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The plasmonic interaction and optical properties of a metallic nanoshell near a metallic film are investigated
theoretically and experimentally. The plasmon hybridization method is extended to include the screening
effects mediated by dielectric backgrounds and a realistic description of the dielectric properties of the metal.
We show that the plasmonic structure of the system depends strongly on the aspect ratio of the nanoshell �the
ratio of inner to outer radius� and the thickness of the film. In the thin film limit, the plasmonic coupling
between the nanoshell and the film induces a low-energy virtual state �VS� mainly consisting of delocalized
thin film plasmons. We show that the energy and intensity of this state can both be controlled by the aspect
ratio of the nanoshell and the thickness of the film. The theoretical results are found to agree well with
experimental observations. Using finite-difference time-domain simulations, we show that the electromagnetic
field enhancements induced by excitation of the VS can be very large and that the nanoshell/thin film system
could serve as a tunable plasmonic substrate for surface enhanced spectroscopies.
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I. INTRODUCTION

The optical properties of macroscopic and mesoscopic
metallic structures are of considerable importance in both
fundamental and applied science.1–3 Applications such as
chemical and biosensing, for example, are beginning to ex-
ploit surface enhanced Raman spectroscopy, where the exci-
tations of nanoparticle plasmons in a nanostructure-based
substrate can provide large enhancements of the local elec-
tromagnetic field and drastically increase the Raman cross
section of adsorbed molecules.4–10 Other applications include
the development of ultrasmall waveguides depending on sub-
wavelength plasmonic structures as potential optical inter-
connects in computer chips.11–16

The energies of the plasmon resonances of nanoparticles
depend sensitively on their composition and shape.17–25 In
nanoparticle aggregates such as dimers, the plasmon reso-
nances depend strongly on interparticle separations.26–32 For
nanoparticles near semi-infinite metallic surfaces, the plas-
mon resonances have been shown to depend strongly on
nanoparticle-surface separation.33–37 The plasmon resonances
have been found to depend strongly on interparticle separa-
tions in nanoparticle arrays of various dimensionalities.38–42

In a recent paper, we showed that the metallic nanosphere/
film system represents a highly tunable plasmonic nanostruc-
ture, where the plasmon energies can depend sensitively on
the ratio of nanoparticle radius to the thickness of the film.43

We showed that the plasmonic interactions in the system are
described by a model analogous to the standard impurity
models such as the spinless Anderson-Fano model. The dis-
crete and localized nanoparticle plasmons interact with the
continuum of delocalized film plasmons, an interaction that
can result in localized states, resonances, and virtual states
�VSs� in the continuum. These concepts were originally in-
troduced to describe the nature of the electronic states result-
ing from the interaction of a discrete impurity level with a

continuum,44 and have also been used to describe the inter-
action of localized and delocalized photonic states in photo-
nic crystals.45 The VS is a state composed primarily of con-
tinuum states with only a small admixture of the discrete
state, in contrast to the localized state, which is primarily
composed of the discrete state. Both the localized state and
VS were identified experimentally, and the tunability of the
VS was observed in a series of systematic experiments,
where metallic nanospheres were deposited, along with a
constant-thickness spacer layer, onto metallic films of de-
creasing thickness.43 In a subsequent paper, the finite-
difference time-domain �FDTD� method was used to study
the electromagnetic properties of the VS.46 It was shown that
the VS is characterized by a strong coupling between the
nanosphere and the film, with large field enhancements in-
duced in the junction between the nanosphere and the nearest
film surface.

In this paper, we generalize our method to include the
effects of dielectric backgrounds and a realistic description
of the metals and apply our method to a metallic nanoshell
outside a thin metallic film. In contrast to a solid nanosphere,
the nanoshell is in itself a highly tunable metallic nanopar-
ticle consisting of a thin metallic shell around a spherical
dielectric core.17 The discrete plasmon resonances of a
nanoshell depend strongly on its aspect ratio x, the ratio of
inner shell radius a to outer shell radius b, and can be tuned
across the visible and infrared regions of the spectrum. Thus,
the nanoshell/film system can exhibit a higher tunability than
the nanosphere on a film. For a low aspect ratio nanoshell
where the discrete nanoshell plasmon resonances lie above
the effective film continuum �the regime inside the film plas-
monic band that strongly interacts with the nanoparticle46�,
we find a localized plasmon resonance above the continuum
and a broad VS in the continuum. For a nanoshell of inter-
mediate aspect ratio, where the discrete nanoshell resonances
lie within the film continuum, the finite probability of plas-
mon hopping into the film results in a broadening of the
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plasmon resonances. For a nanoshell of large aspect ratio, the
virtual state is further tuned into the low-energy part of the
film plasmon continuum. Our calculated optical spectra com-
pare well with experimental measurements. Using FDTD, we
investigate the electric field enhancements induced by exci-
tations of the plasmon modes and show that these enhance-
ments can be very large. Our study shows that the nanoshell/
thin film system exhibits greater tunability and larger
electromagnetic field enhancements than the nanosphere/film
system.

The organization of the paper is as follows. In Sec. II, we
present the generalization of the plasmon hybridization �PH�
method to the metallic nanoshell/film system and show how
dielectric background effects can be included in the formal-
ism. In Sec. III, we present the calculated plasmonic struc-
ture and compare it with results from FDTD simulations and
experimental measurements. In Sec. IV, we discuss the re-
sults and present the major conclusions of the study.

