Abstract
Engineered Plasmonic Nanostructures:
Fano Resonance Response, Magnetic Plasmon Resonance for
Waveguiding and Hot Electron Induced Photochemistry
by

Shaunak Mukherjee
Surface plasmons are collective and coherent oscillations of conduction band
electrons in metal nanostructure which enable coupling of photons to electrons at a metal
dielectric interface. Plasmonic nanostructures have gained much attention due to their
ability to confine, tune and manipulate light for specific applications simply by varying
their geometries and local dielectric environment. This thesis will focus on designing and
studying fundamental plasmonic properties of Au nanostructures for applications in
photothermal cancer therapy, chemical sensing, optical waveguiding, and room
temperature gas phase photocatalysis.
First, this thesis focuses on spherically concentric nanoparticles, a rudimentary
“nanomatryushka”, composed of a silica-coated gold nanosphere surrounded by a gold
shell layer. These nanoparticles were synthesized using wet chemistry technique and
were found to possess exceptional geometrically tunable optical resonances in a compact,
sub-100 nm size. Changing the internal geometry of the nanoparticle not only shifts its
resonance frequencies, but can also strongly modifies the relative magnitudes of the
absorption and scattering cross sections, independent of nanoparticle size. In addition the
inherent asymmetry of each individual Au/SiO2/Au nanomatryushka generate multiple
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Fano resonances due to the overlapping bright superradiant and dark subradiant plasmon
modes. Fano resonances have immense potential for single particle localized surface
plasmon sensing applications.
Next, this thesis investigates a new class of waveguiding consisting of chains of
fused heptamer nanodiscs. This novel waveguiding structure transports electromagnetic
energy via magnetic plasmon resonance mode. In this new geometry, heptamer structure
serves as a benzene-like subdiffraction limit building blocks which support antiphase
magnetic plasmons with “antiferromagnetic” behavior in multiple repeated structures. By
repeating the heptamer units, this waveguide enables low-loss magnetic plasmon
propagation along linear chains, steering over large-angle bends and splitting. It has
numerous potential uses in energy transport, data storage, near-field microscopy, and
other nanophotonic applications.
Finally, this thesis explores the use of Au-photocatalysts as multifunctional
catalysts for enhanced reactivity and efficiency. Au-photocatalysts were used for room
temperature dissociation of H2 on Au nanoparticle surface using visible light. Surface
plasmons excited in the Au nanoparticle decay into hot electrons which can be transferred
into an antibonding resonance of an H2 molecule adsorbed on the Au nanoparticle
surface, triggering dissociation. This process is probed by detecting the formation of HD
molecules from the dissociations of H2 and D2. The rate of dissociation was also
profoundly dependent on of intensity and wavelength of excitation light. This work
demonstrates an important application of plasmonics in the field of heterogeneous
photocatalysis opening up a new pathway for all optical control of chemical reactions on
metallic catalysts.
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Chapter 1. Introduction
Metallic nanostructures exhibit unique optical properties due to the presence of
localized electromagnetic resonances caused by the collective oscillation of conduction
band electrons known as plasmons. The dependence of plasmon resonances on the
geometry of the nanostructure and their ability to couple and confine light very efficiently
has enabled light manipulation at the nanoscale which enabled optically-driven
applications at both the nano and macroscopic scales. Specifically designed plasmonic
nanostructures have found application in a range of field starting from photodetectors1-3,
solar

steam

generation4,5,

surface

enhanced

spectroscopies,

photocatalysis6,7,

subwavelength waveguiding8,9 and therapeutic applications.10-12
Chapter 2 consists of background information on fundamental plasmonic concepts
and theories which will be applied throughout this thesis to understand the origin of some
unique optical properties of certain nanostructures. To begin, plasmon hybridization
theory is explained which derives optical properties of simple nanoshell structure. Then
the origin and relevance of Fano resonance in the field of plasmonics is discussed. Next,
the mechanism for hot electron generation by plasmon decay on metal nanostructure and
its application in the field of devise physics and chemistry shown. Lastly, the physics of
magnetic plasmon resonance is developed from classical electromagnetic theory and
applied to plasmonic nanostructures.
Chapter 3 depicts synthetic procedure and optical properties of Au/SiO2/Au
multilayered nanoshell structures. Using wet chemistry technique sub-100 and sub-150
size Au/SiO2/Au nanoshells were fabricated with highly tunable optical resonances.
Simply by changing the internal geometry was found to not only shift the resonant

21

frequency but also modulate the relative absorption or scattering crosssections. These
sub-100 nm nanoparticles possess plasmon resonance near the 800 nm biological "water
window" and could be used for in vivo cancer photothermal therapy or bio-imaging.
Chapter 4 shows single particle dark field scattering measurements and plasmon
hybridization model for understanding plasmonic properties of individual asymmetric
Au/SiO2/Au nanoshells. The inherent asymmetry of theses nanoparticles generate
interesting optical features known as Fano Resonance generated by each individual
nanoparticle. The optical properties of such a Au/SiO2/Au nanoshells or "Fanoshells" can
be qualitatively accounted using a classical coupled-oscillator model consisting of mass
and spring. These Fanoshells could be used for bio or chemical sensing applications due
to sensitive dependence of the Fano resonances on local change of dielectric.
Chapter 5 shows a novel non-analytical technique to present Plasmon
hybridization model in the case of a coupled symmetry broken system with multiple
hybrid higher order modes in the dipole limit. The hybrid plasmonic response of a
nanosphere-in-a-nanocup system was investigated using the finite element method based
modeling under quasistatic limit and its polarization dependent multimodal plasmon
hybridization energy diagram was established correlating the surface charge plots. This is
a straightforward yet powerful technique for determining hybrid plasmon modes in
coupled systems.
Chapter 6 involves the proof of concept for designing a linear chain of fused
heptamer nanodiscs for on chip low loss waveguiding by near field coupling.
Lithographically patterned heptamer units consisting of a single disc surrounded by a ring
of six nanodiscs serves as benzene like building block for supporting anti phase magnetic
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resonance on adjacent fused heptamer units. FTIR optical measurements and FDTD
based calculations were performed. For a linear multi-heptamer coupled structure this
resonance was shown to be useful for low-loss electromagnetic energy propagation with
a field decay length of 2.65µm.
Chapter 7 builds on previous chapter by incorporating large angle bends and
splitting at intersections with magnetic waveguides. This is achieved by lithographically
fabricated fused non-linear fused heptamer structures resembling organic Chrysene and
Triphenylene molecules as building units. Fourier Transform spectroscopy coupled with
electrodynamics simulations confirmed the presence of antiferromagnetic magnetic
resonances in adjacent heptamer units. A field decay length of 2.2 µm and 3.7 µm was
estimated in cases of zig-zag plasmon steerer and Y-splitter waveguides respectively.
These findings provide a strategy for circumventing challenges involved in miniaturizing
optical circuits allowing development of ultra-compact plasmonic network.
Finally, Chapter 8 presents a major step towards using plasmonic nanoparticles
for multifunctional photocatalysts for enhanced reactivity and efficiency in chemical
reactions using concept of plasmon (e-/h+) pair decay. Specifically Au nanoparticles was
used to photo catalytically dissociate H2 at room temperature. Surface plasmons excited
in the Au nanoparticle decay into hot electrons with energies between the vacuum level
and the work function of the metal. In this transient state, hot electrons can transfer into
an antibonding resonance of an H2 molecule adsorbed on the Au nanoparticle surface,
triggering dissociation. The photodissociation of H2 was probed by measuring the
formation of HD molecule from dissociation of H2 and D2. The rate was found to be
strongly dependent on intensity and wavelength of incident light..
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Chapter 2. Theoretical Background
2.1 Plasmon Hybridization in Symmetric and Asymmetric nanostructures
Plasmon hybridization is a powerful and intuitive theoretical technique to
understand the plasmonic behavior of complex nanostructures. This method not only
provides an analytical solution to complex plasmonic modes but it also helps to predict
and design metallic nanostructures with targeted plasmonic responses. Based on purely
classical electromagnetic theory it takes into account the relative plasmonic interaction
between adjacent structural components of a given plasmonic system, to produce
hybridized plasmon modes. This interaction is analogous to Molecular Orbital Theory
(MOT) where atomic orbitals of the atoms interact, overlap and hybridize in space and
produce hybridized orbitals.
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Figure 2.1 Nanoshell tunability. Mie theory calculation of extinction spectra of Au
nanoshells in air having a constant vacuum core of radius r1 = 60 nm and five different
shell thicknesses in a decreasing order as indicated on top of each curve. Johnson &
Christy Au dielectric function13 is used for the shell.
The basic plasmon hybridization concept can be illustrated with a nanoshell,
which is a spherical nanoparticle consisting of a dielectric core coated with a gold shell is
the simplest tunable plasmonic system where plasmon hybridization theory has been
employed to understand it's plasmon modes and optical tunability.14 Nanoshell plasmon
resonances are very sensitive to the inner and outer radius of the metallic shell as shown
in Figure 2.1.15 By simply changing the core-to-shell radius ratio (in this case making the
shell thinner) the plasmon resonance can be red shifted. Due to this unique geometric
dependence, plasmon resonances of nanoshells can be tuned from visible to mid-infrared
frequencies by precisely controlling inner and outer shell thickness ratios. The nanoshell
plasmon resonance can be seen as hybridized plasmon mode due to the interaction
between two fixed frequency primitive plasmons- a nanosphere and a nanocavity. This
interaction creates two hybridized plasmon modes (bonding and antibonding) as shown
schematically in Figure 2.2. The nature and symmetry of the hybridized modes are
identified by their electrostatic surface charges at the inner and outer surfaces of the
metallic shell. Among the two hybridized modes the lower energy mode is known as the
bonding mode whereas the higher energy mode is the antibonding mode. The
electrostatic surface charge on bonding modes are symmetric and yields a very large total
dipole moment because of the symmetric coupling of the sphere and cavity modes. This
makes the bonding mode couple to light very strongly and this mode is known as a
"bright" mode. On the other
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Figure 2.2 Plasmon hybridization model of a nanoshell with vacuum core and Au shell
(A) Plasmon Hybridization model of a nanoshell showing interaction between the sphere
(ωsp) and cavity (ωc) modes giving rise to the observable dipole bonding (ω+) and dipole
antibonding (ω-) modes. (B) Illustration of the dipolar nanoshell plasmon energies on the
strength of interaction between the sphere and cavity plasmon modes depending on the
thickness of the shell.
hand in the antibonding mode the surface charges are opposite in phase, due to
antisymmetric coupling of the sphere and cavity modes which produces a small net
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dipole moment. Thus this mode does not couple with light strongly and is known as a
"dark" mode.
The strength of interaction between the primitive plasmon modes is governed by
the thickness of the shell. By changing the ratio of the inner and outer shell radii, the
nanoshell bonding mode can be controllably tuned. As the shell becomes thinner the
surface charge interaction between the adjacent shell surfaces becomes more pronounced
which strongly shifts the bonding plasmon mode to lower frequencies shown in Figure
2.2.
So far the plasmon hybridization theory was described for a nanoshell which is
spherically symmetric nanoparticle. Asymmetry can be introduced in a nanoshell by
simply offsetting the center of the inner shell with respect to the outer shell to produce a
nanoegg16 as shown in Figure 2.3.

Figure 2.3 Schematic picture of Plasmon Hybridization of a (A) symmetric nanoshell
showing orthogonal interaction between sphere and cavity modes, (B) asymmetric
nanoegg geometry with an finite offset δ showing non orthogonal interaction between the
primitive modes. Due to symmetry breaking in the nanoegg, mixing of dipolar plasmon
modes with all higher order modes are shown.

27

In such a symmetry broken nanoparticles all the higher order plasmon modes can be
excited due to mixing of primitive sphere and cavity modes of all mutipolar indices. Thus
even in the dipole limit all higher order modes can be excited (which are otherwise
forbidden) due to the coupling of dipolar plasmons with quadrupole, octupole and other
higher order modes.
2.2 Fano Resonance in Plasmonics:
In 1961 Ugo Fano discovered a new type of resonance while studying
autoionizing states of atoms. This was later knows as the "Fano resonance". It had a
distinct asymmetrical line shape in the excitation spectra due to the coupling of discrete
atomic autoionized states with a continuum.17
Although originally observed for atomic systems, a Fano resonance has been
observed in a wide range of disciplines from optics to condensed matter physics.18-23 A
Fano Resonance have the following mathematical form24,25,
𝜎=

(𝑓𝛾 + 𝜈 − 𝜈0 )2
(𝜈 − 𝑣0 )2 + 𝛾 2

where f is the Fano parameter which determines the degree of asymmetry, and 𝜈0 and γ

denotes the position and width of the resonance respectively.

In plasmonic systems the fundamental way to observe Fano resonance is to create
spectral interference between a broad and narrow plasmon mode. The advantage of using
plasmonic nanostructures is that they can be engineered with specific geometry and
configuration for independent control of spectral tunability and linewidth modulation.
For example a broad spectral resonance can be created by bright superradiant
plasmon mode which interacts with light strongly. Due to radiative damping this mode
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has a broad linewidth whereas a dark subradiant mode does not couple with light and can
sustain the plasmon energy for a long time giving rise to narrow linewidth (Figure 2.4).

Figure 2.4 Energy diagram for the exciting of superradiant (broad) and subradiant
(narrow) plasmon modes via two pathways (i and ii) and generating a Fano resonance in
a plasmonic system. The coupling strength between the modes is represented by a
parameter Ω.
In coupled plasmonic systems these two modes can be tuned so that they
spectrally overlap and there can be Fano interference between the modes through near
field coupling. This can be effectively controlled by changing geometry or gap between
the structural components. For example Fano resonances have been observed in single as
well as arrays of coupled metallic nanostructures including multilayer nanoshells,26,27
non- concentric ring disk cavities,28,29 heterodimers,30 quadrumers31 and heptamers32-34.
The most promising application of Fano resonance is in the field of chemical and
biological sensing due to their high sensitivity towards changes in the local dielectric
permittivity. For example, Fano resonance supported in single plasmonic heptamer arrays
were found to have the maximum sensitivity towards local change in dielectric among
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other 'Fano structures'.35 It has also have been used to identify a monolayer of protein on
the surfaces and the surface orientation36 and to enhance signal of surface enhanced
spectroscopies.37
An intuitive understanding of a Fano resonance can be built using classical two
oscillator system first enunciated by Alzar.38 In this model there are two oscillators of
masses m1 and m2 which are coupled to rigid walls by spring constants k1 and k2
respectively. The oscillators also interact with each other by a spring constant k12. Lets
oscillator 1 be perturbed by a periodic harmonic force F(t) = Fe-i(ωt+ξ). This in analogy
with plasmonic system represents the optical extinction of a bright superradiant mode.
The subradiant mode is represented by oscillator 2 which is connected with oscillator 1
via k12 and only excited due to its coupling with oscillator 1. This coupling represents
near field interaction between two modes.
The equations of motion of oscillators can be represented in terms of the
displacements x1 and x2 from their respective equilibrium position in one dimension
system.
••

•

2
x2 (t ) =
x1 (t ) + γ 1 x1 (t ) +ω 12x1 (t ) − Ω12

••

F − i ωt
e
m

•

2
x2 (t ) + γ 2 x 2 (t ) +ω 22x2 (t ) − Ω12
x1 (t ) = 0

where Ω12

is the frequency associated with the coherent coupling between the

2
interconnected oscillators represented by Ω ij = kij/m and γi represents the energy

dissipation (a friction constant). To calculate absorption we compute the mechanical
•

power P(t) absorbed by particle 1 from the external force, P(t ) = Fe −iωt x1 (t ) . By
assigning a reasonable coupling between the superradiant mode and the subradiant mode
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2
( Ω12
= 0.5), the absorbed power of the oscillator system produces a single Fano

resonance (Figure 2.5). In Chapter 4 an extension of this classical oscillator model is
used to explain the occurrence of multiple Fano resonances in a plasmonic system by
incorporating multiple masses and springs.

Figure 2.5 Alzar's mass and spring model of a coupled oscillator describing a Fano
resonance. Two body classical oscillator model with masses m1 and m2 coupled with
k1
springs. The superradiat mode (oscillator 1) is situated at ω1 =
= 2.2eV and the
m
k2
subradiant mode (oscillator 2) is at ω 2 =
= 1.64eV . For simplycity we have
m
assumed m1=m2=1. Oscillator 1 is driven by periodic harmonic force F(t) which produces
the adsorbed power for a coupling constant of (Ω12 = 0.51/2) yielding a Fano resonance.
2.3 Plasmonic Hot Electron Generation
Plasmons excited on a metal nanoparticle dephase and experience damping
mainly through two prominent decay paths. One way is radiative decay where the dipolar
plasmons radiate electromagnetic energy in the far field and other pathway is non
radiative decay whereby each plasmon decays into an excited electron hole (e-h) pair.
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This intrinsic decay process is known as the Landau damping. The initial non-thermal
excited electrons also known as "hot-electrons" undergo thermalization by number of
scattering processes (e.g. electron-electron scattering) and forms a Fermi Dirac type
distribution. Further electron-phonon scattering can transfer thermal energy to crystal
lattice raising the lattice temperature. The overall process and associated timescales are
depicted in Figure 2.6.39-42 The hot electron generation as well as the Landau damping
rate in plasmonic systems is strongly dependent on plasmon energy, nanoparticle size and
geometry and imaginary part of the dielectric function. In addition (e-h) pair excitation is
also directly proportional to the local electric field enhancement. Thus by tuning plasmon
energies in tailored nanostructures to harvest hot electrons can be efficiently controlled
and used for numerous applications.
Hot electrons generated on plasmonic nanostructures have found application in
mainly two areas. One in the field of device physics by making efficient photo detectors
in Visible and NIR region and in the field of photochemistry and the other in the field of
heterogeneous photocatalysis.
For example, plasmonic nanoantennas fabricated on n-type Si (semiconductor) connected
to an external circuit can be used to capture photogenerated hot electrons.1,43,44 This is
achieved when the hot electrons will have sufficient momentum to cross the Schottky
barrier formed at the metal-semiconductor interface. This system behaves as a diode or an
electron filter for directional photocurrent generation as shown in Figure 2.7A. The
primary advantage of these simple hot electron photodetectors is the yield of an electron
hole pair at energies much lower than the semiconductor bandgap which can enables
photon detection even in the NIR and MIR range at photon energies.
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Figure 2.6 Schematics of hot electron dynamics in a plasmonic nanoparticle.
The low efficiency in these devices can be overcome by creating engineered structures
having narrow plasmonic bandwidths2 or by generating subradiant resonant plasmon
modes which can give less radiative losses.45
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Figure 2.7 Hot electron excitation in metal nanoparticle and its applications. (A) Hot
electron transfer mechanism in case of a metal-semiconductor contact forming a schottly
barrier. (B) Hot electron transfer mechanism into a antibonding state of a adsorbed
molecular species.
In the field of photochemistry chemical change is induced by exciting plasmons
on metal nanoparticles covered with an adsorbed molecule.41,46,47 The plasmonic induced
hot electrons can be utilized for population of specific adsorbate resonances. Hot electron
photochemistry has already been reported in several studies starting from gas phase
dissociation of O2 on Ag nanucubes6,7, hydrocarbon conversion48 to water splitting.49,50
These reactions rely strongly on the interaction of the plasmonic metal nanoparticle with
adsorbate molecules, intensity of the excitation photon and it's frequency. For example in
gas phase heterogeneous reactions, adsorbate molecules are chemisorbed or physisorbed
on the surface of the metal nanoparticle whereby photo excited hot electrons can scatter
from the metal surface (Figure 2.7A) to suitably aligned adsorbate antibonding electronic
states facilitating adsorbate bond dissociation.42,47 Plasmonic nanoparticles can therefore
be used to selectively populate the excited states of adsorbed molecules.
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Hot electron induced photochemistry can be a great toolkit for

industrial

heterogeneous catalysis yielding products at low or even room temperatures,51 thus
greatly enhancing the catalyst lifetime and overall reaction throughput. The efficiency of
these types of reactions can be enhanced by either by increasing either the hot electron
yield or the energies of photogenerated electrons. Hot electron yield can be enhanced by
enhancing absorption crosssection which can be achieved by utilizing subradiant or dark
plasmon modes or by reducing the size of the nanoparticles or by using materials with
high imaginary dielectric component such as Ni or Pd. Al on the other hand can also be a
valuable candidate for greatly enhancing the hot electron energies due to it UV plasmon
resonance. Additionally it also has 3 electrons per Al atom as compared to 1 electrons per
atom of Au or Ag which makes it prominent candidate for water splitting which requires
an overall 4 electrons.52
For fundamental research a very attractive path lies ahead in this direction in
understanding the nanostructure-adsorbate interaction dynamics. Measuring lifetimes of
photogenerated hot electrons on nanoparticles at specific plasmon resonances, life time of
the injected electrons in the adsorbate vibrational excited states can provide new
pathways to all optical control of chemical reaction.

2.4 Magnetic Plasmon Resonance at Optical Frequencies
When electromagnetic wave propagates through a homogeneous material with
perfect symmetry, the material response to the magnetic component of light is four to five
orders of magnitude smaller than its response to electric component. This is because the
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magnetic susceptibility is v/c times smaller than the dielectric susceptibility (except for
ferromagnetic materials).53,54
To generate finite magnetic response at high optical frequencies artificially
engineered plasmonic nanostructures can be used.55-57 Following the laws of
magnetostatics, we know that a current 𝑖 flowing circularly along a loop in a metallic coil
with area A can generates magnetic moment µ = 𝑖·A in a direction perpendicular to the

plane of the coil with an inductance L. By adding a gap into the coil, one introduces a
capacitance, which sets an LC resonance. This resonance alters the macroscopic magnetic
permeability of the split ring resonator due to the oscillatory nature of the induced
current. An analogy to an LC circuit can be a split ring resonator (2D analog) or a
nanocup (3D analog) structure is shown in Figure 2.8 where in the transverse polarization
direction (shown by the arrow), the magnetic mode generates an induced ring current in
the structure.

Figure 2.8 Schematics of LC circuit elements and equivalent plasmonic 2D and 3D
analogs for generation of plasmonic response.
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Artificial metamaterials with tailored electromagnetic material properties can be
achieved using periodic arrays of these structures as subwavelength building blocks. For
example, by having a finite magnetic response at optical frequencies (𝜇 ≠ 1), for 𝜖 <

0 and 𝜇 < 0, one can achieve negative refractive indices 𝑛 = −√𝜖𝜇.58,59 These artificial

materials have broad applications in cloaking devises, superlenses and transformation
optics.60-62
One less explored feature of magnetic resonances is the relatively low scattering

losses compared to electric dipole resonances.

Figure 2.9 Schematic of an electric (left) and a magnetic dipole (right).
This can be illustrated by a crude electrodynamic calculation of radiated power by an
electric vs. a magnetic dipole (Figure 2.9).52 The average radiated power of a
harmonically oscillating electric dipole (two oscillating charges +q and -q separated by
distance d) can be expressed as <Pe> =
frequency dipole oscillation.

1

4𝜋𝜀𝑜

𝑝2 𝜔4
3𝑐 3

, where p is the dipole moment, ω is the

Now, the expression for average radiated power of an magnetic dipole created by
sinusoidal varying current i with a frequency ω along a closed wire loop is <Pm> =
1

4𝜋𝜀𝑜

𝑚 2𝜔4
3𝑐 5

, where m is the magnetic dipole moment.
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Thus <Pm>/<Pe> = �

𝑚 2

𝑝𝑐

� << 1 which implies that the power radiated by a magnetic

dipole is significantly less than by an electric dipole.

