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ABSTRACT

The surface plasmon response of metal nanoparti-
cles is studied in terms of their shape. We found that
polyhedral nanoparticles composed with less faces show
more surface plasmon resonances, where a main reso-
nance with a dipolar character was identified as well as
other secondary resonances. It is also found that as the
nanoparticle becomes more symmetric, the main reso-
nance is blue-shift.
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1 Introduction

New synthesis methods have been developed to fab-
ricate nanoparticles (NPs) with specific size and shape
that in turn have enabled us to control surface plasmon
(SP) properties to reveal new aspects of their underly-
ing science and to tailor them for clearly defined appli-
cations. For instance, SPs are now being investigated
for their potential in optics, magneto-optic, photonics,
as a nanoengineered substrate on which the Surface En-
hanced Raman Scattering (SERS) response can be pre-
cisely controlled and optimized, and for chemical and
biosensing applications, such as optical addressable di-
agnostic methods, devices, and therapies based on the
plasmonic response of metallic NPs [1]. These advances
that allow metals to be structured and characterized on
the nanometer scale have renewed the interest in SPs
by physicists, chemists and materials scientists to biol-
ogists.

The interesting observation that NPs support SP res-
onances that can be tuned by controlling their size and
shape, offers a starting point for the emerging plasmonic
research field [2]–[4]. The understanding of SP reso-
nances provides a design rule that guides the develop-
ment of more complex nanostructures with an optical
response that we can both predict and experimentally
realize. In this article, we give some insights of the SP
response as a function of the geometry for NPs of dif-
ferent polyhedral shapes.

2 Formalism

When a particle is excited by an electromagnetic
(EM) field, the electrons start to oscillate with the same
frequency as the one of the incident EM. The excited
charges can transform energy from the incident EM
wave into, for example, thermal energy in a so-called
absorption process. However, the charges can be also
accelerated and they can radiate energy in any direc-
tion in a so-called scattering process. The sum of both
effects is called the light extinction. For nanoparticles
of less than 10 nm, radiation processes are negligible,
so the particle only absorbs energy mainly, through the
excitation of surface plasmon resonances. Surface plas-
mons are evanescent electromagnetic waves that prop-
agate along the surface of conductors. By altering the
surface, i.e., modifying size, shape, and/or environment
of the conductor, the properties of SPs can be tailored.
The SP resonances of small particles can be study in
terms of the strength of the coupling to the applied field
of the optically active electromagnetic surface modes of
the system. The location of the resonant frequencies
of the proper modes of the system and the calculation
of their coupling strength to the applied field are not
immediate, because it usually requires taking the non-
dissipation limit, a procedure that might call for a vast
amount of numerical effort. To study the SP resonance
of metal particles with nanometric sizes, we employ the
discrete dipole approximation or DDA.

2.1 Discrete dipole approximation

Purcell and Pennypacker developed the discrete dipole
approximation (DDA) to model the interaction of light
with dust particles in space [5]. The main idea behind
DDA is to approach the particle with a finite number
of polarizable entities to mimic its optical response to
an applied electromagnetic field. DDA is also known as
the Purcell-Pennypacker method and along these years
has suffered several modifications and improvements to
study solid targets with non-spherical shapes. These
improvements have been done mainly by Draine and
coworkers [6]–[8], who have made available the so-called
DDSCAT computational code. In this work, we em-
ployed DDSCAT to study the optical response of nano-
particles.
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DDSCAT builds up a solid object using an array of
N polarizable entities located in a periodic lattice which
resembles the shape and size of the particle under study.
It assigns to each entity a dipole moment given by

~pi(ω) =←→α i(ω) · ~Ei,loc(ω) , (1)

where ω is the frequency, ←→α i(ω) is the dipolar polariz-

ability of the entity located at ~ri, and ~Ei,loc(ω) is the
total electric field acting on the i-th dipole, also called
the local field. The local field due to an array of point
dipoles under an applied electromagnetic field is given
by

~Ei,loc(ω) = ~Ei,app(ω) + ~Ei,ind(ω) , (2)

where ~Ei,app(ω) is the applied field, and ~Ei,ind(ω) is the
induced field acting on the i-th entity due to the ra-
diation of all the others N − 1 dipoles which compose
the nanoparticle. Therefore, a system of 3N complex
coupled equations is obtained, from where we can cal-
culate the set of dipole moments that mimic the opti-
cal response of the particle [2], [4]. Once we know each
~pi(ω), then it is possible to obtain the light extinction
and absorption cross sections using the following expres-
sions [5]:

Cext =
4πk

| ~E0|2

N
∑

j=1

Im{ ~Ej,inc · ~p
∗

j}, (3)

Cabs =
4πk

| ~E0|2

N
∑

j=1

{

Im[~pj · (α
−1
j )∗~p∗j ]−

2

3
k3|~pj |

2
}

, (4)

where (∗) means complex conjugate, k is the magnitude
of the wave vector of the incident light of frequency ω,
and E0 its amplitude. By definition, the scattering cross
section Csca is found as the difference between extinction
and absorption cross sections,

Csca = Cext − Cabs . (5)

The periodic lattice employed by DDSCAT is a cu-
bic array of dipoles, each one with a polarizability given
by the Lattice Dispersion Relation (LDR) [7]. We as-
sume that the polarizability is isotropic and is the same
for all the entities, i. e., ←→αi (ω) = αLDR(ω), where

αLDR(ω) =
αCM(ω)

1 + αCM(ω) [b1 + b2ε + b3Sε(ω)] (k2/d)
.

(6)
Here, ε(ω) is the bulk dielectric function of the particle;
S, b1, b2, and b3 are coefficients of the expansion to
a third order in k to incorporate radiation effects, and
αCM(ω) is the polarizability given by the well known
Clausius-Mossotti relation:

ε(ω)− 1 =
4πnαCM(ω)

1− 4πnαCM(ω)/3
. (7)

In general, the bulk dielectric function has contribu-
tions from interband (inter) and intraband (intra) elec-
tron transitions, such that,

ε(ω)bulk = εinter(ω) + εintra(ω) . (8)

The intraband transitions can be described by the Drude
model of electrons:

εintra(ω) = 1−
ω2

p

ω(ω + i/τ)
, (9)

where ωp is the plasma frequency and 1/τ is a dissipa-
tive term due to dispersion effects suffer by the electrons
in the material. On the other hand, interband contri-
bution comes from transitions among electronic bands
of different index, such that, they usually are in the UV
region and do not contribute to the SP resonances [2],
[3].

Here, we are interested in nanoparticles whose sizes
are smaller than 10 nm, such that, physical phenomena
associate to radiation effects, like scattering and radia-
tion damping, are negligible (Csca ≈ 0) [3]. However,
we have to consider that conduction electrons suffer an
additional damping effect due to surface dispersion or
finite size effects. The surface dispersion effects depend
on the particle’s size and shape. Here, we consider the
surface dispersion of a sphere of radius a, such that the
dielectric function also depends with a as [9]:

ε(ω, a) = εbulk−εintra+

{

1−
ω2

p

ω(ω + i/τ + i/τa)

}

, (10)

where 1/τa is the surface damping term given by 1/τa =
vf /4a, with vf the Fermi velocity of the electron cloud.
In this work, we use the values of ωp and vf found by
Kreibig for silver nanoparticles of less than 10 nm [9].
As smaller is the particle, the surface dispersion becomes
more important. However, the surface dispersion does
not change the location of the surface plasmons signif-
icantly, but as the particle becomes smaller, the reso-
nance is less pronounced and broadening [3].

3 Optical properties

We calculate the extinction efficiency of silver differ-
ent polyhedral NPs of 10 nm suspended in vacuum. The
extinction efficiency per unit area, A, is defined as

Qext =
Cext

A
. (11)

To understand the shape influence on the SP reso-
nances, we star by studying the extinction efficiency of
cubic particles and comparing it with those obtained for
different truncated cubes and the sphere. The truncated
cubes are obtained by symmetrically cutting the eight
corners of the cube by l × r, where l is the length of
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the cube’s side and 0 < r 6 1/2. We label the differ-
ent truncations with respect to the length l of the cube,
with the number r. When r = 1/2 a cuboctahedron is
obtained. All the truncated cubes, are composed by six
octagons and eight triangles, while the cuboctahedron
is composed by six planar squares and eight triangles.
Finally, if we performed a symmetric truncation of the
cube with an infinite number of planes, one arrives to
the sphere, as shown in Fig. 1.

cube                     truncated cube (1/3)                    sphere

Figure 1: Cube, truncated cube and sphere.

