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ABSTRACT

Colloidal metal nanoparticles are renowned for their ability to strongly scatter and absorb
light due to size- and environment-dependent plasmon modes. Active areas of research focus
on using both single and collections of nanoparticles to control the shape of electromagnetic
fields on the nanoscale. The excitation of plasmon modes in the nanoparticles confines the
energy from incident fields to sub-wavelength scales with distributions controlled by the
morphology of the particles, and multiple particles arranged in the near-field can extend the
excitation into a collective mode. The excitation of plasmon modes can create enhancements
of the field intensity, which have been leveraged for enhancing radiative rates of light-emitting
particles and molecules and increasing molecular sensing signals. However, many of these
applications rely on electric field enhancements in the near field and using static nanoparticle
arrangements. We present extensions to this paradigm, first by exploring the excitation of
collective plasmon modes in optically-patterned linear nanoparticle arrays with separations on
the order of the wavelength of light, demonstrating new mechanisms for coupling beyond the
well-known near-field interactions. The collective excitation over the intermediate-scale arrays
is also shown to redirect the scattered light perpendicular to the expected forward scattering.
Next, we demonstrate that self-arranged optically bound linear arrays act as optical cavities
for co-trapped single-photon emitters, modifying the local density of electromagnetic states
in the vicinty of the nanoparticle system. Finally, we probe optically ‘dark’ modes in a
core-satellite nanostructure by exciting magnetic responses separately from electric modes

with structured excitation light.
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CHAPTER 1
INTRODUCTION

1.1 Optical Properties of Metals and Plasmons

The primary differentiating factor between metals and molecular compounds is the presence of
free electrons in a conduction band that spans the material. The mobility of the free electrons
leads to material properties such as high electrical conductivity, malleability, and optical
reflectivity[1]. In particular, these conduction band electrons respond to an applied external
electromagnetic field by producing a charge on the surface of the metal that creates a field in
the opposing direction of the applied field and therefore nullifying it in the bulk of the metal[2].
For the case of incident electromagtic waves, the oscillating external field sets up a collective
oscillation of the conduction band electrons. At low enough frequencies, this oscillation is
capable of ‘keeping up’ with the external field, retaining the cancellation of the field in the
interior of the metal and causing the electromagnetic wave to be reflected. However, at higher
frequencies the restoring force that the metal nuclei provide to the displaced free electron
cloud is insufficient to shift the cloud in response to the field, and the field from the incident
wave is partially trasmitted through the material. The transition point between these two
response regimes is known as the plasma frequency, and it coincides to the frequency at
which the free electrons would oscillate after being displaced from their natural positions
in the metal by a temporary perturbation such as a static electric field briefly applied and
removed[3]. The quanta of the oscillations are known as plasmons[4, 5]. Plasma frequencies
for most metals are in the ultraviolet region of the electromagnetic spectrum, a fact which
gives rise to their strong reflectivity of visible light.

While the optical properties of everyday metallic objects are readily described by the
plasma frequency of the material, the interactions between electromagnetic waves and the

conduction electrons become more complex when surface effects are considered or the metal



particles approach the wavelength of the incident light. Solutions to Maxwell’s equations|2, 6],
the set of equations that describe the behavior of electromagnetic fields, along the interface
between a metal surface and a non-conducting material reveals that the interface supports
an excitation of electromagnetic waves known as a surface plasmons[4, 5]. Surface plasmons
differentiate themselves from the bulk plasmons of a metal in that they are dependent on the
index of refraction of the dielectric material in contact with the metal’s surface. Furthermore,
surface plasmons have a longer wave vector k than light of an equivalent frequency, making
the excitation of surface plasmons impossible under the ordinary circumstances of light
incident on a flat metal surface. Coupling light into the surface wave requires matching
of the wave vectors between the incident light and the plasmon mode, made possible by
creating an evanescent wave by using a prism on or near the surface and directing the light
in at a glancing angle, or by using roughened surfaces where the localized scattering of
electromagnetic modes within the metal can provide a wave vector matching condition[4].
When the size of a metallic object approaches the wavelength of light, the available elec-
tromagnetic modes for surface plasmons become confined and the resonances are dependent
not only on the surrounding medium but also the geometry of the object[5]. The confined res-
onances are known as localized surface plasmon resonances, referred to as plasmon resonances
for the purposes of this dissertation. Similar to the fact that light can be coupled into surface
plasmons by roughness in the surface, localized surface plasmon resonances can be excited
just by incident light of the proper wavelength. The small size of the nanoparticles relaxes
the selection of a wavevector that is exemplified by the energy-momentum dispersion relation
for extended metallic systems. For silver and gold nanoparticles on the order of tens to a few
hundreds of nanometers in diameter, the plasmon resonances correspond to wavelengths in
the visible region of the electromagnetic spectrum, producing strong light absorption and
scattering characteristics. In fact, well before the cause of the optical properties of noble metal

nanoparticles were known or even before the nanoparticles themselves were ever observed



they were used to create striking color patterns in stained glass; medieval stained glasses
were given brilliant red hues by the formation of gold nanoparticles and bright yellows by
silver nanoparticles??.

The full description of how metallic nanoparticles absorb and scatter light requires solving
Maxwell’s equations for the particles’ distinct geometry and surroundings. These solutions
readily exist where approximations can be made such as Rayleigh scattering when the particle
is much smaller than the wavelength of light (d < A)[7] and ray optics when the particle
is much larger than the wavelength of light (d > A)[5]. When the paricle is nearly the
same scale as the wavelength of light (d &~ \) no such simplfying approximations can be
made, however, the case of an isolated perfect dielectric sphere with an incident plane wave
was solved analytically by Gustav Mie in 1908(8]. With proper modeling of the dielectric
function of the material of the sphere, Mie’s calculations can be extended to determine the
absorption and scattering cross sections of spherical metallic nanoparticles|7]. The general
trend from Mie calculations of metallic spheres in water is that there exist plasmon resonances
at visible wavelengths for particles with diameters 50-200 nm that redshift with increasing
particle diameter, and that the radiated field transforms from having electronic dipole-like
characteristics to quadrupole-like with increasing size[7]. While this was further extended
with analytic solutions to elliptical particles by Gans in 1912[9], the majority of systems
considered in this dissertation are comprised of spherical particles and can be described by

Mie’s solution.

1.2 Source-Particle Interactions in the Far-Field

One of the inherent assumptions in the analytic solutions to Maxwell’s equations discussed
previously is that the incident light takes the form of a plane wave; the polarization is linear
and constant over the entire area of illumination, the wave vector does not have any spatial

dependence, and the intensity does not vary. In the limit where the light source is far from



the nanoparticle system, any directional dependence of the source will be negligible over
the cross section and the assumption is valid. While Rayleigh scattering is valid under a
similar set of assumptions, nanoparticles with a diameter on the order of the wavelength
of light exhibit an important quantitative difference in the directional distribution of the
scattered waves. Smaller particles and molecular scatterers respond to the incident wave as
effectively a point-dipole source, and the distribution of the scattered intensity takes the form
I o< (1 — cos? ), where 6 is the deviation angle from the direction of the incident wave[10].
The scattering is equivalent in the forward (along the same vector as the incident wave) and
the reverse direction. With Mie scattering from nanoparticles, the sum of spherical waves
from the solutions to Maxwell’s equations produces some dipole-like character, but the total
scattering intensity is stronger in the forward direction that the reverse[7].

The picture of scattering from plasmonic nanoparticles is further complicated when
multiple particles are introduced into the system. Placed within wavelength-scale proximity
(Az =~ \) to each other, a linear array of metallic nanoparticles has a scattering peak related
to the number of particles and the spacing between them (Ax)[11, 12], not just on particle
diameter and geometry. The array-dependent resonance is formed by a collective excitation
of the plasmon modes in the metallic nanoparticles and has been observed for more complex
geometries such as square 2D lattices[13, 14]. It is known that one major contribution to
the interactions that lead to the collective excitation comes from dipole-like Mie scattering
mode[15]. Chapter 3 of this dissertation explores the dependence of the dipole-like interaction
on the polarization of the incident plane wave in colloidal plasmonic nanoparticle systems
and how the collective excitation influences the direction-dependent intensity distribution of
the scattered light.

The majority of the scattering interactions in nanoparticle and molecular systems is
studied in terms of the electric field and electric field enhancements, as the interaction

between magnetic dipole modes and an applied electromagnetic field is generally orders of



magnitude weaker than for the electric dipole modes[16], save for a few ionic systems such
as rare earth or Lanthanide ions, e.g. Eb3" [17]. As such, plasmon modes with magnetic
dipole-like character are optically “dark” modes, being difficult to probe with a conventional
light source. However, according to the Maxwell-Faraday law of induction, the field of
an oscillating magnetic dipole is associated with an alternating, circulating electric field or
current[2], and it is possible for electromagnetic waves with polarization dependent on position
in their spatial profile, known as vector beams, to have a circulating electric field[18, 19].
Manipulation of plane waves by a diffractive optical element or a nematic liquid crystal can
produce vector beams[20], a technique used in Chapter 5 of this dissertation to excite an

optically-active magnetic mode in a plasmonic nanoparticle system.

1.3 Source-Particle Interactions in the Intermediate-Field

Once the source brought into close proximity to the nanoparticle system, where the separation
between the constituent particles is on the order of the wavelength of the source (Az &~ \),
the assumption that the scattered light does not influence the source no longer holds. In
particular, if the source is the spontaneous emission from an atomic or molecular excited
electronic state, the rate of emission is dependent on the surrounding environment. Weisskopf
and Wigner theorized that the emission rate for an emitter in free space I'y is dependent

on the energy difference between the initial and final electronic states hwy, and the matrix

wo?p12?
3meghc3

element coupling the states p12, I'g = [21, 22]. When the emitter is no longer in free
space, i.e. it is allowed to interact with surrounding matter, the rate of the transition from
the excited state to the ground state becomes dependent on the number of available radiating
electromagnetic states in the environment. The density of these states, p(wp), can be derived
from an extension of Maxwell’s equations with consideration of the quantized nature of light,

known as quantum electrodynamics|[23]. For an electromagnetic wave to propagate through

space, there must exist a photon state with the proper energy and wave vector. The number



of electromagnetic states per unit energy at a particular point in space and for a particular
wave vector is known as the local density of states (LDOS). In vacuum, the density of states
p(wp) is solely dependent on the photon energy, growing as the square of the frequency of
light[22].

The way a material influences the LDOS can be described in terms of the spatially-
dependent index of refraction of the system. Interfaces between two materials with a large
index of refraction disparity reflect incident electromagnetic waves. A wave propagating
between two such interfaces aligned parallel to each other and incident normal to their
surfaces will interfere with itself upon reflection and if the wavelength is an integral multiple
of the spacing between the surfaces the interference will be constructive. Geometries designed
to produce constructive interference in a similar manner to this are known as optical cavities
and increase the density of states for the electromagnetic modes that exhibit constructive
interference in the interior of the cavity. Purcell predicted that the rate of nuclear magnetic
transitions could be increased by placing the the atom inside a properly-designed cavity[24].
Generalizing to spontaneous emission in a cavity, the ratio of the emission rate inside the
cavity (I') to that in vacuum, Fp = I'/Ty, is known as the Purcell Factor[22, 23]. Following
the derivation of the free space spontaneous emission rate, the emission rate, I, in the cavity
is proportional to the LDOS; formally by I'" = 2—”1}_L222uE°2/)(oJ0). The Purcell Factor is also
equivalently proportional to the ratio of the quality factor ) of the cavity, a measure of how
the cavity dampens the oscillations of the mode, to the mode volume V| the volume to which
the cavity confines the supported electromagnetic mode; Fp = % [22].

Research on photonic crystal arrays|[25] attempts to create dielectric material geometries
in which the Purcell effect causes multiple order-of-magnitude enhancements[26, 27] or
reductions|28] in the decay rates of embedded emitters. The simplest case of a photonic

crystal array is a material that consists of parallel sheets of dielectric materials that alternate

back and forth between two different indexes of refraction. The periodic nature of the



structure lends itself to electromagnetic modes that propagate along the direction of repetition
(perpendicular to the surfaces of the sheets) with wavelengths that match the characteristic
distance between the alternating layers, while modes whose wave vectors lie off-axis to the
structure or have a wavelength mis-matched with the characterisitic unit structure dissipate
due to destructive interference[25]. An embedded emitter will experience an enhancement
to its radiative rate if the frequency and direction of the emission is commensurate with
the design wavelength and direction of the photonic crystal, and as such has been observed
experimentally in lithographically-prepared lattices[29].

Chapter 4 of this dissertation presents a method for creating an effective optical cavity

using a self-assembled optical matter system.

1.4 Source-Particle Interactions in the Near-Field

As the separation between an emitter and a plasmonic nanoparticle is reduced well below the
wavelength of the emitted light (Az < \), the system enters a regime where the excited state
emitter can couple strongly to the plasmon resonance, producing large enhancements in the
in the radiative rate[30], or creating a spectrally narrow transparency in the scattering peak
of the plasmon resonance[31]. Considerations of the nature of the source need not be limited
to the decay of a discrete excited electronic state - the scattered light from a plasmonic
nanoparticle can radiate in the direction of and interact with another particle in the system:;
interactions with secondary scattering enable optical binding as discussed in Section 1.5. In
the near-field, coupling between the electromagnetic fields radiated by the individual particle
modes that enables collective plasmon modes is enhanced by stronger coupling and the optical
response approaches that of a single structure with a similar geometry[32, 33]. The system
presented in Chapter 5 leverages the near-field coupling between single-particle plasmon
modes to create a structure that allows for a circulation of electron density, resulting in the

optical magnetic mode described in Section 1.2.



1.5 Optical Trapping and Optical Matter

As discussed in Sections 1.2 and 1.3, the optical properties of collections of colloidal metal
nanoparticles are dependent on their arrangement. Therefore, the ability to readily manipulate
the positions of the particles is of utmost importance to the research in this dissertation. One
of the advantages of working with colloidal particles is that they can be manipulated by using
focused coherent light, a phenomena known as optical trapping[34, 35]. First observed with
micron-scale dielectric particles[34], trapping results from a balance of forces as the photons
from the focused laser beam impart momentum to the particle by scattering and refraction.
The scattering of light from the interface between the surrounding medium and the dielectric
particle drives the particle in the direction of the propagation of the focused laser, known
as the scattering force. Refraction of the light as it passes through the particle alters the
direction of the incident light and therefore the momentum of the photons; by conservation
of momentum, the particle enounters a force directed towards the center of the laser focus,
known as the gradient force.

While it was originally assumed that optical trapping did not apply to reflective substances
such as metallic nanoparticles, the balance of optical forces acting on the particles was
demonstrated as an interaction with the particle’s plasmon mode[36, 37]. The degree to which
the incident electromagnetic field induces a temporary dipole moment in a material is known
as the polarizability, and the induced dipole moment experiences a force proportional to the
dot product of the electric field and the dipole. Due to the screening of the external electric
field from the interior of a metal by the displacement of the conduction band electrons, the
polarizability of metallic nanoparticles is negative when the frequency of the driving field is
lower than the plasmon resonance of the particle and turns postive when the frequency is
higher than the plasmon resonance. Integrating the Maxwell stress tensor of the surface of a

particle with this induced dipole moment reveals a force acting on the particle dependent



on the intensity gradient of the incident field. When the wavelength of the laser is longer
(to the red of) the plasmon resonance, this force is directed towards the laser’s focal point,
providing an attractive force to oppose the repulsive force from radiation pressure. With a
tight enough focus, this gradient force balances the strong scattering force and the metallic
particle becomes trapped in the beam.

When multiple metallic particles are present in the electromagnetic field from the laser
used for trapping, scattering from once particle interferes with the incident field, creating
locations of enhanced field intensity dependent on the polarization and wavelength of the
incident field. As the optical trapping gradient force is increased where the field is enhanced,
a second particle in one of these locations will experience an effective potential energy well.
Thus two particles can arrange themselves in the field according to mutual interactions
between the incident light and the scattering from the other particle, a phenomenon known
as optical binding[38, 39]. This readily leads to linear arrays of metallic nanoparticles aligned
in a direction perpendicular to the polarization of the indicent field[40]. More complex
geometries are available by structuring of the intensity and phase profile of the incident beam.
In Chapters 3 and 4 the arrangements of metallic nanoparticles are achieved by imposing a
spatially-dependent phase delay on the incident beam at the optical conjugate plane to the
focus of the lens used in those experiments. The electric field at the focus of a lens is related
to the electric field of the beam by a Fourier transform relationship, and thus the spatial
profile of the phase of the incident beam at the conjugate plane leads to modification of the
spatial profile of both the intensity and phase of the beam at the focus.

The interparticle interactions and thermal fluctuations in systems of optically trapped and
bound nanoparticles in solution bear similarities to the motions of molecules in condensed
matter, and as such was termed “Optical Matter” by Burns in 1990[39]. The large scattering
cross section of metallic nanoparticles not only makes the study of the interactions simpler

by only requiring optical microscopy as opposed to electron or atomic force microscopy to



resolve the structures, but also enhances the optical forces generated by the scattered light,

extending their range such that multi-body interactions can be observed

1.6 Structure of this Dissertation

Beginning in Chapter 2 with a description of the experimental optical setups, samples, and
analysis methods used, this dissertation presents three regimes of shaping electromagnetic
fields with colloidal metal nanoparticles. Chapter 3 examines the collective plasmon resonances
of linear arrays of silver nanoparticles under incoherent and coherent plane wave excitation
as well as the directional dependence of the scattering resonances. Next, creation of similar
linear arrays in an optical matter system and the influence of their collective resonances
on single-photon emitters in the optical matter system is described in Chapter 4. Finally,
Chapter 5 discusses the use of nanoparticles in near-field proximity to create a structure
with a collective resonance that is a magnetic mode at optical frequencies under vector beam

illumination.
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CHAPTER 2
EXPERIMENTAL AND SIMULATION METHODS

2.1 Optical Setup for Array Deposition

For the creation of static arrays fixed on a substrate (Chapter 3), the optical setup depicted
in Figure 2.1, similar to the one used in [40], was used to manipulate the position of the
silver nanoparticles with ~100 nm precistion [41] [42] before deposition on the glass surface.
The output of a home-built Ti:Sapphire continuous-wave laser, pumped by a Spectra-Physics
Millenia Vs 5.0 W laser, was passed through a half-wave plate (HWP) followed by a polarizer
(P1) oriented parallel to the optical table, such that the power of the trapping beam could
be controlled by the rotation of the half-wave plate. The first mirror (M1) directed the
beam onto the spatial light modulator (SLM, Hammamatsu X10468-02), which imparted a
spatially-dependent phase delay onto the wavefront. The beam then passed through a pair of
lenses (L1, {=750 mm and L2, =500 mm) which reduced the beam size and collimated it at a
diameter of ~8 mm, equal to the back aperture of the microscope’s objective lens. The next
two mirrors (M2 and M3), raised the beam to the height of the rear port of the microscope
body (Olympus IX-71). Just before the rear port of the microscope, a dichroic beamsplitter
(DBS) directs the beam into the microscope while allowing for a ~400 nm excitation beam
to be aligned co-linear to the trapping beam (described below). A dichroic beamsplitter
(Semrock T470lpxr) reflected the trapping beam into the microscope objective (Olympus
UPlanSApo NA 1.2, 60x water immersion) that focused it onto the sample.