Thus, nanostructures tailored to support magnetic plasmon are ideally suited for low sub
diffraction limited waveguiding due to low radiative losses.63-65 This class of
nanostructures will be discussed in Chapter 6 and 7.
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Chapter 3: Nanosphere-in-a-Nanoshell: A Simple
Nanomatryushka
3.1 Introduction
Metallodielectric layered nanoparticles and nanostructures form a unique and
important class of nanomaterials linked by their ability to manipulate light in similar
ways. Their optical properties arise from the surface plasmons supported at their metaldielectric interfaces. Surface plasmons, whether on closely adjacent nanoparticles66 or on
different metal-dielectric interfaces67,68 of the same nanoparticle, mix and hybridize in
direct analogy with simple quantum systems. These nanostructures form a class of
plasmonic “artificial molecules” with hybridized plasmons that are highly dependent on
nanoscale geometry.69 As nanostructures of this type are synthesized with increasingly
complex geometries, this paradigm becomes even more important, providing a qualitative
understanding of the optical resonances of the nanostructure prior to actual synthesis. The
ability to control both near and far field properties from the dipole up has made this
family of nanostructures interesting for a broad range of spectroscopic,5-8 biomedical70,71
and photonic applications.72,73 Reproduced with permission from Rizia Bardhan*,
Shaunak Mukherjee*, Nikolay A. Mirin, Stephen D. Levit, Peter Nordlander, and Naomi
J. Halas, J.Phys.Chem.C, 2010, 114 (16), pp 7378–7383 (*equal contribution).
©American Chemical Society.
Multilayered metallodielectric nanostructures, or “nanomatryushkas”, where
nanoscale dielectric spacer layers separate concentric metallic layers, are of particular
interest. Here the coupling between the surface plasmons is determined by the thickness
of the dielectric spacer layers, which can be controlled in the nanoparticle synthesis.67,74,75
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A theoretical model of a silver core/shell multilayered nanostructure has shown that large
local field enhancements are characteristic of the void between the central metal core and
the adjacent, innermost metal shell.76 Such multilayered shells can act as a collection of
optical condensers that focus light toward the center of the structure multiplicatively,
resulting in an exponential increase in the near-field enhancements as the number of
metal shells increases.76,77 This structure is the spherical analog of the plasmonic
“snowman”, a self-similar chain of adjacent nanoparticles of decreasing size, where the
maximum near field focusing occurs not at the tip of the chain but in the junction
between the smallest, terminal nanoparticle and its next-nearest, larger neighbor.78-80 In
addition to these distinctive near-field properties, the far-field properties of concentric
nanostructures are also controlled largely by the thickness of the intermediate dielectric
layer.77, 81, 82 This geometric “tunability” of the plasmon resonances of the nanoparticle
into the NIR region of the spectrum is highly beneficial for light-based biomedical
diagnostics and therapeutics.
Gold nanoshells, consisting of a silica nanoparticle core surrounded by a thin Au
shell, have generated significant interest due to their applications in biotechnology and
biomedicine. In therapeutic applications, tuning the nanoshell plasmon to the NIR “water
window” of 700-1200 nm allows them to be strong optical absorbers or scatterers in a
wavelength region where light penetrates several centimeters into the human body.83 In
this regime, nanoshells can be used as contrast agents for enhancing optical imaging,84 as
photothermal heat sources for cancer therapy,71,85,86 converting the light they absorb to
heat for tumor ablation with near 100% remission rates, and as gene therapy vectors,
where resonant light can release genetic cargo bound to their surfaces.87 Multiple
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diagnostic and therapeutic functions can even be designed into the same plasmonic
nanoparticle theranostic complex.88 While many of these tasks can be achieved with
nanoshell complexes in the 150 nm diameter size range, there are important reasons to
develop nanocomplexes that maintain similar optical functionality in smaller size
regimes. For the detection and treatment of specific types of tumors, such as brain
tumors, nanoparticles in the sub-100 nm size regime are expected to have higher
photothermal therapeutic efficacy since they can surpass the blood-brain barrier (BBB),
allowing higher nanoparticle concentrations to accumulate in tumors. The BBB is a
physical barrier in the form of tight junctions between epithelial cells which impede the
transfer of injected agents in the bloodstream into brain tissue.89 Development of NIR
resonant plasmonic nanostructures in the sub-100 nm size range will ultimately extend
these powerful functionalities to this critical, and largely inaccessible, zone of treatment.
In this study we demonstrate the fabrication of sub-100 nm and sub-150 nm
concentric nanostructures consisting of a solid Au nanoparticle immediately surrounded
by a silica dielectric layer and then an outer Au shell. We show that the plasmon
resonances of this nanoparticle result from the interaction between the essentially fixedfrequency plasmon response of the central nanosphere with the bonding and antibonding
plasmons of the surrounding nanoshell. The coupling of nanosphere and nanoshell
plasmons in this nanomatryushka particle provides even greater spectral tunability than
for an individual Au nanoshell. We relate the optical spectra of the synthesized
nanoparticles directly to the plasmon hybridization model of the nanoparticle. For larger
nanomatryushkas of this geometry, we observe an additional quadrupolar mode due to
phase retardation.
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3.2 Experimental Methods
Materials Required: HAuCl4.3H2O (99%, Sigma), potassium carbonate (K2CO3,
anhydrous, Fisher), CO gas (Matheson), tetraethyl orthosilicate (TEOS, Sigma), 30%
NH4OH

(Fisher),

200

proof ethanol (Decon

Labs

Inc.),

N-n-butyl-aza-2,2-

dimethoxysilacyclopentane (Gelest, SIB1932.4), tetrakis(hydroxymethyl)phosphonium
chloride (THPC, Sigma), 1M NaOH (Fisher).
Fabrication of Au Nanoparticles: Au nanoparticles were fabricated by reducing Au from
a 1% HAuCl4-K2CO3 solution with CO(g). Briefly, 25 mg K2CO3 was added to 100 mL
H2O in an amber glass bottle, and subsequently 1.5 mL 1% HAuCl4 was added and the
solution was allowed to age at room temperature, in the dark, for 24-72 hours. The 1%
HAuCl4 was aged for 14 days prior to adding to the K2CO3 solution. The 30 nm diameter
Au nanoparticles were fabricated by aging the 1% HAuCl4- K2CO3 solution for 24 hours
and bubbling CO(g) through the solution for 3 minutes under vigorous stirring. The 40
nm and 50 nm diameter Au nanoparticles were fabricated similarly, except the 1%
HAuCl4- K2CO3 solution was aged for 48 hours. The 80 nm diameter Au nanoparticles
were also synthesized similarly, except the 1% HAuCl4- K2CO3 solution was aged for 72
hours. The nanoparticles were centrifuged twice, 30 minutes each time, and redispersed
in H2O. The centrifuge speeds are mentioned below.
Fabrication of Nanoparticles coated with Silica: The 80 nm diameter Au nanoparticles
were coated with silica following a similar procedure as reported previously.90 Briefly, 7
mL of a concentrated Au nanoparticle solution (~1010 particles/mL) was mixed with 40
mL of 200 proof fresh ethanol and 400 µL 30 % NH4OH, and subsequently 4 µL
tetraethyl orthosilicate (TEOS) was quickly added. The reaction was allowed to proceed
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for 45 minutes at room temperature under vigorous stirring and then stored in the
refrigerator at 4 °C for 24 hours. The following day, the Au/SiO2 nanoparticles are
centrifuged and resuspended in 10 mL ethanol.
The 30, 40, and 50 nm diameter Au nanoparticles were coated with silica by
following a slightly different procedure. Concentrated TEOS and NH4OH (30%, pH~12)
result in aggregation of the smaller nanoparticles due to charge destabilization at high pH
and excess silane coupling agent. Hence, 2 mL of the smaller nanoparticle aqueous
solution (5x1010 particles/mL) were mixed with 10 mL of 200 proof fresh ethanol and 70
µL of 0.4 % NH4OH (pH ~ 8.5), and subsequently 50 -100 µL 10 mM ethanolic TEOS
solution (11 µL TEOS in 5 mL ethanol) was quickly added to the reaction mixture. The
reaction was allowed to proceed for 45 minutes at room temperature under vigorous
stirring and then stored in the refrigerator at 4 °C for 24 hours. The smaller nanoparticles
were not centrifuged but directly used for silane functionalization.
Cyclic Silane Functionalization of Nanoparticles: The smaller Au/SiO2 nanoparticles (30,
40, and 50 nm diameter) were functionalized with 200-400 µL of 1 mM ethanolic
solution of cyclic silane (4 µL silane to 20 mL ethanol) for 24 hours. The 80 nm diameter
Au/SiO2 nanoparticles were functionalized with 1 mL of 1 mM ethanolic solution of
cyclic silane for 24 hours. The silane-functionalized, silica-coated nanoparticles were
used directly for the next step without further centrifugation. Excessive centrifugation
resulted in aggregation of nanoparticles.
Fabrication of Au/SiO2/Au nanoshells: The metal core nanoshells were fabricated by seed
mediated electroless plating of Au onto the silica coated nanoparticles as previously
reported.91 The precursor particles were prepared by decorating the silica coated
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nanoparticles with small gold colloid (2-3 nm) fabricated by the method reported by Duff
et al.92 Briefly, 10 mL of the silane functionalized silica coated nanoparticles were mixed
with 40 mL of Duff gold colloid and 2 mL NaCl (1 M). The precursor particles were left
unperturbed for 24 hours at room temperature, following which they were centrifuged
and redispersed in 5 mL H2O. The 1% HAuCl4- K2CO3 solution previously prepared was
used as the plating solution. A continuous gold shell was grown around the Au/SiO2
nanoparticles by mixing 3 mL of the plating solution with different aliquots of the
precursor particles and bubbling CO(g) for 10 seconds.28 The reaction was scaled up to
obtain appropriate volume, centrifuged and finally redispersed in H2O.
Centrifuge Speeds for Nanoparticles of Different Sizes:
Table 3.1 The following speeds were used:
Diameter

Au NP

Au/SiO2

Au/SiO2/Au

80 nm

1500 rcf

390 rcf

150 rcf

50 nm

1600 rcf

700 rcf

250 rcf

40 nm

1700 rcf

800 rcf

300 rcf

30 nm

1850 rcf

920 rcf

370 rcf

Instrumentation and Modeling: Scanning electron microscope (SEM) images were
obtained using a FEI Quanta 400 environmental SEM at an accelerating voltage of 25
kV. Extinction spectra were obtained using a Cary 5000 UV/Vis/NIR spectrophotometer.
Simulated surface charge plots were performed using the RF module of the commercial
Finite Element Method software (COMSOL Multiphysics 3.5a) using three-dimensional
scattered harmonic propagation.
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3.3 Plasmon Hybridization of Au/SiO2/Au Nanoshells
Plasmon Hybridization is a useful tool for interpreting the plasmon modes of
complex metallic nanostructures.67 This approach has been used to explain the resonant
modes of a nanomatryushka, where the plasmon modes of the inner and outer metallic
shells hybridize, giving rise to symmetric and antisymmetric plasmon modes.74 The
fabricated Au/SiO2/Au nanoshell is a simple example of a nanomatryushka, where the
inner solid gold nanosphere can be viewed as a gold nanoshell of zero aspect ratio. The
response of this system can be interpreted as the interaction between the primitive
plasmon mode of a solid Au sphere and the plasmon modes of the nanoshell.
For a nanomatryushka in the quasistatic regime, [r1, r2, r3] = [5, 7, 9] nm (Figure.
3.1A), where r1 is the radius of the gold core, r2 the radius of the silica-coated core, and r3
the total nanoparticle radius, three dipolar plasmon modes are obtained. Two modes
correspond to the hybridization of the low-energy bonding nanoshell plasmon with the
nanosphere plasmon, giving rise to a low energy antisymmetric bonding mode (

| ω −− > (1) NS− NP ) and a symmetric antibonding mode ( | ω −+ > (1) NS− NP ). Because the interaction
between the higher-energy antibonding nanoshell plasmon mode and the nanosphere
plasmon is extremely weak, we designate this third mode ( | ω −+ > (1) NB ) as a non-bonding
mode. This mode is essentially dark, since it has a very small dipole moment due to its
appreciable antibonding character. To determine the nature of the modes that couple to
the incident plane wave, Finite Element Method based simulations were performed for
this small quasistatic Au/SiO2/Au nanoshell. The induced surface charge distribution
(Figure. 3.1B) was calculated on Au core, inner and outer Au shell interfaces. These
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Figure 3.1. Theoretical analysis of Au/SiO2/Au nanoshells showing (A) an energy level
diagram describing the interaction between the Au nanoparticle and Au nanoshell
plasmon resonances resulting in three hybridized energy levels in the quasistatic regime
[r1, r2, r3] = [5, 7, 9] nm in n =1 media in the dipole limit. (B) Surface charge distributions
on the Au core, inner and outer Au shell interfaces qualitatively corresponding to the
three energy eigen modes. (C) Simulated far field extinction spectrum of the quasistatic
Au/SiO2/Au nanoshell using the Johnson & Christy dielectric function for gold; with
plasmon peaks assigned as (a) hybridized bonding and (b) hybridized antibonding modes.
(D) Energy level diagram describing plasmon modes of Au/SiO2/Au nanoshell having
dimensions [r1, r2, r3] = [40, 55, 65] nm showing the hybridized energy level for l =1
dipole (bottom) and l =2 quadrupole (top). (E) Simulated far field extinction spectrum of
this larger Au/SiO2/Au nanoshell using Johnson & Christy dielectric function for gold
with appropriate peak assignments.
charge plots fully confirm the hybridization picture. The dipolar bonding | ω −− > (1) NS− NP
mode is identified by its distinct regions of positive and negative charge density. The
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higher energy dipolar antibonding | ω −+ > (1) NS− NP mode is recognized by the similar
induced charges residing on each of the interfaces, and the higher energy nonbonding
mode | ω −+ > (1) NB possesses an alternating charge distribution for each successive interface
of the nanoparticle. The calculated far field extinction spectrum (Figure. 3.1C) shows two
distinct plasmon peaks situated at 750 nm and 515 nm (labeled as ‘a’ and ‘b’) which
corresponds to hybridized bonding | ω −− > (1) NS− NP and antibonding | ω −+ > (1) NS− NP modes.
This calculation was performed in vacuum (ε = 1) using the experimentally obtained
Johnson and Christy dielectric function for gold13 and a constant dielectric value (ε =
2.04) for silica. The symmetric antibonding mode has a larger dipole moment relative to
the antisymmetric bonding mode, which results in a strong coupling to the incident light.
However, its overlap with the interband transitions of Au results in significant linewidth
broadening and therefore a decrease in the peak amplitude.
The plasmon modes for a larger size Au/SiO2/Au nanoshell [r1, r2, r3] = [40, 55,
65] nm were calculated in the same manner and the modes are identified using the
plasmon hybridization model. (Fig. 3.1D). As for the small quasistatic shell in Figures.
3.1A-C, the same three dipolar hybridized modes are formed. The simulated far field
extinction spectrum of this larger Au/SiO2/Au nanoshell exhibit three peaks, positioned at
920 nm, 650 nm and 535 nm (labeled as a (l = 1), a (l = 2) and b (l = 1) in Figure. 3.1E).
The peak at 920 nm is the dipolar bonding mode ( | ω −− > (1) NS− NP ) and the peak at 535 nm
is the dipolar antibonding mode ( | ω −+ > (1) NS− NP ). The relative intensity of the antibonding
mode is higher than for the small quasistatic nanoshell because here it is shifted further

47

away from the interband transition threshold. The additional mode that appears as a weak
shoulder at 650 nm is a quadrupolar bonding mode ( | ω −− > ( 2 ) NS− NP ), which can be excited
because of phase retardation.
3.4 Fabrication and Characterization of Au/SiO2/Au Nanoshells
The

Au/SiO2/Au

nanoshells

schematically in Figure 3.2A.

were

experimentally

fabricated

as

shown

The synthesis technique developed here is originally

adapted and modified from one reported previously.93 Au nanoparticles of various sizes
are initially coated with an epilayer of amorphous SiO2 by the condensation of tetraethyl
orthosilicate in an alkaline medium. Typically NH4OH (pH 8-12) is used to initiate this
base-catalyzed reaction. The Au/SiO2 nanoparticles were then functionalized with a
cyclic silane (N-n-butyl-aza-2,2-dimethoxysilacyclopentane).

Figure 3.2. (A) Schematic representation of the fabrication procedure of Au/SiO2/Au
nanoshells. SEM images showing (B) Au nanoparticles of radius, r1 = 40 ± 4 nm, (C) Au
nanoparticles coated with 15 ± 2 nm SiO2 epilayer, (D) Au/SiO2 nanoparticles decorated
with 2 nm Au colloid, (E) Au/SiO2/Au nanoshells with dimensions [r1, r2, r3] = [40, 55,
65] nm. The scale bar is 200 nm
The use of cyclic azasilanes has several advantages compared to the use of alkyl trialkoxy
silane coupling agents such as 3-aminoproplytriethoxysilane (APTES) and 3-
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mercaptoproplytriethoxysilane (MPTES). Alkyl trialkoxy silanes undergo stepwise
hydrolysis in alkaline aqueous media to form the corresponding silanol and subsequent
condensation to siloxanes.94 The hydrolysis is relatively rapid than the condensation
reaction. During the condensation reaction, depending on the amount of H2O present,
polymerization of silanes may occur,94 which often results in nanoparticle agglomeration.
Cyclic azasilanes, alternatively, are particularly useful in surface modification of
hydroxyl-containing nanoparticles, since they cause significantly less nanoparticle
flocculation. Under basic conditions, cyclic azasilanes undergo ring opening by
hydrolytic cleavage of the C-N bond which has a lower bond energy (320 kJmole-1) than
the Si-O bond (450 kJmole-1).95 Due to this ring-opening mechanism, cyclic azasilanes
relieve the ring strain and consequently hydrolyze faster. Therefore, unlike APTES and
MPTES, cyclic azasilanes do not require water as a catalyst for hydrolysis, resulting in no
reaction byproducts. Therefore self-polymerization of the silane is substantially reduced,
resulting in less nanoparticle aggregation.95 Subsequent to silanization, small Au colloids
(2-3 nm diameter) were attached to the silane functionalized Au/SiO2 nanoparticles,
which serve as nucleation sites for the electroless plating of the outer Au shell layer onto
the nanoparticle surface. A complete outer Au layer is formed by reducing Au from a 1%
HAuCl4 aqueous solution in the presence of gaseous CO as the reducing agent.91,96 This
synthesis technique allows the fabrication of relatively monodisperse nanostructures with
a complete and homogeneous outer Au layer. Scanning electron microscope (SEM)
images of the nanostructures at various stages of the fabrication procedure are shown in
Figure 3.2B-E. Au nanoparticles of radius 40 ± 4 nm (Fig. 3.2B) coated with 15 ± 2 nm
layer of silica (Fig. 3.2C) were functionalized with silane and decorated with 2-3 nm
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diameter Au colloid (Fig. 3.2D). Completed Au/SiO2/Au nanoshells with dimensions [r1,
r2, r3] = [40, 55, 65] nm are shown in Figure 3.2E.
3.5 Optical Properties of Au/SiO2/Au Nanoshells
The experimentally observed plasmon resonances of the Au/SiO2/Au nanoshell
solutions of varying dimensions, dispersed in aqueous media, are shown in Figure 3.3A.
The extinction spectra of the core Au nanoparticles of radius ~ 40 nm and the Au/SiO2
nanoparticles of radius ~ 55 nm are shown in Figure 3.3A i-ii. For these nanoparticles,
the plasmon resonance of the core nanosphere redshifts from 550 nm (in aqueous
solution) to 562 nm after coating with SiO2, due to the higher refractive index of SiO2 (n
= 1.46) compared to H2O (n = 1.33). Extinction spectra of Au/SiO2/Au nanoshells with
the same inner nanosphere radius and spacer layer but with increasing thickness of the
outer core are shown in Figure 3.3A iii-vi. The observed optical spectra of these
structures are dramatically different than those of the Au/SiO2 nanoparticles. A new
dipolar bonding resonance is observed in the NIR, which blueshifts across the 1000-800
nm wavelength range with increasing shell thickness. Specifically, as the outer Au shell
thickness increases from 10 nm to 13 nm, 18 nm and 31 nm, the dipolar bonding
resonance blueshifts from 990 nm to 930, 885, and 800 nm, respectively. In addition, a
new broad resonance appears at 620 nm when the metallic shell is present (Figure. 3.3A
iii), also shifting to shorter wavelengths with increasing shell thickness (Figure. 3.3A ivvi).
The theoretical extinction spectra corresponding to the Au/SiO2/Au nanoshells are shown
in Figure 3.3B. The calculated optical spectra were obtained using Mie theory, assuming
a symmetric nanostructure with a spherical Au core, and a spherically symmetric SiO2
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layer and outer Au shell using Johnson and Christy gold permittivity 13 was used in these
calculations. The maxima in each calculated extinction spectrum correspond well to those
observed in the experimental spectra. The blueshifting resonances are the hybridized
dipole bonding, | ω −− > (1) NS− NP , and dipole antibonding, | ω −+ > (1) NS− NP modes of the
Au/SiO2/Au nanoshells, (Figure. 3.1D). For increasing shell thickness, the interaction
between the cavity and sphere plasmons in the nanoshell decreases, resulting in a blue
shift of the bonding nanoshell plasmon resonance (Figure. 3.3B). The smaller narrow
resonant feature observed in the theoretical spectra, which blue shifts from 685 nm to 600
nm as the outer Au shell thickness increases is the quadrupole bonding mode, (

| ω −− > ( 2 ) NS− NP ) indicated in Figure. 3.1E. Experimentally, this spectral feature is observed
as a lineshape modulation, and in fact appears both broader and stronger in the
experimental spectra than in the theoretical calculations. The broad linewidth of this
feature is due to the inhomogeneous broadening characteristic of the optical spectroscopy
of nanoparticle ensembles. The fact that this feature is more clearly observable in the
experimental spectra than in our calculated spectra we attribute to the reduced symmetry
of the nanoparticles themselves, in other words, the irregularities of the synthesized
nanoparticles. For structural defects that break the spherical symmetry of the system,
such as for instance an outer shell of non uniform thickness or a nonconcentric alignment
of the shells, quadrupole modes will hybridize with dipolar modes, thus strongly
enhancing their brightness.97 Scanning electron microscope (SEM) images of the
Au/SiO2/Au nanoshells corresponding to the experimentally observed optical spectra are
shown in Figure 3.3C i-iv, in the order of increasing Au shell thickness. The optical
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extinction spectra of several Au/SiO2/Au nanoshells in the sub-100 nm diameter regime,
and their corresponding SEM images, are shown in Figure 3.4.

Figure 3.3. (A) Experimental extinction spectra of (i) Au nanoparticles of radius r1 = 40
nm, (ii) Au/SiO2 nanoparticles, r2 = 55 nm, and Au/SiO2/Au nanoshells where (iii) r3 = 65
nm, (iv) r3 = 68 nm, (v) r3 = 73 nm, and (vi) r3 = 86 nm. (B) Theoretical spectra
corresponding to the experimental spectra from part A. The spectra are color coordinated
and offset for clarity. (C) SEM images of Au/SiO2/Au nanoshells corresponding to the
spectra from part A. (i) r3 = 65 nm, (ii) r3 = 68 nm, (iii) r3 = 73 nm, and (iv) r3 = 86 nm.
The scale bar is 100 nm.
The optical spectra shown in Figure 3.4Ai-ii represent Au/SiO2/Au nanoshells equivalent
in overall dimensions, but as the size of the Au core increases from r1 = 15 nm to 20 nm,
the intermediate SiO2 layer thickness is decreased. This results in a redshift of the

| ω −− > (1) NS− NP plasmon resonance from 660 nm to 730 nm due to an increase in the
interaction between the plasmons supported by the Au nanosphere core and the Au outer
shell layer. The spectra in Figure. 3.4Aiii-iv shows redshifts of the | ω −− > (1) NS− NP mode
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Figure 3.4. (A) Experimental extinction spectra of sub 100 nm Au/SiO2/Au nanoshells
with different dimensions (i) [r1, r2, r3] = [15, 30, 42] nm (ii) [r1, r2, r3] = [20, 30, 42] nm
(iii) [r1, r2, r3] = [25, 37, 51] nm (iv) [r1, r2, r3] = [25, 37, 47] nm (B) Theoretical spectra
corresponding to the experimental spectra in (A). The spectra are color coordinated and
offset for clarity. SEM images of (C) Au nanoparticles of radius, r1 = 25 ± 3 nm, (D) and
coated with 12 ± 2 nm SiO2 epilayer. Sub 100 nm Au/SiO2/Au nanoshells corresponding
to the spectra from part A. (E) [r1, r2, r3] = [15, 30, 42] nm (F) [r1, r2, r3] = [20, 30, 42] nm
(G) [r1, r2, r3] = [25, 37, 51] nm (H) [r1, r2, r3] = [25, 37, 47] nm. The scale bar is 100 nm.
from 755 nm to 790 nm as the outer Au layer thickness decreases while all other

dimensions remain constant. Theoretical Mie extinction spectra of the sub-100 nm
Au/SiO2/Au nanoshells (Figure. 3.4B) quantitatively reproduce the experimental data
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(Figure. 3.4A). SEM images of Au nanoparticles of radius 25 ± 3 nm, and those coated
with a homogeneous 12 ± 2 nm layer of SiO2 are shown (Figure. 3.4C, D). The SEM
images of the sub-100 nm Au/SiO2/Au nanoshells corresponding to the experimental
extinction spectra are also shown (Figure. 3.4E-H). The inner Au core is clearly visible
when the silica layer thickness and outer Au shell layer are on the order of ~ 10 nm.
3.6 Calculated Far-Field Properties and Tunability of Au/SiO2/Au Nanoshells
Upon illumination with resonant light, metallic nanoparticles will preferentially
scatter or absorb light, or some combination of the two.98 In applications, scattering is
useful for contrast enhancement in bioimaging. Absorption, and its subsequent
photothermal heating, which occurs due to nonradiative plasmon decay, results in the
therapeutic actuation of hyperthermic cell death or oligonucleotide release. For simple
nanoparticles, the absorption and scattering efficiencies are mainly a function of
nanoparticle size: for layered nanoparticles this relationship becomes more complex and
geometry dependent. For multilayered nanomatryushkas, their relative absorption and
scattering efficiencies can be modified, for a fixed nanoparticle size, by varying the
internal geometry. The calculated absorption and scattering profiles of the sub-100 nm
Au/SiO2/Au nanoshells fabricated here are shown in Figure 3.5. For fixed nanoparticle
size, an increase in the radius of the Au core and a decrease in the silica layer increase the
coupling between the core and shell plasmons and results in an increase in absorption
efficiency. As seen here, this dependence can be quite significant: by increasing core
radius and reducing silica spacer layer thickness each by only 5 nm, the relative
absorption efficiency increases from 46% to 63% for the same overall size nanoparticle
(Fig. 3.5A, B). This suggests that for bioimaging applications, where a larger scattering
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Figure 3.5. Calculated absorption (red) and scattering (black) efficiencies of Au/SiO2/Au
nanoshells of different sizes. (A) [r1, r2, r3] = [15, 30, 42] nm (B) [r1, r2, r3] = [20, 30, 42]
nm (C) [r1, r2, r3] = [25, 37, 51] nm (D) [r1, r2, r3] = [25, 37, 47] nm.
cross section is preferable, Au/SiO2/Au nanoshells with a thicker intermediate silica layer
(> 10 nm) would be more efficient, while for therapeutic-actuation applications, where a
larger absorption cross section is desired, a geometry with thinner silica layers (≤ 10 nm)
would be preferred. The relative absorption and scattering efficiencies can also be
modified by altering the outer Au shell thickness. A nanomatrushka with a thicker Au
shell (> 10 nm) has greater scattering efficiency, while the thinner Au shell (≤ 10 nm) has
a greater absorption efficiency (Fig. 3.5C-D). Again, the higher absorption efficiency

55

corresponds to the case where the constituent plasmons of the nanoparticle layers couple
most strongly.

