular interest to Chemistry is the use of nanophotonics to manipulate the elec-

tronic states of atoms, as well as the HOMO-LUMO levels of molecules. Indeed, it has

been demonstrated that cavities with high Q-factors have the ability to shift the energy

levels in certain molecules to the point where the rates of isomerization can be manipulated

[120, 121, 122], as well as to in�uence the reaction pathway and product outcome of uni-

molecular reactions [121, 123]. In general, a predominant feature of these works is strong

coupling between molecules and a nanophotonic structure, such as a cavity. This strong

coupling is characterized by a hybridization of the former molecular energy levels and cavity

states to produce new molecular states with properties and energy levels di�erent from the

original molecular states [124, 120, 123]. Strong coupling is in contrast to weak coupling,

which manifests itself in the increase or decrease of rates of change [124, 125, 126].

Much work involving strong coupling focus on an electric �eld mediated interaction, due

in large part to the fact that magnetic dipole electronic transitions are orders of magnitude

slower than electric dipole transitions [124, 22, 23]. However, recent work has been performed
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which theoretically demonstrate the ability to create polaritons by manipulating the magnetic

�eld of light [127, 128, 129, 130]. Furthermore, it was illustrated that the presence of a lattice

of magnetic dipole scatterers can in�uence the local density of states of the surrounding area

[127]. In addition, similar Purcell enhancements to the local density of states for magnetic

dipole based electronic transitions have been calculated for a single dielectric particle with

magnetic Mie resonances [129]. In particular, this last case is of interest due to the prominent

role of magnetism in both the �eld-based coupling and the constituent elements of the system.

Experimentally, magnetic �eld based coupling has been explored in various photonic sys-

tems. First, the ability of the magnetic �eld component of light to drive electronic transitions

was demonstrated in experiment [131]. Then the ability of simple nanophotonic structures

such as mirrors to manipulate, in a local density of states fashion, magnetic dipole electronic

transitions was experimentally explored [132, 133]. Finally, the magnetic �eld based cou-

pling between the resonant modes of lattice photonic structures and electronic transitions

was demonstrated [8, 134]

Indeed, while much work has demonstrated coupling between electronic transitions and

nanophotonic structures, the goal of this project is to explore coupling based primarily on the

magnetic �eld. In this case, the di�erent elements of the system�the nanophotonic structure

resonant modes, the �eld-based coupling, and the electronic transition�will be primarily

magnetic in nature. Towards this end, the coupling between the magnetic Mie resonances of

a spherical dielectric particle with high index of refraction, and the magnetic dipole-based

electronic transition of a lanthanide element will be investigated. First, spherical silicon

nanoparticles with diameters of the 100 nm order will be obtained since they exhibit magnetic

Mie resonances at optical frequencies [21]. These magnetic Mie resonances have comparable

strength and cross section to the electric Mie resonances also present in the nanoparticle and

are largely spectrally separate, creating the opportunity to selectively excite speci�c Mie

resonance modes using light with the appropriate wavelength.
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The electronic transitions of the lanthanide ion, Eu3+, will be chosen since Eu3+ supports

electric and magnetic transitions with comparable cross section and strength, due to Eu3+

f-orbital symmetry and selection rules based on Judd-Ofelt theory [132, 135]. Furthermore,

these magnetic dipole transitions occur in the visible regime, allowing for ease of detection.

In short, the coupling between an optically magnetic high index Si nanoparticle and the

magnetic dipole transitions in Eu3+ ions will be explored via optical methods and simulation.

6.2 Simulation Methods

Potential coupling between the optically magnetic Si nanoparticle and Eu3+ ions present

nearby can be viewed as a process where the nanoparticle modi�es the environment that

the Eu3+ ions radiate into. In essence, the ability of an Eu3+ ion in the excited state to

relax to the ground state by emitting a photon is in�uenced by the photon states present in

the environment, which in turn are a�ected by the physical composition of the environment

itself [2, 136]. The e�ects of the environment composition, including the presence of the Si

nanoparticle, on the photon states can be summarized by a parameter known as the local

density of states (LDOS).

The radiative rate of an emitter is determined in large part by the local density of states

of the environment. In more detail, the power (Pα) emitted by a dipole under continuous

excitation is given as follows [137]:

Pα = ℏωαΓ0αFα (6.1)

Fα =

∫ ∞

0
ρ̃α(k)dk (6.2)

where Γ0α is the spontaneous emission rate in a homogeneous medium and Fα is the integral

over the density of states, ρ̃α. Furthermore, these equations hold for both electric and

magnetic dipole emitters (α = e,m).
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Equation 6.1 gives a useful empirical method for quantifying the LDOS, and thus the

coupling present between a Si nanoparticle and nearby Eu3+ ions. By �nding the power

radiated by a single dipolar emitter in this system, and then comparing to the power emit-

ted by the same emitter in vacuum, the relative local density of states may be calculated

(rLDOS):

rLDOS =
P ′
α

Pα
=

∫∞
0 ρ̃′α(k)dk∫∞
0 ρ̃α(k)dk

(6.3)

Based on this approach, the electromagnetic �elds of a dipolar emitter in vacuum and

in an environment where a Si nanoparticle is present were calculated using MiePy, an in-

house software package based on generalized multiparticle Mie theory (GMMT) [33]. From

those �elds, Poynting's vector was calculated and integrated over a suitable reference sur-

face. Thus, the power radiated by a dipolar emitter in vacuum and in the presence of a Si

nanoparticle may be calculated, which would allow the calculation of the rLDOS and thus

give a quanti�able metric of the coupling.

6.3 Experimental

To investigate the coupling mediated by the silicon nanoparticle magnetic Mie resonances,

silicon nanoparticles were �rst embedded in gelatin �lms in which an Eu(III) complex was

dissolved as in [136]. Then, the photoluminescence from the Eu3+ around the Si nanoparticle

was optically investigated. This procedure was performed in the following stages:

6.3.1 Synthesis of [Eu(Bpy)2](NO3)3

To synthesis the Eu(III) complex, europium(III) nitrate pentahydrate was purchased and

dissolved as-is in ethanol. 2,2�-Bipyridyl was purchased and dissolved as-is in ethanol like-

wise. The two solutions were then mixed in proportions such that the Bpy and Eu(NO3)3
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were at a 2:1 molar ratio. The solution was then stirred for several hours until crystals

formed and then allowed to settle for several hours in a refrigerator. The supernatant was

decanted o�, and the [Eu(Bpy)2](NO3)3(s) was rinsed twice with chilled ethanol.

6.3.2 Creation of Eu(III) thin �lms

Gelatin was added to water, heated to 60 ◦C, and stirred until dissolved. [Eu(Bpy)2](NO3)3(s)

was dissolved in water and then added to the gelatin solution and mixed thoroughly. At �rst,

this Eu(III)-gelatin mixture was dropcasted onto a suitable substrate, such as a microscope

coverslip, and allowed to dry. However as will be discussed in the Results section, the result-

ing �lm was over 1 µm thick as measured on a laser scanning microscope (Olympus LEXT

OLS5000). Thinner �lms were desired in order to ensure that the dissolved Eu3+ ions were

within near-�eld proximity to the embedded Si nanoparticles. As such, the Eu(III)-gelatin

mixture was spin coated onto the glass coverslip. The weight percent of gelatin, spin speed,

and aliquot amount were adjusted until 200-300 nm �lms were achieved. A summary of this

empirical process is shown in Table 6.1
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Run Gelatin Deposition Deposition Drying Drying Aliquot Film

(w/w%) RPM time RPM time (mL) Thickness

(s) (s) (µm)

1 15.1 0.05 6 0.05 30 1 3.500

2 15.1 6.00 6 4.00 30 1 1.500

3 15.1 10.00 6 4.00 30 1 1.470

4 15.1 6.00 6 4.00 30 0.25 2.270

5 15.1 6.00 6 6.00 30 0.25 2.270

6 15.1 6.00 6 8.00 30 1 -

7 3.03 6.00 6 8.00 30 1 -

8 3.03 6.00 6 6.00 30 1 0.058

9 3.03 6.00 6 6.00 30 1 0.096

10 7.55 6.00 6 3.00 30 1 0.403

11 7.55 6.00 6 4.00 30 1 0.352

Table 6.1: Summary of spin coating parameters and the resulting gelatin �lm thickness.
Note: the RPM values are the values that the dials of the spin coater instrument were set
to, which due to the archaic nature of the machine, are not the actual RPM speeds.

In addition, �lms were also created using the precursor Eu(NO3)3·5H2O as opposed to

the [Eu(Bpy)2](NO3)3(s) complex.

