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Abstract

Plasmon Hybridization in Real Metals
by
Kui Bao

By treating free electrons in metallic nanostructures as incompressible and irrotational fluid, Plasmon hybridization (PH) method can be used as a very useful tool
in interpolating the electric magnetic behaviors of complex metallic nanostructures.
Using PH theory and Finite Element Method (FEM), we theoretically investigated
the optical properties of some complex nanostructrus induding coupled nanoparticle
aggregates and nanowires.
We investigated the plasmonic properties of a symmetric silver sphere heptamer
and showed that the extinction spectrum exhibited a narrow Fano resonance. Using the plasmon hybridization approach and group theory we showed that this Fano
resonance is caused by the interference of two bonding dipolar subradiant and superradiant plasmon modes of El u symmetry. We investigate the effect of structural
symmetry breaking and show that the energy and shape of the Fano resonance can
be tuned over a broad wavelength range. We show that the wavelength of the Fano
resonance depends very sensitively on the dielectric permittivity of the surrounding

media.
Besides heptamer, we also used plasmon hybridization method and finite element
method to investigate the plasmonic properties of silver or gold nano spherical clusters. For symmetric clusters, we show how group theory can be used to identify the
microscopic nature of the plasmon resonances. For larger dusters, we show that narrow Fano resonances are frequently present in their optical spectra. As an example of
asymmetric clusters, we demonstrate that clusters of four identical spherical particles
support strong Fano-like interference. This feature is highly sensitive to the polarization of the incident electric field due to orientation-dependent coupling between
particles in the cluster.
~anowire

plasmons can be launched by illumination at one terminus of the nanowire

and emission can be detected at the other end of the wire. \Vith PH theory we
can predict how the polarization of the emitted light depends on the polarization of
the incident light. Depending on termination shape, a nanowire can serve as either
a polarization-maintaining waveguide, or as a polarization-rotating, nanoscale halfwave plate. \Ve also investigated how the properties of a nearby substrate modify the
excitation and propagation of plasmons in subwavelength silver wires.
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Chapter 1
Introduction
Although surface plasmon (SP) begins to be widely investigated scientifically in
the 20th century, people have been using SP in real life since thousands of years before.
In ancient times, metallic nano particles were used to color glasses, making colorful
cups, potteries and windows [1, 2, 3, 4]. A very famous example is the Lycurgus
cup which shows different color when light passes through the cup in different ways.
People began to understand the underline physics of the optical properties of nano
particles (NPs) in the 20th century after Gustav Mie's work. However, due to the
limitation of experimental methods, research about SP in NPs is restrained until the
end of the 20th century.
In metallic nano devices, SP is a coherent movement of surface electrons, which
is a result of the interaction between dielectric and electric magnetic field of light.
Thus the theoretical analysis of the behavior of SP can be done strictly by solving
Maxwell equations with proper boundary conditions. To solve Maxwell equations,
many numerical methods are developed including Finite Element Method (FEM)
and Finite Difference Time Domain Method (FDTD).
In metallic nano devices, SP has many applications in many fields. In biomedical
field, NPs' size is comparable to virus, bacteria, DNA and cells. Noble NPs are also
nontoxic, which makes it possible to inject NPs into human bodies. Thus, noble
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metallic NPs are used for DNA sequencing [5J, cell labeling [6, 7, 8, 9J, Hyperthermia
treatment [10, llj and drug delivery [11, 12, 13, 14, 15]. Here at Rice University,
Naomi Halas and Jeniffer West are doing clinic tests in which gold nano shells are
injected in to the blood system of mice to kill tumor cells. Gold nanoshells are silica
core coated with a thin layer of gold. The size of the silica core and the thickness of
the coating can be controlled such that SP resonance can be tuned over a very wide
range from near ultraviolet to near infrared [16J. By delivering those gold nanoshells
selectively to the tumor cells, those shells cover onto the tumor. After that, with
infaraed illumination, the gold nanoshells are heated efficiently to kill the tumor
cells.
In the solar energy field, people are having difficulties in enhancing the energy
conversion efficiency [17]. By placing NPs into the solar cell materials, the photons
are scattered efficiently due to the existence of SP. Scattered photons are trapped
much longer inside the material, which causes more photons to be absorbed.
At the SP resonance, the electric filed is largely enhanced and lots of heat is
generated. This makes it possible to use NPs as photocatalysis. A very promising
example is the decomposition of water. At a certain high temperature, water can be
decomposed into hydrogen and oxygen. Proper metallic nanoshells whose resonance
are at the visible light region can be designed and put into water such that when sun
light illuminates the water, those nanoshells can be heated very efficiently to a high
enough temperature to decompose water. With gold NPs embedded in Ti02, Liu et
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all has found that the factor of water splitting photocatalysis is increased by 66 [18).
In the information technology field, people are trying to use light instead of electricity as signal because with light as signal, the size of the device can be smaller and
the ohmic loss can be minimized. SP of NPs can be used to design subwavelength
optical devices such are nano antennas and nano waveguide which will be introduced
in Chapter 5.
Due to such a wide range of possible applications of SP of NPs, a physical and
simple model is very important to explain the behavior of SP in metal. Plasmon
hybridization (PH) method treats the conduction electrons of a nanostructure as
incompressible and irrotational fluid with uniform electron density. With this assumption, the behavior of SP of a nanodevice can be calculated classically without
solving Maxwell equations (19). In this thesis, we will see how PH method brings to
the scientific world a simple and physical view to understand the electric magnetic
properties of many complex metallic nanodevices.
The thesis will be organized as follows: In Chapter 2, we will generally introduce
the basics of PH theory. In Chapter 3, we use the FEM method to numerically
calculate the optical properties of a nanostructure called heptamers. PH method
and group theory are used to interpolate the simulation results. In Chapter 4, we
extend our nanostructure to many different kinds of aggregates of nanoparticles. FEM
method is used to do the numerical analysis. Group theory and PH method are used
to do the theoretical analysis. In Chapter 5, we use PH method to explain how the
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plasmon energy propagates and decays along a gold nano wire with different radius,
tip shape, distance from the substrate and permittivity of the substrate. Finally, the
conclusions of the thesis are in Chapter 6.

Chapter 2
Plasmon Hybridization method
2.1

Introduction

The field of nanoparticle plasmonics is rapidly becoming one of the major research
fields in nanoscience. The optical properties of a metallic nanostructure are determined by their local surface plasmon resonances (LSPR) which are collective oscillations of their conduction electrons. For resonant excitation of LSPR, intense local
electric fields can be induced at the nanoparticle surfaces, a property that can be exploited in surface enhanced spectroscopy (SES) applications such as surface enhanced
Raman scattering Petschulat et al. [20], Chen et al. [21], Liang et al. [22], Mu et al.
[23], Ochsenkiihn et al. [24].The LSPRs are strongly dependent on the shape and
composition of the nanostructure and are thus highly tunable Yang et al. [25], Encina
and Coronado (26], Ye et al. (27], Tserkezis et al. [28], Zhu [29], Netzer et al. [30]. This
tunability is crucial for the development of SES substrates where intense hotspots at
wavelengths relevant for molecular excitations and available lasers are needed.
A variety of computational tools have been developed and successfully used for
the electromagnetic modeling of nanostructures Chremrnos [31], Khoury et al. [32],
Teperik and Borisov [33], Chau et al. [34], Montgomery et al. [35]. The PH method
is another powerful method that provides analytical electromagnetic solutions for
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highly symmetric nanostructures in the quasistatic limit Prodan et al. (36]. The
PH method expresses the plasmon modes of a complex nanostructure in terms of
interactions between the plasmon resonances of its elementary components.

The

resulting hybridized plasmon modes are formed in rigorous analogy with molecular
orbital formation from atomic orbitals in molecular orbital theory. The PH concept
provides a simple and intuitive understanding of how the plasmon resonances of a
composite nanostructure depend on the plasmon modes of its individual components,
and has been widely used by many groups Liu et al. (37, 38], Moradi (39], Yuan and
Gao (40], Yang et al. [41]. In the following section, we will go through the basics of
PH theory, for more details, please check Prodan and Nordlander [19].

2.2

The plasmon hybridization method: Drude model

In the PH method, the conduction electrons of a nanostructure are treated as an
incompressible fluid of uniform electron density n 0 confined to a uniform positive
background of dielectric permittivity

£ 00 •

We will here describe the method only

briefly, and refer the reader to the original work for more details Prodan and Nordlander (19].
Incompressible deformations of a liquid can be described by their velocity fields

-:&(r) which denote the velocity of a volume element of the liquid at position

r.

Incompressible deformation fields can conveniently be expressed as gradients of scalar
potentials that satisfy Laplace equation. In a given geometry, one can trivially find
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a complete set of such scalar potentials </>1.~ft") where /1 is an index that labels the
individual basis functions. For instance in a spherical geometry for an individual
particle, f-L would be equal to the multipolar indices (l, m): and for a planar geometry,
f-L would be the parallel wave vector.

An arbitrary incompressible deformation of the conduction electron liquid in a
multiparticle structure can thus be written as

(2.1)
In this expression we refer to lif-t> as a primitive plasmon mode J-L on nanoparticle
i with an associated velocity fieldvi 1.J"t)=V<Pi~(7)and a time dependent amplitude
iftA~(t). For simplicity, in the following we will incorporate the particle index i into

J-L.The primitive plasmon amplitude

A~(t)

describes the spatial displacement of the

primitive plasmon IJ-L >. Since the electron liquid is incompressible, only surface
charges can result from the deformations. Each primitive plasmon mode IJ-L >induces
a surface charge that can be determined from the continuity equation:

(2.2)
where -J is a point on the surface of the nanostructure and 8 is its normal unit
vector in the outward direction from the metal surface.
In the presence of metallic background polarizabilities c 00 and any other back-
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ground dielectrics such as embedding media or dielectric particles or layers, extra
screening charges will be induced on the surfaces of the nanostructure. The resulting
screened surface charge distribution r~'C~) originating from the primitive plasmon
mode J-t depends on its amplitude and the dielectric permittivities of the background
materials.
In a complex geometry such as a multiparticle aggregate or a nanoparticle with
multiple disconnected surfaces, the primitive plasmon modes can interact with each
other through the Coulomb potential and are no longer the eigenmodes of the system.
For small amplitude motion, all interactions are linear. To obtain the normal modes,
one assumes that all modes move harmonically, and look for self sustained solutions,
i.e. finite amplitude modes that exist without an applied external field. The kinetic
and potential energies of the primitive plasmons can be calculated directly from their
velocity fields v~<("Y) and screened surface charge distributions r~<("Y).
The potential energy of the system will contain nondiagonal elements resulting
from the interaction of primitive plasmon modes of different J-t. By constructing and
diagonalizing the Lagrangian for the system, the new eigenmodes can be determined.
These hybridized eigenmodes are superpositions of the individual primitive plasmon
modes.
The optical absorption of the nanostructure is calculated directly from the equation of motion for the system in the presence of an external electric field. For a
nanoparticle in the quasistatic limit, i.e. much smaller than the wavelength of the
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(a)

(b)

(C)

(d)

(e)

(f)

(q)

(s)

(t)

Figure 2.1 : Schematics of geometries where the PH method has been applied.
(a) Nanoshell and (b) nanomatryushka [19]; (c) nanoegg (42]; (d) prolate or oblate
spheroids (43]; (e) nanorice (43, 44]; (f) nanotorus (45]; (g) nanosphere dimmer (46];
(h) nanoshell dimmer (47]; (i) nanorod dimmer (48]; (j) nanoparticle trimer and (k)
quadrumer (49]; (1) nanoparticle tetramer [50]; (m) nanoparticle heptamer [51]; (n)
solid and (o) dielectric core-shell nanowires (43]; (p) nanoparticle interacting with a
metallic wire [52]; (q) nanoparticle interacting with a semi-infinite metallic surface
[53]; (r) nanosphere interacting with a thin metallic film [54]; (s) nanoshell interacting
with a thin metallic film [55]; (t) cylindrical hole in a thin rnetallic film (56]. 1\tletallic
materials are illustrated in yellow and dielectrics in brown.
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incident light, only plasmon modes with finite dipolar components will couple to the
incident field. The optical absorption can be expressed in terms of the frequency
dependent dipolar polarizability a(w) of the nanostructure as

a(w) = ~Im[a(w + i8/2)]
c

(2.3)

where 8 is a damping parameter and cis the speed of light. The damping parameter describes the dissipation (friction) in the system and results in a broadening of
all the modes. By choosing the damping to correspond to the damping in real metals,
the calculated absorption spectra agree perfectly with exact calculations. However,
in many applications it is convenient to use a very small damping to better resolve
the individual hybridized plasmonic modes.
Since the PH method is a microscopic approach, it does not explicitly require a
dielectric permittivity of the metal as an input. However, for a conduction electron
liquid of uniform density n 0 , the resulting bulk dielectric function is of the Drude
form:

c(w) =

w~
E 00

-

w w+z 8
(

•

)

(2.4)

In this expression the bulk plasmon frequency is

(2.5)
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where me is the effective mass of a conduction electron.
The Drude model eq. (4) has three parameters:

WB,

c 00 and 8. For the coinage

metals Ag and Au, for wavelengths longer than 500 nm, one can find fixed parameters
that provide an accurate modeling of the experimentally determined dielectric data
by Johnson and Christy (JC) Johnson and Christy [57]. Using such dielectric descriptions, the PH method has successfully been applied to a wide variety of geometries
as illustrated in Figure 2.1.
In the next section, we show how one can introduce frequency dependent parameters w8 , c 00 and 8(w) in the PH method and model metals of arbitrary dielectric
permittivities.