For the samples where the quantum dots were drop-cast on the surface and the AgNP
arrays were deposited around them, the quantum dots were excited by frequency doubling
the output from a home-built cavity-dumped mode-locked Ti:Sapphire oscillator, based on
the designs of Spence et al.[43] and Liau et al.[44]. Figure 2.2 shows both an image and a

schematic of the system. The oscillator was pumped by a Spectra-Physics Millennia Xs laser
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Figure 2.1: Schematic of the optical setup for shaping the trapping beam. HWP: Half-wave
plate; M1: Mirror; SLM: Spatial light modulator; L1: lens, f=750 mm; L2: lens, =500 mm;
M2, M3: Mirror; DBS: Dichroic beamsplitter.

operating at 4.0 W output power, creating pulses in the cavity at a rate of 90.1 MHz once
mode-locked. To couple the beam out of the cavity, RF pulses synchronized to the repetition
rate of the oscillator were directed into a Bragg cell that deflected every 64th pulse away
from the end mirror (M7 in Figure 2.2b), creating a pulsed output running at 1.41 MHz and
a power of 38 mW. Figure 2.3 shows the spectrum of the output and an second-harmonic
autocorrelation signal from the output pulses.

The ~780-840 nm pulses were frequency-doubled by a beta-barium borate (BBO) crystal
and aligned to be co-linear with the trapping beam in order to excite the quantum dot
fluorescence to locate them. A pair of lenses acted as a beam telescope to expand the beam
and control the divergence such that the focal spot covered an area ~2-3 ym in diameter on
the surface of the sample.

The sample was illuminated by incoherent white light through a bright-field condenser and

the scattering was collected by the same objective used to focus the trapping beam onto the
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Figure 2.2: (a) Image of the mode-locked Ti:Sapphire oscillator cavity. (b) Schematic of the
mode-locked Ti:Sapphire oscillator cavity. PL: Pump laser; L1: Lens; C1, C2: Curved dichroic
mirrors; BB: Beam blocker; Ti:S: Ti:Sapphire crystal; M1: End mirror, 1% transmission; FC:
Fiber coupler for monitoring cavity pulses; M2-Mb5: Dispersion-compensating mirrors; M6:
Mirror; BC: Bragg cell; M7: End mirror; M8: Mirror.

sample. The remaining scattering from the trapping beam was removed by a short-pass filter
with a cutoff at a wavelength of 635 nm. The dark-field scattering image of the nanoparticles

was magnified by an additional factor of 1.5x before being collected by a sCMOS array
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Figure 2.3: (a) Spectrum of the pulses output from the home-built cavity-dumped Ti:Sapphire
oscillator before frequency doubling. (b) Time autocorrelation of the laser pulses measured
by second harmonic generation.

detector (Andor Neo) attached to the eyepiece of the microscope.

In order to measure the fluorescence decay rate from the quantum dots, the emission
excited by the frequency-doubled pulsed laser was collected by the same objective used
to focus both the excitation and trapping beams onto the sample, and is directed out the
side port of the microscope. Excess scattered light from these beams is removed from the
measurement by a pair of bandpass filters (Chroma HQ580/13). A pair of lenses (f=100 mm
and f=200 mm) in a 4f relay system created an image of the quantum dot fluorescence at the
position of a 50 um diameter multimode optical fiber. The focal lengths of these lenses were
chosen such that the diffraction-limited spot size from the fluorescence is magnified to match
the aperture of the fiber; the 96x magnification of the microscope increases the spot size to
~45 pm, which is magnified by the ratio of the microscope’s tube lens (f=180 mm) to the
final lens the relay (f=200 mm) to ~50 pm.

The optical fiber was attached to an avalanche photodiode (APD, Perkin-Elmer SPCM-
AQR-15-FC) and the photon counting signal was routed to a time-correlated single-photon
counting (TCSPC) card (Becker-Hickl SPC-150).
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2.2 Optical Setup for Dark-field Spectroscopy and Fluorescence

Measurements from Fixed AgINP Lattices

The 1D Ag synthetic photonic lattices in Chapter 3 were imaged and spectrally characterized
by dark-field microscopy with a high numerical-aperture dark-field condenser (Olympus, U-
DCW, NA = 1.2 - 1.4) and a 60X water immersion objective (NA < 1.2, Olympus UPLSAPO).
Both incoherent (tungsten-halogen) and coherent fiber laser-continuum (Fianium, WL-SC400-
4) white light sources were used for dark-field spectral measurements over the 400-950 nm
wavelength range. The images of the 1D lattices were recorded using a SCMOS camera (Andor,
Neo). The dark-field scattering spectra were recorded by an EMCCD array detector (Andor,
Newton) connected to a 303 mm Czerny-Turner imaging spectrometer (Andor, Shamrock
303i) coupled to the side port of the microscope via a home-built achromatic 4f relay system.

The quantum dot samples were illuminated by the coherent white light source passed
through an optical filter to have a center wavelength of 445 nm and a bandpass of 30 nm. The
collected fluorescence was focused by a home-built 4f relay system onto a 50 pm optical fiber
coupled to an a avalanche photodiode (Perkin-Elmer, SPCM-AQR-15-FC). The fluorescence
decays were obtained using a time-correlated single-photon counting card (Becker-Hickl,
SCP-150), synchronized to the RF signal from the coherent light source. The fluorescence for
the conjugate images was collected with a 100x oil immersion objective (NA < 1.4, Olympus,

UPLSAPO) and measured by an EMCCD (Andor, iXon).

2.3 Optical Setup for Cotrapping

The cotrapping experiments described in Chapter 4 were completed using a second optical
setup with a design similar to the one used to deposit the fixed arrays but with a few key
differences. A home-built Ti:Sapphire continuous-wave laser, pumped by a Spectra-Physics

Millenia Vs 5.0 W laser, was directed onto a pair of beam stabilization mirrors (Optics in
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Motion Analog Fast Steering Mirror), each followed by a glass window aligned at a 45-degree
angle to the beam such that a small (~1%) portion of the laser power was directed onto two
separate quadrant photodiodes. The output from each photodiode was sent to an electronic
controller for solenoids in the mounts of each stabilization mirror, forming a negative feedback
loop between the orientation of each mirror and the relative intensity of the beam in each
quadrant of the photodiodes. Any deviation in the beam due to temperature or humidity
fluctuations in the room was therefore corrected by automated adjustment of the stabilization
mirrors keeping the relative intensity in each quadrant of their respective photodiodes equal.

Pulsed Excitation Light

To —
Microscope

SLM (b) 2m PBS From «—
Ti:S Laser
m
0

Figure 2.4: (a) Schematic of the optical setup for shaping the trapping beam. HWP: half-wave
plate; PBS: polarizing beamsplitter; BB: beam blocker; SLM: spatial light modulator; L1:
lens, =750 mm; DBS1: dichroic beamsplitter, 650 nm long pass; L2: lens, f{=1000 mm. (b)
Phase mask used to create the linear intensity profile at the focal point of the trapping beam.
The grayscale represents the voltage values used at each pixel on the SLM to impart a phase
delay at that point on the beam, where black is no phase delay and white is a 27 delay.

Continuing from this point, the setup is shown in Figure 2.4; the beam was aligned
through a half-wave plate (HWP) followed immediately by a polarizing beamsplitter cube
(PBS). The rotation of the first HWP allowed for rotation of beam’s polarization state away

from horizontal to the optical table, effectively controlling the relative power sent to the
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transmission and reflection paths from the beamsplitter cube. While this was designed to
create a second optical trap that could be made colinear with the first, the second beam
was blocked (BB) and the rotation of the HWP was used as a fine control over the power
of the trap. Since the polarization state transmitted by PBS was parallel to the table and
the spatial light modulator in this setup was optimized to produce the maximum phase
modulation for light polarized perpendicular to the table, a second half-wave plate was added
immediately following the beamsplitter to rotate the polarization to perpendicular to the
table. The spatial light modulator (SLM, BNS/Meadowlark HSPDM512-785) reflected the
trapping beam through the first of a pair of lenses (L1, f=75 mm) followed by a mirror that
directed the beam through a dichroic beamsplitter (DBS1, Thorlabs DMLP650R). A third
half-wave plate set the desired linear polarization for the trapping beam to either the x- or
the y-axis in the lab frame for the sample. The second lens (L2, f=100 mm) re-collimated
the beam once it had expanded to the point that it filled the rear aperture of the microscope
objective (9.7 mm in diameter). Two mirrors in a periscope configuration raised the trapping
beam to the height of and directed it into the rear port of the microscope (Nikon eclipse
Ti-E).

In order to excite the quantum dots in the samples used, the output of a pulsed su-
percontinuum fiber laser (Fianium W1L400-4-PP) operating at 10 MHz was coupled into a
computer-controlled variable interference filter (Fianium SuperChrome) set to pass a 30 nm
wavelength band centered at 445 nm. Further rejection of out-of-band light was accomplished
by a pair of bandpass filters (Chroma HQ445/30) as the interference filter alone was deter-
mined to not reduce the leftover ~580 nm light from the supercontinuum laser enough to
not be observable in the fluorescence decay measurements. A series of mirrors directed the
excitation beam into the dichroic mirror DBS1 shown in Figure 2.4 such that it was colinear
with the trapping beam. Both beams were directed into the microscope objective (Nikon

Plan Apo IR NA 1.27 60x water immersion) by a dichroic beamsplitter (Chroma T470lpxr)
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located in the turret of the microsope.

Samples were illuminated from above by a 470 nm blue LED (Thorlabs M470L3) focused
onto the sample by a dark-field condenser. Both the scattering from the dark-field illumnation
and the quantum dot fluorescence were collected by the same objective used to focus the
trapping and excitation beams onto the sample. The trapping beam was blocked just below
the microscope turret by a notch filter (Semrock StopLine NF03-785E-25) and a shortpass
filter (Semrock BrightLine FF02-694/SP-25). An neutral density filter in the body of the
microscope split the collected light between the ports of the microscope, with 20% going to
the eyepiece for imaging and 80% to the side port for photon counting measurements.

The light directed towards the eyepiece was re-directed to a C-mount port to which a
dual-channel imaging system was attached (Optical Insights DualView). The DualView was
designed to split an image according to either wavelength or polarization depending on the
installed beamsplitter and align the split image side-by-side on an array detector. For the
experiments conducted in this dissertation, a dichroic beamsplitter with a cutoff wavelength of
560 nm was installed to split the quantum dot fluorescence into one channel and the combined
dark-field scattering and scattering of the excitation beam from the silver nanoparticles into
the other. The two-channel image was collected by a sSCMOS array detector (Andor Neo).

The light coupled out the side port of the microscope was collimated by a 20 mm focal
length lens and the scattered excitation beam and dark-field scattering were filtered out by a
bandpass filter (Chroma HQ580/13) centered at the fluorescence wavelength of the quantum
dots used in the experiment. The collimated quantum dot fluorescence was collected by
and focused onto the aperture of a 50 ym diameter multimode optical fiber (Ocean Optics
P50-2-UV-VIS) by a fiber collimator (Thorlabs F260FC-A). The output of the optical fiber
was connected to avalanche photodiode (APD, Perkin-Elmer SPCM-AQR-15-FC) and the
photon counting signal was routed to a time-correlated single-photon counting (TCSPC) card

(Becker-Hickl SPC-150).
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2.3.1 Determining Trapping Beam Polarization at the Sample Position

The polarization state of the trapping beam at the position of the sample was measured
by removing the sample cell and the microscope objective and placing a polarizer with a
known direction at the position of the sample on the microscope stage. The power of the
trapping beam was measured by placing a power meter (jxx;,) directly after the polarizer in
the direction of the beam propagation. The polarizer was then rotated by a known angle,
creating an intensity function as a function of polarizer angle. The half-wave plate directly
before the microscope was then rotated to produce the maximum difference between the
lowest and highest intensity of the trapping beam measured at the sample position as the
polarizer is rotated and so that the maximum intensity was observed when the polarizer was

aligned along the y-direction of the microscope’s translation stage.

2.3.2  Spatial Registration of Dual-Channel Imaging

Figure 2.5: Scattering image of the trapping beam taken by the dual-channel imaging system
used to register the two channels against each other. The region of the image between the

two 130x50 pixel windows used for the registration has been cropped out. The scale bar is
2000 nm.

In order to obtain the position of the QD relative to the AgNP array, an image of the
trapping laser was taken after removing the notch and short pass filters from the optical setup
and reducing the power of the trapping beam below the saturation threshold of the sCMOS
detector. This allowed for structure of the trapping beam to be visible in both channels of
the of the imaging setup, creating a reference image for registering the two channels against

each other. A 130x50 pixel window that includes the optical trap was taken from both the
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far left and far right side of the reference image, shown in Figure 2.5, and the windows were
registered against each other by determining the pixel shift that produces the maximum
cross-correlation between these two images. The same windows were applied to the videos of
the QDs cotrapped in the AgNP arrays, and the positions of the particles were determined by
particle tracking with the MosaicSuite software package for ImageJ[45]. The pixel shift from

the trapping laser registration was subtracted from the pixel positions of the QD as an offset.

2.3.8 Time Registration of Imaging and Photon Counting

To determine the time offset between the beginning of the dual-wavelength-channel imaging
and the fluorescence emission photon counting for each associated video, at the beginning
of each video and after starting both instruments’ data collection, the excitation beam was
blocked and unblocked twice in rapid succession to create a marker signal in both meaurements.
This marker was evident as a brief dimming in the scattering image collected from the AgNPs
and as a dip in the time trace of the photon counts from the quantum dot. The signal
was characterized in the scattering images by calculating the average pixel intensity over a
rectangular region of the image encompassing the entirety of the focal area for the scattering

and trapping beams,
Z;Z? Zi;zf Ipixel(fa Z, y)

Iscat(f) = (x2 — 1’1)(y2 - yl)

(2.1)

where f is the frame number of the video, x1, z2 and y;, ys are the limits of the rectangular
region in the x- and y- directions, respectively, and I, (f, x,y) is the value of a single pixel
at postion (z,y) and at frame f.

As the TCSPC measurement had a maximum count rate of the repetition rate of the
laser used for excitation, 10 MHz, and the video was recorded at a frame rate of 36.7 Hz,
the photon counts had to be downsampled to the frame rate of the video. Each photon
count from the TCSPC meaurement was tagged according to two different timescales - the

‘macro time’ M, tracking the number of laser pulses since the beginning of the measurement,
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Figure 2.6: Pixel value averaged over the 130x50 pixel window containing the dark-field
scattering from the AgNP array (blue) compared to the number of photon counts per video
frame from the TCSPC measurement from the same video (orange) for the first 400 frames
from the start of each respective measurement.

and the ‘micro time’ m, an integer in the range 0-4095 that marked how long after the RF
trigger signal from the laser reached the TCSPC instrument the trigger from the APD for a
fluorescence photon arrived. Thus, the lab time for a particular photon event was given by
tp = (M + g555)/10 MHz. The photon events were then placed in bins with a width equal to
the frame rate of the imaging measurement according to their lab time tag, ¢.e. the number of
photons Ny with 0 < ¢p < 1/36.7 Hz was the value of the photon count time trace for the first
frame, Iguor(f = 1) = Ny, the number of photons Ny with 1/36.7 Hz < tp < 2 x 1/36.7 Hz
was Iquor(f = 2) = Ny, etc. Figure 2.6 shows the first 500 frames of photon count time
trace compared to the first 400 frames scattering intensity time trace; the modulation of the
excitation beam is evident in both signals.

The binning of the TCSPC data was repeated with sub-frame offsets in order to provide

resolution below the integer frame level; a series of Inuo(f; f-) time traces were created where

fr is the sub-frame offset such that I, (f = n; f;) = N is the number of photons N with
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Figure 2.7: Cross-correlation function A(7; f;) of TCSPC time trace against the scattering
image time trace for a single video as a function of both the integer frame offset 7 and the
sub-frame offset f..

((n—1)+0.01f,) x 1/36.7 Hz < tp < (n + 0.01f,)/36.7 Hz, resulting in a resolution of 0.01
video frames. The lab time offset in video frames 7 between the two signals was determined
by the cross-correlation of the region of I, containing the modulation of the excitation

beam against a corresponding region of [y,

f=r2 . _ _
A(T; fq—) _ Zf:f1 [Iﬂuor(fv fT) N’ﬂuor(fla f2)}2x—[;slcat(f + 7_) #scat(fl + T, f2 + 7')] (22>

where figuor(f1, f2) and piseas(f1 + 7, fo + 7) are the means of their respective time traces over
the selected frame region f; < f < f5 for the TCSPC data and f1 +7 < f < fo + 7 for the
scattering image. An example of this cross-correlation function for a single scattering video
and its associated TCSPC data is shown in Figure 2.7. The first peak in A(7; f,) is the offset
at which the second of the two dips in the TCSPC time trace due to the modulation of the
excitation beam is matched to the first of the two dips in the scattering image time trace,

and the third peak is the offset at which first dip in the TCSPC trace is co-incident with
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the second from the scattering trace. The maximum of A(7; f,), which occurs at the central
peak, is the offset at which the both of the dips from the two time traces are matched and

therefore represents the lab time offset in terms of video frames between the two data sets.

2.4 Optical Setup for Vector Beam Spectroscopy

a Cylindrical azimuthal beam b VB spectroscopy set-up € Experimental beams
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Figure 2.8: (a) Schematic representation of CVBs with right- and left-handed azimuthal
polarization; and the superposition of orthogonally polarized HGgy; and HG;y modes forming
azimuthal and radial CVBs. (b) Schematic of the CVB spectroscopy and microscopy set-up.
BS, partially reflecting or movable Beam Splitter; L, Lenses; M, Mirror. (c) Experimental
generation of broadband CVBs with azimuthal and radial polarization and their linear
components as determined by inserting a linear polarization analyzer in front of the detector,
and measuring the beam in the forward direction.

For the experiments presented in Chapter 5, we use a liquid-crystal (LC) based polarization
converter (from ARCoptix) that uses twisted nematic liquid crystals sandwiched between
one uniform and one circularly rubbed alignment layer to generate azimuthally and radially
polarized CVBs[46]. The polarization-guiding effect in this LC based device is valid for

mdAn/x > A, where An is the birefringence of the LC, d is the cell thickness, y is the
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twist angle of the LC, and A is the wavelength of the incident light[46]. For high dAn,
the polarization reorientation effect is valid over a broad wavelength range — hence, the
polarization converter can be utilized to produce broadband CVBs, provided that the
wavelength-dependent phase difference of the retarder used to eliminate the phase difference
in two halves of the LC device is accounted for. A schematic of the vector beam spectroscopy
and microscopy set-up is shown in Figure 2.8. We use a spatially (but not temporally)
coherent (broadband) white light continuum (400-2700 nm) source (Fianium WL400-4-PP)
for our spectroscopic measurements. The white light continuum is coupled to an inverted
optical microscope (Olympus IX-81) equipped with a 100x oil immersion objective with
numerical aperture NA = 1.4 (Olympus SAPO). The vector beam generator was placed just
before the microscope objective. The beam quality was monitored in the forward direction
using an objective and tubelens. The back-scattered images of the sample plane were recorded
by a sCMOS array detector (Andor Neo) connected to the trinoc eye-piece of the microscope
and spectra acquired by an EM-CCD (Andor Newton) connected to an imaging spectrometer
coupled to the side port of the microscope via a home-built achromatic 4 f relay system.
Figure 2.8 shows the images of the broadband azimuthally and radially polarized beams
that were generated experimentally, and detected in transmission. The spatial orthogonality
of the polarizations associated with the azimuthal and radial beams were detected by inserting

a linear polarizer in front of the array detector at different angles as shown in Figure 2.8.

