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Abstract

We report a discrete dipole approximation approach to
analyse the perturbations induced by silver nano-particles
on the decay dynamics of a point-like emitter placed in their
proximity. Due to the excitation of localized surface
plasmons, metallic nano-particles behave like optical
antennas and are able to convert localized fields into free-
propagating optical radiation, and vice versa. Field
localization and enhancement induce strong changes on
the decay dynamics of dipoles located in the perturbed
electromagnetic environment, and these can be faithfully
quantified within the framework of classical electromag-
netism in terms of total, radiative and non-radiative decay
rates. The method is tested on benchmark cases, i.e., nano-
spheres and nano-shells, and it is then applied to analyti-
cally-unsolvable shapes such as sharp nano-cones and
oxide-covered small nano-antennas. Numerical results
reveal 10°-order enhancements in the total decay rate of the
dipole when located very near to the sharp tip, both with
and without a thin Ag,0O layer. Moreover, the counter-
intuitive behaviour of the cone response in relation to the

distance between the metal and the source of the radiation
is discussed. Applications span from strong coupling
studies to time-resolved fluorescence spectroscopy.

Keywords Discrete Dipole Approximation, Optical
Antennas, Localized Plasmons, Dipole Decay Dynamics

1. Introduction

Since the pioneering work of Purcell in 1946 [1], it has been
widely known in the field of fluorescence spectroscopy that
the rate of the emission process can be modified by placing
a quantum emitter (QE), such as an atom or a molecule, in
a structured polarizable environment [2 - 5]. Usually, the
interaction between the emitter and its local optical
environment is such that only the spontaneous emission
rate is perturbed, while the emission frequency remains
unaltered. In this regime of light-matter interaction, called
a weak coupling regime, a fundamental goal of the research
has been to quantify the changes induced by the surround-
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ing medium on the emitter decay dynamics, while at the
same time clarifying the balance between the radiative and
the nonradiative decay channels [6 - 8].

Inrecent years, the plasmonics community has looked with
increasing interest at the possibility of handling the
modification of spontaneous emissions through the
conscious and controlled use of localized and delocalized
surface plasmons, this favouring the growth of radiative
decay-rate engineering (RDE) [9] which has become a central
issue in nano-photonics. Metallic nano-structures and
nano-patterned surfaces provide, in fact, a unique way to
increase the radiative decay rate of fluorophores, and it has
been shown that unusual effects on fluorophores, such as
increasing or decreasing the rates of radiative decay or
resonance energy transfer (RET), can be achieved [10].
Moreover, due to both the extreme tunability of the
plasmonic response and the near field enhancement in
metallic nano-particle assemblies or geometries, plasmon-
ics offers unprecedented opportunities for controlling light
at the nano-scale. Thus, it allows us to neatly engineer the
coupling between the electronic excitations of the emitter
and the collective motion of the metallic electrons in the
plasmons.

This important, plasmon-mediated engineering now
becomes possible thanks to the extremely precise control
that we have over the plasmonic modes supported by
metallic nano-structures. This control derives either from
the consolidated understanding of the relationship be-
tween the details of the nano-structure and the nature of
the associated plasmon modes, or from the last experimen-
tal developments of powerful and impressive nano-
fabrication and characterization techniques. The
development of nano-optics techniques has, thus, greatly
contributed to affirming the importance of exploiting
plasmonic nano-antennas, like metallic nano-particles or
nano-tips, and to modifying the excited-state lifetime [11],
the fluorescence intensity [11 - 19], and the radiation
distribution [17, 20] of isolated emitters. Due to the highly
confined electromagnetic resonances following from the
response of free electrons [12], metallic nano-particles or
nano-structures are in fact able to strongly perturb the
electromagnetic fields in their surroundings and to modify
both the excitation and the emission rates of proximate
fluorophores, chromophores and QDs [21].

