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Abstract A full control of the interaction between confined
plasmons and point sources of radiation is a central issue
in molecular plasmonics. In this paper, a theoretical con-
tribution towards a physical understanding on the localized
surface plasmons excited into metallic nanocones by a point
dipole is given. A numerical approach based on the discrete
dipole approximation is applied to determine the modifi-
cations of the dipole decay rates for varying geometrical
parameters of the dipole-metal nanoparticle system. Results
declare the centrality of the cone aperture to control the plas-
mon resonances and to handle the effects it induces on the
lifetime of a point emitter. A full spectral tuning of the res-
onances in the decay rates can be achieved by operating on
a unique spatial degree of freedom: by tailoring the aperture
alone, total decay rates 105 times higher than the free-space
value can be obtained at short distances from the metal in a
large region of the spectral range. Quite unexpectedly, size
dependence of the antenna is found to have a marginal role if
only a lifetime manipulation is desired. It becomes, instead,
a crucial aspect of the problem when large quantum yields
are required. Results presented in this work shed light on
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spontaneous emission modification due to interaction with
plasmonic nanocones of different shapes and are relevant
for a number of applications in the fields of nanoplasmonics
and fluorescence microscopy.
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Introduction

In the last years, the radiative decay rate engineering has
become a central issue in nanophotonics. The development
of nano-optic techniques has affirmed the importance of
exploiting plasmonic nanoantennas [1], like metallic nanos-
tructures, nanoparticles (NPs), or NP aggregates, to achieve
the engineering of the decay rates and, thus, to modify the
excited-state lifetime [2], the fluorescence intensity [3–6],
and the radiation pattern [7, 8] of isolated emitters [9–11].

Among optical antennas a particular attention has been
paid in the last years to plasmonic objects able to effectively
replace conventional focusing lenses, by confining radia-
tion to dimensions much smaller than the diffraction limit
(superfocusing phenomenon) [12–14], such as nanorods,
tapered or V-shaped nanostructures, tips, cones, and bow-tie
or bridged antennas [15–20]. For these objects, the strong
local fields, due also to the lightning rod effect produced
by the sharp edges and curvatures, make both the phenom-
ena of metal-enhanced fluorescence and lifetime reduction
to be observed also at the same time [21]. From confocal
fluorescence imaging of Chinese hamster ovary cells grown
on a randomly distributed Ag-coated silicon nanocones, as
an example, a reduction in the lifetime of R6G has been
detected together with an amplification of the fluorescence
intensity up to 100-fold the value registered on glass sub-
strates [21]. Beyond fluorescence spectroscopy, due to the
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high field localization and enhancement they can achieve,
conically shaped nanoparticles have found also widespread
applications in optical imaging techniques with nanometer
spatial resolution, such as tip-enhanced or scattering-type
near-field microscopy [22], atomic force microscopy [12],
scanning probe microscopy [23], and light emission in
scanning tunneling microscopy [24], as well as in surface-
enhanced spectroscopies such as Raman scattering [12], tip-
enhanced Raman scattering [25], infrared absorption [26],
and coherent nonlinear optics such as second-harmonic gen-
eration [27]. Combining optical spectroscopy with scanning
probe methods, conically shaped nanoparticles uniquely
allow for optical spectroscopy with ultrahigh spatial res-
olution down to 10 nm. Moreover, an advantage of such
tip structures is that they offer field enhancement along
the third dimension, away from the planar surface, which
could be useful for certain lab-on-a-chip applications useful
for analyte detection or biological studies, such as spec-
troscopy of cells [28] and optical trapping applications for
example [21]. State-of-the-art methods for constructing
nanocone structures seem to be fast, robust, and repro-
ducible so that high-quality sharp tips with apex radii of
a few nanometers can be obtained [12, 29–32]. All of
the above applications concur in making nanocones very
promising objects for molecular plasmonics studies.

From a theoretical point of view, the investigation of elec-
trodynamic coupling between molecules and metal nanopar-
ticles can be treated with different levels of approximations,
and different options can be found in the literature [9, 33–
46]. Concerning conically shaped nanoparticles, Thomas et
al. [39] compute the radiative and the nonradiative decay
rates for silver tips of parabolic shape with a numerical
approach based on a surface-integral formalism. The work
shows the importance of perpendicular orientation of the
dipole in ensuring a high quantum yield and how the pres-
ence of defect strongly modifies the spectral behavior of
the decay [39]. More recently, Mogammadi et al. [46] cal-
culate the Purcell factors and the antenna efficiencies for
single and double truncated Au nanocones by using the
finite difference time domain method. The numerical study
illustrates a great advantage of nanocones (compared to
nanorods and nanospheroids), since the spectral position of
the localized surface plasmons (LSPs) can be tuned toward
shorter wavelengths without compromising the Purcell fac-
tor or reducing the antenna efficiency [46].