Figure 3.6 Tunability curves of Au/SiO2/Au nanoshells having different dimensions (A)
Au/SiO2/Au with variable core sizes i) [r1,r2,r3] = [25, 55, 65] nm, ii) [r1,r2,r3] = [30, 55,
65] nm, iii) [r1,r2,r3] = [35, 55, 65] nm, iv) [r1,r2,r3] = [40, 55,65] nm, v) [r1,r2,r3] = [45,
55, 65] nm. (B) Au/SiO2/Au with variable outer shell thickness i) [r1,r2,r3] = [40, 55, 60]
nm, ii) [r1,r2,r3] = [40, 55, 65] nm, iii) [r1,r2,r3] = [40, 55,70] nm, iv) [r1,r2,r3] = [40, 55,
75] nm, v) [r1,r2,r3] = [45, 55, 80] nm and (C) Au/SiO2/Au with variable silica spacer
layer thickness i) [r1,r2,r3] = [40, 60, 75] nm, ii) [r1,r2,r3] = [40, 65, 75] nm and iii)
[r1,r2,r3] = [40, 70, 75] nm.
A great deal of control over optical tunability can be achieved in case of
Au/SiO2/Au nanoshell in contrast to simple SiO2/Au nanoshell due the possibility of
varying three geometric parameters instead of two. Plasmonic tunability can be achieved
simply by changing the internal core sizes (Figure 3.6A, redshifting with increasing core
size), shell thickness (Figure 3.6B, blue shifting with increasing shell thickness) and
changing the silica spacer layer thickness (Figure 3.6C, redshifting with decreasing silica
gap). These spectral shits are occur due to the finite interaction between the Au core and
the inner and outer layer of the Au shell.
3.7 Conclusions
The Au/SiO2/Au nanoshells fabricated in this study are simple examples of
nanomatryushkas and provide a high degree of plasmonic tunability. Their small size
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makes them extremely versatile and promising for a wide array of optical and biomedical
applications. The induced charges at the gold-dielectric interfaces govern both the nearfield and far-field properties of the structure. The relative absorption and scattering
efficiencies can be controlled by tuning the internal geometry for a fixed outer
nanoparticle diameter. The plasmon hybridization model reveals that the spectral modes
of this nanoparticle arise due to the coupling between the inner Au core and outer Au
shell plasmon modes.

Understanding precisely the plasmon response of concentric

symmetric nanostructures is fundamentally interesting and may provide routes to a
variety of technological applications, ranging from novel optical devices to biomedical
imaging and the treatment of deadly diseases.
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Chapter 4. Fanoshells: Nanoparticles with Built-in Fano
Resonances
4.1 Introduction
Noble metal nanoparticles possess a range of interesting optical properties due to
localized electromagnetic resonances, known as surface plasmons. The dependence of
nanoparticle plasmon resonances on geometry and local dielectric environment99,100 has
led to a variety of strategies for the systematic design of optical properties into
nanoparticles and nanostructures. Applications of plasmonic nanoparticles and
nanostructures range from therapeutics and biomedical imaging,101-103 surface enhanced
spectroscopies,104-106 and ultrasensitive chemical and biological sensing70,107 to
developing optical frequency metamaterials.108-110 Many of the optical properties of
plasmonic nanoparticles result from the interaction between multiple plasmon modes of
the same nanostructure. In the core-shell geometry of a nanoshell, for example, plasmon
resonance frequencies are determined by the interaction between the two primitive
plasmons supported by the structure, namely, the sphere and cavity plasmon modes.
Symmetry breaking can enhance the interaction between plasmon modes.16,111 In highly
symmetric nanostructures such as nanoshells, offsetting the dielectric core with respect to
the metal shell causes mixing of the bright dipole mode with higher order dark multipolar
modes, so named because they do not couple directly to the far ﬁeld and therefore cannot
be optically excited.16,112 Since localized plasmons behave remarkably like simple
classical damped oscillators, these systems provide a unique opportunity to study, and
ultimately design, coherent, coupled-oscillator phenomena using plasmonic nanoparticles
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and complexes. While coherent effects such as subradiance and superradiance,113 Fano
resonances,17 and electromagnetically induced transparency (EIT)114 have long been of
interest in atomic physics, plasmonic nanoparticles and nanostructures provide a very
practical test bed where coherent effects can be designed, examined, and optimized. The
ability to design nanoscale structures and complexes that support speciﬁc coherent
plasmonic effects has become a topic of intense current interest.
Recently, a variety of reduced-symmetry plasmonic nanostructure complexes
such as nanoparticle heterodimers,115 heptamers,33 and ring/disk nanocavities28,29,116 with
Fano resonances present in their optical response, have been reported. Each of these
systems supports both broad superradiant plasmon modes and substantially narrower
subradiant modes. The coexistence of a broad bright mode and a narrow dark mode
resonant over the same range of energies can result in a coupling between these two
coherent modes, producing a Fano resonance. In strongly coupled systems, the
modulation depth of the asymmetric Fano line shape may give rise to plasmon-induced
transparency.117-120 This particular phenomenon is similar to EIT, observed in atomic
systems.121,122 In plasmonics, plasmon-induced transparency over a short-range of
frequencies has great potential for the design of low-loss metamaterials and
subwavelength waveguides with low radiative losses.109,123
A simple multilayered plasmonic nanoparticle consisting of an Au nanocrystalline
core, a silica spacer layer, and a metallic shell, has recently been fabricated and analyzed
within the plasmon hybridization picture.124 The hybridized plasmonic response of this
nanoparticle, originating from the coupling between the primitive dipolar Au sphere and
shell plasmons, gives rise to three hybridized plasmon modes: in increasing energy, an

59

antisymmetric bonding mode, a symmetric antibonding mode, and a nonbonding mode.
The lowest energy antisymmetric bonding mode is a subradiant, dark mode, where the
individual dipole moments of the Au core and the Au shell are out of phase. The higherenergy symmetric antibonding mode is a superradiant mode, where the dipole modes of
the Au core and the Au shell oscillate in phase. In a recent paper,125 it was shown that for
a nonconcentric alignment of the metallic core relative to the shell, higher multipolar
modes may become visible in the optical spectrum due to additional interactions caused
by symmetry breaking.
Here we report the controlled synthesis and observation of the optical properties
of such nanoparticles at the individual particle level using dark ﬁeld microspectroscopy.
The geometry of the particle is chosen so that the sub- and superradiant modes overlap in
energy. The inherent asymmetry of this nanoparticle enhances the coherent coupling
between the plasmon modes of different multipolar symmetry, resulting in multiple,
tunable, nearly isotropic Fano resonances in the optical response. A Fano resonance
caused by the interaction of the sub- and superradiant modes is present also for the
symmetric (concentric) particle. The higher multipolar Fano resonances are due to
symmetry breaking. We show that optical properties of such a symmetry broken coreshell metallodielectric nanoparticle (Fanoshell) can be qualitatively accounted for using a
classical coupled-oscillator model. Reproduced with permission from S. Mukherjee, H.
Sobhani, J. B. Lassiter, R. Bardhan, P. Nordlander and N. J. Halas. Nano Lett 2010, 10
(7), pp 2694–2701.©American Chemical Society.
4.2 Experimental Methods
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Au/SiO2/Au nanoshells were synthesized as previously described in Chapter
3.124Au/SiO2/Au nanoshells in a dilute solution were immobilized and dispersed on
cleaned glass substrates, which were functionalized with a thin layer of poly(4vinylpyridine).126 In order to identify the exact location of individual nanoparticles, glass
substrates were numerically indexed with Au grids deposited using e-beam evaporation
through TEM grids (Ted Pella). Using environmental scanning electron microscopy (FEI
Quanta 400), the immobilized Au/SiO2/Au nanoshells were characterized and identiﬁed
with respect to the grid indices, to identify their exact position. A dark ﬁeld microscope
was used to obtain single particle scattering spectra from individual nanoparticles.
Brieﬂy, single Au/SiO2/Au nanoparticles were identiﬁed on the gridded substrate in an
inverted optical microscope (Zeiss Axiovert 200 MAT). White light was obliquely
incident on the nanoparticle at an angle of 75° while the backscattered spectra from the
nanoparticles were collected in a cone having a solid angle of 64° as deﬁned by the
numerical aperture of the reﬂection dark ﬁeld objective (Zeiss, 100×, NA 0.9) used.127
The image of a single nanoparticle was focused onto the entrance slit of a spectrograph
(Acton Microspec 2150i) in order to disperse the particle’s light into its scattering
spectrum and then imaged using a CCD (Pixis 400, Princeton Instruments). A
background spectrum taken from a region of the sample containing no nanoparticle was
subtracted from the spectrum, then the resulting data were corrected for the spectral
efﬁciency of the instrument using the spectrum of a white calibration standard (Edmund
Optics). To obtain polarized spectra of individual nanoparticles, a rotating linear polarizer
(LPVIS 100, Thorlabs) was placed in the optical path just after the halogen lamp to
polarize the incident beam. The incident beam was also partially blocked with a wedge-
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shaped cutout of metallic foil between the polarizer and the halogen light source.66 This
eliminated the possibility of polarization mixing at the plane of the substrate. Both spolarized and p-polarized light could be obtained at the sample plane by simply rotating
the polarizer with respect to the wedge cutout. In this geometry, s-polarized light
excitation corresponds to the electric ﬁeld of the incident illumination being parallel to
the substrate, while for p-polarized excitation, the electric ﬁeld vector of the incident light
contains a mixture of parallel and perpendicular components with respect to the substrate.

Figure 4.1 Fanoshells: Au/SiO2/Au nanoparticles. (A) SEM images of three individual
representative Au/SiO2/Au nanoparticles (i-iii) with overall diameters of ~ 150 ± 25 nm
on glass substrate. Scale bar = 100 nm. (B) Schematic of ideal concentric Au/SiO2/Au
nanoparticle geometry, where r1 is the core radius, r2 is the radius of the silica coated core
and r3 is the radius of the nanoparticle. (C) A more realistic nanoparticle schematic
representing the irregular morphologies shown in (A). (D) Theoretical model of
Fanoshell, where a displaced spherical nanoparticle core (by ∆ nm) within a concentric
core-shell nanoparticle represents the nanoparticle irregularities.
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Scanning electron microscopy (SEM) images of three synthesized nanoparticles
studied are shown in Figure 4.1A. It is quite evident that each of these individual
Fanoshells (i-iii) has a distinct, asymmetric morphology obtained by the growth of SiO2
and Au layers on a faceted Au nanoparticle core. Irregularities in SiO2 and Au layer
thicknesses, and an overall nonspherical geometry, are characteristic of this nanoparticle.
These morphologies deviate from the idealized symmetric geometry comprised of
perfectly concentric metal and dielectric layers (Figure 4.1B). In reality, the
experimentally fabricated individual structures closely resemble the more realistic
schematic depicted in Figure 4.1C, where the faceted, nanocrystalline Au core128 affects
the morphology of the subsequent SiO2 and Au layer growth. Furthermore, thin SiO2
layers (≤ 20 nm) on nanoparticle surfaces are typically nonuniform in thickness. The
intermediate SiO2 layer of the Fanoshells is on the order of 15-20 nm and therefore likely
to be somewhat nonuniform, introducing additional asymmetry into the nanoparticle. The
plasmonic properties of this complex can be modeled quite accurately, however, by a
much simpler structure with uniform, symmetric core and shell layers and an offset Au
core (Figure 4.1D).
4.3 Results and Discussion
The dark ﬁeld scattering spectra of the three nanoparticles (i-iii) in Figure 4.1A
were obtained for unpolarized illumination (black), and s (green) and p (red) polarized
illumination (Figure 4.2A-C). A very similar optical response was observed in both the sand p-polarized cases. The optical spectrum is clearly strongly modulated, with two
prominent Fano resonances occurring at nominally 650 and 800 nm, respectively. The
individual nanoparticle-to-nanoparticle variations in the shape and location of these
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Figure 4.2. Experimental and theoretical spectra of Fanoshells. (A-C): dark field
scattering spectra obtained from the nanoparticles shown in Fig. 4.1A (i-iii), respectively.
(D-F) theoretical simulations of the Fanoshell spectra shown in (A-C), respectively,
obtained using the finite difference.
features are pronounced and clearly evident in these spectra. This sensitivity appears to
be related to the size and shape inhomogeneities characteristic of this nanostructure. The
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Fano resonances clearly observed in the spectra of individual nanoparticles cannot be
observed in the ensemble nanoparticle spectrum124 due to the inherent averaging of the
spectra from many slightly different nanoparticles. Because these irregularities arise
mostly from the faceted shape of the inner Au core, it is unlikely that there is a suitable
size regime for the present Au/SiO2/Au Fanoshells where this inhomogeneous broadening
could be sufﬁciently suppressed. Single crystalline Au nanoparticles are faceted for all
sizes and tend to become less spherical for larger diameters. However, the related
geometry of SiO2/Au/SiO2/Au nanomatryushkas14,129 is typically more homogeneous and
symmetric because the nanoparticles are fabricated around a spherical SiO2 nanoparticle
core, and the intermediate SiO2 layer is typically thicker and therefore more uniform. It is
likely that such structures also support Fano resonances, which may be observable in
ensemble, solution-based measurements.
Scattering spectra of individual Fanoshells were modeled using the ﬁnitedifference time-domain (FDTD) method. An empirical dielectric function (JC) for was
used for Au.13 An inﬁnite dielectric substrate (ε = 2.25) was incorporated to simulate the
experimental conditions as accurately as possible. 130 To obtain good agreement with the
experimental geometry, the Fanoshells were modeled as slightly oblate spheroids with a
major axis of 150 nm and a minor axis of 130 nm. A shell thickness of 25 nm and a core
radius of 35 nm with different offsets (∆) were used. The SiO2 dielectric spacer layer was
calculated using a dielectric of ε = 2.25.
The two Fano resonances can be understood as interactions between the
subradiant and superradiant plasmon modes of the nanoparticle. The dipolar plasmon
modes of the inner Au core and the outer Au shell hybridize, forming a lower energy
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narrow subradiant bonding and a higher energy broad superradiant antibonding plasmon
mode that spectrally overlaps the subradiant mode. The superradiant and the subradiant
mode interfere and induce a Fano resonance, which we denote as the dipole-dipole Fano
resonance (900 nm) due to the dipolar nature of the two interfering modes. The dipoledipole Fano resonance can exist in a perfectly symmetric Fanoshell because of the near
ﬁeld coupling between the two modes.16,131,132 Under reduced symmetry, the system can
also support a second dipole-quadrupole Fano resonance (650 nm) because coupling
between the dipolar superradiant mode and the quadrupole mode becomes allowed. We
note that the Fano resonances in Figure 4.2 are almost isotropic and that the optical
response for s and p polarization is very similar even though deposited on a dielectric
substrate.
4.4 Plasmon Hybridization of Fanoshells
To examine the origin of the two types of Fano resonances observed, a more
detailed theoretical analysis was performed by analyzing this structure in the plasmon
hybridization picture (Figure 4.3).125,133 Theoretical simulations for the simpliﬁed
geometry depicted in Figure 4.1D were performed using the ﬁnite element method
(COMSOL Multiphysics 3.5a) for a Fanoshell of dimensions [r1, r2, r3] = [35, 50, 75] nm
with the Au core having an offset of ∆ = 10 nm. In these calculations, in order to better
resolve the higher energy modes, we use a Drude model permittivity (DM) for Au which
neglects the damping caused by interband transitions. The plasmonic response can be
understood as an interaction between primitive sphere plasmon and nanoshell plasmon
modes. For a nonconcentric alignment, primitive core and shell modes of different
multipolar symmetries can interact. The dipole bonding mode ω−

(1)

of the shell and the
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Figure 4.3 Energy level diagram of plasmon hybridization of Fanoshells. (A) Extinction
spectrum of Au nanoshell [r1, r2] = [50, 75] nm in vacuum with SiO2 as dielectric core.
(B) Fanoshell in vacuum with dimensions [r1, r2, r3] = (35, 50, 75) nm with a ∆ = 10 nm
offset. (C) Au nanosphere of radius 35 nm embedded in dielectric medium (ε = 2.25). All
calculations were performed using the Finite Element Method with S-polarized light
excitation, the Drude dielectric function for Au and a constant permittivity of ε = 2.25 for
SiO2. (D) The surface charge distribution of the Fanoshell, corresponding to the (i)
subradiant mode, (ii) superradiant mode, and (iii) quadrupole Fano resonances at the
indicated energies.
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primitive dipole plasmon mode (l = 1) of the spherical core hybridize, giving rise to a
subradiant dipole bonding mode ω−−
mode ω−+

(1)

(1)

at 1.53 eV and a superradiant dipole antibonding

at 2.39 eV. This superradiant mode is signiﬁcantly broader than the much

narrower subradiant mode. The near ﬁeld coupling between the two modes gives rise to
the dipole-dipole Fano resonance observed at ∼1.6 eV. The interaction between the
primitive quadrupolar (l = 2) bonding modes of the nanoshell ω−
gives rise to a hybridized quadrupole bonding mode ω−−
reduced symmetry, this narrow quadrupolar dark mode ω−−
superradiant bright mode ω−+

(1)

( 2)

( 2)

( 2)

and the Au core

in the Fanoshell. Under
interacts with the broad

and induces the dipole-quadrupole Fano resonance at

nominally 2 eV. The excitation of the quadrupole is due to its coupling to the dipolar
mode and not because of phase retardation. A very weak octupole Fano resonance
appears for the same reason around 2.25 eV. Surface charge distributions for the
Fanoshell at speciﬁc frequencies characteristic of the coupled modes of the nanoparticle
are shown in Figure 4.3D. The charge proﬁles for (i) the subradiant mode at 1.53 eV, (ii)
1.79 eV, sufficiently detuned from both the Fano resonances to clearly show the
superradiant mode, and (iii) the dipole-quadrupole Fano minimum at 2.0 eV are shown.
At 2.0 eV, corresponding to the minimum in the spectrum associated with the dipolequadrupole Fano resonance ω−−

( 2)

, the surface charge on the shell exhibits a dipolar

pattern with a distinct separation of positive (red) and negative (blue) charge, while the
core exhibits a quadrupolar pattern. This charge distribution clearly shows the mixed
dipolar-quadrupolar character of the dipole-quadrupole Fano resonance. A related planar
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structure consisting of a disk inside a ring has been investigated in recent
publications.117,118 The hybridization diagram for these structures is similar to Figure 4.3
with a bonding subradiant and an antibonding superradiant hybridized mode. However,
for these planar systems, the interactions are stronger and the subradiant mode is shifted
sufficiently well below the superradiant continuum that the mode appears as a peak rather
than as a Fano resonance. For a nonconcentric alignment of the disk and ring, a
quadrupolar Fano resonance can appear for parallel polarization of incident light. In
contrast, the Fanoshell exhibits an almost isotropic response with a Fano resonance which
is observable for all incident polarizations.
4.5 Effect of Symmetry Breaking
To investigate the effect of symmetry breaking on the Fano resonances, FDTD
simulations were performed using a DM dielectric function initially starting with a
concentric Fanoshell geometry of [r1,r2,r3] = [35, 50, 75] nm. Asymmetry was introduced
by progressively offsetting the core dielectric function initially starting with a concentric
Fanoshell geometry of [r1,r2,r3] = [35, 50, 75] nm. Asymmetry was introduced by
progressively offsetting the core with respect to the shell. The variation in the strength of
the Fano resonances as a function of core offset (∆) is shown in Figure 4.4A. The
scattering spectrum of the concentric Fanoshell (∆ = 0) exhibits a single strong Fano
resonance with a minimum around 750 nm. This is the dipole-dipole Fano resonance, due
to the coupling between the subradiant mode ω−−
mode ω−+

(1)

(1)

at 750 nm and the superradiant

near 580 nm. With increasing core offset, the quadrupolar mode starts to
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Figure 4.4 Dependence of Fano resonances on core offset. (A) Theoretical scattering
spectra calculated by FDTD as a function of offset parameter Δ. The bottom spectrum
(black) corresponds to the concentric nanoparticle geometry [r1, r2, r3] = [35, 50, 75] nm.
Solid curves are for polarization parallel to the symmetry axis. The blue dashed spectrum
for Δ = 10 nm is for perpendicular polarization. (B) Near field distributions at the
dipole−dipole and dipole−quadrupole Fano resonance wavelengths. The numbers in
white indicate the maximum electromagnetic near field enhancements. (C) Scattering
spectra of concentric Fanoshells (Δ = 0) scaled to different sizes (Mie theory). The
bottom spectrum corresponds to a concentric Fanoshell in the quasi-static limit, of
dimensions 20% of the concentric experimental nanoparticle, i.e., [r1, r2, r3] = [7, 10, 15]
nm. The Au metal was modeled using the DM.
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appear in the spectrum (∆ = 6). This dark quadrupolar resonance couples to the
superradiant dipolar mode and induces the Fano resonance at ∼650 nm. The coupling
between the quadrupolar mode and higher order modes (e.g., octupole at 640 nm, in the ∆

= 12 nm spectrum), red shifts the quadrupolar Fano resonance with increasing offset. The
lower energy Fano resonance also red shifts and decreases in intensity with increasing
core offset. In Figure 4.4A for ∆ = 10 nm, we compare the scattering spectra for two
different polarizations. The curves are very similar showing the near isotropic response of
individual Fanoshells. The electromagnetic hotspots for the subradiant mode become
more localized and intense with increasing offset ∆ (Figure 4.4B). This is consistent with
an increasing coupling between the subradiant mode and the higher order modes. The
nonradiative nature of the subradiant mode, along with a highly conﬁned electromagnetic
near ﬁeld inside the dielectric, may be important in spaser or nanolaser applications.134,135
To investigate retardation effects and the inﬂuence of particle size on the dipoledipole Fano resonance, Mie theory calculations were performed starting with a
quasistatic-sized concentric Fanoshell and then rescaling it to the experimental geometry
of [r1, r2, r3] = [35, 50, 75] nm (Figure 4.4C). In the quasi-static limit, the superradiant
peak is narrow. In this size regime it couples only very weakly with the subradiant mode,
and the subradiant mode appears as a minor but distinct peak. With increasing
nanoparticle size, the superradiant mode broadens due to the increased radiative damping
and eventually provides a sufficient spectral overlap with the subradiant mode that a
characteristic asymmetric Fano resonance is induced.
4.6 Classical Oscillator Fano Resonance Analog
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Figure 4.5. The coupled harmonic oscillator description of the Fanoshell optical
response. (A) Three-body classical oscillator model with masses m1, m2, and m3 coupled
with springs. Oscillator |1> is driven by the periodic harmonic force F(t). (B) The
absorbed power for various interparticle coupling constants yields the spectra of
symmetric (i) and asymmetric Fanoshells (ii, iii). (C) Comparison between the FDTD
simulation of a Fanoshell [r1, r2, r3] = [35, 55, 75] nm, with an offset parameter Δ = 10
nm (red) and the four-body oscillator model (black curve and inset).

