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The surface plasmon response of metal nanoparticles is studied for different shapes and physical environments.
For polyhedral nanoparticles, the surface plasmon resonances are studied as a function of the number of
faces and vertices. The modification of these surface plasmons by different surrounding media and the presence
of a substrate or other nanoparticles is also discussed. We found that polyhedral nanoparticles composed
with less faces show more surface plasmon resonances, and as the nanoparticle becomes more symmetric,
the main surface plasmon resonance is blue-shifted. It is also found that the corners induce more surface
plasmons in a wider energy range. In the presence of a substrate, multipolar plasmon resonances are induced,
and as the nanoparticle approaches the substrate, such resonances are red-shifted. The interaction among
nanoparticles also induces multipolar resonances, but they can be red or blue-shifted depending on the
polarization of the external field.

I. Introduction

Recent advances that allow metals to be structured and
characterized on the nanometer scale have renewed the interest
of physicists, chemists, materials scientists, and biologists in
surface plasmons. Surface plasmons are collective excitations
of the electrons at the interface between a conductor and an
insulator and are described by evanescent electromagnetic waves
that are not necessarily located at the interface. Surface plasmons
appear in a number of different phenomena, including the optical
response of materials at different scales, to Casimir and van
der Waals forces between macroscopic bodies.1,2 The strong
coupling between light and surface plasmons in nanostructures
leads to novel phenomena such as optical force enhancement
in nanoaggregates,3 transport and storage of energy,4 as well as
its localization and guiding,5-7 surface-enhanced sensing and
spectroscopy,8 controlling the anisotropic growth of nanopar-
ticles,9,10 and measuring intramolecular and conformational
distances in molecules.11 The understanding of surface plasmon
resonances (SPRs) provides a design rule that guides the
development of more complex nanostructures with an optimal
optical response that we can both predict and experimentally
realize.12,13

The optical response of metal nanoparticles (NPs) can be
tuned by controlling their size, shape, and environment, provid-
ing a starting point for emerging research fields like surface
plasmon-based photonics or plasmonics.4 On the other hand,
new synthesis methods developed to fabricate nanoparticles
(NPs) with a specific size and shape enable us to tailor SP
properties for clearly defined applications.14 For instance, SPs
are now being investigated for their potential applications in

optics, magneto-optic, photonics, as a nanoengineered substrate
on which the surface-enhanced Raman scattering response can
be precisely controlled and optimized, and for chemical and
biosensing applications, such as optical addressable diagnostic
methods, devices, and therapies based on the plasmonic response
of NPs.15

A clear and general interpretation of SPR in metal NPs is
not available today. For instance, the one to one correspondence
between the SP resonances and the morphology of realistic NPs
is still awaiting. In recent years, the influence of the geometry
on the optical properties of metal nanoparticles has been an
active research field. Several studies have shown that the main
optical features depend on geometry and size, and the optical
response of spherical, spheroidal, cubic,16-18 and other geo-
metrical shapes, like rods19,20 and triangular prisms,9 are now
well identified. However, it is known that metal nanoparticles
of few nanometers show different structural motifs, such as
icosahedra, octahedra, cuboctahedra, decahedra, etc.,21-27 de-
pending on their size, composition, and energetic conditions.28-30

Furthermore, NPs can present both crystalline and noncrystalline
arrangements and sometimes showing chiral structures.31-36

Additionally to the technological implications, the optical
signature of the NPs is also used as a characterization tool. The
latter is interesting because optical techniques are nondestructive,
and with proper implementation, they can be used to perform
measurements in situ and in real time, providing statistical
properties of the whole sample. These attributes of optical
spectroscopies are important because the properties of nano-
particles depend on the environment,16,18and when growth and
characterization are made in different conditions, the environ-
ment might be an additional uncontrollable variable for the
optical interpretation. Thus, optical spectroscopies can be used
also as complementary tools of structural characterization
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techniques like atomic force microscopy (AFM), scanning
tunneling microscopy (STM), transmission electron microscopy
(TEM), etc.,21-27 which provide the image of a small piece of
the sample, giving information about local properties and
characterizing few NPs at a time.

In this article, we give some insights of the SPRs as function
of the morphology for NPs of different shapes. We also discuss
how these SPRs are modified by changing the physical
environment. In particular, we discuss the presence of a substrate
or other nearby NPs. In the case of silver, many results indicate
the presence of icosahedra and decahedral shapes as well as
other related morphologies like cubes and truncated cubes.27

These particles follow a very similar pattern to other metallic
NPs.29 Here, we show that the proper SPRs of metal NPs and
their intensity are determined uniquely by their morphology and
size. We establish specific trends of the SPRs in terms of the
faces, vertices, and other geometrical parameters. Based on this,
we show that, once the optical signature of a NP with a specific
geometry and made of an arbitrary material is known, it would
be possible to predict the behavior of the SPRs if the material
and ambient are changed. For this, we will introduce the concept
of spectral representation37-39 that we will use to predict the
optical response of elongated NPs of different aspect ratio
immersed in various ambient.

This article is organized as follows. In section II, we introduce
the principles of the light interaction with NPs. The ingredients
to find the optical response of NPs of arbitrary shapes and sizes
are discussed. In section III, we present the concept of surface
plasmon resonances, and we briefly introduce the spectral
representation formalism that allows us to study the optical
response as a function of the NPs’ geometry. In section IV, we
apply the spectral representation formalism to elongated NPs,
showing the potential of this technique. In section V, we discuss
the influence of the morphology in the SPRs, showing how they

are tailored with the NP shape. In section VI, the influence of
the physical environment on the optical response is studied. First,
we show how the presence of a substrate modifies the SPRs,
and then, we discuss how the positional disorder of one-
dimensional (1D) arrays of NPs influences the optical response.
Finally, a summary and future trends are presented in section
VII.

II. Light Interaction with Small Particles

When a particle is under the action of an electromagnetic
(EM) field, its electrons start to oscillate, transforming energy
from the incident EM wave into, for example, thermal energy
in an absorption process. The electrons can also be accelerated,
and then, they can radiate energy in a scattering process. In a
typical experimental setup the attenuation by the sum of
scattering and absorption of an electromagnetic wave going
through a material is called the EM extinction. In this work,
we consider a medium composed of NPs dispersed in a
homogeneous medium, in such way that the interactions between
particles are negligible.40 Thus, the extinction,σext, can be
modeled as the optical response of one immersed NP times the
particles concentration41

whereN is the number of particles per unit volume andCabs

and Csca are the absorption and scattering cross sections of a
single particle.

In this work, we consider NPs, which are large enough to
employ classical EM theory. However, they are still enough
small to observe the dependence of the optical properties with
their size and shape. This means that the inhomogeneities of
the particle are much smaller compared to the wavelength of
the incident EM field, such that, each point of the NP can be
described in terms of a macroscopic dielectric function, which
depends on the frequency and sometimes on its size, as we
explain in section II.A. Here, we restrict ourselves to the elastic
or coherent case, where the frequency of the absorbed and
scattered light is the same as the frequency of the incident light.
There is an unfortunate tendency to assume that bulk dielectric
functions are inapplicable to small particles with intense shape-
dependence absorption. We emphasize, however, that these
effects can usually be explained satisfactorily with classical EM
theory and the size-adapted bulk dielectric constants.

