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ABSTRACT

It has been recently shown that the strength of plasmon coupling between a pair of plasmonic metal nanoparticles falls as a function of the
interparticle gap scaled by the particle size with a near-exponential decay trend that is universally independent of nanoparticle size, shape,
metal type, or medium dielectric constant. In this letter, we extend this universal scaling behavior to the dielectric core −metal shell nanostructure.
By using extended Mie theory simulations of silica core −metal nanoshells, we show that when the shift of the nanoshell plasmon resonance
wavelength scaled by the solid nanosphere resonance wavelength is plotted against the shell thickness scaled by the core radius, nanoshells
with different dimensions (radii) exhibit the same near-exponential decay. Thus, the nanoshell system becomes physically analogous to the
particle-pair system, i.e., the nanoshell plasmon resonance results from the coupling of the inner shell surface (cavity) and the outer shell
surface (sphere) plasmons over a separation distance essentially given by the metal shell thickness, which is consistent with the plasmon
hybridization model of Prodan, Halas, and Nordlander. By using the universal scaling behavior in the nanoshell system, we propose a simple
expression for predicting the dipolar plasmon resonance of a silica −gold nanoshell of given dimensions.

Plasmonic nanostructures have attracted great interest in
recent years due to their potential applications in molecular-
specific imaging and spectroscopy,1-3 chemical and biologi-
cal sensing,4-7 biomedicine,8-11 and nano-optical devices.12

At the same time, a lot of fundamental interest has been
focused on the interesting size, shape, composition, and
medium dependence of the plasmon resonance in noble metal
nanostructures.13-17 A classic example of this unique optical
tunability is the dielectric core-metal shell nanostructure,
especially the gold nanoshell studied in detail by the Halas
and Nordlander groups,18-20 which consists of a silica core
covered with a few nanometer thin gold layer. Other similar
nanostructures include the gold sulfide core-gold shell,21-23

hollow metal shell,24 and polystyrene core-metal shell
nanostructures.25,26The plasmon resonance of the metal shell
nanostructure has been found to be strongly dependent on
the relative dimensions of the metal shell and the dielectric
core.18 By decreasing the thickness of the gold shell, the
plasmon band of the nanoshell red-shifts from the visible
region resonance (∼520 nm) of the solid gold nanosphere
toward the near-infrared region. Tunability of the plasmon
resonance in the near-infrared region makes the nanoshell
structure very useful for in vivo biomedical imaging and
therapy applications8,9,27,28because biological tissue shows

maximum optical transmissivity in the 650-900 nm region.
Nanoshells also show promise for applications in nano-
optical devices,29 sensing,30,31 and surface-enhanced spec-
troscopy32,33 due to their strong and tunable plasmon
resonance.

A nanostructure that shows optical tunability similar to
metal nanoshell is thehithertounrelated metal nanoparticle-
pair system.34-40 The plasmon resonance of the gold nano-
particle pair can be red-shifted from the visible region
resonance (ca. 520 nm) for an isolated gold nanosphere
toward the near-infrared region by reducing the interparticle
gap between the interacting particles for incident light
polarized along the interparticle axis.37,39 The magnitude of
this red-shift increases almost exponentially with decreasing
interparticle gap.34,35,39 The plasmon shift scaled by the
isolated-particle plasmon resonance plotted against the
interparticle gap scaled by the particle dimension shows a
near-exponential decay trend that is universally independent
of nanoparticle size, shape, metal type, or surrounding
dielectric medium.39

In this letter, we present an interesting extension of this
universal scaling behavior to the metal nanoshell structure.
Extended Mie theory calculations show that as we move from
a solid gold nanosphere to a nanoshell with decreasing shell
thickness, there is an almost exponential red-shift in the
plasmon resonance wavelength maximum. At the same time,
the resonance wavelength shift is also dependent on the
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nanoshell size, i.e., the rise in the plasmon resonance red-
shift with decreasing shell thickness is less steep for
nanoshells with a larger size. However, when the shift of
the nanoshell plasmon resonance wavelength scaled by the
solid nanosphere resonance wavelength is plotted against the
shell thickness scaled by the core radius, nanoshells with
different dimensions show the same near-exponential decay
trend. On the basis of this scaling behavior, we demonstrate
the nanoshell system to be physically analogous to the
particle-pair system. Our observation corroborates the “plas-
mon hybridization” model developed by Prodan et al.19 for
explanation of the plasmon resonances in the nanoshell
structure. In addition, our approach provides a simple
expression to predict the dipolar plasmon resonance of a
nanoshell with given core and shell dimensions.