In this work, we focus the attention on the electro-
magnetic interaction between Ag nanocones of different
apertures and sizes and a point-like emitter located along
their symmetry axes. The radius of curvature of the anal-
ysed tips is considered negligible (rc � 0). This interest is
supported by the experimental trend to realize sharp cones:
state-of-the-art fabrication techniques allow to reach values
of the radius of curvature of tapered waveguides below 5 nm

[12, 13]. The behavior of rounded tips is already known in
literature [39, 46] and is not examined here.

Here, we adopt a classical electrodynamics description
of the metal emitter coupling in order to study the field
enhancement and the modifications of the spontaneous
decay rate of the emitter. The system is assumed to be
in a weak-coupling regime, and a macroscopic description
of metal is assumed to be valid [47]. Numerical results
reported here declare the centrality of aperture to control
the plasmon resonances of a conically shaped nanoparti-
cle and to handle the effects they induce on the lifetime of
a punctual emitter. A spectral tuning of the resonances in
the decay rates can be achieved by operating on a unique
spatial degree of freedom: by tailoring the aperture alone,
total decay rates 105 times higher than the free-space value
can be obtained at short distances from the metal in the
near-infrared (NIR) region of the spectral range. As an unex-
pected result, size dependence of the antenna behavior turns
out to have a marginal role if only a lifetime manipula-
tion is desired. It becomes, instead, a crucial aspect of the
problem when large quantum yields are required. Results
presented could be of interest for fundamental properties
of light–matter interaction (possibly also in view of achiev-
ing the strong-coupling regime [48]) and for microscopies
and surface-enhanced spectroscopy applications. In partic-
ular, by giving new information on the huge potentialities
of cones in increasing the decay rates of a dipole in the
visible and in the infrared spectral ranges, we believe that
the present work could open new avenues for a wise use of
such plasmonics structures in in vitro “optical biopsy” of tis-
sues or other diagnostic techniques based on the analysis of
fluorescence signals.

Method

In this work, the total, radiative, and nonradiative decay
rates are computed by varying the spectral and spatial
degrees of freedom of the system in a numerical framework
based on the discrete dipole approximation (DDA) [49].
This approach is general and accurate and allows to inves-
tigate coupling problems involving complex nanoparticle
shapes which cannot be easily treated with other (analytic
or ab initio) methods. DDA is a numerical method which
describes the metal as an array of polarizable dipolar ele-
ments (named grid points in the next sections) organized on
a lattice to represent the shape of the nanoparticle and is usu-
ally applied to find the solution of Maxwell’s equations for
arbitrarily shaped metallic nanoparticles excited with plane
waves or other far-field radiations [50].

In this paper, an extension of the method to include
incident dipolar fields as incident radiation is used. This
extension is incorporated in the code of ADDA [51], whose
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main feature is the ability to parallelize a single DDA
simulation by running on a multiprocessor system. If we
assume a point-like dipole p̃0 located at r0 and oscillat-
ing with frequency ωexc emitting electromagnetic radiation,
the metallic nanoparticle will reflect and/or scatter back the
radiation by generating an electric field ˜Escat at the dipole
position. This will produce a change in the decay dynamics
of the emitter given by [52]

�

�0
= 1 + 6πε0ε̃Bq0

k3
∣

∣p̃0
∣

∣

2 Im
[

p̃∗
0 · ˜Escat (r0)

]

, (1)

where q0 is the intrinsic quantum yield of the dipole, ε̃B is
the relative dielectric constant of the background medium,
and �0 is the decay rate in free space, corresponding to the
total radiated power of a molecule in free space normalized
to the energy of the emitted photons, if no internal losses are
present.