72

The optical response of a Fanoshell can be reproduced quite accurately with a mechanical
model consisting of three coupled oscillators. This model is an extension of the twooscillator system shown to model electromagnetic induced transparency.38 The
hybridized plasmon modes of the Fanoshells are modeled as three interacting oscillators
of frequencies ω1, ω2, ω3 where ω2j =

kj

mj

(Figure 4.5A). For simplicity we consider the

case m1 = m2 = m3 = 1. The three oscillators interact with three springs k12, k23 and k13.
The physical analogy between our model and a Fanoshell is as follows. The Fanoshell
bright dipole plasmon mode is modeled as oscillator 1 with resonance frequency

ω1 = 2.2eV , the dark subradiant mode as oscillator 2 with resonance frequency
ω 2 = 1.64eV and the quadrupolar mode as oscillator 3 with resonance energy
ω 3 = 1.98eV . Oscillator |1> is driven by a periodic harmonic force F(t) = Fe − i(ω(+ξ) .This is
analogous to optical excitation of the bright, superradiant mode. The subradiant mode
represented by oscillator 2, which is connected with oscillator |1> via k12, is only excited
due to its coupling with oscillator |1>. This coupling is due to the near field interaction
between the two modes. The quadrupole mode, represented by oscillator |3>, is
connected with both oscillators |1> and |2> via k13 and k23. These couplings are due to
symmetry breaking and responsible for the red shifting of the subradiant mode with
increasing core offset observed in (Figure 4.5A).
The equations of motion of oscillators |1>, |2> and |3> are solved in terms of the
displacements x1, x2 and x3 from their respective equilibrium position in a one
dimensional system.
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••

•

2
2
x1 (t ) + γ 1 x1 (t ) +ω 12x1 (t ) − Ω12
x2 (t ) − Ω13
x3 (t ) =

••

•

••

•

F −i ω t
e
m

2
x2 (t ) + γ 2 x 2 (t ) +ω 22x2 (t ) − Ω12
x1 (t ) − Ω 223 x3 (t ) = 0
2
x3 (t ) + γ 3 x 3 (t ) +ω 32x3 (t ) − Ω13
x1 (t ) − Ω 223 x2 (t ) = 0

(1)
(2)
(3)

Where Ωij is the frequency associated with the coherent coupling between the
2
interconnected oscillators represented as Ω ij = kij/m. The friction coefficient used to

account for energy dissipation of the broad superradiant mode is given by γ1 = 0.65.
Much lower frictional constants were used for the narrower dark modes; γ 2 = 0.08 and γ 3
= 0.12 for the subradiant and the quadrupole modes, respectively. To calculate absorption
we compute the mechanical power P(t) absorbed by particle 1 from the external force,
•

P(t ) = Fe −iωt x1 (t ) .
2
By turning off the coupling between the quadrupole mode and the other modes, ( Ω13
=

Ω 223 = 0) and by assigning a reasonable coupling between the superradiant mode and the
2
subradiant mode ( Ω12
= 0.5), the absorbed power of the oscillator system reproduces the

same plasmonic response as the Fanoshell (Figure 4.5B, black curve). By eliminating
these two interaction terms, the three-oscillator model is reduced to a two-oscillator
model38 and, as such, yields a single Fano resonance in its spectrum. To simulate the
2
effect of asymmetry, a degree of coupling ( Ω13
= 0.6) is introduced between the

quadrupole and the superradiant oscillators. This results in the immediate appearance of a
higher energy dipole-quadrupole Fano resonance, which increases in strength with an
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2
increase in the coupling constant ( Ω13
= 0.9) (Figure 5B). By turning on the interaction

between the subradiant and quadrupolar oscillators ( Ω 223 = 0.4) a redshifting of the
subradiant mode is observed with a simultaneous reduction in the strength of the dipoledipole Fano resonance, in excellent agreement with our FDTD simulation results (Fig.
4.4A). This interaction blueshifts the dipole-quadrupole Fano resonance in the threeharmonic oscillator model, however, which is not consistent with our FDTD simulation.
The redshifting of the dipole-quadrupole Fano resonance observed in our FDTD
simulations is due to a strong coupling with higher order modes, which is not represented
in the three-oscillator model. Further modifications of this model could be introduced,
such as additional masses and springs, to account for the coupling between the
quadrupole and the higher order modes. By including a fourth oscillator coupled to the
existing three oscillator model (Figure 4.5C, inset) an excellent agreement was achieved
between the spectrum of the four oscillator model (Fig. 4.5C, black) and the FDTD
simulated spectrum of Fanoshell (Fig. 4.5C, red).
Table 4.1. Parameters used for simulation of four-body oscillator model.
i

ii

iii

iv

ω1, γ1

2.2, 0.65

2.2, 0.65

2.2, 0.65

2.2, 0.65

ω2, γ2

1.64, 0.08

1.64, 0.08

1.64, 0.08

1.64, 0.08

ω3, γ3

1.98, 0.12

1.98, 0.12

1.98, 0.12

1.98, 0.12

ω4, γ4

_

_

_

2.60, 0.6

2
Ω12

0.5

0.4

0.2

0.1

2
Ω13

0.0

0.6

0.9

0.3

75

2
Ω14

_

_

_

1.2

Ω 223

0.0

0.4

0.5

0.5

Ω 224

_

_

_

0.9

2
Ω34

_

_

_

0.8

4.7 Conclusion
In conclusion, we have shown that plasmonic nanoparticles can be designed and
synthesized with built-in Fano resonances. Using single nanoparticle dark field
microspectroscopy, we observed that Fano resonances were a prominent characteristic of
the optical response of these nanoparticles. The observed Fano resonances arise from
two distinct origins: (1) the coupling of a subradiant and superradiant dipolar plasmon,
which excites a Fano resonance even in a symmetric nanoparticle, and (2) the coupling
between the superradiant dipolar and subradiant quadrupolar plasmons, allowed by
symmetry-breaking. A three-oscillator model provides a direct mechanical analogy to the
coupling observed in the plasmonic nanoparticle. This analogy may provide additional
opportunities to design plasmonic effects and to realize them in nanoscale particles,
complexes, and more complex systems.
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Chapter 5. Plasmon Hybridization Theory for "Nanospherein-a-nanocup" within Dipole Limit.
5.1 Introduction
In Chapter 2 of this thesis, the basic concept of plasmon hybridization was
described for a nanoshell and nanoegg which are perfect examples of simple symmetric
and asymmetric metallodielectric core shell nanoparticles. The hybridized plasmonic
interaction in a nanoshell was interpreted as finite interaction between their primitive
sphere and cavity plasmon modes having same angular momentum (l). It has been shown
that symmetric breaking in nanoshells by simply offsetting the core from the center can
give rise to additional optical modes due to relaxation of the selection rule allowing
admixture of primitive sphere and cavity plasmon modes of all mutipolar indices.16,136
This enables exciting possibility for achieving higher order modes within the dipole limit
due to symmetry breaking. There are several example of symmetry broken nanostructure
where such mutipolar plasmon modes have been found and used for

different

applications. For example in Fanoshells,26 Nanoeggs,16 Non concentric ring-disc
nanocavities,137 metamaterials,138 Heterodimers,30 and asymmetric heptamers.139
In the Chapter 3 and 4, plasmon hybridization of a symmetric Au/SiO2/Au and
Asymmetric Au/SiO2/Au -Fanoshell was described. In this chapter, plasmon
hybridization model of a coupled system, consisting of a symmetrical nanosphere half
embedded in an asymmetric nanocup will be established in the dipole limit. The goal of
this chapter is to present an alternative non analytical method for establishing plasmon
hybridization theory for coupled nanostructures. A quasistatic dimension of nanosphere-
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in-a-nanocup system was used in this calculation so the electromagnetic E field remained
essentially constant over the entire nanoparticle geometry. This ensured excitation of only
the inherent resonance modes. The higher order modes excited due to phase retardation
can thus be neglected. The surface charge plots on the metal nanoparticle at the plasmon
resonance frequencies were performed using finite element method.
One of the most prominent symmetry broken single nanoparticle is a metallic
nanocup which is a half nanoshell. In nanosphere-in-a-nanocup geometry the metallic
nanosphere is half embedded inside the cavity of the nanocup. A dielectric spacer layer is
introduced between the inner nanoparticle and its outer cup layer to ensure consistent
hybridization between the inner and outer nanostructures. Nanocups have polarization
dependent magnetic and electric plasmon modes which can couple to the primitive
plasmon modes of the nanosphere, resulting in hybridized plasmons modes. The
Nanoparticle-in-a-Cup spectra was interpreted using the plasmon hybridization theory
and verified by modeling using Finite Element Method based software COMSOL
Multiphysics 3.5a. This non analytical approach to understanding the hybridized plasmon
modes of this nanostructure is based on the coherent interaction between the plasmon
modes of the isolated nanocup and nanoparticle.
5.2 Nanocup
A nanocup is cup shaped metallic semi-shell with a dielectric core. Due to the
reduced symmetry, these nanocups have two distinctive polarization dependent dipolar
plasmon resonances. One axial dipole resonance which is excited by light polarized
parallel to the axis of symmetry of the nanocup and one transverse dipole resonance
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Figure 5.1 Schematic diagram of metallic nanocup and E field orientation for generation
of transverse and axial plasmon modes.

excited by light polarized perpendicular to the axis of symmetry. The fundamental
dipolar nanocup modes are shown in Figure 5.1.
The transverse resonance mode is called the magnetic plasmon mode due resonant
current flow initiated by the dipole generated at the opposite ends of the nanocup shown
Figure 5.1. This initiates magnetic field inside the nanocup which oscillates in resonance
giving rise to magnetic response at optical frequencies similar to split ring resonator
structure.59,62
On the other hand the axial resonance mode is called an electric plasmon mode as the
opposite charges accumulate at the rim and at the bottom of the nanocup.
Plasmonic nanocups have found applications in redirecting scattered light along
the cup opening which can be useful for directional non linear response140 to directional
coupling of light onto a waveguide or photovoltaic thin films.141
5.3 Theoretical Analysis of Nanocup
Analysis of Optical crosssections of nanocup were performed using the RF
module of the COMSOL Multiphysics 3.5a using three dimensional scattered harmonic
propagation mode.142
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An ideal quasistatic nanocup geometry was modeled as concentric half-shells cavities
where the inner and outer shell radii are 8.5 and 10 nm respectively with smooth circular
rims. Empirically determined bulk dielectric constant by Johnson and Christy was used
for Au and a constant dielectric of ε = 1 was used for vacuum embedding medium. A
polarized plane wave excitation was used to simulate different nanocup modes.

Figure 5.2 Schematic of the nanocup model simulated using COMSOL where the
nanocup dimensions are being [r2,r3] = [8.5,10] nm.

The simulated extinction spectra of the nanocup with two different light polarization were
shown in Figure 5.3. When the E field was parallel to the nanocup rotational axis (axial,
Figure 5.3A), the extinction spectra of the nanocup showed a plasmon resonance at 560
nm whereas in the case when E field was perpendicular to the cup axis (transverse, Figure
5.3B), two resonance modes were located at 690 and 485 nm respectively. Surface charge
analysis were performed for identification of these modes at specific wavelengths by
applying Gauss Law to the E field at the inner and outer surface of the nancoup.53,143 In
case of axial resonance mode (Figure 5.3C), the positive (red) and negative (blue)
charges are found to be located at the edge of the rim and the bottom of the cup making a
dipole bonding mode (l = 1).
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Figure 5.3 Theoretical analysis of nanocup at two different polarizations showing (A)
simulated farfield absorption (red), scattering (green) and extinction (black) crosssectios
in case of (A) axial and (B) transverse polarizations. Surface charge plots at the specific
wavelengths of the (C) axial and (D) transverse mode spectrum. E, H, and k vectors
shows the orientation of the optical polarization with respect to the nanocup.
In case of transverse resonance (Figure 5.3D) the opposite surface charges are
located at the opposite ends of the nanocup edges making a dipole bonding mode at 690
nm. It is noted this is the magnetic plasmon mode as discussed above where due to a
dipole at opposing ends of the cup setting up a current loop and producing a magnetic
response at optical frequencies. Surface charges at 485 nm constitute an dipolar
antibonding orientation of charges represented by anti orientation of positive and
negative orientation of charges on the inner and outer surface of the nanocup.
The relative position of the dipole resonance modes in the extinction spectra can
also be explain on the basis of the location and orientation of surface charges on nanocup.
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For example in axial orientation, due to similar repelling charges on the rim of the cup
(viz. positive charges), the dipole plasmon resonance is shifted to shorter wavelengths
whereas in transverse orientation the opposite charges attract each other shifting dipole
plasmon resonance to longer wavelengths.143 In addition, in the axial mode the dipole
moment is much shorter (separation between the opposite charges is half the diameter of
the cup) compared to transverse mode (separation between opposite charges is almost
equal to the diameter of the cup) which makes transverse mode easily polarizable.
5.4 Au Nanosphere-in-a-nanocup
In this geometry a spherically symmetrical Au nanoparticle is half embedded
inside a Au nanocup separated by a dielectric gap. Realistically, the metal nanoparticle
may be coated with SiO2 dielectric and embedded into the nanocup halfway along the
axis of the nanocup. A schematic of such structure is shown in Figure 5.4. For calculation
simplicity however, we have assumed the dielectric coating to be vacuum (ε = 1).

Figure 5.4 Schematic cartoons of AuNP, silica coated AuNP, Realistic and modelled NP
in nanocup geometry
5.5 Theoretical Analysis of Nanosphere-in-a-Nanocup
In this case a Au nanosphere of radius r1 = 5 nm was embedded halfway inside
the nanocup having same dimension as before i.e. [r2,r3] = [8.5,10] nm with smooth rims.
Empirically determined bulk dielectric constant by Johnson and Christy was used for Au
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and a constant dielectric of ε = 1 was used for the vacuum embedding medium as well as
the gap between nanosphere and nanocup . Below is the schematic of the model used to
simulate the nanosphere-in-a-nanocup using COMSOL.

Figure 5.5 Schematic of the model of nanosphere-in-a-nanocup simulated using
COMSOL where r1 = 5 nm of Au nanosphere was embedded halfway into the nanocup
cavity. The nanocup dimensions being [r2,r3] = [8.5,10] nm.

Due to the asymmetric nature of nanocup, the plasmon response of this coupled
structure was also found to have two distinct plasmon modes at two different
polarizations with respect to the rotational axis of nanocup. The simulated extinction
spectra of nanosphere-in-a-nanocup shows two different optical response at two distinct
polarization as shown in Figure 5.6 A-B. In axial polarization, only one plasmon mode
was located at 565 nm and in transverse mode two plasmon modes were located at 727
and 505 nm. As usual surface charge plots were performed on this nanoparticle structure
to identify the modes. For axial polarization (Figure 5.6C) the mode at 565 nm was found
to be a hybrid mode consisting of a charge distribution which is dipolar on the nanocup
and distorted quadrupolar on the sphere (linear combination of dz and dz2 spherical
harmonic phase distribution of charge density). This hybrid dipolar bonding mode occurs
due to symmetry breaking and mixing of higher order nanosphere modes with the dipolar
cup mode.
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Figure 5.6 Theoretical analysis of Nanospehere in a nanocup mode showing (A)
simulated farfield absorption (red), scattering (green) and extinction (black) crosssectios
in case of (A) axial and (B) transverse polarizations. Surface charge plots at the specific
wavelengths of the axial (C) and transverse (D) mode spectrum are shown in . E, H, and k
vectors shows the orientation of the optical polarization with respect to the nanoparticle.

The surface charge distribution at transverse polarization displays two hybrid modes. The
mode at 727 nm is a dipolar bonding mode where on the nanocup the dipole is formed
due to accumulation of opposite charges at the opposing ends whereas on the
nanoparticle the charges are also distorted quadrupole (linear combination of dx and dxz
spherical harmonic phase distribution of charge density) in nature. Clearly the charges are
in favorable orientation in this mode as there can be attractive interaction between the
opposite charges on the nanosphere core and cup which shifts the plasmon at longer
wavelength. The mode at 505 nm is a dipole antibonding mode where the charge

84

distribution on the cup is antibonding in nature and that on the nanosphere is dipolar in
nature.
5.6 Plasmon Hybridization Energy Diagram
A more in intuitive picture of the nature of the hybrid modes can be constructed
using the Plasmon Hybridization energy level diagram shown in Figure 5.7. The dipole
and quadrupolar sphere mode was found to be at 2.4 eV and 2.67 eV respectively
(calculated from its extinction spectra using J & C dielectric function and from the
equation of the primitive plasmon of a sphere 𝜔𝑠,𝑙 = 𝜔𝐵 �

𝑙

2𝑙+1

).144

Figure 5.7 Energy level diagram of plasmon hybridization of nanosphere-in-a-nanocup.
Extinction spectrum of (A) Au nanocup [r2, r3] = [8.5, 10] nm in vacuum in transverse
polarization, (B) Nanosphere- in-a-nanocup with dimensions [r1, r2, r3] = [5, 8.5, 10] nm
in vacuum in transverse polarization and (C) Au nanosphere of radius 5 nm in vacuum.
Extinction spectrum of (D) Nanosphere- in-a-nanocup with dimensions [r1, r2, r3] = [5,
8.5, 10] nm in vacuum in axial polarization and (E) Au nanocup [r1, r2] = [8.5, 10] nm in
vacuum in axial polarization.
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Figure 5.8 shows the plasmon hybridization model correlated with the surface charge
plots where the origin of distorted quadrupole nature of the sphere mode can be
interpreted by a linear combination of dipole and quadrupolar spherical harmonic phase
distribution of charges generated on the sphere. This multimodal plasmon hybridization
diagram is extremely useful and straight forward way to interpret hybrid modes of
coupled system.

Figure 5.8 Surface charge correlated plasmon hybridization of nanosphere-in-a-nanocup
in dipole limit. Energy level diagram showing interaction between nanosphere and
nanocup modes generating hybridized bonding (1.7 eV) and antibonding (2.45 eV) in
transverse and one hybridized bonding mode (2.19 eV) in axial polarization.
5.7 Theoretical Simulation using Drude Dielectric Function of Au
To get a more complete information about the higher order modes same
simulations can be performed with Drude dielectric function for Au instead of J & C.
Thus same simulations were performed using the following Drude equation and
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parameters, εdrude(ω) =ε∞ -

2
𝜔𝑝

𝜔2

+ 𝑖 𝜔𝑝3 Γ ; where background dielectric ε∞ is 10.95, bulk
𝜔2

plasma frequency, ωp is 1.36x1016 rad/s and bulk electron collision frequency Γ is
3.33x1013 s-1.

Figure 5.9 Theoretical analysis of nanocup at two different polarizations using Drude
dielectric function for Au, showing (A) simulated farfield extinction crosssectios in case
of (A) transverse and (B) axial polarizations. Surface charge plots at the specific
wavelengths of the (C) axial and (D) transverse mode spectrum. E, H, and k vectors
shows the orientation of the optical polarization with respect to the nanocup.
The simulated extinction spectra of the nanocups have distinct optical response at
two different polarizations as usual shown in Figure 5.9(A-B). The surface charge plots
performed at those extinction peak positions revealed the nature of the modes. In
transverse polarization three distinct plasmon modes were located at 705 nm, 536 nm and
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456 nm was found to be a dipole bonding (l=1), quadrupole bonding (l=2) and dipole
antibonding mode (l=1) respectively. In case of the axial polarization, three peaks were
positioned at 570 nm, 516 nm and 454 nm corresponding to dipolar bonding (l=1),
quadrupole bonding (l=2) and dipole antibonding mode (l=1). It is important to note that
the quadrupole mode observed in the spectrum in both polarization occurs solely due to
symmetry breaking and they are intrinsic cup modes.

Figure 5.10 Theoretical analysis of Nanospehere in a nanocup mode using Drude
dielectric function for Au showing (A) simulated farfield extinction crosssections in case
of (A) transverse polarizations and (B) axial. Surface charge plots at the specific
wavelengths of the (C) axial and (D) transverse mode spectrum are shown in . E, H,
and k vectors shows the orientation of the optical polarization with respect to the
nanoparticle.
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Figure 5.11 (A) Energy level diagram of plasmon hybridization of nanosphere-in-ananocup and (B) surface charge correlated plasmon Hybridization of nanosphere-in-ananocup in dipole limit performed using Drude dielectric function for Au for transverse
and axial polarizations.
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In case of simulated extinction spectra nanosphere-in-a-nanocups, hybridized plasmon
modes were located at both axial and transverse polarizations as shown in Figure 5.10
(A-B). In case of the transverse polarization, four distinct hybridized modes were located
at 739 nm, 537 nm, 492 nm and 457 nm where as in axial polarization it was found to
contain three hybrid modes at 577 nm, 492 nm and 457 nm. These are clearly hybrid
modes containing admixture of higher order modes on nanosphere core and cup modes
for which plasmon hybridization diagram can be constructed following the previous
method by correlating the surface charges as shown in Figure 5.11 A and B.
5.8 Conclusions
It is an extremely useful and powerful non analytical technique to construct
plasmon hybridization energy diagram in coupled plasmonic systems with hybrid
plasmon modes within the dipole limit. The strength of the process lies in the fact that
simply correlating the surface charge plots of the hybrid modes with the surface charges
of the primitive modes one can ascertain the nature and origin of the inherent hybrid
mode within the dipole limit. This method can also be extended for non quasistatic
structures where higher order modes can occur not only due to near field coupling or
symmetry breaking but due to phase retardation of the plane wave excitation due to large
sizes of the nanoparticles.
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Chapter 6. Magnetic Plasmon Formation and Propagation
in Artificial Aromatic Molecules
6.1 Introduction
The plasmonic properties of coupled metallic nanostructures are understood
through the analogy between their collective plasmon modes and the electronic orbitals of
corresponding molecules.145 In this chapter this analogy is expanded to planar
arrangements of plasmonic nanostructures whose magnetic plasmons directly resemble
the delocalized orbitals of aromatic hydrocarbon molecules. The heptamer structure
serves as a benzene-like building block for a family of plasmonic artificial aromatic
analogs with fused ring structures. Antiphase magnetic plasmons are excited in adjacent
fused heptamer units, which for a linear multiheptamer structure is a behavior controlled
by the number of units in the structure. This antiphase coupling gives rise to plasmonic
“antiferromagnetic” behavior in multiple repeated heptamer structures, supporting the
propagation of low-loss magnetic plasmons in this new waveguide geometry.
Reproduced with permission from Na Liu*, S. Mukherjee*, K. Bao*, L Brown, J.
Dorfmueller, P. Nordlander and N J. Halas Nano Lett 2012, 12 (1), pp 364–369. (* equal
contributing first authors). © American Chemical Society.
Metallic oligomers of various symmetries are of intense current interest, as
systems of fundamental importance to our understanding of plasmon coupling as well as
for their potential as artificial molecules with novel electromagnetic properties. For
example, collections of gold nanoparticles assembled in tetrahedral symmetry using DNA
scaffolds can lead to the plasmonic analog of chiral molecules.146 Circular loops of gold
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nanoparticles with increasing rotational symmetry exhibit enhanced performance in
plasmon-enhanced spectroscopy and Raman sensing.147 Heptamers, seven-membered
planar clusters with the D6h spatial symmetry of a benzene molecule, give rise to
plasmonic Fano resonances resulting from the interference between their broad
continuum-like and narrow localized modes.32,148 These specially designed nanoparticle
assemblies are the nanophotonic embodiments of a variety of concepts that originate in
biology and chemistry, opening up an exciting multidisciplinary area of research. In
organic chemistry, carbon-based aromatic molecules form six-membered rings, which
can be “fused” into more complex structures by the sharing of two or more atoms on
adjacent rings. For example, benzene is a monocyclic ring of six carbon atoms,
naphthalene is a bicyclic ring with two shared atoms, and anthracene consists of three
rings in a linear arrangement with two shared atoms between each pair of adjacent
hexagonal rings. This ring-joining motif gives rise to a large family of molecules of
various symmetries. A defining characteristic of aromatic molecules is their delocalized
π-electron cloud, which originates from the hybridization of the p orbitals of the
constituent carbon atoms. When an aromatic molecule interacts with a magnetic field, the
delocalized π-electrons can circulate around the aromatic ring, forming a current loop that
gives rise to an induced local magnetic response. An important emergent property of
plasmonic systems is their optical frequency magnetic response,62,149 also known as
“artificial magnetism”, a unique characteristic not found in naturally occurring materials.
A strong magnetic response can be achieved in artificial plasmonic molecules in
the optical range, where naturally occurring molecules exhibit a permeability of unity.
While initial interest in this property stemmed from the goal of creating metamaterials
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with negative permeabilities and negative refractive indices,150 recent interest has begun
to focus specifically on magnetic plasmon modes and their unique characteristics.151,152
Plasmonic structures such as split-ring resonator chains have been theoretically proposed
to support propagation of long-range magnetic plasmons in the mid-infrared.63 In contrast
to electric plasmon propagation that suffers from significant dissipation, the radiation loss
of magnetic plasmons can be substantially lower. As a result, magnetic plasmons are a
highly promising candidate for the propagation of electromagnetic energy over greater
distances than first-generation electric plasmon waveguides9,153,154 and may provide a
practical alternative strategy for subwavelength optical frequency transmission lines in
on-chip applications.155,156
In this chapter, optical frequency magnetic plasmons in a family of plasmonic
analogs of aromatic molecules is demonstrated. The plasmonic heptamer serves as a
benzene-analog building block for the construction of cyclic aromatic structures of
increasing complexity. First magnetic plasmon formation is shown in a plasmonic
naphthalene analog, which can be viewed as the fusion of a pair of benzene-analog rings.
In each heptamer, ring currents are excited circulating around the six nanoparticles (A2g
symmetry). The ring currents flow through the shared junction of the plasmonic
naphthalene analog, leading to the excitation of two antiparallel magnetic dipole
moments. For optical excitation at normal incidence, such magnetic ring modes only
occur for even numbers of fused benzene-analog heptamer units. Further efficient
magnetic plasmon propagation along a chain of twelve heptamer units using a dipole
excitation source was demonstrated. Magnetic plasmons propagate along the chain via
excitation of alternating ring currents in adjacent heptamers due to strong near-field
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coupling. This constitutes “antiferromagnetic” magnetic plasmon behavior, in which the
induced magnetic moments are aligned in a fully antiparallel manner with respect to each
other along the entire multiple heptamer chain. This “antiferromagnetic” plasmon mode
composed of alternating ring currents is subradiant in nature and radiates very weakly.

Figure 6.1 Upper row: illustrations of the molecular geometries of a benzene molecule
and a naphthalene molecule in organic chemistry. Bottom row: artificial molecules of the
same symmetries, a gold heptamer and a gold heptamer pair in plasmonics. The
formation of plasmonic molecules draws on the compelling analogy to the formation of
molecules in organic chemistry.