Despite these experimental examples, the problem of the
electromagnetic coupling between a plasmonic object and
a source of radiation located in its proximity continues to
raise numerous open questions in molecular plasmonics,
especially for complex nano-particle shapes that do not
lend themselves to an analytical treatment.

Theoretically, the investigation of electrodynamic coupling
between molecules and metal nano-particles can be worked
out with different levels of approximation according to the
description used for the counterparts, and different options
can be found in the literature. According to a widely-used
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approach, the molecule is considered as a classical oscillat-
ing point dipole, and the metal nano-particle as a continu-
ous body characterized by its own frequency-dependent
dielectric function [13].

In the regime of very narrow junctions and sub-nanome-
tre metal-molecule distances, other interactions become
important, and chemical effects must also be included in
the treatment [22 - 24]. These primarily comprise the non-
local screening or the finite spatial profile of the plasmon-
induced screening charge, and the spill-out or tunnelling
of electrons outside the nano-particle surfaces [25, 26].
Treating these interactions is sometimes mandatory for a
complete understanding of some molecular plasmonics
phenomena, and as such a more sophisticated method
has been developed to study the coupling. It consists of
exploiting the continuous body description of the metal
and of treating the molecule atomistically by standard
electronic structure techniques, such as time-dependent
Hartree-Fock (TDHF) and time-dependent density
functional theory (TD-DFT), which include the electro-
magnetic interaction in the molecular Hamiltonian [27,
28], and by performing a fully quantum mechanical
analysis of both the counterparts (i.e., the QE and the
metal) [25, 26].

Here, a classical electrodynamics description of a metal-
emitter system is adopted to quantitatively study the
perturbations induced by nano-particles to the spontane-
ous decay rate of a single emitter taken to be point-like, in
aregime of weak coupling in which a macroscopic descrip-
tion of metal is assumed to be valid [29].

A discrete dipole approximation (DDA) [30, 31] approach
is presented as a useful and accurate tool to investigate
coupling problems involving geometries that are not
analytically solvable and for which more accurate ap-
proaches (partially or fully ab initio) could prove prohibi-
tive. The idea at the basis of the analysis involves accurately
describing the nano-particle shape to acquire a faithful
description of the optical response of the metallic compo-
nent on the emitter, this being necessary to quantify the
perturbations induced on the decay dynamics of the dipole.
A vast literature on DDA exists - it mostly concerns the
solution of the Maxwell problem for metallic structures
excited by plane waves or radiations coming from infinite-
ly-distant sources. In studying plasmonic antennas’
behaviour, generally, we have to deal with strongly
variable electromagnetic fields emitted by dyes or QDs
placed near the metal nano-structure. Since, for a first
approximation, the finite size of such kinds of emitters can
be ignored (their dimensions being much smaller than
electromagnetic wavelengths in the VIS-NIR range), and
these can be considered as point-like radiating dipoles, a
very attractive possibility would be to extend the numerical
methods (e.g., DDA, the boundary elements method, the finite
element method, etc.) to include incident fields assuming the
form of dipolar fields.



The focus of this review is to summarize the recent devel-
opments in this field regarding the DDA method [32 - 34]
and to illustrate the working principles and the potential of
a new implementation of DDA, including incident fields
generated by local point-like sources [35]. Despite the vast
literature in the field [8, 36 - 53], to the best of our knowl-
edge, a crucial issue remains in demonstrating the reliabil-
ity of a general purpose numerical approach for calculating
the total, radiative and non-radiative decay rates of a metal-
emitter system.

In this paper, a preliminary check performed in two
different cases for which an analytical solution exists
(spheres and nano-shells) shows excellent agreement
between exact and numerical results for the decay rate
modification, thus placing the method on a firm ground.
The analysis reported here aims to shed light on the
perturbations on the dipole decay rates induced by 10 nm-
sized Ag nano-particles. In particular, the differences
between spherically-shaped nano-particles and conically-
shaped ones are underlined in the dependence of the
antennas’ response on the dipole distance and orientation:
numerical results assess the capability of a sharp Ag nano-
cone to strongly modify the lifetime of an emitter with high
sensitivity on the dipole distance and orientation with
respect to the tip. Numerical results reveal 10%-order
enhancements in the total decay rate of the dipole when
located very near to the sharp tip. This is of huge impor-
tance, as an example, for the onset of strong coupling
interactions [34, 54].