In this work, the extinction efficiency (Qext) spectrum of
a metal shell of thicknesst surrounding a dielectric core of
radiusR was calculated in the visible-near-infrared region
by using an extended Mie theory simulation scheme devel-
oped by Charamisinau et al.41 We used a refractive index of
1.45 for the core material corresponding to silica. For the
gold shell, we used the wavelength-dependent complex
refractive index of bulk gold.42 The surrounding medium was
assumed to have a refractive index of 1.33 for liquid water.
In the case where the shell thickness is reasonably smaller
than the electronic mean free path of gold, the dielectric
function needs to be corrected for increased electron scat-
tering at the shell boundaries.21 The exact form of the
correction is debated; however, it is known that the interface
electron scattering results in increased damping of the
resonance (i.e., lower extinction and increased linewidths);
however, there is little effect on the plasmon resonance
maximum position.43 Because we are interested in the
plasmon resonance positions, we have not included the
correction. Nehl et al. have already demonstrated the ability
of Mie theory, without inclusion of surface-scattering cor-
rections, to simulate nanoshell plasmon resonances in good
agreement with those determined from single-particle and
solution-phase experiments.44 We have ensured that the
extended Mie theory calculation algorithm used in this work
for core-shell particles shows excellent agreement with the
results of Mie theory for homogeneous spheres for the three
limiting cases: vanishing shell, vanishing core, and vanishing
refractive index difference between core and shell materials.

Figure 1 shows the calculated extinction efficiency spectra
for 80 nm diameter silica-gold nanoshells with varying gold
shell thickness. The calculated spectrum for the 80 nm
diameter solid nanosphere has a wavelength maximumλ0 at
549 nm corresponding to its dipolar plasmon resonance. As
the shell thicknesst decreases from 40 nm (solid sphere) to
4 nm, the dipolar plasmon resonance progressively red-shifts.
In addition, with decreasing shell thickness, the plasmon band
extinction increases. At the smallest shell thickness,t )
4 nm, a small shoulder is observed around 690 nm, which
corresponds to the quadrupolar/higher-order resonance mode.20

These observed trends are very similar to those observed in
a system of two interacting particles excited by light
polarized along their interparticle axis.38,39In the two-particle

system, as the interparticle gap decreases, there is a red-
shift in the dipolar plasmon resonance along with an increase
in the plasmon band extinction, and an emergence of the
quadrupolar or higher-order modes at very small gap.39

In fact, similar to the nanoparticle-pair system, there is a
near-exponential red-shift in the dipolar plasmon resonance
wavelength maximum with decreasing shell thickness (Figure
2). Figure 2 gives a comparison of this trend for four different
nanoshell sizes, where it is evident that the rise in the
plasmon red-shift with decreasing shell thickness is less steep
for nanoshells with a larger size.

It must be noted that Oldenburg et al. have already
elucidated by experiment and simulation the dependence of
the silica core-gold nanoshell plasmon resonance on the
shell thickness.18 They have also acknowledged the role of
the total nanoshell size in determining the plasmon resonance.
However, for the first time, we demonstrate a unique size
scaling that exists in the nanoshell system analogous to that
demonstrated in the particle-pair system. In Figure 3, we have
plotted the fractional shift (∆λ/λ0) of the nanoshell plasmon

Figure 1. Extended Mie theory calculations of the extinction
efficiency spectra of a 80 nm diameter silica core-gold nanoshell
in water for different shell thickness:t ) 40 nm (solid sphere),
30, 20, 10, 8, and 4 nm.