2.3

The plasmon hybridization method: Realistic metal dielectric function

The optical response of a nanoparticle is determined by its real and imaginary dielectric permittivities. The real part determines the shift of the plasmon resonances and
the imaginary part determines the width of the modes. Using a correct imaginary
part is particularly important for the electromagnetic field enhancements. A decrease
of the damping 8 by an order of magnitude translates into an order of magnitude
increase of the enhancements. In many tables and reference works, experimental dielectric data is parameterized in terms of the real and complex refractive indices n(w)
and k(w) which are related to the complex dielectric permittivity as

12

c(w) = [n(w)

+ ik(w)] 2

(2.6)

The material parameters that are required in a PH calculation are the background
polarizability c00 , the damping 8 and the conduction electron density no which enters
the Lagrangian indirectly through the bulk plasmon energy

WB·

To fit the real and

imaginary part of the permittivity to a realistic dielectric permittivity such as JC, we
introduce frequency dependent parameters

WB,

c 00 and 8(u.i) in eq. (4) and obtain for

the real part

w~(w)

cR(w) = Re[c(w)] = coo(w)- 2 -2( )
w +o u.J

(2.7)

and for the imaginary part

w~(w)8(w)

cJ(w) = Jm[c(w)] = w(w2

+ 82(w))

(2.8)

For each frequency, there are two equations and three unknowns. Thus the parameters are not determined unambiguously. If one parameter is fixed, the other two
can be determined directly from eqs. (7) and (8).
Figure 2.2(a) shows the absorption spectrum of a silver nanosphere dimer calculated using completely different parameterizations of the JC data. The two prominent peaks are the hybridized bonding dipolar (l

= 1) and quadrupolar (l = 2) dimer

resonances. The higher energy quadrupolar mode is visible because the hybridized
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Figure 2.2 : (a) Absorption spectra for an Ag nanosphere dimer calculated using
PH for two different parameterizations of Ag JC data: (black) fixed c 00 = 8 ; (red)
random c 00 • The radii of the Ag spheres are 10 nm and the interparticle separation is
1 nm. (b) Real and complex refractive indices for the two different parameterizations
of the JC data. (c) Frequency dependence of WB and S(w) for the fixed c 00 = 8
parameterization of the JC data.
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state contains individual dipolar nanosphere resonances [46, 47]. The spectra are
almost identical to the results obtained from standard frequency domain Finite Element Method (FEM) calculations of the absorption spectra for the silver dimer (not
shown). The black curves in Figure 2.2(a) are calculated by choosing a fixed value
for c 00 = 8 and for each frequency w determining ws and b(w) by equating eqs. (2.7)
and (2.8) to the JC data. The red curves are obtained from a random choice of c 00 (w)
(between 10 and 50) for each frequency and then determiningws and b(w) by equating eqs. (2.7) and (2.8) to the JC data. As expected, both approaches give the same
spectra showing that the optical properties of the structure calculated using PH are
determined directly by the complex permittivity and independent of the values of the
individual parameters ws, c 00 and b. In Figure 2.2(b) we compare the resulting real
and imaginary refractive indices. As expected, the two different parameterizations
give the same results for n(w) and k(w) and are identical to the JC data. Figure
2.2(c) shows ws and b(w) for the fixed c 00 = 8 parameterization.

2.4

Electric field enhancements

\Ve now show how electric field enhancements can be calculated using the PH approach. We pick a small silver nanosphere dimer and include all primitive nanosphere
plasmon modes up to an

lmax

= 20 to ensure convergence [47, 46].

The PH method expresses the complex potential induced by a dipolar excitation
source as the superposition of the potentials generated by each primitive plasmon
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mode [19, 47]:

(2.9)

FEM

PH
Random e.,..

700
. - 500

300
100

300
w

~

250

. - 200
150

100

50

Figure 2.3 : Electric field enhancements for the hybridized dipolar (upper panels) and
quadrupolar (lower panels) Ag silver sphere dimer modes calculated using: FEM (a)
and (d); PH with the fixed c 00 = 8 parameterization of JC data (b) and (e); and PH
using the random parameterization of the JC data (c) and (f).
In this expression i is the particle index, Ri is the radius of particle i, ri is the
distance from

r

to the center of nanoparticle i, Yzm(Oi ) is the spherical harmonics

centered on nanoparticle i. The quantity vz(x 1 ,x 2 )

= x~;'x;+- 1 ,

where x> means the

larger one of x 1 and x 2 and vice versa for x<. The complex electric field is obtained
as the gradient of the complex potential:
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lf(""t) = V<I> =

L

(Re[Ei(""t)

+ ilmEi(""t)]))

(2.10)

j=x,y,z

where

3is a unit vector in the j-direction. The amplitude of the complex electric

field gives the magnitude of the local electric field:

lEI=

(2.11)

In Figure 2.3, we compare the local electromagnetic field enhancements for the
two dimer resonances in Figure 2.2(a) calculated using JC data and the numerical
FEM (COMSOL) approach with the PH result obtained using the two different parameterizations discussed in Figure 2.2. The figure shows that the results are almost
identical. The slight discrepancies between the field enhancements (less than 5%) are
caused by numerical grid errors in the FEM and the neglect of retardation effects in
PH.

2.5

Summaries and conclusions

In this chapter, we have generally introduced plasmon hybridization method and
shown that this method can be extended to include realistic permittivities for metals and to calculate the plasmon-induced electromagnetic field enhancements. In the
following chapters, we will further show that by using the 'modes' concept and 'hybridize' concept, lots of interesting optical properties of metallic nanostructures can
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be explained in a simple and physical way.

Chapter 3
Fano Resonances in Silver Nanoparticle Heptamers
3.1

Introduction

Plasmonic nanostructures are of considerable current interest because of many important applications in chemical sensing and biosensing,[58, 59, 60] subwavelength
waveguiding,[61, 62] metamaterial applications,(63, 64, 65] imaging and fluorescence
applications,(66, 67, 68] and biotechnology.(69, 70, 71] The unique ability ofplasmons
to focus incident light into subwavelength volumes near metal surfaces can lead to
very intense local fields. The field intensities of such hotspots can reach sufficient levels to enable single molecule Surface Enhanced Raman Scattering (SERS).[72] The
largest plasmonic field enhancements are typically occurring in junctions between adjacent nanoparticles. For this reason much experimental and theoretical effort has
been devoted to the study of the plasmonic properties of nanoaggregates such as
dimers,[73, 74, 75, 76] trimers and quadrumers,(49, 50, 77, 78] and larger structures
such as nanoparticle chains and arrays.(79, 80, 81, 82, 83]
The line widths of plasmon resonances play a crucial role in many applications.
In SERS applications the maximum obtainable field enhancements generally become
larger for narrower resonances. In waveguiding application, the propagation length
is typically proportional to the plasmon lifetime. In Localized Surface Plasmon Res-
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onance (LSPR) sensing where analytes are detected through their screening-induced
shift of the energy of a plasmon resonance, the efficiency of a plasmonic substrate is
typically determined by the Figure of Merit (FoM) defined as the shift of the energy
of the plasmon resonance per refractive unit of surrounding material divided by the
width of the resonance.[84] In LSPR sensing applications it is therefore crucial to
employ substrates with narrow plasmon resonances.
The plasmon line width is determined by both intrinsic and radiative damping.
The intrinsic damping is proportional to the imaginary part of the dielectric function and depends on both the material and the wavelength. By employing tunable
plasmonic nanoparticles such as nanorods or nanoshells, and tuning the plasmon resonance to a wavelength longer than the onset for interband transitions, the intrinsic
damping can be reduced. The radiative damping depends on the total dipole moment of the plasmon resonance. The total dipole moment associated with a collective
plasmon mode in a multi particle aggregate depends on the relative phase of the dipolar plasmon modes of the individual particles. If the individual nanoparticle dipoles
oscillate in phase, the plasmon mode is superradiant and strongly radiative. In subradiant modes the dipoles oscillate out of phase, resulting in a drastic reduction of
the radiative damping. A dramatic example of the effect of radiative damping has
been demonstrated in a concentric ring-disk cavity, i.e., a planar disk concentrically
aligned within a planar ring.[85] In this system the dipolar modes of the disk and
rings interact and form hybridized bonding and antibonding plasmon modes. The
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low-energy bonding mode is subradiant and extremely narrow while the antibonding
mode is superradiant and appears like a broad continuum.
The interference between subradiant and superradiant plasmon modes can result
in narrow Fano resonances in the optical spectrum of a nanostructure.(64, 86, 87, 88]
Apart from their fundamental importance, such Fano resonances are also of considerable interest in LSPR sensing application because of the large FoM that can be
achieved for narrow resonances. For instance, for a nonconcentric aligned ring-disk
cavity,(86] the FoM of the Fano resonance is larger than 8, which is among the largest
FoM reported for a standalone nanostructure.
In a recent study of the plasmonic properties of nanoshell arrays it showed that
a symmetric Au nanoshell heptamer can exhibit a pronounced Fano resonance in the
infrared part of the spectrum.(89] In this chapter we investigate the microscopic mechanism that provides this interference effect by an application to a smaller symmetric
Ag nanosphere heptamer. We show that the heptamer geometry with its unique symmetry properties is particularly amenable to exhibit Fano resonances. According to
group theory, the irreducible representation of the symmetric heptamer is the sum
of the representation for the center particle (CP) and that of the surrounding six
particle ring hexamer (HX). Thus two types of dipolar resonances are formed in this
structure, hybridized bonding and antibonding linear combinations of the HX and

CP modes. The Fano resonance results from the interference of a narrow subradiant
bonding mode of E 1u symmetry, which overlaps another broad bonding superradiant
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mode of the same symmetry. The Fano resonance of the heptamer is found to exhibit
a very large LSPR sensitivity with a FoM above 10.

3.2

Plasmonic Structure of a Heptamer

A number of theoretical methods have been developed for the calculation of the optical
properties ofnanostructures.[90, 35, 91] In this paper we will use the Finite-Difference
Time-Domain method (FDTD),[92] a commercial implementation COMSOL of the
Finite Element Method (FEM), and the Plasmon Hybridization (PH) approach.[19]
The PH method is an electrostatic approach that expresses the plasmon resonances
of a composite nanostructure in terms of the plasmonic modes of the individual constituent nanoparticles. In the present calculation, we include all primitive nanosphere
plasmons up to an

lmax

= 20. which is sufficient for convergence.