The optical response of a NP characterized by a dielectric
functionε(ω) is obtained by solving the Maxwell equations in
matter. In 1908, Gustav Mie found the exact solution to the
Maxwell equations for the optical response of a sphere of
arbitrary size immersed in a homogeneous medium, subjected
to a plane monochromatic wave.42,43On the other hand, rigorous
solutions of the Maxwell equations for nonspherical particles
are not straight forward. Only few exact solutions are known:
the case of spheroids by Asano and Yamamoto44 and for infinite
cylinders by Lind and Greenberg.45 Thus, the optical properties
of NPs with other arbitrary shapes can be found only in an
approximate way.46 For example, the Gans approximation can
be applied to ellipsoids with very transparent material, where
the refractive index is very small and the size is small compared
with wavelength.47,48Because of the complexity of the systems
being studied, efficient computational methods capable of
treating large size materials are essential. In the past few years,
several numerical methods have been developed to determine
the optical properties of nonspherical particles, such as the
discrete dipole approximation (DDA), the T-matrix, spectral
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σext ) N (Cabs+ Csca) (1)

Feature Article J. Phys. Chem. C, Vol. 111, No. 10, 20073807



representation, finite differences methods, etc.46 Once a numer-
ical method is chosen, it is important to select a “realistic”
dielectric function that better resembles the material properties
of the system, in this case, particles of nanometric sizes. Here,
we show the main characteristics that a realistic dielectric
function should have to calculate the light extinction of NPs.

A. Nanoparticle Dielectric Function. As starting point, we
can employ dielectric functions measured experimentally for
bulk metals,εexp(ω). These dielectric functions have contribu-
tions from interband (inter) and intraband (intra) electron
transitions, which we can assume are additive

Interband contributions are due to electron transitions from
occupied to empty bulk bands separated by an energy gap. The
electrons are bound by a restoring force given by the energy
difference between ground and excited electronic states in
metals, usually at the ultra violet (UV) region.41 Intraband
contributions come from electron transitions at the Fermi level
in incompletely filled bands, or when a filled band overlaps in
energy with an empty band. These transitions also provide an
absorption mechanism but at lower energies. Electrons at the
Fermi level in metals are excited by photons of very small
energies, such that, they are essentially “free’’ electrons. The
contributions from free electrons toεexp(ω) can be described
by the Drude model41

whereωp is the plasma frequency and 1/τ the damping constant
due to the dispersion of the electrons. For most metals at room
temperature, 1/τ is much less thanωp, and the plasma frequency
for metals is usually in the visible and UV regions, with energies
pωp from 3 to 20 eV. The theoretical values ofωp can disagree
from those obtained experimentally, since the contribution from
the bond electrons or interband transitions is not considered in
the Drude model. In fact, the bond electrons create a positive
background that screens the free electrons andωp is usually
pulled down. For instance, the Drude model predicts for silver
a plasma frequency to be 9.2 eV,41 but the measured one is
actually 3.9 eV.49

The collision timeτ determines a characteristic distanceλτ,
which plays a fundamental role in the theory of electron
conduction. An electron picked at random at a given moment
will, on average, travel a distanceλτ before its next collision.
This distanceλτ is also known as the mean free path of electrons,
and at room temperatures is of the order of few nanometers.
Here, we are interested in small NPs mostly at room temper-
ature; hence, we have to consider that electrons can be also
dispersed by the NP surface, because the free electron’s mean
free path is now comparable or larger than the dimension of
the particle. Therefore, it is necessary to include an extra
damping termτ(a) to εexp(ω), due to the surface scattering of
the “free’’ electrons. The surface dispersion not only depends
on the particle size, but also on its shape.50

To include surface dispersion we need modify the intraband
contributions by changing the damping term. From eq 2, we
obtain the input of the bound charges by subtracting the free
electron contribution from the bulk dielectric function. The free
electron contributions are calculated with Drude and using the
theoretical values ofωp. Now, we include the surface damping
by adding the extra damping termτ(a) to the Drude model.
Finally, we obtain a dielectric function, which also depends on

the NP size, and includes the contributions of (i) the free
electrons, (ii) surface damping, and (iii) interband transitions
or bound electrons, given by

In this work, we will consider for all the cases the surface
dispersion of a sphere of radiusa given by 1/τ(a) ) Vf/a,51 where
Vf is the Fermi velocity of the electron cloud. The smaller the
particle, the more important is the surface dispersion effect. Later
we will show that surface dispersion effects do not change the
location of the surface modes, but they affect the coupling of
such proper modes with the applied field, making the resonance
peaks wider and less intense.18

In Figure 1, we show the interband or bound electrons input
to the bulk dielectric function of silver as measured by Johnson
and Christy,49 according to eq 2, and using Drude to model the
intraband input. The main contribution to the imaginary part of
εinter(ω) is at wavelengths below 325 nm, whereas for larger
wavelengths, the input is almost nil. On the other hand, the
contributions to the real part are always different from zero,
being the most significant at about 315 nm, while between 350
and 700 nm the real part is almost constant. We should keep in
mind that interband electron transitions will absorb energy, but
not contribute to SPRs.

Once the NP’s dielectric function is determined, we have to
choose a method to find the SPRs. In this work, we employ the
spectral representation formalism and the discrete dipole ap-
proximation (DDA). In section III, we introduce the main
concepts of the spectral representation formalism, and in sections
IV and VI, we employ it to study the SPRs of ellipsoidal NPs,
as well as supported NPs and 1D chains. For the case of
suspended polyhedral NPs, we employ DDA, which is a well
suited technique for studying scattering and absorption of
electromagnetic radiation by particles of arbitrary shapes with
sizes of the order or less than the wavelength of the incident
light.52 For a more complete description of DDA and its
numerical implementation, DDSCAT, the reader can consult
refs 17 and 53-56.

B. Large Nanoparticles versus Small Nanoparticles.The
importance of the absorption and scattering process as a function
of the particle size can be studied for spherical particles using
the Mie theory, see for example ref 18. It was found that for

εexp(ω) ) εinter(ω) + εintra(ω) (2)

εintra(ω) ) 1 -
ωp

2

ω(ω + i/τ)
(3)

Figure 1. Interband contributions to the dielectric function of bulk
silver.

ε(ω, a) ) εinter(ω) + εintra
NP (ω, a)

) {εexp(ω) - εintra(ω)} +

{1 -
ωp

2

ω(ω + i/τ + i/τ(a))} (4)
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NPs of less than 40 nm of diameter the radiation processes are
negligible, and the particle only absorbs energy. On the other
hand, the scattering effects dominate the response of NPs of
100 nm and larger.

1. Small Particles (<40 nm).When the size of a homogeneous
particle is much smaller than the wavelength of the incident
light, the NPs feel a field spatially constant, but with a time
dependent phase, which is known as the quasistatic limit. Small
NPs absorb energy through the following mechanisms: (i)
Collective excitations of the “free’’ electrons, which give rise
to surface modes or surface plasmon resonances that are
determined by the particle shape and variations of the dielectric
function. (ii) Electron transitions of bound electrons from
occupied to empty bulk bands of different index, also called
interband transitions. (iii) Surface dispersion or scattering of
the “free’’ electrons, when their mean free path is comparable
to the dimension of the NP.

In the case of a small sphere, the displacement of the charges
is done homogeneously, yielding a dipolar charge distribution
on the surface. These charges give rise to only one proper
resonance, which is determined uniquely by the shape of the
NP and its electron density. This resonance is independent of
the direction of the incident light, such that, only one proper
mode is found, which is independent of the NP size. However,
the proper resonances depend extremely on the NP’s shape. For
example, ellipsoids with three different axes have tensor
polarizabilities with three different dipole modes. Furthermore,
as the particle becomes less symmetric, the induced charge
distribution on the surface can result not only on dipolar modes
with different resonant frequencies, but also on higher multipolar
charge distributions, even in the quasistatic limit. For instance,
the induced electronic cloud on cubic NPs is not distributed
homogeneously on the surface, such that, extra multipolar charge
distributions are clearly induced.17,18,37The high multipolar SPRs
are always located at smaller wavelengths with respect to the
dipolar one, which, additionally, is always red-shifted by the
presence of the electric field generated by the higher multipolar
charge distributions.