In Fig. 2, we show the extinction efficiencies of a
cube, different truncated cubes and a sphere. In all
cases, the spectra were calculated within DDA using
more than 105 dipoles to assure convergency. The struc-
ture below 335 nm is the same for all the particles, inde-
pendently of their geometry. This is because the main
absorption mechanism are the interband electron transi-
tions which are independent of the shape of the particle,
and only depend on the bulk electronic properties of sil-
ver.
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Figure 2: Extinction efficiency of different polyhedral
nanoparticles.

Between 335 and 450 nm the spectra are sensitive
to the NP’s shape. In Fig. 2, the spectrum for the cu-
bic NP shows a rich structure of peaks, contrary to the
case of the sphere with a single resonance. These peaks
are associated to the SP resonances inherent to the cu-
bic geometry [10], because in this case, the charges can
arrange in many different ways, while for the sphere

a single homogeneous arrangement given by a dipolar
charge distribution is observed. For the cubic NP, at
least five different modes are obtained, being the dipo-
lar and quadrupolar charge distributions the ones that
contribute more to the extinction, and are located at
406 nm and 383 nm, respectively. Also, there are more
SP resonances at smaller wave lengths (< 370 nm) which
make wide the energy range of the response spectrum.
Now, with a small truncation of r = 1/8, the dipolar
resonance becomes the more important one and moves
to smaller wave lengths. The location of the dipolar
and quadrupolar resonances are now very close and now,
only one wider peak is observed around 386 nm, while
the structure below 370 nm remains almost identically.

From Fig. 2, we observe that as the length-size of the
truncation increases:

• (i) the main resonance is always blue shift,

• (ii) the peaks at smaller wave length are closer
to the dominant resonance, such that, they are
hidden, and

• (iii) the width of the main resonance increases.

For example, the full width at the half maximum
(FWHM) of the 1/8 truncated cube is about 20 nm,
while the one for the cuboctahedron is 40 nm. This
means that the secondary resonances do not disappear
but they are hidden by the dominant resonance. For
comparison, we have included the spectrum of a sil-
ver nanosphere of 10 nm of diameter. In this case, the
sphere shows a single SP resonance located at 356 nm
and shows a FWHM of 20 nm. Remember that the
sphere has only one resonance. Therefore, as the num-
ber of faces increases the energy range of the spectrum
becomes smaller.

3.1 Surface plasmon resonances

We have already mention that the location of the
resonant frequencies of the proper modes of the system
are not immediate, because it requires taking the non-
dissipation limit. Here, to find the location of each one
of the SP resonances of each particle, we have considered
that the constants τ and τa in Eq. (10) tend to ∞.

In table I, we show the positions of the main reso-
nances of the cube, the different truncated cubes (t.c.)
and the sphere. The cube shows five visible resonances
from 338 to 406 nm. With a small truncation of the
cube (r = 1/8), the main resonance is blue shift about
20 nm to be now at 386 nm. In this case, only four
resonances are visible. When the size of the truncation
increases the number of resonances reduces to two, and
the main resonance is always blue shift, but it never
reaches the position of the single resonance belonging
to the sphere. We also find that as the number of faces
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Table 1: Location of SP resonances of silver NPs. The main resonance is in bold face.

Shape # faces main SP (nm) SP 2(nm) SP 3(nm) SP 4(nm) SP 5(nm)
cube 6 406 383 373 353 338
t. c. (1/8) 14 386 365 350 336
t. c. (1/6) 14 383 349 336
t. c. (1/4) 14 378 336
t. c. (1/3) 14 374 336
t. c. (1/2) 14 369 335
sphere ∞ 356

of the NP increases, the number of visible resonances
decreases.

It is known that metal nanoparticles of few nanome-
ters show different structural motifs depending on their
size, composition and energetic conditions. [11], [12]
Therefore, one might suppose that if one is able to con-
trol the size of nanoparticles, it would be also possible to
manipulate their shape, and then their SP resonances.
This has been demonstrated recently, where the NP’s
shape of a silver colloidal suspension with small disper-
sion of size distribution was elucidated evaluating its SP
resonances [4].

4 Conclusions

The location of the surface plasmon resonances of
silver nanoparticles of different cubic shapes was ob-
tained. It is found that as the size truncation of the
cubic nanoparticle becomes larger, the main resonance
is blue shift, and hides the secondary resonances, in-
creasing its full width at half maximum. It is also found
that nanoparticles with less faces show resonances in a
wider range of wave lengths. These results provide the-
oretical support for the behavior of the surface plasmon
resonances as a function of their shape. It is expected
that this information would be useful to motivate the
development of more complex nanostructures with tun-
able surface plasmon resonances.
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