The metallic particles in this section are assumed to be silver spheres. Normally
the Ag metal will be modeled by using experimental dielectric data (JC).[57] To make
it easier to resolve individual plasmon modes in the spectra in some instances we will
also employ a Drude Fit (DF) where the dielectric function is parametrized as,

CDF

w~
=coo- w(w + i6)

(3.1)

with w8 = 9.1721eV, c 00 = 4.039, and 6 = 0.0207eV. This parametrization
provides a reasonable fit of the JC data for wavelengths larger than 400 nm. In
the electrostatic limit (PH), this parametrization corresponds to sphere multipolar

22

R=50 nm

- - Extinction
Scattering
- - Absorption

x10-13

3.0

e-

-

2.5
2.o

c:

.Q 1.5

ts
Q)

C/'J
UJ

1.0
e
(.)

0.5
300

400

500

600

700

800

Wavelength (nm)
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To describe the geometry of a symmetric heptamer consisting of spherical particles
of radius Rand nearest neighbor separation d we introduce the notation (R, d). All
spectra will be calculated assuming normal incidence. As for a symmetric trimer
and quadrumer,[49] one can use group theory to show that the symmetric heptamer
spectra is independent of the in-plane polarization angle.
In Figure 3.1 we show the different cross sections of a symmetric (50,5) nm heptamer. The extinction and scattering spectra reveal several narrow features. Unless
defined explicitly scattering means the electromagnetic energy scattered by a structure from the incident beam integrated over 4?T solid angle. The most prominent
resonance is the Fano antiresonance around 570 nm. This feature is robust and appears for symmetric heptamers of R

= 50 nm Ag spheres for interparticle spacings

d in the range 2 to 10 nm and probably beyond. The antiresonance at 570 nm is

analogous to the Fano resonance discussed for a much larger symmetric nanoshell
heptamer.(89]

3.2.1

Plasmon Modes of the Heptamer

In Figure 3.2 we show the plasmon resonances of the heptamer as a function of
interparticle spacing calculated using the PH approach. For the largest separation,

24

4.0
3.8
3.6

w3.2
3.0

2.8

d (nm)

2.6~~-r-+~--r-~~-+~--t--+-~

5

0

15

10

20

25

30

4.0
3.8

-

3.6

~3.4
.._....
w3.2
3.0

2.8
2.6-'-+--...l..Lf----L4- - f --+--+---+--- .....____ _ _ _ _ __

0.5

1

d (nm)

1.5

Absorption
(a.u.)

Figure 3.2 : Energy (upper and lower left panels) of the plasmon resonances in a
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right panel shows the absorption spectra for the d = 1 nm structure. The arrows
denote some of the dipole active modes. The silver metal is modeled by using the DF
parametrization. Only pla.':lmon resonances in the energy interval 2.6 to 4.1 eV are
shown.
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the interaction between the plasmon modes of different nanoparticles is very small and
the plasmon modes are essentially the 7(2l

+ 1)

degenerate modes of the individual

nanosphere plasmon wl. As the separation dis decreased, the modes begin to interact
and hybridized collective heptamer plasmon modes are formed. The lowest group of
levels are the bonding and antibonding modes that asymptotically originate from the
dipolar modes. At slightly larger energies, the highly degenerate quadrupolar mode
forms a less dispersive manifold of hybridized plasmon modes. Quadrupolar and
the higher multipolar resonance interacts very weakly. As the separation is further
decreased also modes of different multipolar index l begin to interact resulting in
asymmetric splittings of the bonding and antibonding levels. This interaction also
results in higher modes becoming dipole active and being able to couple to incident
light. This is apparent in the absorption spectrum for d

= 10 nm, which shows two

strong features at 3.5 and 3. 7 eV which originate from the l = 1 nanosphere modes
but also several weak features originating from hybridized l

3.2.2

= 2 modes.

Group Theory Analysis

The PH approach allows for a very simple interpretation of the plasmonic structure
using group theory.(49, 50] The present application to the heptamer closely parallels
the previously published application to symmetric trimers and quadrumers.(49]
The heptamer geometry belongs to the

D6h

point group, and contains two distinct

particle types with respect to the symmetry operations. The CP is located at the
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intersection of all symmetry elements and it is independent from the six peripheral
particles that are connected to each other with group symmetry operators.

The

heptamer symmetry-adapted basis set is thus the union of that for the HX and that
for an isolated sphere. The irreducible representation of the heptamer can thus be
written as rsept =rep+ rHx, where the irreducible representations for the planar
dipole modes of the sphere and the HX are,

This decoupling of the symmetry adapted basis for the heptamer into a symmetry
adapted basis for the HX and the CP is responsible for the unique plasmonic properties
of the heptamer.
For the heptamer there are 21 individual dipolar plasmon modes. We will consider
only in-plane modes and assume that the incident E-field is always in the plane of
our structure. The 14 individual in-plane dipolar modes transform into 14 symmetry
adapted basis functions as illustrated in Figure 3.3. In a dipole representation the CP
contributes only to the E 1u representation. The E 1u representation exhibits a 6-fold
degeneracy and the physical plasmon modes are constructed as linear combinations
of all 6 E 1 u basis modes.

The CP dipolar plasmon can thus hybridize with the
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Figure 3.3 : Symmetry adapted basis functions of heptarner planar dipoles generated
by using the D 6h point group. Only the E 1u panels contain rnodes with finite dipole
moments.
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surrounding ring dipolar modes and form bonding and antibonding modes as well as
dark subradiant and bright superradiant modes.
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Figure 3.4 : Symmetry resolved plasmon frequencies of the (10 , d) nm heptamer
as a function of d calculated with PH. The silver metal is modeled by using the
DF parametrization. The colored curves of E 1u correspond to the features in the
absorption spectrum in Figure 3.2.

With use of the symmetry adapted basis function (Figure 3.3) , the individual
heptamer plasmon modes in Figure 3.2 can be classified by irreducible representation.
In Figure 3.4, we show the lowest plasmon modes within each symmetry group as a
function of interparticle separation d. The figure shows that for decreasing d the
plasmon energies at Figure 3.4 decrease. This red-shift is a specific effect observed
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for the heptamer geometry and not observed in smaller systems such as the dimer,
trimer, or quadrumer. For example, the dipole modes of A 19 symmetry depicted in
Figure 3.3 suggest a strong electrostatic repulsion that results in these modes being
antibonding in a HX structure. However, in the heptamer this repulsion is countered
by an attractive interaction mediated by multipolar plasmons of the CP, which results
in an effective attractive interaction and red-shift at small d. Another effect specific
to the heptamer geometry is the avoided crossings of plasmon modes, which emerges
as a result of the interaction between the CP and the peripheral particles. This effect
is responsible for the energy overlap of the subradiant and superradiant modes. The
coloring of the E 1u modes in Figure 3.4 corresponds to the color of the arrows denoting
the peaks in the absorption spectrum in Figure 3.2.

3.3

Analysis of the heptamer Fano Resonance

In this section, we analyze the microscopic origin of the Fano resonance in the extinction spectrum (Figure 3.1) for the (50,5) nm heptamer.
Fano resonances in plasmonic systems can be intuitively understood by using a
coupled damped harmonic oscillator model originally developed as a classical analogy to Electromagnetically Induced Transparency (EIT) in atomic systems.[93] Fano
resonances appear naturally in such systems when narrovv dark modes couple to and
spectrally overlap broad bright modes. The effective interaction between the two such
modes is dispersive and can result in a strong interference in the oscillator amplitudes
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which in turn influence the radiation emitted from the system, i.e. the scattering spectrum. \Vhen the two oscillator modes are of similar frequency the interference results
in a symmetric antiresonance. If the frequencies are different, the typical asymmetric
Fano resonance appears. The PH method directly expresses plasmons in composite
nanoparticles as coupled damped harmonic oscillators. Dark plasmons with little or
no dipole moments are narrow, and bright plasmons with sizable dipole moments
are superradiant and strongly damped. The interaction between plasmon modes on
adjacent nanoparticles is controlled by the geometry of the structure.
In Figure 3.5 we show the scattering and absorption spectra for the heptamer
with all dimensions scaled down by a common factor. For the smallest system (10, 1)
nm, the scattering and radiative damping is very small and the absorption spectrum
agrees perfectly with the result from the electrostatic PH approach shown in Figure
3.2. The two strong features at 340 and 380 nm are the two bonding E 1u modes
(black and blue lines in Figure 3.4). The very weak feature at 450 nm is the almost
dark bonding subradiant E 1u (green line in Figure 3.4) with the dipole moment of
the center atom oriented opposite to the dipole moment of the surrounding six ring
atoms. The nature of this mode will be discussed in detail below.
As the size of the system is increased, scattering becomes more important than
absorption. The superradiant E 1u mode begins to red-shift and broadens significantly
while the dark mode remains narrow and red-shifts only weakly. For R > 25 nm,
the superradiant mode is sufficiently broad to overlap the dark mode. When this
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Figure 3.5 : Scattering (a) and absorption (b) spectra calculated with FENI of the
heptamer as a function of overall size of the system. The Ag is modeled by using the
DF dielectric parametrization. The dashed curves show the red-shift of the subradiant
(green) and superradiant (blue) modes with increasing size.
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happens, the conditions for radiative plasmonic interference effects are satisfied. The
dispersive coupling between the narrow subradiant mode and the broad continuum of
the superradiant mode results in an asymmetric Fano resonance at the energy of the
subradiant mode. For R

=

50 nm, the energies of the subradiant and superradiant

modes are approximately equal and a characteristic antiresonance appears in the
spectra.
The absorption spectra in Figure 3.5b illustrate the dramatic effect radiation
damping has on the line width of bright plasmon resonances in finite systems of
increasing size. For R larger than 25 nm, the superradiant mode is not discernible
in the absorption spectrum. The reason for that is that the mode radiates much
more strongly than it absorbs. Although the mode still exhibit a finite albeit small
absorption, the intensity is too small to result in a Fano resonance in the absorption
spectra.
In Figure 3.6 we show the electric field enhancements of the subradiant and superradiant modes for the (10, 1) nm heptamer calculated using PH. This small heptamer is in the quasistatic regime, so FEM and PH both give the same results. We
also show the field enhancements for three wavelengths around the Fano resonance
for the (50, 5) nm heptamer where retardation effects play a dominant role. These
plots are very similar to the result for the electrostatic (10, 1) nm system where a
group theoretical analysis can be rigorously justified. The dipolar components of the
modes calculated with PH are shown in Figure 3.6a-c and clearly show that both the
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Figure 3.6 : Electric field direction (blue arrows) and enhancement (color contour
with red and yellow indicating hot spots) associated with the subradiant (center
column) and on the blue (left column) and red (right colurnn) sides of the superradiant
heptamer plasmon modes. Panels a - c show the dipolar admixtures calculated with
PH. Panels d - f are for the (10, 1) nm heptamer and panels g- i are for the (50 , 5) nm
heptamer. The maximum field enhancements for the (50 , 5) nm heptamer are 53, 88,
and 43 at 528, 566, and 642 nm wavelengths.
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subradiant and superradiant modes are different bonding linear combinations of the
symmetry-adapted basis functions depicted in the E 1u panel of Figure 3.6. For the
superradiant mode, the dipolar mode of the CP oscillates with the same phase as the
dipolar plasmons in the surrounding ring and therefore exhibit significant broadening
due to radiation damping. For the subradiant state, the dipole moment of the CP is
opposite to the dipole moments of the ring plasmons. Thus the total dipole moment
is reduced and the width of the resonance is determined by the intrinsic damping.
Since the symmetry properties of the heptamer are such that the plasmon modes
can be regarded as having been formed through hybridization of the modes of the
CP and those of the surrounding HX, it is of interest to investigate the effect of
changing the radius of the CP. Such a change does not break the symmetry of the
heptamer. In Figure 3.7a, we show the extinction spectra of the (50, 5) nm heptamer
when substituting the CP with a sphere of different radius RC. For the smallest

RC = 20 nm, the interaction between the CP and the surrounding HX is negligible
and the spectrum is essentially a superposition of the spectra for a (50, 5) nm HX and
the spectrum of a silver nanosphere of radius 20 nm. The plasmonic structure of the
HX will be analyzed in detail elsewhere. Briefly, the optically active modes are linear
combinations of the first four basis functions of E 1u symmetry depicted in Figure 3.3.
The HX modes that are relevant in the present discussion include a relatively narrow
mode around 400 nm and a continuum extending between 425 and 800 nm that is
made up of two superradiant modes centered around 450 and 600 nm. The 400 nm
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Figure 3.7 : (a) Effect of replacing the CP in a (50, 5) nm heptamer by a sphere
of different radius RC = 35 nm (red) and 50 nm (green) . (b) A PH hybridization
diagram showing how the bonding su bradiant heptamer mode (center) is formed from
the interaction of the HX (left) and the CP (right). The two dashed lines in the HX
are two different and overlapping superradiant HX states. The arrows represent the
interactions between the relevant states.