Our magnetic plasmon waveguide exhibits a field decay length of 2.65 μm, seven times
larger than that of an electric plasmon waveguide composed of nanoparticles in a linear
chain. These results provide significant new insight into the types of plasmon modes that
can be excited and propagate along plasmonic structures, and may provide new
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opportunities for nanoscale integrated optical devices or waveguides.157 In Figure 6.1, the
molecular structures of benzene and naphthalene and their corresponding plasmonic
analogs are shown. In the plasmonic naphthalene molecule, the two heptamers are
bonded by two shared gold nanoparticles, just as the two fused rings of a naphthalene
molecule share two carbon atoms. It is well-known that a plasmonic heptamer can
support a Fano resonance due to the interference of hybridized subradiant and
superradiant modes.32
6.2 Experimental Methods
To investigate the optical properties of the plasmonic naphthalene structure,
samples were fabricated using electron-beam lithography in a positive resist (PMMA) on
a glass substrate. The structures were deposited by electron-beam evaporation of a 2 nm
chromium adhesion layer followed by 80 nm of gold. The PMMA was then removed by
lift-off in N-methyl-2- pyrrolidone. Each sample has a footprint of 100 μm × 100 μm.
The method of writing large area e beam lithographic arrays is discussed in the appendix
A. Electron micrographs of the fabricated samples were obtained by environmental
scanning electron microscopy (ESEM, FEI Quanta 400). Figure 6.2a shows an overview
SEM image of a plasmonic naphthalene structure. The periodicities in both directions are
2200 nm. The diameter and thickness of the gold particles are 260 and 80 nm,
respectively. The interparticle gap distance is 30 nm. The inset of Figure 6.2a displays a
higher resolution view of the plasmonic naphthalene structure, clearly showing the
homogeneity of the interparticle gaps. For excitation of the structure, normal incidence
was used with linearly polarized light parallel to the direction of the two shared gold
nanoparticles (see Figure 6.2a inset). Figure 6.2b shows the extinction (1-transmittance)
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spectrum of the sample, which was measured using a Fourier-transform infrared
spectrometer (Bruker Vertex 80v) equipped with a microscope (Hyperion 3000).
6.3 Results and Discussions
The overall shape of the extinction spectrum is determined by a broad
superradiant mode in which the charges in all of the nanoparticles oscillate in phase. Two

a
a

b
b

Figure 6.2 (a) Left: SEM image of a plasmonic naphthalene sample fabricated by
electron-beam lithography. The periodicities in both directions are 2200 nm. The
interparticle gap distance is 30 nm and the thickness of the gold particles is 80 nm. The
diameter of the gold particles is 260 nm. Inset: enlarged view of the sample. (b) Right:
experimental and simulated extinction spectra of the plasmonic naphthalene sample. The
light polarization is along the direction of the two shared gold particles. Bottom: charge
density and magnetic field plots at resonances I and II. Resonance I corresponds to a
double Fano resonance mode. Resonance II corresponds to a magnetic ring mode, in
which antiphase magnetic plasmons are excited.
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subradiant resonances are observable within the broad superradiant resonance profile:
Resonance I, a weaker resonance at 1100 nm; and Resonance II, a more pronounced
resonance at 1550 nm. To identify the origin of these observed resonances, simulations
were performed using a commercial implementation of the Finite Element Method
(COMSOL Multiphysics). In these simulations, the permittivity of the glass substrate is
a

a

b

b

Figure 6.3 (a) Left: SEM image of a plasmonic naphthalene sample with the removal of
one center gold particle. (b) Right: experimental and simulated extinction spectra of the
sample. Bottom: charge density and magnetic field plots at resonances I and II.
Resonance I is mostly associated with the Fano resonance in the right heptamer. The
magnetic ring mode at resonance II is still clearly visible, demonstrating the robustness of
this resonance.
taken as 2.1, and the permittivity of gold is taken from the empirical dielectric function of
bulk gold (Johnson and Christy).13 The simulated spectrum agrees well with the
experimental result (Figure 6.2). Charge density calculations for both resonances clearly
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show the difference between the two plasmonic modes of the structure. Resonance I is
essentially a double Fano resonance mode, where the charges in the two center particles
oscillate antiphase relative to those in the surrounding particles.35,158 Resonance II is
characterized by ring currents circulating in opposite directions around the two fused
rings with the two shared gold nanoparticles functioning as a mutual current link. The
magnetic field plot at Resonance II in Figure 6.2a explicitly shows the excitation of two
antiparallel magnetic dipole moments in the plasmonic naphthalene structure.
Interestingly, even if one center gold particle is removed from the plasmonic naphthalene
structure (see Figure 6.3a-b), forming a mixed, hexamer−heptamer heterostructure, The
magnetic ring mode at Resonance II is still well preserved, demonstrating the robustness
of this resonance. For this structure, Resonance I is primarily associated with the
excitation of the Fano resonance in the heptamer side of the structure. The amplitude of
resonance II is slightly smaller than that of the heptamer−heptamer structure shown in
Figure 6.2a. However, the antiphase magnetic plasmons are still clearly observed, as
shown in the charge density and magnetic field plots of Figure 6.3.
6.4 Magnetic Waveguiding
To investigate the dependence of the resonant modes on the number of heptamer
units n, optical spectra of a series of linearly fused heptamer structures of increasing n,
with optical excitation at normal incidence were simulated. The light polarization is
perpendicular to the long axis of each structure. For simplicity, the simulations were
performed in a vacuum environment, resulting in plasmonic modes that are slightly blueshifted compared to those on a glass substrate. To more clearly elucidate the evolution of
the resonant behavior, optical absorption spectra was calculated instead of the extinction
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spectra. Therefore, all of the subradiant modes appear as absorption peaks as shown in
Figure 6.4. For the n = 1 case, the optical spectrum of the heptamer exhibits a single
absorption peak, corresponding to a Fano resonance.32 For the n = 2 case, when a second
heptamer is attached to the first, the Fano resonance shifts to a shorter wavelength. This
blue shift is similar to that observed for a coupled plasmonic nanoparticle pair, or dimer,
under similar transversely polarized optical excitation, whose collective plasmon

Figure 6.4: Simulated absorption spectra of the cyclic aromatic structures in dependence
on heptamer unit number n. Spectra are shifted upwards for clarity. The red-dashed line
highlights the multi-fold Fano resonances from different structures. A clear resonance
blue-shift is visible with increasing n. The charge density plot of the sextuple Fano
resonance is presented. The magnetic ring modes (highlighted using the blue bars) only
occur when n is even. The charge density plots of the magnetic ring modes are displayed
for n = 2, 4, and 6. The charge density plot of the complex Fano resonance mode at 1200
nm for n = 3 is also presented.

99

resonance shifts to a shorter wavelength relative to the plasmon resonance of the
individual nanoparticles. The longer wavelength resonance at 1370 nm corresponds to the
magnetic ring mode discussed earlier in Figure 6.2a. As highlighted by the red-dashed
line in Figure 6.4, when additional heptamer units are added to the structure, the Fano
resonance successively shifts to the blue with increasing n. For brevity, only the charge
density plot of the Fano resonance mode for the case of n = 6 is displayed in Figure 6.4.
When n is increased to 3, a new plasmonic resonance appears at around 1200 nm. As
evident from the charge density plot, this new resonance is correlated with a complex
admixture of the Fano resonance mode and nanoparticle quadrupoles. Importantly, it was
seen that for the n = 3 structure, the magnetic ring mode cannot be excited. The reason is
that for the n = 3 structure, or more generally, for odd numbered chains, there are even
numbers of shared junctions with opposite electric dipole moments in the magnetic ring
modes. The net electric dipole moment therefore is zero along the incident electric field.
For the n = 4 structure, the magnetic ring mode reappears at 1370 nm. The charge density
plot for this resonance clearly shows that antiphase ring currents are excited in the
conjugated heptamer rings. The magnetic ring mode disappears again when n = 5 and
reappears at 1370 nm when n = 6. The charge density plot of the magnetic ring mode for
the n = 6 structure is shown in Figure 6.4. In essence, the magnetic ring mode can only be
excited in the cyclic aromatic structures with even numbers of heptamer units for normal
incidence excitation. The rest of the plasmonic modes in the spectra in Figure 6.4 are
correlated with complicated admixtures of Fano resonance field distributions and
nanoparticle quadrupoles and will not be analyzed here in detail. Because of their
subradiant nature, the magnetic ring modes of the heptamer chains may be of interest in
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plasmonic waveguiding applications. Because the physical size of surface plasmon-based
devices is not restricted by the diffraction limit,159 this has offered a promising scalable
path for subwavelength light-focusing and light-guiding elements in integrated optics.
For propagation of electric plasmons, however, strong damping has been one of the major
obstacles for development of nanoparticle chains as plasmonic waveguides.9 Here
magnetic plasmon propagation is

Figure 6.5 (a) Charge density plot of a plasmonic aromatic chain with twelve heptamer
units excited using a dipole excitation source. The dipole source with amplitude of 1 ×
10–9 mA is placed 150 nm in front of the first heptamer. Ring currents are excited
successively in all heptamers, giving rise to the propagation of magnetic plasmons along
the entire chain. The induced magnetic moments are aligned fully antiparallel and this is
analogous to the configuration of “antiferromagnetism”. (b) Positions of the heptamers
along the chain axis versus energy flow values at the centers of these heptamers. The
fourth to the tenth heptamers were included in the fitting in order to avoid the influence
from the light scattering at the two ends of the chain. The fitted energy flow equation is P
= 3.608 × 108 exp(−x/2.65). It corresponds to a field decay length of 2.65 μm.
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proposed for propagation along plasmonic multi-heptamer chains. To investigate the
feasibility of this idea, in Figure 6.5 the propagation of magnetic plasmons along a chain
of twelve heptamers using a dipole source excitation at the left end of the chain was
shown. Only the first heptamer is externally excited, while the subsequent heptamers in
the chain are excited due to strong near-field coupling. In particular, the ring currents
excited in one heptamer can couple efficiently to the adjoining heptamer via their mutual
current link, that is, the two shared gold nanoparticles that bond the adjacent heptamers
together. Consequently, ring currents are excited successively in all heptamers, giving
rise to the propagation of magnetic plasmons along the entire chain. The charge density
and magnetic field plots of the plasmonic aromatic chain at the resonance wavelength
(1370 nm) are displayed in Figure 6.5a. The induced magnetic moments are aligned in a
fully antiparallel fashion, directly analogous to the configuration of spins in a one
dimensional antiferromagnetic chain. To quantify the field decay length in this structure,
The time-averaged energy flow P along the structure was calculated (Figure 6.5b). The
energy flow values were obtained at the centers of the individual heptamer units. To
minimize the interference effects due to light scattering from the ends of the structure,160
only the fourth through the tenth heptamer units were included in our exponential fit.
This analysis yields a decay length of 2.65 μm, which corresponds to 5.2 unit cells or 2
free space wavelengths. For comparison, electric plasmon propagation in a linear chain of
closely spaced metallic nanoparticles at 520 nm manifests a field decay length of 410 nm,
corresponding to 5.4 unit cells or 0.8 free space wavelengths. In addition, due to its
subradiant nature, the magnetic ring mode is only weakly coupled to light, giving rise to
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much stronger field confinement in the direction perpendicular to the chain relative to the
dominant electric mode.161

Figure 6.6 Simulated electric field plots at the crosssection of the fourth unit of the
heptamer chain for the magnetic ring mode (a) and the superradiant mode (b)
Figure 6.6 shows the simulated electric field plots at the cross-section of the fourth unit of
the heptamer chain for the magnetic ring mode (a) and the superradiant mode (b),
respectively. The superradiant mode is correlated with the excitation of electric plasmons
along the chain. The fourth unit was chosen to avoid the signal scattered from the chain’s
end so that the field characteristics of each mode can be clearly illustrated. When
comparing the two field distributions in Figure 6.6, it is evident that the fields are much
better confined to the nanoparticles in the direction perpendicular to the chain in the
magnetic ring mode (a). Specifically, the fields extend into free space nearly twice as far
for the superradiant mode (b) as for the magnetic ring mode (a). Therefore, for plasmon
propagation, the magnetic mode is superior in both propagation length and transverse
field confinement.
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6.5 Conclusions
The results from this initial study clearly show that magnetic plasmon
waveguiding could provide an efficient alternative to electric plasmon waveguiding in
nanoparticle chains. This finding may be of relevance for the future development of
plasmonic waveguiding devices in on-chip applications, such as image or information
processing.162,163 In summary, it was shown that plasmonic artificial aromatic molecules
support magnetic plasmon resonances. With a heptamer structure as a benzene-like
building block, the magnetic plasmons of fused ring structures consisting of multiple
connected heptamer units was examined. In a two-unit heptamer structure, the plasmonic
analog of a naphthalene molecule, it was found that the magnetic mode consists of two
opposite current loops, resulting in an antiphase behavior of the magnetic plasmons
supported by this structure. The magnetic modes of multiple heptamer structures in a
linear configuration depend on this antiphase behavior and are observed only in extended
structures with an even number of heptamer units. For extended multiunit heptamer linear
structures, the propagation of electromagnetic energy via magnetic plasmons was
examined and found to be capable of supporting low-loss propagation of plasmon modes.
The long field decay length as well as the significant subdiffraction character may enable
magnetic plasmon waveguides to be developed as primary components of nanoscale
photonic devices with potential applications in energy transport,156 data storage, nearfield microscopy, and so forth.9This study also shows that intuition drawn from molecular
orbital theory may allow us to create new plasmonic structures based on their chemical
analogs. As a further extension of the current study, interesting resonant behavior can be
envisioned for even more complex plasmonic aromatic molecules derived from organic
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molecules such as coronene, pyrene, phenanthrene, triphenylene, ovalene, etc. This opens
up an interesting area of research in which new effects based on the plasmonic properties
of the analogs of complex molecules may be discovered.

105

Chapter 7. Manipulating Magnetic Plasmon Propagation in
Metallic Nanocluster Networks
7.1 Introduction
Plasmons of metallic nanostructures, despite being described by classical
electromagnetic theory, exhibit characteristics analogous to the wave functions of atoms
and molecules.14 One of the simplest examples of this analogy is a dimer composed of
two gold nanoparticles where two particles when brought in close proximity, their
plasmons mix and hybridize, giving rise to the formation of bonding and antibonding
plasmonic modes.66 This interaction closely resembles the formation of molecular
orbitals in a homonuclear diatomic molecule. Plasmon hybridization theory can also be
used to analyze the modes of multicomponent plasmonic nanoclusters with more
complex geometries.151,164 For instance, a plasmonic heptamer, with the D6h symmetry of
a benzene molecule, has been shown to possess an intriguing Fano resonance due to the
interference of its hybridized subradiant and super-radiant modes.25,32,148,165,166 Plasmonic
circuitry based on metallic nanostructures is a promising potential component of
semiconductor-based large-scale integrated circuits.167-169 Optical frequency signals can
be coupled to and propagated along plasmonic structures, which are not subject to the
free-space diﬀraction limit of light.168 Maier et al. demonstrated that an electric plasmon
waveguide composed of gold nanoparticles in a linear chain can support subwavelength
electric plasmon propagation restricted to a few hundred nanometers.9,64,153 In previous
chapter it was shown that magnetic plasmons can eﬃciently propagate along a
conjugated heptamer chain with a much larger ﬁeld decay length of several
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micrometers.64 In this chapter the optical properties of two complex nanoparticle
nanoclusters resembling spatial geometries analogues to organic molecules chrysene and
triphenylene were investigated. Reproduced with permission from Na Liu*, S.
Mukherjee*, K. Bao*, Y. Li, L. V. Brown, P. Nordlander and N. J. Halas. ACS Nano
2012, 6 (6), pp 5482-5488. (*equal contribution). © American Chemical Society.
These artiﬁcial plasmonic molecules can serve as building blocks for magnetic
waveguiding networks with a variety of functionalities. A plasmon steerer based on an
artiﬁcial chrysene molecule was presented (Figure 7.1a), which can direct magnetic
plasmons around large-angle bends. Then a plasmon Y-splitter based on an artiﬁcial
triphenylene molecule was introduced (Figure 7.1b), which can transport magnetic
plasmons along two separate optical paths. Both of these magnetic plasmon waveguides
exhibit propagation lengths of more than two micrometers, showing superior
performance compared to their electric plasmon counterparts. We further show that a
plasmon Y-splitter can also serve as an interferometric device to switch magnetic
plasmon propagation on and oﬀ. Depending on the number of heptamer units on each
branch of the splitter, constructive or destructive interference of the magnetic plasmons
can take place between the two optical paths. Finally, Mach Zehnder interferometer
composed of two consecutive Y-splitters was presented, which can eﬃciently split and
combine propagating magnetic plasmons. This magnetic plasmon-based subwavelength
waveguides will provide an important blueprint for designing a new generation of
nanoscale photonic devices with potential applications in energy transport, data storage,
near-ﬁeld microscopy, and other nanometer-scale technologies.63,149,155,156,170
7.2 Experimental Method
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Figure 7.1 a and b present scanning electron microscopy images (ESEM, FEI
Quanta 400) of the plasmonic chrysene and triphenylene structures, respectively. The
structures were fabricated by electron-beam lithography on a quartz substrate using a
positive resist (polymethyl methacrylate, PMMA). After development, a 2 nm chromium
adhesion layer followed by an 80 nm layer of gold was evaporated onto the structures by
electron-beam evaporation. Subsequently, the PMMA was removed by lift-oﬀ in Nmethyl-2-pyrrolidone. Each sample consists of an array of structures covering an area of
80 μm x 80 μm. The periodicities in both directions for each structure are 2600 nm. The
diameter and thickness of the gold particles are 260 and 80 nm, respectively, and the
interparticle gap distance is 30 nm (Figure 7.1). The spacing between the unit cells does
not lead to diﬀractive coupling in our spectral region of interest.

Figure 7.1 ESEM images of an array of plasmonic chrysene structures (a) and plasmonic
triphenylene structures (b) fabricated by electron-beam lithography. Insets: Enlarged
views of individual structures with scale bars of 500 nm. The incident light polarization
for spectral measurements is indicated in the insets.
The optical properties of the samples were characterized using a Fourier-transform
infrared spectrometer (FTIR, Bruker Vertex 80v) equipped with a microscope (Hyperion
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3000). For excitation of the structures, we utilized linearly polarized light at normal
incidence. The direction of polarization is indicated by the yellow arrows in the insets of
Figure 7.1.
7.3 Results and Discussion
The measured extinction (1-transmittance) spectrum of the plasmonic chrysene
structure is shown in Figure 7.2a. There are two subradiant resonances that appear as
minima at 1100 and 1500 nm within the broad spectral proﬁle of the structure. In order to
identify the spectral characteristics, simulations were performed using a commercial
implementation of the ﬁnite element method (COMSOL Multiphysics3.5a). In the
simulations, a single nanostructure was deﬁned in the simulation window, and the
extinction and absorption were solved. Perfectly matched layer and scattering boundary
conditions were used to eliminate numerical artifacts at the simulation window boundary.
The permittivity of the glass substrate was taken as 2.1, and the empirical dielectric
function of bulk gold (Johnson and Christy) was used.13 The chromium layer was not
included in the simulations because it only slightly weakens the spectral response and
does not change the underlying physics. The experimental spectrum shows good
qualitative