6.3.3 Creation of Eu(III) thin �lms with Si nanoparticles

First, an aqueous solution of silicon nanoparticles was sonicated and then drop-casted on a

glass coverslip and left to dry in a vacuum desiccator. Then, [Eu(Bpy)2](NO3)3(s) was dis-

solved in water, and then mixed with the heated Gelatin solution. This gelatin mixture was

spin coated over the silicon nanoparticles so as to create a �lm of Eu3+ impregnated gelatin

around the nanoparticles. A cartoon representation of a silicon nanoparticle embedded in

79



the Eu(III) �lm is shown in Figure 6.1.

Figure 6.1: Cartoon representation of a silicon nanoparticle (nominally
100-200 nm in diameter) embedded in a gelatin �lm (nominally 300 nm
thick), in which [Eu(Bpy)2](NO3)3 has been dissolved.

80



6.3.4 Scattering Spectral Measurements

Figure 6.2: Experimental setup for optical measurements of Eu(III) com-
plex embedded in thin �lms near silicon nanoparticles. Con�guration for
(Left) scattering spectral measurements, (Center) �uorescence spectral
measurements, and (Right) �uorescence lifetime measurements. (LIN)
Broadband or 468 nm laser light source, (F1) 468 nm bandpass �lter,
(BS1) 50:50 beamsplitter or 509 nm dichroic beamsplitter, (OBJ) 60x wa-
ter immersion objective, (SP) sample of silicon nanoparticles embedded
in thin gelatin �lm with Eu(III) complex, (CND) incoherent white light
source, (F2) 500 nm long-pass �lter and 532 nm long-pass �lter, (M1)
rotating mirror, (CMOS) CMOS camera, (TL) microscope tube lens, (L1
and L2) lenses for 4F system, (M2) mirror, (PER) periscope, (SPEC)
spectrometer, (CCD) CCD camera, and (FO) entrance to �ber optic con-
nected to avalanche photodiode.

Because the silicon nanoparticles and the glass substrate are non-conductive, it is not possible

to use electron microscopy to image the nanoparticles in order to determine their size before

they are embedded in the Eu(III) thin �lm. A thin conductive coating would need to be

applied to the nanoparticles, which would drastically alter their optical properties. As a

result, the same method described in Chapter 4 was used to determine the nanoparticle

diameter by measuring the scattering spectrum.

Scattering spectra were measured using the the optical setup shown in Figure 6.2. With
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the rotating mirror (M1) moved to the side, embedded silicon nanoparticles could be imaged

using the incoherent white light source (CND) and then moved into the focus of the broad-

band laser. Then, the rotating mirror would be moved into the microscope and the white

light source turned o� so that the broadband laser light backscattered from the nanoparticles

may be collected and measured. Each scattering spectrum was normalized by the scattering

spectrum of the air-glass interface of a bare coverslip mounted in the same setup.

6.3.5 Measurements of Fluorescence Spectra and Fluorescence Lifetimes

Should the presence of the silicon nanoparticle a�ect the LDOS that the Eu3+ ions can emit

into, it is expected that the �uorescence power and rate would be adjusted as explained in

Section 6.2. Thus, the �uorescence spectrum of Eu3+ embedded in thin gelatin �lms near

silicon nanoparticles was measured using the setup shown in Figure 6.2 with special attention

paid to the intensity of the peaks corresponding to magnetic and electronic transitions.

Likewise, the �uorescence lifetime of Eu3+ was measured using the TCSPC setup shown in

Figure 6.2.
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6.4 Results and Discussion

Figure 6.3: Fluorescence spectra of [Eu(Bpy)2](NO3)3(s),
Eu(NO3)3·5H2O(s), and Gelatin with excitation wavelength at 468
nm.

After synthesizing the [Eu(Bpy)2](NO3)3(s), �uorescence measurements were taken under

468 nm light and compared to the original starting material, Eu(NO3)3·5H2O(s) as shown

in Figure 6.3. Attempts were made to normalize the spectra by the di�erent concentrations

used during these measurements. Approximately �ve peaks can be seen at 468 nm, 555 nm,

593 nm, 618 nm, and 698 nm. The �rst two features at 468 nm and 555 nm are respectively

due to Rayleigh and Raman scattering of the excitation beam. Using the energy levels of

Eu3+(aq) calculated by Carnall et al., the remaining features of �uorescence spectra can

be assigned to di�erent transitions [135]. Thus, peaks at 593 nm, 618 nm, and 698 nm

correspond respectively to the 5D0 → 7F1 transition, the 5D0 → 7F2 transition, and the

5D0 → 7F4 transition. Shown in Figure 6.4 is a summary of the relevant Eu3+ energy levels.
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Figure 6.4: Electronic energy levels of aqueous Eu3+ near HOMO-LUMO
gap [135]. Note that the 5D0 → 7F1 transition is magnetic dipolar in
nature and the 5D0 → 7F2 is electric dipolar in nature.

As can be seen from Figure 6.3, the �uorescence intensity of the starting material

Eu(NO3)3·5H2O(s) is comparable to the �uorescence intensity of Eu(NO3)3·Bpy2(s), af-

ter accounting for the di�erences in concentration. The purpose of complexing Eu3+ with

2,2'-Bipyridine was to enable the Bpy moiety, which is highly absorptive of low wavelength

photons, to absorb the excitation light, after which the photon energy would transfer to

the Eu3+ ion with high e�ciency [136]. However, as can be seen from the two �uorescence

spectra in Figure 6.3, the two Eu(III) complexes are equally responsive to 468 nm light, and

as a result both were used to to make Eu(III) thin �lms for the the proceeding experiments.
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Figure 6.5: Side pro�le of Eu(NO3)3·Bpy2(s) and gelatin mixture after
being dropcasted on a glass coverslip and allowed to dry. (Blue) Pro�le
of gelatin drop after drying. (Orange) Pro�le of glass coverslip.

At �rst, the mixture of gelatin with Eu(NO3)3·Bpy2(s) was dropcasted on a glass coverslip

and allowed to dry. However as can be seen in a representative sample in Figure 6.5, the

resulting �lm was quite thick, with a height of approximately 2 µm. Note that the overall

curvature of the pro�le is due to a slight curve in the glass coverslip from the manufacturing

process. A �lm with a thickness close to the diameter of the nanoparticles, similar to Figure

6.1, was desired in order to ensure that Eu3+ ions were near the silicon nanoparticles, at

least in the vertical direction.

After switching to spin coating, gelatin �lms with thicknesses of a few hundred nanome-

ters were obtained (see Table 6.1). The primary factors which led to �lms with the correct

thickness were using a more dilute solution of Gelatin (7.55 w/w%) and increasing the drying

spin speed. With these conditions, �lms with a thickness around 352 nm were produced.
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Figure 6.6: (Top) Top-down bright�eld microscope image of gelatin �lm
with Eu(III) complex and silicon nanoparticles. Red circles are drawn
around select silicon nanoparticles. Red dashed line shows region where
pro�le was measured. (Bottom) Height pro�le measurement of the same
sample. Note the lack of signi�cant features at x = 60 µm where a silicon
nanoparticle is located, indicating that the nanoparticle is not causing the
�lm to bulge. The large peak at x = 43 µm is due to a debris particle.

A bright�eld microscope image and pro�le measurement of one such sample is shown in

Figure 6.6. Due the silicon nanoparticles' strong Mie resonances, the nanoparticles show up

brightly colored, in contrast to the background. From the images, no evidence of any streaks

or air pockets forming within the �lm around the nanoparticles can be seen, indicating

that the nanoparticles are completely embedded within the gelatin �lm. In addition, the
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pro�le measurements indicate that no humps were forming on the surface of the �lm above

the nanoparticles, indicating that the presence of the nanoparticles would not disturb the

surface quality of the �lm. Furthermore, any Eu3+ ions in the region of the �lm above a

given nanoparticle would be within near-�eld proximity of the nanoparticle due the fact that

the thickness of the �lm is approximately one wavelength.

Figure 6.7: (Left) Normalized scattering spectrum of a silicon nanopar-
ticle embedded in the gelatin �lm. (Right) Calculated scattering cross
section of a 158 nm silicon nanoparticle in gelatin medium. Both the total
cross section and the cross section per multipole mode are shown.