II. THEORY

The physical situation being modeled is that of the dis-
crete plasmons of a finite metallic nanoshell interacting with
a continuum of delocalized surface plasmons of a directly
adjacent metallic film of finite thickness. In the PH
method,47,48 the plasmons are modeled as incompressible de-
formations of the electron gas of the particle on top of a
uniform, rigid background of positive charge. The kinetic
energy of the time-dependent deformations is balanced by a
force resulting from the potential energy of the spill-out
charges at the surfaces of the nanostructure. The potential
energy is calculated using the instantaneous Coulomb poten-
tial. Since the method is nonretarded, it applies rigorously
only to nanostructures of dimensions much smaller than the
wavelength of incident light. This condition is satisfied in the
present problem because the interactions between the film
and the nanoparticle are mediated by nonretarded film plas-
mons of wavelengths comparable to the size of the
nanoparticle.37,43

To describe the plasmons of the interacting system, the
charge deformations are expanded in a complete set of primi-
tive plasmons associated with the elementary surfaces of the
system.47 The primitive plasmons interact and hybridize with
each other, forming bonding and antibonding plasmons in
direct analogy with molecular orbital theory. The method
provides an intuitive understanding of how the geometrical
and structural properties of a nanostructure influence its plas-
mon resonances, and agrees very well with simulations per-
formed using computational approaches such as the fully re-
tarded FDTD method.48

In the following, we assume a uniform conduction elec-
tron density nS in the nanoshell and nF in the film. These
densities will enter the formalism in terms of the correspond-
ing bulk plasmon energies �B,S=�4�e2nS /me and �B,F
=�4�e2nF /me. The nanoshell has an inner radius a and an
outer radius b. The aspect ratio of the nanoshell is x=a /b.
The film is assumed to have a thickness T and the separation
between the center of the nanoshell and the upper surface of
the film is denoted Z0. The width of the junction between the

nanoshell and the upper film surface is H=Z0−b. These geo-
metric variables are sketched in Fig. 1. We will also include
the effect of dielectric backgrounds, such as the dielectric
background permittivity of the metals, �M, representing the
polarizability of the metallic ions. The resulting dielectric
function of the metal has a Drude form ����=�M���
−�B

2 /�2. When the optical absorption of the structure is cal-
culated, we add a damping term i���� to the frequency. This
damping describes the energy dissipation in the system and
results in a complex dielectric function of the form ����
=�M���−�B

2 / ��+ i�����2. The real parameters �M��� and
���� can be fitted straightforwardly to measure real and
imaginary parts of the dielectric function of Au �Ref. 49� to
provide an accurate description of the dielectric properties of
Au over all frequencies of interest. The specific dielectric
backgrounds that will be included are illustrated in Fig. 1.

The deformation field associated with the plasmons can
be obtained from a scalar potential �,47 which for the present
system takes the form

� =� dk�

�2��2 Ṗk��t�eik�·��+kz +� dk�

�2��2Q̇k��t�eik�·��−k�z+T�

+ �
l,m
�� 1

lb2l+1 Ṡlm�t�rl +�a2l+1

l + 1
Ċlm�t�r−l−1	Ylm�	� .

�1�

The radial coordinate r is defined in a spherical coordinate
system centered on the nanoshell and with a polar axis ori-
ented perpendicularly to the upper film surface. The quanti-
ties Ylm are the spherical harmonics. Pk� and Qk� are the am-
plitudes of the primitive film surface plasmons associated
with the surfaces closest and furthest from the nanoshell. The
quantities Slm and Clm are the amplitudes for the primitive
sphere and cavity plasmons of the nanoshell. The first two

FIG. 1. �Color online� The geometry of the nanoshell-film sys-
tem. Geometric variables a, b, T, and Z0 represent the inner and
outer radii of the nanoshell, the metallic film thickness, and the
shell-film separation, respectively. Clm, Slm, Pk�, and Qk� are the am-
plitudes of the primitive nanoshell cavity, sphere plasmons, and the
film plasmons on both sides. �C, �S, �1, �2, and �F are the back-
ground dielectric constants of the nanoshell core, the nanoshell me-
tallic layer, the embedding media above and below the film, and the
metallic film, respectively. The effects of varying the dielectric
background constants are investigated in Fig. 4.
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integrals are over the two-dimensional wave vectors describ-
ing the primitive film plasmons and the two summations are
over the discrete multipolar plasmonic levels of the
nanoshell.

In Appendix A, it is shown how one can exploit the cy-
lindrical symmetry of the problem and transform the primi-
tive plasmon basis into a more convenient form. The result-
ing Lagrangian is diagonal in azimuthal index m and can be
written as

Lm = �
l,i=±

�Ṅlm,i
2 − �l,i

2 �x�Nlm,i
2 �

+ �
j=±
� dk�Ṁ j

2�k,m� − �k,j
2 �T�Mj

2�k,m��

− �
l

�
i=±,j=±

� dkNlm,iMj�k,m�Vlk,i,j
m �Z0,T� . �2�

In this expression, Nlm,± represent the tunable discrete bond-
ing ��� and antibonding ��� plasmon modes of an isolated
nanoshell of aspect ratio x with energies �l,±�x� given by Eq.
�A1�. The amplitudes M±�k ,m� describe the continuum of
bonding ��� and antibonding ��� plasmons of an isolated

metallic film with energies �k,±�T� given by Eq. �A8�. With
the present use of cylindrical symmetry, plasmons polarized
perpendicularly to the surface are described by m=0 and
plasmons polarized parallel to the surface correspond to m
= ±1.

This Lagrangian represents a classical impurity problem,
i.e., the interaction between discrete localized states with a
continuum of delocalized states. The interaction Vlk,i,j

m �Z0�
corresponds to the hopping element. The parameter describ-
ing the nature of the interaction is the effective continuum
�Vl

2���, where � is the density of states of the bare film
plasmon continuum and � is the energy �frequency�. Our
previous study showed that the spectral structure of the VS is
similar to that of the effective continuum.46 In chemical
terms, the VS can be viewed as a “bonding” many-particle
state resulting from the interaction of a finite continuum with
a higher-energy discrete state. In physical terms, it can be
described as an incomplete image response to an oscillating
dipole.43 In the present paper, we will investigate thin metal-
lic films where the effective continuum forms a broad band
in the low-energy region of the film plasmon density of
states.43 In our discussion, we will focus on the dipolar l
=1 couplings although higher multipolar couplings are
present and induce a hybridization of the primitive nanoshell
plasmon modes.