agreement with the simulated spectrum. Diﬀerences are likely due to

inhomogeneous broadening in the ensemble measurement caused by fabrication
tolerances. Nevertheless, all of the main spectral features including the two distinct
resonance dips are clearly observed in the experiment. To further investigate the
underlying physics, electromagnetic ﬁeld plots were generated at 1100 and 1500 nm. The
shorter wavelength at 1100 nm is associated with a multiple Fano resonance mode, in
which each heptamer exhibits a Fano resonance ﬁeld distribution (not shown). Here the
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Figure 7.2 (a) Experimental and simulated extinction spectra of the plasmonic chrysene
structure. The magnetic resonance is highlighted by the shaded region around 1500 nm.
(b) Simulated charge density and magnetic field plots at 1500 nm. (c) Charge density
simulation of a magnetic plasmon steerer with 14 heptamer units along a zigzag chain.
An electric dipole source with an amplitude of 1 × 10–9 mA is placed 150 nm in front of
the leftmost heptamer. (d) Energy flow as a function of distance from the location of
excitation. The energy flow values were taken at the heptamer junctions marked with
yellow diamonds in (c). The junctions at the two ends of the chain were excluded in the
fitting in order to avoid influence from light scattering. The half-length of each error bar
was defined as the difference between a full and a half-mesh calculation. Some error bars
are too small to visualize clearly. The fitted energy flow equation is P = 3.1 × 109
exp(−x/2.2), which corresponds to a field decay length of 2.2 μm.
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longer wavelength feature at 1500 nm is our primary interest (shaded region in Figure
7.2a). The simulated charge density plot at this resonance is presented in Figure 7.2b,
which shows ring currents circulating in opposite directions around the four heptamers.
Despite the fact that there is an oﬀset in the structure, i.e., two heptamers are twisted
with respect to the other two, the gold nanoparticles shared between each neighboring
heptamer pair work as a mutual link that couples the ring currents of the individual
heptamers. The magnetic nature of this resonance can be identiﬁed more explicitly in the
magnetic ﬁeld plot, which shows the excited magnetic dipoles oscillating in antiparallel
directions from one heptamer to the next (Figure 7.2b). Using this plasmonic analogue of
chrysene as a building block, we can construct a plasmon waveguide by extending more
heptamer units along the twist direction. As shown in Figure 7.2c, this leads to a chain
with zigzag features, and here, we have included a total of 14 heptamers along the entire
chain. In our simulations, we excited the waveguide with an electric dipole source at the
left end of the chain. Only the ﬁrst heptamer is excited by the external source; all other
heptamers in the chain become resonant due to the aforementioned coupling between
neighboring heptamers. In the charge density plot of the heptamer chain at this resonance,
it is apparent that the ring currents ﬂow successively via individual heptamers (Figure
7.2c). This excitation of antiphase ring currents is facilitated by the mutual links between
neighboring heptamers. The resulting magnetic dipoles form an “antiferromagnetic”
conﬁguration, in which they are aligned alternatively antiparallel, enabling the
propagation of magnetic plasmons along the entire chain. As a result, the energy from the
dipole source can be transferred and steered via magnetic plasmon propagation along the
zigzag chain, with bending features much smaller than the wavelength of light. Such a
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plasmon steerer could be very useful in applications where the transportation of plasmons
requires a subwavelength proﬁle as well as directional guidance. Due to energy
dissipation and light scattering, the electromagnetic ﬁeld intensity decays continuously
with increasing propagation distance, as evident in both the charge density and magnetic
ﬁeld plots. In order to characterize the eﬃciency of our magnetic plasmon waveguide, the
time-averaged energy ﬂow P was calculated along the chain. The energy ﬂow values
were obtained at the individual junctions where the neighboring heptamers are joined. To
minimize interference eﬀects due to light scattering, the heptamer units near the two ends
of the chain were excluded from the calculation.160 The recorded junction positions are
indicated by yellow diamonds in Figure 7.2c. The exponential ﬁt yields a decay length of
2.2 μm (Figure 7.2d), which corresponds to 4.4 unit cells. This decay length is slightly
smaller than that of a linear heptamer chain (2.65 μm),64 and the diﬀerence can be
attributed to the additional losses introduced by the zigzag corners. Nevertheless, this
magnetic plasmon steerer shows a much better performance compared to electric
plasmon propagation along the zigzag chain (0.86 µm, see appendix B) or along a linear
chain of closely spaced gold nanorods, which has a decay length of only 410 nm.9 Their
operating wavelength was 570 nm with a gold rod length of 90 nm, giving rise to a ratio
of 6.3. In our case, the operating wavelength is 1500 nm and the particle size is 260 nm,
corresponding approximately to a ratio of 6. Therefore, our magnetic plasmon waveguide
and their electric plasmon waveguide are very similar regarding their subwavelength
nature. In contrast to the electric plasmon waveguide based on a super-radiant electric
mode, which suﬀers from signiﬁcant dissipation, the radiation loss of our magnetic
plasmon waveguide can be substantially suppressed. This low-loss characteristic results
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from the subradiant nature of the magnetic ring mode, which is only weakly coupled to
light and therefore gives rise to much stronger ﬁeld conﬁnement for eﬃcient plasmon
propagation. Indeed, intrinsic losses in plasmonic nanostructures and inevitable
imperfections in experiments can lead to weaker coupling between neighboring heptamer
units and therefore shorter propagation distances. To compensate for this, one can
incorporate a gain medium such as quantum dots or use chemically prepared metallic
nanoparticles, which have much higher quality factors and lower losses than evaporated
gold nanostructures. Next, we investigate the optical properties of the plasmonic
triphenylene structure. The experimental and simulated extinction spectra for this
structure are shown in Figure 7.3a. The experimental result is in good agreement with the
simulation, but with a weaker response of the subradiant modes. When compared to the
plasmonic chrysene structure, the simulated spectrum of the plasmonic triphenylene
structure exhibits more complexity, speciﬁcally, multiple resonance dips. The resonance
dips are approximately at 1100, 1300, 1500, and 1900 nm. In the following, we will again
investigate the “antiferromagnetically” coupled resonance, which lies at approximately
1500 nm. Previously, we demonstrated that the magnetic resonance for a conjugated
heptamer maintains approximately the same wavelength for similar structures with
diﬀerent heptamer units.64 Indeed, for the plasmonic triphenylene structure there is a
small resonance dip at 1500 nm, which is highlighted by the shaded region in the
simulated spectrum (Figure 7.3a). This resonance, however, is not clearly observable in
the experiment. To provide further insight, the simulated absorption spectrum is also
presented in Figure 7.3a. In this case, the structure is excited using an electric dipole
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Figure 7.3 (a) Experimental and simulated extinction spectra of the plasmonic
triphenylene structure. The magnetic resonance is highlighted by the shaded region
around 1500 nm. (b) Simulated charge density and magnetic field plots at the magnetic
resonance. (c) Charge density simulation of a Y-shaped magnetic plasmon splitter with
30 heptamer units. A magnetic dipole source (represented by a concentric circle) with an
amplitude of 1 × 10–9 m2A is placed in the center of the leftmost heptamer by removing
its center nanoparticle. (d) Energy flow as a function of distance from the location of
excitation. The energy flow values were taken at the heptamer junctions marked with
yellow diamonds in (c). The junctions at the two ends of the chain were excluded in order
to avoid influence from light scattering. The half-length of each error bar was defined as
the difference between a full and a half-mesh calculation. Some error bars are too small
to visualize clearly. The fitted energy flow equation is P = 1.8 × 1024 exp(−x/3.7),
corresponding to a field decay length of 3.7 μm.
source at the end of the leftmost heptamer. The resonances manifest themselves as
absorption peaks in the spectrum. Speciﬁcally, the resonance at 1500 nm is more
pronounced in the absorption spectrum than in the extinction spectrum. The charge
density plot simulated at this resonance (Figure 7.3b) clearly demonstrates the excitation
of alternating antiphase ring currents in the four fused heptamers. In particular, the
central heptamer acts as a port, directing the current from the leftmost heptamer to the
upper and lower heptamers. The corresponding magnetic ﬁeld plot in Figure 7.3b shows
that the magnetic dipole moment excited in the central heptamer oscillates in an
antiparallel manner relative to the three outer heptamers. Owing to the high structural
symmetry, the net electric dipole moment of this magnetic resonance is nearly zero,
resulting in a dark mode. Such a dark mode is barely visible in the measurement under
plane wave excitation at normal incidence, especially when considering the
inhomogeneous broadening due to the variations of particle sizes and shapes over
diﬀerent unit cells in the sample. However, it is straightforward to identify this mode in
the simulation when using an electric dipole as excitation source, due to its localized
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ﬁelds. The FTIR analysis was performed to provide more insight into understanding the
physics of the magnetic modes. For practical applications of these plasmonic waveguides,
a local excitation would be needed so that plasmons can propagate from the input end to
the output end, performing the role of waveguiding. We now extend the plasmonic
triphenylene structure further by adding hepatamer units along the upper and lower
branches. The resulting Y-shaped structure consists of 30 heptamers (Figure 7.3c). This
allows us to examine another interesting excitation scheme, which is unique to magnetic
plasmon waveguides. We remove the center particle of the leftmost heptamer in the Ysplitter and place a magnetic dipole source in its center as the exciation source (see
Figure 7.3c). The simulated charge density plot is presented in Figure 7.3c. The charge
density plot clearly demonstrates the formation and propagation of antiferromagnetic-like
magnetic plasmons in the waveguide. Ring currents generated from the ﬁrst heptamer are
split at the second heptamer and subsequently ﬂow along the two separate linear
heptamer branches. The fully antiparallel arrangement of the excited magnetic dipole
moments can be seen clearly in the magnetic ﬁeld plot in Figure 7.3c. To quantify the
ﬁeld decay length, we calculated the time-averaged energy ﬂow P at individual junctions
along one of the heptamer branches. Due to the intense light scattering and interference
eﬀects, the junctions at the two ends of the chain were excluded from this calculation.160
The recorded junction positions are indicated by the yellow diamonds in the charge
density plot in Figure 7.3c. The analysis reveals a ﬁeld decay length of 3.7 μm (Figure
7.3d), corresponding to 7.4 unit cells, which elucidates excellent subwavelength
waveguiding performance. A plasmon Y-splitter can also be used to converge
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Figure 7. 4 Simulated magnetic field plots of plasmonic Y-splitters for constructive (a)
and destructive (b) interference of magnetic plasmons, respectively. In (a), the two
branches have an identical number of heptamers. In (b), the upper branch has one more
heptamer than the lower branch. (c) Plasmonic Mach–Zehnder interferometer constructed
by using two consecutive Y-spliters for splitting and converging magnetic plasmons. The
magnetic dipole sources are driven in phase and represented by concentric circles in all
cases.
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propagating magnetic plasmons from two independent optical paths.
In particular, the plasmon propagation can be switched on and oﬀ by changing the
relative number of the heptamers in the two paths. In Figure 7.4a, the upper and lower
branches contain the same number of heptamers (six in each). In Figure 7.4b, the upper
and lower branches have seven and six heptamers, respectively. In both cases, two inphase magnetic dipole sources are placed in the centers of the heptamers at the left ends
by removing their center nanoparticles. As shown by the simulated magnetic ﬁeld plot in
Figure 7.4a, when each branch has the same number of heptamers, the magnetic
plasmons propagate with the same phase and converge with constructive interference at
the center heptamer of the plasmonic triphenylene vertex structure at the right end. The
magnetic plasmons then continue to propagate forward, corresponding to an “ON” state.
In contrast, when the upper branch has one more heptamer than the lower branch
(Figure7.4b), the structure yields antiphase magnetic plasmons, which result in
destructive interference at the triphenylene structure at the right and no propagation
beyond this structure. This situation thus corresponds to an “OFF” state. The “ON” and
“OFF” states of the magnetic plasmon propagation strongly depend on the parity of the
heptamer number diﬀerence between the two paths. More generally, when the diﬀerence
between the number of heptamers in each branch is even or odd, the structure is in the
“ON” or “OFF” state, respectively. The logic functions of the device can also be altered
by changing the relative polarization of the excitation sources.167 For out-of-phase
magnetic dipole excitations, the situation is reversed: for chain lengths diﬀering by an
even number of heptamer units, destructive interference at the vertex results in plasmon
annihilation and an “OFF” state, while for chain lengths diﬀering by an odd number of
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heptamer units, constructive interference at the vertex results in further propagation and
an “ON” state.
Two consecutive Y-splitters can be used to construct a Mach Zehnder
interferometer, as shown in Figure 7.4c. The simulated magnetic ﬁeld plot shows that the
magnetic plasmons excited by the magnetic dipole source at the leftmost heptamer
propagate through the ﬁrst triphenylene intersection and subsequently are split into the
two branches. The magnetic plasmons then propagate along the two independent optical
paths and converge at the second triphenylene intersection, where constructive
interference occurs. The magnetic plasmons then continue to propagate in the forward
direction. This entire structure constitutes a plasmonic Mach Zehnder interferometer,
which can be widely applicable for splitting signals in optical circuits.
7.4 Conclusion
In summary, magnetic plasmon propagation in metallic nanocluster networks was
demonstrated. This magnetic plasmon waveguides exhibit long propagation lengths,
signiﬁcant subwavelength character, and rich functionalities. Examples of several
magnetic plasmon waveguiding devices were presented including a plasmon steerer, a
splitter, and a Mach Zehnder interferometer. The manipulation of magnetic plasmons in
heptamer interconnects can further be expanded to more complex systems, for example,
by integrating more optical paths to achieve multiple input and output plasmonic
networks.171 With their compact dimensions, outstanding low-loss propagation
characteristics, and range of functionalities, magnetic plasmon-based devices based on
these structures should be key to the further development of high performance energy
transport components in information processing and data storage applications.163
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Chapter 8. Hot Electron Induced Dissociation of H2 on Au
nanoparticles
8.1 Introduction
An important paradigm in the development of multifunctional materials for
heterogeneous catalysis is enhanced reactivity and eﬃciency of catalysts for robust and
prolonged use. Performing catalytic synthesis at low temperature and under ambient
conditions ensures the longevity of active sites and reduces the possibility of hightemperature side reactions. In this context, noble metals have drawn signiﬁcant attention
due to their ability to couple light into chemical reactions. The strong coupling of metal
nanoparticles with light at speciﬁc photon energies is due to the optical excitation of the
collective electronic resonances of the metal, known as surface plasmons. The unique
ability of noble metal nanoparticles to absorb and scatter light at speciﬁc wavelengths
across a wide region of the electromagnetic spectrum, depending on the type of metal and
nanoparticle geometry, makes them excellent candidate substrates for plasmon-enabled
photochemistry.6,7 Plasmon-induced chemical processes have been gaining signiﬁcantly
increased attention due to their high throughput and low energy requirements. Examples
of plasmon-induced reactions include liquid phase water splitting,50,172,173 H2 production
from alcohol,174,175 gas phase oxidation reactions, 6,7,176 and hydrocarbon conversion.48 A
limited set of heterogeneous gas phase experiments have been performed so far,
emphasizing several diﬀerent aspects of metal - adsorbate interactions that inﬂuence the
rate of product formation. The adsorptive interaction and dissociation of H2 on metal
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Figure 8.1. Schematics of plasmon-induced hot electron generation on AuNP and
mechanistic representation of H2 dissociation on the AuNP surface.
surfaces is one such reaction and is one of the most important reactions for heterogeneous
catalysis. H2 forms a strong nonpolarizable σ bond with a dissociation enthalpy of 436
kJ/mol (4.51 eV), an activation energy too large to surmount using a thermally induced
process.
Recently it was demonstrated that plasmon-excited nanoparticles can be an
eﬃcient source of hot electrons (Figure 8.1a).1,45,177,178 Following optical excitation, each
plasmon quantum can decay either radiatively into a photon (scattering) or nonradiatively
into an electron−hole pair (EHP). The branching ratio between these two channels
depends on the size and radiance of the plasmon: for small nanoparticles or subradiant
plasmon modes, the dominant decay channel is EHP formation. The most likely EHP
formation occurs when the plasmon quantum excites an electron from the Fermi level to
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an occupied state below the vacuum level (Figure 8.1b). Because of their higher energy,
hot electrons will extend further away from the nanoparticle than an equilibrium electron
distribution (Figure 8.1c). If a nearby electron acceptor is present, hot electrons can
transfer into its electronic states. This process can be quite eﬃcient: hot electron transfer
from a plasmonic nanostructure to a nearby graphene sheet was shown to have a quantum
eﬃciency 20%. Although this mechanism in principle offers the possibility of controlling
the energy of the hot electron by varying the plasmon energy, the hot electrons are shortlived, undergo carrier multiplication through Auger-like processes, and eventually
dissipate their energy to phonons, resulting in nanoparticle heating.42,179 Hot electroninduced femtochemistry on molecules absorbed on extended metallic surfaces has a long
history.180-183 Transient hot electrons on metal surfaces can be formed from direct
excitation using short pulse laser illumination. These hot electrons can transfer into
specific electronic states of molecules adsorbed on the metal surface, inducing processes
such as molecular dissociation, chemical reactions, and desorption.46,184 The direct
excitation of hot electrons on metal surfaces is a relatively inefficient process, requiring
large incident light intensities to produce any appreciable effect. In contrast, hot electron
production from plasmon decay in nanoparticles is a much more efficient process.1,185-189
The cross section for plasmon excitation is dramatically enhanced relative to the cross
section for direct EHP excitation. For a nanoparticle whose size is much smaller than the
wavelength of the plasmon resonance, all energy absorbed by the nanostructure will
result in hot electron formation. Pioneering applications of hot electroninduced
photochemistry on nanoparticles have recently been demonstrated in gas phase
heterogeneous catalysis for the oxidation of ethylene on Ag nanocubes,6 DNA melting,190
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nanowire catalysis,191 and water splitting.192,193 In this study, we report the first
experimental evidence of room temperature photocatalytic dissociation of H2.
Reproduced with permission from S. Mukherjee, F. Libisch, N. Large, O. Newman, L. V.
Brown, J. Cheng, B. Lassiter, E. Carter, P. Nordlander and N. J. Halas, Nano Lett. 2013,
13 (1), pp 240–247. © American Chemical Society.
The reaction can only be enabled by hot electrons generated by surface plasmon decay
from small Au nanoparticles (Figure 8.1d−f). We chose the Au nanoparticle substrate
because it does not dissociate H2 under equilibrium conditions. The binding energy and
sticking coefficient of H2 on gold is very small and the molecules would not adsorb on a
pure gold surface. To increase H2 accommodation, the gold nanoparticles were supported
on TiO2. The TiO2 matrix, into which H2 diffuses, provides a passive function, ensuring
that the H2 molecules remain for a sufficiently long time near the Au surface to allow for
hot electron transfer into an antibonding dissociative molecular resonance.194 A fraction
of the hot electrons created by resonant excitation of a plasmon transfer into the H2 1σu*
resonance, inducing H2 dissociation. We indirectly measure the dissociation by exposing
the nanoparticle substrate to a mixture of H2 and D2 and detecting the HD formation rate
over a range of laser excitation intensities and wavelengths. This photocatalytic
dissociation at room temperature is thus only accomplished by the hot electrons generated
by the small AuNPs without applying any other source of energy, for example heat. The
rate was also found to be strongly dependent on the concentration and on the size of the
Au nanoparticles. The results are supported by state-of-the art first principles density
functional theory (DFT) and embedded correlated wave function calculations.
8.2 Experimental Methods
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Synthesis of photocatalyst: Au/TiO2 photocatalyst samples were prepared using a wet
chemical deposition precipitation method195,196 using 1(M) NaOH as the basification
agent. Briefly, commercially available Degussa P25-TiO2 nanopowder (Sigma-Aldrich
718467-100G, average surface area 35-65 m2/g, average particle diameter 20-30 nm) was
dried and activated in an oven at 373 K for at least 24 hours prior to use. Different AuNP
wt% supported over TiO2 is obtained by stirring 100mL solution containing different
concentrations of HAuCl4.3H2O (for example, 0.082g, 0.165g, 0.335g, 0.667g, 1.32g
HAuCl4,3H2O (Sigma-Aldrich, 520918-5G) added for 0.57%, 1%, 1.75%, 2.25% and
3.23% Au loading) and 1g of TiO2 kept at 80oC in the dark. The pH of the solution was
adjusted using 1(M) NaOH and kept between 8-10 for different samples. After 2 hours
the photocatalysts were cooled and exhaustively washed with water by centrifuging at
3,800 rpm several times. After each centrifugation step the supernatent liquid is
completely rejected and the photocatalyst is redispersed in water by sonicating for 10
mins. It is also essential to check whether the solution is free from Cl- ions (AgNO3
solution was used to test for Cl- ions).197 The purified catalyst solution was kept overnight
at 100oC in an oven for drying and the next day the dried samples were crushed into
powder in a porcelain boat and kept inside the oven at 300oC for 2:30 hrs. Subsequently
the photocatalysts samples were cooled in absence of moisture and almost immediately
loaded into the reaction chamber for experiment. These photocatalysts samples were
found to be stable and reactive even after three months if they are kept in the dark inside
desiccator to avoid photodecomposition and degradation by moisture. The TEM
micrograph, size distribution and morphology of the synthesized photocatalyst samples
with different amount of Au loading is shown in Figure 8.2 and 8.3 respectively.
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Figure 8.2 TEM images and Size distribution. High resolution TEM images and the
corresponding size distribution of the Au/TiO2 catalyst particles having different wt% of
Au loading. The scale bar is 5 nm in each case. The mean size of Au NPs is based on
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counting the diameter of about 125 individual AuNP on each sample from their TEM
images.
Characterization of structure and morphology: JEOL 2100 Field Emission Gun
Transmission Electron Microscope (JEM 2100F TEM) was used to acquire high
resolution TEM images of the catalyst samples as shown in Figure 8.2.

Figure 8.3 Energy dispersive X-ray Analysis of Au/TiO2 sample having 1.75% Au
loading. (a) EDS analysis of the area shown in the inset showing Au and Ti peaks.
(Elemental peak positioned near 1, 8 and 9 keV originates from Cu TEM grids.)

XPS characterization: Au/TiO2 samples were characterized using X-ray photoelectron
spectroscopy (XPS) using PHI Quantera XPS. In each sample XPS was done at 4
different areas on the sample for consistent measurements. Binding energies of Au 4f as
well as Ti (2p) peaks were measured (Figure 8.4). The Au wt% on each sample was
represented by calculating Au 4f7/2 and Ti 2p (not shown in figure) peak area ratios. The
XPS data of binding energy of Au is depicted in Fig. 8.4a and 8.4b. It is noted that in
spite of increasing the Au content as well as increasing the size of the NP, the peak
position of the Au4f7/2 does not shift appreciably in successive samples (82.5 - 82.7 eV)
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which shows the similar electronic state of Au nanoparticles in different catalyst samples.
The electronic state of the AuNP remain independent of the percentage of Au loading or
AuNP size, which was achieved using exactly constant synthetic condition for making
these photocatalysts174. The shift of the 4f7/2 binding energy from the ideal position of
83.9 eV representing Au0 is due to sintering of the Au/TiO2 catalysts as well as due to the
fact that Au binds strongly with the oxygen vacancies of TiO2 , resulting in charge
transfer between the Au and TiO2198,199.

Figure 8.4 Binding energy of Au 4f peaks of all Au/TiO2 catalyst samples. (a) The Au 4f
peaks of Au/TiO2 samples tested for rate measurement studies as a function of increasing
Au loading. (b) The Au 4f peaks of Au/TiO2 samples tested for Au NP size dependence
studies.
Table 8.1 Data obtained from XPS measurements.
Sample

Ti (2p) ± SD*

Au (4f) ± SD*

1

99.4 ± 0.09

0.57 ± 0.05

2

99.0 ± 0.13

1.00± 0.13

3

98.2 ± 0.22

1.75 ± 0.07

identity
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4

97.7 ± 0.17

2.25 ± 0.17

5

96.7 ± 0.25

3.23 ± 0.25

6

99.1 ± 0.07

0.90 ± 0.07

7

98.2 ± NA

1.8 ± NA

* Standard Deviation (SD) calculated over the data obtained from at least four different
positions on the sample for verifying homogeneity of the analyzed sample. (N.A - not
available)
UV-Vis characterization: The optical spectra of all powdered samples were measured
using the Cary 5000 UV-Vis spectrometer equipped with Harrick Scientific Praying
Mantis Diffuse Reflectance accessory for analysis of the powdered samples and is shown
in Figure 8.5.

Figure 8.5 Normalized Diffuse reflectance UV-Vis spectra of all powdered Au/TiO2
samples with different wt% of Au loading (inset). Each spectrum shows the dipolar
plasmon resonance located around 540-550nm indicated in each spectrum panel and a
steep feature starting from 400nm due to TiO2 bandgap. Due to small sizes of Au NPs as
compared to the wavelength of light used much less tunability or shift of surface plasmon
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peak was observed in different samples. The inhomogeneous broadening and damped
plasmon is also a direct consequence of the size distribution of the small Au NPs200,201.

Figure 8.6 Experimental Setup (a) The overall experimental setup. (b) Image of the
stainless steel micro-reactor system used for dissociation reaction. The purple color of the
Au/TiO2 powdered sample loaded inside the sample cup is visible through the quartz
window. (c) Intensity spectrum of the supercontinuum laser as a function of wavelength.
8.3 Photocatalysis experiment
The overall setup of the experiment is shown in Figure 8.6a. For photocatalytic
rate measurements, Harrick Scientific stainless steel 316 reaction chamber (HVC-MRA4) is used which is equipped with ~ 1cm2 quartz glass window. (shown in Figure 8.6b).
The purple photocatalytic powdered sample is loaded into a sample cup holder which is
about 8 mm in diameter and about 4 mm in depth. The K type thermocouple and heating
module is attached to this cup. The output temperature profile is read using a temperature
controller ATC-024-3 (Harrick Scientific) to accurately monitor and control the
temperature within 1o C resolution. The temperature controller and the thermocouple
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were calibrated up to 750oC for each degree centigrade change in temperature. In addition
before starting experiment with a new photocatalyst sample it is re-calibrated. Water is
circulated around the chamber to keep the catalysts system at a defined temperature very
precisely. The thermocouple senses the temperature change of the sample cup holder
which in turn gives the temperature of the powdered sample kept in the cup. The chamber
was purged with research purity N2 for 3-5 days each time before loading any sample to
clean the chamber of moisture and any other gases. Au/TiO2 photocatalyst powdered
sample was tightly loaded into the reaction chamber and again 20 sccm N2 for flowed
into the chamber at room temperature for a whole day. After that 10 sccm of H2
(Matheson, UHP 99.9999% research grade) and 10 sccm of D2 (Matheson, UHP
99.999%, research grade) were flowed into the chamber at room temperature. Gas flow
was controlled using programmable mass flow controller systems (Sierra instruments,
Smart trak 100). Flowing H2 and D2 for at least 10-12 hrs over the catalyst is crucial to
obtain a stable baseline. After this, rate measurements were carried out using the
quadrupole mass spectrometer (QMS) fitted to the outlet of this chamber for monitoring
products. All QMS measurements were performed using Hiden HPR-20 QIC Bench-top
Gas Analysis System which includes High resolution Hiden HAL 1051-9 RC system with
mass range 0 to 50 amu and with dual Faraday/single channel electron multiplier detector
operating at an base pressure of 2.2 – 2.3 x10-6 Torr. Before starting the actual
measurement with the mass spectrometer, at first the HD baseline was monitored for 3hrs
until we get a stable flat baseline. At room temperature while monitoring the rate of HD,
the system was allowed to reach steady state for 5-10 minutes in the dark conditions
following which the supercontinuum laser (Fianium) having different intensities was
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Figure 8.7 Plasmon-induced dissociation of H2 /D2 using 1.75 wt % Au/TiO2
photocatalyst at room temperature (297 K). (a) Scanning transmission electron
micrograph showing distribution of 1.75 wt % AuNPs (dark particles) over a TiO2
support (gray particles). (b) High-resolution transmission electron micrograph of a single
Au NP supported on TiO2 matrix showing darker contrast of Au NP as compared to TiO2
support. Characteristic lattice fringes of Au (111) and (200) are visible at∼2.8 Å and 2.3
Å, respectively. (c) Schematic of overall experimental setup. (d) Real time monitoring of
rate with laser excitation (on 2.41 W/cm2 ) and without laser excitation (oﬀ). During 8
min of laser irradiation on the photocatalyst, the temperature increases by 5 K as shown
in the ﬁgure, from 297 to 303 K. The dotted vertical lines indicate the laser on/oﬀ times.
(e) Distinction between the photocatalytic rate (only laser on, 2.41 W/cm2 ) and thermal
heating rate (laser oﬀ, heating on). The shaded gray area displays the photocatalytic rate
due to the laser. The shaded red area displays the rate of HD formation due to heating of
the photocatalyst sample from room temperature (297 K) to 303 K without laser
illumination.
incident on the sample through the quartz window for 5-10 minutes whereby there is
almost instant increase in the observed rate of HD. After that the laser is switched off and
the reactor is kept in dark condition when the rate of HD formation reverts back to the
initial value. The net photocatalytic rate was obtained by subtracting the rate of HD while
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laser was off (auto dissociation rate) to the rate while the laser was on (actual
photodissociation rate) to get rid of baseline.
In Figure 8.7a and b, high resolution transmission electron micrograph (HRTEM)
images of a typical photocatalyst with 1.75 wt % Au loading are shown. As described
before the photocatalyst samples were loaded into a stainless steel reaction chamber
equipped with a 1 cm diameter quartz glass window through which the laser can
illuminate the sample (Figure 2c). The laser intensity is shown in Figure 8.6c. Ultrahighpurity H2 and D2 gases were flowed into the reaction chamber, while light from a
supercontinuum laser source was filtered and used to excite the Au nanoparticle plasmon
over a range of intensities and frequency bands (Figure 8.6).
The overall reaction is: H2(g) + D2(g) → 2HD(g)
8.4 Results and Discussion
The rate of formation of HD with and without visible laser excitation (2.4 W/cm2)
with the photocatalyst sample (1.75 wt % Au loading) at room temperature (297 K) and
atmospheric pressure is shown in Figure 2d. Initially, without illumination, a weak steady
background rate of HD formation is observed at room temperature (297 K). This is due to
a slow rate of dissociation of H2 and D2 at reactive sites, such as lattice imperfections,
steps, and kinks, on the Au NP surface. The walls of the reaction vessel and flow tubes
may also contribute to this background signal. After an initial steady HD baseline was
observed, the substrate was excited using a supercontinuum laser source for 8 min. An
almost instantaneous 6-fold increase in the rate of HD formation was observed. This
photocatalytic rate enhancement for small Au NPs is significant, as under equilibrium
conditions H2/D2 cannot dissociate on bulk Au at room temperature at all.202 During the 8
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min laser excitation period, the temperature of the substrate increased by 5K to 303K due
to laser heating. After 8 min of illumination, the HD formation rate reached a steady
state; then the laser was switched off, and the system reverted back to its initial rate and
initial catalyst temperature, showing reversibility of the process. To confirm that the
photocatalysis process is not due to heating, the temperature of the sample was slowly
increased from room temperature (297 K) to 303 K under dark conditions, corresponding
to the observed temperature increase during laser illumination (pink area in Figure 8.7e).
In this case, only a slight increase (1.2 fold) in HD generation rate was observed, far
smaller than the increased rate observed under laser illumination. We can also rule out
direct photodissociation of H2, which would require much larger laser intensities (1013−14
W/cm2).203 A more detailed discussion of the elimination of heat- or local field induced
mechanisms is presented below.
Experiment with Au/SiO2: In order to conclusively prove that H2 dissociation is indeed
driven by Au and , and not the supporting semiconductor TiO2, 1% Au photocatalyst
sample was prepared supported on Silica nanoparticle (12-20 nm, Sigma 718483-100G)
as by deposition precipitation method204 using NaOH as the basification agent. The
HRTEM image and XPS spectra of the Au/SiO2 photocatalyst is shown in Figure 8.8a
and b respectively showing characteristics of AuNP. Au nanoparticles were found to have
an average size of 15 nm with a plasmon resonance peak at 513 nm as shown in Figure
8.8 c and d. Similar room temperature (297 K) light induced dissociation of H2/D2 was
observed at room temperature using 2.4W/cm2 supercontinuum laser intensity as shown
in Figure 8.8 showing reversibility and sensitivity of the photocatalyst to light.
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Figure 8.8 Plasmon induced Photodissociation of H2 with 1% Au/SiO2 photocatalyst. (a)
High-resolution transmission electron micrograph of a AuNP supported on SiO2 matrix
showing darker contrast of AuNP as compared to SiO2 support. (b) XPS spectra of Au
showing Au 4f peaks situated at 83 and 87 eV respectively. (c) The size distribution of
AuNP counted over 125 particles. (d) Diffuse reflectance spectrum of Au/SiO2 sample
showing a plasmon resonance at 513 nm. (e) Real time monitoring of rate with laser
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excitation (on 2.41 W/cm2 ) and without laser excitation (oﬀ). irradiation on the
photocatalyst, the temperature increases by 9 K as shown in the ﬁgure, from 297 to 306
K. The dotted vertical lines indicate the laser on/oﬀ times.
Effect of Plasmonic Heating: To elucidate plasmonic heating effect due to AuNPs, we
assume that AuNPs are well separated to be acting as individual nanoparticles so that any
influence due to plasmonic coupling can be disregarded. This is a fair assumption as the
concentration of AuNP is only a few percent by weight (TEM images also shows isolated
individual Au NPs). Thus each individual AuNP can be treated as heat source generating
local heating around the AuNP. The local increase in temperature around the individual
nanoparticle depends on their absorption crosssection, intensity of the laser, well as
conductivity of the surrounding medium. Finite-Difference Time-Domain (FDTD)
method has been used to calculate the absorption crosssection of our Au/R-TiO2
nanoparticles. The bulk dielectric function tabulated by Johnson and Christy has been
used for gold13, and a dielectric constant of 2.75 has been used for Rutile (R-TiO2).205
Calculations have been performed for a longitudinal polarized excitation. Fig. 8.8a shows
normalized absorption spectra for gold nanoparticle size ranging from 6 nm to 21 nm,
which corresponds to the experimental size distribution. The modeled Au/R-TiO2
nanoparticle is shown as inset. The calculated spectra exhibit two resonances: (i) a
resonance located at ~515 nm corresponding to the dipolar LSPR of the AuNP semiembedded in R-TiO2 and partially exposed to the air, (ii) a resonance located between
615 nm and 640 nm associated to a cavity mode generated in the R-TiO2 nanoparticle.
In order to determine the effect of the laser induced plasmonic heating of
nanoparticles on the photoreaction, a plasmonic heating model allows us to calculate the
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temperature increase ΔT on the surface of individual AuNP embedded in a TiO2 matrix,
as a function of incident laser intensity I using the following equation11,206-209

