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Linear optical response of metallic nanoshells in
different dielectric media
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Metal nanoshells, which consist of nanometer-scale dielectric cores surrounded by thin metallic shells, have
been designed and studied for their linear optical responses. The plasmon resonance of metal nanoshells dis-
plays geometric tunability controlled by the ratio of shell thickness either to the core radius or to the total
radius of the particle. Using Mie theory the surface plasmon resonance (SPR) of metallic nanoshells (Au, Ag,
Cu) is studied for different geometries and physical environments. Considering a final radius of about 20 nm,
the SPR peak position can be tuned from 510 nm �2.43 eV� to 660 nm �1.88 eV� for Au, from 360 nm
�3.44 eV� to 560 nm �2.21 eV� for Ag, and from 553 nm �2.24 eV� to 655 nm �1.89 eV� for Cu, just by varying
the ratio t /RShell and the environments inside and outside. With the decrease of the t /RShell ratio the SPR peak
position gets redshifted exponentially and the shift is higher for a higher refractive index surroundings. The
plasmon linewidth strongly depends on the surface scattering process and its FWHM increases with the re-
duction of shell thickness. © 2008 Optical Society of America

OCIS codes: 050.6624, 160.3900, 160.4236, 160.4760.
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. INTRODUCTION
ecently a considerable amount of research has been de-
oted to study the optical properties of metal nanopar-
icles. Of special interest is the controlled variation of the
anoparticle’s geometry since this allows obtaining tun-
ble optical properties that are not present in solid metal-
ic particles [1]. A good example of such a strategy are me-
allic nanoshells (a dielectric core surrounded by a
etallic shell), for which the structural tunability of the

lasmon frequencies has been shown experimentally in a
eries of studies where monodispersed nanoshells of dif-
erent thicknesses and core sizes have been fabricated
nd characterized with optical measurements [2–4]. The
unability of the plasmon position makes these nanopar-
icles particularly attractive for applications such as
hoto-oxidation inhibitors [5], all-optical switching de-
ices [6,7], drug delivery [8], environmental sensors [9],
nd Raman sensors [10]. In spite of so much interest,
here are few works in the literature [11,12] on the sys-
ematic study about the dependence of the optical re-
ponse of metal nanoshells on their geometries and the
urrounding medium.

In this work we used classical Mie calculations [13–15]
o study linear optical properties of Au, Ag, and Cu
anoshells of different geometries. The effects of shell
hickness, dielectric constants of core and dispersing me-
ia and core radius on the position, and intensity and
inewidth of the surface plasmon resonance (SPR) are
tudied considering the effective dielectric constant of
anoshells of different metallic nanoshells (Au, Ag, and
u). It has been demonstrated that the intensity, position,
0740-3224/08/081371-9/$15.00 © 2
nd linewidth of the SPR peak can be tuned over a wide
ange just by manipulating the above mentioned param-
ters.

. MIE THEORY
he Mie formulation consists in solving the classical elec-

romagnetic equations for the interaction of a wave light
ith a metallic sphere [13]. These equations have an ex-
ct solution and several detailed deductions of this solu-
ion can be found in the literature [14,15]. In general
erms, the method consists of finding the solutions for the
axwell equations in spherical polar coordinates for an

ncident electromagnetic plane wave impinging on a me-
allic sphere with a radius R embedded in a medium with
refractive index n. The electromagnetic field is divided

nto two orthogonal subfields that can be deduced from a
calar potential. The solutions are expressed in terms of
n infinite series where the coefficient constants are ob-
ained from the appropriate boundary conditions at the
urface of the sphere.