2.4.1 Multipole Expansion Analysis of Vector Beam Scattering Spectra

In order to compare the experimental scattering spectra from the core-satellite nano-clusters
to the FDTD simulated results in Chapter 5, the experimental spectra were modeled as a

sum of Gaussian curves with the functional form

_(@—xy)?

fA) = Zaie 207 (2.3)
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by using nonlinear least-squares fitting after smoothing by Tikhonov regularization. However,
when compared to the simulated multipole expansion spectra, it becomes clear that the
various multipoles are not well described by these individual peaks. This is in sharp contrast
to spectra of metallic spheres calculated by Mie theory, where each peak can be assigned to
a certain electric multipolar mode; the multipole expansions of the nano-cluster scattering
have numerous peaks each and overlap with each other, as shown in Figure 5.4.

For a better comparison, the multipole expansion modes from the simulation were
considered as a set of ‘basis functions’. Expanding the experimental spectra in terms of
overlap integrals with the multipoles as a basis highlights the character of the vector beam
scattering from the nano-clusters. The smoothed experimental spectra were normalized

according to the integral over the wavelength window of the original measurement,

Fo= Iy T (2.4)

N, e A=500nm

Each of the multipole expansion spectra from the FDTD simulated results were also

normalized, but by the integral over the full simulated spectra:

()\) A=1000nm
5i0) =22 i=eD,mD,eQ,mQ, ..., N, = ) " si(A)]dA (2.5)

Ns A=500nm

The overlap between the experimental spectra and each of the multipole expansions was

then calculated by the integral

A=1000nm
0; = F)3:(A)dA (2.6)

A=500nm

For the example of the scattering of the linearly polarized beam from the 165 nm
nanocluster, the spectra had the highest overlap coefficient (O;) with the electric and magnetic

expansions of the simulated spectra (see Figure 2.9).
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Figure 2.9: (a) Experimental scattering spectrum of linear beam of 165 nm core-satellite
nano-cluster with fit to sum of Gaussians function. The dashed green lines show the individual
Gaussian curves that are summed together to form the function for the fitting. (b) Comparison
of the individual Gaussian curves from the fit to the experimental linear scattering spectrum
to the electric dipole expansion of the simulated linear scattering spectrum.

2.5 Procedure for Creating Sample Cells

Two 150 pm thick 22x22 mm square coverslips (Fisher Scientific No. 1.5 12-541B) separated

by a reusable 130 pum thick silicone spacer creating a chamber that held a volume of



approximately 8 ul. comprised the sample cell. The space was cut from a larger silicone
sheet (Bioflexus SH-20001-010) to a 22x22 mm square and a hole in the center was made
using a hole punch. The top coverslip of the sample cell was cleaned by plasma etching for 4
minutes, which created a slight negative charge on the surface. This charging of the surface
electrostatically repels the silver nanoparticles (nanoComposix NanoXact AGPN150, 150 nm
diameter, polyvinylpyrrolidone-capped), reducing the frequency of spontaneous deposition
while not significantly reducing the ability to deposit the arrays by the radiation pressure of
the trapping laser. Prior to the creating of the sample cell, this top coverslip was sparsely
coated in quantum dots by drop-casting 10 uL of a 26.8 pM aqueous solution, diluted 200:1
from a 5.36 nM stock solution (Oceannanotech QBA580-04), which was allowed to dry for 24
hours in a vacuum dessicator.

A solution of 150 nm diameter silver nanoparticles was prepared by diluting the stock 2
mM solution 200 times to a final concentration of 10 M with 18 M) de-ionized water. Once
the coverslip carrying the drop-cast quantum dots had completely dried and was removed
from the dessicator, the dilute solution of silver nanoparticles was placed in a sonicator (Cole-
Palmer 8890) for up to 5 minutes to re-disperse the nanoparticles that may have sedimented
on the bottom of the container during storage and to break up aggregates. During the
sonication, the silicone spacer was carefully lowered onto the coverslip holding the quantum
dots with a pair of tweezers such that the hole in the spacer was centered on the coverslip and
the square edges of both the spacer and the coverslip were aligned. The silver nanoparticles
were removed from the sonicator and a 7-10 uL aliquot of the solution was placed onto the
coverslip in the hole of the spacer. The cell was completed by taking a second coverslip and
lowering it by holding one side in a gloved hand by the corners and bringing the opposite
side down to an edge of the coverslip with the spacer already on top of it. Once this edge
was secured against the spacer, the opposite edge was lowered to lie flat against the spacer

to reduce the probability of creating an air bubble inside the sample cell. The completed
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sample cell was inverted before being secured to a sample holder by two small metal tabs
held in place by thumbscrews.

A similar procedure was repeated for the samples used in the cotrapping experiments.
As the objective lens for the second trapping setup had a shorter working distance and the
sample holder for the microscope stage was designed for rectangular sample cells, the bottom
coverslip of the sample cell was replaced with a 100 gm thick 30x22 mm recangular coverslip
(Fisher Scientific No 1.0 12-545A) and the spacer was replaced with a 130 pL thick disposable
spacer with an interior volume of ~17 ul. with adhesive coating on both sides. The 150 ym
thickness of the top coverslip was retained but the size was increased to 30x22 mm (Fisher
Scientific No 1.5 12-544A) to match the bottom coverslip. The plasma etching time for the
top coverslip was reduced to 1 minute since the sample is used immediately after creation as
drop-casting quantum dots and drying to adhere them to the surface was no longer necessary.
After the top coverslip was cleaned, the protective layer on one side of the adhesive spacer
was removed and placed by hand onto the coverslip before being smoothed down with the
back side of a curved pair of tweezers to ensure that the spacer lay flat on the surface. The
second protective layer was then removed, exposing the other adhesive side of the spacer. 3.0
ploof a 100 M 100 nm diameter PVP-coated silver nanoparticle solution diluted 20 times
from a 2 mM stock (nanoComposix NanoXact AGPN100) was placed on the surface in the
hole in the spacer along with 2.6 pL of a 40 pM quantum dot solution diluted 200 times
from a 8 uM stock (Oceannanotech, QSH580). To reach the full volume encompassed by
the spacer, 7.5 uli of 18 M(2 de-ionized water was added to the mixed quantum dot-silver
nanoparticle solution on the top coverslip and another 7.5 ul. was placed in the center of the
bottom coverslip. The bottom coverslip was placed onto the top one edge at a time in the
same manner as before, starting with one of the shorter edges. Since the charging caused by
cleaning the top coverslip causes the solutions to spread out and wet the surface, the droplet

on the bottom coverslip ensures that the solution is in contact with both surfaces as the
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second coverslip was lowered, reducing the probability that an air bubble was introduced
into the sample cell. The completed sample cell was inverted before being secured to the
sample holder by small tabs of masking tape placed on the shorter edges of the coverslips

and smoothing them down until they adhered to the sample holder.

2.6 Procedure for Depositing Nanoparticle Arrays

Following a similar procedure to [41] and [42], the deposition of silver nanoparticle arrays
started with the marking of a 100 ym by 100 pm area on the top coverslip at the corners with a
few nanoparticles for locating the arrays in later fluorescence lifetime measurements. Radiation
pressure on the silver nanoparticles from the trapping beam overcomes the electrostatic
repulsion between the nanoparticles and the substrate, fixing the nanoparticle on the surface
at the trapping position. The positions of quantum dots inside this area were determined by
turning off the bright-field illumination and scanning the excitation beam over the surface and
observing the collected fluorescence in the array detector. Once the position of a quantum
dot with no other dots in the immediate area (~3 pm radius) is determined, the excitation
beam is blocked and the focal spot of the trapping beam is positioned over the dot. From
here, the trapping beam is set to the designed location of each nanoparticle in the array and
unblocked for a long enough duration to deposit the nanoparticle before moving on to the
next location. The process was repeated for all of the isolated quantum dots found inside the

designated region, creating an average of one to two dozen arrays per region.

2.7 Measuring Lifetimes from TCSPC Fluorescence Decay Curves

In order to obtain lifetimes from the fluorescence decay curves measured by TCSPC, the
curves were fit to a two-exponential function convolved with the instrument response function
(IRF) for the measurement setup. For all the experiments described in this dissertation,

the IRF was measured from attenuating the excitation light source by a neutral density
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filter, scattering the beam off of a sample cell containing no nanoparticles, and removing
the bandpass filters that would block the excitation light from the standard measurement
configuration. Figure 2.10 shows both an example of a fluorescence decay curve from a
quantum dot in a deposited array using the setup described in Section 2.2 and the IRF

determined for this configuration.
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Figure 2.10: Fluorescence decay curve for a quantum dot in a deposited array structure (blue
points) and instrument response function (orange curve) for the measurement setup described
in Section 2.10.

Before fitting, the baseline of the fluorescence decay curves were set to zero by subtracting
the background counts from the TCSPC data set, defined as the mean of the counts in the
data set before the IRF’s peak (t < 0 ns). A two-exponential function was chosen for the
fitting as the CdSe/ZnS core-shell quantum dots used in the experiments should have two

decay components evident in within the repetition rate of the excitation beam used [47],

g(t;a, ky, b, ky) = IRF(t) % (ae®® 4 be™?) (2.7)

30



* Fluorescence Decay
150 : —Fit Function

100

a
o
T

Fluorescence Decay (Counts)

R Y

o

Time Bin (ns)

Figure 2.11: Fluorescence decay curve for a quantum dot in a deposited array structure (blue
points) and fit of the two-exponential model convolved with the IRF (orange curve).

a —-L (ns) b —-L (ns)

k1 ko

Initial | 92.09 14.00 61.39 1.00
Final | 74.81 14.55 99.73 | 1.1867

Table 2.1: Initial parameters estimated for the example fluorescence decay curve in Figure
2.10 to fit eq. (2.7) to the data, and final parameters determined by NLLS optimization to
minimize the sum of squared residuals between the fit and the measured curve. The time
components are reported as lifetimes for clarity, while the fitting was performed with the
corresponding decay rates.

where k; and ko are the decay rates of the exponential components, corresponding to

1

—1> with amplitudes a and b, respectively. The values of the
2

lifetimes 7 = —k—ll and 7 =
parameters a, ki, b, and ko were determined by nonlinear least squares (NLLS) fitting. The
initial value of the parameter for the slower of the time components was estimated by the
amount of time between the maximum of fluorescence decay curve and the point where it had
decayed to 1/e of its initial value, ~14 ns for the curve shown in Figure 2.10, and given an

amplitude a of ~60% of the maximum of the fluorescence decay curve. The faster of the time

components was given an initial value of approximately the minimum resolvable rate for the
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detection system, defined by twice the full-width at half the maximum (FWHM) of the IRF,
or ~1 ns, and the amplituded was set at ~40% of the maximum of the fluorescence decay
curve. If, after the NLLS optimization of the parameters, the residuals of the fluorescence
decay curve were biased away from zero within five time constants (from the longer of the fit
lifetimes), the fitting was re-run after adjusting the initial parameters until the guess function
visually approximated the fluorescence decay curve. Figure 2.11 shows the fit function for the
fluorescence decay curve shown in Figure 2.11 and Table 2.1 shows the values of the guess

parameters and the fit parameters determined from the NLLS optimization.

2.8 Finite-Difference Time Domain (FDTD) Simulations

Finite-Difference Time Domain (FDTD) simulations were conducted using the software
packages MEEP[48] and Lumerical FDTD Solutions 8.18. The dieletric function of the silver
nanoparticles (AgNPs) used in MEEP was a two-term Drude-Lorentz model fit to the the

dielectric function measured by Johnson and Christy[49] of the form

s(w, ’I’) = (1 + wi}&) Einf('r') + Z 2 —JT(L,‘E;“)—OJZUJ’)/,L (2.8)

where op is the electric conductivity, o,(r) is the position-dependent strength of the nth
term, f, = w, /27 is the resonance frequency of the term, and =, /27 is the damping of the
term. The values of these terms used for silver in our simulations are shown in Table 2.2.
The dielectric function used in Lumerical FDTD Solutions came from the materials library

included in the software.
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n O-n(’r) fn - wn/Zﬂ— 771/277—
1]5.38081 x 10 | 1 x 1072 | 0.0100112
2 1.99513 4.07823 0.443329

Table 2.2: Parameters determined for the Drude-Lorentz model fit to the Johnson and Christy
dielectric function of silver to be used in FDTD simulations. The value of e;,¢ in eq. (2.8)
used was 1.0001. All values are given in the units used by the MEEP simulations.

2.8.1 FDTD Simulations of 1D AgNP Lattices for Dark-field Spectroscopy

For the simulations discussed in Chapter 3, the 1D lattices of AgNPs were placed on glass
substrates were illuminated by a linearly polarized plane wave with A = 400-950 nm with
the polarization direction along x- (parallel polarization) and z-directions (perpendicular
polarization). A non-uniform mesh with maximum grid size of 1 nm was used to calculate
the spectra. The background index for the surrounding medium was set to that of water
(n = 1.33). For the far field scattering patterns of point-dipole sources, the source and the
lattices were placed in a uniform medium (n = 1.5) with a grid size of 2 nm. The calculated
fields were propagated to a surface 1.8 mm from the source to match the focal distance of the
objective, limited by an angle commensurate with the numerical aperture of the lens (NA =

1.4).

2.8.2 FDTD Simulations of a Point-Dipole Source in 1D AgNP Lattices

For the simulations discussed in Chapter 4, the source was a point-dipole located at the
center of the simulation domain with a center wavelength in vacuum of A = 580 nm and a
bandwidth covering the visible region, A =~ 400-900 nm. The background dielectric was set
to have an index of refraction equivalent to that of water (n = 1.33). The grid was set to a
resolution of 2 nm. The local density of states was calculated as the power radiated by the

dipole into the simulation domain at the location of the source, calculated in MEEP as

Re | Ey(r, w)ﬁ(w)*]

LDOS;(r,w) = —ze(r)

. PP (2.9)

33



where r is the position where the LDOS is calculated, E’l('r,w) is the frequency-domain
representation of the time-averaged electric field in the polarization direction [ of the dipole
source calculated from the simulation at the position r, and p(w) is the time-averaged power

radiated into the simulation domain in the frequency-domain representation.

2.8.8 FDTD Simulations of Near-field AgNP Chains and Core-Satellite Nanostructures

For the simulations of chains of AgNPs discussed in Chapter 5, 2-4 nanoparticles with a
diameter of 40 nm were illuminated with a plane-wave source with a wavlength range A
= 600-1000 nm. Only longitudial surface plasmon resonance was calculated by setting the
excitation polarization along the axis of the chains. A nonuniform mesh was used with a grid
size of 1.0-0.4 nm in order to have sufficient resolution for the sub-nanometer gaps between
the particles in the near-field.

The core-satellite nanostructures were illuminated with sources having a wavelength range
of A = 500-1000 nm and the monitor for calculating the scattering spectra was a spherical
shell placed around the structure, as opposed to the rectangular box typically used in FDTD
simulations. The azimuthal and radial beam sources were created by determining the current
densities that give rise to electric fields with azimuthal and radial polarization as solutions to

Maxwell’s equations.

2.9 Generalized Mie Theory (GMT) Simulations

The electrodynamic interactions of the AgNP arrays in Chapter 4 are computed with the
GMT method [50, 51] using the software package MiePy, a GMT code developed by John
Parker (not yet published). In this method, the incident and scattered fields are expanded
into the vector spherical harmonic (VSH) wave functions around each particle to match the

surface boundary conditions. The incident source field on particle j is expanded into the
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regular VSH’s N, (electric) and M) (magnetic),

Lmax

1nc - Z Z ZEmn pni:j N(l) + q(]*)])M&l?H (21())

n=1 m=-—n

where L., is the maximum number of multipole orders to expand in, E,,, is a normalization

7) (G—39)

constant, and py, U9 and gmn °’ are the expansion coefficients of the incident source at particle

j. The scattered field of particle j is similarly expanded into the scattering VSH’s NP and
M)

Lrﬂax

scat - Z Z lEmn ajp]mn +qumnM7$§7)L] (211)

n=1 m=—n
where a/ and b/ are the ordinary Mie coefficients [7] of particle j and p? = and ¢/ . are the
expansion coefficients of the light incident on particle j.

The expansion coefficients p/ = and ¢/ are solved for in a system of 2N Ly ( Liax + 2)

interaction equations

(1 N LIYlaX

P =297 =) Z A (1= J)abph, + Bi, (1= §)bydh,
l#j v=1 u=—v
(1,N) Liax

Bon = A5 = DY Z Bt (1= §)ayph, + A (I = )b,

I#j v=1 u=—v

(2.12)

where A* (I — j) and B (I — j) are the VSH translation coefficients from particle [ to
particle j.

An electric point dipole excitation with a fixed polarization is used to model the quantum
dot source. The decomposition of this excitation into VSH functions is straightforward since
the fields produced by an electric dipole are guaranteed to be a linear combination of the
Nl(frz functions. Assuming the quatum dot is at position 74., the decomposition of the

excitation fields at particle position 7; is given by a linear combination of the VSH translation
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coefficients from rg4.; to particle j

1
U =601 Y w, AR (raoy — §)
u=-—1

1 (2.13)
%:J) - 5711 Z wuB;Til (’rdot — j)

u=-—1

where 9,1 is the Kronecker delta function and w, are polarization dependent weight factors.
Given a dipole orientation s = (s, s, s,) with magnitude |s|, the weight factors are w_; =
(isy — 8y)/2, wo = —is,, and wy = (—is, — s,)/2. Given the positions of the nanoparticles
and the quantum dot source, eq. (2.12) can then be solved for the expansion coefficients.
The local density of states is computed using the same equation as used in the FDTD
method. [52] Since GMT is a frequency-domain method, the frequency dependent dipole

term can readily be set to unity, p(w) = 1, and the LDOS equation simplifies to
2
LDOS;(7qot,w) = —;e(rdot)Re [E(Tot, w)] (2.14)

LDOS enhancement is obtained by normalizing the LDOS with the NP array by the LDOS

without the NP array.
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CHAPTER 3
MESO-SCALE DIPOLAR INTERACTIONS IN PHOTONICALLY
SYNTHESIZED METAL NANOPARTICLE LATTICES

Reproduced in part with permission from: Uttam Manna, Nolan M. Shepherd, Zijie Yan, Ying
Bao, Justin E. Jureller, and Norbert F. Scherer. Meso-scale dipolar interaction in photonically

synthesized metal nanoparticle lattices. Manuscript in preparation.

3.1 Introduction

Plasmonic excitations in nanoparticles provide a means for manipulating light-matter interac-
tions beyond the diffraction limit. This property is being developed into applications such as
miniaturized optical[53] and electronic[54, 55] devices, surface enhanced Raman scattering
(SERS) and localized surface plasmon resonance (LSPR) based chemical and biological
sensing[56, 57], and medical diagnostics and therapeutics[58, 59]. Moreover, assembly of
metal nanoparticles in arrays has emerged as a promising platform for tunable electrical,
optical, and sensor applications[54, 56, 57, 60, 61].

Both templated and template-free assembly methods have been used extensively to create
well-defined one dimensional (1D)[62], 2D and 3D[63, 64] nanoparticle array architectures. The
range of materials and structures that could be created would expand if other driving forces,
such as interactions between gradients of external fields and nanomaterial interactions could be
harnessed[65, 66, 67, 68, 69, 70]. One new approach, photonic synthesis|[71, 72, 73, 74, 40, 75],
allows creating defined spatial configuration of nanoparticles, including creation of ordered
lattices of nanoparticles.