Since the plasmon energies of a nanoshell are dependent
on its aspect ratio x, we can tune the discrete nanoshell plas-
mons to arbitrary positions within the effective continuum.
In Fig. 2, we illustrate schematically how the interaction
changes as the aspect ratio of the nanoshell is increased. The
light blue areas to the left show the plasmonic density of
states of the individual film, and the dark blue areas denote
the lower-energy band of the effective continuum
����Vl=1

2 ���, representing the film plasmons that couple
strongly to the discrete, dipolar bonding plasmon of the
nanoshell. The effective continuum peaks at an energy
around �k=3/2R,−�T� �Ref. 46� and extends continuously down
to zero energy. The higher-energy branch of the effective
continuum only interacts weakly with the bonding plasmons
of the nanoshell and is therefore not highlighted in the figure.
On the right, we show the location of the discrete dipolar
plasmon energies of the nanoshell. Panel �a� shows the inter-
action for a thick nanoshell. The nanoshell plasmon lies
above the effective continuum �as in the case of a nanosphere
outside a thin film�. The interaction results in a localized
state above the continuum and a VS in the continuum. Panel
�b� shows the interaction for a nanoshell of intermediate as-
pect ratio. Here, the energy of the discrete nanoshell plasmon
falls within the effective continuum and becomes a broad-
ened resonance. In panel �c�, we show the interaction for a
thin nanoshell where the VS gets pushed further to lower
energies.

We discretize the continuum and introduce a vector nota-
tion which is described in Appendix B. The Lagrangian can
be represented in a quadratic form

Lm =
1

2
X�̇ TT̂XX�̇ −

1

2
X� TV̂XX� , �3�

where X� is a vector representing the primitive plasmon am-

plitudes and T̂X and V̂X are matrices representing the kinetic

FIG. 2. �Color online� ��a�–�c�� Schematic illustration of the
nanoshell-metallic film interaction as the aspect ratio �x=a /b� of
the nanoshell increases. The light blue area to the left represents the
plasmonic density of states of the film ����. The dark blue area
represents the effective continuum �Vl=1

2 ���. The right part illus-
trates the geometry and energy of the discrete nanoshell plasmon.
The black curves depict the absorption spectrum resulting from the
plasmonic interaction between the nanoshell and the film.
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and potential energies of the primitive plasmon in the X� ba-
sis. The superscript T denotes the transpose of a vector or
matrix. In Appendix C, we show how the effects of dielectric
backgrounds can be included in the formalism. Background
dielectrics have no effect on the kinetic energy of the primi-

tive plasmons but modify the potential energy matrix V̂X �Eq.
�C2��.

The application of the Euler-Lagrange equations results in
a linear equation system from which the plasmon energies of
the interacting system are obtained as eigenvalues,

�2�T̂X + T̂X
T� − �V̂X + V̂X

T� = 0. �4�

III. RESULTS

This section contains three subsections. In the first sub-
section, we present the results obtained from the PH ap-
proach. Then, we focus on the aspect-ratio dependence of the
nanoshell and show how it increases the tunability of the VS.
We also investigate the effects of background dielectrics on
the plasmonic structure of the system. In the second subsec-
tion, we compare the PH results with results from FDTD
simulations. We also present an investigation of the local
electromagnetic field enhancements in the junction between
the nanoshell and the film. In these two theory subsections,
we use smaller nanoshells of varying inner radii but with a
fixed outer radius of b=50 nm. We use a small nanoshell to
minimize the computational effort and to enable a more di-
rect comparison between PH and FDTD. In the third subsec-
tion, we present the experimentally measured extinction
spectra of the system and compare with theoretical calcula-
tions. The gold nanoshell studied and modeled here has an
inner radius of a=60 nm and an outer radius of b=70 nm.

A. Plasmon hybridization

In Fig. 3, we show the optical absorption spectra calcu-
lated for perpendicular polarization �m=0� for the systems
that correspond to the situations depicted in Fig. 2. We only
consider optical absorption by the nanoshell and neglect op-
tical absorption in the film. This figure illustrates the shift to
lower energies of the discrete nanoshell plasmon with in-
creasing aspect ratio x=a /b. In each panel, the solid curve is
the spectrum of the nanoshell-film system and the dashed
line is for the individual nanoshell only. The spectra in the
top panel are dominated by the localized state around 2.4 eV.
A broad VS is observed on the low-energy side of the local-
ized state. The small shoulder around 2.5 eV is the antibond-
ing dipolar nanoshell plasmon, which is strongly damped and
broadened due to interband transitions. For small aspect ra-
tios, the splitting of the bonding and antibonding nanoshell
plasmons is very small.47 The middle panel shows a situation
where the discrete bonding nanoshell resonance is shifted
into resonance with the effective continuum. The result is a
formation of a resonance which is broadened relative to the
discrete nanoshell resonance. The antibonding resonance re-
mains as a broad shoulder around 2.5 eV. In the lower panel
where the discrete nanoshell state is shifted further down into

the continuum, a VS appears at even lower energy and the
intensity of the VS gets significantly stronger than that of the
localized state. The reversal of the relative intensities of the
localized peak at higher energy and the VS at lower energy
from panel �b� to panel �c� does not mean a higher admixture
of the discrete state into the VS. A careful analysis of the
eigenvectors of the lowest-energy peak shows that the film
states still dominate the mode, and thus they remain VSs.
�Further evidence for this will be presented in Fig. 5�c�
where the electromagnetic field enhancements for the low-
energy peak display the strong coupling between the particle
and the film which is characteristic of a VS.� For a thinner
film, the VS would be shifted to lower energies.43 The figure
clearly demonstrates the additional tunability that is intro-
duced by absorbing a nanoshell rather than a nanosphere on
the film.43

In Fig. 4, we investigate the effect of dielectric back-
grounds on the absorption spectrum of the nanoshell/film
system. Panel �a� shows the spectra for a Au film in vacuum.
A VS appears around 1.5 eV and the localized state around