36
mode interacts with the CP dipole to form the hybridized bonding subradiant mode
depicted in Figure 3.6b. This mode is highly tunable with a wavelength that depends
strongly on RC. As the radius RC becomes larger, the interaction between the CP
plasmons and ring plasmons increases and interference effects begin to play a role.
For RC = 35 nm, the subradiant mode begins to interfere with the short wavelength
edge of the HX continuum resulting in a characteristic asymmetric Fano resonance
at 450 nm. As RC increases, the interaction increases resulting in a further red-shift
of the subradiant state into the HX continuum and a change of the line shape of the
Fano resonance. For the largest RC = 50 and 53 nm, the Fano resonance appears as
an antiresonance in the lower energy HX continuum.
In Figure 3. 7b we illustrate schematically how the plasmon resonances of the CP
and the surrounding HX hybridize to form the subradiant state that results in the
Fano resonance. To make the PH more apparent the extinction spectra are plotted as
a function of energy rather than wavelength. The figure clearly shows how the dipolar
nanosphere plasmon interacts with a HX mode around 3.2 eV and forms a bonding
subradiant mode in the HX continuum. For RC = 35 nm, the subradiant state is
red-shifted to around 2. 7 eV, where it appears as an asymmetric Fano resonance. For

RC = 50 nm, the state is further red-shifted to 2.2 eV and appears in the spectrum
as an antiresonance.
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insertions is indicated in the insets.
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3.4

LSPR Sensing

Plasmonic interference and coherence effects such as Fano resonances are caused by
plasmon-plasmon interactions and can therefore be very strongly affected by the
electrostatic screening introduced by the presence of dielectric media between adjacent
nanoparticles.[86] The heptamer Fano resonance with its distinct and narrow shape in
the visible region of the spectrum thus provides an interesting candidate as an efficient
LSPR sensor. In Figure 3.8 we show the extinction spectra of a heptamer placed on a
glass substrate surrounded by dielectric embedding media of different permittivities.
Figure 3.8a shows the effect of only filling the junctions with the embedding media
and Figure 3.8b shows the effect of completely covering the heptamer structure. Both
panels demonstrate that the effect of dielectric screening is a strong red-shift of the
Fano resonance. The LSPR shift for the Fano resonance in Figure 3.8a is 410 nm/RIU
and for a complete embedding of the heptamer as shown in Figure 3.8b, the LSPR shift
is 515 nm/RIU. The full width half-maximum of the Fano resonance defined as the
energy difference between the peak on the short wavelength side of the antiresonance
and the energy of its minimum is 0.15 eV. The corresponding FoM are thus 7.9 and
10.6, which shows that the heptamer structure would provide an excellent platform
for LSPR sensing.
The plasmonic interference effects responsible for the large LSPR sensitivity originate from the particular symmetry properties of a heptamer and are likely to arise
also for heptamers consisting of cylindrical disks which may be readily fabricated by
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using lithographic techniques.

3.5

Summaries and conclusions

In this chapter, using numerical and analytical electromagnetic methods we have analyzed the optical and plasmonic properties of symmetric Ag nanosphere heptamers.
The unique symmetry of a heptamer leads to a decoupling of its plasmon modes into
plasmon modes of the six surrounding ring particles and the plasmon modes of the
center particle. The interaction between the plasmon modes of the center particle
with the plasmon modes of the surrounding ring results in hybridized bonding and
antibonding heptamer plasmon. The interference between a bonding subradiant and
a bonding superradiant heptamer plasmon results in a pronounced Fano resonance in
the extinction spectrum. This Fano resonance is found to be well preserved also for a
weak structural symmetry breaking of the heptamer. The Fano resonance is found to
exhibit an unusually large LSPR sensitivity making the heptamer structure a highly
promising substrate for LSPR sensing.

Chapter 4
Fano resonances in planar nanosphere clusters
4.1

Introduction

The Localized Surface Plasmon Resonance (LSPR) in nanostructures is a subject of
intensive current interest, because of many promising applications in both biological
and physical sciences [94, 95, 96, 97]. Many of these applications are based on the large
electromagnetic field enhancements of "hot-spots" that can be induced for resonant
excitation of their plasmon resonances. These field enhancements [98, 99] amplify
the cross sections for Surface Enhanced Raman Scattering (SERS) [100, 101, 102] or
Surface Enhanced Infrared Absorption (SEIRA) [58, 89, 103, 104].
The plasmon resonances of a nanoparticle strongly depend on its geometry and
composition [104, 105, 106, 107]. Examples of tunable nanostructures capable of
providing large electromagnetic field enhancement are nanoparticle pairs or "dimers".
In these structures, the electromagnetic coupling between the plasmon resonances of
the individual nanoparticles results in hybridized plasmon modes that provide intense
hot-spots in the gaps between the particles [108, 109, 110, 111, 112].
Recently much attention has been devoted to nanoparticle aggregates consisting
of more than two nanoparticles, such as trimers [113, 78, 114, 115, 49], tetramers
[116, 117, 118], as well as ordered or disordered nanoparticle arrays [119, 81, 120, 121,
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122]. In addition to providing an enhanced plasmonic tunability relative to the dimer
system, larger nanoparticle aggregates support larger electric field hot-spot volumes.
Larger structures such as symmetric heptamers are also of significant interest in LSPR
sensing applications because their plasmon modes exhibit radiative interference effects
resulting in very narrow Fano resonances with unusually high spectral sensitivities to
the dielectric environment of the nanostructure [89, 51, 123].
In this chapter, we first present an investigation of the plasmonic structure of
several different silver nanoparticle aggregates. Vve show that group theory can be
used to interpret the plasmon resonances in highly symmetric clusters. For clusters
consisting of large spheres, where radiative effects become more important, we show
that sharp Fano resonances appear in the optical spectra. \Ve also present a more
detailed investigation of the Fano resonances in the symmetric heptamer cluster and
other related particle in ring (PIR) structures. In the end, as experimental examples,
we present two interesting structures: gold heptamers and gold quadrumers. These
nanostructures are made by self-assemble technic. We also analyze the characters of
Fano resonances of these two structures.

4.2

Plasmon resonances in small sphere clusters

To calculate the optical properties of nanoparticle clusters, we use the COMSOL
implementation of the Finite Element Method (FEM) and the Plasmon Hybridization (PH) method. For both approaches we model the silver nanoparticles using the
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Johnson & Cristy (JC) experimental dielectric data [57]. The PH method is an exact
electrostatic approach which expresses the plasmon resonances of a system of interacting nanoparticles as hybridized linear combinations of the "primitive" plasmon
modes of the individual particles [124]. Mathematically, the PH method is equivalent
to molecular orbital theory where the molecular orbitals are expanded in linear combinations of atomic orbitals. Although the PH approach neglects phase retardation
effects, it provides a simple and intuitive understanding of the microscopic nature
of the plasmon modes in complex plasmonic nanostructures and has established a
paradigm of plasmonic nanostructures as a type of artificial molecule [124].
In the present problem, the individual nanoparticles are assumed to be solid silver
spheres. The primitive plasmon resonances are thus the multipolar plasmon modes
of all the individual nanospheres in the cluster. As in any coupled system, the effective hybridization of two modes depends on the ratio of the mode-mode interaction
strength and the energy difference between the two modes.

For large interparti-

cle spacings where the mode-mode interaction is weak, the hybridized nanoparticle
cluster plasmon modes will essentially only contain primitive plasmons of the same
multipolar index.

However, for small interparticle separations where the interac-

tion between primitive plasmons of different multipolar order can be large, primitive
plasmon modes of different multipolar order will also mix. For such structures, the
hybridized modes will contain primitive plasmon modes of all multipolar orders. For
simplicity we will refer to such hybridized plasmon modes by using the multipolar
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order to which they would correspond in the limit of large separation.
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Figure 4.1 : Absorption spectra for small silver sphere clusters (monomer, dimer,
trimer, quadrumer, pentamer, hexamer and heptamer) calculated using PH. The
radii of the spheres are assumed R = 10 nm and the interparticle distanced= 2 nm
(dashed) and d = 1 nm (solid). The particle configuration and the incident field
direction is depicted in the insets. The silver metal is modeled using J C data

In Fig. 4.1, we show the calculated optical absorption for in-plane polarization
of symmetric clusters consisting of N = 1-7 (rnonomer, dimer, trimer, quadrumer,
pentamer, hexamer and heptamer) small silver nanospheres of radii R = 10 nm and
interparticle separations d = 1-2 nm. The monomer spectrum exhibits a single po-
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larization invariant absorption peak corresponding to its dipolar plasmon resonance.
The dimer spectrum is polarization dependent. For longitudinal polarization, two
peaks appear corresponding to the bonding dipolar and quadrupolar dimer plasmon.
The hybridized quadrupolar dimer plasmon is visible because of the admixture of
primitive dipolar plasmons in its state function. The dimer spectrum for transverse
polarization is very similar to the monomer spectra and shows only a weak dependence
on nanoparticle separation. For larger ( N :2: 3) clusters, one can prove rigorously that
the spectra are independent of the polarization direction because the dipolar modes
belong to a degenerate two-dimensional representation [49]. For trimer and larger
clusters the spectra exhibit two or more hybridized plasmon resonances (dipolar and
higher multipolar) that redshift with decreasing nanoparticle separation.
Figure 4.1 also shows that the absorption spectra are remarkably insensitive to
the detailed structure of the cluster. The reason for this is because the plasmonic
interactions are short range and the plasmon modes are determined by the nearest
neighbor interactions. However, as will be shown in section 3, for clusters consisting
of larger nanoparticles where scattering and longer range radiative effects become
dominant, the spectra for various cluster arrangements can be significantly different.
Due to the weak plasmonic interactions for transverse polarization, the spectra
for light polarized perpendicularly to the clusters show only a single absorption peak
(not shown). We therefore focus our attention on the spectra obtained for in-plane
polarization.
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In some other publications group theory has been used to analyze the plasmonic
properties of trimers and quadrumers [49], and the heptamer [89, 51]. In the next
subsection, we perform a similar analysis for the pentamer ( JV = 5) and the hexamer

(N = 6).