When light is incident on polarizable particles, the incident field and light scattered from

the particles interfere, leading to spatial gradients and new optical forces on the particles. This
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interaction, termed optical binding[71], emerges from the expansion of dipolar interactions
on the scales of the wavelength of light. The optical binding interaction can be used as a
driving force to control small objects on meso-scales with nanoscale precision to photonically
synthesize defined configurations of metal nanoparticles[72, 73, 74, 40, 75].

In ‘optical binding’, interparticle forces produced by light scattering and interference
between multiple particles leads to defined spatial configurations of particles[71, 72, 73].
Optical binding interactions occur on intermediate scales (where particle separation, Ax is
approximately equal to wavelength of the incident light, A) between the near-field (Az < \)
and far-field (Az > \) limits. The optical binding interactions can be significant when the
particles are typically separated by distances that are integral multiples of the wavelength
of the incident light in the host medium. Here, Az denotes the center-to-center separation
between the particles.

Recently, our group demonstrated that the optical binding of Ag nanoparticles enables
controlled formation of 1D and 2D nanoparticle arrays or synthetic photonic lattices[73] as
well as hybrid assemblies of Ag nanoparticles and semiconductor quantum dots in solution[40].
Subsequently, these 1D and 2D synthetic photonic lattices, defined by optical binding
and minimally shaped trapping beams, can be deposited onto glass substrates by optical
printing performed by controlling the electrostatic interactions of the surface functionalized
nanoparticles and substrates[76]. These 1D and 2D lattices are characterized by wave-vectors
on the pm~! scale.

For nanoparticle arrays with interparticle separations exceeding the near-field limit, the
intermediate scale and far-field interactions are mediated by the scattered dipolar fields. In
these regimes, the scattered dipolar fields interfere to form collective radiation[15, 13, 77].
Hence, it should be possible to tune the plasmonic properties of arrays of noble metal
nanoparticles by exploiting dipolar interactions at the intermediate-scale regime by controlling

the separation between the particles forming the array as well as create other photonic
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architectures from nanophotonic constituents|78].

Tuning the plasmonic properties of metal nanoparticles presents the opportunity to create
nanoscale optical devices by placing an emitter in the array. Quantum dots placed in near-field
proximity to plasmonic nanoparticles are known to gain an enhancement to their radiative
rate when the resonance of the nanoparticles is close to wavelength of the quantum dots’
fluorescence[79, 80, 81], but this coupling drops quickly as the distance between the dot
and the particle increases[80]. However, the fluorescence of quantum dots couples to their
surroundings via the transition dipole moment between the excited and ground states; this
should extend the interaction to the intermediate scale if the quantum dot is placed in
a structure designed to couple with scattered dipolar fields. It is expected then that the
collective resonance of a 1D lattice structure can couple to this transition dipole and exhibit
an effect on the fluorescence lifetime of quantum dots placed in the structure.

We report the results of scattering spectroscopy measurements conducted on 1D synthetic
photonic lattices of Ag nanoparticles (diameter, d ~ 150 - 200 nm) formed by combining
optical trapping and optical binding on substrates, an approach we have termed optical
printing[76]. In combination with electrodynamic simulations, we demonstrate that for 1D
lattices consisting of only a few (two to six) Ag nanoparticles, the dipolar fields of the
individual Ag nanoparticles electrodynamically couple in the intermediate-scale regime. For
particle separation smaller than the plasmon resonance of the individual particles (Az < A.5),
the dipolar fields are found to add up in-phase (i.e., constructively interfere) resulting in a
red-shift of the collective plasmon resonance of the 1D lattice. By contrast, for Az > A\,
the dipolar fields are out-of-phase resulting in a blue-shift of the collective plasmon resonance
of the 1D lattice. We find that the magnitude of the spectral shift for the intermediate-scale
coupling in these 1D lattices is comparable to that for near-field coupling. Moreover, we
also find that the spatial coherence properties of the incident light used to measure the

spectroscopic response of the 1D array is a critical aspect of the intermediate scale coupling.
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In addition, we demonstrate the use of 1D lattice structures to enhance the radiative rate
of cadmium selenide/zinc sulfide core-shell quantum dots and shape the far field radiation

pattern of the emitted fluorescence.

3.2 Results and Discussion

The 1D synthetic photonic lattices of Ag nanoparticles we study were created by optical
printing[76] using the optical tweezers apparatus illustrated in Figure 3.1a. The optics used
to shape the trapping beam are depicted in Figure 2.1, and a detailed description is also
given in References [75, 76]. The 1D lattices were allowed to form in solution using a line
trap and subsequently the whole lattice was deposited on the glass substrate. Note that
the separation between the individual particles occurs at integral multiples of the trapping
laser wavelength in the host medium, which is ~600 nm in our case (i.e. 800 nm vacuum
wavelength / n, where n = 1.33 for water). For spectral measurements of the 1D lattices
with interparticle separations greater than the optical binding length-scale, the particles
were trapped individually and subsequently deposited in the desired locations by moving the
piezoelectric stage holding the sample cell[76, 82]. In this way, many different 1D lattices
were created with different numbers of particles and separations between the particles.
Figure 3.1a and ¢ show the laboratory-frame geometry corresponding to the dark-field
spectral measurement for incident light polarized parallel and perpendicular to the lattice-axis.
The axis of the 1D photonic lattice is along the x-direction. Owing to the dark-field nature
of the experimental geometry, the major components of the incident wave-vector lie within
the xy sample plane. In this configuration, the incident white light was masked with a slit in
the aperture plane so that only the y-component of the wave-vector is allowed to be incident
on the sample. The scattered light from the 1D lattice was collected along the negative
z-direction for all the angles corresponding to the NA (& 1.2) of the 60x immersion objective.

The spectral measurements were performed with the polarization of the incident white light
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Figure 3.1: (a) The optical tweezers set-up used to optically trap, bind and print Ag
nanoparticles to create 1D synthetic photonic lattices. DM, NA, DF, F are abbreviations
of Dichroic Mirror, Numerical Aperture, Dark-field, and Filter, respectively. (b-c) The
laboratory-frame geometry corresponding to the dark-field spectral measurement. The
spectral measurements were performed for polarization along the (i) x-direction (termed
parallel polarization) (b); and (ii) z-direction (termed perpendicular polarization) (c). (b) and
(c) also show the schematic representations of the near-fields (red) and the radiative fields
(olive-green) of the nanoparticles for parallel and perpendicular polarizations, respectively.

in two directions: (i) along the x-direction (Figure 3.1a, termed parallel polarization); and (ii)
along the z-direction (Figure 3.1c, termed perpendicular polarization). Figure 3.1b and c¢ also
show the schematic representations of the directions of the near-fields (shown in red) and
the radiative fields (shown in olive-green) of the nanoparticles for parallel and perpendicular
polarizations, respectively. Finite-difference time-domain (FDTD) electrodynamic simulations
were performed to complement the experimental results. The simulation geometry was similar
to that of the experiment; the lattice axis and incident wave-vector were aligned along the x-,

and y-axes, respectively.
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3.2.1 Spectral dependence on interparticle separation

Ag nanoparticles exhibit pronounced Mie resonances[83, 84, 85]; for diameter d > 100
nm two broad Mie resonance peaks are visible in the scattering spectra[83]. The longer
wavelength peak is due to the dipole excitation (dipolar plasmon resonance), whereas the
shorter wavelength peak is a multi-pole excitation. Figure 3.2 a-d and Figure 3.2 e-h show the
experimental and simulated scattering spectra of 1D lattices consisting of five Ag nanoparticles
(N=5) with d ~ 160 nm, respectively as a function of interparticle separation for two different
directions of the incident light polarization. The dark-field images of the 1D lattices consisting
of five Ag nanoparticles with separations, Az =570, 690, 750, and 1200 nm are shown in the
inset panels of Figure 3.2 a-d, respectively.

As shown in Figure 3.2 a and e, for particle separation at the optical binding distance
(Az ~ 570 nm in this case), we find that the dipolar peak position is red-shifted for incident
light polarized perpendicular to the lattice axis. This is opposite to what is expected for
near-field interactions[86, 87, 83], as will be discussed further in Subsection 3.2.7. We also
found that for particle separation exceeding the optical binding distance, Az ~ 690 nm
(Figure 3.2b and f) and 750 nm (Figure 3.2c and g), the dipolar peaks are blue-shifted for
polarization perpendicular to the lattice axis. For Ax =~ 1200 nm, the dipolar peak position
is weakly dependent on the incident polarization.

Figure 3.2i shows the calculated dipolar peak positions of the 1D lattice (N=5 and
d = 160 nm) as a function of separation for both polarizations. As shown in Figure 3.2i, the
dipolar peak positions show a strongly non-monotonic behavior as a function of interparticle
separation for both polarizations. Figure 3.2j shows the magnitude of the spectral-shift for
perpendicular polarization with respect to parallel polarization as a function of separation as
deduced from experiments and simulation. Our simulation results are consistent with those
from the Schatz group[11, 88].

As shown in Figure 3.2j, our experimental and simulation results suggest that for Ax < s,
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Figure 3.2: Experimental (a-d) and simulated (e-h) scattering spectra for parallel and
perpendicular polarizations as a function of interparticle separation. The inset panels in
(a-d) show the dark-field scattering image of the 1D lattices measured with separations
Az ~=570, 690, 750, and 1200 nm, respectively. For Az ~ 570 (a and e), the dipolar peak is
red-shifted; whereas for Az ~ 690 nm (b and f), and 750 nm (c and g), the dipolar peaks
are blue-shifted for perpendicular polarization of the incident light (N=5 and d ~ 160 nm).
(i) shows the calculated dipolar peak positions as a function of interparticle separation for
both polarizations. The magnitude of the spectral shifts for perpendicular polarization with
respect to parallel polarization are plotted in (j) as deduced from both experiments and
simulation as a function of separation (Az =400 to 900 nm for N=5 and d ~ 160 nm). Note
the different scales for the results from experiment (pink) and simulation (black).
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the collective plasmon resonance of the 1D lattice is red-shifted; whereas for Az > A,., the
collective plasmon resonance of the 1D lattice is blue-shifted. Here, \,., is the dipolar plasmon
resonance of an individual nanoparticles, calculated to be 660 nm for Ag nanoparticles with
d = 160 nm. The dipolar plasmon resonance of the individual particles, \..s, plays an
important role in determining the collective dipolar plasmon resonance of the 1D lattice.
This is further discussed in Subsection 3.2.3.

The trend of the experimental spectral-shift as a function of interparticle separation
agrees well with the calculation. However, the magnitude of the calculated spectral-shift
is approximately three to four times greater than that of the experiment. We attribute
this discrepancy to the ‘short’ spatial coherence length of the incoherent incident white
light used in these experiments. The role of spatial coherence property of the incident
light in our experiments is discussed is detail in Subsection 3.2.4. Also, the experimental
scattering intensities for perpendicular polarization of the incident light are found to decrease
compared to that of parallel polarization. This is in contrast to the calculation. We attribute
this discrepancy to the dark-field nature of our experiment. The influence of experimental

conditions on scattering spectra is discussed in detail in Subsection 3.2.4.

3.2.2  Spectral dependence on particle number

Figure 3.3 a-c and Figure 3.3 d-f show the experimental and simulated scattering spectra of
1D lattices, respectively for different number of particles in the array. Specifically, we show
results for one, three and six Ag nanoparticles with diameter, d ~ 180 to 200 nm for two
different directions of the polarization. In this case, the interparticle separation is fixed at
the optical binding length scale (Az ~ 600 nm). The dark-field images of the 1D lattices
consisting of one, three and six particles are shown in the inset panels of Figure 3.3 a-c,
respectively.

From our experimental and simulated spectra, we find that for interparticle separation at
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Figure 3.3: Experimental (a-c) and simulated (d-f) scattering spectra for parallel and
perpendicular polarizations as a function of number of particles. The inset panels in (a-
c) show the dark-field scattering image of the 1D lattices consisting of one, three, and
six particles, respectively. The magnitude of the spectral-shift is found to depend on the
number of particles forming the lattice. The single particle spectra are presented as a control
experiment and simulation. (g) shows the calculated dipolar peak positions as a function of
number of particles for both polarizations. The magnitude of the spectral shifts are plotted
in (h) as deduced from both experiments and simulation as a function of number of particles
(N=1 to 7 with d ~ 190 nm and Az = 600 nm).

the optical binding length-scale (Az ~ 600 nm), the magnitude of the red-shift is strongly
dependent on the number of particles forming the 1D lattice. Figure 3.3g shows the calculated
dipolar peak positions of a 1D lattice as a function of the number of particles (N=1 to 7)
with d = 190 nm and Az = 600 nm for both polarizations. We find that as the number of

particles forming the 1D lattice increases, the dipolar peak positions for both polarizations
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are increasingly red-shifted; the magnitude of the red-shift is greater for perpendicular
polarization. Figure 3.3h shows the magnitude of the red-shift for perpendicular polarization
as deduced from experiments and simulation as a function of number of particles forming the
lattices. The experimental and simulation results suggest that the magnitude of the red-shift
initially increases linearly up to four particles in the lattice and then saturates. Again, the
trend of the experimental spectral-shift as a function of number of particles agrees well with
the calculation. However, we note the discrepancy in the magnitude of the spectral shift and

scattering intensities, which is discussed in Subsection 3.2.4.

3.2.83  Dipolar interactions for intermediate-scale separation

For nanoparticle arrays with interparticle separation at the intermediate-scale (Ax & \), the
electrodynamic interactions are mediated by the interference of the scattered dipolar fields
concentrated in the equatorial plane of the lattice-axis (schematics shown in Figure 3.1b
and c). The interactions of scattered radiative fields in the intermediate-scale and far-field
regime were studied theoretically by Meier, Wokaun, and Liao[15] for a 2D square array
of Ag nanoparticles. The central result of their study is the determination of an effective
depolarization constant, A ;, that determines the plasmon resonance of the array along an

axis j. The depolarization constant, A.ss; can be written as
Re[Aeff,j] = A;tatic - (q2/3 + q4/24 + q6/864 + .. ) + RG[C]]V/AJ}3 (31)

Im[A.ss,] = Im[C,]V/Az® (3.2)

where ¢ = k(3V/47)Y/? and k is the magnitude of the wave-vector[15, 14]. The first and
second terms of the real part of A.ss;, the static and dynamic depolarization, depend on
the particle eccentricity and finite size of the individual particles, respectively. The particle

interactions in the array that cause resonance shifts are contained in the term Re[C}]V/Az?,
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where V' is the particle volume, Az is the lattice constant, and Cj is the dipolar-interaction
constant. Note that we are using the same Az notations in eq. (3.1) and eq. (3.2) as in our
results. The imaginary part of A.rs; expresses the damping of the near-field by the collective
radiation of the entire particle array.

For Az < A5, the light fields corresponding to a grating order are evanescent in character.
However, the local optical fields in the plane of the array become large due to an almost in-
phase addition of the scattered light fields of neighboring particles[15]. This results in strongly
negative values of Re(C;) leading to a red-shift of the plasmon resonance wavelength[15, 13].
At Ax = )\, the grating order becomes radiative at a grazing angle. The appearance of a
new radiating grating order leads to a sudden increase of the total power radiated by the
array with the value of Im(C};) — —oo. For Az > A, Im(C};) takes on large negative values
due to the grating order being close to the grazing angle.

The above discussed meso-scale interactions was found to influence the lifetime and
collective plasmon resonance of 2D ‘infinite’ square array of metal nanoparticles[13, 89]. Tt
was also shown by simulation that significant far-field coupling exists between a pair of Au
nanoparticles over distances many times the particle diameter with the coupled particle-
plasmon mode alternating between ‘superradiant’ and ‘subradiant’ behavior when the particle
spacing is varied[90].

To understand the spectral properties of our 1D lattices as a function of polarization,
interparticle separation, and number of particles, we adopt the theory of electrodynamic
coupling of scattered radiative fields of 2D square arrays[15, 14]. For particle separation at
the optical binding length scale, the interparticle separation is smaller than the plasmon
resonance of the individual particles (A,.s = 660 nm for d = 160 nm; 730 nm for d = 190
nm). Hence, an in-phase addition of the scattered light fields is expected to red-shift the
collective plasmon resonance of the 1D lattices (Figure 3.2j). Moreover, for perpendicular

polarization, the radiative fields of the individual particles are aligned along the array axis
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(Figure 3.1c), which is expected to lead to a significantly larger red-shift compared to that
for parallel polarization (Figure 3.2i).

To verify the behavior of the optical fields in the plane of the array as a function of
separation, we have simulated the 3D electric field distributions for a 1D lattice consisting
of five nanoparticles with d = 160 nm for both polarizations as shown in Figure 3.4. For
Az < A\es (Ax = 570 nm), the scattered fields are found to add up in-phase leading to ‘hot
spots’ between the particles (Figure 3.4b) for perpendicular polarization. Furthermore, as
the number of particles forming the 1D lattice increases, the magnitude of the field increases
(additively) leading to a larger red-shift of the dipolar peak position for both the polarizations
(Figure 3.3h).

For Ax > M\ (for example, Az = 750 nm), we find that the radiative fields for
perpendicular polarization are out-of-phase as shown by the electric field distributions of
the 1D lattice in Figure 3.4d. This out-of-phase interaction results in a blue-shift of the
dipolar peak position for perpendicular polarization compared to that for parallel polarization

(Figure 3.2j).

3.2.4 Influence of experimental conditions on scattering spectra

In Subsections 3.2.1 and 3.2.2, we pointed out that even though the trends in the experimental
spectral-shifts of the collective plasmon resonances of the 1D lattices as a function of separation
and number of particles agree qualitatively with the calculated results, the calculated spectral-
shifts are approximately three to four times greater than what we measured. We attribute
this discrepancy to the short spatial coherence length of the incoherent white light used in
our experiment. To substantiate this, we performed the spectral measurements of the 1D
Ag nanoparticle lattices using a fiber laser continuum white light source for two different
directions of the polarization.

Figure 3.5a shows the scattering spectra of a 1D lattice (N=3, Az = 600 nm and d ~ 160
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Figure 3.4: The 3D electric field distributions for 1D lattice consisting of five nanoparticles
with d = 160 nm for Az = 570 nm (a and b), and Az = 750 nm (c and d) for parallel (a
and ¢) and perpendicular polarization (b and d). The wavelengths (A = 675 nm in (a and b)
and 645 nm in (¢ and d)) are chosen to match the peak positions of the collective dipolar
plasmon resonance of the relevant arrays for parallel polarization.

nm) obtained using coherent excitation. The results show that the dipolar radiation is only
weakly detected for polarization parallel to the lattice axis; whereas the dipolar radiation
could not be detected for polarization perpendicular to the lattice axis. Our experimental
results using coherent excitation are supported by the FDTD calculation shown in Figure
3.5b. In this calculation, the scattered radiation from a 1D lattices was only collected in a
cone along the z-axis corresponding to the NA of the objective. By contrast, the calculations
in Figures 3.2 and 3.3 were performed by integrating the scattered light for all solid angles (47
stere radians). This indicates that the light is emitted outside the range of the NA collected
in the experiment.