Silicon nanoparticles were identi�ed using the bright�eld images, and then the scattering

spectra of these particles were taken to obtain their size. By comparing the scattering peaks

to the spectra calculated using GMMT, the nanoparticle diameter may be found. Shown in

Figure 6.7 is a representative scattering spectrum of a silicon nanoparticle inside the gelatin

�lm. In order to account for the power spectrum of the broadband laser light source, the raw

scattering spectrum of the nanoparticle was normalized by the scattering o� the air-glass

interface of a coverslip. Also shown in Figure 6.7 is the total scattering cross section and

scattering cross section per multipole calculated using GMMT for a 158 nm silicon nanopar-

ticle in a gelatin medium. The most prominent features are the magnetic dipole peak at

640 nm and the electric dipole peak at 544 nm. By comparing the peaks of the experimen-

tal spectrum to the simulated one, it is inferred that the embedded silicon nanoparticle is
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likewise 158 nm in diameter. Note that in the experimental scattering measurement, only

the backscattered light is collected over the limited numerical aperture of the microscope

objective (see Figure 6.2). As a result, while the peak positions measured would be at the

same location as ones in the corresponding GMMT calculations, the shapes would be di�er-

ent. Nonetheless, measuring the scattering spectrum and comparing to the one calculated

via GMMT is an e�ective method for determining the particle shape.

  

Figure 6.8: Fluorescence spectra of Eu(III) complex embedded in gelatin
�lm near select silicon nanoparticles. Each spectrum has been normalized
so that all maxima are at the same intensity. Black dotted line is the
spectrum of a region of �lm without any nanoparticle present. (Inset)
Bright�eld microscope image of the corresponding gelatin �lm embedded
with Eu(III) complex and silicon nanoparticles. Jagged edge in image is
a scratch made in the �lm as a place marker.

The �uorescence of Eu(III) complex embedded in the gelatin �lm was measured near

a number of silicon nanoparticles with varying sizes. Figure 6.8 shows representative �uo-

rescence spectra of Eu(III) complex near several silicon nanoparticles. Each spectrum was

normalized so that the maximum of each was at the same intensity. Note that for Particle
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C (Ptcl C), the size could not be resolved from the experimental scattering spectrum. From

a initial examination, the spectra are all very similar in peak position, shape, and intensity

after the normalization.

The features of the �uorescence spectra can be assigned to di�erent electronic transitions

within Eu3+ (see Figure 6.4). First at 580 nm, appears the 5D0 → 5F0 transition. The

small peak intensity is due to the fact that this transition is forbidden and occurs due to

environment induced relaxation of the selection rules [138, 139]. At 593 nm and 618 nm are

the 5D0 → 5F1 and 5D0 → 5F2 transitions, respectively. The former occurs primarily by a

magnetic dipole transition, whereas the latter occurs primarily by an electric dipole one. At

651 nm is the 5D0 → 5F3 transition. Just like with the 5D0 → 5F0 transition, the 5D0 →
5F3 transition is forbidden and has a very weak intensity [140]. Finally at 694 nm is the

5D0 → 5F4 transition. These peak assignments are summarized in Table 6.2.

Transition Calculated ∆E (eV) Observed Spectral Position

5D0 → 5F0 2.16 580 nm

5D0 → 5F1 2.11 593 nm

5D0 → 5F2 2.03 618 nm

5D0 → 5F3 1.93 651 nm

5D0 → 5F4 1.81 694 nm

Table 6.2: Summary of electronic transitions observed in Eu3+ �uorescence spectra.

With regards towards coupling between the electric and magnetic dipole-based electronic

transitions of Eu3+ ions and the magnetic Mie modes of silicon nanoparticles, special atten-

tion was paid to the peak intensities of the 5D0 → 5F1 and 5D0 → 5F2 transitions. When

occurring in the presence of a silver mirror, the peak intensities were signi�cantly modi�ed,

and the intensity of the electric dipole transition was reduced with respect to the magnetic

dipole transition [136]. In a like manner, it was expected that the presence of a silicon
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nanoparticle would induce a di�erence between the relative peak intensities of the magnetic

and electric dipole transitions. It was expected that the electric and magnetic dipole transi-

tions of the Eu3+ ions in the near-�eld vicinity of the nanoparticle would couple, respectively,

to the nanoparticle Mie electric and magnetic dipole resonances, which vary in strength with

the nanoparticle size. However as can be seen in Figure 6.8, the 5D0 → 5F2 transition peak

and the 5D0 → 5F1 transition peak have the same relative intensities regardless whether

a nanoparticle is present (Colored dots) or not (Black dashed line). Furthermore, the �u-

orescence of Eu3+ ions near silicon nanoparticles of di�erent sizes (127 nm - 158 nm) was

measured. While the intensity and spectral position of the Mie resonances change signi�-

cantly with nanoparticle diameter [21], the 5D0 → 5F1 and 5D0 → 5F2 transition peaks do

not show any di�erence in relative intensity over this nanoparticle size range.

To further investigate possible coupling between the electric and magnetic dipole-based

electronic transitions of Eu3+ and the Mie resonances of silicon nanoparticles, �uorescence

lifetime measurements were taken after directly exciting the 5D0 → 5F1 and 5D0 → 5F2

transitions with 590 nm and 614 nm light, respectively. In this situation, the e�ect of the

silicon nanoparticle would be twofold. First, the Mie dipole modes of the nanoparticle would

concentrate the laser pulse in the near-�eld regime in a selective fashion. For example, the

magnetic dipole mode of the silicon nanoparticle calculated in Figure 6.7 would selectively

concentrate light at approximately 638 nm, whereas the electric dipole mode would selectively

concentrate light at 554 nm. Thus for an appropriately sized nanoparticle, the probability of

nearby Eu3+ absorbing a photon via the 5D0 → 5F1 or 5D0 → 5F2 transition is increased.

Secondly, the presence of the nanoparticle is expected to modify the rLDOS, as mentioned

in Section 6.2. It is expected that both these e�ects would manifest themselves in a change

to the �uorescence lifetime of the Eu3+ ions.
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Figure 6.9: Fluorescence lifetimes and corresponding biexponential �ts of
Eu(III) complex embedded in gelatin �lm near Particle G (See Figure 6.8)
after exciting with (Top Left) 590 nm and (Top Right) 614 nm light, as
well as �uorescence lifetimes and biexponential �ts of Eu(III) complex in
a silicon nanoparticle-free region of the gelatin �lm after excitation with
(Bottom Left) 590 nm and (Bottom Right) 614 nm light. Excitation
laser is incident at 503.6 ns.

Shown in Figure 6.9 are representative �uorescence lifetime measurements of the same

sample of silicon nanoparticles and Eu(III) complex embedded in gelatin �lm described in

Figure 6.8. The lifetimes of Eu3+ ions embedded near a silicon nanoparticle are shown for

excitation with both 590 nm and 614 nm pulsed light. For comparison, lifetime measurements

were also taken of Eu3+ in a region of the gelatin �lm without a nanoparticle.

Comparing the lifetimes of Eu3+ both with and without the presence of a silicon nanopar-

ticle, a di�erence cannot be clearly seen. Biexponential functions were �tted to the lifetimes
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of Eu3+ near the nanoparticle, and the resulting time constants were τ1 = 0.020µs and

τ2 = 1.2µs for 590 nm excitation light and τ1 = 0.020µs and τ2 = 1.1µs for 614 nm

excitation light. In contrast, the biexponential �ts to the lifetimes of Eu3+ without the

nanoparticle yield time constants of τ1 = 0.027µs and τ2 = 1.3µs for 590 nm excitation light

and τ1 = 0.020µs and τ2 = 0.97µs for 614 nm excitation light.

To explain the results from all these optical measurements, the relative density of states

around a silicon nanoparticle can be simulated as described in Section 6.2. First, GMMT was

used to calculate the power radiated by a point dipole in free space and in the environment

near a given silicon nanoparticle. Then the two powers were divided as described in Equation

6.3 in order to obtain the rLDOS di�erence between the two situations.
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Figure 6.10: Simulated relative local density of states in the spatial re-
gion around a 144 nm silicon nanoparticle for an electric dipole at (Top
Left) 590 nm and (Top Right) 615 nm, as well as a magnetic dipole
at (Bottom Left) 590 nm and (Bottom Right) 615 nm. Red dashed
line indicates boundary of the nanoparticle and colorbar gives the rLDOS
scale.

Illustrated in Figure 6.10 are the results of rLDOS simulations for an electric and magnetic

dipole at 590 nm and 615 nm, the wavelengths at which the europium 5D0 → 5F1 and 5D0 →
5F2 transitions occur, respectively. As can be seen, the maximum magnetic dipole rLDOS

is higher at 590 nm than at 615 nm. Furthermore at 590 nm, the maximum magnetic dipole

rLDOS is higher than the maximum electric dipole rLDOS. This trend can be explained by
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the fact that the 144 nm silicon nanoparticle has a Mie magnetic dipole resonance at 590

nm, as calculated by GMMT (See Figure 6.11).

Figure 6.11: Total scattering cross section and scattering cross section per
Mie multipole of a 144 nm silicon nanoparticle.

However as illustrated by Figure 6.10, the maximum rLDOS enhancement calculated

in these simulations is approximately 4x compared to free space. Furthermore, the spatial

region where a rLDOS enhancement greater than 1x occurs seems to be limited to the region

within approximately 70 nm of the nanoparticle surface.