2. Large Particles (>40 nm).When the size of the particle
increases, the radiation effects become more and more important.
The displacement of the electronic cloud is no longer homo-
geneous even for spherical particles, and once more, high
multipolar charge distributions are induced. This fact can be
seen from the Mie theory, where the extinction and scattering
cross sections are expressed in series expansion of the involved
fields, which are described in terms of spherical harmonic
functions, such that, the different multipolar excitations and their
contribution can be easily identified.43 For instance, in a recent
experiment, up to hexa-multipolar charge distributions have been
observed in large spherical NPs.57 Furthermore, the accelerated
electrons produce an additional polarization field that depends
on the ratio between the size of the particle and the wavelength
of the incident light.58 Because of this secondary radiation, the
electrons lose energy experiencing a damping effect, which
makes wider the SPRs.18 This field reacts against the quasistatic
polarization field and shifts the position of the modes to larger
wavelengths. Thus, the radiation damping reduces the intensity
and makes broader and asymmetric the SPR peaks, which are
red-shifted.

In summary, the optical signature of small particles is given
by the SPRs that depend on the NPs shape, which are associated
to different surface charge distributions that are explained in
terms of different multipolar moments. The SPRs are influenced
by the NP size, such that, for particles of few nanometers the

resonances do not change their position or frequency, but they
become wider because of surface dispersion effects. When the
size increases the SPRs are now affected by the secondary
radiation, which moves their position to smaller frequencies and
makes broader the peaks. Besides, light scattering is also present,
which induces the excitation of new SPRs of higher multipolar
order.

In conclusion, to describe the optical response of NPs, it is
crucial to understand the number, position, and width of the
SPRs as a function of the NP shape, size, and environment.

III. Surface Plasmons: General Theory

When conduction electrons oscillate coherently, they displace
a electron cloud from the nuclei giving rise to a surface charge
distribution. The Coulomb attraction between positive and
negative charges results in restoring forces, characterized by
oscillation frequencies of the electron cloud with respect to the
positive background, which are different from those of the
incident EM wave. Each collective oscillation with different
surface charge distribution is known as surface plasmon
resonance (SPR). The number of such modes as well as their
frequency and width are determined by the electron density,
effective mass, particle’s shape, size, dielectric function, and
its environment. In this work, we are interested in the surface
plasmon response of metal NPs; therefore, we consider particles
whose sizes are much smaller than the wavelength of the
incident light, where the quasi-static limit is still valid.

A. Surface Plasmons.Let us consider a NP composed of a
homogeneous, isotropic, and nonmagnetic material with dielec-
tric functionε(ω). The NP is embedded in a nonmagnetic host
with dielectric constantεh. Under the action of an incident EM
wave, the free charges are displaced producing a polarization
field PB. The light absorption is given by the proper modes of
the NP, which are specified byPB. The proper modes responsible
for the optical absorption satisfy∇ ‚PB ) ∇ × PB ) 0, inside the
particle, but∇ ‚PB * 0, on the surface. These surface modes are
evanescent electromagnetic waves, which are not necessarily
localized near the surface, but they are accompanied by a
polarization charge∇ ‚PB on it. We should recall that bound
electrons do not participate in the collective motion of the
electron cloud, thus, SPRs are quite independent of the interband
contributions to the dielectric function, except that they can act
as a positive background changing in some way the environment
of the free electrons.

In the existing theories, the frequencies of the resonant proper
modes and their coupling strength to the applied field cannot
be immediately calculated, because they involve a procedure
that usually requires taking the nondissipation limit, which calls
for a vast amount of numerical effort. However, we can construct
a theory that yields both the frequencies of the proper modes
and the size of their coupling strength to the applied field by
building a spectral representation of the effective polarizability
of the system. In this representation, the effective polarizability
is expressed as a sum of terms with single poles, such that, the
location of the poles is associated with the frequencies of the
normal modes through a spectral variable, and their strength
with the coupling of these modes to the applied field. The
spectral representation has advantages over other theories,
because it separates the contribution of the dielectric properties
from the geometrical ones. The latter allows us to perform a
systematic study of the optical response of NPs: once a shape
is chosen, the frequencies of the plasmon resonance of particles
of different size and dielectric properties can be calculated with
a minimum numerical effort. Next we present a brief introduc-
tion to the spectral representation formalism.
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B. Spectral Representation Formalism.The spectral rep-
resentation formalism was first introduced by Fuchs to study
the optical properties of ionic crystal cubes.37 In this seminal
paper, Fuchs showed that the particle’s polarizability can be
written as a sum over normal modes. Later, Bergman38 and
Milton39 showed that the effective local dielectric function of
any two-phase composite in 3D can always be written in terms
of a spectral representation. The main advantage of this
representation is that the proper modes do not depend on the
dielectric properties of the components but only on the geometry
of the system. Moreover, from the explicit expressions of the
spectral representation, we can easily obtain the strength of the
coupling of different optically active modes with the applied
field, whose frequency is determined by the poles of the
polarizability.

Within the spectral representation, the NP’s polarizabilityR-
(ω) is expressed as a sum of terms with single poles37

whereC(n) is the spectral function, which gives the strength of
each eigenvaluesn, andV is the NP volume. The spectral variable
s(ω) is defined in terms of the dielectric properties of the
components as37

The nth SPR given by thenth pole of eq 5 has a complex
frequencyΩn ) ωn + iγn, which satisfiess(Ωn) ) sn, where
the real frequency,ωn, gives the location of the proper mode,
andγn gives its relaxation rate. Furthermore, it has been shown38

that the eigenvalues are real numbers between 0esn e1, and
the spectral function satisfies the sum rule37

which means that the total strength of all modes is conserved.
Now, substituting the dielectric function from eq 4 into the
spectral variable expression in eq 6, the frequencyΩn of the
nth eigenmode is given by

with An ) [sn(εinter + 1 - εh) + εh]-1 and 2Γ ) 1/τ + 1/τ(a).
From here, we can infer some general behavior of the SPRs.

For instance, if the relaxation time decreases (Γ increases), the
frequency of the SPR is always red-shifted. However, this shift
is very small since for typical metalsΓ , ωp. Now, when the
particle is immersed in vacuumεh ) 1, and assuming that there
are not contributions from interband transitions (εinter ) 0), we
obtain thatAn ) 1, such that,ωn ) ωpxsn. For a homogeneous
sphere, it has being found that there is a single mode withsn )
1/3 andC(n) ) 1, such that, by substituting in eq 5, one obtains
the well-known expression of the sphere polarizability.

OtherwiseAn < 1, such that, the SPRs are always red-shifted
with respect to vacuum. Furthermore, we find that the shift is
not just by a constant because it depends on the proper mode
itself: the smaller the eigenvaluesn is, the larger the red shift
is. Therefore, we found that the location of the surface plasmon
resonances is sensitive to the dielectric environment, and as the
refraction index increases, the spectrum suffers a red shift and
becomes wider. This is because the red-shift is larger for

resonances at greater wavelength. However, the number of
resonances is still the same independently of the refraction index
of the host medium.