The idea underlying the approach used in this work is,
thus, to describe the local field in the dipole position by
recurring to the numerical solution of the Maxwell problem
obtainable with DDA. By solving in a self-consistent way,
a system of 3N coupled complex equations, DDA gives
the N polarizabilities p̃i describing the polarization status
of the target, so that the normalized absorption efficiency
(NAE), the scattered field experienced by the dipole, as well
as its total, radiative, and nonradiative decay rates can be
calculated. For normalized absorption efficiency, we intend
the DDA absorption efficiency normalized on the squared
modulus of the dipole (NAE = Qabs/

∣

∣p̃0
∣

∣

2
), this being

mandatory to obtain spectra independent from the source.
The DDA efficiency Qabs is calculated, as usual, by dividing
the absorption cross section over the area of the geometri-
cal cross section of the sphere with volume equal to that of
the dipole representation of the particle (πa2

eff). Unless oth-
erwise specified, the Palik dielectric function [53] and an
interdipole distance of dint = 0.0625 = 1/16 nm are used
in describing the metallic nanostructures.

Results

The results here presented are obtained by exciting an Ag
nanocone only by a dipolar field generated by a point-like
source (like a fluorophore or a quantum dot) put in its prox-
imity; external plane wave radiations are assumed to be
absent. A complex dipole is assumed to oscillate along the
symmetry axis of Ag cone: this kind of orientation being
preferred [39]. The analysis has been performed by consid-
ering the response of the metallic cone as a function of its
geometrical parameters (aperture and size) as well as of the
dipole excitation wavelength (λexc).

Role of Aperture

Firstly, we consider Ag cones with a fixed height (20 nm)
and different base radii: 3, 5, 11, 20, and 35 nm. We
will refer to the different cones with their aperture or tip
angle, given by ≈ π/21, π/13, π/6, π/4, and π/3 radians,
respectively. A schematization of the system is visualized in
Fig. 1.

The aim of such kind of study is to shed light on the
effects of aperture either on the NAE or on the decay
dynamics of an Ag cone. As a first step, we analyze the
frequency dependence of the NAE for the different aper-
tures. To do this, we fix the distance of the dipole from the
cone tip to d = 2 nm and change the oscillation frequency
in the VIS-NIR spectra range (λexc∈[300 : 1200] nm). In
Fig. 2, the NAE spectra are reported for the five apertures
by considering either the bulk dielectric function [53] or
the surface damping corrected dielectric function [54]. In
considering the Palik dielectric function, we corrected the
discontinuity at around 1 eV to avoid spurious peaks to
appear in the spectra. As it can be observed in the figure,
each system is characterized by a single resonance which
can be related to the excitation of only the lower-order sur-
face plasmons inside the nanocones. Incident light drives
the conducting electrons in the metal in phase, generating
collective oscillations and producing in this way a charge
distribution resembling that of an electric dipole along z.
Concerning the positions of the resonant frequencies with
increasing cone aperture, a clear blue shift is evident in
Fig. 2: the NAE peaks at 1,220 nm (π/21), 770 nm (π/13),
490 nm (π/6), 400 nm (π/4), and 360 nm (π/3).

Moreover, like well visible in Fig. 2, the curves obtained
for the two descriptions of the metallic dielectric func-
tion are similar (except that for an intensity difference
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Fig. 1 Schematization of two of the analyzed systems (θ ≈ π/21 rad
and θ ≈ π/6 rad, with the fixed height h =20 nm)
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which increases at decreasing aperture), and no shifts in
frequency can be observed. For this reason, to avoid includ-
ing size-dependent approximations (which are still not well
established) into the model, in our following analysis, we
consider only the bulk dielectric function.

As a second step, we analyze the frequency dependence
of the normalized total, radiative, and nonradiative decay
rates for the different apertures. In the two panels of Fig. 3,
the normalized radiative (a) and total (b) decay rates for the
five analyzed Ag cones are reported. Once again, distinct
resonant peaks can be observed in the spectra, with a blue
shift at increasing cone aperture. The total decay rate peaks
at 1,220 nm (π/21), 770 nm (π/13), 490 nm (π/6), 410 nm
(π/4), and 370 nm (π/3), and for the two largest analyzed
apertures (π/4 and π/3), the peaks in the total decay rate
have a weak blue shift (10 nm) with respect to the radiative
ones. The presence of isolated, well-defined peaks in the
radiative decay rate spectra is consistent with the hypothesis
that the plasmons excited inside the nanocones have dipo-
lar character: for l = 1 modes, in fact, significant radiative
contributions to the plasmons decay can be achieved.