The interaction of light with metallic spheres produces
cattering and absorption of the incident plane wave. The
otal energy loss of the incident radiation is the sum of
he scattered and absorbed energies. These energy losses
re expressed in a more convenient form by the cross sec-
ions that are a measure of the probability that an event
scattering, absorption, or extinction) will take place. The
otal extinction cross section �ext is given by �ext=�sca
�abs, where �sca and �abs are the scattering and absorp-

ion cross sections, respectively.
008 Optical Society of America
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To express these cross sections for a metallic sphere ac-
ording to the Mie formulation it is convenient to define
he size parameter x and the relative refractive index m,
iven as

x = kR =
2�nR

�
, �1�

m =
np

n
, �2�

here � is the light wavelength in vacuum and np is the
efractive index of the sphere. Here, k and mk represent
he wavenumber in the dielectric medium and in the me-
allic sphere, respectively. For this case the cross sections
re

�ext =
2�

k2 �
l=1

�

�2l + 1�Re�al + bl�, �3�

�sca =
2�

k2 �
l=1

�

�2l + 1���al�2 + �bl�2�, �4�

�abs = �ext − �sca. �5�

he coefficients al and bl can be calculated by the expres-
ions
o
o
d
m
a
f

I
b
c
e
[

w
c

al =
m�l�mx��l��x� − �l��mx��l�x�

m�l�mx��l��x� − �l��mx��l�x�
, �6�

bl =
�l�mx��l��x� − m�l��mx��l�x�

�l�mx��l��x� − m�l��mx��l�x�
. �7�

he functions �l and �l are the Riccati–Bessel functions
efined as

�l�z� = zjl�z�, �l�z� = zhl�z�, �8�

here jl�z� are the spherical Bessel functions and hl�z� are
he spherical Hankel functions [16,17]. The expressions

l� and �l� indicate differentiation with respect to the ar-
ument in parentheses. This Mie solution for the extinc-
ion by a single sphere also applies to any number of
pheres when they have similar diameters and are ran-
omly distributed with enough separations among them
distances larger than the incident wavelength). Under
hese circumstances coherent light is not scattered by the
pheres and the total scattered energy is equal to the en-
rgy scattered by one sphere multiplied by their total
umber.

. Core-Shell Structures
he original Mie formulation was extended by Aden and
erker [18] in order to consider the scattering of light by
sphere with a concentric spherical shell embedded in a
edium (core-shell structure), and they obtained new ex-

ressions to calculate the al and bl coefficients [Eqs.
3)–(5) are still valid]:
al =
�l�y���l��m2y� − Al�l��m2y�� − �l��y���l�m2y� − Al�l�m2y��

�l�y���l��m2y� − Al�l��m2y�� − �l��y���l�m2y� − Al�l�m2y��
, �9�

bl =
m2�l�y���l��m2y� − Bl�l��m2y�� − �l��y���l�m2y� − Bl�l�m2y��

m2�l�y���l��m2y� − Bl�l��m2y�� − �l��y���l�m2y� − Bl�l�m2y��
, �10�
here

Al =
m2�l�m2x��l��m1x� − m1�l��m2x��l�m1x�

m2�l�m2x��l��m1x� − m1�l��m2x��l�m1x�
, �11�

Bl =
m2�l�m1x��l��m2x� − m1�l�m2x��l��m1x�

m2�l��m2x��l�m1x� − m1�l��m1x��l�m2x�
, �12�

x = kRc, y = kRsh. �13�

. Dielectric Functions
n Mie’s solution the problem is divided in two parts. The
rst one is the electromagnetic part, which is solved using
rst principles and is what we have described in Subsec-
ion 2.A. The second part is related with the material and
an be solved using phenomenological dielectric functions
��	 ,R�� that can be taken either from theoretical models
r from experimental results. For the calculation of the
ptical response using Mie theory it is possible to use the
ielectric functions measured experimentally for bulk
etals, �exp�	�, as long as the appropriate size corrections

re applied. These dielectric functions have contributions
rom interband and intraband transitions,

�exp�	� = �inter�	� + �intra�	�. �14�

n metals the electrons at the Fermi level can be excited
y photons of very small energies, and therefore they are
onsidered “free” electrons. The contributions from free
lectrons to �exp�	� can be described by the Drude model
15],

�intra�	� = 1 −
	p

2

	2 + i	

, �15�

here 	p is the plasma frequency and 
 is the damping
onstant arising from the dispersion of the electrons. 
 is
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elated with the mean free path of electrons ��e� by the
xpression 
=vF /�e, where vF is the Fermi velocity.