FIG. 3. Optical absorption spectra of the Au nanoshell-thin film
system in geometries corresponding to Fig. 2. The solid lines are
dipolar optical absorption as a function of frequency for a nanoshell
of outer radius b=50 nm and different inner radii a=20 nm �panel
�a��, a=40 nm �panel �b��, and a=45 nm �panel �c��. The center of
the nanoshell is at a position Z0=53 nm outside a metallic film of
thickness T=12 nm. The gold metal is modeled using Johnson-
Christy data �Ref. 49� and �C=2.04 �SiO2�, �1=1 �air�, and �2

=2.25 �glass�. The dotted lines are the absorption spectra for the
individual nanoshells. The peaks labeled “VS” are the virtual states.
The peaks labeled “B” and “AB” are the discrete dipolar bonding
and antibonding nanoshell peaks, respectively. The antibonding
peaks are strongly damped and broadened due to interband
transitions.
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2.2 eV. The antibonding peak is strongly damped due to in-
terband transitions and appears as a small shoulder around
2.5 eV. Panel �b� shows the effect when �2=5 while �1=1.
The spectrum is similar to that in panel �a�, with a small
redshift of the VS as well as the localized bonding state of
the nanoshell, but the intensity of the VS is reduced. This is
because �2 redshifts the film continuum but does not influ-
ence the discrete nanoshell plasmon. The increased energy
separation between the discrete state and the continuum re-
duces the magnitude of the interaction, resulting in less hy-
bridization. Panel �c� shows the optical absorption when �1
=5 while �2=1. Both the VS and the localized bonding
nanoshell plasmon redshift significantly. The antibonding
nanoshell plasmon is not affected, since it is composed pri-
marily of cavity plasmons which do not depend on the di-
electric properties of the media outside the shell. The redshift
of the VS is consistent with that of both the discrete bonding
nanoshell plasmon and the film plasmon continuum, red-
shifted by �1. The l=2 localized nanoshell state also appears
at around 1.9 eV. Panel �d� shows the result when �1=�2
=5. Compared with panel �c�, we find a slight redshift of
both the localized state and the VS and a strong decrease in
the intensity of the VS analogous to the decrease of the VS
intensity observed between panels �a� and �b�. The effects of
the two background dielectrics �1 or �2 can be summarized in
the following manner: increasing �1 significantly redshifts
both the localized state and the VS, whereas increasing �2
only weakly redshifts the localized state but reduces the in-
tensity of the VS.

B. Finite-difference time-domain simulations

To further visualize the local electromagnetic interaction
in the nanoshell and metallic film system, we have numeri-
cally calculated the extinction spectra of a nanoshell on a
thin slab using the fully retarded FDTD method.31,50,51 Our

current FDTD code does not allow us to simulate a finite
nanoparticle interacting with an infinite film, so the system is
modeled as a nanoparticle near a finite slab. For a finite slab,
the plasmons do not form a continuum, but rather, they ap-
pear as standing waves with discrete frequencies. The result-
ing VSs are therefore only sampled at the discrete slab plas-
mon energies, resulting in a VS composed of discrete slab
states rather than a smooth resonance structure containing
film plasmons of all wave vectors within the effective con-
tinuum. The slab we use has sufficient lateral extent that the
VS is sampled in sufficient detail.46 FDTD calculations can-
not be performed efficiently for an arbitrary description of
dielectric function data.50 For this reason, in this subsection,
we use a Drude fit of the Au dielectric data, ����=�M

−�B
2 /���+ i��, with �M =9.5, �B=8.94 eV, and �=0.05 eV

for both the FDTD and PH calculations. This parametrization
provides an accurate fit of the dielectric data for Au bulk
metal above 500 nm.31,51

In Fig. 5, the extinction spectra from FDTD and the ab-
sorption spectra from PH are compared for nanoshells of
several different aspect ratios interacting with the slab. To
avoid overestimating the electromagnetic field enhancements
in the junction between the particle and the film, we include
a thin polyvinylpyridine �PVP� spacer layer between the
nanoparticle and the film in the FDTD simulations. Such a
spacer layer would need to be included in any experimental
realization of a nanoparticle-film junction �and is used in the
experiments and simulations on a larger nanoshell in Sec.
III C�. This spacer layer has no effect on the calculated ex-
tinction spectra. The size of the nanoshell is small �radius of
50 nm�, so that the extinction spectra �containing both ab-
sorption and scattering terms� should be mainly determined
by absorption.52 We observe that the strengths and distribu-
tion of the discrete VS peaks calculated by FDTD fit well
within the broad resonance obtained from the PH calculation,
indicating good agreement between these two theoretical ap-

FIG. 4. Effect of the back-
ground dielectric on the optical
absorption of a nanoshell near a
metallic film for perpendicular po-
larization m=0. The nanoshell has
a=40 nm, b=50 nm, and Z0

=53 nm. The film thickness is T
=8 nm. Panel �a� shows the spec-
tra for the film in vacuum. Panel
�b� shows the spectra for �1=1 and
�2=5. Panel �c� is for �1=5 and
�2=1. Panel �d� is for �1=�2=5.
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proaches. The slight redshift of the FDTD spectra is due to
retardation effects. To the right are the electric local field
enhancements calculated for the specific peak labeled by the
arrow in the spectra. Enhancement is defined here as the
absolute value of the electromagnetic field at a specific point
divided by the absolute value of the incident field. For sim-
plicity, we show the enhancement only for the lowest-energy
discrete peak in the VS.46 The calculated electric field en-
hancements are large and show that the VS represents a
strong coupling between the nanoshell and the film. As the
aspect ratio of the nanoshell increases, the electric field en-
hancement increases from 121 to 244. Compared to the field
enhancement factors obtained previously for the nanosphere/
film system,46 we find that the thin nanoshell and film inter-
action produces a VS of lower energy and larger local field
enhancements. This shows that the nanoshell/film system is a

more suitable substrate for surface enhanced spectroscopy
studies than the nanosphere/film structure.