For coherent excitation, the light from a 1D lattice is expected to scatter only at defined

angles, in analogy to light diffraction from a grating[77]. For Az = A, the scattered light
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Figure 3.5: (a) Experimental dark-field scattering spectra for a 1D lattice measured using
coherent excitation for the separation in the optical binding length-scale. (b) Calculated
scattering spectra for the same 1D lattice with the scattered radiation integrated around a
cone corresponding to the NA of the objective. (c) shows the angular distribution of the
projection of the calculated far-field along z-direction for a 1D lattice (N=5, Az = 600 nm
and d = 160 nm) using coherent excitation with A = 650 nm for parallel polarization. Note
that the scattered power, P, is defined as P = oI, where o is the cross-section in m?, and I
is the source intensity in Watts/m?.

corresponding to the first grating order is emitted parallel to the plane of the 1D lattice, i.e.
in the xy plane. Moreover, in the dark-field configuration, the scattered dipolar radiation
along the z-direction is only collected for the specific angular range defined by the NA of the
microscope objective ( < 1.2 for our case). Figure 3.5¢ shows the angular distribution of the

projection of the calculated far-field along the z-direction for a 1D lattice (N=5, Az = 600
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nm and d =~ 160 nm) for coherent excitation with A = 650 nm for parallel polarization. The
coherent excitation was allowed to be incident on the sample with an angle corresponding
to the NA of the dark-field condenser (NA~1.2) to replicate the experimental condition.
As shown in Figure 3.5¢, the major component of the far-field projected emission along z-
direction is found to lie outside the NA of of the microscope objective for parallel polarization.
Therefore, the coherent scattered light is only weakly detected in our experiment.

For perpendicular polarization, the radiative fields of the individual particles are aligned
along the lattice axis (schematics shown in Figure 3.1c). As a result, the scattered radiation for
perpendicular polarization is expected to be ‘more directional’ towards the xy plane. Therefore,
this coherent scattering could not be detected along the z-direction in the experimental
geometry used here when using coherent excitation. Our results suggest that determination
of the full extent of the spectral-shifts requires a coherent excitation, and detection in the
sample plane. Even though we could not determine the full extent of the spectral-shift under
coherent excitation, the disappearance of the dipolar peak in the dark-field experimental
geometry implies that the spatial coherence length of the incident light plays a critical role in
determining the extent of the electrodynamic coupling in this regime.

For incoherent excitation, the 1D nanoparticle lattices preserve their directional properties
to some extent due to the short spatial coherence length of the incoherent light. This is
reflected by a decrease in the scattering intensity for polarization perpendicular to the lattice
axis as observed experimentally in Figures 3.2 and 3.3 as opposed to disappearance of the of

the dipolar peak under coherent excitation.

3.2.5 Influence of 1D lattice structures on quantum dot fluorescence

To test the coupling of quantum dot fluorescence emission to 1D lattices, array structures
were fabricated by optically printing 150 nm Ag nanoparticles with a separation of 600 nm.

After drying for 1 hour under vacuum, cadmium-selenide zinc-sulfide (CdSe/ZnS) core-shell
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quantum dots were drop-cast on the glass substrate at a concentration such that there were
no more than 1-2 dots within a few microns of each lattice structure. The diameter of
the quantum dots was chosen such that their emission wavelength matched the scattering
peak for 150 nm Ag nanoparticles in water. Figure 3.6a shows the measured fluorescence
decay of a quantum dot with no associated lattice (distance to nearest Ag nanoparticle
greater than 10 pm), exhibiting a biexponential decay. The average over all the isolated
quantum dots for the measured lifetimes were 73 = 4.05 4+ 0.63 ns for the shorter lifetime
and 75 = 30.16 £ 1.15 ns for the longer lifetime. Figure 3.6b and ¢ show the dependence
of the two characteristic lifetimes of this decay to the distance between the quantum dot
and the nearest Ag nanoparticle compared to the average lifetimes of the ‘isolated’ quantum
dots. We find that both lifetimes decrease as the distance between the quantum dots and the
Ag nanoparticles drops, similar to the increased radiative rate exhibited for the near field
coupling of quantum dots to plasmonic nanoparticles|81].

In order to isolate the effect of the collective resonance of the lattice structure from the
coupling of the quantum dot to a single nanoparticle, a second set of CdSe/ZnS quantum dots
were chosen with a fluorescence wavelength to the blue of the scattering peak of a lone 150
nm Ag nanoparticle. These quantum dots were drop cast on the substrate and dried under
vacuum before optical printing of the lattices. After being located by fluorescence imaging,
lattice structures were printed around each quantum dot to be measured, three nanoparticles
on each side in the positive and negative x directions, such that for a 1D lattice of 7 particles,
the 4th Ag nanoparticle would be replaced with a quantum dot. The inset to Figure 3.7b
shows a dark field image of one of these lattice structures surrounding a quantum dot. These
quantum dots also exhibit a biexponential decay, as seen in Figure 3.7a and b. However,
unlike the quantum dots matched to the single particle resonance, only the longer of the two
lifetimes shows a decrease; 7o decreases from 16.92 + 2.99 ns for isolated quantum dots to

9.23 4+ 4.61 ns for those in 1D lattice structures, while 77 is measured to be 0.88 £ 0.34 ns
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Figure 3.6: (a) Fluorescence decay measured by TCSPC for a single isolated quantum dot
deposited on the substrate. The fitted curve is a biexponential decay convolved with the
instrument response function for the detection system. (b) Dependence of the shorter lifetime,
71, of the quantum dots associated with 1D lattices of 5 Ag nanoparticles on the distance
between the quantum dot and its nearest neighbor Ag nanoparticle. The dashed line shows
the average 7y for isolated quantum dots. (c¢) Dependence of the longer lifetime, 75, of the
quantum dots associated with the lattice structures on the distance between the quantum dot
and its nearest neighbor Ag nanoparticle. The dashed line shows the average 7 for isolated
quantum dots.

for the isolated case and 0.85 + 0.29 ns for the dots once the array was constructed around
them. From the distributions of fitted lifetimes 75, it was determined that the lifetimes of
the isolated dots had a statistically significant difference from those of the dots in arrays

at the p < 0.10 level. The shorter of the lifetimes, 7, did not differ significantly from each
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Figure 3.7: (a) Fluorescence decay of a quantum dot from the sample chosen for having
an emission wavelength not matching to the LSPR of the 150 nm Ag nanoparticles. The
fitted curve is a biexponential decay convolved with the instrument response function of
the detection system. (b) Fluorescence decay of a quantum dot located at the center of a
1D lattice structure. (inset) Dark-field image of the 1D lattice structure surrounding the
quantum dot in (b). The scale bar is 2 pm.

other. If the fluorescence decay is considered as a sum of two processes that deplete the

excited state population of the quantum dot, a faster one corresponding to 7, and a slower
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one corresponding to 7o, then the coupling to the 1D lattice can be cast as a third possible
process. If this process is slower than 75, then measuring the decay of the excited state will
show little change in the fastest timescale; if it’s only slightly slower than 7, this will be
observed as an increase in the rate of the process described by 75, similar to what we observe

here.

3.2.6  Directional dependence of dipole emitters in 1D lattice structures

The light emitted from a spherical quantum dot in a uniform medium is isotropic over all
directions due to the transition dipole moment having no directional preference[91]. However,
when coupling to a strongly directional structure such as a 1D nanoparticle lattice, this
orientational uniformity is broken. Thus, the time-averaged fluorescence of a quantum dot
inside a 1D lattice should exhibit a directional dependence related to the lattice’s structure.
The FDTD calculations in Figure 3.8a and b show the far field radiation pattern emitted
from a point-dipole source in a uniform medium aligned along the y (Figure 3.8a) and x
(Figure 3.8b) directions as seen at the surface of a hypothetical NA=1.2 objective lens; an
average of this radiation distribution over all dipole orientations will give a uniform intensity
distribution. When this point-dipole source is placed in a 1D lattice such as the one shown
in the inset to Figure 3.7b, the far field radiation pattern takes on a series of structured
interference fringes, as seen in Figure 3.8c and d.

We propose that the time-averaged radiation pattern collected from a quantum dot in a
1D lattice is a weighted orientational average over the far-field radiation from interacting
and non-interacting transition dipole moments, dependent on the strength of the coupling
between the quantum dot and the lattice. To measure the far field radiation pattern of
the quantum dots, a relay lens was added to the path of the collected light such that the
conjugate plane to the fluorescence image was focused on the surface of an EMCCD. As the

conjugate plane and image plane of a lens relay system are related by a Fourier transform |,
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Figure 3.8: (a and b) Simulated far-field radiation patterns from a point-dipole source located
at the center of a 5pum x 1pm x 1pm domain, propagated to a surface 100 pm away. The
dipole is directed along the y-axis in (a) and the x-axis in (b). The distance and size of
the surface on which the intensity was calculated was chosen to match the working distance
and NA of the objective used in the experimental conditions. (c and d) Simulated far field
radiation patterns from point dipole sources located at the center of a 1D lattice of 150 nm
Ag nanoparticles with an interparticle separation of 380 nm. The dipole is directed along the
y-axis in (c) and the x-axis in (d).

the fluorescence collected by this system map the angular dependence of the radiation onto
the plane of the image. Furthermore, this lens forms a 4f relay system with the tube lens
of the microscope, making the collected images a measurement of the light intensity at the
surface of the objective, and therefore a direct analogue to the simulations in Figure 3.8. The
time-averaged fluorescence conjugate image for an isolated quantum dot is shown in Figure
3.9a, showing uniform intensity over the range of angles within the collected NA. When the

quantum dot is placed in a lattice structure such as that in the inset of Figure 3.7b, we
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observe the time-averaged fluorescence conjugate image seen in Figure 3.9b.
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Figure 3.9: (a) Fluorescence conjugate image of an isolated quantum dot. The outer edge of
the image corresponds to the maximum NA collected by the objective lens. (b) Fluorescence
conjugate image of a quantum dot in a 1D lattice structure. (c¢) Anisotropic contribution to
the fluorescence conjugate image shown in (b). (d) Projection of the image shown in (c) onto
the horizontal axis of the image, normalized by the number of pixels within the circle of the
measurement along the vertical axis at a particular point.

In order to separate the contributions from the interacting and non-interacting transition

dipole moments, the fluorescence image is modeled as a sum of two components: the isotropic
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contribution from the time-average of the non-interacting transition dipole moments, and
the anisotropic contribution from the interacting transition dipole moments. The isotropic
contribution can be measured from the fluorescence conjugate images of the isolated quantum
dots as the mean intensity from these images. The anisotropic contribution from each
measured quantum dot in a lattice structure is then obtained from treating each image as
a linear combination of the isotropic fluorescence taken from the average of the isolated
quantum dots and the anisotropic fluorescence from the interaction with the lattice. Figure
3.9¢ shows the anisotropic component of the fluorescence conjugate image in Figure 3.9b,
and the banding pattern is highlighted by a projection of the image onto the horizontal axis,
shown in Figure 3.9d. This anisotropic contribution shows an interference pattern similar
to that seen in the simulations of Figure 3.8c; we attribute the lack of symmetry in the
measured interference pattern to the nonuniformity of the experimental lattice and therefore
the differences in the phase of the wavefronts scattered off of the Ag nanoparticles from the

uniform geometry used for the FDTD simulations.

3.2.7 Comparison of intermediate-scale and near-field coupling

From our results and discussion, one realizes that the mechanism of dipolar electrodynamic
coupling in an 1D array of metal nanoparticles in the intermediate-scale and far-field regimes
is completely different from that of the near-field regime[86, 87, 83]. As we noted before,
in the near-field regime, the fields of oscillating point dipoles electrodynamically couple to
produce a large red-shift of the plasmon resonance for polarization parallel to the array
axis[86, 87, 83].

As shown in Figure 3.10, our calculation shows that for a pair of Ag nanoparticles
with d = 160 nm, the magnitude of the red-shift for Az = 600 nm (440 nm between the
nanoparticle surfaces) for perpendicular polarization is equivalent to the magnitude of red-

shift for Az = 230 nm (70 nm between the nanoparticle surfaces) for parallel polarization; the
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Figure 3.10: For a pair of Ag nanoparticles with d = 160 nm, the magnitude of the red-shift
for Az = 600 nm for perpendicular polarization is equivalent to the magnitude of red-shift
for Az = 230 nm for parallel polarization.

magnitude of the shift for both cases is ~100 nm. Hence, for a 1D metal nanoparticle lattice,
the magnitude of the spectral shift for the intermediate-scale dipolar coupling is comparable
to that of near-field coupling, and thus can be exploited to tune the plasmon resonance of

the array for specific applications.

3.3 Conclusions

In conclusion, in combination with dark-field scattering spectroscopy measurements and
FDTD simulations, we have shown that for 1D synthetic photonic lattices, consisting of several
(N=1 to 6) Ag nanoparticles, the dipolar fields of the individual Ag nanoparticles couple
electrodynamically in the intermediate-scale regime. The mechanism of dipolar electrodynamic
coupling is mediated by the interference of the scattered dipolar fields. The wavelength of
the single particle plasmon resonance and the inter-particle separation play important roles

in determining the collective plasmon resonance of the 1D lattice. Our measurements and
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simulation show that the magnitude of the spectral shifts in the intermediate-scale coupling
in 1D lattices can be compared to that of near-field coupling, and can be exploited to tune
the the collective plasmon resonance of the 1D metal nanoparticle lattice. We have further
demonstrated that this collective plasmon resonance can be used to enhance the radiative
rate of single-photon emitters placed at the center of a 1D lattice. Our results also show
that the spatial coherence length of the incident light plays a critical role in determining the
extent of the electrodynamic coupling in the intermediate scale regime. On the contrary, this
is not an issue in the near-field even when using incoherent light sources.

Our results signify that photonic synthetic lattices can be useful for field-enhanced
measurements where tunability of the plasmon resonance is desirable, such as SERS and
LSPR based chemical and biological sensing applications[56, 57| as well as create other
photonic architectures from nanophotonic constituents[78, 40]. Furthermore, this meso-scale
interaction for 2D synthetic photonic lattices can be exploited to produce directional emission
through diffractive coupling in the intermediate-scale regime[11, 12] that could potentially

lead to applications in quantum optics.
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CHAPTER 4
MEASUREMENT AND SIMULATION OF LOCAL DENSITY OF STATES
ENHANCEMENT FOR SINGLE-PHOTON EMITTERS IN
SELF-ASSEMBLED OPTICAL MATTER

Reproduced in part with permission from: Nolan M. Shepherd, Yuval Yifat, John A. Parker,
and Norbert F. Scherer. Measurement and simulation of local density of states enhancement

for single-photon emitters in self-assembled optical matter. Manuscript in preparation.

Optical matter provides promising approaches for the manipulation of electromagnetic
fields within nanostructures, ordered arrays of plasmonic nanoparticles in solution have been
shown to be easily manipulable by the shaping of the incident coherent beam of light[73],
with geometries such as regularly-spaced lines[40], rings[92], and close-packed lattices[?]
follow the general shape of the focused beam that is controlled by phase modulation|73].
Furthermore, arrays of plasmonic nanoparticles are known to have arrangement-dependent
collective scattering resonances[11][12]. These properties allow tailoring of optical response
of the array based not only on the structure of the constituent nanoparticles but also the
field used to create the structure. Previous work has shown that the interference between
the incident light and the fields scattered from and within the array provide strong enough
field gradients to optically trap nanoparticles with smaller polarizabilities than the relatively
low-power incident field would otherwise be capable of trapping without these interferences
and enhancements[40].

The electrodynamic interactions of (low-polarizability) semiconductor nanoparticles such
as quantum dots with the collective resonances of a regularly-structured array, a system can
be created that is analogous to placing single-photon emitters in a photonic crystal lattice[93].

The spatially periodic modulation of the refractive index in a 1D lattice creates a series of
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electromagnetic field modes that are either prevented from or allowed to propagate through
the lattice based on the wavelength and momentum vector of the mode[25]. Consider an
excited-state single-photon emitter placed at the center of such a lattice. The modification of
the electromagnetic spectrum of modes is tantamount to altering the local density of states to
which the single-photon emitter can couple and therefore alter its coupling to and decay into a
radiated field[93]. Since the rate of decay from an excited-state system is directly proportional
to the local density of states (LDOS), the modification of the LDOS is manifested in the
measured fluorescence decay rate of an emitter placed inside the structure; larger LDOS will
result in shorter lifetimes, while a reduced LDOS leads to longer lifetimes when compared to
those of the emitter in an isotropic medium.

This modification of the LDOS can be compared to the enhancement of spontaneous
emission rates for an excited-state system in a cavity, known as the Purcell effect[24]. The
Purcell factor is measured as the ratio of the spontaneous emission rate of the excited-state
emitter inside a cavity to the spontaneous emission rate of the same emitter in free space
and is proportional to the quality factor of the cavity mode to which the emitter couples
and inversely proportional to the mode volume[22]. Photonic crystal lattices achieve small
mode volumes by confining light via reflections from the periodic modulation of the refractive
index of the lattice and high quality factors by optimising cavity designs for the emission
wavelength[93]. In metal nanoparticle systems, coupling of optical fields to nanoparticle
plasmon resonances allows for mode confinement below the diffraction limit[22]. Recently,
small mode volumes have been realized experimentally for quantum dots coupled to plasmonic
nanostructures, achieving strong coupling in the near-field[94].

Periodic nanoparticle structures are readily produced using the interference between
the incident light and the scattered light from the plasmonic nanoparticles via optical
binding[40, 92]. Furthermore, linear array structures created in this manner are known to

co-trap semiconductor nanoparticle quantum dots in the regions between the plasmonic
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nanoparticles[40], creating a reconfigurable system for exploring the interaction between
single-photon emitters and repetitive array structures.

This chapter presents a direct measurement of the LDOS modification for a single-photon
emitter in an optical matter system. In particular, we chose to study radiative enhancements of
single-photon emitters in linear array system of optically-bound silver nanoparticles (AgNPs)
that exhibit consistent spacing independent of (small variations of) the particle size in the
regime where the size-dependent surface plasmon resonance is in the visible spectrum, i.e.
particle diameters on the order of 50-200 nm, and for their previously demonstrated ability
to draw semiconductor nanoparticle quantum dots into the optical trap. As the quantum
dots are not as strongly bound as the AgNPs in this array and will diffuse within a region
around the AgNPs, it is necessary to correlate any information collected from the quantum
dot emission to its instantaneous position with respect to the rest of the array. We find that
the emission rate is altered by £10% from the value of the identical single quantum dots
without the AgNPs depending on the emitter’s proximity to the nearest AgNP in the array.
We corroborated the experimental findings with the electrodynamics simulations that allowed

calculated the LDOS for idealized and actual experimental structures.