Now we have to consider that electrons can also be dis-
ersed by the nanoparticles (NP) surface, because the free
lectron’s mean free path is now comparable or larger
han the dimension of the particle. Therefore, it is neces-
ary to modify the damping term to take into account the
urface scattering of the free electrons,


 = 
bulk + 
R =
vF

�e
+

vF

R
. �16�

rom Eq. (14), we obtain the input of the bound charges
y subtracting the free electron contribution from the
ulk dielectric function. The free electron contributions
re calculated using the Drude model [Eq. (15)] and 	p is
alculated by the expression 	p=	ne2 /�0mef, where n is
he density of free electrons and mef is there effective
ass. Now, we include the surface damping contribution

y adding the extra damping term vF /R to the Drude
odel and obtain the size-dependent dielectric function,
hich includes the contributions of the free electrons, sur-

ace damping, and interband transitions as

��	,R� = �inter�	� + �intra
NP �	,R�

= �exp�	� − �intra�	� + �intra
NP �	,R�

= �exp�	� +
	p

2

	2 + i	
bulk

−
	p

2

	2 + i	

bulk +
vF

R � . �17�

p to now we have considered a sphere of radius R where
he surface damping is given by vF /R. This correction can
asily be extended to consider a shell if instead of the ra-
ius we consider its thickness �t�: vF / t. In both cases, the
maller the particle size (its radius or thickness) the more
mportant is the surface dispersion effect. It has been
hown that the surface dispersion effects do not change
he location of the surface modes, but they affect the cou-
ling of such modes with the applied field, making the
esonance peaks wider and less intense [19]. To show the
ffect of incorporating the dielectric function correction on
he damping constant due to the surface dispersion effect,
e calculated the damping constant for Cu clusters,
hich have a Fermi velocity of 1.57�106 m/s and a mean

ree path of electrons of 3.9�10−8 m [20]. While the 
bulk
Cu

as a value of �4.03�1013 s−1, for a Cu nanoshell of 5 nm
hickness 
t=5 nm

Cu is �3.54�1014 s−1, which is 1 order of
agnitude higher than the damping constant for the bulk
aterial.

. OPTICAL RESPONSE OF METALLIC
ANOSHELLS
. Procedure

n this work we have considered and studied the
anoshells with geometries as shown in Fig. 1. Classical
ie calculations were performed in order to study the de-

endence of the SPR with the geometry for nanoshells of
ifferent metals (Au, Ag, and Cu) and different surround-
ng media (SiO2, H2O, and vacuum). Among the three geo-

etrical parameters of the nanoshells—the core radius
RCore�, the shell thickness �t�, and the shell radius
RShell�—only two are independent: RShell=RCore+ t. Nev-
rtheless, it has been shown that the position of the SPR
epends only on the t /RShell ratio [21]. In all the cases
tudied here we considered a vacuum core. For the nu-
eric calculation of extinction spectra modifications pro-

osed by Toon and Ackerman [22] were incorporated in
he software to obtain better stability and accuracy of the
esults. We employed the bulk dielectric functions re-
orted by Johnson and Christy [23] for silver, gold, and
opper, which were modified according to Eq. (17) to incor-
orate the surface dispersion effects.
Three different cases were considered. In the first one, t

as kept constant �5 nm� and RCore was changed. For the
econd case, RCore was fixed �10 nm� and t was changed.
n the last case, RShell was kept constant �20 nm� while t
nd RCore were changed simultaneously. In all the three
ases the geometrical parameters were chosen in such
ays that allowed us to cover the t /RShell ratio value be-