We look now at the values of the normalized total decay
rates in Fig. 3b. Conically shaped nanoparticles induce a
huge perturbation of the total decay rate of a dipole with
respect to its free-space value (up to 105 orders of magni-
tude). This means that the application of metallic nanocones
in molecular plasmonics can drastically reduce the lifetime
of the emitters, leading to femtosecond lifetime dynamics,
the effect being more important for smaller cone apertures.
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Fig. 2 Normalized absorption efficiencies for five different aperture
cones (π/21, π/13, π/6, π/4, and π/3) excited with a perpendicularly
oriented dipole put at 2 nm from the tip of the cone. The solid black
lines refer to the DDA values obtained by using an Ag bulk dielectric
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dashed lines represent the values calculated by taking into account the
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Fig. 3 Normalized radiative (a) and total (b) decay rates obtained for
five different apertures (π/21, π/13, π/6, π/4, and π/3) excited with
a perpendicularly oriented dipole put at 2 nm from the tip of the cone.
All the decay rates are normalized to the free-space total decay rate of
the dipole (�0). In this scale, the nonradiative decay rates result not dis-
tinguishable from the total ones. The maxima of the radiative and total
decay rates, corresponding to the peak values, respectively, in a and
b are also reported and directly compared in the two insets. For what
concerns π/21, the resonance is hidden by the k3 dependence of the
normalization constant �0 which produces a monotonically increas-
ing trend in the resonant region (1,220 nm). The used discretization
parameters are dint = 1/16 nm (for π/21, π/13, π/6, and π/4) and
dint = 1/8 nm (for π/3)

The major contribution to the enhancement of the total
decay rate has to be ascribed to the nonradiative decay rate
due to the absorption inside the metal. Radiative decay rates
are increased as well (Fig. 3a), but their values are much
smaller than the nonradiative ones. Concerning the trend
of the enhancement by changing the angle of the cone, we
should point out the monotonic decrease of the total decay
rate enhancement at increasing aperture (inset in Fig. 3b),
compared to the nonmonotonic behavior of the radiative
decay rate (inset in Fig. 3a).

To shed light on the origin of the observed behavior, we
perform an analysis of the polarization configurations on the
computational grid points and of the associated internal field
distribution. We consider the five cones excited at the peak
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wavelengths of the total decay rate. The two-dimensional
maps for the real polarizations pi = (py, pz) and the
scattered field intensities |Ẽscat|2, normalized to p̃2

0, in a
plane containing the dipole and perpendicular to the base
are reported in Fig. 4. Globally, we can affirm that localized
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obtained by exciting the five different cones in Fig. 3 with a dipole
oscillating along the z axis at λexc = 1, 220 nm (π/21), λexc = 770 nm
(π/13), λexc = 490 nm (π/6), λexc = 400 nm (π/4), and λexc =
360 nm (π/3), respectively. The reported sections concern the plane
xz, the coordinates are in nanometers, and the values in the color maps
are in a decimal logarithmic scale. For graphical readability, the x-axis
of each panel is rescaled

resonances excited inside these cones have a form which
resembles a dipolar charge distribution. Anyway, as it is well
visible in Fig. 4, some distinctions among resonances have
to be made: the dynamically induced charge density distri-
butions can be of diverse complexity. Panels on the left in
Fig. 4 are related to the nonmonotonic behavior of the max-
ima in the radiative decay rate curves in Fig. 3a, while panels
on the right are indicative of the internal fields and thus of
the nonradiative (dissipated) power of each structure. For
what concerns the internal polarizations, it results evident
that the cone with the largest radiative decay rate should cor-
respond to the cone with the largest polarization. In Fig. 4,
we can observe that in the first case (π/21), no well-defined
charge distributions can be identified inside the metal and
that the grid dipoles are isotropically oriented, probably
due to the small aperture which does not allow the internal
dipoles to be oriented along a particular direction. For π/13,
a polarization status similar to a dipole excitation starts to
appear: grid dipoles present an important component along
the z axis (that of the external oscillating dipole) even if
two regions of disordered dipoles, in the form of oblique
stripes, can be identified in the central region of the metal-
lic body. In the case of π/6, the dipole resonance induced in
the metal becomes more manifest with grid dipoles oriented
mainly along the z axis: the excited plasmon is a dipolar
state along the symmetry axis, and no contaminations from
other multipole resonances can be found. By increasing the
angle beyond π/6, the volume of the particle becomes large
enough to allow the appearance of internal electron cloud
dislocations that are more complicated than the dipolar one.
For π/4 and π/3, the patterns of grid dipoles are consid-
erably different and quadrupole arrangements of charge at
the opposite sides of the base combine with the main dipo-
lar resonance along the z axis. Although not well visible in
Fig. 4, on the bottom side of the cone roughly half of the
polarization points up and half down, with features typical
of a quadrupolar resonance. As we expected, according to
the inset of Fig. 3a, the most favorable structure turns out to
be the cone with a π/6 aperture: for small aperture (π/21
and π/13), the grid dipoles are not able to align, while for
big ones (π/4 and π/3), they arrange themselves to cancel
the global effect (i.e., the total internal polarization).