4.2.1

A Group theoretical analysis for the plasmon modes of the pentamer and hexamer

The pentamer belongs to the D 5 h symmetry group and its reducible planar dipolar
representation contains 10 individual particle dipoles that correspond to the following
irreducible representations,

(4.1)

Figure 4.2 : Symmetry-adapted planar dipolar modes of a symmetric pentamer.
Modes with non-zero dipole moment are labeled as x 1, X2 , Y1, Y2 indicating the predominant directions of the dipoles
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The symmetry-adapted planar dipolar modes for the pentamer, for each irreducible representation, is shown in Fig. 4.2. Only the four E 1 modes have non-zero
dipole moments and may couple to light in the dipolar lirnit. These four modes combine and form two doubly degenerate states, two bright bonding rnodes with large
dipole moments and two dark antibonding modes with negligible dipole moments.
The degeneracy of each state corresponds to the direction of the in-plane dipole components.
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Figure 4.3 : Symmetry resolved dipolar pentamer plasmon modes as functions of the
interparticle separation. The red and blue lines are the modes indicated in Fig. 4.1

The pentamer plasmon modes can be classified according to their irreducible representation. In Fig. 4.3 we show the lowest energy dipolar and quadrupolar modes of
each symmetry as a function of interparticle separation d. The red and blue curves
in the E 1 panel are the hybridized dipolar and quadrupolar pentamer modes responsible for the two absorption resonances indicated in Fig. 4.1. For large separations,
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the plasmon modes approach the individual sphere dipolar and quadrupolar plasmon
modes. When the particles are closer and interact more strongly, those modes show
varying behavior according to the symmetry of the plasmon surface charges. The A 1
modes are antibonding as predicted by the group theory analysis in Fig. 4.2 and their
energies increase for smaller interparticle distance d. The other modes are bonding
modes with energies that decrease with d.
The hexamer belongs to the D 6 h symmetry group and its reducible planar dipolar
representation contains 12 individual particle dipoles that correspond to the following
irreducible representations ,

(4.2)

Figure 4.4: Symmetry-adapted planar dipolar modes of a symmetric hexamer. l\1odes
with non-zero dipole moment are labeled as x 1 , x 2 , y1 , y 2 indicating the predominant
directions of the dipoles
The symmetry-adapted planar dipolar modes of the hexamer for each represen-
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tation is shown in Fig. 4.4. Only the four E 1u modes have non-zero dipole moment
and can couple to light in the dipolar limit. As for the pentamer, the degenerate E 1u
modes combine to form two degenerate pairs of bright and dark modes. However,
the higher symmetry of the hexamer leads to a stronger hybridization with higher
multipolar modes.
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Figure 4.5 : Symmetry resolved planar dipolar hexamer plasmon modes as functions
of the interparticle separation. The red and blue lines are the modes indicated in Fig.
4.1

In Fig. 4.5 we show the lowest energy dipolar and quadrupolar hexamer plasmon
modes of each symmetry as a function of d. The red and blue curves in the

E1u

panel are the hybridized dipolar and quadrupolar hexamer modes responsible for the
two absorption resonances in Fig. 4.1. The A 19 and

B2u

modes of a hexamer are
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antibonding and their energies increase with decreasing interparticle separation d.
The other modes are bonding with energies that decrease with d.

4.2.2

Surface charge distributions in the pentamer and the hexamer modes

8 3.49 eV

A 3.25eV

C 3.21 eV

t
E

0

3.50 eV

Figure 4.6 : Top view of the induced surface charge from negative (blue) through
zero (white) to positive (red) for the absorption maxima in the pentamer modes at
low energy (A), high energy (B); hexamer modes at low energy (C), high energy (D)

The calculated electric field enhancements for the N 2::: 2 structures in Fig. 4.1
are localized in the junctions between the nanospheres. For the lowest energy dipolar
modes, the field enhancements are larger than 200 and for the quadrupolar resonances
of the order 100. In Fig. 4.6 we show the calculated charge distributions associated
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with the two lowest energy absorption resonances for the pentamer and the hexamer
discussed in Fig. 4.1. Panels 4.6A and 4.6C shows the charge distribution for the
lowest energy dipolar modes (red arrows in Fig. 4.1 and red lines in Figs. 4.3 and 4.5).
The spatial distribution of the induced charges reveals that the mode is predominantly
dipolar but also contains an admixture of quadrupolar modes. Due to the strong
interactions between adjacent nanoparticles, the surface charges are confined near
the interparticle junctions. This orients the dipoles in a manner that reflects the
symmetry of the cluster. The dipolar patterns correspond directly to states that can
be obtained by combining the different symmetry-adapted modes for the pentamer
from Fig. 4.2 and Fig. 4.4.
corresponds to the

Y1

For instance, the charge distribution in Fig. 4.6A

mode in the E 1 representation in Fig. 4.2 with an addition

of x 2 and y 2 modes and higher order components. The charge distribution in Fig.
4.6C is very similar to the y 1 mode in the E 1u representation in Fig. 4.4 with slight
admixtures of the x 2 and y 2 modes and higher order components.
Panels 4.6B and 4.6D show the charge distribution for the higher-energy quadrupolar modes (blue arrows in Fig. 4.1 and blue lines in Figs. 4.3 and 4.5). The spatial
distributions of the induced charges are predominantly quadrupolar but also reveal a
dipolar admixture as expected from the hybridization of the primitive plasmon modes.
The dipolar admixture in these hybridized quadrupolar modes corresponds to linear
combinations of the symmetry-adapted dipolar modes shown in the E 1 panel of Fig.
4.2 for the pentamer and the E 1u panel of Fig. 4.4 for the hexamer.
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4.3

Optical spectra for large sphere clusters
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Figure 4.7: Extinction spectra calculated using FEM for silver nanospheres of R = 50
nm and interparticle separationd = 5 nm. The silver metal is modeled using JC data
In Fig. 4. 7 we show the extinction spectra for the sarne clusters as in Fig. 4.1 but
for R = 50 nm and d = 5 nm. In the scale invariant electro~tatic limit (infinite velocity
of light) , the spectra of these larger structures would have been identical to those for
d

= 1 nm in Fig. 4.1. The large differences between the spectra in Figs. 13 and

19 are thus caused by phase retardation. The major effects of the phase retardation
on plasmon modes are dipolar resonance redshifts and broadenings. Another effect
is the increased coupling of light to higher multipolar cluster plasmon modes. For
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small clusters the coupling to such modes is indirect due to the admixture of dipolar
primitive plasmons into the hybridized multipolar modes. For larger structures, the
phase variation of the incident electromagnetic wave across the structure enables a
direct coupling to higher multipolar order plasmons.
The lowest energy dipolar plasmon resonances in Fig. 4. 7 exhibit strong redshifts
and broadenings compared to the corresponding curves in Fig. 4.1. For the hybridized
quadrupolar modes, the intensities increase and the peaks exhibit smaller redshifts
and less broadenings than the dipolar resonances. In addition, new structures and
features with distinctly asymmetric line shapes appear in the spectra. These are
Fano interference resonances caused by the interaction between broad continuumlike plasmon resonances and narrow sharp discrete plasmon modes [86, 38]. The
monomer resonance around 3.4 eV is caused by the interaction of the broad dipolar
nanosphere plasmon with the narrow quadrupolar Mie resonance [125, 126]. Large
plasmonic clusters exhibit a much richer variety of broad and narrow modes. Broad
continuum-like plasmon resonances are provided by superradiant modes, i.e. collective dipolar modes where the individual primitive dipolar plasmons of the constituent
particles oscillates in phase resulting in a large total dipole moment and strong radiative damping. Narrow and sharp modes are provided by subradiant modes where
the total dipole moment is zero, either due to the individual nanoparticle dipoles
oscillating out of phase or because the hybridized modes do not contain substantial
admixtures of primitive dipolar components [89].
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The pronounced Fano resonance around 2.1 eV for the heptamer structure has
been discussed extensively in a previous publication (51] and was recently observed
experimentally in an individual nanoshell heptamer [123]. A major requirement for
a strong Fano resonance is a significant spectral overlap of the continuum-like and
the narrow modes [127]. Due to the particular symmetry of the heptamer cluster,
the optically active modes of E 1u symmetry are hybridized bonding and antibonding
combinations of the center particle and the surrounding ring modes [51). For the
heptamer, the individual dipolemoments of the ring and center particle modes are
almost equal. The hybridization thus leads to a bonding subradiant mode with almost
no net dipole moment and an antibonding superradiant mode with a large total dipole
moment equal to the sum of the center particle and ring dipole moments. Due to
phase retardation, the superradiant mode is redshifted to an energy very close to the
subradiant mode. The interference thus results in an almost perfect antisymmetric
Fano resonance [123).
The symmetric heptamer with its very narrow Fano resonance provides a system
with exceptional LSPR sensitivity [51). It is therefore of an interest to investigate
the plasmonic structure of other similar nanoparticle cluster to determine if similarly
strong Fano resonances can appear. In the next section we present an extensive
investigation of the optical properties of several other particle-in-a-ring structures
(PIR).
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4.4

Fano resonances in large PIR clusters

In Fig. 4.8 we show the extinction spectra for several different PIR clusters. The
left column shows structures where all particle have the same radii. For the three
smallest clusters (N

= 4-6), the interparticle spacings in the surrounding ring are

too large for strongly interacting ring modes to develop. In these small clusters, the
plasmonic interactions occur primarily between the center particle and the nearest
ring particle. The spectra therefore look qualitatively similar to the longitudinally
polarized dimer spectrum in Fig. 4.7. The smallest strongly interacting PIR structure
consisting of particles with equal radius is the heptamer discussed in Fig. 4.7. For
the N

= 8 and N = 9 clusters in the left column of Fig. 4.8, a Fano resonance

appears around 2.3 eV. The physical origin of this resonance is the same as for the
heptamer, i.e., interference between a bonding dark and antibonding bright collective
mode. However, since the ring dipole moments for these structures are larger than for
the heptamer, both hybridized modes possess finite dipole moments and can couple
directly to incident light. A direct coupling of incident light to the dark mode alters
the Fano interference conditions and can result in a drastic change of the line shape
of the Fano resonance (86]. For the larger N

= 9 and N = 11 clusters in the left

column of Fig. 4.8, the spacing between the center particle and the ring is too large
to result in significant coupling.
In the right panel of Fig. 4.8, the radius of the center particle is adjusted to maintain a small and constant interparticle separation and thus ensure strong couplings
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Figure 4.8 : Extinction spectra of symmetric silver nan oparticle clusters calculated
using FEM. (Left) All particles have R = 50 nm and the sn1allest interparticle spacings
are 5 nm. (Right) For peripheral particles R = 50 nm. The radius of the center particle
is varied so that all interparticle spacings are 5 nm. The dielectric data for the silver
metal is modeled using J C
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between all particles. It is interesting to note that both the N

= 6,

N

= 8 and N = 9

clusters exhibit sharp and well-defined Fano resonances with lineshapes characteristic
of subradiant modes. The reason why the antibonding modes remain dark for different ring sizes is that the radius of the center particle and thus its dipole moment is
varied. What made the heptamer unique was the almost perfect cancelation of the
ring and center particle dipole moments in the bonding dark mode. This cancellation
occurred because the dipole moments of a six-membered ring and the center particle
were equal [51]. For the N

= 6,

N

= 8 and

N

= 9 clusters the ring dipole moments

remain similar to the center particle dipole moments leading to efficient cancellation
of the dipole moment of the bonding dark mode. However, although several of the
clusters in Fig. 4.8 exhibit sharp Fano resonances, none is as sharp as the Fano
resonance for the symmetric heptamer shown in Fig. 4.7.

4.5

Two experimental examples: Fano resonances in gold heptamers and quadrumers

4.5.1

Gold heptamers

Traditionally, plasmonic nanostructures are fabricated on planar substrates by topdown processes such as electron-beam lithography or focused-ion beam milling. With
these methods, geometries as varied as split rings and coupled nanorods can be patterned with precise substrate positioning, leading to structures that support electric,
magnetic [128, 129], and Fano-like resonances [130, 127]. Fano-like resonances arise
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from interactions between a superradiant "bright" mode and a subradiant "dark"
mode in a nanostructure, and they are characterized by a pronounced minimum in
the scattering spectra. These fabrication routes have several fundamental limitations.
First, the spatial resolution of the structures is limited to -10 nm by the electronand ion-beam size and the metal grain size. Second, these routes produce planar thinfilm architectures that are generally unsuitable for complex three-dimensional (3D)
fabrication. Third, there is limited optical coupling between thin-film nanostructures defined within the same plane. Stronger coupling ean be attained by vertically
stacking plasmonic structures [128, 127], but this fabrication strategy is challenging.
The self-assembly of metallic colloids (131, 132] provides a versatile and low-cost
route to the construction of complex 2D and 3D optical materials. We show that
self-assembled clusters of spherical metal-dielectric colloids have optical properties
that can be controlled by varying the number and position of particles in the cluster. As such, a hierarchy of tunable plasmonic structures that exhibit strong electric,
magnetic, and Fano-like resonances (Fig. 4.10A) is formed. The resonances in these
structures arise from the strong electromagnetic coupling between closely spaced particles and can be described by plasmon hybridization [36]. Clusters are assembled in
a relatively straightforward manner with a capillary-driven method, and their interparticle spacing is controlled by polymer spacers to be -2 nm, surpassing the spatial
resolution of conventional lithography.
Heptamers, which are symmetric clusters composed of seven equivalent elements,
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Figure 4.9 : Self-assembled nanoshell clusters as nanoplasmonic components. (A)
Nanoshell clusters can be tailored to support tunable electric, magnetic, and Fanelike resonances. Electric dipole resonances generally exist for all plasmonic nanostructures and are shown here for individual nanoshells and coupled dimers. Packed trimer
clusters exhibit magnetic dipole resonances and can be described as a closed loop of
nanoinductors and nanocapacitors. Fano-like resonances are supported by heptamers.
These simulations use nanoshells with [r1, r2] = [62.5, 85] nm (where r1 and r2 are
the inner and outer radii of the gold shell, respectively) , and the clusters have 2nm-wide gaps filled with a dielectric spacer with a dielectric constant c = 2.5. E,
electric field. (B) To assemble the clusters, nanoshells in aqueous solution are coated
with a polymer. A dilute droplet of particles is then placed on a hydrophobic substrate and evaporated. During this process, the droplet breaks into smaller droplets,
and nanoshells within these smaller droplets pack together by capillary forces. The
nanoshell geometry and polymer-spacer separation are defined. (C) To measure scattering spectra, white light is polarized and focused onto the sample, and scattered
light from an individual cluster is collected and analyzed in a spectrometer. The
optional cross-polarizer is oriented 90° relative to the incident-light polarization. B,
magnetic field; k, wave vector of incident light.
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support complex plasmon mode interactions that lead to Fano-like interference. Fanolike interference involves a continuum of incident photons (I), a superradiant bright
mode (B) that couples to (I), and a subradiant dark mode (D) that does not couple to

(I) but instead couples to the bright mode via a near-field interaction. At frequencies
resonant with both the bright and dark modes, the former will be excited via two
pathways: (i)

II >-+ IB >

and (ii)

II >-+ IB >-+ ID >-+ IB >.