The main advantage of the spectral representation is that the
location of the poles and their strength are independent of the
size and dielectric properties of the particle and depend only
on its shape. To show the capabilities of the spectral representa-
tion formalism, we will study in detail the case of elliptical
particles, where an explicit expression of the spectral representa-
tion of the polarizability is easily found. This case is useful to
illustrate how the eigenvaluessn depend on the geometrical
parameters, and how the frequencies of these proper modes can
be easily obtained. Although the proper modes and their strength
are independent of the NPs size and dielectric properties, explicit
values of these are difficult to obtain. Until now, the spectral
representations of different NPs have been found only for
spherical, ellipsoidal, and cubic geometries, as well as for
colloidal suspensions of spherical particles, and supported
ellipsoidal NPs, which we will employ in section VI.

IV. Elongated Nanoparticles

Metal nanoellipsoids possess three plasmon resonances cor-
responding to the oscillation of electrons along the three axes
of the NP. The resonance wavelength depends on the orientation
of the electric field relative to the particle. By changing the
axes length, the plasmon resonance frequencies of the nano-
ellipsoid can be tuned systematically. The possibility of tuning
the optical response of NPs has attracted the attention of
scientists, and a large variety of new synthesis methods have
been developed to fabricate elongated NPs.59-71 When these
NPs are dispersed in a matrix (solid or liquid), the random
orientation leads to an average absorption spectrum containing
the three plasmon resonances. On the other hand, when the axes
of the nanoellipsoids are oriented in the same direction, it is
possible to distinguish between the different resonances by using
polarized light.70,71

In this section, we employ the spectral representation to obtain
the SPR of nanoellipsoids as a function of their geometrical
parameters and independent of the dielectric properties. This
allows us to do a systematic study of the SPRs of gold and
silver elongated NPs with different aspect ratios and immersed
in different media. Finally, we study the case of aligned
spheroids and the dependence of the SPRs on light polarization.
The reader can consult recent reviews by Murphy et al.72 and
Pérez-Juste et al.,73 which provide a nice overview of the
synthesis and properties of elongated NPs.

A. Spectral Representation of Ellipsoidal Nanoparticles.
Let us consider an ellipsoidal NP under the action of an uniform
external electric field. The ellipsoid has a volumeVe )
(4π/3)abc, wherea, b, andc are its semiaxes. The components
of the ellipsoid’s dipolar polarizability is74

whereγ denotesx, y, or z andLγ are functions ofa, b, c, and
the eccentricitye. Notice thatLγ are independent of the material
properties of the ellipsoid and depend only on the geometrical
parameters. Using the definition of the spectral variable in eq
6, we can rewrite each componentγ of the ellipsoid’s polar-
izability, as

4π

V
R(ω) ) - ∑

n

C(n)

s(ω) - sn

(5)

s(ω) ) 1
1 - ε(ω)/εh

(6)

∑
n

C(n) ) 1

Ωn ) ωn + iγn ) -iΓ + x-Γ2 + ωp
2snAn (7)

Rγ(ω) )
Ve

4π
ε(ω) - εh

εh + Lγ[ε(ω) - εh]
(8)

4π
Ve

Rγ(ω) ) - 1
s(ω) - Lγ

(9)
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In this case, we can easily identify the geometrical factors with
the eigenvalues of the surface proper modes of the spheroid,sn

) Lγ, and their strength areCγ ) 1/3. Thus, the eigenvalues
are independent of the material properties of the ellipsoid, and
the SPRs are given by the poles of eq 9. Taking into account
the definition of the spectral variable, we find that these SPRs
fulfill the condition ε(ω)Lγ + εh(1 - Lγ) ) 0. Now, it is
necessary to calculate the depolarization factorsLγ.

For simplicity, let us consider ellipsoids generated by the
rotation of an ellipse around its major or minor axes, which
produce prolate or oblate spheroids, correspondingly. Since
prolate and oblate NPs have a symmetry axis, they have three
proper modes, where two of them are degenerated. The
geometrical factorsLγ for prolate spheroids (a > b ) c) are74

Whereas for oblate spheroids (a ) b > c), they are

For a sphere (a ) b ) c), it is evident that the depolarization
factors are all degenerated, and to satisfy the sum rule condition,
they must be equal toLx ) Ly ) Lz ) 1/3, and the SPR fulfills
the well-known expressionε(ω)Lγ + εh(1 - Lγ) ) ε(ω) + 2εh

) 0.
In the previous section, we found a general behavior of the

SPRs, where a red shift of the modes is found when the particle
is immersed in a host media, and when interband electrons
transitions are present. To make a closer analysis of the SPRs
of elongated NPs and without loss of generality, let us assume
that the NP is immersed in vacuum and its dielectric function
does not contain contributions from interband transitions, and
Γ , ωp, such thatωn ) ωpxsn. In this case, the frequency of
the resonance for the sphere is given by the well-known
expressionωn)1 ) ωpx3. Now, let us analyze the case for
prolate particles when the semi-axisa goes to∞, and a cylinder
or needle with its axis alongx is obtained. Then, the depolar-
ization factors areLx f 0, Ly ) Lz f 1/2, such that, asa
increases, the mode along the symmetry axis is red-shifted until
it ceases to be visible (zero frequency), while the two perpen-
dicular modes converge toωn ) ωpx2. The other limit case is
for oblates whena andb f ∞ that corresponds to a flat plate
or disk, and the depolarization factorsLx ) Ly f 0 andLz f
1. Here, the two identical modes along the symmetry axis cease,
since their resonances go to zero asa and b f ∞ while the
perpendicular oneωn f ωp. In Table 1, we show the depolar-
ization factors for prolate and oblates spheroids as a function
of the aspect ratioa:c. We observe that for an aspect ratioa:c
) 6:1 (1:6) for prolates (oblates), the limit cases mentioned
previously have been already attained within a 10%.

B. Application to Gold and Silver NPs. To exhibit the
potentiality of the spectral representation, here, we perform a
systematic study of the SPRs of ellipsoidal gold and silver NPs
that are immersed in different media. In the following, we define
the aspect ratio of the NP as the length of the major axis divided
by the width of the minor axis. We will also label the modes as
longitudinal (LM) when they are along the symmetry axis of
the particle, whereas transversal modes (TM) are those excited
in the perpendicular direction. Let us consider gold (Au), and
silver (Ag) NPs with theoreticalpωp ) 8.55 and 9.2 eV,
respectively. The NPs are embedded in a medium with refraction
index n ) xεh. For visible wavelengths, the contributions of
interband transitions can be approximated by a constant,εinter

= 9.9 for Au andεinter = 3.9 for Ag. With these parameters,
we calculate the dielectric function according to eq 4, and using
the eigenvaluesns from Table 1, and substituting in eq 7, the
frequency of the LM and TM modes of prolate and oblates NPs
can be obtained with minimum numerical effort.

In Figure 2, we plot the position of the resonance as a function
of the aspect ratio for gold prolate (left side) and silver oblate
(right side) NPs, embedded in vacuum withn ) 1, water/
glycerol withn ) 1.3, dimethyl sulfoxide or silica glass withn
) 1.47, sapphire withn ) 1.77 or TiO2 with n ) 2.79. In
general, we confirm that, as the refraction index of the host
media increases, all of the modes are always red-shifted. The
LM of prolate particles behaves as the TM of oblate NPs, where
the position of the modes is displaced to larger wavelengths as
the aspect ratio increases, although the shift is smaller for oblates
than for prolates. In the same way, the TM of prolates behaves
similarly to that of the LM of oblates, but now, the modes are
shifted to smaller wavelengths when the aspect ratio increases,
and this shift is larger for oblates than for prolates. We observe
that the LMs and TMs of prolates and oblates, respectively,
show a linear behavior independently of the refraction indexn,
where the slope is modified byn as well as by the particular
shape. For instance, the slope of the LMs of prolates is larger
than that of the TMs of oblates. On the other hand, the TM
(LM) of prolates (oblates) shows a behavior inversely propor-
tional to the aspect ratio. The TMs of prolates are always blue-
shifted, and for aspect ratios between 1 and 3, it occurs rapidly,
whereas from 4.5 and larger the limit value is almost reached.
Furthermore, the limit value of LMs of oblates is slightly shifted
to large wavelengths asn increases, whereas for prolates the
limit value of TMs is more susceptible to the value ofn.