For what concerns internal fields (see panels on the right
in Fig. 4), they look similar in the five different structures,
being mostly concentrated around the tip. Since the field
enhancement is similar in all cases, the internal fields cannot
explain the decrease in the maximum intensity of the non-
radiative decay rates (inset in Fig. 3b) at increasing aper-
ture: this behavior, instead, can be traced back to the k3

dependence in the decay rate formula (see Eq. 1). Small
apertures (see the curve for π/21) have the dipolar reso-
nances in the NIR region and thus present huge nonradiative
decay rates.
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We investigate the effect of the height by considering
cones with the same aperture (π/13) and different heights
(40, 80, 120, and 160 nm) and larger cones with the same
height (160 nm) but different apertures (π/21 and π/6). The
results obtained for the normalized decay rates as well as
for the quantum yields are reported in Figs. 5 and 6, respec-
tively. For such large systems we use larger interdipole
distances to reduce computing time (up to dint = 1/2 nm).
We fix the emitting dipole to 10 nm from the cone tip in
order to avoid spurious effects due to the discretization. As
the decay rates are rapidly decreasing with the dipole-tip
distance, Fig. 5 presents decay rates not directly comparable
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with values in Fig. 3. Nevertheless, an accurate comparison
between systems of different size is possible.

In Fig. 5a, it results evident how the major role in shifting
the resonance frequency must be ascribed to the aperture:
cones with the same aperture have the resonance in the same
spectral range (around 770 nm) with comparable intensities,
while cones with the same height but different tip angles
have a completely different resonant behavior. By observing
Fig. 5a, we note that the 160-nm high cones with aper-
tures π/21 and π/6 have the resonance in similar spectral
positions as the previous 20-nm high cone with correspond-
ing aperture. Concerning the peak positions, the total decay
rates reported in Fig. 5b behave like the radiative ones: the
aperture seems to be the central parameter in shifting the
resonance in the spectral range. Moreover, as for h = 20 nm
(Fig. 3b), the intensity decreases with increasing tip angle.

In Fig. 6, the quantum efficiencies q, defined as the ratio
between the radiative and the total decay rate (q = �R/�)
of the seven different systems analyzed in Fig. 5, are visu-
alized. Here, a dipole with a low intrinsic quantum yield
q0 = 0.1 has been considered in the general formula for
the quantum efficiency. The relevant wavelength region to
consider is λexc > 450 nm where lifetime is strongly mod-
ified by the nanocones (see Fig. 5b). For λexc < 450 nm,
there is no effect on the lifetime (the quantum yield is high
only because nanocones absorb weakly). To obtain an opti-
cal “gain” in terms of radiated emission or to improve the
quantum yield of an emitter, big Ag cones must be con-
sidered (cones with h = 160 nm and aperture π/6). Size
is, therefore, the crucial parameter to handle in view of
exploiting dipole–nanoantenna interaction for fluorescence
enhancement applications.
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Conclusion

We have presented a study of the decay rate dynamics for
a dipole exciting finite Ag cones with sharp tips, which can
be viewed as a numerical engineering of the decay rates.
We assert the importance of the aperture in shifting the
resonances in the desired spectral range and in tuning the
enhancements of the radiative and nonradiative decay rates
of the dipole. For a given size, an optimal aperture exists for
what concerns the radiative efficiency of these structures.
Nonradiative decay rates instead increase at decreasing
aperture angle. The outcome of the analysis is to achieve,
by a numerical point of view, a good control of the lifetime
and of the fluorescence quantum yield for a single dipole
emitter. The structures can be tailored to achieve high
spectral selectivity, by simply handling the geometrical
degrees of freedom. By changing the aperture, the dipole
resonances can be tuned all over the visible spectrum,
while by increasing the size, high quantum efficiencies
can be achieved. The results show that metallic nanocones
are suitable systems to obtain significant modifications of
the spontaneous emission dynamics, towards a numerical
engineering of decay rates exploiting surface plasmon
resonances and in view of experimental control. The same
approach based on the discrete dipole approximation can
be applied to nanoantennas of different shapes.
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