4.1 Simultaneously Measuring Fluorescence Decay and Particle

Configurations

A schematic of the experimental system used to simultaneously measure fluorescence decay
rates and image the AgNP-quantum dot array system is shown in Figure 4.1b. The dark-field
scattering from the AgNPs and the fluorescence from the quantum dots are separated by
wavelength and imaged side-by-side on the same array detector. The positions of all of the
nanoparticles are determined by particle tracking and spatial registration via a reference
image recombines the separate imaging channels to localize the quantum dot with respect to

the AgNPs in the array. The time-correlated single-photon counting (TCSPC) measurement
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Figure 4.1: (a) Dark-field scattering image of an array of silver nanoparticles in the optical
trap, with a false-color spatially-registered overlay of the cotrapped quantum dot’s fluorescence.
The scale bar is 1000 nm. (b) Schematic of the detection setup for dual-channel imaging
and time-correlated single-photon counting. Optical trapping is performed with structured
light from a Ti:Sapphire laser that is focused into a sample cell with a water immersion
objective. AgNPs are imaged by dark-field microscopy with LED illumination (470 nm), and
quantum dot fluorescence is produced by pulsed excitation (445 nm) from a picosecond pulsed
fiber-continuum laser. 80% of the collected light is directed to an avalanche photodiode for
TCSPC measurements of the quantum dot fluorescence, the remaining 20% of the quantum
dot fluorescence and dark-field scattering from the AgNPs are split by wavelength to be
imaged side-by-side on the camera. The striped blue and purple beams represent the combined
dark-field scattering from the AgNPs used for imaging and backscattering of the excitation
from the AgNPs used for time registration to the fluorescence signal. DC: dark-field condenser;
OBJ: Nikon 60x water objective; DBS1: dichroic beamsplitter, 532 nm long pass; DBS2:
dichroic beamsplitter, 470 nm long pass, partially reflective at 795 nm; DBS3: dichroic
beamsplitter, 560 nm long pass; NF: notch filter, 795 nm; SP: 635 nm short pass filter; 80:20
BS: achromatic beamsplitter; BPF: 580 nm bandpass filter, 13 nm bandwidth; FC: fiber
collimator; APD: avalanche photodiode. The sample cell consists of a pair of coverslips
separated by a 130 pm thick adhesive spacer.

of the quantum dot fluorescence is registered in time to the imaging by a modulation in the

excitation beam visible in both measurements as a reference. The registration of the particles’

spatial configuration to the TCSPC signal is described in detail in Section 2.3.2.
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4.2 Simulating Local Density of States Enhancement

In order to understand how this linear AgNP array system influences the LDOS for a
single particle emitter, we performed a series of FDTD simulations on an idealized linear
array of 6 AgNPs with a point-dipole source placed at the center, varying the characteristic
interparticle distance for this system, shown in Figure 4.2. To highlight the modification
of the LDOS at the position of the source due to the presence of the array, we define the
ratio A(Az,d,\) = LDOS,/LDOS, as the LDOS enhancement, a function of the AgNP
spacings in the array Az, the position of the source d, and the wavelength of the source
A. Here LDOS, is the calculated LDOS for the point-dipole source when the AgNP array
is present in the simulation domain and LDOS, is calculated for the source when there
are no particles present in the simulation domain. The LDOS enhancement calculated as
a function of source wavelength in vacuum in an array with a characteristic spacing of 450
nm is shown in Figure 4.2b; the LDOS for at the source position for the simulation with the
AgNPs is divided by the LDOS at the same position with no AgNPs present to obtain the
enhancement. Figure 4.2d shows the LDOS enhancement calculated over a series of FDTD
simulations where a broad-band point-dipole source is placed in a linear array of AgNPs and
the spacing between the particles is varied. As shown in Figure 4.2¢, the maximum LDOS
enhancement is observed to occur when the source wavelength in the refractive index in the
medium surrounding the array, A" = \/n, approximately matches the interparticle spacing,
Azx. Considering a point-dipole source emitting at a particular wavelength, we can predict the
LDOS enhancement as a function of interparticle spacing, as seen in Figure 4.2¢ for a source
that matches the fluorescence wavelength of the quantum dots used in the experimental
sample.

As the LDOS at the position of the emitter in such a system is directly proportional to the

spontaneous emission from the excited-state emitter[22], the LDOS enhancement A defined
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above is analogous to the Purcell factor for a cavity system; for the simulated array, the
Purcell factor can be calculated by using a reference with the point-dipole source in vacuum.
Since lifetime of an excited state emitter is inversely proportional to the spontaneous emission
rate, the modification of the LDOS for a quantum dot in an AgNP array system should
be evident in the measured fluorescence decay rate, with the ratio of the decay rate of the
quantum dot in the array to the decay rate of an isolated quantum dot being proportional to

the LDOS enhancement for a particular configuration of the quantum dot and AgNPs.
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Figure 4.2: (a) Instantaneous electric field intensity at a point in time during an FDTD
simulation of a point-dipole source in an array of silver nanoparticles separated by 450 nm.
(b) Calculated LDOS enhancement for an FDTD simulation of a point-dipole source in an
array of 100 nm diameter silver nanoparticles with an interparticle spacing of 450 nm as a
function of the wavelength of the source. The horizontal dashed line represents the LDOS for
a point-dipole source in the absence of an array, while the vertical dashed line highlights the
wavelength of the quantum dots used for the experimental measurements. The inset shows
the configuration of the particles in the array, where the darker green points are the silver
nanoparticles and the source is in the center of the array. (c¢) Calculated LDOS enhancement
for a source frequency equal to a vacuum wavelength of 580 nm from a series of simulations
where the interparticle spacing is varied over the 250-600 nm range. The horizontal dashed
line represents the LDOS for a source in the absence of an array. (d) Calculated LDOS
enhancement over the series of simulations as a function of interparticle spacing Az and
source wavelength in vacuum .
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4.3 Measuring Quantum Dot Fluorescence Decay in an Optical Matter System

For the experimental demonstration of the array’s modification of the fluorescence decay rate,
linear arrays of AgNPs are prepared by optical trapping using phase-modulated structured
light, as described in reference [40]. The 100 nm diameter AgNPs self-organize at a spacing
of ~600 nm according to the wavelength of the laser used for the trapping in water. Using
the dual-channel imaging system shown in Figure 4.1b, it is possible to separately track the
positions of the quantum dot and the AgNPs. Once the two separate channels are spatially
registered, the dots are observed to frequently sample the region between two AgNPs in the
array. The concentration of quantum dots in solution is chosen so that only one is likely
to be found in the region of the AgNP array. This allows the measurement of individual
fluorescence photons that are time-tagged to allow correlating them with the simultaneously
measured position of the emitter relative to the particles in the array.

To determine the fluorescence decay associated the positional information, the individual
photon counts from the TCSPC measurement are associated with the corresponding particle
configuration from the imaging video frame in which they were recorded. A full description
of this process is contained in Section 2.3.3. The fluorescence decay information can then be
categorized by the separation, d, between the quantum dot and the nearest AgNP, creating
fluorescence decay histograms for a series of interparticle spacings. The decay rate for each of
these interparticle spacings is obtained by fitting a two-exponential decay function convolved
with the instrument response function for the detection system, as described in Section 2.7.
Examples of these TCSPC histograms for particular values of d and the two-exponential
fitting are shown in Figure 4.3. The histogram corresponding to a quantum dot well-separated
from any silver nanoparticles as a control is shown in Figure 4.3a. Figures 4.3b, 4.3c show
histograms, fitted decays, and images of the quantum dots (as insets) for two of the spacings

chosen for the analysis.
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Figure 4.3: (a) Fluorescence decay histogram for photons counted (blue points) when the
measured quantum dot was at a large (d > 1000 nm) separation from any silver nanoparticles,
along with the fitted two-exponential model (orange curve). The inset shows an example
grayscale dark-field image with the quantum dot fluorescence overlaid in false color that
matches this condition. The scale bar is 1000 nm. (b) Fluorescence decay histogram for
photons counted when the measured quantum dot inside an array was at a separation of
d = 375 — 425 nm from the nearest silver nanoparticle. This corresponds to the simulated
condition that exhibits a reduction in LDOS for the quantum dot. The inset shows an example
grayscale dark-field scattering image of the AgNPs with the quantum dot fluorescence overlaid
in false color, with a AgNP-quantum dot spacing d that matches this condition. The scale
bar is 1000 nm. (c¢) Fluorescence decay histogram for photons counted when the measured
quantum dot inside an array was at a separation of d = 425 — 475 nm from the nearest silver
nanoparticle. This corresponds to the simulated condition that exhibits an increase in LDOS
for the quantum dot. The inset shows an example grayscale dark-field scattering image of
the AgNPs with the quantum dot fluorescence overlaid in false color, with a AgNP-quantum
dot spacing d that matches this condition. The scale bar is 1000 nm.

The presence of a biexponential decay indicates that their are multiple pathways for the
quantum dot excited state to decay down to its ground state. It has been reported that
core/shell quantum dots including CdSe/ZnS and CdSe/CdS can exhibit a biexponential
decay as a result of averaging the fluorescence decay measurements over both their bright
“on” states and dimmer ”gray” states, where the states can be separated into two different

monoexponential decays[95]. The longer of the two components was shown to arise from the
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Nearest Neighbor Spacing (nm) | 7y (ns) Ty (ns)
225-275 0.5340.09 | 7.69+£0.20
275-325 0.62+0.15 | 7.5140.33
325-375 0.57£0.18 | 7.69£0.38
375-425 0.81+0.24 | 8.66+0.58
425-475 0.37£0.20 | 7.23+0.42
475-525 0.63£0.31 | 8.43+0.86
525-625 0.55£0.27 | 8.33£1.22

Table 4.1: Lifetimes from the two-exponential fit to the TCSPC histograms for each selection
of interparticle spacings d.

photons collected while the quantum dots were in their bright state and the shorter from the
dim state. The high measured quantum yield from the bright state and single decay rate were
attributed to a radiative-only pathway, k., while the shorter-lifetime dim state was attributed
to a combination of radiative decay and Auger processes, k = k, + kauger[95]. The presence of
a radiative contribution to both components correlates well to the nearest-neighbor-spacing-
dependent lifetimes reported in Table 4.1 and Figure 4.6 - both lifetimes show a similar
dependence on the spacing, suggesting that both contain a radiative component affected by
the LDOS modification due to the array. Following from this explanation, the rest of the
analysis focuses on the longer of the two lifetimes as it should be related only to the radiative
relaxation of the quantum dot excited state. Therefore we define the decay rate enhancement
as the ratio kg = k,/ko where k, = 1/75 is the decay rate for the longer time component
measured from a quantum dot inside the AgNP array and kg is the decay rate for a quantum

dot isolated from AgNPs.

The means and standard devations of the lifetimes reported in Table 4.1 were obtained by
treating the photon count events for each nearest neighbor spacing bin as a separate ensemble.
Each of these ensembles contains information on a small distribution of nearest neighbor

spacings, their corresponding nanoparticle configuration determined from the dual-channel
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Figure 4.4: Distributions of the LDOS enhancements xp obtained from fitting the IRF-
convolved two-exponential model to the randomized selections of photon events for (a) video
frames where the quantum dot was well-isolated from any AgNPs and frames where the
nearest neighbor AgNP was within (b) 225-275 nm, (¢) 275-325 nm, (d) 325-375 nm, (e)
375-425 nm, (f) 425-475 nm, (g) 475-525 nm, or (h) 525-625 nm of the quantum dot. The black
point and error bars above the histogram bins represent the mean and standard deviation for
each histogram.

imaging videos, and the fluorescence decay rates for the environments described by those
configurations. The bins were chosen by 50 nm increments in the nearest neighbor spacing
with the exception of the longest-distance bin, where the last two were combined to obtain
high enough signal-to-noise ratio for the two-exponential fitting. While all these environments
are similar within the distance between the quantum dot and the nearest neighbor AgNP,

the LDOS enhancement may differ by as much as ~15% over the width (50 nm) of the bin,
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as seen in Figure 4.2c. To get a measure of how much the lifetime could vary within each
bin, fluorescence decay curves were created by randomly selecting half of the video frames
within the bin and combining the corresponding TCSPC photon events. The lifetime for
each random selection was determined by fitting to the two-exponential model as seen in
Figure 4.3, and the process of random selection was repeated up to half the number of frames
within each nearest neighbor bin. In this manner, a distribution describing the mean and
spread of the lifetimes and therefore LDOS enhancements for each nearest neighbor bin
could be obtained. The histograms of each of these distributions with respect to the LDOS
enhancement is shown in Figure 4.4.

As the spacing between the AgNPs in the experimentally-measured arrays remains close
to the optical binding distance Ax ~ 600 nm as opposed to the varying Az of the simulated
idealized arrays, a set of Generalized Mie Theory (GMT)[96] simulations were conducted
to calculate the theoretical LDOS enhancement for the observed configurations. For each
of the nearest neighbor spacings used to create the fluorescence decay histograms, a series
of typical particle configurations were chosen from the corresponding video frames. The
positions of the particles from these frames were used in the series of GMT simulations to
calculate the LDOS enhancement for these particular configurations. Figure 4.5 shows two
examples of the calculated LDOS enhancement in arrays of 100 nm AgNPs, chosen for frames
with nearest neighbor spacings corresponding to both the greatest reduction in fluorescence
decay rate observed and for the largest increase in observed fluorescence decay rate over the
case of an isolated quantum dot. As expected from the idealized simulation, the peak LDOS
enhancement occurs at a wavelength commensurate with the nearest neighbor spacing, and
the spacing matching the experimental condition where the largest decay rate enhancement
was measured has a peak LDOS enhancement at the emission wavelength of the quantum
dot.

Figure 4.6 summarizes the results of these measurements as a function of the spacing
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Figure 4.5: (a) Calculated LDOS enhancement for a GMT simulation of a point-dipole source
in an array of 100 nm diameter AgNPs at the positions of the particle tracked from the image
in the inset to Figure 4.3b as a function of the wavelength of the source. The horizontal
dashed line represents the LDOS for a point-dipole source in the absence of the array, while
the vertical dashed line highlights the emission wavelength of the quantum dot. The inset
shows the instantaneous field intensity at a point in time during the FDTD simulation of the
array. (b) Calculated LDOS enhancement for a GMT simulation of a point-dipole source in
an array of 100 nm AgNPs nanoparticles at the positions of the particle tracked from the
image in the inset to Figure 4.3c as a function of the wavelength of the source. The horizontal
dashed line represents the LDOS for a point-dipole source in the absence of the array, while
the vertical dashed line highlights the wavelength of the quantum dot. The inset shows the
instantaneous field intensity at a point in time during the FDTD simulation of the array.

between the quantum dot and the nearest neighbor AgNP. The experimentally-determined
LDOS enhancement matches the GMT- and FDTD-simulated LDOS enhancements for arrays
with spacings around the wavelength of the fluorescence of the quantum dot in the medium
(Az ~ X" =436 nm), exhibiting both an increased decay rate for the bin that contains the
spacing exactly equal to A", a decreased decay rate for the immediately shorter spacing, and
trending back towards the isolated case for the immediately longer spacing. While the error
bars (from the standard deviation of the distributions shown in Figure 4.4) are on the same

order of magnitude of the difference between the minimum and maximum simulated LDOS
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Figure 4.6: Comparison of the measured fluorescence decay rate enhancement for a quantum
dot cotrapped in a silver nanoparticle array (blue points and error bars) to the simulated LDOS
enhancement at a source wavelength of 580 nm of a point-dipole source in an idealized array
(dark green line) and for particle configurations corresponding to measured particle positions
during the experiment (light green points) as a function of silver nanoparticle-quantum
dot/source spacing. The horizontal dashed line represents the decay rate enhancement for a
quantum dot far from any silver nanoparticles and the LDOS enhancement for a point-dipole
source in the absence of an array.

enhancement, the distribution of enhancements for each nearest neighbor bin was determined
to have a statistically significant difference between their means and showing no change from
the isolated case at the p < 0.05 level, save for the bin centered at d ~575 nm. This last
bin is expected to be nearly equivalent to the isolated case, as the interaction between the
quantum dot and the AgNPs decays with distance.

On the smaller spacing side of the LDOS enhancement curve, the quantum dot is
moving towards a near-field interaction with the nearest AgNP. As the distance between the
quantum dot and the AgNP decreases, the coupling between two increases, and the near-field

enhancement of decay rates of quantum dots in plasmonic systems is well known[97].
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4.4 Conclusion

In summary, we have experimentally demonstrated the manipulation of the fluorescence decay
rate of a single-photon emitter in an optical matter system consistent with the modification
of the LDOS available to the emitter based on the configuration of the system’s constituent
nanoparticles. Both enhancement and de-enhancement of the radiative rate are demonstrated
based on the AgNP-quantum dot separation in the regime where the spacing approaches
the fluorescence wavelength in the medium (d ~ A™). The rearrangeable nature of optical
matter systems opens up the possibility of manipulating these emissive properties based on
the applied phase on the structured light used to organize the system. We expect that even
greater enhancements are feasible by extending the optical matter system from a 1D linear

array to a 2D lattice and by further optimising the interparticle spacings.
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CHAPTER 5
SELECTIVE INDUCTION OF OPTICAL MAGNETISM

Reproduced in part with permission from: Uttam Manna, Jung-hoon Lee, Tian-Song Deng,
John A. Parker, Nolan M. Shepherd, Yossi Weizmann, and Norbert F Scherer. Selective
induction of optical magnetism. Nano Lett., 17(12):7196-7206. Copyright 2017 American

Chemical Society.

It is well known that one can create a magnetic field by passing a DC or AC electric
current through a coil of a conductor (i.e., a wire); a phenomenon described by the Maxwell-
Faraday law of electromagnetic induction[6]. Nuclear magnetic resonance and electron spin
resonance (NMR and ESR) spectroscopies involve the interaction of a spin with a magnetic
field. Mathematically, these phenomena can be understood as the curl of the electric field
(i.e., from the current or spin) producing a (time varying) magnetic field or the inverse process.
Thus, it should be possible to induce a magnetic response in materials, either through the
design of the structure and/or by employing an electric field with instantaneous curl, by
creating an instantaneous “circulating” current.

Magnetic resonance is conventionally associated with absorption and emission of electro-
magnetic radiation in systems that possess magnetic moments and (spin or orbital) angular
momentum. NMR and ESR are described by an interaction of the magnetic moments of
charged particles with spin angular momentum (nuclear or electron, respectively) with an
external magnetic field, and typically occur at radio or microwave frequencies[24, 98, 99, 100].
Magnetic dipole transitions in atomic systems, which can occur at optical frequencies, involve
changes in the total angular momentum (spin and angular). However, the magnetic dipole
interactions with applied electromagnetic fields are orders of magnitude weaker than electric

dipole transitions[16]; with the exception of rare earth ions such as Eu** that have naturally
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occurring magnetic resonances with strengths comparable to the electric resonance[17]. Inter-
estingly, Novotny and co-workers recently demonstrated selective excitation and enhancement
of the magnetic dipole excitation of Eu* using the spatially localized magnetic field associated
with focused azimuthally polarized light[101].

Nano-to-meso scale materials are known or can be designed to have magnetic dipole
modes even though they do not intrinsically possess spin or orbital angular momentum.
For example, Mie-type dielectric resonators with high refractive index such as Silicon[102],
Mie scattering from noble metal nanoparticles (with diameter ~ 100 nm or larger) exhibit
multipolar scattering involving both electric and magnetic modes at optical frequencies that
stem from retardation[103], or can be induced using circularly polarized light. A simulation
study with cylindrical vector beams (CVBs) indicated the potential manipulate multipolar
phenomena in multiparticle dielectric resonators, and selectively excite “dark modes” in
the dielectric resonators[104]. Electromagnetic meta- or “left-handed” materials, which
do not occur in nature and must be constructed, have both negative permittivity (¢) and
permeability (u) in some range of frequencies[105, 106, 107]. Achieving negative ¢ and pu
is synonymous with having strong (and relatively sharp) electric and magnetic (dipolar)
resonances, respectively. Spectral overlap of the electric and magnetic resonances, which
would ideally be comparable in magnitude (cross-section), would yield a meta-material that is
expected to have a negative refractive index at optical frequencies[108, 109, 110, 111], exhibit
unidirectional scattering[112, 113], or Fano resonance[112, 114].