The rLDOS enhancement can also be averaged over a given volume enclosing the nanopar-

ticle in order to consider the e�ect that all Eu3+ radiating within that volume has on the

total �uorescence of the Eu(III) complex and Si nanoparticle system. This approach is di�er-

ent from the simulation shown in Figure 6.10, where the rLDOS at particular spatial points

are calculated.
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Figure 6.12: Relative local density of states averaged over a spherical
volume enclosing a 144 nm silicon nanoparticle. Note that at a volume
radius of 72 nm, the spherical volume is just as large as the nanoparticle
itself.

Shown in Figure 6.12 is the result of averaging the simulated rLDOS within a given

spherical enclosing volume. As is expected, the average rLDOS is largest when the enclosing

volume is encompassing the spatial region close to the nanoparticle. In this situation, just

the Eu3+ ions near the nanoparticle, which would be the europium ions most a�ected by the

nanoparticle presence, are being measured. As the enclosing volume radius gets larger and

larger, more Eu3+ further away from and less a�ected by the nanoparticle is encompassed

and thus the average rLDOS decreases. It is interesting to note how fast the average rLDOS

decreases. Once the spherical volume boundary is approximately 75 nm away from the

nanoparticle surface (Enclosing Volume Radius = 150 nm in Figure 6.12), the average rLDOS

has decreased to 1.5x.

With this in mind, the lack of any apparent e�ects of the silicon nanoparticles on the

�uorescent behavior of the Eu3+ could be attributed to the fact that only the Eu3+ very

close to the nanoparticle surface was undergoing any sort of coupling, and the modi�ed

�uorescence of these Eu3+ ions were being overshadowed by the behavior of the Eu3+ ions

in the bulk of the gelatin �lm. As indicated by Figure 6.12, the Eu3+ under observation

has to be within a few tens of nanometers of the silicon nanoparticle. While this condition
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may be met for the Eu3+ vertically above and below the nanoparticle due to how the gelatin

�lm was constructed (see Figure 6.1), the Eu3+ laterally to the side of the nanoparticle will

behave as in free space if they are in regions further than a few tens of nanometers away.

A second reason to explain the lack of any apparent e�ects would the the magnitude of

the simulated rLDOS enhancement. As shown in Figure 6.10, the maximum enhancement

for either magnetic dipole and electric dipole is approximately 4x even at the surface of

the nanoparticle. In comparison, investigations of similar systems of �uorescent emitters

and plasmonic structures have seen �uorescent enhancements at least an order of magnitude

larger, or even spectral peak splitting due to strong coupling [6, 141, 142, 143, 144, 145, 146,

147]. For example, heterodimers constructed from 80 nm and 50 nm Au nanoparticles with

gaps of 4.2 and 5.0 nm between the nanoparticles by Jiajing Li and others can be considered

[6]. Experiments and simulations of the heterodimers indicate a surface-enhanced Raman

scattering (SERS) enhancement factor (EF) on the order of 105−106. Furthermore in another

work, Waks and others quantum mechanically analyzed the interaction between a metal

nanoparticle and dipole-like emitter [141]. When the separation between the nanoparticle

and emitter was smaller than 5 nm, a Purcell enhancement on the order of 102 was observed.

In addition, Okamoto and others deposited CdSe quantum dots on a thin gold �lm in order to

use surface-plasmon coupling to enhance the photoluminescent behavior of the quantum dots

[142]. An enhancement by a factor of 23 in the photoluminescence was observed. Finally,

Chen and others analyze the light-mediated interactions between an arbitrary cluster of

metal nanoparticles and a two-level quantum emitter [143]. These authors observed a Purcell

enhancement on the order of 101− 102 when the emitter was placed between a dimer of two

gold prolate spheroids. A summary of these results is shown in Table 6.3.

96



System Calculated or Observed Enhancement

Heterodimers with Sub-5 nm Nanogaps[6] On the order of 105 − 106

(SERS enhancement)

Metal nanoparticle and dipole emitter[141] On the order of 102

(when separation is very small)

Quantum Dots on Au �lm[142] 23x enhancement

of photoluminescence intensities

Two level emitter between On the order of 101 − 102

two gold prolate spheroids[143]

Table 6.3: Summary of nanophotonic systems comparable to the Eu3+ and silicon nanopar-
ticle system and their corresponding enhancement factors.

6.5 Conclusion

In summary, the coupling between the electronic transitions of the Lanthanide ion, Eu3+,

and the Mie electric and magnetic dipole modes of a silicon nanoparticle was explored. A

thin layer of gelatin was created with both Eu3+ ions and silicon nanoparticles embedded

inside. The quality of the �lm and and the Eu(III) complex was checked using laser pro-

�lometry and �uorescence spectroscopy. Then, TCSPC and �uorescence spectroscopy were

used to optically study the Eu3+ and silicon nanoparticle system. When compared to a con-

trol sample consisting of just Eu3+ embedded in the gelatin �lm, very little di�erence was

observed in the �uorescence lifetime and spectral measurements. Further analysis using sim-

ulations of the Eu3+ and silicon nanoparticle system, as well as calculations of the rLDOS,

were performed, and a maximum rLDOS enhancement of 4x compared to the control was

found. Thus, the potential coupling would be small compared to similar photonic systems.

Furthermore, the simulations indicated that the �uorescent behavior of any Eu3+ coupling

to the nanoparticle would be overshadowed by the photoluminescence of the Eu3+ in the
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bulk of the �lm.

Future directions would be focused around �rst isolating the photoluminescence of Eu3+

that is near the silicon nanoparticle in order to see the e�ect of any possible coupling. For

example, the use of a gelatin �lm can be avoided by sputter coating Eu2O3 onto the silicon

nanoparticles. This method would ensure that the Eu3+ ions are in very close proximity to

the nanoparticles. Furthermore with this approach, the lack of a gelatin �lm with embedded

Eu3+ ions would prevent bulk Eu3+ from overshadowing the photoluminescence of Eu3+

near the nanoparticle.

The next major future direction is increasing the strength of the coupling between the

silicon nanoparticles and nearby Eu3+. One method would be to use regular arrays of

silicon nanoparticles, similar to the work by Castellanos and others [8]. Such an array of

silicon nanoparticles would exhibit a strong grating mode, which is more likely to couple

to the electronic states of Eu3+. Another method would be to use closely spaced silicon

nanoparticle dimers, similar to the work by Li and others [6]. It is anticipated that a strong

electromagnetic �eld enhancement would occur in the dimer gap, allowing for better coupling

to any Eu3+ ions present.
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APPENDIX A

ELECTRODYNAMIC INTERFERENCE AND COUPLING IN

NANOPARTICLE-BASED OPTICAL MATTER ARRAYS

Reproduced in part with permission from: Curtis Peterson, John Parker, Emmanuel Valen-

ton, Yuval Yifat, Stuart A. Rice, and Norbert F. Scherer. Electrodynamic Interference and

Coupling in Nanoparticle-based Optical Matter Arrays. Manuscript in preparation.

The understanding of light-matter interactions in nanophotonics and optical matter has

for the most part focused mainly on the electric �eld and the electric properties of matter.

One example of this perspective is our recent work studying the interaction between the

nanoparticles of an optical matter array.

Introduction. In general, multiple particles simultaneously present in optical traps

interact electrodynamically with one-another, and these interactions produce optical bind-

ing forces. As a result the particles tend to self-organize into ordered optical matter (OM)

arrays with preferred inter-particle separations at (near) integer multiples of the incident

laser wavelength[61, 20, 148, 149, 150]. The optical binding forces arise from the interaction

between the polarization induced in each particle by the light incident and scattered from

other particles[151, 149]. OM arrays are open, nonequilibrium systems because the coherent

light source that mediates the optical binding forces also causes a constant �ux of electro-

magnetic energy through the system[19]. Conversion or redirection of the momentum from

the incident laser light makes possible phenomena such as non-reciprocal forces[19, 14, 15],

negative optical torque[152, 16, 70, 17, 9], and nanoscale light sails.[153] Therefore, a full

description of an OM array requires knowing the detailed properties of both the incident and

scattered electromagnetic �elds in addition to the positions, sizes, shapes, and composition

of each particle.

While there has been steady progress toward understanding how tailoring the phase and
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intensity pro�les of the incident �elds can a�ect the dynamics and structures formed by opti-

cally trapped plasmonic nanoparticles[154, 75, 155, 156, 77, 157, 158, 159], the characteristics

of coherent light scattered by OM arrays is an area of current research[160, 161, 9, 162]. The

periodic wavelength-scale structures of OM arrays[163] suggest that electromagnetic inter-

ference plays an important role in the properties of the light they scatter. In addition, the

large scattering cross sections of the plasmonic nanoparticles that OM arrays are often com-

prised of[164, 150] suggest that electrodynamic coupling may also be important, leading to

potentially new forces and behavior extrinsic to the properties of the light source[165, 166].