ween 0.2 and 0.8.
Fig. 1. (Color online) Schematic of the metal nanoshell geometries used for calculating linear optical properties.
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. Results
he optical extinction spectra obtained for the silver, gold,
nd copper nanoshells suspended–surrounded by
acuum, H2O, and SiO2 media are shown in the Figs. 2–4,
espectively. For all the three systems, the FWHM of the
PR peak depended only on shell thickness t (inversely
roportional). However, the intensity and position of the
PR peaks have a complex dependence on the shell thick-
ess.
If the shell thickness is kept constant, the position of

he SPR peak is redshifted when RCore is increased. As an

ig. 2. (Color online) Simulated extinction spectra for Ag nanos
b) in vacuum, with constant RCore �10 nm� and varying thicknes
ater, with constant thickness �5 nm� and varying RCore; (e) in w
ith constant RShell �20 nm� and varying RCore; (g) in silica, with c

�10 nm� and varying thickness; (i) in silica, with constant R
Core Shell
xample, for Au in vacuum [Fig. 3(a)] the position
hanged from 510.4 nm for a RCore value of
.3 nm to 576.0 nm for a RCore value of 20.0 nm. Even big-
er redshifts are obtained for the nanoshells embedded in
medium with a higher refractive index. For instance, for
u embedded in H2O [n=1.33 [24]; Fig. 3(d)] the SPR
eak shifts from 521.6 to 635.2 nm for the same values of
Core than in the previous example. Similar results are
btained for the Ag and Cu nanoshells. In all the cases the
ntensity of the SPR peak increased for bigger RCore val-
es.

a) in vacuum, with constant thickness �5 nm� and varying RCore;
n vacuum, with constant RShell �20 nm� and varying RCore; (d) in
with constant RCore �10 nm� and varying thickness; (f) in water,
t thickness �5 nm� and varying RCore; (h) in silica, with constant
0 nm� and varying R .
hells (
s; (c) i
ater,
onstan

�2
 Core
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For the case when the core radius is constant impor-
ant SPR redshifts are obtained by decreasing t. The mag-
itude of the shifts is proportional to the refractive index
f the surrounding media. As for the intensity of the
eaks, in general, it decreases for smaller shell thick-
esses; however, there are some exceptions. For example,
or Cu in vacuum [Fig. 4(b)] the intensity of the peak in-
reases when we go from t=4.3 to 2.5 nm.

Finally, when the shell radius is constant �t=20 nm
R �, the higher redshifts are obtained for smaller val-

ig. 3. (Color online) Simulated extinction spectra for Au nanos
b) in vacuum, with constant RCore �10 nm� and varying thicknes
ater, with constant thickness �5 nm� and varying RCore; (e) in w
ith constant RShell �20 nm� and varying RCore; (g) in silica, with c
Core �10 nm� and varying thickness, (i) in silica, with constant R
Core
es of t (bigger values of RCore), which is in good agree-
ent with the results of the two previous cases. The in-

ensity is generally increased, but as in the previous case
here are situations [for instance Ag in vacuum; Fig. 2(c)]
hen after a certain t /RShell value this tendency is re-
ersed.

. Discussion
o present the described results in a way that is easier to
nderstand we graphed the variation of the positions

a) in vacuum, with constant thickness �5 nm� and varying RCore;
n vacuum, with constant RShell �20 nm� and varying RCore; (d) in
with constant RCore �10 nm� and varying thickness; (f) in water,
t thickness �5 nm� and varying RCore; (h) in silica, with constant
0 nm� and varying RCore.
hells (
s; (c) i
ater,
onstan