The linear behavior of the modes of elongated NPs has been
observed experimentally and theoretically in nanorods and
nanodisks.59-67 In some of these works, phenomenological
equations to determine the position of the resonances have been
proposed. However, these empirical models can be applied only
to a specific system, where the slope of the linear equation
depends on the solution where the particles are dispersed. On
the other hand, using the expressions for the eigenvalues given
in eqs 10 and 11, we find an exact dependence of the SPR
position as a function of the aspect ratio. For instance, let us
consider the case when the spheroid is nearly spherical (e ,
1), such that, the longitudinal eigenvalues of prolates and oblates
NPs are approximately74

TABLE 1: Eigenvalues of the SPRs of Prolates and Oblates Spheroids of Different Aspect Ratios

a:c
sn

1:2
Lx, Lz

1:4
Lx, Lz

1:6
Lx, Lz

1:8
Lx, Lz

1:10
Lx, Lz

1:20
Lx, Lz

prolate 0.1735, 0.4132 0.0754, 0.4623 0.0432, 0.4784 0.0284, 0.4858 0.0203, 0.4898 0.0067, 0.4966
oblate 0.2363, 0.5272 0.1482, 0.7036 0.1077, 0.7846 0.0845, 0.8308 0.0695, 0.8608 0.0369, 0.9262

Lx ) 1 - e2

2e3 (log
1 + e
1 - e

- 2e)
Ly ) Lz ) 1/2(1- Lx) ande ) x1 - b2/a2 (10)

Lz ) 1 + e2

e3
(e - tan-1 e)

Lx ) Ly ) 1/2(1- Lz) ande ) xa2/c2 - 1 (11)
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respectively. Sincee2 is inversely proportional to the aspect ratio
for prolates, and proportional for oblates, we find from eq 7
that the frequencies of LMs for prolates are inversely propor-
tional to the aspect ratio, whereas they are proportional to it for
oblates. Also from eq 7, we find that all modes are inversely
proportional toεh. Now, considering that the wavelength is
inversely proportional to the frequency,λ ) c/ω, we obtain that
the position of the LMs of prolates is proportional to the aspect
ratio, while for oblates is inversely proportional. Additionally,
the modes are proportional to the refraction indexn in all cases.
These explain the behavior of the resonances in Figure 2, as
well as the observations of experimental and theoretical
works.59-67 Notice that deviations from a prolate ellipsoidal
shape have effects on the optical properties of nanorods.64,67

C. Aligned Elongated Nanoparticles.To show the sensitiv-
ity of anisotropic NPs to polarized light, we simulate the optical
absorbance of prolate spheroids with a small aspect ratio of 1.6
and a major axis of 8 nm, which are embedded in silica (n )
1.47). The optical absorbance of the nanocomposites has been
calculated by controlling the angleθ of the wavevectorkB of
the incident electromagnetic field with respect to the major axis
of the NP. The polarization of the incident electric field was
varied at different anglesφ with respect to the minor axis and
perpendicular tokB. In Figure 3, panels a and b, the simulated
absorbance spectra are shown for the incident electromagnetic
field at θ ) -45° and 90°, respectively, and different angles of
polarization. Whenθ ) -45° in Figure 3a, it is observed that
for φ ) 0° the electric field is along the minor axis exciting
only the surface plasmon at 375 nm. Conversely, when the angle
of polarization isφ ) 72° , both resonances are excited, but
the one at 375 nm is weaker than the resonance at 470 nm.
Similarly, whenθ ) 90° in Figure 3b, the wavevectorkB is
almost aligned to one of the minor axes, and as a consequence,
the electric field is polarized along the other minor axis atφ )
0° and almost along the major axis atφ ) 72°. Finally, if we
consider thatθ ) 0° (not shown in the figure), the wavevector
kB is along the major axis, in such a way that the electric field
mostly excites the resonance at 375 nm for any polarization.
Similar conclusions have been found recently for metal nano-
rods.71

Recently, the shape and alignment of metallic NPs embedded
in insulator matrices have been controlled using MeV ion beam
irradiation.69,70 Symmetric NPs were transformed into aniso-
tropic particles whose larger axis is along the ion beam. Upon
irradiation, the surface plasmon resonance of symmetric particles
split into two resonances whose separation depends on the
fluence of the ion irradiation.70 Simulations of the optical
absorbance showed that the anisotropy is caused by the
deformation and alignment of the nanoparticles and that both
properties can be controlled with the irradiation fluence.70

V. Shape Influence on the Surface Plasmons

In the case of metal NPs, many results indicate the presence
of polyhedral shapes with well-defined facets and vertices, like
icosahedral (IH) and decahedral (DH) NPs, as well as fcc related
morphologies like cubes and truncated cubes (TC).28,29,57,75-79

To understand the influence of morphology, the SPRs for
polyhedral NPs have been recently studied.80 A general relation-
ship between the SPRs and the morphology of each NP was
established in terms of their vertices and faces. The optical
response was investigated for cubes and DHs, as well as for
different truncations of them.80 Here, we show results for cubic
and DH silver NPs whose volume is equal to that of a sphere
with a radius of 2.2 nm, which are immersed in a media with
a refraction indexn ) 1.47. The extinction efficiencies,Qext,
were calculated using DDA with the order of 105 polarizable
entities, which ensure the convergence of the optical response
for each NP. We employ the measured bulk dielectric function
for silver by Johnson and Christy,49 which is modified according
to eq 4 to incorporate the surface dispersion effects.

A. Cubic Morphology. We first studyQext for a nanocube,
and then, we compare it to those obtained for different TCs,
the IH, and the sphere. In Figure 4, we showQext for a silver
nanocube immersed in a medium withn ) 1.47 (solid line)
and in vacuum (dashed line). In both spectra, we observe that
the optical response below 325 nm follows the same behavior
independently of the dielectric properties of the surrounding
media, since at those wavelengths and smaller the main
absorption mechanism is due to the interband transitions.
Therefore, this structure should also be independent of the
morphology of the NP, as we will show later when we compare
Qext for different TCs. At larger wavelengths, both spectra show

Figure 2. Positions of LM and TM surface plasmon resonances of gold prolate (left side) and silver oblate (right side) NPs with different aspect
ratios and embedded in various media. The lines are just for guidance.

sLM
prolate) 1

3
- 2

15
e2, andsTM

oblate) 1
3

+ 2
15

e2

3812 J. Phys. Chem. C, Vol. 111, No. 10, 2007 Noguez



a rich structure of peaks, which is better observed whenn )
1.47. We mentioned in section III that, for media withn > 1,
the spectrum is red-shifted with respect to vacuum. Furthermore,
this shift is not just by a constant, because it depends on the
proper mode itself. It is clear from Figure 4 that the SPRs are
spread out asn > 1, and the red shift is larger for SPRs at
greater wavelengths. For instance, whenn ) 1.47, we can
identify six SPRs more easily than whenn ) 1. These six
resonances were found by Fuchs,37 who calculated nine SPRs
where only six of them account for more than the 96% of the
spectrum. The SPRs 1 and 2 correspond to the dipolar and
quadrupolar charge distributions and are located at 506 and 466
nm, respectively, and their amplitude is particularly high at the
corners. The modes 3-6 are at smaller wavelengths and show
higher multipolar charge distributions. The amplitude of modes
5 and 6 is high at the center of the faces, whose normal points
along the electric field.37