The electric field enhancements for excitation of the m
=1 VS �not shown� are much smaller than those for m=0.
The magnitude is similar to the enhancements of an indi-
vidual nanoshell but the location is in the junction between
the nanoshell and the film.

C. Experimental measurements

In this section, we show experimental results for the ex-
tinction spectra of the nanoshell/film system. The fabrication
details are similar to those reported in our previous study of
the nanosphere/film structure.43 In Fig. 6, a scanning electron
microscopy �SEM� image of a representative sample is
shown. This image shows that the number density of
nanoshells over the film is low. The majority of nanoshells
scatter sparsely onto the film but many form aggregates and
are therefore also sampled in the experiment. The theoretical
calculations presented in this section refer to the highly ide-
alized situation of an isolated nanoshell on a uniform thin
film. We do not try to model local variations of film thick-
ness, nonuniform nanoshell-film separations, or the effect of
nanoshell-nanoshell interactions. Instead, we focus more on
trends such as the effect of polarization, film thickness, and
dielectric overlayers rather than attempting a quantitative ex-
planation of experimental data. The incident laser beam
comes from beneath the film and the extinction spectra are
determined by subtracting the transmitted light from the in-
cident light. The incidence angle is defined as the angle be-
tween the wave vector of the incident light and the surface
normal of the film.

Extinction spectra for each sample were taken using
p-polarized light with the incident angle varied from 0° to
80° at 10° intervals. In Fig. 7, the raw extinction spectra are
shown for one of the samples of nanoshell/metallic film

FIG. 5. �Color online� Extinction spectra �left panels� and local
electric field enhancements �right panels� calculated by FDTD for
the gold nanoshell/slab system for perpendicular polarization m=0.
The slab has a thickness T=8 nm and lateral dimensions 300

300 nm2. It is covered by a PVP spacer layer ��=2.25� of thick-
ness 3 nm and placed on a glass substrate ��2=2.25� of thickness
100 nm. The nanoshell has an outer radius b=50 nm and a silica
core ��C=2.04�. The inner radii are �a� a=20 nm, �b� a=40 nm, and
�c� a=45 nm. The dotted lines are the absorption spectra calculated
using the PH method. The arrows indicate the energies for which
the electric field enhancements were calculated. The maximum field
enhancement factor in each structure is 120.8, 177.2, and 244.3 for
panels �a�, �b�, and �c�, respectively.

FIG. 6. SEM image of a representative sample of a thin Au layer
on which Au nanoshells have been dispersed. The Au film thickness
is 4 nm and the nanoshell has a 60 nm radius core made from SiO2

and a shell thickness of 10 nm. The Au film is thermally evaporated
onto a clean glass slide at base pressure of 10−6 torr. A thin Ti film
with 1.5 nm thickness is used as an adhesion layer between the gold
film and the glass substrate. A spacer layer of �3.5±0.5� nm is
formed by depositing polyvinylpyridine �PVP� from a 1% ethanol
solution for 8 h.
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structures as a function of incident angle. The Au film thick-
ness is 12 nm. An incidence angle of 0° refers to light polar-
ized parallel to the surface �normal incidence� that can inter-
act with m=1 plasmons. Varying the angle from normal
incidence in TM, or p polarization, the largest angle of inci-
dence that can be achieved in the experiment is 80°. This
near grazing incidence angle results in light polarized 96%
�sin2 80° � perpendicular and 4% �cos2 80° � parallel to the
film. We refer to this geometry as perpendicular polarization;
it predominantly couples to m=0 plasmons although a small
fraction of m=1 modes are excited at this angle.

At normal incidence �0°�, the spectrum is characterized by
two peaks, a peak at 1.8 eV and a broad shoulder around
1.3 eV. These features correspond to the localized state
above the continuum and an m=1 VS in the continuum, re-

spectively. As the angle is increased, the m=1 VS remains at
1.3 eV but its intensity is quickly overwhelmed by the ap-
pearance of a new feature at around 0.8 eV. This feature is
the m=0 VS. The energy of the localized state at 1.8 eV does
not depend on polarization, since it is essentially composed
of a pure bonding nanoshell dipolar plasmon.46 The discon-
tinuity around 1.6 eV is an experimental artifact caused by a
change of spectrometer grating at 800 nm. �In the following
spectra, this discontinuity is removed by a linear interpola-
tion procedure.� The nature of the weak feature around
0.65 eV which appears most clearly at normal incidence is
unknown. Possible origins include a nanoshell dimer or ag-
gregate resonance which for normal incidence would be red-
shifted to below 1 eV or a Fabry-Pérot resonance generated
by the glass substrate.

In order to experimentally investigate the effect of the
dielectric embedding medium surrounding the nanoshell ��1�
on the extinction spectra, a thick layer �nominally 10 �m� of
PVP, fully embedding the layer of dispersed nanoshells, was
spin coated onto the substrates. In the following, we will
refer to the samples where PVP is present only as a spacer
layer between the film and the nanoshell as air-ambient
samples.

In Fig. 8, the extinction spectra for perpendicular polar-
ization �m=0� for air-ambient and PVP-coated samples are
shown. Each measurement is performed for four different
film thicknesses, T=4,8 ,12, 16 nm, respectively. For the air-
ambient samples �panel �a��, the peak around 1.7 eV is the
localized bonding nanoshell dipolar resonance, which is in-
dependent of film thickness. The VS shifts to lower energies
from around 0.9 eV for T=16 nm to nominally 0.7 eV for
T=4 nm. Panel �b� shows the effects of the PVP overcoating.
Both the localized state and the VS are redshifted compared
to the air-ambient samples. The localized state appears at an
energy around 1.5 eV, and the VS redshifts from around
0.75 eV for T=16 nm to 0.54 eV for T=4 nm. The peak
intensities in the PVP-coated samples are strongly sup-

FIG. 7. �Color online� Experimental extinction spectra of the
nanoshell/film system with film thickness of 12 nm. The spectra are
taken using p-polarized light at varying incident angles.