However, the respective roles of electromagnetic interference and electrodynamic coupling

with respect to the coherent light scattered by OM arrays and their interdependency has

received little attention.

By electrodynamic coupling, we mean the polarization induced in one particle due to light

scattered by another particle, and which can be categorized into two regimes[167, 168, 169].

In near-�eld coupling the interaction between particles with separations much smaller than

the wavelength of light is treated as a quasi-static[170, 171]. In far-�eld coupling objects

interact with one-another through scattered radiation. In large arrays far-�eld coupling dra-

matically a�ects each particle's polarization; the interaction between particles is frequently

treated analogously to methods in solid-state physics, i.e. with an approach that invokes the

periodicity of the array[172, 173, 174, 175]. Both types of coupling modify the induced polar-

ization of a particle in the array due to light scattered by other nearby particles. Near-�eld

coupling is signi�cantly stronger than far-�eld coupling and is often studied on a pairwise

basis[170, 171]. Far-�eld coupling is usually studied in the limit of very large arrays, al-

though some research has examined �nite-size e�ects[176]. The approaches typically used

in the near- and far-�eld coupling regimes are not suitable for describing coupling in small

OM arrays: a quasi-static approach is inappropriate because retardation is signi�cant over

the wavelength-scale distances characteristic of OM arrays, and the edges and boundaries
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of �nite size arrays precludes momentum space representations. However, it is important

to note that coupling (and the associated induced polarizations give rise to the many-body

nature of OM arrays.

In this paper we show that optical matter arrays exist in a regime where interference

determines the spatial pro�le of the light scattered by the array, but coupling (and multiple

scattering) enhances the polarization induced in the array's constituent material elements

(e.g. metal or dielectric nanoparticles). We show that the images obtained with coherent

backscattered light (termed coherent imaging) from OM arrays contrast strongly with those

obtained with incoherent light. While di�raction and fringe patterns visible in the coherent

images characterize the electric �eld intensity surrounding the OM arrays, the more striking

�nding is the replacement of particle-centric images obtained with incoherent light illumi-

nation with images where the intensity is shifted between particles when visualized with

coherent light. We investigate the directional scattering of coherent light over polar angles

by performing generalized multiparticle Mie theory (GMMT) calculations of ordered OM ar-

rays with 1-7 particles. In contrast to the largely dipolar scattering of a single particle[177, 2],

the light scattered from ordered OM arrays develops a lobed structure with maxima in spe-

ci�c sideways, forward, and backward directions. This scattering can also be described in

terms of collective modes that arise from multi-particle coupling[176, 9].

We �nd that the total scattering of small OM arrays at the trapping laser wavelength

grows super-extensively (i.e. faster than linear) when nanoparticles are added to the array.

The super-extensive growth of the scattering is the result of electrodynamic coupling. We

quantify the strength of electrodynamic coupling in OM arrays at the trapping laser wave-

length by calculating the ratio of the total electric �eld intensity to the incident intensity at

a vacant site in the array, �nding that the contribution from neighboring particles becomes

signi�cant even for small (1-6 neighboring particles) OM arrays. The measured scattering

and local density of states (LDOS) enhancement for a range of wavelengths shows that both
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increase near the trapping laser wavelength as more particles are added to the OM array, and

a collective resonance develops at the expense of the single-particle Mie resonance scatter-

ing from individual particles[176]. We also show simulated and experimental backscattered

spectra that demonstrate the scattering enhancement of a coherent light source by OM ar-

rays. Finally, we extend our investigation to larger hexagonal arrays to show the connection

between OM arrays of plasmonic nanoparticles and surface lattice resonances (SLR's; also

known as lattice plasmons)[178, 179, 168, 172, 173, 174]. Speci�cally, the sharp resonances

that yield scattering enhancement in large regular arrays of nanoparticles occurs concurrently

with enhancement of the induced polarization similar to that seen in small OM arrays.

We interpret our results in the context of analytical theory in the point-dipole approxi-

mation and show that electrodynamic coupling in OM arrays is strengthened by construc-

tive interference. Speci�cally, the large scattering cross sections of the plasmonic particles

often used in OM experiments, the emergent periodic structures that self-organize, and

the wavelength-scale separations between the particles all play important roles. Our work

demonstrates that collective excitations in OM arrays are equivalent to SLR's in the small

lattice-size regime.[176]

Experimental setup. Our experiments were conducted with a single-beam optical tweez-

ers in an inverted microscope as described previously[76]. A schematic of the experimental

set-up is shown in Figure A.1. A dilute aqueous solution of PVP-coated 150 nm Ag nanopar-

ticles was placed inside a sample chamber made from an adhesive spacer sandwiched between

two glass cover-slips. A cw Ti-sapphire laser was nearly collimated at the back aperture of a

60x microscope objective (Nikon SAPO 60x water; NA = 1.27), creating a converging beam

that pushed and trapped a small number of particles close to the top glass surface of the

sample chamber. The focus of the optical trapping beam was adjusted with a spatial light

modulator (SLM; Meadowlark) to create an inward directed phase gradient at the trapping
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plane that increased the con�nement of the nanoparticles[155, 9]. Electrostatic repulsion be-

tween the ligands on the nanoparticles and the charged glass cover-slip balance the radiation

pressure, resulting in nanoparticle trapping in a 2D plane. The trapping laser was circularly

polarized in all experiments and calculations.

To image the coherent back-scattered light, we employed a 2-channel con�guration where

one channel accepted 470 nm incoherent LED dark�eld illumination, and the other channel

�ltered out the LED light and accepted the backscattered laser light but with signi�cant

attenuation (OD = 5). The two channels form spatially separated images on the same

CMOS detector (Andor Neo). The simultaneous measurements are necessary because the

particle positions are not obvious from the images of backscattered coherent light as can be

seen in Figure A.1b-g. No additional �eld stops or aperture stops were introduced to the

optical path so the nominal numerical aperture is that of the objective.
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Figure A.1: (a) Optical trapping setup with simultaneous video microscopy and backscat-
tered spectral measurements. HWP - half wave plate; QWP - quarter wave plate; SLM -
spatial light modulator; DBS - dichroic beam splitter; PBS - polarizing beam splitter; SP
- notch �lter. (b-c) Incoherent light dark�eld (NA = 1.27) images of a NP dimer at sep-
arations of 1.5λ (b) and λ (c). (d-e) Coherent light backscattered (NA = 1.27) images of
NP dimer at separations of 1.5λ (d) and λ (e). (f-g) Simulated coherent light backscattered
(NA = 1.00) images of NP dimer at separations of 1.5λ (f) and λ (g). See supplementary
Videos 2 and 3 for a sequence of images for di�erent inter-particle separations obtained with
incoherent and coherent light [180].

Coherent imaging of OM arrays. The optically trapped 150 nm diameter Ag nanopar-

ticles in our experiments rotate, translate, and dynamically recon�gure in the water solution

due to thermal energy of the solution (i.e. undergo Brownian motion)[76, 160, 9]. Therefore,

dark�eld microscopy videos (e.g. see Supplementary Video 1 [180]) typically show particle

arrays with �uctuating con�gurations where the probability of each speci�c con�guration

depends on the inter-particle forces. Particle separations with integer multiples of the trap-
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ping wavelength in the solvent medium λ = λlaser/n, where n is the index of refraction, are

favored due to optical binding[61, 20, 148, 149, 150].

The individual images containing two randomly �uctuating particles in the optical trap

were processed by the following protocol: (i) the particle pair was tracked in the images

obtained with incoherent light using Mosaic (ImageJ); (ii) the particles were centered with

respect to their "center of mass" and rotated with respect to the orientation of the pair;

(iii) the oriented images were averaged in bins conditioned on inter-particle separation to

dramatically improve the signal-to-noise ratio of the images. See the Supplementary Infor-

mation for further details[180]; see Video 1 for the raw data and Videos 2, 3 for averaged

and aligned videos measured with incoherent and coherent light, respectively.

Figures A.1b,c show averaged dark-�eld images measured with incoherent light where

the pair of particles is separated by 1.5λ and λ, respectively. The images show that the

incoherent light scattered from each of the particles is manifested as well-de�ned Gaussian

spots regardless of inter-particle distance to separations as small as 300 nm. Figures A.1d,e

show averaged images measured with coherent light are shown for the same separations.

The images for particles separated by r = 1.5λ show two distinct spots, ostensibly near the

particle locations, and a pattern of interference fringes around the dimer with two brighter

spots on the perpendicular bisector between the particles. The image for r = λ shows a

single elongated spot between the particle locations that is reminiscent of σ-bonding orbitals

in diatomic molecules[181]. The fringe pattern also changes at r = λ compared to r = 1.5λ

with the �rst ring of fringes becoming ellipsoidal.