Now, let us compareQext of a nanocube to those for different
TCs, the IH and the sphere. The TCs are obtained by truncating
the eight corners of the cube byl × r, wherel is the length of
the cube’s side and 0< r E 1/2. We label the different
truncations with the numberr. Whenr ) 1/2 a cuboctahedron
(CO) is obtained. Six octagons and eight triangles compose all
of the TCs, except the CO that is composed by six planar squares
and eight triangles. All of the TCs have 14 faces. Finally, if we
performed a symmetric truncation of the cube with a larger
number of planes, one could arrive to the IH, and with an infinite
number of planes to the sphere. In Figure 5, the extinction
efficiencies of TCs withr from 1/8 to 1/2 are shown. The optical
response below 325 nm is the same independently of the
morphology, as expected. It is observed that, even for the

smallest truncation (r ) 1/8), the SPRs are very sensitive to
the morphology. In this case, the dipolar SPR is blue-shifted
about 30 nm. The location of the dipolar and quadrupolar SPRs
are now very close, such that, only one wide peak is observed
around 474 nm, which is more intense. The SPR 3 has vanished,
and the others show a slightly blue shift. The same trend is
observed for larger truncations, and when the CO is obtained
with r ) 1/2, the spectrum becomes wider. For the IH, the
spectrum does not show the individual peaks, is narrower than
the one for the CO, but is wider than the sphere that shows a
single peak, which corresponds to the dipolar SPR.

In summary, it was found that as the truncationr increases
(i) the main resonance is always blue-shifted, (ii) the SPRs at
smaller wavelength are closer to the dominant mode, so they
can be hidden, and (iii) the width of the main SPRs increases.
For instance, the full width at the half-maximum (fwhm) of the
TC with 1/8 is about 70 nm, whereas the one withr ) 1/2
(CO) is about 115 nm. This means that the secondary resonances
do not disappear but are closer to the dominant SPR, producing
wider spectra at larger truncations. For the IH and the sphere,
the fwhm are about 60 and 20 nm, respectively. This indicates
that the SPRs vanish as the number of faces increases or when
the symmetry of the NP is greater. The resonance of the sphere
is always at the smallest wavelength, whereas the main SPR of
the IH is blue-shifted with respect of the cubes but at a larger
wavelength of the sphere. Then, as the number of faces of the
NP increases (i) there are fewer SPRs, (ii) the main resonance
is blue-shifted, and (iii) the fwhm of the spectra decreases.

B. Decahedral Morphology.Another important morphology
present in metal NPs is the DH or pentagonal bipyramid, which
is obtained by different synthesis methods.21-26 The regular DH,

Figure 3. Simulated optical absorbance for linear-polarized light from 0° to 90°. The polarization indicated in the second plot is the same for all.
The wavevector of the incident electromagnetic field respect to the major axis is depicted.

Figure 4. Extinction efficiency of a silver cube nanoparticle as a
function of the wavelength of the incident light, and immersed in
vacuum and in silica. The main six surface plasmon resonances are
indicated.

Figure 5. Extinction efficiencies as a function of the wavelength of
the incident light of a silver cube, different truncated cubes, and a
spherical nanoparticle.
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shown in Figure 6, is composed of 10 planar triangular faces,
which resemble two pentagons. However, when the NP’s size
is in the range between 1 and 5 nm, the regular DH is rarely
observed, and the most common shapes are the truncated ones:
the Marks and rounded DHs. The first structure was introduced
by Marks81 and is remarkably stable. In very clean growth
conditions, or with weak interactions with substrates, this is one
of the predominant shapes for the discussed size interval. A
way to describe the Marks DH is as a regular DH, which has
truncations on its facets, as shown in Figure 6. When the
truncation reaches a maximum value, a morphology with the
shape of a star DH is formed. Another type of DH NP, which
is often observed, corresponds to the rounded pentagonal NP,
in which the truncation has a minimum possible value producing
a contrast reduction in the borders. This type of particle is
frequently formed when colloidal growth methods are used.22

Here, we briefly discuss the SPRs of the rounded dh with a
truncation ofr ) 1/8, the Marks dh withr ) 1/6, the star, and
the regular DH. A more detailed discussion can be found in
refs 27 and 80.

Due to the symmetry of the DH NP, two different polariza-
tions of the incident electromagnetic field are present: whenEB
is parallel or perpendicular to the pentagonal motif. When the
electric field is perpendicular to the pentagon of the regular DH,
the spectrum shows a peak with its maximum at about 358 nm
and has a fwhm of 90 nm. It was found that SPRs present at
the perpendicular polarization are not affected with any trunca-
tion, except for the star DH,80 where the main SPR is red-shifted
by 100 nm and is 5.5 times more intense, and its fwhm is
narrowed to 40 nm.80 On the other hand, the parallel polarization
is more sensitive to the different truncations. In Figure 6,Qext

of the regular, rounded, Marks, and star DHs, whenEB is parallel,
are shown. The response of the star decahedral is totally different
since it shows resonances in a very wide range of wavelengths.
For the parallel polarization, the rounded decahedra show the
same effect as a function of the truncation as observed in the
case of truncated cubes. The main resonance is blue-shifted,
and becomes the most intense peak after truncation.

VI. Influence of Physical Environment on Surface
Plasmons Resonances

We showed that with small changes of the morphology it is
possible to tune the SPRs of NPs. Here, we want to study how
these SPRs are influenced if the physical environment is
modified. In this direction, we have already shown how the

SPRs are shifted if the dielectric properties of the surrounding
media are changed. In particular, we showed that the SPRs in
a medium with refraction indexn > 1 are red-shifted with
respect to those in vacuum. Furthermore, this shift depends on
the proper mode itself: the larger the wavelength of the
eigenmode, the greater the red shift, and the more spread out
the SPRs. However, we are interested not only in the case when
the dielectric properties are changed but also when the physical
environment of the NP becomes different. We wonder what
happens to the SPRs when the particles lie on a substrate or
when they are close enough that the dilute limit is not longer
valid, and the electromagnetic interactions among NPs should
be considered.

These two situations are of great importance in a large variety
of problems that have promising technological applications, like
surface-enhanced Raman scattering (SERS),82-84 catalytic pro-
cesses,85,86 plasmonic devices,87,88 and others. For instance, in
the case of the electromagnetic effect in SERS, the anomalous
enhancement of the optical response has been examined by
adsorbing molecules at non-flat metallic surfaces and at NPs
of different shapes. Although the optical spectra of adsorbed
molecules might carry information about specific features of
the molecular electronic structure or charge-transfer mecha-
nisms, the information sought in the optical response of
supported particles is related more to their shape, substrate-
induced multipolar coupling, or local field effects. The calcula-
tion of the field at the surface of these NPs requires the full
solution of the optical response problem.

In this section, we study two important systems where the
physical environment of the isolated or suspended NPs is
changed. First, we analyze the SPRs when the particle is placed
above a substrate. Second, we examine the SPRs for a linear
chain of NPs, which are close enough that they interact because
of the local electromagnetic field.