In this chapter we present an approach to selectively excite and measure magnetic or
electric multipolar resonances in nano-to-meso scale materials, and analyze these resonances
and their magnetic or electric nature via Finite-Difference Time-Domain (FDTD) calculations.
The systems we study are meso-scale structures consisting of metal (Ag) nanoparticles
that are covalently attached to the surface of a dielectric (SiOy) core. These (dielectric-

metal) core-satellite structures, termed nano-clusters or “meta-atoms”, are putative building
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blocks of self-assembled into meta-materials and meta-fluids[115, 116, 117], because they
are expected to have strong magnetic responses, with spatially isotropic properties scalable
to macroscopically large samples[108, 115, 116, 117]. They rely on the plasmonic resonant
feature of the metal nano-particles and their electromagnetic coupling to create a circular
“displacement” current[108, 109, 110, 111].

Here, we show that (focused) azimuthally polarized light, a cylindrical vector beam
(CVB)[18], that has an instantaneous curl of the electric field, can excite an oscillating
cylindrical current in space that efficiently induces an AC magnetic response in metal
nanoparticle based systems. In fact, the vector beam spectroscopy that we demonstrate
is a direct manifestation of the Maxwell-Faraday equation[6], V x E = —0B/0t. Instead
of the magnetic fields being created by induction due to circulating electric currents (i.e.,
electromagnets), here the electric field oscillates at sub-petahertz frequencies (i.e., visible
light). The induction arises from displacement currents created by resonant excitation of
electric dipoles in the nanoparticles that are, in turn, electrodynamically coupled (from
particle to particle) around the core-satellite cluster. Our FDTD calculations with multipole
expansion analysis show that excitation with azimuthally polarized light selectively enhances
magnetic vs. electric dipole resonances by 100-fold in experiments. Multipolar resonances
(e.g. quadrupole and octupole) are enhanced 5-fold by focused azimuthal beams vs. linearly
polarized light. Moreover, we also measure spatially orthogonal (pure) electric multipolar
resonances by excitation with radially polarized light.

Unfortunately, three-dimensional nano-clusters synthesized by nano-chemistry suffer from
inhomogeneities in nanoparticle size, shape, and in the arrangement and density of metal
nanoparticles on the surface of a dielectric (or other) core, which cause variations in the spectral
responses and hence of the permittivity and permeability of the nano-cluster meta-atoms.
As is now well appreciated in single molecule science these variations and heterogeneities

cannot be uniquely ascertained from ensemble spectra. Thus, in addition to selectively
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exciting magnetic/electric modes in these nano-clusters, measuring the optical response
of single nano-clusters is an essential aspect of material characterization. Therefore, we
conduct our measurements with focused vector beams on single nano-clusters of varying size
and nanoparticle surface density, characterize the same single nano-clusters by transmission
electron microscopy (TEM) and conduct FDTD simulations for comparison. These correlated
measurements and simulations give an appreciation for the heterogeneity of the magnetic

and electric multipolar responses.

5.1 Generation and Characterization of Cylindrical Vector Beams (CVBs)

The state of polarization of scalar beams (e.g., linearly, elliptically, and circularly polarized
light) does not depend on the spatial location over the beam cross-section; they have spatially
homogeneous states of polarization. On the other hand, CVBs are solutions of Maxwell’s
equations that possess spatially varying polarization with cylindrical symmetry in both
amplitude and phase[18]. Such beams can have: (i) their electric field aligned in azimuthal
orientations while their magnetic field is radially directed with respect to the optical axis; or
(ii) their magnetic field has azimuthal orientations while the electric field is radially polarized
with respect to the optical axis or other more complex forms[18; 118, 3, 119, 19]. These are
respectively known as azimuthally and radially polarized CVBs. Figure Slajexperimental
chapter figure; depicts an azimuthal CVB showing that these cylindrical beams change their
handedness over each half of the optical cycle. Therefore, azimuthal CVBs have instantaneous
curl, but no net angular momentum. The CVBs with azimuthal and radial polarization can
be expressed as superpositions of orthogonally polarized Hermite-Gauss HGg; and HGq
modes[3, 19] as depicted in Figure 2.8a.

Both active and passive methods have been developed to generate CVBs[19, 120, 20].
The vector beam generator that we reported in 2005[20] and others are not achromatic. For

the present experiments, we use a liquid-crystal (LC) based polarization converter (from
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ARCoptix) that uses twisted nematic liquid crystals sandwiched between one uniform and one
circularly rubbed alignment layer to generate azimuthally and radially polarized CVBs[46].
Section 2.4 and Figure 2.8 detail the optical set-up and relevant characteristics of the azimuthal

beam.

5.2 Focused Cylindrical Vector Beams and Nano-Cluster Excitation

It has been shown that focusing CVBs with a lens (objective) with a finite numerical aperture
in the non-paraxial limit causes spatial separation of the electric and magnetic fields at the
focus and leads to longitudinal polarization of the electric or magnetic field[3, 121]. The
longitudinal (z)-component of the magnetic (electric) field dominates the transverse (p)
component of the magnetic (electric) field in the focal region, whereas the electric (magnetic)
field component is purely transverse for azimuthal (radial) polarized beams under very high-
NA focusing[3, 121]. The distributions of the radial component of the electric field (|E,|),
and the longitudinal component of the magnetic field (JH,|) are shown in Figures 5.1a and
5.1b. Whereas Novotny and co-workers utilized the longitudinal component of magnetic
field, |H,|, of a focused azimuthally polarized beam to enhance an “inherent” magnetic
dipole transition in Eu®* ions embedded in a Y,O3 nanoparticle[101], our spectroscopic
measurements emphasize the transverse component of the electric field, |E,|. The focused
azimuthally polarized beam excites the dipoles in the metal nanoparticle “satellites” and
drives an instantaneous curl of their collective electronic excitation; thus inducing a mesoscopic
magnetic response in a core (Si0y) — satellite (Ag) nano-cluster. This is illustrated in Figure
5.1¢; the azimuthally polarized (focused) electric field creates dipolar plasmon excitations
of the Ag nanoparticles and hence an instantaneous displacement current amongst the
equatorially coupled nanoparticles (Figure 5.1d). The instantaneous cylindrical displacement
current is expected to induce a time varying magnetic field according to V x E = —0B /0t

that is directed along the poles of the nano-clusters as shown in Figure 5.1e.
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Figure 5.1: Azimuthally polarized vector beam and excitation of nano-clusters. (a) Simula-
tion of the transverse component of the incident electric field (|Ep|), and (b) longitudinal
component of the incident magnetic field (|H,|) of an azimuthal beam focused with NA =
1.4. (c¢) Schematic of a core (SiOy)-satellite (Ag) nano-cluster and the manifestation of the
Maxwell-Faraday equation at an instant in time with an azimuthal vector beam. The blue
arrow that depicts the induced magnetic field is oriented along the z-axis, which is the beam
propagation direction. (d) the electric field enhancement, |Egeat + Eine|/|Einc|, and (e) the
magnetic field enhancement, |Hgear + Hine|/|Hine|- (d, ) are the results of FDTD simulations
of the core-satellite cluster shown in (¢) with an incident field at 700 nm wavelength. The
blue circle represents the SiO2 core with a diameter of 360 nm. The simulated AgNPs are 43
nm in diameter. The inhomogeneities in the electric and magnetic field intensities arise due
to the non-symmetric packing and size distribution of the Ag nanoparticles that are created
at the “equatorial” cross-section.

5.3 Nano-Cluster Synthesis

We prepared self-assembled core (dielectric) — satellite (metal) nano-clusters by covalently
attaching metal nanoparticles to the surface of a chemically functionalized dielectric core.
Figure 5.2 represents a facile synthetic strategy for core (SiOg) — satellite (AgNPs) nano-
clusters. Briefly, citrate-stabilized AgNPs with different diameters were synthesized by a

method modified from the literature[122]. Silica particles functionalized with thiol groups
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were mixed with silver nanoparticles (AgNPs) and dispersed in a 10 mM citrate buffer (pH
= 3.5). We tuned the electrostatic interactions to control the AgNPs density onto the Silica
core surface - the more highly protonation citrate at low pH makes the AgNPs less repulsive
to each other and allows more dense packing of AgNPs around the silica core via Ag-S dative
bonding[123]. The resulting solution of nano-clusters is dispersed in deionized water for
storage and further measurements. The assembled structures were characterized via TEM and
UV-VIS spectroscopy. Figures 5.3a and 5.3e show TEM images of two typical nano-clusters

with different core and satellite size.
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Figure 5.2: Schematic representation of the assembly of core-satellite nano-clusters. The size
of SiOy particle core and Ag nanoparticle satellite could be adjusted.

5.4 Measurement of Single Nano-Cluster Spectra

We measured the scattering spectra of individual core (SiO,)-satellite (Ag) nano-clusters
with different core and satellite sizes being illuminated with focused linearly, azimuthally and
radially polarized light using the vector beam spectroscopy set-up described in Section 2.4
and Figure 2.8b. The sample was made by drop casting the nano-cluster aqueous dispersion
on a formvar coated TEM finder grid that allowed facile correlation of TEM images and
optical measurement. After taking TEM images, the grid was immersed in n = 1.52 index

matching oil and sandwiched by two glass cover slides. Thus the refractive index of the
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formvar (n = 1.50) and glass slides (n = 1.52) is nearly perfectly matched so the reflection and
scattering from the oil/formvar interface is very weak. This is important since a significant
reflection from the interface will interfere with the back-scattered light from the nano-cluster
altering its spectrum.

Figure 5.3 shows representative experimental back-scattering spectra and TEM images
for nano-clusters with two different core diameters: (i) Core diameter, d. ~ 165 nm; Satellite
diameter, ds ~ 30 nm with a standard deviation, ¢ ~ 3 nm; number of satellites, NoS ~ 80
(henceforth called NC_D165nm, corresponds to Figures 5.3a-d); (ii) d. ~ 360 nm; ds ~ 43
nm; o ~ 5 nm; NoS ~ 180 (henceforth called NC_D360nm, corresponds to Figures 5.3e-h).
Note that the TEM images shown in Figures 5.3a and 5.3e are images of the exact same
nano-clusters whose scattering spectra are shown. For both NC_D165nm and NC_D360nm,
the scattering spectra exhibit several well-defined peaks across the 500-1000 nm measurement
range. However, the spectra differ in details and magnitude for the polarized excitations
employed. Also, the peak positions and intensities are quite different for these two samples.
For NC_D165nm, the spectra associated with azimuthally and radially polarized light (red
and green data, respectively) are weaker (smaller amplitude scattering) than that of linearly
polarized light (black points). We attribute this to the limited spatial overlap of the doughnut-
shaped focused vector beams with the nanoclusters (total diameter ~225 nm) compared to a
Gaussian transverse intensity profile for the linearly polarized beam and the projections of the
induced modes back to the detector. In the case of the focused azimuthal CVB, we estimate
the diameter of the electric field annulus to be about 600 nm; because of the polarization
and phase variation of the beam, the E-field goes to zero at the very center. There is also a
notable feature at 900 nm in the linearly polarized spectra that we discuss below.

For NC_D360nm, the relative intensity of the azimuthal CVB spectrum (red) exceeds
that of both the radial CVB (green) and linearly polarized (black) spectra (Figures 5.3f-h).

Moreover, there is a distinct peak between 650-700 nm vs. the very broad and slightly
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Figure 5.3: Optical back-scattering Measurements and simulations of single nano-cluster
spectra excited by cylindrical CVBs and linearly polarized light. (a)-(d) TEM image,
experimental and simulated scattering spectra of a particular core-satellite nano-cluster with
core size of ~165 nm and AgNPs of ~30 nm in diameter. (e)-(h) TEM image, experimental
and simulated scattering spectra of a particular core-satellite nano-cluster with core size of
360 nm and AgNPs of ~43 nm in diameter. The scattering spectra were excited by linearly
(black), azimuthally (red) and radially (green) polarized light, respectively. Scale bars in (a)
and (e) are 100 nm. While the intensities of the simulated spectra are arbitrary units, all the
spectra can be compared with the scales shown. Similarly, the magnitudes of experimental
spectra in (b)-(d) can be directly compared and those in (f) to (h). Only the azimuthal
spectra were adjusted to match experiment and simulation maximum values.
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multi-peaked radial CVB spectrum, which is now more similar to the linearly polarized
spectrum. We will discuss specific spectral features below using the corresponding FDTD
simulations and multipolar analysis of spectra in the back-scattering direction used in the

experiments.

5.5 Simulations of Nano-Cluster Scattering Spectra

We performed extensive electrodynamics simulations to complement and interpret the experi-
mental results and report the results within our measurement spectral window (500 — 1000
nm). The simulation results shown in Figure 5.3 were performed with the same number of
AgNPs (assumed spherical) and core diameters as were determined in the corresponding TEM
images (Figures 5.3a and 5.3e) as described in the text above. Simulations were performed
with the FDTD method[124], using a freely available software package MEEP[48]. The total
field-scattered field method was employed to obtain the scattering spectra. Figure 5.3 shows
that the experimental and simulated scattering spectra of the nano-clusters exhibit very
similar characteristics with the appearance of several well-defined peaks across the entire
visible-NIR spectrum for the different light excitation polarization conditions. Achieving
this required performing FDTD simulations with the correct number and number density
of AgNPs, reasonable distributions of inter-NP distances, and also matching the angular
distribution of the electromagnetic scattering to what was done in the experiments. The
simulated nano-clusters were built by random packing assuming a 2 nm minimal separation.

However, despite the care taken, there are still differences with the experimental results:
(i) the widths of the experimental peaks are often broader; and (ii) the peak positions are
somewhat shifted. We attribute these differences to inhomogeneities in size, shape and
distribution of the nanoparticles with some of the Ag nanoparticles touching each other
(by contrast, a separation > 2 nm was set in simulation). Also, the azimuthal and radial

states of the experimentally generated cylindrical vector beams are not as perfect as the
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simulated fields with some scalar beam contamination (perhaps 5%), which can affect the
spectra actually obtained. Moreover, the details of the spectra can change even just with
a permutation of the AgNP arrangements even at constant AgNP number on the same
core. Therefore, complete agreement is impossible to achieve for such complex structures.

Nevertheless, many similarities do emerge that form the basis of a quantitative analysis.

5.6 Assignment of Electric and Magnetic Multipole Features

Understanding the spectral features excited by different types of polarized light requires that
we can assign an identity to them. To do this, we perform a near to far field transformation
of the total scattering amplitude and then decompose the amplitude into their electric and
magnetic multipolar (dipolar, quadrupolar, octupolar) contributions (a detailed description
of the procedure is described in Methodj;). We obtain the dipolar and higher order electric
and magnetic modes that give rise to the total scattering (shown in Figure 5.4) for both
NC_D165nm (Figures 5.4a-c) and NC_D360nm (Figures 5.4d-f) for the 3 different polarized
beams in a backscattering detection geometry for an angular range defined by the experiment.
It is well known that the Ag nanoparticles exhibit pronounced Mie resonances; only the
electric dipolar mode is excited for single 40 nm diameter AgNPs[83]. However, our FDTD
simulations of single Si0,-Ag core-satellite nano-clusters allow the following assignments:
(i) both electric and magnetic modes are excited with linearly polarized light, (Figures 5.4a
and 5.4d); hence the scattering spectra obtained are due to excitation of both the electric
and magnetic modes; (ii) azimuthally polarized light exclusively excites (and scatters from)
magnetic dipolar, quadrupolar and octupolar magnetic modes (Figures 5.4b and 5.4e); and
(iii) radially polarized light exclusively excites (and scatters from) electric modes (Figures 3¢
and 3f). Also, the dominant modes for dc = 165 nm are dipolar and quadrupolar (Figures
5.4a-c), whereas the dominant modes for de =360 nm are quadrupolar and octupolar (Figures

5.4d-f) at visible-NIR wavelengths. The relative strengths of the electric and magnetic modes
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for the three different polarizations are shown in Figures S5 and S6j;,.
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Figure 5.4: Expansion of the FDTD scattering amplitudes into electric and magnetic multipo-
lar modes. (a)-(c) D = 165 nm, and (d)-(f) D = 360 nm. Each simulated spectrum in Figure
5.3 is decomposed into the six lowest order multipolar modes: electric dipole (eD), magnetic
dipole (mD), electric quadrupole (eQ), magnetic quadrupole (mQ), electric octupole (eO),
and magnetic octupole (mO), respectively. The spectra excited by the azimuthal CVB are
exclusively magnetic modes, whereas the spectra excited by the radial CVB are exclusively
electric modes. Excitation with focused linearly polarized light gives both.

In order to compare the experimental scattering spectra from the core-satellite nano-
clusters to the FDTD simulated results, we also assign electric/magnetic modes of experimental
spectra by using simulated multipolar modes as a set of ‘basis functions’. Expanding the
experimental spectra in terms of overlap integrals with the multipoles as a basis highlights the
character of the vector beam scattering from the nano-clusters. Finally, the overlap between
the experimental spectra and each of the multipole expansions was then calculated (see more

details in Subsection 2.4.1 and Figure 2.9). Figure 5.5 shows the multipolar modes for each
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polarization shown in Figure 5.3 for each nano-cluster. We found the analysis of experimental
spectra gave the same results as simulated multipole expansion. That is, while linearly
polarized beam excites both electric and magnetic modes, the azimuthally polarized beam
can selectively excite magnetic multipolar modes, and radially polarized beam selectively
excites electric multipolar modes.

It is also possible to determine the current density and electric displacement current
excited in the core-satellite structure from simulation. The excited mode is a global oscillation
of electric displacement current around the Ag NP ring. Therefore, we conclude that
our experimental spectra result from selective excitations in the nano-clusters for specific
polarization states of the incident beams; magnetic and electric modes for azimuthally and
radially polarized CVBs, respectively, and mixtures thereof when using linearly polarized
scalar beams. Specifically, the main peak with the azimuthally polarized excitation of Figure
5.3g is magnetic quadrupole, with magnetic dipole excitation on the longer wavelength size
and magnetic octupole on the shorter wavelength side.

The peak at ~900 nm observed in the linearly polarized experimental spectra is not
observed in the simulations. We performed many simulations under various conditions of
particle density and interparticle separation, but because the FDTD grid cell we use is 1 or
2 nm, we kept a constraint of 2 nm interparticle separation — we did not consider smaller
gaps because the grid size is too large to be certain of converged results. However, the
TEM images of the nano-clusters (Figure 5.3) show that short “chains” of Ag nanoparticles
with sub-nanometer gaps are formed. To understand the possible spectral ramifications,
we performed FDTD simulations with small grid spacing of short AgNP chains by linear
excitation along the chain axis. To use finer grids, we performed the simulations with
Lumerical (FDTD Solutions). We simulated chains with 2-4 AgNPs and for each chain the
gaps/grid sizes were set between 1.0 nm and 0.4 nm. The resonances red-shift when the

number of AgNPs was increased or the gaps between AgNPs were decreased. Generally
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Figure 5.5: Assignment of experimental multipolar mode content. We use the multipolar
expansion analysis in Figure 5.4 to determine basis functions and overlap integrals with
experimental spectra. (a) D = 165 nm, and (b) = 360 nm. The modes excited by the
azimuthal CVB are exclusively magnetic in nature, whereas the excitations by the radial
CVB are exclusively electric modes. Excitation with focused linearly polarized light gives
both. The larger nano-cluster shows much more higher order multipolar mode content than
the smaller one.
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the plasmonic resonances of the short chains are in the region of 700-900 nm. One can
expect more red-shift (over 900 nm) if there are more AgNPs in the chain (4), or smaller
gaps between AgNPs. These results suggest that the broad peak at 900 nm region is due to
short chains of AgNPs. This interpretation is further supported by considering the effect of
particle density on the experimental spectra. Clusters with lower AgNP density compared
to those shown in Figure 5.3 that exhibit virtually no peak at ~900 nm. Moreover, strong
long wavelength (~900-1200 nm) peaks have been observed in experiment and from other
simulations for touching metal nanoparticles[125, 126]. Most interestingly, the ~900 nm peak
is not present in the spectra obtained with CVBs since the modes these create are either
perpendicularly polarized to the inter-particle direction (radial CVB) or involve a collective
excitation circumscribing (a large portion of) the circumference of the entire core-satellite
cluster to create a magnetic excitation (azimuthal CVB). Therefore, we ascribe the 900 nm
peak to short chains of AgNPs of somewhat non-spherical shape.