�2
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continuous curves) and intensities (dashed curves) of the
btained SPR peaks for Au, Ag, and Cu nanoshells with
he t /RShell ratio (Fig. 5). From the figure it can be noted
hat as this ratio gets smaller than the unity (solid
phere), the SPR position gets redshifted exponentially
nd the shift is higher for a higher refractive index of the
urrounding medium. This effect can be explained if we
onsider that the surface plasmon resonances of this sys-
em can be thought of in terms of a homogenous electron
as oscillating over a fixed positive background, with in-

ig. 4. (Color online) Simulated extinction spectra for Cu nanos
b) in vacuum, with constant RCore �10 nm� and varying thicknes
ater, with constant thickness �5 nm� and varying RCore; (e) in w
ith constant RShell �20 nm� and varying RCore; (g) in silica, with c
Core �10 nm� and varying thickness; (i) in silica, with constant R
uced surface charges providing the restoring force. When
he surrounding medium is a dielectric, it polarizes in re-
ponse to the resulting field, effectively reducing the
trength of the surface charge and leading to a decreased
estoring force and, consequently, lowering the plasmon
nergies. Although it was not considered in our calcula-
ions it is important to mention that the plasmon energies
re further reduced if the nanostructures have an inner
ielectric core, due to the same polarization effect in the
nner frontier.

a) in vacuum, with constant thickness �5 nm� and varying RCore;
n vacuum, with constant RShell �20 nm� and varying RCore; (d) in
with constant RCore �10 nm� and varying thickness; (f) in water,
t thickness �5 nm� and varying RCore; (h) in silica, with constant
0 nm� and varying RCore.
hells (
s; (c) i
ater,
onstan

�2
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The FWHM of the SPR peaks increases with the de-
rease of shell thickness as the result of reduced effective
ean free path of the electrons (increase of collisions fre-

uency) in the nanoshells. Though these surface disper-
ion effects do not change the location of the surface
odes, they modify the interaction–coupling between the

ree electron vibrational modes and the applied field,
aking the resonance peaks wider and less intense. The

ffect is more pronounced for shell thickness below 5 nm.
In general the intensity of the SPR peak decreases as

he t /RShell ratio gets smaller except at some critical
oints where the tendency is reversed. The exact value of
he t /R ratio at the critical point is dependent on the

ig. 5. (Color online) Summary of the SPR peak position (continu
u nanoshells (in rows) keeping the t, RCore, and RShell (in colum
Shell
etal and the thickness necessary to produce the shift.
his behavior can be explained as the result of three com-
eting phenomena: (a) if the SPR peak is in the region of
nterband transitions [for wavelengths below �320.4 nm
or Ag, �496 nm for Au, and �582.1 nm for Cu; Fig. (6)] a
trong damping occurs, which is responsible for the de-
rease of intensity and the absorption background, there-
ore, when the position of the SPR is shifted outside this
egion the damping disappears and the peak gets consid-
rably more intense; (b) the reduction in the shell thick-
ess necessary to produce the SPR shift reduces the metal
olume and because of this the intensity is decreased; and
c) As we explained in the previous paragraph, the reduc-

rves) and intensity (dashed curves) behaviors for the Ag, Au, and
ed.
ous cu
ns) fix
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ion of the effective mean free path of the electrons makes
he SPR peak less intense. The first phenomenon is only
f considerable importance when we pass the frontier
rom the region with interband transitions to the region
ithout them and the other two phenomena are more im-
ortant outside that region. That is why in general the
PR become less intense when we increase the t /RShell ra-
io. This behavior is better observed for Cu because the
osition of the SPR for the sphere is well into the region of
nterband transitions [25].

. CONCLUSIONS
he Mie model is a first approximation to describe the op-
ical response of metallic nanoshells. In this work we used
his theory to calculate the optical extinction spectra of
etallic nanoshells of three different metals embedded in

ifferent media and with varying geometric parameters.
or all cases we showed that the intensity and position of
he SPR peak strongly depends on the t /RShell ratio and
xplained the reasons for the observed variations.

We also showed that by manipulating the geometry of
he metal nanostructures the SPR peak position and its
ntensity can be tailored in between a wide range of wave-
engths to meet specific needs. So far there are few works
n the literature showing those details and we consider
hat the results obtained in our calculations can save a lot
f experimental work needed for the fabrication of metal-
ic nanoshells for specific technological applications.
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