We performed GMMT calculations to generate simulated images for the particle con�g-

urations shown in Figure A.1b-e (λ = 800 nm). The simulated images closely match each of

our experimental results measured with coherent light scattered from the OM arrays when

the simulated numerical aperture (NA) is set to 1.00. Fresnel re�ection losses at high NA in-

side the objective may reduce the e�ective NA of the experimental image. Also, the particle
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images may be displaced from their true positions due to spin-to-orbit angular momentum

conversion of scattered light and the associated tilt of the scattered wavefront and shifting of

the particle images in the transverse plane[182]. Our imaging may capture an aspect of this

displacement that blurs the averaged images. The image averaging procedure will also cause

blurring. Nevertheless, Figure A.1 demonstrates that the image of a pair of nanoparticles

illuminated by coherent light depends on the distance between them.

We also recorded images of small 2D OM arrays illuminated by spatially coherent light.

Figure A.2a-c shows aligned and averaged coherent images for three di�erent arrays; the

associated averaged incoherent dark�eld illumination images are shown in the insets. A

real-space lattice �tting procedure was employed to detect ordered arrays and de�ne the

rotation and translation required for the averaging of each raw experimental image (see SI

for details)[180]. The OM array in Figure A.2a is a 6-particle triangular con�guration, as

shown by the incoherent dark�eld image in the inset. The positions of the corner particles are

bright in the coherent image, while the positions of the three interior particles are dimmer by

comparison. Moving away from the array, bright fringes are visible with maximum intensity

located outward from the three central particles in the triangle. The array in Figure A.2b is

a di�erent six-particle arrangement (termed a chevron) with a concave edge as shown in the

inset. Its coherent image contains a smooth bright fringe following the arc of positions of the

outer particles with the center particle appearing dark. There are exterior fringes projected

outward from the bisectors of each of the 5 exterior edges of the array, and a bright spot

located at the 3 o'clock position. Figure A.2c shows the coherent image for the 7-particle

hexagonal array obtained by adding a particle to the array in Figure A.2b. The coherent

image is annular with a dark center that resembles a benzene π-orbital[181]. There are fringes

arranged parallel to each edge of the hexagon. The images in Figure A.2 a, b, and c have

3-fold, 2-fold, and 6-fold rotational symmetry, respectively, which matches the symmetry of

each particle array. Figures A.2d-f show simulated coherent backscattering images (λ = 800
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nm; NA = 1.00) for each of the experimentally measured arrays in Figure A.2a-c. The

agreement between the measured and simulated images is very good.

Figure A.2: OM arrays imaged with coherent light and comparison to the simulated electric
�eld intensity. (a-c) Experimental coherent backscattered images of OM arrays with 6 (a-
b) and 7 (c) particles. The insets show the corresponding averaged incoherent (dark�eld)
images. (d-f) Simulated coherent backscattered images each of the three OM arrays as
panels a, b, and c, respectively. (g-i) Simulated electric �eld intensity (color: red to blue) at
and around each of the OM arrays (near-�eld and far-�eld) for comparison with the results
of coherent imaging. The nanoparticles are gray �lled circles.

Figures A.2g-i show the simulated electric �eld intensity, |E|2 at and around each of

the three arrays for comparison with the experimental and simulated coherent backscatter-

ing images. Comparison of the coherent images in Figures A.2a-c (experimental) and d-f
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(simulated) with the electric �eld distributions in Figures A.2g-i shows that they are clearly

di�erent inside the OM array, but become more similar moving outward. Figure A.2g ex-

hibits two local intensity maxima outside each edge of the triangle that are in a similar

location to bright fringes in the experimental and simulated coherent images. The inten-

sity maxima just outside the array in Figure A.2h-i are also coincident with fringes in the

measured and simulated coherent images.

The electric �eld intensity distribution is related to the coherent images of OM arrays

by far-�eld interference[183]. For plane-wave illumination with incident electric �eld E0 and

wavevector k the electric �eld intensity at a point (ρ, ϕ) in the transverse plane is given by[2]

I(ρ, ϕ) = E2
0 + 2E0|Ã|

cos(kρ+ φs)

kρ
(A.1)

where Ã is a complex constant related to the nanoparticle's polarizability and φs is a phase

shift factor. Meanwhile, the �eld in the image plane scattered by a point dipole µi located

at the origin (in the paraxial limit) is[2]

E(ρ, ϕ) = B̃
J1[kρ sin(θobj)]

kρ
µ (A.2)

where B̃ is a complex constant, J1 is a Bessel function, and θobj is the collection angle of the

microscope objective. Replacing the Bessel function by its asymptotic form and including

the electric �eld re�ected o� the water-glass interface, Er, the intensity is

I(ρ, ϕ) ∝ E2
r + 2Re(Er · B̃∗µ)

cos(kρ sin(θobj) + π/4)

(kρ)3/2
+O

(
1

(kρ)3

)
(A.3)

Comparing equation A.3 to equation A.1 (and ignoring the |µ|2 term) shows that for a perfect

objective (sin(θobj) = 1; N.A. = 1.33) the coherent images and the electric �eld intensity

for a single particle have identical features up to a constant phase shift, although the image

intensity modulation falls o� faster as ρ3/2. Equations A.1-A.3 apply to single particles.
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The di�erence between the coherent images and the near-�eld intensity in the interior of the

array are due to the limited NA of our experimental coherent images.

Multi-particle scattering, induced polarization, and coupling in OM arrays. Fig-

ure A.1 and Video 3 demonstrate that the separation between particles has a dramatic e�ect

on the images of coherent light scattered by a pair of particles. Figure A.2 demonstrates

that the size and shape of the OM array does as well. However, the relative importance of

interference and coupling in various characteristics of OM arrays needs to be established. We

performed GMMT calculations at a wavelength of 800 nm ( 600 nm in water) for ordered OM

arrays with a lattice spacing of 600 nm with 1-7 particles to facilitate a quantitative com-

parison between the light scattered by OM arrays with di�erent numbers of particles. The

simulated OM arrays have the structures and orientations shown in Figure A.3a. Projections

of the scattered intensity onto the y-z plane are shown in Figure A.3b-c when normalized to

1 (A.3c), and by the number of particles (A.3b). The full 3D far-�eld scattering pro�les for

1-7 particles are shown in the SI [180]. A single particle scatters in all directions, although

there is a greater scattering intensity in the forward and backward (±z; up/down) directions

than in the sideways (y; left/right) directions. The pattern is reminiscent of a dipole emitter

oriented perpendicular to the incident beam propagation direction. However, it is altered

due to the higher order (e.g. quadrupole) modes of the generalized Mie theory description

of a single 150 nm diameter Ag NP, and by the broken symmetry between forward and

backward scattering. As more particles are added to the OM array, the scattering intensity

develops a strong lobe-structure with maxima in the forward (+z) and backward (−z) di-

rections, and smaller maxima in the sideways (±y) directions. The change going from 2 to 3

particles is particularly striking and notable because this is the �rst array where a particle is

added o�set from the x axis and also where multi-particle scattering and many-body induced

polarizations occur.
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Figure A.3: The e�ect of electrodynamic coupling as seen in projections of the far-�eld
angular scattering (λ = 800 nm; 600 nm in water) onto the yz plane from NP arrays with
1-7 particles. (a) OM arrays (lattice spacing = 600 nm) and color coding for (b-d). The
incident �eld propagates along the z direction (upward on the page). (b) Angular scattering
normalized by the number of particles in the array. (c) Angular scattering normalized to
unity. (d) The same as (b), but with interparticle coupling disabled. Comparing (b) to (d)
shows that coupling increases the strength of the far-�eld scattering. On the other hand,
coupling does not signi�cantly change the shape of the angular �elds. (e) Total scattering
normalized by single particle scattering with coupling enabled (red) and disabled (blue). In
simulations where coupling is enabled, the scattering increases super-extensively

Figures A.3b-c show that the directional scattering from an OM array is altered signif-

icantly compared to a single particle. We modi�ed the calculations in Figures A.3b, c by

disabling coupling (i.e. induced polarization from particle-particle scattered �elds) between

the particles so that the polarization induced in each particle is only due to the incident

�eld. The results are shown in Figures A.3d, e. The shape of the angular scattering pro�le is

nearly identical, but the magnitude is 2-fold smaller than when coupling is allowed. Speci�-

cally, the total scattering cross section, σN , (at a wavelength matching the lattice spacing)

of an OM array with N particles is directly proportional to N (σN = Nσ1) with coupling
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disabled, while σN grows super-extensively (i.e. faster than N) with coupling enabled.