Figure 8.9 Effect of plasmonic heating (a) Calculated absorption spectra of AuNP
ranging from 6 nm to 21 nm in diameter semi-embedded in a 30 nm Rutile nanoparticle.
The inset shows the modeled system used in the FDTD calculations. (b) Modeling
plasmonic heating showing increase in temperature on individual AuNP (6.5 nm
diameter, 1.75 wt% AuNP sample) embedded in TiO2 matrix as a function of laser
intensities as well as operating temperatures. (c) The increase in plasmonic heating on
four individual AuNPs embedded in TiO2 at room temperature 298 K with increasing
diameter.
ΔT=σabsI/(4πRβκm)

(1)

where σabs is the integrated absorption cross section over the entire visible range of 4501,000 nm, R is the radius of spherical AuNP, κm is the thermal capacitance coefficient
depending on the nanoparticle aspect ratio (β=1+0.96587[ln2(AR)], β = 1 for a spherical
nanoparticle), and κm denotes the temperature dependent thermal conductivity210,211 of
surrounding dielectric (R-TiO2) respectively. A contour plot with ΔT as a function of
temperature and laser intensity shows only a ~ 0.5 mK maximum rise in overall
nanoparticle surface temperature for a 6.5 nm diameter nanoparticle, even with 2.4W/cm2
laser power at 200oC (Figure. 8.9b). Figure 8.9c shows the results of plasmonic heating
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for AuNP sizes ranging from 6 nm to 21 nm at 298 K. It can be seen that only a ~ 0.25
mK or less maximum rise in overall nanoparticle (< 9 nm) surface temperature even for
an incident laser power of 2.4W/cm2. Larger AuNPs (17-21 nm) give rise to a maximum
temperature increase below 1.25 mK at highest operating laser power. This supports our
conclusion that photothermal heating is not causing the observed HD formation. The
small increase in the local nanoparticle temperature on the nanoparticle surface is due to
low laser intensities used as well as lower absorption crosssection of small AuNP as
compared to bigger nanoparticles. Thus around 2-5 K increase in the catalyst temperature
at high laser intensities is nothing but accumulative heating due to large number or
nanoparticle in the overall photocatalyst. We also conclusively show that that increment
of local heating cannot account for the observed photocatalytic rate in Figure. 8.7b.
In case of Au/SiO2 photocatalyst, To confirm that the photocatalysis process is
not due to heating, the temperature of the sample was slowly increased from room
temperature (297 K) to 306 K and finally to 373 K under dark conditions (pink area in
Figure 8.10a). In this case, insignificant increase in HD generation rate was observed, far
smaller than the increased rate observed under laser illumination. In order to determine
the effect of the laser induced plasmonic heating of nanoparticles on the photoreaction,
the same plasmonic heating model (equation 1) allows us to calculate the temperature
increase ΔT on the surface of individual AuNPs (5 - 30 nm) half embedded in a SiO2
matrix, as a function of incident laser intensity I and is shown in Figure 8.10b.11,206-209212

Thus only 1.5 K increase in the temperature was found even at highest laser intensities.
This is due to low absorption crosssections of small AuNPs (Appendix C). From this
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model it is clear that plasmonic local heating of nanoparticles cannot generate the
observed HD formation.

Figure 8.10 (a) Distinction between the photocatalytic rate (only laser on, 2.41 W/cm2 )
and thermal heating rate (laser oﬀ, heating on). The shaded gray area displays the
photocatalytic rate due to the laser. The shaded red area displays the rate of HD formation
due to heating of the photocatalyst sample from room temperature (297 K) to 303 K
without laser illumination.(b) Model of plasmonic heating showing increase in
temperature on individual AuNP (5-30 nm AuNP) embedded in SiO2 matrix as a function
of laser intensities.
Effect of Local field enhancement: To further explore the possible effect of the local
electric field on the photoreaction, we calculated the near-field enhancement at the LSPR
for a 7 nm AuNP semi-embedded in a 30 nm R-TiO2 nanoparticle shown in Figure 8.11.
The results show that the maximum field enhancement is located on top of the AuNP
which is exposed to the air (Figure 8.11 and 8.11). The size dependence of the near-field
enhancement calculated at 2 nm above the AuNP (green dots on the near-field plots)
clearly shows that the local electric field increases with the AuNP size. This size effect is
contrary to the photoreaction tendency presented in the experiment as shown below, thus
proving that the near-field cannot be responsible for the H2 dissociation.
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Figure 8.11 FDTD calculated absorption crosssection of a 7nm AuNP semi embedded in
a 30nm TiO2 showing dipolar plasmon mode at 520 nm and a cavity plasmon mode at
620 nm. The corresponding near field enhancement plots are depicted beside.

Au
TiO2

Figure 8.12 Near field plots as a function of particle size Near-field enhancement
associated to the dipolar LSPR plotted as a function of AuNP sizes. The values of the
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near-field are calculated 2 nm above the AuNP (green dots on the near-field maps).
Clearly with increasing size of the AuNP the near field becomes more pronounced. In
each case TiO2 has a 30nm diameter.
Dependence of photocatalytic HD generation on Au NP concentration and Au
nanoparticle size: A systematic study was performed to determine the dependence of the
photocatalytic rate on nanoparticle concentration and size (Figure 8.13). Five different
Au/TiO2 samples with small Au nanoparticles were prepared with increasing amounts of
Au nanoparticle loading (0.57, 1.00, 1.75, 2.25, and 3.23 wt %). Three additional
substrate samples with larger Au nanoparticles were prepared with 1, 0.9, and 1.8 wt %
Au loading. In Figure 8.13a we observe a steady increase of photocatalytic rate with
increasing Au loading, showing a strong dependence on Au nanoparticle concentration
for HD generation. These experiments were performed using the same experimental
conditions as shown in Figure 8.7c. The average HD formation rate was obtained by

Figure 8.13 Dependence of photocatalytic HD generation on Au NP concentration and
Au nanoparticle size. (a) Average photocatalytic (laser on) rate of HD formation at room
temperature as a function of AuNP loading (shown as wt %). The mean AuNP sizes
corresponding to the Au concentrations are shown beside each data point. The error bars
are calculated as the standard deviation of the instrumental error in mass spectroscopic
measurements. (b) Dependence of the rate of HD formation on AuNP sizes. No
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photocatalytic rate was observed beyond a mean AuNP size of 20 nm or higher. No
photocatalytic rate was observed for pristine TiO2.
subtracting the background rate (laser off) from the photocatalytic rate (laser on) over
four continuous runs on each sample. The strong dependence of the rate on nanoparticle
concentration observed here has also been observed for other heterogeneous
photochemical processes.174 The extent of the rate increase also depends on Au NP size.
The photocatalytic rate rises sharply with increasing Au loading from 1.75% to 2.25%
with a reduction in mean nanoparticle diameter from 6.5 nm to 5.5 nm. However, with
the same incremental increase in Au loading concentration from 0.5% to 1% for 9 nm
diameter particles, the observed increase in HD generation rate was smaller. A similar
size dependence was also observed for 2.25% to 3.23% Au loading, where the rate
increase was much less pronounced for an increase in mean nanoparticle diameter from
5.5 to 7.4 nm. Figure 8.13b shows the rate dependence on Au nanoparticle size for the
same illumination laser intensity (2.41 W/cm2). For the same Au nanoparticle loading (~1
wt %), the photocatalytic rate for 16 nm Au nanoparticles was only half that of 8.6 nm
particles. Most significantly, the photo reactivity rate was negligible for Au nanoparticles
larger than 21 nm, despite an almost 2-fold increase in Au nanoparticle concentration (1.8
wt %). The background self-dissociation rate was also significantly reduced in the
presence of larger diameter Au nanoparticles. This rapid decrease in dissociation rate
with increasing Au nanoparticle size is certainly related to the decrease in available Au
surface area for spherical nanoparticles, the ratio of surface to volume increases as the
reciprocal of the nanoparticle radius. However, it is also likely that the sticking and
chemisorption probability of H2 to the Au nanoparticle plays a role. Smaller Au clusters

141

(<3 nm) are known to be highly reactive due to the existence of a larger fraction of Au
surface atoms with low coordination numbers.213-215 In the present study, although the

Figure 8.14 Dependence of photocatalytic rate on laser intensity and temperature.
(a) The photocatalytic rate dependence (laser on) on the laser intensity at room
temperature without any temperature control. Photocatalytic rates of four different
samples with increasing wt % Au were studied for intensity dependence (see color code
in the legend). Linear fits of the data points are shown as black dashed lines. Superlinear
behavior at very high laser intensities is observed. (b) Dependence of the photothermal
rate using 1.75 wt % Au/TiO2 as a function of intensity of the laser at a fixed temperature
of 373 K showing linear dependence of rate to laser intensity. (c) The effect of
temperature on the photothermal process using 1.75 wt % Au/TiO2. The thermal rate of
HD formation was measured at different temperatures in the dark (heat, laser off)
represented as black dots. The photothermal rate (heat, laser on) was measured with three
different laser intensities at specific temperatures. Error bars are calculated as the
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standard deviation of the instrumental error in mass spectroscopic measurements. (d)
Photothermal rate enhancement ratio as a function of operating temperatures using three
different laser intensities.
sizes of our Au nanoparticles are an order of magnitude larger than AuNP clusters,
surface defects are still present (Figure 8.7b) which may be important for hydrogen
adsorption and dissociation.216-218 The dramatic dependence of photocatalytic rate on Au
NP size and concentration shows that the process is indeed caused by the presence of the
Au NP. Pristine TiO2 (0% Au loading) under the same experimental conditions shows
negligible HD production (Figures 8.13a and b).
Intensity dependence of photocatalytic rate: The dependence of the room temperature
photocatalytic rate on laser intensity is shown in Figure 8.14a. Four different substrates
(Au loading 0.57, 1.75, 2.25, and 3.23 wt %) were studied. Intensity dependence
measurements were carried out at both room temperature and a constant temperature of
373K while the laser intensity was varied using a set of neutral density filters. The laser
power was varied at an increment of 50mW starting from 100mW to 1 W (except for the
sample with 0.57% Au loading where 100mW increment was used due to low reactivity).
A CMOS sensor (Thorlabs DCC1545M) was used to measure the spot size (7 mm) of the
laser. Power of the laser was measured using a thermal power sensor (Thorlabs S314C
and PM100 USB). A 450 nm long pass filter was used in the beam path of the laser to
ensure it does not excite the bandgap of TiO2. The laser spectrum was recorded using
ocean optics spectrometer connected to the setup. The intensity dependence is essentially
linear, with a slight superlinear increase at the highest illumination intensities due to laser
heating (Figure 8.14a). Figure 8.14b shows the intensity dependence of the photocatalyst
(1.75 wt %) at constant temperature of 373 K. This higher constant temperature
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measurement eliminated the small thermal offset induced by laser heating and resulted in
a linear dependence of the photocatalytic rate on laser intensity. Our observation of this
linear rate dependence (Figure 8.14a and b) rules out both one- and two-photon excitation
of electrons in the TiO2 as the cause of the observed photodissociation.
In Figure 8.14c the combined effects of temperature and photon flux on the HD
production rate are shown. The sample (1.75 wt %) was kept at different temperatures,
and the steady-state rate of HD formation at each temperature was measured without and
with laser excitation for three different laser intensities (0.65, 1.3 and 1.94 W/cm2).
Photothermal processes generated a significantly higher yield of HD than thermal heating
alone. A rate enhancement ratio defined as the ratio of the photothermal to the thermal
rate,6,7 plotted as a function of temperature (Figure 8.14d), shows a 5- and 2-fold increase
in enhancement at low and high temperature ranges, respectively. Therefore, one
straightforward strategy to improve the HD yield would be to increase the substrate
temperature: the hot electron yield also increases at higher temperatures.219 However, the
photoenhancement at ambient temperature is already quite substantial, indicating that
plasmon-induced dissociation offers an alternative approach for enhancing photocatalyst
activity.
Wavelength dependence: The wavelength dependence of the photocatalytic rate was
measured at a constant temperature of 373 K. Seven bandpass filters (Thorlabs FKB-VIS40) ranging from 500 to 800 nm, each with a wavelength spacing of 50 nm and
bandwidths of 40nm were used. For each filter the transmitted light intensity was
adjusted to 130 mW/cm2. The wavelength dependence of HD generation is shown in
Figure 8.15a and compares very well with the calculated absorption cross section of 7 nm
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AuNP/30 nm TiO2 (Figure 8.15b) and with the diffuse reflectance spectrum (Figure
8.15c). Since the absorption cross section corresponds directly to the hot electron

Figure 8.15 Wavelength dependence of photocatalytic rate. (a) Rate of HD formation
at T = 373 K as function of a series of band-pass filter wavelengths, each adjusted to an
intensity of 130 mW/cm2. Au/TiO2 photocatalyst with 1.75 wt % Au loading was used.
Error bars were calculated as the standard deviation of the instrumental error in mass
spectroscopic measurements. (b) Simulated absorption cross section spectrum of an
Au/TiO2 photocatalyst modeled as 7 nm AuNP attached to 30 nm TiO2 NP featuring a
dipolar plasmon mode at 520 nm and a cavity plasmon mode at 620 nm. Inset shows
corresponding charge plots. (c) Diffuse reflectance spectrum of powdered photocatalyst
(1.75 wt % Au) sample showing the dipole resonance peak located at 541 nm. The
location and shape of the plasmon peak are modified by inhomogeneous broadening
production rate, this provides direct evidence for plasmon induced hot electron-driven H2
photodissociation.
Effect of spillover: To show the stability of the photocatalyst , UV-Vis diffuse reflectance
spectra of TiO2 and the photocatalyst sample (1.75 wt%) before and after 48 hours under
experimental conditions, is shown in Figure 8.16a. No dramatic changes in the plasmon
resonance were observed, except for changes in the relative amplitudes of the plasmon
peak, which probably is due to sintering of the sample and particle agglomeration at high
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temperatures6. From the reflectance spectrum of pristine TiO2 shown in Fig. 8.16a we
also establish that within the wavelength range of our photoreactivity experiments

Figure 8.16 Stability of the photocatalyst and effect of spillovers (a) Uv-Vis diffuse
reflectance spectrum of pristine P25-TiO2 (black), 1.75 wt% Au/TiO2 before experiment
(blue) and after 2 days of experiment (violet). Yellow shaded area showing the visible
wavelength range. (b) VB XPS measurement of 1.75 wt% Au/TiO2 before experiment
(blue) and after 2 days of experiments (violet) showing negligible shift in VB signifying
negligible shift of band edge.
shown as shaded areas in Figure. 8.14a) all incident illumination was below the band gap
of TiO2 (3.08 eV). One of the common effects of dissociating H2 on Au/TiO2
photocatalysts is diffusion of H atoms into the TiO2220-222. After the initial dissociation on
the surface, atomic H or D can freely diffuse and become incorporated in the TiO2 as
localized Ti-O(H)-Ti species. This creates shallow defect trap states lying below the
conduction band which may lead to TiO2 absorption at visible wavelengths, increasing
photocatalytic activity in the visible part of spectrum. To determine whether any
significant incorporation of H or D into TiO2 occurred over the course of our
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Figure 8.17 VB XPS data. Gaussian Fits for VB XPS of a, pristine P25 TiO2 b, Au/TiO2
before experiment and c, Au/TiO2 after experiment.
experiments, the density of states of a representative Au/TiO2 sample was measured
using Valence Band X-ray Photoelectron Spectroscopy (performed on 1.75 wt% Au/TiO2
photocatalyst before and 48 hour after the experiment; Figure 8.16b and Figure 8.17).
These measurement show negligible changes over the wavelength range of the present
experiments (450-800 nm) and thus rules out the effect of trap states on the
photodissociation process. Also, there is no relative shift in binding energy peaks before
and after photocatalyst use (Figure 8.17b and c).
There might be active sites on TiO2 for dissociative adsorption of H2 as well. The
surface defect sites causing oxygen vacancies have been found to act as electron donor
sites, forming a Titanium hydride Ti4+-H- bond. This may contribute to auto dissociation
or thermal dissociation of H2, but since we are not exciting the TiO2 bandgap this may
not contribute to photodissociation. Another important factor behind the auto- or thermal
dissociation of H2 may be the slightly anionic nature of Au over reducible oxides like
TiO2 , due to the possible charge transfer from the TiO2 matrix into Au223,224. Experiments
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performed in ultrahigh vacuum using Fourier Transform Spectroscopic measurements
can confirm the existence of active site in TiO2 in photochemical processes225. However,
the objective of our present study was to investigate whether Au nanoparticle plasmoninduced hot electrons could provide a mechanism for the direct, visible wavelength
photodissociation of H2.
8.5 Proposed Mechanism and Theoretical Calculations
To investigate the feasibility of hot electron transfer from the Au NP to the
antibonding 1σu* state of an adsorbed H2 molecule, DFT and embedded correlated wave
function calculations were performed.
First principles calculations:
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Figure 8.18 Energy of the isolated neutral (H2) and charged (H2-) hydrogen molecule as
a function of bond length using CASSCF (2 electrons in 2 orbitals) and CASPT2. For the
isolated molecules (i.e., without Au surface) the dissociation energy for H2 is
substantially larger (-4.6 eV) than for H2- (2.6 eV).
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The isolated H2 molecule features comparatively high dissociation energy of over
4 eV (Figure 8.18). Indeed, even isolated, charged H2- decays by ejection of an electron
rather than by dissociation (Figure 8.18). As shown in earlier work226, the metastable H2forms a metastable resonance (called a Feshbach resonance) 1.7 eV above the ground
state of H2, with comparatively long lifetime, that can decay (to H2) by ejecting an
electron. Upon contact with a metal surface, the resonant H2- state broadens substantially
(put differently, the lifetime of the resonance decreases by interaction with the surface).
Indeed, the antibonding 1σ* of H2 may become (depending on the Fermi level of the
metal) partially occupied, corresponding to an admixture of the H2- state. This is
especially true for Au (Löwdin charge analysis in Figure. 8.19 and Figure. 8.20b below),
making hydrogen adsorption on a clean Au (111) surface energetically unfavorable.

Figure 8.19 Ground state embedded CI-Singles Löwdin charge on H2 molecule as it
approaches Au (111) as a function of H2-Au surface separation and H-H bond length.
Negative charge on H2 increases as H2 approaches the surface. Contour line separation is
0.05e.
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For larger H-H separation, however, a dissociated, chemisorbed state emerges (Figure.
8.20 below). Dissociation towards this state is suppressed by a substantial energy barrier
at the intermediate transition state (marked in Figure. 8.20d). This barrier may
substantially be reduced by inserting hot electrons from the surface into the antibonding
σ* orbital.
To elucidate this hot electron transfer process, density functional theory (DFT)
and embedded correlated wave function calculations were performed. The latter allows
for a treatment of excited states, representing the hot electron. The TiO2 substrate was not
included in the calculations : its main effect is to slightly charge the gold cluster, further
aiding the charge transfer process.227 Clean (111) facet was chosen as most stable surface.
The experimental gold clusters are large enough to not require many edges for
geometrical reasons. Additional defects or edge dislocations can further aid the
dissociation process. Embedded CI-Singles as well as CASPT2 calculations both
consistently show that the charge on H2 slowly increases upon approaching the Au(111)
surface (for ground state and excited states), corresponding to a gradual filling of the
antibonding 1σ* orbital (Figure. 8.20 and 8.20a below). Below the technical details of our
two methods were summarized.
Spin-polarized DFT calculations were performed using the VASP program228,
with the default projector-augmented-wave (PAW) Au and H potentials. A 3×3 Au (111)
slab was modeled containing 7 atomic layers, separated by 20 Å of vacuum from its
image imposed by the periodic boundary conditions. Two H2 molecules was included on
the bottom and top of the slab to avoid dipole interactions. A 6x6x1 Monkhorst-Pack
grid, 0.1 eV Fermi-Dirac smearing, 250 eV plane-wave cutoff and the PBE function was
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used for exchange and correlation229. For the embedding, the procedure is outlined in
previous work230. To calculate the embedding potential a 5x5 supercell with 4 atomic
layers, containing 100 atoms was used. Larger unit cell was used to avoid artifacts of the
periodic boundary conditions affecting the embedded cluster. The abinit227,231 program
was used to obtain a reference density inside the periodic Au (111) slab (without the
PAW formalism, to be consistent with the effective core potentials (ECPs) employed in
the embedded cluster). Subsequently the slab was partitioned into a 14-atom Au cluster
and a surrounding environment. Finally, a global, unique embedding potential V was
determined, so that independent solutions for cluster and environment together reproduce
the reference density of the entire slab. Since PAW potentials was not used, a plane-wave
basis kinetic energy cutoff of 700 eV was needed. Since the real-space unit cell is larger
than before, the k-point sampling is reduced to 4x4x1. For cluster calculations an
augmented pVTZ basis set was employed for H232 and an uncontracted Hay-Wadt
(3s,3p,4d) basis set, including an 11-electron ECP for Au233, to be consistent with the 11electron norm-conserving pseudopotential provided by abinit. For contracted or smaller
basis sets, substantial basis set superposition errors was found as the hydrogen molecule
approaches Au slab. Our Au basis set choice was elucidated by comparing ionization
energies to all-electron calculations and finding satisfactory agreement. MOLCAS234 and
GAMESS235 software packages was used, both modified to include the embedding
potential. For an accurate description of the ground state, a second-order multi-reference
many-body perturbation theory correction (CASPT2) was performed on top of a
complete-active-space (CASSCF) calculation. Our active space consists of 6 electrons in
6 orbitals (the H2 and the four 6s1 Au electrons closest to the adsorption site). To obtain a
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detailed picture of excited states, both state-averaged CASSCF as well as ConfigurationInteraction-Singles (CIS) calculations were performed. State averaging has to be used as
otherwise the orbital optimization of the CASSCF approach will not represent excited
states adequately. Since the perturbative CASPT2 ansatz nevertheless might not
reproduce well excited states featuring different character than the ground state,
additional CIS calculations were performed, which have been shown to give qualitative
insight into the excited states of clusters236. For both methods, 10 excited state PESs was
calculated that produce, for both approaches, qualitatively very similar results. A reduced
energy barrier was consistently found towards dissociation for the sixth excited state, at
an energy of about 1.8 eV, close to the Feshbach resonance of H2 (Figure 8.20). We
include a basis-set-superposition error (BSSE) correction to correct for finite basis set
errors when approaching the Au with the H2.
As described before Au NP surface was modeled as a close-packed Au (111)
facet.237 This simple, idealized model of the Au NP is used to calculate the charge on H2
as it approaches the Au surface and the associated ground and excited state potential
energy surfaces. As H2 approaches the Au surface from 5 to 2 Å away, both its bonding
(B) and antibonding (AB) states shift down in energy (see arrows in Figure 8.20a, top
panel). This energy gain is offset by a repulsive orthogonalization energy due to the
overlap of the molecular states with the filled Au d-orbitals (5d10).202 This Pauli repulsion
is particularly high for Au due to the large coupling matrix elements.237 Even without the
hot electrons, the downshift of the AB 1σu* state causes it to become partially occupied
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Figure 8.20 Mechanism of hot electron-induced dissociation of H2 on Au. (a)
Electronic density of states (DOS) of H2 approaching a Au (111) surface using DFT, at
different surface distances (see inset), projected onto one approaching atomic H atom
(top panel) and total DOS (bottom panel). H2 bond length is 0.725 Å. The dashed line
marks the Fermi energy. Arrows denote the bonding (B) and antibonding state (AB) of
H2. (b) Ground state embedded CI-Singles (ECIS) Löwdin charge analysis as a function
of H2–Au surface distance. (c) ECIS ground state potential energy surface (PES) of H2 on
Au (111). Interaction with the surface can lead to dissociation at small distances only via
high potential barrier of 2.3 eV (marked *). (d) ECIS sixth excited state PES of H2 on Au
showing lower dissociation barrier of 1.7 eV (marked *). Vertical excitation energy from
the ground state minimum is only 1.8 eV. (e) Schematic of hot electron excitation in
AuNP showing: d-band electron–hole pair excited above the Fermi level upon plasmon
decay. The narrow bonding and broad antibonding states of adsorbed H2 are denoted as B
and AB, respectively. (f) Schematic of Fermi–Dirac type distribution of hot electrons
permitting hot electron transfer into the antibonding state of H2. (g) Proposed mechanism
of hot-electron induced dissociation of H2 on AuNP surface.
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(Figure 8.20a and 8.20b). Interaction with the reducible (due to oxygen vacancies) TiO2
substrate should make this effect even more pronounced, as a small, additional negative
charge is transferred to the cluster from the oxide.238 Indeed, separate investigations of an
-

