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Abstract
Tailoring the spectral performance of gold nanospheres

using size dependence of multipolar plasmon resonance
frequencies and damping rates is studied in the range of
particle radius from one to hundreds of nanometres. The
formalism of Mie theory is used. Careful choice of the
material parameters is made for realistic description of
plasmonic activity of nanoparticles. Changes in scattering
abilities with increasing particle radius are explained by
transformation of “dark” plasmon modes of small
nanoparticles into radiative, brilliant modes of larger ones.
Increasing radiative damping with size is found to
compete with the energy dissipative (nonradiative)
damping channel. This effect suppresses absorption and
increases radiation abilities of larger particles within
plasmon mechanism. This is manifested in the
corresponding absorption and scattering efficiencies.

1 Introduction
The development of the methodology of synthesis of

metal nanoparticles (NPs), as well as of capability of
controlling NPs properties by size, shape and composition,
has opened a variety of possibilities for applications of
NPs in diverse domain of sciences and technology. The
exceptional features of NPs result from their ability to
resonate with light leading to excitation of localized
surface plasmon (LSP) waves. At resonance, light
squeezed into sub-wavelength volumes in particle
proximity have a profound effect on the efficiency of many
optical processes. LSP resonances (LSPR) manifest as the
intense absorption or/and scattering of light, depending on
the particle size, shape and optical properties of particle
environment. The sensitivity of LSPR to these parameters
is the basis of colour effects of NP’s colloids applied in
colorimetric detection methods in biology and medicine.

Understanding the fundamentals of resonant
interaction of light with plasmonic nanoparticles is
essential for studying LSP properties and for their optimal
use. Practically, optimisation is possible, if one has a
simple prescript telling how to tailor nanoparticle
parameters to optimise plasmon features in divers
application. The presented study delivers direct
characteristics of absorption and scattering efficiencies of
gold nanoparticles and the analysis of their LSP spectral
performance in terms of size dependent plasmon
resonance frequencies and damping rates. R.

2 Direct size characteristics of surface plasmons
Mie scattering theory [1] can correctly reproduce the

positions of maxima in the spectra of nanoparticles of
chosen radius. Maxima in the absorption or scattering
spectra resulting from Mie theory are often interpreted as
LSPR. However, scattering and absorption spectra of
nanoparticles fall in different spectral ranges, as illustrated
in Figure 1. Spectral positions of peaks in these spectra do
not coincide and undergo shift with increasing R (see
Figure 1 and 3). Therefore, in general, such peaks cannot
serve as a definition of LSPR.

Figure 1 Visualisation of the spectral performance of gold
nanoparticles in the range of radii up to R=100nm: Maxima of
a) absorption efficiencies Qabs(R,inc) and of b) scattering
efficiencies Qscat(R,inc) fall in different spectral ranges of LSP
performance. inc is the wavelength of the incoming light, nout=1.

LSPR size characteristics can be directly predicted by
solving the eigenmode problem [2,3,4] of a metal
nanosphere, by finding the solutions of Maxwell’s
equations in absence of the incoming light [1]. Direct
dependencies of plasmon resonance frequencies and
resonance spectral width and strength (defined by
plasmon damping rates (DRs)) versus particle size for
noble-metal NPs embedded in diverse dielectric media
follow from the modelling [2,3,4]. In the present study we
used more specifically parameterized dielectric function of

PL-3.1



LASER-LIGHT AND INTERACTIONS WITH PARTICLES AUGUST 25-29TH, 2014, MARSEILLE, FRANCE

gold with the effective parameters, which account for the
contribution of bound electrons to the polarizability, the
additional absorption of bulk gold over 1.8 eV [5] and the
effect of the additional, size dependent relaxation of free
electrons by scattering on the nanoparticle surface [6].

Figure 2 Plasmon resonance frequencies ’l(R)=ħl(R) and
plasmon damping rates |”l(R)|=ħ/Tl(R) for the dipole (l=1),
quadrupole (l=2) and hexapole (l=3) plasmon mode.

Figure 2 shows a 3D plot of LSPR frequencies
’l(R)=ħl(R) and DRs |”l(R)|=ħ/Tl(R), expressed in units
of energy (electronvolts) as a function of particle radius.
Such plot allows to demonstrate not only size dependence
of ’l(R) and |”l(R)|, but also a relationship of ’l and
|”l| in addition. Tl(R) are damping times of plasmon
oscillations of the plasmon mode l (from the range of (1-20
fs)).
’l(R) is a decreasing function of radius (with exception

of the smallest nanoparticles of few nm radius), as shown
on the section on the left wall of the box in Figure 2. ’l(R)
dependence starts from the values 0,l in the
corresponding modes l (see [6] for more details). LSPR
resonances at ’l(R) on gold nanoparticles in air (nout=1) is
expected to be excited by light of frequency =’l(R). The
corresponding wavelength of the incoming light wave
l(R)=2cħ/(e’l(R)). l(R) dependence is shown in Figure
3 a)-d) with black solid lines. The first dipole (l=1),
quadrupole (l=2) and hexapole (l=3) plasmon modes are
presented. The shortest LSP wavelength is that of the
dipole plasmon mode l=1=509 nm. Figure 3 d) shows the
spectral range and “strength” of the corresponding modes
expressed by the Lorentz profiles with the amplitudes and
half-widths defined by the corresponding damping rates
|”l(R)|. Colours represent summed amplitudes of
Lorentz profiles.