At the Fano

minimum, these two pathways destructively interfere and cancel the polarization of
the bright mode. The result is a narrow minimum in the scattering and extinction
spectra.
The Fano-like resonance is displayed in the calculated extinction spectrum of a
heptamer (Fig. 4.10A). The interfering bright and dark modes of the cluster can
be characterized by surface charge density plots at their resonances. The charge
density plot of the bright mode at its peak at 1160 nm shows the charge oscillations
in each nanoshell oriented in the same direction, resulting in strong scattering due
to the constructive interference of their radiated fields. The charge density plot at
the dark-mode peak frequency at 1490 nm shows only the dark mode, indicating that
the bright mode is suppressed and that energy is stored in the dark mode. Here,
the charge oscillations in the individual nanoshells are oriented in different directions,
resulting in the destructive interference of their radiated fields. Calculations in the
quasistatic limit show that the dipole moment of the outer hexagon is similar in
magnitude but opposite in sign to the dipole moment of the central particle, leading
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Figure 4.10 : Fano-resonant behavior of a plasmonic heptamer. (A) Calculated extinction spectrum and charge density plots for a heptamer excited at normal incidence
with a oo orientation angle. The nanoshells have dimensions [r 1 , r 2 ] = [62.5, 85] nm,
and the cluster has 1.6-nm gap separations and is ernbedded in a cylinder with a
dielectric constant E = 2.5. The Fano minimum, characterized by suppression of the
bright mode, is at 1450 nm. The charge density plot of the bright mode, whose peak
resonance is denoted by the pink dashed line at 1160 nrn, shows the charge oscillations on each nanoshell oriented in the same direction, resulting in the constructive
interference of their radiated fields. The charge density plot of the heptamer at 1490
nm, denoted by the black dashed line, shows the dark rnode at its peak resonance.
This mode supports charge oscillations on the nanoshells oriented in different directions, resulting in the destructive interference of their radiated fields. (B) TEl\11 image
and spectra of a heptamer at three different incident electric-field orientation angles.
The nanoshells are measured to have average dimensions [r 1 , r 2 ] = [62.5, 85] nm. The
Fano minimum at 1450 nm is isotropic for these orientation angles. (C) Calculated
scattering spectra for a heptamer with a geometry matching that in (A), for the three
orientation angles in (B).
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to strong destructive interference of their radiating fields.
We observe a strong Fano-like resonance in the experimental spectra. The TEM
image of a single heptamer and its spectra for three different orientations are shown
in Fig. 4.10B. The scattering spectrum at each orientation shows a strong Fano minimum at 1450 nm. This isotropy is consistent with the symmetry of the heptamer ( D 6h
point group), which supports isotropic, in-plane resonances. The peaks between 800
and 1300 nm are higher-order modes that arise from retardation effects created by the
large incidence angle. The calculated scattering spectra of a heptamer for different
polarization angles are shown in Fig. 4.10C, where the duster geometry is identical
to that used in Fig. 4.10A. These spectra display Fano minima at 1450 nm, with
asymmetric line shapes that match the experimental spectra. The nanoshell separation modeled here is smaller than that used for the trimer calculations to account for
the strongly red-shifted Fano minimum. This red shift is probably due to a combination of at least three factors: (i) smaller nanoshell separation due to inhomogeneous
self-assembled monolayer coverage, (ii) a higher-refractive-index environment near
the cluster due to excess polymer deposition, and (iii) increased capacitive coupling
between the nanoparticles due to nanoshell faceting.

4.5.2

Gold quadrumers

The TEM image and scattering spectra for an asymmetric quadrumer are presented
in Figure 4.11 for different orientations of the incidents-polarized electric field relative

62

oo

Lgoo

200nm

~

::1

cO

>.

·~

...
c

ClJ

c:

'1100

-

J~ I

:J

cO

~

·c;;

,.....

~"v'

I

c::
v

c

11 0 0

-

14 00

(\;

::l

-

m

I

>-

;t::
{/)

I

c

~

c:

:::J

cd

'-"'

-v

~

·u;

c:

£

'1100

1400

11 0 0

14 00

,!\['
~~~
.)
\~
g oo

800

'1'100

1400

Wavelength (nm )

800

11 0 0

14 00

\1\/avelength (nnl)

Figure 4.11 : Scattering spectra of the quadrumer(NA= 0.64). TEM image and spectra of an asymmetric quadrumer. The orientation angles of the incident electric field
relative to the cluster are shown in the TEM image. The experimental spectra show a
Fano minimum at 1080 nm that varies with orientation angle and is strongest at 90 °.
The calculated spectra also show a Fano minimum with a similar resonant wavelength
and dependence on orientation angle.
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to the cluster. These scattering spectra do not include contributions from absorption.
In addition, higher order modes, including the Fano-like dark mode, can couple directly with the incident light due to retardation effects created by the large incidence
angle (72o from normal); as a result, higher order mode peaks become visible throughout the spectra, and the Fano-like minimum becomes slightly less pronounced. At

oo orientation, the spectrum shows a smooth, broad electric dipole peak; at 45 o, a
narrow Fano minimum emerges at 1080 nm, which increases in magnitude for larger
orientation angles. Calculated scattering spectra are also plotted in Figure 4.11 and
show good agreement with the experimental spectra. As observed experimentally,
these spectra display a clear Fano minimum at 1080 nm that is anisotropic with the
orientation of the incident electric field.
These quadrumers are modeled with an interparticle separation of 2.0 nm and a
nanoshell geometry of

h, r 2 ] =

[62.5, 85] nm, where

h, 'r2 ]

correspond to the silica

core and gold nanoshell radii, respectively. These nanoshell geometries are consistent with those from the experimental TEM image. It is difficult to definitively
resolve interparticle separations on the order of 2 nm because TEM images are twodimensional projections of three-dimensional structures; sample properties such as
particle faceting and depth-of-field limitations in the TEM image can limit the resolution of this measurement. A spacing of 2.0 nm is chosen by modeling clusters with
various separations and choosing the calculated spectra that best matched those from
the experiment. It is noted that, while these spacings are small, they are not in a
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regime that supports electron tunneling within the gaps, which typically occurs at
distances smaller than 1 nm.

4.6

Summaries and conclusions

In this chapter, we have investigated the optical properties of finite clusters of spherical silver nanoparticles. Using group theory we performed a detailed analysis of
the plasmon modes in the symmetric pentamer and hexamer. We show that for
larger clusters, Fano resonances appear frequently as the result of the interference
between super- and subradiant collective cluster plasmon modes. In addition, we
show two experimental examples: gold heptamers and gold quadrumers. We show
pronounced Fano resonace in gold heptamers structure. \Ve also show that the asymmetric quadrumer cluster supports a pronounced Fano minimum. The strength of
this resonance strongly depends on the polarization of incident electric field, which is
due to orientation-dependent capacitive coupling within the cluster.

Chapter 5
Silver Nanowire Surface Plasmon Waveguides
5.1

Introduction

Subwavelength photonic devices can be integrated with electronics to overcome the
bandwidth and data transmission rate limitations of classical electrical interconnects.(133]
The development of such miniaturized photonic circuits is of great current interest in nanophotonics.[134, 135] Plasmonics as a subfield of nanophotonics is concerned with the control of light at the nanoscale, using surface plasmons polaritons
(SPPs).[136, 137, 138, 62] As the nanoscale analog of an optical fiber, plasmonic
waveguides are an important component needed for light transmission in surface
plasmon-based photonic circuitry.[139, 140, 141] Recently various types of plasmonic
waveguides have been developed.[61, 142, 143, 144, 145] It has been shown that gold
and silver nanowires can guide SPPs up to tens of micrometers with relative low
loss of energy.(146, 147, 148, 149, 150] Many studies have focused on improving the
performance of the nanowire waveguide, achieving higher in-coupling efficiency of
light(149, 151]) and lower propagation loss.[62, 150] However, very little is known
about how the polarization of the out-coupled light is related to the polarization of
the incident light. An understanding of the input-output polarization properties of
light from plasmonic nanowire waveguides is crucial for waveguide design, optical in-
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terconnects, and the ultimate integration of active plasmonic devices such as logic
elements, switcher, and multiplexers.
Much recent work on plasmonic waveguides has focused on chemically synthesized metallic nanowires, which support plasmon propagation with minimum loss.
[146, 151, 152, 147, 148] For efficient plasmonic waveguiding, it is important to minimize the loss inherent in the in- and out-coupling efficiencies between photons and
plasmons and during plasmon propagation in the waveguide. [135, 139, 153, 154, 140]
Several investigations of loss mechanisms have been performed, [153, 154] but to our
knowledge, no previous investigation has addressed the possibilities of loss induced by
energy transfer into the substrate. This is clearly an important issue since plasmonic
waveguides and devices are almost universally fabricated or deposited on substrates
of various dielectric or semiconducting media.
In section 5.2, SPPs are excited at one end of a silver nanowire. \Vhile varying
the polarization of the excitation beam, the polarization of the light emitted at the
other end of the nanowire was analyzed. The polarization change is found to depend
sensitively on the geometrical shape of the wire terminations. Theoretical analysis
shows that the shape of the nanowire termination where the plasmon is launched
determines the relative intensity of the SPPs modes excited in the nanowire, which
can modify the polarization of the emitted light. The shape of the emission end, on the
other hand, can change both the spatial distribution and polarization of the emitted
light. ·with properly designed nanowire terminations, a nanowire can serve either as a
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polarization-maintaining plasmonic waveguide or as a nanoscale polarization rotating
half-wave plate.[113, 116]
In section 5.3, we investigate plasmon propagation in Ag nanowires positioned
at different separations from dielectric substrates of various compositions. \Ve find
that both the incoupling efficiency of light into nanowire SPPs and the damping of
the propagating plasmon depend sensitively on the proximity of the nanowire to the
substrate and on the dielectric permittivity of the substrate. [155, 156, 157] While
the damping of the propagating plasmon decreases monotonically with increasing
nanowire-substrate separation, the incoupling efficiency exhibits a surprisingly nonmonotonic behavior, peaking at specific nanowire-substrate separations related to the
interference between the incident light and reflected light from the substrate. The
damping of the propagating plasmon influenced by the substrate can be understood
as resulting from interactions between the nanowire and the substrate.

5.2

Correlation between Incident and Emission Polarization
in N anowire Surface Plasmon Waveguides

The experimental setup is shown in Figure 5.1a. A laser beam with the wavelength
633 nm is focused onto one end of a silver nanowire with an objective (Olympus UPlanApo, 100x, N.A. = 1.35). The polarization of the ineident light is rotated by a
half-wave plate before the half-reflecting mirror. The emission from the other end of
the nanowire is collected by the same objective and recorded by a TE cooled 1392 x
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Figure 5.1 : Polarization measurement. (a) Scheme of t he experiment. (b) TEM
image of a wire of length 3.36J.lm and diameter 130 nm. The scale bar in the TE1vi
insets showing the shape of the wire ends is 50 nm. (c) Optical image of the nanowire
in a microscope under the excitation of a 633 nm laser spot polarized along the
wire . Red arrow indicates the polarization of the laser. (d) Emission intensity as a
function of the polarizer rotation angle e' for different incident polarizations (a =
0, 30, 60, 90°, 120, 150°, respectively). The incident polarization and the polarizer are
rotated anticlockwise relative to the wire axis, which is defined by the angle a and
in the inset of (b). (e) Polarization of the emission as a function of the incident
polarization. Bmax is the polarization angle of the emission defined as the rotation
angle of the polarizer when the emission is the maximu1n. Dots are the measured
data. Black curve is the simulation result based on a cylindrical wire with the shape
of both ends shown in the inset. The linear dashed red line is drawn to guide the eyes.
(f) lV1aximum ernission intensity from the wire as a function of incident polarization
angle.
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1040 CCD detector. By rotating the polarizer in front of the CCD detector, the polarization of the light emitted from the nanowire can be obtained. The silver nanowires
were synthesized by chemical fabrication, which yields highly crystalline nanowires
with smooth surfaces.[158] The wires are deposited on an ITO glass substrate and
immersed in index matched oil n

= 1.518 during the measurement.

Figure 5.1b shows the transmission electron microscopy (TEM) image of an Ag
nanowire of length

3.36~tm

and diameter 130 nm. The shape of the nanowire ends

are shown with increased detail in the insets. The angle a and 0 correspond to the
incident polarization and the rotation of the polarizer, respectively. Both angles are
rotated anticlockwise relative to the wire axis. In Figure 5.1c, a bright emission spot
can be observed following excitation of SPPs from the incident wire end. Figure 5.1d
shows the intensity of the wire emission as a function of the rotation of the polarizer. It is clear that nanowire emission as a function of incident polarization angle
is almost always linearly polarized. Hence, the direction of the emission polarization can be defined as the angle

Omax

when the polarizer is rotated to the emission

intensity maximum. The angle

Omax

as a function of the incident polarization is

shown in Figure 5.1e. Here we observe that the emission polarization is proportional
to the incident polarization, which means that the nanowire SPPs in this case are
polarization-maintaining. In this nanowire, parallel incident polarization (a= 0°) results in a 2.5 times larger emission intensity than in the ca..'le of perpendicular incident
polarization (a= 90°) (Figure 5.1f).
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Figure 5.2 : Polarization of emitted light from nanowires. (a) Scanning electron
microscopy image of a wire of length 4.54J-tm and diameter 148 nm. The scale bar
in the insets showing the wire ends is 100 nm. The incident polarization and the
polarizer are rotated anticlockwise relative to the wire axis. Inset below: optical
image of the wire excited by a parallel polarized 633 rnn laser spot at the left end
resulting in light emission from the other end of the wire. The red arrow indicates
the polarization of the laser. (b) Polarization of the emission as a function of the
incident polarization. Bmax is the polarization angle of t he emitted light. Dots are
the measured data. Black curve is the simulation result based on a cylindrical wire
with the shape of both terminations shown in the inset. T he linear red line is drawn
to guide the eyes. (c) Maximum emission intensity from the wire under different the
incident polarizations.

71

The result for another wire is shown in Figure 5.2. The wire has a similar length
(4.54ttm) and diameter (148 nm) to the one in Figure 5.1b, but has different end
shapes (see the scanning electron microscopy images in Figure 5.2a). As shown in
Figure 5.2b, the polarization of the emitted light still depends on the incident polarization. Interestingly,

emax

decreases as the incident polarization a increases, which

is opposite to the case in Figure 5.1. The emission intensity under different excitation polarizations is shown in Figure 5.2c. Here, parallel excitation results in 9 times
stronger wire emission than for the perpendicular case.
To understand the polarization rotation properties of these nanowires, we performed electromagnetic calculations using finite element method (FEM)-based commercial software (COMSOL). We simulated nanowires with the same length and
diameter as those in our experiment, successfully reproducing the measured results.
This is shown by the black curves in Figures 5.1e and 5.2b, where the shapes of the
ends of the simulated nanowires are shown in the inset. The terminations of chemically synthesized crystalline nanowires usually have five {111} facets.(158] Although
we cannot precisely reconstruct the shape of the nanowire ends with high accuracy
from electron microscopy images, simulations indeed confirm that within a certain
range of wire lengths, it is the shape of the nanowire terminations and not the length
of the nanowire that determines the polarization of the emitted light. All the termination shapes used in the simulations presented in this paper are consistent with the
SEM images.
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Figure 5.3 : SPPs modes in wires with fiat terminations. (a) Charge distribution on
the surface of a wire of the length3.36J.Lm and diameter 130 n1n with fiat ends. The left
end is excited by a 633 nm focused beam with polarization parallel and perpendicular
to the wire, respectively. Colors from red to blue represent charges from positive to
negative. (b) The resultant spatial distribution of the emission intensity on a sphere
enclosing the wire end excited by the parallel incident polarization. Colors and black
lines represent the intensity and the polarization of the emission on the sphere. (c)
Emission polarization from the wire excited under the parallel polarized excitation.
(d) The in-coupling efficiency C for two SPPs modes (black curve for m = 0 mode,
red curve for m = 1 mode) as a function of the wire diameter. (e) The 1/ e damping
length r of both modes as a function of the wire diameter .
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To illustrate the relation between the emission polarization and the shape of the
nanowire termination, we first consider a cylindrical nanowire with flat ends. Figure
5.3a shows the charge distribution on the surface of a cylindrical wire with excitation
at the left end of the nanostructure. For parallel incident polarization, the fundamental m = 0 SPP mode is excited in the wire. For a given position along the wire,
the charge density associated with this mode is uniform around the azimuth of the
wire. The resulting spatial distribution of the emission intensity on a sphere enclosing
the wire end is shown in Figure 5.3b. The m = 0 mode will result in parallel polarized emission from the right termination, shown in Figure 5.3c. For perpendicular
incident polarization, a transverse charge oscillation is exeited, corresponding to the

m = 1 wire SPP mode. For a given position along the nanowire, the eharge density
distribution associated with this mode has two nodes around the nanowire azimuth,
resulting in a perpendicularly polarized wire emission (not shown). For arbitrary
incident polarization, both modes can be excited in the wire, and the polarization of
the emitted light is determined by a superposition of emission from the m = 0 and

m = 1 SPP modes. Hence, in any specific nanowire, the polarization of the emitted
light is dependent on the relative in-coupling efficiency to the SPP modes and on the
damping rate of each mode. By calculating the energy flow of the SPPs excited by
the parallel and perpendieular polarization, we fit an exponentially damped energy
flow with the formula Ce-x/r, where C is the coupling efficiency and r is the 1/ e
damping length of an SPP, respeetively, where x is the distance from the excitation
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end. For nanowires with diameters D larger than 120 nm, the in-coupling efficiency
for the m = 0 mode decreases monotonically with increasing D, a result which also
has been found by other groups in studies of the coupled dipole-wire system.[159, 160]
The in-coupling efficiency for the m = 1 mode (red curve) peaks at D = 120 nm and
then decreases with decreasing D. This decrease in the coupling for thin wires is
caused by the effective cut off of the m = 1 modes for thin wires where their effective
mode volume becomes much larger than the nanowire.[160] The 1/e damping length
increases monotonically with increasing D for both the m = 0 and m = 1 modes
due to less dissipation for thicker metallic nanowires[160] The damping length of the

m = 1 mode increases more rapidly than the m = 0 mode (Figure 5.3e). For wires
with D < 160 nm, them= 0 mode is less damped than the m = 1 mode. For this
reason, excitation with parallel polarization will result in stronger light emission than
excitation with perpendicular polarization as shown in Figure 5.2c. This polarizationdependent difference in emission intensity that favors the parallel mode is the reason
for the nonlinear input-output polarization characteristic shown in Figure 5.2b. It
is important to note that when D is 160 nm or larger, the 1/ e damping lengths of
both m = 0 and m = 1 modes are of the order of several micrometers. This means
that for thick nanowires differing in lengths by several hundreds of nanometers, the
relative intensities of the m = 0 and m = 1 SPP modes will be nearly the same, thus
preserving the emission polarization.
The specific shape of the excitation end of the nanowire determines the relative
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Figure 5.4 : The effect of the termination shape of nanowires on the emission polarization. (a) A 3D view of the charge distribution on the wire surface under the
excitation of a parallel polarized beam of wavelength 633 nm. The wire of the length
3.36~tm and diameter 130 nm has a 25° side-cut incident end and a flat emission end
as shown in the inset. Colors from red to blue represent charges from positive to negative. (b) Polarization of the emission from the wire in (a) under the parallel polarized