Position dependent nano-cluster spectra shifted away from the azimuthal beam axis and
focal plane. Breaking the cylindrical symmetry of the vector beam/nano-cluster system
(interaction) should result in changes in the measured spectra. For example, if the sample
only interacts with an arc of the focused azimuthal beam, one can envision that the excitation
becomes more like that obtained with linearly polarized light; one loses the efficient excitation
of the full curl of the CVB. Therefore, we measured the scattering spectra of the same
nano-cluster (NC_D360nm) as shown in Figure 5.3e using azimuthally polarized light but
with small shifts of the nano-cluster along the y- or z-directions with respect to the beam
axis. The results are shown in Figures 5.6a and 5.6b, respectively. Figure 5a shows that as
the nano-cluster is moved transversely (along the y-direction), the main peak (at ~700 nm)
decreases (colored spectra), and finally becomes very similar to the spectrum obtained with
linearly polarized light excitation (black). As discussed in Figure 5.4, the spectrum excited

by azimuthally polarized light is the superposition of magnetic multipolar modes (dipole,
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quadrupole, and octupole). The change of the spectra with increasing y-axis shift corresponds
to a decrease of the magnetic mode content and an increase of the electric mode content.
Also, the feature at ~900 nm also becomes more intense. Therefore, the collective excitations
(i.e. longitudinal loops) around the core-satellite clusters are required for magnetic mode
excitation.

Figure 5.6b shows a decrease in the magnitude and some changes in the spectral shape
of the scattering spectra when moving the beam away from the focal plane (along the axial
or z-direction). The decreasing scattering with shift from the focus can be understood as
a decrease of spatial overlap of the expanding beam with the nano-cluster. However, the
changing spectral shape suggests that more is occurring. Indeed as shown in the inset to
Figure 5.6b, the magnetic character of the focused azimuthal CVB, which has a maximal
longitudinal amplitude and is most concentrated at the focus, diminishes with increasing shift
from the focal plane[3, 121]. There is a progressive diminishment of this spatial segregation
and its longitudinal polarization as one moves away from the focal plane so that the electric
and magnetic field distributions of the beam are the same in the far field. Moreover, this
focused magnetic field will interfere with the magnetic field that arises from the electronic
displacement current and the concomitant induction of the magnetic mode. The longitudinally
polarized magnetic field of the focused azimuthal CVB can therefore enhance or diminish
the degree of excitation of the magnetic mode in the nano-cluster by its relative phase and

amplitude. This amplitude diminishes rapidly away from the focal plane[3].

5.7 Conclusion

Electromagnetic responses that are studied at optical frequencies are almost always electric
dipolar (or quadrupolar) since magnetic-dipole transitions at optical frequencies have approx-
imately 105 times smaller absorption cross-sections than electric dipole transitions[16] with

the exception of the rare earth elements[17, 101] and engineered metamaterials[105, 106, 107,
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Figure 5.6: Nano-cluster spectra at different y- and z-positions with respect to the beam
axis and focal plane. Scattering spectra (colors) for azimuthal polarization while moving the
nano-cluster in the y- (a) and z- (b) directions. The black spectrum in (a) is the spectrum
obtained for linearly polarized light for the same nano-cluster. The right panels schematically
indicate the directions of the spatial shifts along the y- and z-directions superimposed on
appropriate cross sections of E2.

108, 111, 117, 127]. Here, we have demonstrated that optical vector beams can be used to
selectively drive magnetic multipole excitations in metal-based nanostructures and that these
excitations can be stronger than the electric multipolar modes of the identical structures.
The magnetic modes can be understood as a collective excitation of electrodynamically
coupled metal nanoparticles excited by a time varying azimuthally polarized electric field with
instantaneous curl. The displacement currents produced in association with the azimuthal

polarization induce a magnetic field analogous to that created by induction due to circulating
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electric currents in electromagnets.

The magnetic modes excited by azimuthally polarized CVBs and with linearly polarized
light are different in both the near- and far-fields. In the far-field the modes are in perpendic-
ular orientations; with azimuthal CVBs the magnetic modes are always oriented along the
beam propagation direction (e.g. z-axis polarized). More importantly, the mechanism by
which each beam excites the magnetic modes is different. A z-oriented magnetic dipole mode
is created by exciting an effective displacement current in the xy-plane due to the unique
nature of the azimuthally polarized beam’s polarization state and the coupled particle dipoles.
A linearly x-polarized beam excites a y-oriented magnetic dipole mode by exciting an effective
displacement current in the xy-plane. A current density in the z-direction is made possible
by retardation of the beam along the z-axis, while a current density in the x-direction occurs
due to the polarization of the beam. Combined, these effects yield an effective current in the
xz-plane.

Conventional induction of magnetic (dipole) modes in nano-to-meso scale metamaterials
relies upon the design of the structure. In contrast, our work shows that one can control
the nature of the excitation with the optical field as well. Since we obtain the curl (or
instantaneous angular momentum) from a focused azimuthal CVB, one should be able to
drive a magnetic response in metal nanoparticle based materials that do not have morphology
with cylindrical symmetry. In other words, a “beam engineering”[103] approach should allow
inducing optical magnetism in “arbitrary” metal nanoparticle based structures that can the
creation of displacement currents on the scale of the focused CVB (e.g. monolayer films of

nanoparticles).

92



APPENDIX A
OPTICAL NONLINEARITIES AND ABLATION IN SILVER NANOWIRES

While the majority of the experiments presented in this dissertation focus on localized
surface plasmon resonances in colloidal nanopartiles, Chapter 5 discusses the ability of silver
nanoparticles in near-field proximity to support a resonance akin to a circulating current
or a propagating surface plasmon. The plasmonic properties of silver nanowires (AgNWs)
follow from extending the near-field limit of 1D lattices of AgNPs to the point of touching -
multiple scattering peaks are observed dependent on the polarization of the incident beam]]
and light coupled into the longitudinal resonances matching the long axis of the wire can be
coupled into a propagating plasmon mode from one end of the wire to be radiated at the
other end of the wire[128, 129]. Plasmonic nanowires in active research are often used as
waveguides for their ability to confine light into subwavelength modes.

Previous work in the research group focused on the properties of the waveguide modes in
AgNWs as precursors to a form of ‘circuitry’ to control the flow of light in nanostructures[130].
In the simplest case, pairs of crossed nanowires were studied as an nanoscale analogue to a
Mach-Zehnder inteferometer. Separately exciting a propagating surface plasmon polariton in
each of the wires at one end created emission at both of the distal ends of the wires with
both intensity and phase modulations based on the lengths of the wires, the location of the
crossing along the length of the wires, and the angle between them.

Further FDTD simulations of AgNWs examined how the frequency-dependent phase
of an incident laser pulse affected the propagation of light through single nanowires. The
calculated distributions of the electric fields in the AgNW were observed to have a standing
wave-like pattern and the scattering spectra exhibited peak frequencies where the length L of

the nanowire was approximately a half-integral multiple of the wavelength of the resonance
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mode,

2L
ep(w) =~ m=123.. (A.1)

where Agp(w) is the dispersion relation of the AgNW/129]. In addition, the set of modes
excited in the AgNW by a particular broad-band laser pulse was dependent on the frequency-
dependent phase lag, or chirp of the pulse. Represented by a broad-band point-dipole source
located near one end of the wire in the simulation domain with an additional time-dependent
phase term, a pulse that began with a higher effective frequency that decreased over time
(negative chirp) produced a set of propagating plasmon modes with greater confinement along
the longitudinal axis of the wire than those beginning at a lower frequency that increased
over the duration of the pulse (positive chirp). It was hypothesized that a phase-optimized
pulse could produce a ‘focusing’ of the plasmon modes at the end of the wire distal to the
excitation, increasing the efficiency of using the wire as a waveguide.

With this result in mind, an optical setup was designed to create a phase-controlled pulsed
excitation source. The output of a home-built cavity-dumped Ti:Sapphire oscillator, pumped
by a Spectra-Physics Millennia Xs laser set to 4.0 W power, operating at a repetition rate of
1.4 MHz and output power of 38 mW, was directed onto a diffraction grating such that the
first-order diffraction was aligned into a collimating lens and a 1D rectangular spatial light
modulator (SLM, CRi SLM-128). A schematic of the Ti:Sapphire laser is shown in Figure
2.2. The groove density of the grating was chosen such that the full bandwidth of the laser
was spread across the pixel area of the SLM, allowing for the frequency-dependent phase
lag of the pulse to be set by the independent voltage on each pixel of the SLM. The light is
then focused by another lens identical to the first onto a second diffraction grating, slightly
offset from the focal point of the second lens along the direction of the beam propagation in
order to pre-compensate for the group velocity dispersion (GVD) of the beam introduced by
the optics leading up to and inside the microscope. Another pair of lenses acted as a beam

telescope to expand the beam to fill up the back focal plane of the microscope objective such
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that the focal spot created by the objective was diffraction-limited in size. Next, the beam
was focused onto a beta-barium borate (BBO) crystal to frequency-double the pulse and
then re-collimated by another lens. A pair of mirrors in a periscope arrangement raised the
beam height to and aligned the beam into the rear port of the microscope (Olympus IX-71).
The beam was directed into the objective by a dichroic beamsplitter (Chroma T470lpxr)
reflective at the wavelength of the frequency-doubled laser (A ~ 400 — 430 nm) while allowing
longer wavelengths to pass. The spectrum of the pulses before frequency doubling can be
seen in Figure 2.3a, and their duration (~30 fs) can be measured from the second-harmonic
generation autocorrelation shown in Figure 2.3b.

Samples of AgNWs were created by drop-casting 7.1 pL of a 10:1 diluted solution of NWs
(Sigma-Alridch) onto a 1.5 mm glass coverslip (Fisher Scientific No. 1.5 12-541B) that was
etched with a cross pattern by a tungsten-tipped scribing pen in order to locate regions of the
sample for multiple experiments. The sample cell was closed according to the first procedure
described in Section 2.5 and left to sit for 30 minutes with the etched coverslip on the bottom
before inverting and mounting on the microscope sample holder.

The AgNW samples were illuminated for imaging by a dark-field condenser and the
scattering was collected by the same objective used to focus the excitation beam onto the
sample. The scattered light was directed onto a SCMOS array detector (Andor Neo) at the
position of the microscope eyepiece. Each wire observed under pulsed light illumination was
first imaged in white light dark-field with the pulsed source blocked. The pulsed source was
then unblocked, and either a video was taken on the array detector or the collected light
was coupled out the side port of the microscope into a collimator for a 50 pm multimode
optical fiber leading to a spectrometer (Ocean Optics USB2000). Once the measurement of
the wire under pulsed laser illumination was complete, the pulsed source is blocked again
and a second dark-field image was taken.

When AgNWs with their long axis arranged along the direction of the polarization of the
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Figure A.1: Summary of a AgNW pulsed laser excitation experiment. (a) Dark-field scattering
image of an ~7 um AgNW before excitation by the pulsed laser. The yellow arrow points to
the location where the excitation beam was focused during the excitation measurement. The
scale bar in this panel and all the following is 2 pm. (b)-(e) False-color overlay on top of
the scattering image in (a) of frames from a video taken during excitation with the pulsed
laser with the dark-field illumination off at (b) 0.63 s, (c) 1.78 s, (d) 4.62 s, and (e) 5.85 s.
(f) Dark-field scattering image of the wire after the excitation. (g) Difference between the
before and after images, I = Iyefore — lafter, highlighting the locations of material removed
from the wire. (h) Overlay of the emission from panel (c) on top of the difference image. (i)
Overlay of of the emission from panel (e) on top of the difference image.

pulsed light were illuminated with the excitation beam focused on one end of the wire, the
dark-field scattering at a few points along the wire was observed to dim and often a piece of
the wire would break off at one of these points and diffuse off into solution. Videos taken
with the white light dark-field illumination turned off revealed that the AgNWs would emit
light at locations along their length similar to dimming seen with the illumination left on.

Figure A.1 shows the summary of a video taken for an ~7 pm AgNW with the dark-field
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illumination turned off. The locations where portions of the wire were removed and other
spots dimmed due to the pulsed laser excitation are seen to correlate to the locations of

emission events during the video.
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Figure A.2: Emission spectrum obtained from a AgNW during excitation by the pulsed laser
source. The hard cut-offs at 410 nm and 650 nm are due to the filtering used in and frequency
response of the detection system.

Furthermore, as the excitation beam is blocked from the array detector, the collected
emission from the wires were the result of a nonlinear process. The spectral measurements of
the emission reveal a broad-band white light continuum as seen in Figure A.2. Following
the simulation results by Cao et al.[129], the locations of the nonlinear emission spots were
believed to be a result of the electric field enhancement due to the excitation of standing-wave
like plasmon resonances. However, attempts to fit the positions of the nonlinear emission
along the length of the wire to a mode of the standing wave model eq. (A.1) failed as the
positions were irregular and could only be fit by multiple high-order values of m not seen in
the simulation results for similar lengths of AgNWs.

The next hypothesis to explain the observation of continuum generation was that defects

in the AgNW structure created hotspots of electric field enhancement, and in order to test
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Figure A.3: (a) AFM image of a AgNW before excitation with the pulsed laser. The scale
bar is 1 pm. (b) AFM image of the same AgNW after excitation with the pulsed laser.

this atomic force microscopy (AFM) images were taken both before and after pulsed laser
excitation of the wires. Figure A.3 shows an example of the before and after AFM images for
a single nanowire - no surface characteristics were observed in the before image that predicted
the breaking of the nanowire near its center observed in the after image. In general, no major
structural defects were observed that would explain the locations of the emission seen in the
pulsed illumination experiments. A more satisfactory explanation was reported by Davies et
al.[131] - chemical aging of the nanowire produces regions of silver oxide in the polymer layer
protecting the AgNWs in solution, producing surface defects that can couple out the energy

from a propagating surface plasmon excited by the incident beam.
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APPENDIX B
DETECTING SCATTERING AND FLUORESCENCE PERPENDICULAR
TO THE PRIMARY OPTICAL AXIS

The simulations in Chapter 3 show that the scattering of light from the collective plasmon
resonance of a 1D AgNP lattice with interparticle spacings on the order of the wavelength of
visible light has a strong directional dependence, with the strongest intensity being directed
along the axis of the array. Furthermore, it was also shown that the emission from a quantum
dot embedded in a lattice, such as those in Chapters 3 and 4, should have maximum interaction
with the collective resonance when the transition dipole moment for the radiative relaxation
is oriented perpendicular to the lattice, i.e. when the radiated field from the dipole is oriented
along the axis of the lattice. Thus, the measured signal due to these interactions should be
improved when the scattering and fluorescence from the lattice is collected in the plane of
the sample, perpendicular to the primary optical axis of the microscope.

Methods such as light sheet microscopy [132] and creating mirrored nanostructures
[133, 134, 135] were designed to enable a perpendicular detection geometry. However, neither
is well-suited to the 1D lattice structures presented in this dissertation. Light sheet microscopy
for samples deposited on a surface is limited to angles in the hemisphere above the plane
of the sample, offering little to no improvement over a high numerical aperture objective
lens used in dark-field microscopy measurements. The mirrored nanostructures overcome
this limitation by reflecting light propagating along the surface of a sample cell toward the
microscope objective, but the proximity necessary between the mirror and the lattice would
interfere with the trapping beam used to order the lattices. Therefore two new methods
were devised in order to collect the scattering and fluorescence from the 1D lattice structures
measured in this dissertation perpendicular to the primary optical axis.

The first of the methods involved the fabrication of a new sample stage that raised
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Figure B.1: Image of the optical setup used to measure scattering and fluorescence with a
second objective lens perpendicular to the standard geometry.

the sample holder ~2 cm above the surface of the microscope’s piezo stage, visible on the
right side of Figure B.1. The extra vertical offset allows for a second long working distance
objective (Mitutoyo Plan Apo SL 20x) to be aligned in free space such that its focal plane
overlaps the focal volume of the microscope’s objective. The second objective was mounted
by a thread adapter to a lens tube (Thorlabs) containing a lens (f=125 mm) that acted as
a tube lens for the objective to form the magnified image at the far end of the tube. The
threading at the far end of the tube could accept a USB camera (Thorlabs DCC1645C) for
imaging or a mount for a 50 pm multimode optical fiber attached to an avalanche photodiode
(Perkin-Elmer SPCM-AQR-15-FC) for TCSPC fluorescence measurements. As the sample
cells described in Chapter 2 are designed only for detection from a single objective, the light
from the sample would be scattered and attenuated too much by the spacer between the
coverslips to be useful for this geometry. Therefore, samples were prepared in rectangular

capillary tubes (VitroCom 8320-050) by drawing 2-3 uL of 200:1 diluted AgNP solutions into
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the tube and letting dry for 6 hours under vacuum before re-filling with water. However,
scattering from the water-glass and glass-air interfaces as well as from the corners of the
capillary tube inhibited registration of the two imaging planes against each other and reduced
the signal-to-noise ratio for TCSPC fluorescence measurements to the point where no decay

rates could be resolved.

Figure B.2: Image of a sample cell with an embedded optical fiber containing 1D
AgNP /quantum dot lattices.

The second method attempted was focused on collecting the fluorescence from a deposited
1D lattice with embedded quantum dot as described in Chapter 3. In order to increase
the fluorescence signal from the perpendicular detection geometry, the same method for
depositing the arrays of AgNPs around drop-cast quantum dots was used, with the exception
of etching a cross-shaped marking in the coverslip with a tungsten scribing pen to make a
reference point visible across multiple measurements. Once the structures were deposited,
the sample cell was disassembled and the coverslip containing the structures was dried under
vacuum to prevent oxidation. A length of fiber was cut from a spool of 105 pum core diameter
multimode optical fiber (Thorlabs FG105LGA), an ~0.5 cm section of the protective jacket
was stripped from one end, and the other end was terminated with a FC connector to allow
it to be attached to the avalanche photodiode. The bare end of the fiber was placed on

the coverslip containing the fiber such that the deposited array structures were within the
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collection angle of the fiber. A spacer was prepared with a slit in one side to accommodate
the fiber, the spacer was placed on the coverslip around the fiber, and a bead of silicone
rubber was added at the point the fiber and the spacer met on the interior of the sample
chamber in order to ensure the water added to the chamber would not leak out. Sufficient
water to fill the interior of the chamber was added to the sample cell and a second coverslip
was placed over top to complete the cell. Figure B.2 shows a completed sample cell with
the embedded optical fiber. Measurements in this configuration again proved unreliable due
to low TCSPC signal compared to the noise level and the difficulty of ensuring alignment

between the position of the 1D lattice structures and the end of the bare optical fiber.
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