isolated H2 molecule reveal a metastable resonance associated with an occupied 1σu*
orbital nominally 1.7 eV above the ground state of neutral H2226 (Figure 8.20). This
Feshbach resonance broadens considerably as the molecule approaches the Au surface
and hybridizes with the s-band electrons, ultimately leading to a finite occupation
probability of 1σu*, yielding a partially occupied antibonding state (Figure 8.20a and b).
Figure 8.20c shows the equilibrium ground state potential energy surface of H2 on Au,
clearly showing a steep rise in energy as H2 approaches the surface (Figure 8.20c),
strongly suppressing dissociative adsorption. For this reason, H2 and D2 will only weakly
physisorb due to van der Waals forces with a physisorption well of 35−45 meV.239,240 To
dissociate H2, the AB Feshbach resonance should overlap the hot electron distribution.
Populating the Feshbach resonance will substantially weaken the H2 bond and ultimately
lead to dissociation. The excited state potential energy surface (Figure 8.20 and 8.20d)
features an excitation energy of 1.8 eV above the ground state, which is the vertical
energy difference of this excited state from the ground state minimum (Figure 8.20c, d).
Hot electrons with energies greater than 1.8 eV should be able to transfer into a higher
vibrational state of the molecule. In addition, in this excited state the H2 dissociation
barrier was found to be substantially reduced to 1.7 eV, as compared to 2.3 eV in the
ground state. surface (Figure 8.20e). Each plasmon quantum will decay into a single
EHP. The hot electrons soon lose coherence and form a nonequilibrium Fermi−Dirac
type distribution which thermalizes by Auger scattering (Figure 8.20f). The hot electrons
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in the high energy tail of this distribution have sufficient energy to transfer into the
antibonding state of the H2 molecule, creating a transient negative ion (TNI), H2 δ−. This
TNI will be stabilized by its image potential. On small Au nanoparticles, the lifetimes of
the initially generated hot electrons can be much longer (100−500 fs) than on extended
substrates

because

of

increased

confinement

and

reduced

electron−electron

interactions.189,241This provides sufficient time for the TNI to travel on the excited state
potential energy surface, possibly in vibrationally excited states, extending its bond
length (Figure 8.20g). Then the TNI transfers the electron back to the AuNP surface,
where it returns to the ground-state potential energy continuum and dissociates.
8.6 Conclusions
This work demonstrates an important application of plasmonics to the field of
heterogeneous photocatalysis, enabling the room temperature dissociation of H2 on Au
nanoparticles. We show that hot electrons, created from plasmon decay, can transfer into
a closed shell H2 molecule and induce dissociation. This effect provides a path for the
optical control of chemical reactions. By tuning the plasmon resonances of metallic
nanoparticles appropriately, it may be possible to populate specific electronic states of
molecules adsorbed on the nanoparticle surface. This state-selective population of
adsorbate resonances could be exploited to prepare reactants in specific states on
nanoparticle surfaces, thus enabling an unprecedented, all-optical control of chemical
reactions.
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Chapter 9. Summary and Future
This thesis

demonstrates fundamental optical properties of plasmonic

nanostructures for applications in photothermal therapy, Fano resonance response, low
loss optical waveguiding and photocatalysis.
For example multilayer metallodielectric Au/SiO2/Au nanoparticles were found to
possess high degree of optical tunability in a compact sub 100 nm size regime which
could be used for photothermal therapy. In addition simply by changing the internal
geometries absorption and scattering efficiencies can be modulated which can pave a path
for both photothermal therapy and vivo imaging.156
These unique nanostructures were also found to support multiple Fano resonances
on individual nanoparticles. Due to high sensitivity towards change in local dielectric and
high degree of electromagnetic field enhancement near the Fano resonance frequencies
these structures are perfect for applications ranging from single particle based chemical
or biological sensing242,243, ultrasensitive detection of molecular analytes36 and even
single nanoparticle SERS enhancements.37 Also these multilayer structure behave as
optical condensers244 by localizing the near field within the dielectric gap. For certain
asymmetric morphologies such as Fanoshells an offset core also increases the chances of
achieving very high field enhancements. So they can be excellent candidates for spasers
or nanolasing applications 135 or plasmonic florescence enhancements by incorporating a
dye in between the dielectric gap between the metallic layers.245 In non linear optics these
structures with dual Fano resonance can enhance four wave mixing246 and may be used
for surface enhanced coherent anti-stokes Raman spectroscopy.247,248
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For implementation of on chip ultracompact interconnects linear chain of fused
heptamer nanoclusters were found to circumvent radiative losses and could propagate
electromagnetic energy up to 2.6 µm along the chain by near field coupling at magnetic
resonances. It would be interesting to probe the actual energy loss of waveguiding along
the heptamer chain by putting a dye or quantum dots on it and using Scanning Near field
optical microscopy.249 By using complex artificial plasmonic nanocluster as basic
building elements magnetic plasmon-based low-loss plasmonic waveguides and devices
can be constructed which exhibit waveguiding functionalities including plasmon steering
over large-angle bends and splitting at intersections. Plasmonic analog of Mach-Zehnder
interferometer or ring resonator structures can be constructed where the plasmon could be
steered and manipulated over the bends and circular curves.168 Also plasmonic logic gates
reported with plasmonic nanowires169 or slot waveguides250 could now be constructed
with these fused heptamer structures. Instead of controlling the optical phase difference
to generate the logic functionalities, in a Y- splitter it was shown that by simply changing
the number of heptamer units in one of the arms could control the light propagation to be
on or off state.
In the end one of the most important and practical application of plasmonics was
discovered in the field of gas phase heterogeneous photocatalysis. Photocatalysts that
couple light energy into chemical reactions in a directed, orbital-specific manner would
greatly reduce the energy input requirements of chemical transformations, revolutionizing
catalysis-driven chemistry. Room temperature dissociation of H2 on gold nanoparticles
using visible light was achieved by exciting the hot electrons on Au nanoparticle surface.

This method opens up a new pathway for all optical control of chemical reactions on
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metallic catalysts which can be implemented in many other gas phase heterogeneous
systems. A large number of reactions could be predicted where plasmonic nanoparticles
could provide an energy efficient route for achieving high yields.
Simple gas phase catalysis reactions could be the first stepping stone in
understanding the basic electron dynamics and mechanism of hot electron induced
photochemistry. For example gas phase oxidation reactions - oxidation of CO to CO2,176
NH3 to N2,6 ethylene to epoxides,6 oxidation of hydrocarbon,251 reaction of CO2 and H2O
to make CH4,252 and gas phase reductions- Hydrogenation of unsaturated hydrocarbons,
fatty acids253-255, photoreduction of CO2 to hydrocarbon conversion,48,256 could be
feasible on plasmonic nanoparticles. Some other immensely technologically important
and relevant reaction are also synthesis of NH3 from N2 and H2 and water gas shift
reaction (CO + H2O).
The amount of hot electron generation can be enhanced by using plasmonic
nanoparticles along with appropriate semiconductor oxides175,257,258 which has bandgap in
the visible for example Fe2O3,176 or N2 doped TiO2 ,172,259,260 hydrogenated TiO2.261
Apart from gas phase catalysis, a great deal of liquid phase catalysis262,263 could
also be performed such as water splitting,49,172,264 oxidation of alcohol to aldehyde,265
production of H2 gas from alcohol,174 and conversion of graphene oxide to graphene.266
A great deal of fundamental physics and chemistry still needs to be unfold in this
field. For example lifetime measurement of the hot electrons transfer from metal
nanoparticles to adsorbate species,46,267 study of hot electron lifetimes in different metal
nanoparticles having different dielectric functions, the dynamics of the hot electrons in
adsorbate excited vibrational states7, rate of photocatalysis process on nanoparticle sizes
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and nature of the metal surface.51,225,268,269 A careful probing of the nanoparticle surface
using the HAADF or STEM mode in high resolution TEM270 and performing ultrafast
nonlinear optical measurement46 and FTIR measurements on nanoparticle surface in
UHV environment may unveil many more interesting discoveries.
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Appendix A: Electron Beam Fabrication of Large Area
Arrays using Scanning Electron Microscopy on Conducting
and Non Conducting Substrates.
A.1 Introduction
Electron beam lithography is a nanofabrication technique where a focused beam
of electron is used to generate patterns on an electron beam resist and the exposed or
unexposed portion of the resist is preferentially removed. Metallic nanostructures are
obtained by depositing the metallic film on top of the resist with a subsequent liftoff of
the resist. The e-beam lithography produces patterns having resolution below the
diffraction limit of light which limits the use of conventional UV photolithography. It is
however possible to use Extreme UV (λ~ 13.5 nm) to achieve resolution better or as good
as ebeam lithography.
In this appendix key techniques and experimental details of writing single as well as
large area arrays of metallic nanostructures will be discussed.
A.2 Fabrication of Large Area Arrays on Silicon substrate
Making CAD designs for large area arrays: First designs of the pattern were made using
Design CAD Express (J.C Nabity lithographic systems) program. Below is an example of
an array of nanorod patterns designed using Design CAD Express. Each individual
rectangular nanorod designs were made using the 'polyfill' function having dimensions of
110 x 40 nm. Arrays were made using the 'Make Array' function as shown in Figure A1.
An array of 300 x 300 nanorods with a periodicity of 210 nm along X and 140 nm along
Y direction constituted an array size of 88 X 60 µm. After that the "MaxMag" function
was used to check the dimension and position the pattern at the center so maximum
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Figure A.1 Designing 300 x 300 nanorods pattern made using Design CAD express
software.
microscope magnification can be achieved to write the pattern. After this the file is saved
and ready to be used for lithography. A run file was made associated with the Design
CAD file and the parameters used in this process is shown in Figure A.2.
Preparation of the substrate: For this purpose Si wafer having 100 nm SiO2 (SVMI Inc.)
layer was used as substrate. The substrate is cleaned thoroughly with acetone and
isopropyl alcohol (IPA) and then dried using N2. Proper cleaning of the substrate is key
for achieving high yield of structures. Then 950 PMMA A2 / 950 PMMA A4
(Microchem) was spin coated using a spin speed of 3000 rpm (for A2) / 4000 (for A4)
rpm for 45secs. The resist is then baked for 5 mins at 180oC on a hot plate. This will
produce a resist film thickness of 75-80nm (PMMA A2) and ~ 200 nm (PMMA A4)
respectively. The choice of resist determines the feature resolution ( resolution A2 > A4)
and aspect ratio of the structures (aspect ratio A4 > A2).
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Figure A.2 Typical run file associated with the Design CAD file.
Tiny specs of Ag dust may be deposited on opposite edges of the substrate so that
focusing and adjusting the working distance becomes easier on featureless resist surface.
Lithography procedure: The substrate is attached to the stage into the SEM (FEI 650/400)
vacuum chamber and home stage calibration is performed first. The electron beam is
turned then on and focused on the Faraday Cup. The spot size is adjusted to 1.8. This
enable higher resolution of the probe beam to write fine structures, decrease lens
aberration and decrease the probe current to ~ 40pA (measured on the Faraday Cup). It is
essential to adjust the working distance to 6.8- 6.9 mm. After focusing the beam, auto
calibration of the lithography circuit board (NPGS PCI516) was performed using the
NPGS command "Calibrate DACs". This is essential to do it using user's own project
directory. Then beam was degaussed a couple of times and centered with respect to the
aperture by putting 'stigmator', 'beam shift', 'lens alignment' and 'source Tilt' to zero
shown in Figure A.3. Then lens alignment / wobble was corrected and lens alignment was
adjusted on the microscopes first and then adjusted using the software. For large area
arrays it is essential to perform the wobble at very high magnification < 80000x as well
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Figure A.3 FEI Quanta software interface for beam alignemt and moficiation.

as a lower magnification (1500 x magnification with which the large area patterns will be
written shown in the run file A.2) at the working distance. Then the beam is focused on
the Faraday cup, magnified to 30000x or more and set to spot mode to measure the beam
current using the picoammeter.
On the Si chip the beam was finally focused at a very high magnification
100000x, corrected for lens alignment and stigmator at the working distance of 6.8- 6.9
mm using Ag dust at the edge of the chip. After this the beam magnification is set to
150000 x and the beam blanker is used to blank the beam until the stage is moved to the
center of the chip to write the structures. Then XY focusing mode is activated from
NPGS by going to Options > System files > pg_cmnd.sys and setting # 7 as "focus.bat"
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(Figure A.4). XY focusing mode allows the software to use defined focus as the stage
moves to different location of the chip. Before writing the pattern, the stage was moved
to different location of the chip around the part where actual patters will be written and
focusing dots are acquired and focus values are attained by going to command > Direct
stage control. The values used to move the stage in this mode is relative and not absolute
values of position. The file focus.bat can contain information of exactly 20 focus values.
After acquiring the focus values, the NPGS software execute least square fit of a plane to
the X,Y and focus data. It is absolutely necessary to acquire circular well defined fusing
dots at high magnification of 150000 x. Then the run file is used after closing the direct
stage control function, and stage is moved as NPGS uses calculated focus distance to
write the structure.

Figure A.4 The NPGS interface of PG_CMND.SYS command
Before writing the structure, the NPGS software was put to NPGS mode and then the
beam blanker was set to "EXT" mode. The picoammeter must display 0 current. Then
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Run Files was processed to write the patterns. Depending on area of individual arrays,
pattern density, size of the array, dose and complexity of nanostructure write time of each
arrays can vary from 60 - 90 secs (80 x 80 µm2 nanorod arrays) to even 2-3 minutes (80 x
80 µm2 heptamer arrays). After writing the patterns the beam blanker was set to "OFF"
mode and NPGS software was set back to "SEM" mode.
Developing the pattern: developed using 1:3 MIBK solution by dipping in it for 50s
exactly and cleaned with isopropyl alcohol to stop the development process and dried
with N2.
Evaporation of metal think film: Using the ebeam evaporator metal film can be deposited
on the developed substrate. For the resist PMMA A2 up to 40 nm film was suitable and
for PMMA A4 resist up to 80 nm film gave good results.
Liftoff technique: For liftoff, the substrate was placed in a beaker filled with NMP and
kept at 65oC for 2 hours. After that, IPA was squirted on the substrate while lifting the
substrate out of the NMP close to NMP liquid level. It is important to remove all metal
from the substrate while the substrate still remains inside NMP. Then the substrate is
cleaned with IPA for 2 mins and dried with N2 gas. Figure A.5 shows the schematic of
the overall process of the lithography,

Figure A.5 Schematics of the overall ebam lithography process on conducting
substrate.
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The results are shown in the SEM images below,

2 µm

Figure A.6 SEM image of an area containing 10 x 10 pads of nanorod arrays. Each pad
contains 300 x 300 nanorods having dimensions of 110 x 40 nm with periodicities of 210
nm along X and and 140 nm along Y direction. Height of the nanorods are 35 nm. The
arrays are spaced 80 µm along X and 110 µm along the Y axis. Notice the focusing dots
used every 100µm or so along X and Y direction for using the X-Y focusing mode.
PMMA A2 resist was used with an area dose of 280 µC/cm2.
Similar arrays can be created with Au nanodisk dimers shown below in Figure A.7. These
dimers are also written as 10 X 10 pads of nanorod arrays. Below is the SEM image from
one of those pads.
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Figure A.7 200 x 200 arrays of Au nanodisc dimers having 100 nm diameter discs with
30 nm gap making up 75 µm X 47 µm. The height of the discs are 35 nm. The periodicity
is 100 nm along X and Y directions. Even at the edges the structures will be well defined
if the dose is right. PMMA A2 resist was used with an area dose of 240 µC/cm2.
A.3 Fabrication of Large Area Arrays on Non Conducting Substrate
For performing lithography on non conducting substrates like quartz, the surface has to
be made conducting first. One may use a thin metal film or use a conductive polymer.
These conductive layers can be stripped off from the quartz substrate after generating the
patterns using ebeam. The overall process is shown in Figure A.8.

Figure A.8 Shows the schematics for fabrication of nanostructure arrays on non
conducting substrates.
In general, PMMA coated substrate made conducting by covering it with a thin
film of metallic Cr (3nm) or a electrification dissipating material called Espacer (Showa
Denko, Japan). The area doses used for patterning the arrays should be slightly different
on quartz than on Silicon. After the lithography the conductive layer should be removed
before developing the resist.
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In case of Cr, the film was etched away with Cr etch (Type 1020) for 15 sec, until
a transparent quartz substrate is visible to naked eye. After that the substrate is
thoroughly cleaned using milliQ water for at least 2 mins.
In case of Espacer, the film was removed by simply washing it thoroughly with
water for 1 min. After the conducting film is removed the rest of the fabrication process
follows the same route as described in the case of conductive substrates.
Below are examples of lithography patterns performed using Cr thin film on Infrasil 301
quartz substrates and respective area doses used to generate them.

Figure A.9 Fused Hexamer array structures (65µm x 65µm) of Au written on quartz
glass substrate Infrasil 301. The diameter and height of the discs are 260 nm and 80 nm
respectively. Interparticle gap is 25 nm. PMMA A4 resist was used with an area dose of
260µC/cm2.
Next examples of arrays written on quartz structures using espacer.
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Figure A.10 Pd nanodisks arrays (70 x 70 µm2 ) written on Infrasil 301 quartz glass
substrates. Each disc has a diameter of 120 nm with periodicity of 350 nm along X and Y
directions. The height of each nanodisc is 50 nm. PMMA A4 was used with an area dose
of 520 µC/cm2.

Figure A.11 Au nanocluster arrays (76 x 76 µm2) written on Infrasil 301 quartz glass
substrate. Each disk is 300 nm in diameter with 80 nm height. Gap between two discs is
30 nmPeriodicitiy along X and Y direction is 3.3 µm. PMMA A4 was used with an area
dose of 260 µC/cm2.
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Figure A.12 Au nanoclusters (76 x 76 µm2) written on Infrasil 301 quartz substrate. Each
disc diameter is 300 nm with height 80 nm. Gap between two discs is 30 nm. Periodicity
along the X and Y directions is 3.3µm. PMMA A4 resist was used with an area dose 260
µC/cm2.

Figure A.11 Au nano antenna arrays (48 x 46 µC/cm2)written on Infrasil 301 quartz glass
substrates. The ring antennas are 50 nm thick with 50 nm height. Gap between two
antennas is 20 nm. Peridocities along X and Y directions are 700 and 800 nm
respectively. PMMA A4 resist was used with an area dose of 320 µC/cm2.
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Dose variation tests for arrays: To expose the patterns correctly preliminary exposure
tests also known as the dose tests were performed. Area dose variation for arrays are
completely different than dose variations for patterning single nanostructures. Doses
differ from pattern to patter and depend on structural complexity, array sizes, feature
sizes in the array and geometry of nanostructures in an array for a fixed current (~ 40
pA). In addition the dose will also strongly vary for arrays having a different
periodicities.
Below is an example of the run file for dose test for large area arrays of Al heptamers (~
60 µm2). Clearly, with a beam magnification of ~ 1600x, the dose variation was restricted
to 1 - 5% for individual arrays. This is important, as variation beyond 2 - 5% of from the
correct dose, the structures was found to be over or under dosed from its previous one.

Figure A.12 Run file for dose variation test for writing Al heptamer arrays.
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This is not the same in case for patterning single nanostructures where 10% dose
variation from one structure to another did not have noticeable difference. This is because
of high magnification used for writing single nanostructure patterns.
Below

are

heptamer

arrays

fabricated

with

different

periodicities.

Figure A.13 (left) Al Heptamer arrays (60 x 60 µm2) with periodicity of 1 µm along X
and Y direction. Each nanodisc has a diameter of 120 nm and height of 35 nm and gap of
25 nm. PMMA A2 resist was used with an area dose of 320 µC/cm2. (right) Au Heptamer
arrays (100 X 100 µm2) fabricated on Si substrate. Each nanodisc has diameter of 200 nm
and height 35 nm with 30 nm gaps. The periodicity along X and Y directions are 700 nm.
PMMA A2 resist was used with an area dose 220-230µC/cm2

A. 4 Patterning Single Nanostructures
Patterning single nanostructure is methodically not different from writing arrays
except magnification and doses used. Below is an example of design CAD and run file
made for writing a single Al heterodimers.
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Figure A.14 Design CAD and Run file for writing single heptamer structure. By making
single nanostructure design as shown above, maximum beam magnification limit can be
achieved which gives high resolution nanostructures.
Dose variation tests for single nanostructures: For single nanostructure dose variations
from structure to structure would yields low structural variation due to high beam
magnification and doses used.
Below are some examples of single nanostructures with respective doses.
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Figure A.15 (Left) Single Al heterodimers with the smaller disc having a radius of 50nm
and the bigger disc with a radius of 90 nm. Gap between them is 20 nm. PMMA A2 resist
was used with an area dose of 500-600 µC/cm2. (Right) Single Al quadrumers with the
discs having diameter of 140 nm. The gap between them is 20 nm. PMMA A2 resist was
used with an area dose of 500-600 µC/cm2.

Figure A.16 (Left) Single Al heptamers with discs having a diameter of 160 nm. The gap
between them is 20 nm. PMMA A2 resist was used with an area dose of 500-560
µC/cm2. (Right) Au heptamer chain with the discs having a diameter of 180 nm. The gap
between them is 25 nm. PMMA A4 resist was used with an area dose of 260-360
µC/cm2.
As shown in Figure A.16, with complexity of the structures and area patterns, the
beam magnification decreases and the area dose will decrease. For example single
heptamer had a beam magnification limit of 100000x with dose of 500-560 µC/cm2
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whereas the heptamer chain had a magnification limit of 9500x only with area dose of
260-360 µC/cm2.
A.5 Conclusions
Ebeam lithography is one of the most roust and high precision technique to write
high resolution patterns with high yield and aspect ratio. There are certain limitation in
this process using conventional SEM with 30 kV of beam energy. For example
limitations with the size of the area you can fabricate. It was observed for array size
bigger than 100 x 100 µm2, due to low magnification of beam, the resolution is lost and
also the dose is below the threshold of PMMA so the structures will always be under
dosed or overdosed. In addition making multiple pads of complex arrays are time
consuming. For example writing 10 x 10 pads of 300 x 300 nanorod arrays as shown in
Figure A.6 the write time was 5 hours which produced an area of 1.5-2 mm. Also due to
unwanted electron backscattering and proximity effect which exposes areas several nm
away from the point of exposure variation can be observed from pattern to pattern. In the
end it is important that the dose is correct for generating patterns. At the right area dose
and with the correct lift off technique, there will not be any resist / residual metal
remaining on the surface of the structures.
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Appendix B: Propagation Length of Electric Plasmon in the
Zig-zag Heptamer Waveguiding Structure
We calculated the propagation lengths of the magnetic and electric plasmons in the zigzag structure in Figure 7.2c. The propagation length of the electric plasmons is 0.86 µm
(see below), whereas that of the magnetic plasmons is 2.2 µm (see Figure 7.2d), which is
much longer.
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Appendix C: Optical Properties of Au Nanoparticles
Embedded in SiO2 Nanoparticles.