excitation. (c) Spatial distribution of the emission intensity on a sphere enclosing the
wire end. The cylindrical wire has a flat incident end and a 60° side-cut emission end.
The m = 0 mode is excited in the wire by a parallel polarized 633 nm laser at the
left end. Colors and black lines represent the intensity and the polarization of the
emission on the sphere. (d) Emission polarization from the wire in (c) excited under
the parallel polarized excitation.

76
intensity of the two SPP propagating modes, thus strongly affecting the emission
polarization. For nanowires with an arbitrary termination shape, both plasmon modes
can be excited for arbitrary polarizations. Figure 5.4a shmvs a three-dimensional (3D)
view of the calculated charge distribution on the surface of a cylindrical nanowire with
a 25° side-cut incident end excited by parallel polarized light. The charge plot shows
that the resulting mode is a superposition of both m == 0 and m = 1 modes. The
polarization of the emitted light is 60° (shown in Figure 5.4b). Conversely, the shape
of the emission end also influences the polarization of the emitted light. In Figure
5.4c, a wire with a flat incident end and a 60° side-cut emission end is excited by
parallel polarized light. Just as shown in Figure 5.3a, only the m = 0 wire SPP
mode is excited. Because of the asymmetric shape of the emission end, the spatial
distribution of the emission intensity is asymmetric. The polarization of the emission
is changed to -45° as shown in Figure 5.4d, rather than parallel to the wire axis.
Further theoretical investigation on the emission polarization from wires with various
shapes will be presented in a future study.
As demonstrated above, by modifying the shape of the incident wire end, one can
control the relative intensities of the two SPP modes launched in the wire. The light
emission characteristics will depend both on the relative intensities of the m = 0
and m = 1 modes reaching the emission end and on the shape of the emission wire
terminus. Because of the mode-specific damping lengths of the SPPs, the properties
of the emission polarization can depend on the wire diameter and for long wires, the
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wire length.
The present study clearly revealed that the major factor influencing the light
emission polarization is the shape of the wire terminations. Although chemically
synthesized crystalline nanowires usually has five {111} facets,[158] these facets are
sometimes not identical, which leads to nanowire terminations of various multifaceted
shapes. As a consequence, the emission polarization properties of each nanowire will
depend on its particular shape. An extensive investigation of tens of nanowires (a few
are presented in the Supporting Information) shows that most of them have emission
polarization characteristics that either correlates positively with the incidence polarization or correlates negatively. In rare instances, the emission polarization depends
on the incidence polarization in more complex way. To manipulate the polarization of
the nanowire emission, we envision that one could reshape the nanowire terminations
to desired shapes by techniques such as focused ion or electron beam milling. It is
important to note that by controlling the shape of the nanowire terminations it will
be possible to selectively fabricate polarization-maintaining or polarization-changing
plasmonic waveguides in a controlled manner.

5.3

Effect of a proximal substrate on plasmon propagation in
silver nanowires

Chemically synthesized Ag nanowires [158] were deposited on Si substrates with Si02
surface spacer layers of varying thicknesses. The nanmvire was then embedded in
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immersion oil with a refractive index matched to the silica layer. Thus the silica layer
is negligible optically and serves only as a passive spacer layer. SPPs are launched
at one end of the nanowire by a diffraction-limited 633 nm laser spot focused by an
oil immersion objective Olympus UPlanApo, 100, NA=l.35. The polarization of the
incident laser is rotated to be parallel to the nanowire a..xis by a half-wave plate to
ensure maximum emission intensity. The emission intensity from the other end of the
nanowire is recorded by a TE cooled 13921040 charge-coupled-device detector. The
diameter of each nanowire is measured by scanning electron microscopy.
The emission intensities from nanowires of diameter in the range D = 90-100 nm,
for three separations, are shown in Fig. 30a. It is clearly seen that nanowires of similar
lengths on a thick Si02 spacer layer d

= 110 nm usually emit light more strongly

than nanowires on a thin layer d = 67 nm. For silica layers of thickness less than 41
nm, there is almost no observable emission from the nanmvire end. It should be noted
that the measured data are still significantly scattered around the fitting line even
when the distribution of nanowire diameters is narrowed toD

= 95- 100 nm. This

scatter is mainly caused by the strong sensitivity of the SPP Fabry-Perot resonances
to slight variations in nanowire diameters and lengths, as reported previously. [161]
Various shapes of nanowire terminations can also cause discrepancies in the emission
intensity from nanowires with similar length and diameter. [161]
To understand the strong dependence of nanowire emission on spacer layer thickness, we parametrize the emission intensity Ie as
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Figure 5.5: (a) Emission intensities from nanowires on layered substrates as a function
of nanowire length L. The diameters of all nanowires were selected to be in the range
D = 90- 100 nm. Inset: a schematic of the experimental measurement . Incident light
of wavelength 633 nm, polarized parallel to the nanowire , is directed onto one end
of the nanowire. Light emitted from the other end is measured for various nanowire
lengths L and silica layer thicknesses d = 41, 67, and 110 nm. When there is no
observable light emission, the scattered light at the end of the nanowire is recorded
and represented by hollow dots. (b) Average emission intensity for nanowires black
squares of length L = 4- 4.5J.-lm and diameter D = 90- 100 nm as a function of
the silica layer thickness d. The curve is the theoretical simulation FDTD of this
geometry. (c) In-coupling coefficient C as a function of silica thickness d. The unit
for !Ave and C in (b) and (c) is arbitrary. (d) 1/e damping length of SPPs as a
function of d. The curve is the calculated r divided by 1.4, discussed in the text. The
refractive index of silicon is 3.882. The refractive of the oil is index matched to silica
ns = 1.518.
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fe

= IoC(d)e-Llr(D,d)

(5.1)

where L is the length of the nanowire, 10 is the incident intensity, C(d) is the
in-coupling coefficient, and r(D, d) is the 1/e damping length of the nanowire SPPs.
In Fig. 30b, the average emission intensity from nanowires of similar length L =
4- 4.5f.Lm and diameter D = 90- 100 nm on layered substrates as a function of
silica layer thickness d, normalized it to maximum emission in each case, is shown.
It is interesting that the average emission intensity exhibits a strongly nonmonotonic

behavior, with maxima occurring at d rv 110 and 300 nm, decreasing very strongly as
dis reduced to zero thickness. Figures 5.5c and 5.5d shmv the in-coupling coefficient

C(d) and 1/e damping length r(D, d) of SPPs in nanuwires on layered substrates
obtained by fitting the experimental data to Eq. 16. The in-coupling coefficient C is
large for d = 40 nm, then decreases for increasing d until d
and peaks for d

rv

rv

200 nm, then increases

300 mn, and then decreases. The damping length r(D, d), on

the other hand, increases monotonically with increasing silica thickness and saturates
beyond d > 200 nm. The combined effect of increased in-coupling efficiency but
decreased propagation length due to increased substrate coupling for small nanowiresubstrate separations leads to an overall maximum in light emission at d

rv

110 nm

(Fig. 30b).
To understand the effect of the substrate on in-coupling efficiency and propagation
length, electromagnetic simulations using finite-difference time-domain FDTD-based
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Figure 5.6 : (a) The field distribution jEj 2 around the nanowire of diameter 96 nm,
length 4J..Lm, and d = 100 nm excited by a 633 nm laser with parallel polarization
relative to the wire axis at the left end. (b) The plasrnon-induced surface charge
amplitude on the nanowire without and with adjacent Si surface d = 10 nm . The
charge is obtained by the divergence of the electric field. The unit of charge is arbitrary
from + 1 to - 1 corresponding to color from red to blue . (c) The intensity of the electric
field confined in the wiresubstrate gap in (b) on a logarithrnic scale. (d) The Poynting
vector/ electromagnetic energy flow around the first 200 run of the wire and the wiresubstrate gap. Arrows denotes the direction of the flow; the color represents the local
electric intensity.
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commercial software LUMERICAL were performed. Figure 5.6a shows the field distribution around a nanowire for d = 100 nm. It is clear that propagating SPPs are
launched along the nanowire. Due to the superposition of the incident and substratereflected light, standing waves are formed in the vertical direction y direction. The
first two antinodes of standing waves are located at approximately 100 and 300 nm in
the y direction. As the thickness of the spacer layer is increased, the excitation end
of the nanowire moves across these two antinodes, enabling more efficient in-coupling
and thus enhanced light emission Figs. 30b and 30c. The calculated emission intensity from a nanowire of length L

= 4J.Lm and diameter D = 96 nm, shown in Fig.

30b, agrees very well with the experimental data.
Ford < 200 nm, when the nanowire is close to the Si substrate, the in-coupling

coefficient C shown in Fig. 5.6c increases dramatically. Although this means that
more light can be coupled to SPPs in the nanowires for larger C, the proximity of
the nanowire to the substrate results in significantly more damping, as evidenced by
the reduced damping length r shown in Fig. 5.6d.
To understand the strong decrease in propagation length with decreasing spacer
layer thickness, we calculate the plasmon-induced surface charge on the surface of
a silver nanowire and the induced surface charges at the silicon interface for a thin

d = 10 nm silica spacer layer Fig. 5.6b. Here the large induced surface charges
at the silicon interface represent a strong coupling to the nanowire plasmon, which
results in the wavelength of the propagating plasmons being reduced to 200 nm, in
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comparison with the case of a free wire without substrate ( Aplasmons

rv

320) nm. The

charge distribution in the substrate can confine the plasmon modes in the gap between
the nanowire and the silicon surface,[162, 163] as indicated in Fig. 5.6c. Figure 5.6d
shows the Poynting vector j electromagnetic energy flow in the gap and wire. It is clear
that the photons can propagate in the wire-substrate gap, i.e., that, the gap mode is
excited. When d is decreased, the resonance of the gap mode is redshifted and results
in larger propagation damping. By calculating the energy flow along the nanowire
for different separations, the corresponding SPP damping lengths are extracted and
plotted with the black curve in Fig. 30c. The calculated values are about 40% larger
than the experimental values. This discrepancy may be caused by uncertainties in the
silver dielectric function used in calculation,[57] or may also be due to the presence of
defects in the chemically synthesized nanowires. For d < 40 nm, the damping of the
nanowire plasmons becomes so large that the resulting emission intensity from the
nanowire end becomes very weak. This may be the reason why no light emission was
detected at the distal end of the nanowire and only the light scattered by the wire
end could be detected, as shown by the hollow squares in Fig. 30a. Further analysis
shows that the substrate-induced damping length approximately follows the relation,
r

= r 0 e-11

3

/d3 in the range of 40

without substrate, rJ

< d < 400 nm, where

= d0 (c:- c: )/d0 (c: + c:
8

8 ),

r 0 is the SPPs damping length

where c:and c: 8 are the real part of the

permittivities of the substrate and of the dielectric surroundings, respectively. The
best fit to the experimental data is obtained for d0

= 98 nm.
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5.4

Summaries and conclusions

In this chapter, we have investigated the correlation between the incident and emission polarization in plasmonic Ag nanowire waveguides. By combining experiments
and simulations, we find that the polarization change depends only slightly on the
diameter and length of the wire, but sensitively on the shape of the wire terminations.
The shape of incident nanowire end influences the strength of the SPP modes excited
on the nanowire, while the shape of the emission end affects the intensity distribution
and polarization of the emitted light. Hence, the polarization and intensity of the
nanowire emission can be manipulated by modifying the shape of the nanowire termination. Also, we have measured the emission intensity of SPPs launched in individual
silver nanowires at different separations from different substrates. We find that both
the in-coupling efficiency and the damping length of the nanowire plasmons are influenced by the presence of a nearby substrate. The in-coupling efficiency can exhibit
strong peaks for certain wire-substrate separations due to the interference between
incident and reflected light. In contrast, coupling to the substrate makes the decay
length of nanowire plasmons decrease monotonically with decreasing wire-substrate
separation. This coupling depends on wire-substrate separation and the dielectric permittivity of the substrate. For strongly absorbing substrates, the substrate-induced
damping can be very large. The understanding of the propagating properties of surface plasmons on substrates is important for the development of nanoscale photonic
devices.

Chapter 6
Conclusion
In the thesis, we have generally introduced plasmon hybridization method and
shown that this method can be extended to include realistic permittivities for metals
and to calculate the plasmon-induced electromagnetic field enhancements and optical
spectra. We need to keep in mind that the PH theory itself does not include retardation effect. However, by using the 'modes' concept and 'hybridize' concept, lots of
interesting optical properties of noble metallic nanostructures can be explained in a
simple and physical way.
With PH method in mind, conbining with Finie Element Method and group
theory, we have theoretically investigated optical properties of some complex noble
metal nanoparticle aggregates. These aggregates have very promising potentials in
applications like biosensing,[58, 59, 60] subwavelength waveguiding,[61, 62] metamaterial applications,[63, 64, 65] imaging and fluorescence applications,[66, 67, 68] and
biotechnology.[69, 70, 71] The unique ability of plasmons to focus incident light into
subwavelength volumes near metal surfaces can lead to very intense local fields. The
field intensities of such hotspots can reach sufficient levels to enable single molecule
Surface Enhanced Raman Scattering (SERS).[72] The largest plasmonic field enhancements are typically occurring in junctions between adjacent nanoparticles. Another
very hot feature of these nanoparticle aggregates is that larger structures such as
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symmetric heptamers or asymmetric quadrumers support very narrow Fano resonances with unusually high spectral sensitivities to the dielectric environment of the
nanostructure. Nanostructures supporting strong Fano-like interference have a range
of applications. One is nanoscale waveguiding, where the propagation of radiation
along a chain of nanostructures at their Fano minimum can yield highly dispersive
and relatively scatter-free waveguiding. These structures can also be used as optical
cavities because they can store large amounts of energy in the dark mode. Their
integration with gain media can lead to light amplification at this mode. An application for individual passive structures is localized surface plasmon resonance (LSPR)
sensing, in which shifts in plasmon resonance energy are measured as a function of
the refractive index of the environment. Structures supporting Fano-like resonances
are ideal for nanoscale LSPR sensing because they are particularly sensitive to the
surrounding environment and have relatively narrow linevddths.
We further use the PH method along with numerical simulation method (FEM) to
analyze how the plasmon modes propagate along a silver nanowire. We first investigated the correlation between the incident and emission polarization in plasmonic Ag
nanowire waveguides. Bothe experiments and simulations show that the polarization
change depends only slightly on the diameter and length of the wire, but sensitively
on the shape of the wire terminations. The shape of incident nanowire end influences the strength of the SPP modes excited on the nanowire, while the shape of the
emission end affects the intensity distribution and polarization of the emitted light.
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Next, we have measured the emission intensity of SPPs launched in individual silver
nanowires at different separations from different substrates. \Ve find that both the
in-coupling efficiency and the damping length of the nanowire plasmons are influenced
by the presence of a nearby substrate. The in-coupling efficiency can exhibit strong
peaks for certain wire-substrate separations due to the interference between incident
and reflected light. In contrast, coupling to the substrate makes the decay length of
nanowire plasmons decrease monotonically with decreasing wire-substrate separation.
This coupling depends on wire-substrate separation and the dielectric permittivity of
the substrate. For strongly absorbing substrates, the substrate-induced damping can
be very large. The understanding of the propagating properties of surface plasmons
in nanowires is important for the development of nanoscale photonic devices.
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