However, LSP modes of nanoparticles up to R~50nm are
not radiative active. Their scattering efficiencies Qscat(R) are
negligible, as seen in Figure 3 b). In this region of sizes LSP
modes are dark modes; they are not able to radiate EM
energy. This effect can be explained by the fact, that the
LSP damping rates |”l(R)| in this size range (see Figure 1
or 3 b) violet solid lines) are due mainly of nonradiative
(dissipative) losses [6]; the contribution of the radiative
damping lrad(R) to the total damping rate |”l(R)| is

Figure 3 Maps representing a) absorption Qabs(R,inc), b)
scattering Qscat(R,inc) and c) extinction Qext(R,inc) cross-section
efficiencies for gold nanoparticles (nout=1) versus particle radius
R after excitation of light at wavelength,inc. Colours in figs. a)-
c) represent the amplitudes of the corresponding efficiencies,
according to the colour scale in fig. c). Black solid lines represent
the wavelength l of the light exciting LSRP at ’l(R). for the
first dipole (l=1), quadrupole (l=2) and hexapole (l=3) plasmon
modes. Solid violet lines in figure b) show the dependence of the
corresponding total damping rates |”l(R)|. Colours in fig. d)
represent the spectral range and “strength” of LSP modes
defined by the corresponding damping rates |”l(R)|.

negligible. |”l(R)| dependence results from a specific
interplay of radiative and nonradiative contributions. In
our modelling, the nonradiative processes consist of ohmic
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losses, resulting from the bulk electron relaxation rate  of
the Drude-Lorentz model, and of the surface scattering in
small nanoparticles, increasing effective electron relaxation
rate proportionally to 1/R. This kind of processes leads to
absorption of light and particle heating. For larger R,
radiation damping becomes fast increasing function of
particle size, as demonstrated in Figure 2 (see the section
presented on the bottom of the 3D box) and Figure 3 b),
violet lines. This effect has a tremendous impact on
spectral performance of metal nanoparticles, while it
competes with the energy dissipative (nonradiative)
plasmon damping mechanism causing suppression of
absorption [6]. This explains, while the absorption abilities
of larger particles are weak in LSP modes of low l. In
return, larger nanoparticles scatter light effectively in those
modes.

Figure 3 a)-c) which show absorption Qabs(R,inc),
scattering Qscat(R,inc) and extinction Qext(R,inc) cross-
section efficiencies, confirm these expectations: smallest
nanoparticles are optically weakly active. Their spectral
performance is mainly due to absorption; scattering
efficiencies Qscat are negligible in this size range, due to the
negligible contribution of radiative damping to the total
damping rate |”l(R)|. Figure 3 b) proves, that the region
of sizes characterised by the increase of damping rates
|”l(R)| in the mode l, (supposed to be due to the
increasing contribution of radiative damping lrad(R)),
correspond to the increase in the scattering efficiency of a
nanoparticle.

3 Conclusions
Understanding the fundamentals of resonant

interaction of light with plasmonic nanoparticles is
essential for studying LSP properties and for their optimal
use. The aim of the study was a better understanding of
the fundamentals of LSP basis in terms of size
characteristics of the most important LSP parameters:
plasmon resonance frequencies and the corresponding
damping rates. Size dependence of both, with the realistic
description of dielectric material properties of a metal
nanoparticle, is sufficient in predicting all the plasmon
features in applications. When expressed in function of the
incoming light wavelength l(R) designed to excite LSPR at
’l(R), the derived characteristics can serve as a convenient
tool in tailoring the spectral performance of metal
nanoparticles in applications by practitioners. In addition
to the practical issues, we discuss the LSPR basis: the
possibility of converting dark plasmon mode into bright
radiant mode by changing the nanoparticle size or
plasmon polarity l. Using elaborated spectral
characteristics it is possible e.g. to predict the spectral
performance of colloids, explain the observed colours and
interpret their changes. Also, it is possible to control the
changes in performance of plasmonic nanoantennas from
good absorbing to good scattering devices, and to optimise

their near-field strength. Such kind of study is of use e.g. in
tailoringing properties of optoelectronic devises. Also,
these characteristics provide basic predictions for studying
plasmon dynamics probed with femtosecond laser pulses.

.
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