Figure 2. Calculated dipolar plasmon resonance wavelength
maximum (λmax) of a silica core-gold nanoshell in water as a
function of shell thickness (t) for four different nanoshell diameters.
The solid lines represent least-squares fits of the data to the single-
exponential decayy ) y0 + a‚exp(-x/l), yielding l ) 3.71, 4.91,
5.93, and 8.55 nm for nanoshell diameters) 60, 80, 100, and
160 nm, respectively.
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resonance wavelength with respect to the solid nanosphere
resonance wavelength versus the shell thickness scaled by
the core radius (t/R).45 By applying this scaling, the trend
becomes independent of the nanoshell dimensions. The
exponential decay constant of this universal trend is 0.18(
0.02. The decay constant does not seem to be affected much
by a change in the material of the core or shell or the
surrounding medium. For instance, the decay constants for
60 nm diameter hollow core-gold nanoshell in water,
60 nm diameter silica core-silver nanoshell in water, and
60 nm diameter silica-gold nanoshell in air are close
(Supporting Information, Figures S1-S3). The amplitude of
the fractional shift, however, does depend on the dielectric
properties of the core, shell, and environment. In general,
we find that higher dielectric constant of the core or that of
the surrounding medium leads to a larger fractional shift,46

which is similar to the observation in the particle-pair
system.39 As also proposed for the particle-pair system,7,34,39

using silver as the material of the plasmonic shell also leads
to a larger resonance shift as compared to that of gold
(Supporting Information, Figure S3) due to the stronger
electromagnetic fields in silver. The line widths for silver
are also much narrower.

This interesting parallel between the particle-pair system
and the nanoshell structure is very well reconciled with the
plasmon hybridization model, which was developed by
Prodan et al.19 for explanation of the physical origin of the
tunable plasmon resonance in metal nanoshells. As per this
model, the metal nanoshell is a two-interface system, which
supports two distinct plasmon modes: an outer shell-surface
sphere mode and an inner shell-surface cavity mode, which
couple/hybridize with each other, leading to a splitting into
two new modes. The antisymmetric combination of these
modes results in a higher-energy (blue-shifted) plasmon
mode, while the symmetric combination results in a lower-

energy (red-shifted) plasmon mode, which lies in the visible-
near-infrared region. The position of the visible-near-
infrared resonance is thus determined by the extent of the
splitting, in other words, the strength of the plasmon
interaction. The metal shell thickness represents the distance
over which this interaction takes place. The plasmon coupling
strength between the cavity and sphere modes vanishes over
the shell thicknesst similar to the decay of the plasmonic
field in the interparticle gap of the particle-pair system.

The plasmon coupling strength in the nanoparticle-pair
system is determined by the strength of the near-field, which
for dipolar interaction falls as the inverse cube of distance.38,39

At the same time, a higher value of the particle polarizability
(which for the dipolar mode is proportional to the cube of
the particle size) ensures stronger coupling. As a conse-
quence, the fractional shift∆λ/λ0 for the dipolar resonance
of the nanoparticle-pair system has a functional dependence
on (s/D + 1)-3 (wheres is the interparticle separation and
D is the particle diameter) that can be approximated to an
exponential decay.39 Likewise, in the nanoshell system, we
can expect the fractional shift of the dipolar resonance to be
a function of (t/R + 1)-3, wheret is the shell thickness and
R is the core radius. In other words, a larger core has a larger
polarizability and a thinner shell ensures stronger near-field
coupling, thus leading to a larger fractional plasmon shift.
In fact, the dipolar resonance condition for a core-shell
structure in the quasistatic limit is specified by:17,23

whereεc, εs, andεm are the dielectric constants of the core,
shell, and medium, respectively, andf is the fraction of the
volume of the core in the composite structure. It is interesting
to note thatf is essentially (t/R + 1)-3. This analogy serves
to qualitatively explain the similarity of the distance depen-
dence and scaling behavior of plasmon coupling in the
nanoshell structure to that in the particle-pair structure.
Further analysis (Supporting information, Figure S4) shows
that the fractional dipolar resonance shift for a silica core-
gold nanoshell calculated from eq 1 when plotted against
t/R shows a near-exponential decay with a decay constant
of 0.19( 0.01. The plasmon hybridization model by Prodan
et al. also results in an expression where the nanoshell
resonance frequency is a function of the core radius to shell
radius ratio raised to the power (2l + 1) wherel ) 1, 2, ...,
corresponding to the dipole, quadrupole, ..., etc.22 The
plasmon hybridization model has also been shown to be valid
for describing plasmonic coupling in nanoparticle dimers.40

In addition to the plasmon resonance maximum position,
we can also expect the extinction efficiency,16 ratio of
scattering to absorption,16 resonance line width,43 and refrac-
tive index sensitivity31 of the nanoshell system to have some
defined functional dependence onf, at least within the limit
of the quasistatic and dipole approximations. In the case of
larger sizes, the complicating effect of electromagnetic
retardation43 and higher-order interactions20 may result in
some deviations from the universal dependence.