A. Supported Nanoparticles. The optical response of
metallic NPs deposited on a substrate is also characterized by
the presence of SPRs. The location and broadening of these
resonances depend on the geometrical and dielectric properties
of the system. When the system is under the action of an external
EM field, it induces a charge polarization on the particle that
causes a charge distribution on the substrate, which in turns
also affects the NP. In the quasistatic limit, this charge
distribution can be seen as the image charge distribution of the
NP, as shown in Figure 7. Although the dipolar approximation
might be sufficient for describing the optical response of an
isolated sphere, the substrate-induced field acting on the ample
volume of the NP is no longer homogeneous in space, and
multipolar modes of very high order might excite in addition
to the dipole (see Figure 7b). The interaction between the NPs
is also important, especially in the case of a high concentration
of them. However, the study of a single supported particle can
be also performed in the dilute regime.89-93

Different authors have included the multipolar interactions
considering particles of different shapes;91-97 however, the
numerical complexity of the problem restricts the number of
multipolar modes taken to describe the system. A powerful
theoretical method was developed to calculate the optical
response of a particle-substrate system using the spectral
representation.91 With this method, one is also able to include
a larger number of multipoles, allowing the treatment of particles
closer to the substrate. The inclusion of multipolar interactions
between the particle and its image gives rise to resonances
additional to the dipolar one. The structure of these resonances
is more evident when the contrast between the dielectric

Figure 6. Extinction efficiency as a function of the wavelength of the
incident light for the regular decahedron and its truncated morphologies
for parallel light polarization.
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responses of the ambient and substrate increases.91 For example,
when a particle is in close contact with the substrate, smooth
spectra are obtained. On the contrary, when the particle is
located at a certain distance above the substrate, a well-defined
structure of resonances is found.

Let us first analyze the optical response of a silver spherical
NP of radius of 10 nm lying above a substrate of Al2O3 with
dielectric constantεsub ) 3.132 and embedded in air. Due to
the presence of the substrate, the symmetry of the system is
broken and different proper modes can be found for light
polarized parallel and normal to the interface. In Figure 8, we
showQext for light polarized (a) parallel and (b) normal to the
substrate surface, where a spherical NP is located at different
distancesd. At d ) 100 nm, the interaction between NP and
substrate is null, and the optical response corresponds to that
of an isolated sphere, being the SPR the same for both
polarizations. As the particle approaches the substrate, the
multipolar excitations are evident since the spectra become wider
and several peaks are observed. For instance, atd ) 1 nm and
normal polarization, the dipolar SPR is red-shifted about 10 nm,
and a secondary SPR at 346 nm with quadrupolar character is
excited, giving rise to the shoulder shown in the inset. When
the NP is touching the substrate,d ) 0 nm, we have taken 2000
multipolar interactions, where convergence has been partly
reached.91 For illustration purposes, we also show the case when
d ) 0.01 nm that shows how sensitive the optical response of
the normal modes is. When the particle is touching the substrate,
the SPR with dipolar character shifts to larger wavelengths, and
the coupling between multipolar modes become important; thus,
more modes are excited and their individual character identity
starts to disappear, such that, the spectra is twice as wide as the
one of the isolated sphere, and the individual SPRs are not longer

observed. Note that as the radius of the sphere diminishes, the
imaginary part of the NP dielectric function increases, such that,
the broadening effects wash out the details of the resonant
structure.92 Thus, different spectra could be obtained considering
particles of different material even if the geometry of the system
is the same.93

Although the influence of the substrate is the same for both
polarizations, the optical response to the applied field parallel
to the substrate seems to be less sensitive to its presence. It has
been found that the excited SPRs cover a more extended region
of values when the applied field is normal to the surface than
when it is parallel, and they are distributed more symmetrically
in the first case.91 Independently of the direction of the applied
field, the spectra is always red-shifted as the particle approaches
the substrate. This can be explained using the simple model
depicted in Figure 7, panels c and d. When the external field is
applied normal to the interface, shown in Figure 7c, it polarizes
both particle and substrate in the same direction, such that, the
induced local field acting on the particle is along the applied
field and against the restoring forces, thus decreasing the
frequency of the SPRs. When the field is applied parallel to
the interface, Figure 7d, it polarizes the particle in the opposite
direction to the substrate polarization, but the induced local field
acting on the particle is also along the applied field and against
the restoring forces, again decreasing the frequency of the SPRs.

Now, let us consider spheroidal NPs with their symmetry axis
normal to the interface, located at a minimum distanced, and
immersed in air. The same type of behavior of the mode spectra
was found as for the case of the sphere, as the distance from
the substrate is varied. Let us study the case when the NP is at
a fixed distance, but its aspect ratioa/b varies. In Figure 9, we
show Qext of a silver prolate atd ) 0.01 nm from a TiO2

Figure 7. (a and b) Electromagnetic interaction between the NP and substrate as a function of the separation, modeled using the image method.
Induced local field for an applied field (c) normal and (d) parallel to the interface.

Figure 8. Extinction efficiency of silver spherical NPs located above the substrate by a distanced, for an external field (a) normal and (b) parallel
to the substrate.
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substrate with dielectric constantεsub ) 7.8. In this particular
geometry, the normal polarization excites the longitudinal modes
(LMs), whereas the parallel polarization excites the transversal
modes (TMs) of prolates, as defined in section IV. We observe
that the LMs are red-shifted as the aspect ratioa/b increases,
whereas the TMs are blue-shifted, corroborating our previous
findings for the suspended prolates. One can see that, as the
ratio a/b increases, a dominant mode appears, which turns out
to lie very close to the dipolar mode of the suspended spheroid.
This means that asa/b increases the spheroid actually decouples
from the substrate. In contrast, asa/b f 1, the dominant mode
merges down and the mode-strength distribution becomes
broader and equal to that found for the sphere. In conclusion,
we observe that multipolar effects become more important as
a/b tends to unity, that is, when the actual shape tends to be
spherical.

The dependence of the spectra with the distance between
particle and substrate is similar for oblate spheroids as for
spheres and prolates. This means that the multipolar effects due
to the substrate acting on the particle are more important when
particle and substrate are in contact, and their importance
decreases as the particle recedes from the substrate. In Figure
10, we showQext of silver oblates at a fixed distanced ) 0.1
nm from a substrate with dielectric constantεsub ) 4.7. Now,
the normal polarization excites the transversal modes (TMs),
whereas the parallel polarization excites the longitudinal modes
(LMs). One can see that asa/b increases the spectra centroid
for the normal (parallel) field shifts toward larger (smaller)
wavelengths, and as the eccentricity increases, a tendency toward
the appearance of a dominant mode is stronger for the field
parallel to the substrate than for the normal one.

In conclusion, it was found that the multipolar effects on the
optical properties of a NP due to the presence of a substrate
depend on the direction of the applied external field. We have
found that, for oblate and prolate particles with aspect ratioa/b
> 3, the multipolar effects are reduced and the dipolar
approximation gives a good description of the behavior of the
system. Since multipolar effects become more important for
systems where the substrate has a large dielectric constant, in
this case, the dipolar approximation is not good enough. We
have also shown that very different spectra could be obtained
considering particles of different material even if the geometry
of the system (i.e., the semiaxes and the distance) is the same.
Finally, it was also found that the interpretation of the optical
spectra could be helpful to elucidate the shape, size and distance
of the NPs. Recent experiments in supported silver NPs have
reproduced our results discussed in this section.97-100

B. One-Dimensional (1D) Nanostructures.There is intense
and growing interest in one-dimensional (1D) nanostructures
from the perspective of their synthesis and unique properties,
especially with respect to their excellent optical response.
Controlled patterning and alignment of nanostructures is critical
for studying fundamental collective properties and for incor-
porating these promising materials into nanoelectronic, sensing,
optoelectronic, and plasmonic devices. Several methods have
been employed to align 1D structures, either from solutions/
suspensions of the materials postsynthesis, in substrates, as well
as using more sophisticated methods as ion beam implantation
in solid matrices. In these systems, one crucial question is how
important is the interaction among particles.