FIG. 8. �Color online� Extinction
spectra for perpendicular polarization
m=0 measured for �a� air-ambient
and �b� PVP-coated samples. In each
panel, the measurement is performed
for four different film thicknesses, T
=4,8 ,12, 16 nm, respectively. The
inset in panel �b� is the magnified
low-energy part of the T=4 nm curve
for identifying the VS.
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pressed relative to the air-ambient samples due to the dielec-
tric screening. In the inset of panel �b�, we show a close-up
of the low-energy part of the T=4 nm curve where the VS
appears as a shoulder around 0.54 eV.

In Fig. 9, we compare the energy of the VS determined
from the experimental spectra with those obtained from PH
as a function of film thicknesses for different surrounding
media �1. The important trend of a decreasing energy of the
VS with reduced film thickness is reproduced very well. The
best fit is obtained for �1=4, which is larger than the experi-
mental value of �1=2.25 for bulk PVP. Possible reasons for
the discrepancy may be local variations of the dielectric en-
vironment of the nanostructures or the neglect of retardation
effects, which for the present system of a nanoshell of radius
70 nm can be as large as 0.15 eV �estimated from the Mie
theory for a spherical nanoshell�.

In Fig. 10, the energy of the m=1 VS obtained from the
measurements is compared to the results from the PH
method. As for the m=0 polarization, the energy of the VS
state shifts to lower energies with decreasing film thickness.
Interestingly, though the overall interaction energy for the

m=1 polarization is weaker than that for the m=0 polariza-
tion, we find that the effect of overcoating with PVP is much
larger for the m=1 polarization than for the m=0 polariza-
tion. The reason is that the energy of the virtual state depends
on the difference in energy between the discrete nanoshell
state and the effective continuum.

On the air-ambient sample for the m=0 polarization, the
surface charges associated with the discrete nanoshell plas-
mon are located in the junction between the nanoparticle and
the film and on top of the nanoshell. The PVP spacer layer
thus screens both the nanoshell mode and the bare thin film
plasmons. This screening results in a redshift of both the
nanoshell mode and the effective film continuum which en-
ables a more efficient interaction as discussed in Fig. 4. For
the m=1 polarization, where the effective dipole lies parallel
to the film, the effect of the PVP coating is different. On the
air-ambient sample, only the film plasmons are screened,
since the surface charges associated with the discrete
nanoshell plasmon are located at a distance b from the spacer
layer. The effect of PVP coating is an efficient screening and
a redshifting of the discrete nanoshell plasmon mode. The
redshift brings the mode closer to the effective film con-
tinuum, resulting in a stronger redshift of the VS.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we have shown that the metallic nanoshell/
film system represents a highly tunable plasmonic structure
with strong resonances in the infrared region of the spec-
trum, accompanied by large local electric field enhance-
ments. This easily fabricated geometry has properties that are
of fundamental physical interest, as an experimental physics
test bed where the parameters of the spinless Anderson
model can be varied controllably. The “antenna-
overconducting-plane” paradigm for this system lends it
naturally to a variety of applications in subwavelength plas-
mon optics. This geometry provides a wavelength-specific
method for the selective coupling of light to or from freely
propagating light waves and surface plasmons, of likely im-
portance for plasmon-based devices. The large local fields in
the particle-film junction provide an important model for tip-
sample junctions in scanning microscopies such as near-field
scanning optical microscopy, enabling the design of both tip
and substrate for scanning tip-enhanced Raman spectros-
copy. In our theoretical analysis of this system, we have
shown how the plasmon hybridization method can be ex-
tended to include electrostatic screening from background
dielectrics. We have shown that in the limit of a thin metallic
film, the interaction between the discrete nanoshell plasmons
and the continuum of delocalized film plasmons can result in
a low-energy virtual state. The electromagnetic field en-
hancements induced by excitation of the virtual states are of
similar magnitude to those obtained in the junction of a
nanoparticle dimer. The energy of the virtual state can be
tuned by changing the aspect ratio of the nanoshell and/or by
changing the thickness of the film. Further studies including
the application of periodic boundary FDTD for modeling a
continuous film, and thus the VS, more accurately and single
particle optical measurements are currently in progress.

FIG. 9. �Color online� Comparison of experimentally obtained
energies of the m=0 VS with the results from PH as a function of
film thickness for different dielectric constants of the embedding
medium �1. The curves are the theoretical calculations with �1 in-
creasing from 1.0 to 5.0. The blue and red symbols are the experi-
mental measurements for air-ambient and PVP-overcoated samples,
respectively.

FIG. 10. �Color online� Comparison of experimentally obtained
energies of the m=1 VS with the results from PH as a function of
film thickness for different dielectric constants of the embedding
medium �1. The lines and the symbols refer to the same structures
as in Fig. 9.
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APPENDIX A: DERIVATION OF THE LAGRANGIAN

The primitive film plasmons can be expressed in cylindri-
cal Bessel functions with an origin centered on the projection
of the center of nanoshell on the film. �� = �� ,�� denotes the
lateral position along the surface and z is the coordinate per-
pendicular to the surface. For the nanoshell plasmons, we use
spherical coordinates.