We also repeated our calculations of coherent images with coupling disabled to determine

if the images are a�ected. We �nd that the resulting images are nearly identical to the results

shown in Figures A.1-A.2 with coupling enabled (see SI) [180]. Essentially, only the total

scattered intensity changes (increases) with coupling.

The results in Figures A.1 through A.3 demonstrate that the imaging and direction-

ality of light scattered by OM arrays are primarily in�uenced by interference, and that

electrodynamic coupling changes the magnitude but not the spatial characteristics of the

scattered coherent light. There are two (limiting) cases where electrodynamic coupling be-

tween nanoparticles is particularly important: (i) when inter-particle separations are small

compared to the wavelength of light, retardation can be neglected and the interaction be-

tween particles can be treated as quasi-static; i.e. as between the surface charges of the two

particles in a pair or dimer[170, 171]; (ii) on the other hand, large �eld enhancements can

occur in extended, regularly spaced arrays of particles at wavelengths near the array spacing

due to constructive interference[184, 172].

Spectral dependence of electrodynamic coupling. We have shown that electrody-

namic coupling, where the induced polarization is in�uenced by the �elds scattered between

particles, leads to increased scattering of coherent light at the trapping laser wavelength

(800 nm; 600 nm in water) in OM arrays, and now turn our attention to the origin of the

coupling. We carried out GMMT calculations to study the e�ects of the number of particles,

size of particles, and excitation wavelength on the coherent light scattered by OM arrays.

Figure A.4a shows the ratio of the total �eld to the incident �eld at the (empty) location of

the center particle in a hexagonal 6-particle OM array for wavelengths of 800 nm (violet),

760 nm (blue), and 580 nm (red). For λ = 800 nm and λ = 760 nm the enhancement is

small (≈ 7 percent) with a single particle nearby. However, every particle added to the
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array contributes to a growing enhancement so that the scattered �eld is approaching half

the magnitude of the incident �eld for 6 nearby particles, and the growth from 1 to 6 is

nonlinear. Conversely, at λ = 580 nm the total �eld at the location of the vacant site at the

center of the OM array diminishes monotonically with increasing particle number.
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Figure A.4: Electrodynamic coupling and emergence of a collective scattering mode in OM
arrays. (a) Electric �eld enhancement at the vacant location of the center of a hexagonal
OM array for varying number of particles at incident vacuum wavelengths of 800 nm (violet),
760 nm (blue), and 580 nm (red). (b) Six-particle results from panel (a) repeated for varying
particle-size (radius) at wavelengths of 800 nm (violet), 760 nm (blue), and 580 nm (red).
(c) Simulated scattering enhancement as a function of wavelength in OM arrays versus
number of particles. The inset shows the integrals for the wavelength ranges corresponding
to the (i) single-particle Mie resonance and the (ii) collective mode resonance resulting from
electrodynamic coupling. (d) Local density of (electromagnetic) states enhancement in OM
arrays for 1-7 particles (e) Simulated wavelength-dependent total scattering of the NP arrays
normalized by particle number. Note the spectral range of the experiment corresponds to
that between the dashed vertical lines. (f) Experimental back-scattering spectra of NP
arrays normalized by a 1NP spectra measured with spatially coherent light.
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Figure A.4b shows the six-particle GMMT simulation of �eld enhancement at the vacant

site as a function of particle radius ranging from 20 nm to 100 nm for the same three

wavelengths as in Figure A.4a. The dependence of the �eld enhancement on particle size is

nonlinear at each wavelength. With λ = 800 nm the magnitude of the �eld enhancement

increases monotonically with particle size, while for λ = 760 nm the �eld enhancement

reaches a peak near 80 nm radius before decreasing slightly. Conversely, the strength of

the electric �eld decreases with increasing particle size for λ = 580 nm. This result follows

from changes in the scattering cross sections as the volume, changing ∝ r3, in addition to

the dipolar resonance red-shifting with increasing size. Figures A.4a-b show that signi�cant

electrodynamic coupling occurs even in small arrays ( 2-7 particles) due to the combined

scattering from several neighbors for particles larger than ≈ 50 nm in radius.

Figure A.4c shows the scattering enhancement of spatially coherent broadband light

(compared to N-fold multiplication of the single-particle scattering) as a function of wave-

length for OM arrays with 1-7 particles. Consistent with the results in Figure A.3e, the

scattering grows super-extensively at wavelengths near the trapping laser wavelength. The

dependence of this scattering enhancement on electrodynamic coupling suggests that it is

collective in nature. Figure A.4c also shows that the scattering near the single-particle Mie

resonance decreases as the number of nanoparticle constituents in the OM array increases.

The inset in Figure A.4c shows the integral of the scattering enhancement for the collec-

tive and single-particle resonances. As the number of particles increases, the integral of the

collective resonance enhancement steadily increases while the integral of the single-particle

resonance diminishes.

The local density of (electromagnetic) states (LDOS) at a certain location within or near

an OM array controls the emission rate of a dipole emitter placed at that location[185, 186].

In the limit of large arrays of plasmonic particles the local density of states enhancement

for speci�c in-plane wave vectors occurs together with large �eld enhancements[173]. Fig-
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ure A.4d shows the measured local density of states enhancement (LDOS) in an OM array

for 1-7 nanoparticles. This is consistent with the signi�cant �eld enhancement shown in

Figures A.4a-b. As more particles are added to the OM array, LDOS enhancement becomes

increasingly prominent near the trapping laser wavelength.

Experimental and simulated scattering spectra. To experimentally determine the

wavelength-dependent scattering enhancement in OM arrays, we measured backscattered

spectra using a spatially coherent broadband source. A backscattering geometry was chosen

for excitation and detection where the direction of propagation is normal to the plane of

the array so that each particle in the array is excited with the same phase. Although we

anticipate a scattering enhancement at wavelengths near that of the trapping laser (because

it de�nes the characteristic optical binding distance), the trapping laser wavelength needs

to be �ltered out because it is much more intense than the coherent broadband source. We

employed a pulsed supercontinuum �ber laser (Fianium WL400-4-PP), operating at maxi-

mum power with a 5.00 MHz pulse repetition rate, coupled to a computer-controlled variable

interference �lter (Fianium SuperChrome) set to its maximum bandwidth. As shown in Fig-

ure A.1a, the broadband beam was directed to travel collinear with the trapping laser into

the optical trap, and the back-scattered light was sent through a dichroic beam splitter and

notch �lter (Semrock StopLine NF03-785E-25) to remove the trapping laser intensity from

the back-scattered light. 20% of the light was directed towards a CMOS array detector (An-

dor Neo) for imaging and the remaining 80% of light was directed towards a spectrograph

(Andor Shamrock SR-193i-B1-SIL). A pair of relay lenses (Thorlabs AC508-100-B-ML) with

focal length f=100 mm were then used to bring the resulting spectrum from the spectrograph

to a second CMOS array detector (Andor NEO). The imaging and spectral CMOS detectors

were synchronized so that the spectral measurement was acquired at the same frame rate

as the imaging. Both detectors were started and 1000 images and spectra were acquired at
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160 fps once an OM array had formed. The spectra were classi�ed by (i) speci�c numbers of

nanoparticles, and (ii) as arising from ordered vs. disordered arrays based on the �tting error

(i.e. deviations of the particle positions from the lattice) resulting from real-space lattice

�tting of the OM arrays in each frame.

Figure A.4e shows simulated backscattered spectra for an OM array consisting of 1-7 par-

ticles normalized by the single particle spectrum. Peaks in scattering enhancement emerge

near 500 nm and 800 nm as particles are added to the array. The experimentally measur-

able range of wavelengths is indicated by the black vertical dashed lines in Figure A.4e.

Figure A.4f shows the experimentally measured backscattered spectra normalized by the

single-particle scattering spectrum. The experimental and simulated spectra of the OM ar-

rays are in good agreement.

Polarization and scattering enhancement in large OM arrays. We extended our

investigation to large hexagonal arrays of 150 nm Ag NP's to elucidate the connection

between the electrodynamic properties of small OM arrays and surface lattice resonances

(SLR's) in the in�nite lattice limit. Figure A.5a shows the average enhancement of the in-

duced polarization (i.e. the proportion of the average induced-polarization of the particles

to the induced-polarization of an isolated particle in the same incident �eld) in a hexagonal

NP array with 469 particles and a lattice constant varying from 400 nm to 900 nm. The

enhancement of the induced-polarization, and hence electrodynamic coupling as a result of

multi-particle scattering, grows slowly for lattice spacings from 400 nm to 600 nm before

rapidly increasing to a peak at 667 nm. It then declines rapidly to a value below 1, and then

increases back toward 1 with increasing spacing. Figures A.5b-c show visualizations of the

induced-polarization enhancement of the particles in the array for lattice spacings of 600 nm

and 667 nm, respectively. At 600 nm the induced-polarization enhancement has a six-fold

symmetric pattern and is small. At 667 nm (the spacing where the induced-polarization
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enhancement is maximized) the maximum enhancements are nearly radially symmetric with

the strongest (nearly 10-fold) enhancements at the center of the array.