Here, the effective dielectric response for a 1D chain of
interacting identical NPs is studied. We do this within the

Figure 9. Extinction efficiency of silver prolates located at a distanced ) 0.01 nm, and different aspect ratiosa/b, for an external field (a) normal
and (b) parallel to the substrate.

Figure 10. Extinction efficiency of silver oblates located at a distanced ) 0.1 nm, and different aspect ratiosa/b, for an external field (a) normal
and (b) parallel to the substrate.
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quasistatic limit, and we perform a systematic study for different
types of disorder and for filling fractions covering the whole
range, from the extreme-dilute to the closed-packed limits. Our
objective is twofold, (i) we want to study the properties of an
1D system due to the intrinsic interest that exists in the behavior
of low-dimensional systems and (ii) we want to shed some light
into the possible dependence of the effective dielectric response
on the type of disorder. This allows us to analyze fluctuations
induced in the local field by the positional disorder of the NPs.
We employed the spectral representation to calculate the modes,
and the details can be found elsewhere.102,103

When spherical NPs are aligned along a particular direction,
the symmetry of the system is broken, and different proper
modes can be found for light polarized parallel and perpendicular
to the chain. When the external field is parallel, it polarizes the
particles, such that, the induced local field is in the same
direction as the applied field, see Figure 11a, and against the
restoring forces, thus decreasing the frequency of the SPRs.
When the field is perpendicular to the chain, shown in Figure
11b, it polarizes the induced local field against the applied field,
but in the same direction of the restoring forces, thus increasing
the frequency of the SPRs.

To understand the influence of the physical environment,
results are presented for the extinction efficiencyQext as a
function of wavelength, for the ordered case and two different

kinds of disorder (A and B), and for different filling fractions.
In disorder A, we randomly move the NPs within an interval
2δ from the positions of a periodic chain. The parameter 0e
δ e 1/2 serves as a measure of the disorder, for example,δ )
0 corresponds to the ordered case andδ ) 1/2 to the maximum
allowed disorder of this type. The disorder type B corresponds
to random positions with the only restriction that NPs do not
overlap. The choice of these types of disorder has nothing in
particular; the idea is simply to illustrate the sensitivity of the
optical response to a specific type of disorder algorithm,
although some similar behaviors can be found. For example,
(i) when a periodic 1D crystal is heated up, such that, the atoms
move randomly around their ordered positions, or (ii) when the
system is heated up and suddenly cooled down, such that,
random positions without any correlation can be found.

In Figure 12, the influence of disorder is shown at different
filling fractions. The nanospheres of 20 nm of radii are made
of silver and embedded in air, and we have setδ ) 1/2 for
disorder A. We consider an external field parallel to the chain.
The case when the external field lies transversal to the chain
will not be reported in this work; nevertheless, our study showed
that in this case the corresponding disorder and multipolar effects
are similar but less pronounced. In Figure 12a, the extinction
for an ordered NP chain for three different filling fractions is
shown. In the ordered case and dilute limit (f f 0), the proper
modes of the system become equal to the multipolar resonances
of the isolated sphere, where for small and medium filling
fractions the dipolar mode is dominant. For a finitef, the
eigenmodes are shifted due to the coupling of the spheres
through fields of the same multipolar order. Upon interaction,
the individual multipolar character is lost. One should notice
that, due to the symmetry of the ordered chain, the interacting
fields of multipoles of even order are canceled. Therefore, atf
) 0.8 also the octupolar fields are important. Asf increases,
the proper modes have a monotonic red (blue) shift when the
field is parallel (transversal) to the chain. In Figure 12, we
appreciate that the larger the disorder, the larger the shift, and
the multipolar fluctuations, instead of few resonances, excite a
continuum distribution of them. This makes the multipolar
coupling more efficient. In Figure 12b for disorder A more

Figure 11. Model of the induced local field for an applied field (a)
parallel and (b) transversal to the NPs chain.

Figure 12. Extinction efficiency of a 1D chain of metal NPs at different filling fractions, for an external field parallel to the chain axis. The upper
panels a-c correspond to the ordered chain and disorders A and B, respectively. The lower panels d-f corresponds to filling fractionsf ) 0.3, 0.5,
and 0.8, respectively.
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resonances are observed only atf ) 0.8, whereas for disorder
B, shown in Figure 12c, the multipolar character is evident at
any filling fraction. Notice that for larger filling fractions and
greater disorder the dipolar character of the resonant mode is
lost.

In conclusion, we found that as the filling fraction increases,
more multipolar interactions are present, for all the positional
arrangements. As the positional disorder increases, it also
induces the excitation of new multipolar contributions. It seems
that the spectrum becomes wider as there is more “room’’ for
disorder. As a consequence, the inclusion of these multipolar
modes shifts the main peak to higher (lower) wavelengths and
increases the extension of the tail in the low (high)-wavelength
side, for an external field parallel (transversal) to the chain. But
the most interesting thing is that there is not only a red shift of
the peaks but also a drastic change in the profile. Furthermore,
it was found that, due to the symmetry of the system, there is
no coupling between the directions parallel and transversal to
the chain. This means that an external field parallel to the chain
will induce multipoles in each sphere, with an axis of symmetry
also parallel to the chain, but they will fluctuate in magnitude
and phase. These fluctuations cause the existence of a manifold
of collective modes with a continue range of resonant frequen-
cies.

VII. Summary and Future Trends

We have studied the general behavior of the surface plasmon
resonances on small metal NPs in terms of their shape and
physical environment. For instance, the location of these
resonances on NPs of different shapes has been studied and
has been found that NPs with fewer faces and sharper vertices
show resonances in a wider range of wavelengths. We also
showed that, when a NP is truncated, the main resonance is
blue-shifted, overlapping secondary resonances and, therefore,
increasing the full width at half-maximum. However, for
decahedral particles, the truncation to Marks and rounded
decahedra shows the same blue shift effect, but the full width
at half-maximum decreases, perhaps because the secondary
resonances no longer exist as the number of faces increases.
We also explained in detail the optical anisotropy of elongated
NPs, such as, ellipsoids, decahedra, etc., where the dependence
of the position of the resonances is analytically explained in
terms of their aspect ratio.

We have analyzed the case where noninteracting elongated
NPs are aligned in a given direction, such that, the optical
response can be tuned using polarized light and changing the
aspect ratio. We also studied the case of a linear chain of
interacting NPs, where again, the surface plasmon resonances
are sensitive to the light polarization, and their dependence with
the positional disorder of the particles. This 1D nanostructures
can be the starting point for more complex structures. Finally,
the case of supported NPs was also studied. In this case, the
line-shape of the spectra, and its relation with high-multipolar
excitation, is studied in detailed for ellipsoidal NPs. The optical
response is studied for different physical situations: as a function
of the distance between the particle and substrate, as well as in
terms of the anisotropy of the particle.

This information would be useful to motivate the development
of more complex nanostructures with tunable surface plasmon
resonances. For this, it would be desirable to develop a simple
theory capable of predicting the position and strength of the
SPRs of an ample variety of NPs shapes and physical environ-
ments. We have already mentioned that the spectral representa-
tion formalism completes with these characteristics, because it

separates the contribution of the dielectric properties from the
geometrical ones. We have shown the potentiality of this theory,
that allows us to perform a systematic study of the optical
response of NPs, once a shape is chosen. However, explicit
expressions of the spectral representation are difficult to obtain,
but alternative forms could be found.
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