The Lagrangian for the nanoshell plasmons has been pre-
viously derived,47 in which we showed that the plasmon en-

ergies of a nanoshell depend on �B,S=�4�e2nS

me
, multipolar

index l, and its aspect ratio x=a /b,

�±
2�x� =

�B,S
2

2
�1 ±

1

2l + 1
�1 + 4l�l + 1�x2l+1	 . �A1�

The bonding ��� and antibonding ��� eigenmodes are re-
lated to the primitive cavity and sphere modes as

Nlm
+ = Clm sin l − Slm cos l,

Nlm
− = Clm cos l + Slm sin l, �A2�

where tan l=
�C,l�S,l

�l+
2 −�C,l

2 xl+1/2.
The kinetic energy of the primitive plasmons of the film

can be expressed as

Tfilm =
nFme

2
� dS�* � � , �A3�

where the integral is over the two surfaces of the film and the
� superscript denotes the complex conjugate. The integral
can be evaluated analytically:

Tfilm =
nFme

2
� dk�

�2��2k�1 − e−2kT��Ṗk�
2 + Q̇k�

2� . �A4�

The potential energy of the primitive plasmons of the film
can be expressed as

Vfilm =
1

2
� dS�*� , �A5�

where ��r�� and ��r�� are the electrostatic potential and sur-
face charge generated by the primitive plasmons of the film,
respectively. The integral can be evaluated analytically and
takes the form

Vfilm =
nFme

2

�B,F
2

2
� dk�

�2��2k�1 − e−2kT�


�Pk�
2 + Qk�

2 − 2Pk�Qk�e
−kT� . �A6�

The Lagrangian for the film Lfilm=Tfilm−Vfilm can be written

in a diagonal form by introducing bonding and antibonding
combinations of P and Q,

Mk�± =
1
�2

�Pk� ± Qk�� , �A7�

which can be shown to correspond to the plasmonic states of
a thin film with energies

�k�,±�T� =
�B,F

�2
�1 ± exp�− kT� . �A8�

In this representation, the Lagrangian takes the form

Lfilm =
nFme

2 �
j=±
� dk�

�2��2k�1 − e−2kT��Ṁk� j
2 − �k� j

2 Mk� j
2 � .

�A9�

The surface plasmons of the film form a continuous band
ranging from zero energy up to the bulk plasmon frequency
of the metal. The plasmonic density of states is peaked
around the surface plasmon energy �sp=�B,F /�2. The plas-
monic density of states depends strongly on film thickness.
For infinite thickness, the film plasmons have no dispersion
and the plasmonic density of states is a delta function cen-
tered on the surface plasmon energy �sp=�B,F /�2. For de-
creasing film thickness, the density of states broadens in en-
ergy. The modes Mk�± represent the linearly independent,
noninteracting plasmons of a thin film. In the presence of the
nanoparticle, they no longer represent stationary states of the
system.

The interaction between the film plasmons and the
nanoshell plasmons is conveniently evaluated as an integral
over the surface charge of the shell and takes the form

V = �
lm
� dk�

�2��2R2� d	C,S�k�i
* �r���lm�	C,S� , �A10�

where

�k�i = �2�nFeMk�i�1 − e−2kT�eik�·��e−kz �A11�

is the electrostatic potential outside the film �for z�0� from
the primitive film plasmons and �lm is the charge density
associated with the shell plasmons on both the cavity and the
outer sphere surfaces.

We now make use of the azimuthal symmetry of the prob-
lem and expand the exponential terms in �k�i in a Fourier
series37

eik�·�� = �
m

ime−im��Jm�k��eim�, �A12�

where Jm is a cylindrical Bessel function of order m. We also
introduce the Fourier transform

Mj�k,m� =
im

�2�
� d��Mk� j exp�− im��� . �A13�

In this notation, the interaction V becomes diagonal in azi-
muthal m and the Lagrangian of the combined system can be
written as L=�mLm, where
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Lm =
nSme

2 �
l,i=±

�Ṅlm,i
2 − �l,i

2 Nlm,i
2 � +

nFme

2 �
j=±
� dk

�2��2k2�1

− e−2kT��Ṁ j
2�k,m� − �k,j

2 Mj
2�k,m��

+ ��nFnSe2�
l

�lRyl
m �

i=±,j=±
� dkk�1

− e−2kT�e−kZ0Ilk,i,j
m Nlm,iMj�k,m� , �A14�

where Z0 is the distance between the center of the shell and
the film surface and yl

m is the normalization constant for the
spherical harmonics. The integrals are

Ikl,+,+
m = Ikl,+,−

m = F1ICkl
m + F3ISkl

m ,

Ikl,−,+
m = Ikl,−,−

m = F2ICkl
m + F4ISkl

m , �A15�

where

ICkl
m = �

0

�

d� sin �Jm�ka sin ��Pl
m�cos ��e−ka cos �

=
2

2l + 1

�− ka�l

�l − m�!
,

ISkl
m = �

0

�

d� sin �Jm�kb sin ��Pl
m�cos ��e−kb cos �

=
2

2l + 1

�− kb�l

�l − m�!
, �A16�

and

F1 =� l + 1

a3 sin l + xl−1� l

b3 cos l,

F2 =� l + 1

a3 cos l − xl−1� l

b3 sin l,

F3 = − xl+2� l + 1

a3 sin l −� l

b3 cos l,

F4 = − xl+2� l + 1

a3 cos l +� l

b3 sin l. �A17�

With the substitutions

Nlm,i →� 2

nSme
Nlm,i �A18�

and

Mj�k,m� →
2�

k�1 − e−2kT
� 2

nFme
Mj�k,m� , �A19�

the interaction term takes the form

Vlk,i,j
m �Z0� = ���B,F�B,Syl

m�lR�1 − e−2kTe−kZ0Ilk,i,j
m ,

�A20�

resulting in the Lagrangian in Eq. �2�.

APPENDIX B: DISCRETIZATION AND VECTOR
NOTATION

The Lagrangian in Eq. �2� can be discretized by introduc-

ing a vector X� representing the amplitudes of the primitive
plasmons. A particularly convenient choice is

X� = „Nlm
− ,Nlm

+ ;��kM−�k,m�,��kM+�k,m�…T, �B1�

with l=1,2 , . . . , lmax and k=1,2 , . . . ,kmax. In this expression,
�k is the spacing between adjacent wave vectors of the thin
film plasmons.