Figure A.5: Induced-polarization and scattering enhancement in large hexagonal NP arrays.
(a) Average induced-polarization enhancement in a large (469 particles) hexagonal NP array
with variable inter-particle spacing. The inset shows the arrangement of particles. (b)
Visualization of induced-polarization enhancement as a result of multi-particle scattering in
a large hexagonal NP array with 600 nm spacing. (c) Visualization of induced-polarization
enhancement in a large hexagonal NP array with 667 nm spacing. (d) Enhancement of the
scattering cross section per particle for hexagonal arrays with lattice constants of d = 600
nm, d = 667 nm, and d = 680 nm. (e) Average induced-polarization enhancement of NP's
in a hexagonal array as it is built particle-by-particle for lattice constants of d = 600 nm,
d = 667 nm, and d = 680 nm. (f) Enhancement of the scattering cross section per particle
versus average polarization-enhancement of NP's in a hexagonal array as it is built particle-
by-particle for lattice constants of d = 600 nm, d = 667 nm, and d = 680 nm.

We simulated scattering spectra for arrays with the three separations marked with vertical

dashed lines. Figure A.5d shows the results obtained from GMMT simulations of 469-particle

hexagonal arrays (in water) for wavelengths between 500 nm and 900 nm. The resonance

peaks occur at 733 nm, 799 nm, and 812 nm for lattice spacings of 600 nm (blue), 667 nm

(orange), and 680 nm (green), respectively. There is a nearly linear relationship between the

resonance wavelength and lattice spacing over the range of lattices studied.
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We also conducted GMMT simulations as NP arrays were built particle-by-particle to in-

vestigate how the electrodynamic properties of the arrays scale with the number of nanoparti-

cle elements, N. Figure A.5e shows plots of induced-polarization enhancement versus number

of particles. When d = 600 nm (the lattice constant is equal to the inter-particle spacing) the

induced-polarization enhancement increases rapidly for a small number of particles before

leveling o� and decreasing slightly. For d = 667 nm the polarization enhancement increases

more slowly for a small number of particles compared to d = 600 nm, but continues to

increase steadily becoming 4-fold larger than the result for d = 600 nm with 469 particles.

In contrast, the induced-polarization enhancement only increases slightly at d = 680 nm.

Figure A.5f shows plots of scattering enhancement versus polarization enhancement for

hexagonal arrays with a varying number of particles (indicated by the purple-to-red color-

scale) for an incident wavelength of 800 nm and lattice spacings of d = 600 nm, d = 667 nm,

and d = 680 nm. The scattering enhancement increases steadily and monotonically with

polarization enhancement for d = 667 nm. However, scattering enhancement increases up

to a certain number of particles before decreasing for d = 600 nm and d = 680 nm. These

contrasting behaviors indicate that an increase in induced-polarization does not necessarily

result in increased total scattering. The phase of the induced-polarizations of the particles in

the array shows that the collective excitation in the 469-particle array: (i) lags behind the

phase of the incident light for d = 600 nm; (ii) is close to the phase of the incident light for

d = 667 nm; and (iii) is advanced compared to the phase of the incident light for d = 680 nm.

Discussion and Conclusions. We have shown that induced-polarizations and electrody-

namic coupling versus single scattering and interference have distinct e�ects on the scattering

of coherent light by OM arrays. Figures A.1 and A.2 show that imaging the backscattering

of the coherent trapping laser from an OM array gives dramatically di�erent results versus

imaging the particles illuminated by an incoherent source. Furthermore, the coherent images
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of the OM arrays have features in common with the near-�eld electromagnetic �eld intensity

because both are controlled by similar phase-dependent relationships according to Equa-

tions A.1 and A.3. Figure A.3 shows that multiple scattering and electrodynamic coupling

has a minimal e�ect on the (qualitative) spatial characteristics of coherent light scattered by

OM arrays; i.e. on how the images look. However, coupling leads to an enhancement of the

total scattering at the trapping laser wavelength. Figure A.4 demonstrates that while cou-

pling enhances scattering at wavelengths near the trapping laser wavelength, total scattering

is not enhanced at all wavelengths. Figure A.5 shows how the electrodynamic properties of

OM arrays evolve as the arrays grow. For large hexagonal arrays the collective scattering

resonance wavelength (in a water medium with n = 1.33) is signi�cantly shifted compared

to the lattice spacing. However, our results show that maximization of scattering still occurs

concurrently with large polarization enhancements due to constructive interference of the

light scattered by neighboring particles.

Figure A.4a shows that each particle added to the OM array increases the electric �eld

strength at the vacant central site of a hexagonal array for trapping laser wavelengths

(λ/1.33) near the 600 nm (�xed) particle spacing. For the geometry shown in Figure A.4a,

the light scattered from each particle has the same phase at the central location marked

in that �gure because that location is equidistant from all of the particles. The relative

phase between the incident and scattered light, however, depends on the lattice spacing in

comparison to the wavelength of the excitation. For the trapping laser, the laser wavelength

(accounting for the index of refraction of the medium) and lattice spacing are nearly equal

and the scattered light interferes constructively with the incident light. At 560 nm the in-

terference is destructive and the �eld at the location of the vacant central site is diminished.

The total strength of the coupling also depends on the size (and polarizability) of the par-

ticles. Figure A.4b shows that the scattering cross sections of the 150 nm diameter particles

used in our experiments and most calculations are large enough to result in signi�cant �eld
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enhancement in OM arrays, whereas Ag nanoparticles with diameters under 100 nm create

almost none. Therefore, the geometry, inter-particle separations, and choice of particles in

OM arrays contribute to the signi�cant electrodynamic coupling that we report here.

There is an important relationship between interference and coupling that can be un-

derstood within the point dipole approximation[149]. Consider a two-dimensional array of

particles with isotropic polarizability α arranged in the transverse plane of an electromagnetic

plane-wave with wavelength λ0 . The induced-polarization, pi, of particle i is proportional

to the total electric �eld at the location of particle i, pi = αEr=ri with

Er=ri = E0 + α
∑
j ̸=i

G(ri, rj)Er=rj

≈ E0

[
1 + α

∑
j ̸=i

G(ri, rj) + α2
∑
j ̸=i

∑
l ̸=j

G(ri, rj)G(rj , rl) + ...

] (A.4)

where E0 is the incident electric �eld and G(ri, rj) is the Green's Function tensor that

propagates the scattered �eld at position rj resulting from a dipole at position ri[149, 13]

Glm =
eikR

4πϵ0ϵmR3

[
(3− 3ikR− k2R2)

RlRm

R2
+ (k2R2 + ikR− 1)δlm

]
(A.5)

where l andm are polarization directions of the �eld, R = |ri−rj | is the distance between the

two particles, and k is the wave-vector of the incident light. At single-wavelength distances

kR = 2π where the far-�eld terms in the propagator with 1
R dependence give the largest

contribution, although all terms are signi�cant for OM systems. Due to the eikR phase

factor in equation A.5, the induced-polarization of a particle in an OM array will have the

largest contribution from light scattered by neighboring particles when all of the scattered

contributions are in-phase, i.e. when they are interfering constructively.

Equation A.4 is an approximate solution for the scattered �eld at the location of a

particle in an OM array expanded in orders of scattering. Each scattering order is weaker
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by a factor of αG. Based on the results in Figure A.4a, we estimate that the terms in αG

≈ 0.05 As an OM array grows, an increasing number of terms contribute to higher-order

(and multi-particle) scattering. In the limit of large lattices, as demonstrated in Figure A.5,

higher-order and multi-particle scattering (and hence many body interactions) and what we

term electrodynamic coupling makes the dominant contribution to the induced-polarization

of each particle. That is, multiple-scattering cannot be ignored.

Both interference and electrodynamic coupling play important roles in understanding

light scattered by OM arrays, analogously to SLR's. Interference dramatically alters the

spatial pro�le and directionality of the light scattered by OM arrays. Furthermore, while the

magnitude of the �eld scattered from a single particle is small compared to the incident �eld,

the combined contributions from several nearby particles interfering constructively leads to

signi�cant �eld enhancement and coupling. This is especially true for large hexagonal arrays

where the induced-polarization becomes > 5x larger than that of an isolated particle under

the same illumination. These �eld enhancements and coupling could also be exploited for

applications in nonlinear optics, where the phenomena have an E2n dependence, with n

indicating the order of nonlinearity[187, 188].
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