Figure 3. The fractional shift (∆λ/λ0) of the dipolar plasmon
resonance wavelength maximum of the silica core-gold nanoshell
in water with respect to the solid gold nanosphere plasmon
resonance maximum plotted against the ratio of the shell thickness
to the core radius (t/R) for four different nanoshell diameters. The
data points for the different nanoshell diameters fall on the same
curve, given by the solid line, which is a least-squares fit (R2 )
0.962) of the data to the single-exponential decayy ) a‚exp(-x/τ)
with τ ) 0.18 ( 0.02 anda ) 0.97 ( 0.08.

εc ) -2εs

εs(1 - f) + εm(2 + f)

εs(1 + 2f) + 2εm(1 - f)
(1)
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While we have approximated the plasmon coupling in the
core-shell structure as well as the particle-pair by a dipole-
dipole type interaction, which falls with distanced as 1/d3;
in a more complete treatment, one should consider that the
dipolar resonance mode of each pair-partner interacts with
the higher-energy multipolar plasmon modes of the other
partner, thus resulting in the formation of a hybridized
“dipolar” plasmon mode with a mixed multipolar composi-
tion. In general, the interaction between a plasmon mode of
order l and that of orderl′ falls with distance as 1/d(l+l′+1).
Thus, the complete multipolar interaction can be represented
as a geometric series in 1/d, which effectively reflects an
exponential decay. While the approximation of dipole-dipole
interaction works very well at relatively larger interaction
distances, at smaller distances, the multipolar contribution
to the interaction becomes increasingly important, thus
leading to a “nondipolar” shift in the dipolar plasmon
resonance.39 While this is true for the particle-pair system,
the spherical symmetry in the nanoshell system47 allows only
modes of the same angular momentum to interact (i.e.,l′ -
l ) 0). This is probably why a purely dipolar interaction
(for example, eq 1) can be used to explain the dipolar
nanoshell resonance with good quantitative agreement, unlike
the particle-pair system.39

In addition to providing fundamental insight into the nature
of the plasmon coupling in the nanoshell structure, our
extension of the scaling behavior of the plasmon coupling
to the nanoshell system allows us to present a simple
empirical expression to estimate the plasmon resonance
extinction wavelength maximumλmax for a nanoshell of given
dimensions. From the fit to the universal trend exhibited by
silica-gold nanoshells in water (Figure 3), we get:

wheret is the gold shell thickness,R is the core radius,λ0 is
the plasmon extinction wavelength maximum of a solid
sphere of the same size as the nanoshell, and∆λ ) λmax -
λ0 is the shift of the nanoshell extinction wavelength
maximum from the resonance maximum of this solid sphere.
Hirsch et al. employed a nanoshell with a silica core of
110 nm diameter and a 10 nm gold shell thickness for in
vivo cancer therapy.9 For this case,λ0 ) 606 nm from Mie
theory for a 65 nm radius gold nanosphere. Thus, from eq 2
we getλmax ) 820 nm, which agrees with the experimental
extinction maximum of 820 nm. Equation 2 thus provides a
simple design guideline (in lieu of detailed electrodynamic
calculations) for tuning the nanoshell optical resonance in
aqueous media, which would be useful for biomedicinal
imaging and therapy applications in vivo. Note that the
scaling behavior represented by eq 2 incorporates the
dependence of the nanoshell plasmon resonance wavelength
maximum on both the shell-to-core ratio and the total
nanoshell volume, unlike earlier models.18,19In addition, our
analysis is based on a fully retarded Mie theory, which
includes size-dependent electromagnetic retardation effects.

Thus, we have extended the universal scaling behavior of
plasmon coupling from the particle-pair system to the metal

shell nanostructure, thus drawing a clear analogy between
these two systems in corroboration of the plasmon hybridiza-
tion model.
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Supporting Information Available: Plot of fractional
plasmon shift versus ratio of shell thickness to core radius,
calculated using extended Mie theory for (1) 60 nm diameter
hollow core-gold nanoshell in water (Figure S1), (2) 60 nm
diameter silica core-silver nanoshell in water (Figure S2),
(3) 60 nm diameter silica core-gold nanoshell in air
(Figure S3), and (4) from the quasistatic dipolar resonance
condition for the nanoshell (Figure S4). This material is
available free of charge via the Internet at http://pubs.acs.org.
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