In this representation, the kinetic energy matrix T̂X is di-
agonal with

T̂X = 
1 − x2l+1 0

¯

0 1 − e−2kT� , �B2�

with l=1,2 , . . . , lmax and k=1,2 , . . . ,kmax.
The potential energy matrix takes the form

V̂X = � V̂ll V̂lk

V̂kl V̂kk

 , �B3�

where l=1,2 , . . . , lmax and k=1,2 , . . . ,kmax, with

V̂ll = �1 − x2l+1���l,−
2 �x� 0

0 �l,+
2 �x�

 , �B4�

V̂kk = �1 − e−2kT���k,−
2 �T� 0

0 �k,+
2 �T�

 , �B5�

and

V̂lk = V̂kl =
1

2
yl

m���k�B,S�B,F�1 − e−2kT�e−kZ0�Ikl,−,−
m Ikl,−,+

m

Ikl,+,−
m Ikl,+,+

m  .

�B6�

The appearance of the ��k term here and in several equa-

tions below is due to our choice of X� in Eq. �B1�.
It is useful to introduce a vector �� representing the surface

charges associated with the primitive plasmons. We define
this vector as

�� = ��C,l,�S,l,�k�P,k,�k�Q,k�T, �B7�

where l=1,2 , . . . , lmax, k=1,2 , . . . ,kmax. The surface charges
�C,l and �S,l are the surface charges associated with the dis-
crete cavity and sphere plasmons of the nanoshell and �P,k
and �Q,k are the surface charges associated with the primitive
film plasmons for a specific wave vector k. The �k factor in
front of the primitive film plasmons arises from our discrete
sampling of a continuum of primitive film plasmons.
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With this definition, the physical surface charges associ-
ated with the primitive plasmons can be expressed as ��

= B̂ · X̂, where

B̂ = �B̂shell 0

0 B̂film

 . �B8�

The transformation matrix for the nanoshell takes the form

B̂shell = nse
B̂1 0

¯

0 B̂lmax

� , �B9�

with

B̂l = �F2 F1

F4 F3
 , �B10�

where the quantities Fi are defined in Eq. �A17�. The trans-
formation matrix for the film takes the form

B̂film = nfe
B̂1 0

¯

0 B̂kmax

� , �B11�

with

B̂k = ��k� 1 + e−kT 1 − e−kT

− 1 − e−kT 1 − e−kT  . �B12�

In the discussion of the effects of background dielectrics,
it becomes useful to express the potential energy of the sys-
tem in terms of the surface charge vector �� ,

V =
1

2
�� TV̂��� . �B13�

In this representation, the potential energy matrix takes the
form

V̂� = �B̂−1�TV̂XB̂−1. �B14�

To achieve convergence for the systems studied in the
present paper, we include all nanoshell plasmons up to lmax
=40 and employ a uniform discretization of the film con-
tinuum with a wave vector cutoff of 1 nm−1 and kmax=800.

APPENDIX C: EFFECTS OF DIELECTRIC
BACKGROUND

In this section, we discuss the effects of dielectric screen-
ing in the structure. We consider background dielectric po-
larizabilities of the metallic structures and the dielectrics of
nonplasmonic embedding media. We will use the following
notations to represent the permittivities of the different me-
dia: �C for the nanoshell core, �S for the metallic shell, �1 for
an embedding medium around the nanoshell and above the
metallic film, �F for metallic film background, and �2 for a
dielectric substrate below the metallic film.

The effects of background dielectrics in the PH method
are straightforward. In the presence of background dielec-

trics, the electrostatic energy in the system takes the form

V =
1

2
�� TV̂��� total, �C1�

where � refers to the real surface charge densities induced by
the primitive plasmons and �total are the total surface charges
�real+induced�. The effects of background dielectric can
thus be conveniently included through a matrix �̂ that relates
the total charges to the real charges, �� total= �̂�� . Using this
relation, the potential energy for the primitive plasmons in
the presence of dielectric backgrounds takes the form

V =
1

2
�� TV̂��̂�� =

1

2
X� TV̂XB̂−1�̂B̂X� =

1

2
X� TV̂X

DX� , �C2�

where V̂X
D= V̂XB̂−1�̂B̂ is the potential energy matrix for di-

electric systems and V̂X is the potential energy matrix calcu-
lated in the absence of dielectric backgrounds.

The inverse matrix Ê= �̂−1 can be calculated directly from
the discontinuities of the displacement field at the boundaries
of the dielectrics,

�i+1� ��

�r
�

Ri
+

− �i� ��

�r
�

Ri
−

= − 4��i, �C3�

where �i is the potential generated by the ith total surface
charge.

The electrostatic potential from the primitive plasmons of
the nanoshell takes the form

�shell = �
l

4�

2l + 1
�a2vl�r,a��C,l

total + b2vl�r,b��S,l
total� ,

�C4�

with vl�r ,r��=
r�

l

r�
l+1 , where r� and r� refer to the smaller and

the larger of r and r�, respectively. The electrostatic potential
from the primitive film plasmons takes the form

� film = �
k

2�

k
�e−k�z��P,k

total + e−k�z+T��Q,k
total. �C5�

Using these two expressions, the final expression for the

matrix Ê is

Ê = � Êll Êlk

Êkl Êkk

 , �C6�

where l=1,2 , . . . , lmax and k=1,2 , . . . ,kmax, with

Êll =

�S�l + 1� + �Cl

2l + 1

��C − �S�lxl−1

2l + 1

��1 − �S��l + 1�xl+2

2l + 1

�1�l + 1� + �Sl

2l + 1
� , �C7�

Êkk =

�1 + �F

2

�1 − �F

2
e−kT

�2 − �F

2
e−kT �F + �2

2
� , �C8�
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Êlk =� �

2k
yl

mle−kZ0
��C − �S�
ICkl

m

a
��C − �S�

ICkl
m

a
e−kT

��S − �1�
ISkl

m

b
��S − �1�

ISkl
m

b
e−kT � ,

�C9�

and

Êkl = −��

2
yl

mlk�ke−kZ0


� ��1 − �F�ICkl
m a2 ��1 − �F�ISkl

m b2

��F − �2�ICkl
m a2e−kT ��F − �2�ISkl

m b2e−kT  . �C10�
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