In addition, we present novel results on oxidated nano-
particles. We included a thin Ag,O layer covering the nano-
particles with the aim of shedding light on the effects of
oxidation on the optical behaviour of this kind of Ag nano-
particle. The appearance of a few nanometres of native
oxide represents, in fact, a real problem in plasmonics
applications for metals, e.g., silver and aluminium, and can
be revealed by SEM images or x-ray diffraction analysis
after a few minutes of exposure to air [55, 56]. We found
that the oxide layer produces a red-shift of the major
resonances and increased field localization inside the
metal.

The remaining part of the paper is organized as follows. In
Sec. II, we summarize the theoretical and computational
method by underlining the relationship existing among the
normalized decay rates (radiative, non-radiative and total).
The reliability of the method is then shown and discussed
in Sec. Il by comparing the DDA decay rates for Ag nano-
spheres and nano-shells with the exact electrodynamic
results that are well-known for these geometries. In Sec. IV,
we then calculate the dipole total decay rate modifications
in the proximity of variously-shaped small Ag nano-
particles (spheres, nano-shells and cones) with and without
a thin silver oxide layer covering the nano-particle and
study the dependence of them on the emitter distance and
orientation. In Sec. V, conclusions are drawn.

2. Dipole Decay Rates: Theory and Method

The perturbations on the dipole decay dynamics induced
by the plasmonic background are analysed here in the
framework of the DDA [30, 31, 57] full-wave simulation
method, which describes the scatterer as an array of
polarizable dipolar elements organized on a regular cubic
grid. The polarization of each element is the result of the
interaction with the local electromagnetic field produced
by all the other elements plus the external field. This
method yields solutions for the electromagnetic field in
response to an incident electric field in the frequency
domain, including retardation effects. By simply fixing the
dipole position in the space, we take care of the antenna
response and of the perturbations induced by it on the local
field at the dipole position in a rigorous way.

We assume a point-like dipole p,, (this, and other complex

quantities throughout this paper, will be indicated with the
grapheme placed at r, and emitting electromagnetic
radiation with a frequency w near a metallic nano-particle
in a vacuum. This nano-particle reflects and/or scatters-back
radiation by generating a response electric field E, ., given

by [57]

Escut (l') = é;mf (r’rO’w) ' f)U’ (1)

where G;f“'(r,ro,w) is the dyadic Green function for the

scattered field describing the electromagnetic response of
the whole environment (the vacuum and the nano-particle)
at pointr. Here - and hereafter - we use Gaussian units. The
total electric field is given by

Emr (I‘) = Emt (I‘) + Einc (I'), (2)

where
Einc (1‘) = éo (r/rn'a)) ‘P ©)]

and G(r,r,,w) is the free-space dyadic Green function [57].
The function é;“” (r,r,,w) is related to Gy(r,r,w) by [57]
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and ¥ ,(rw) is the (local) dielectric susceptibility of the
nano-particle. Note that integrals in Eqgs. (4) and (5) are
restricted to the nano-particle volume, as )?p vanishes

outside it.

Here, attention is focused on the scattered field E_,

exactly at the dipole source position r,. Eqgs. (4) and (5)
are difficult to solve, and different approximations have
been considered in the literature. For example, the nano-
particle itself can be approximated as a point dipole [39];
however, this dipole-dipole approximation can be applied
only for nano-particle-molecule distances larger than a
few (i.e., two to three) radii of the metal nano-particle,
otherwise the total decay rate is largely underestimated
[58]. Higher multi-pole moments are needed for a correct
description [58, 59], as is the case in the Gersten and
Nitzan model [59, 60].

The underlying idea of the present work is to numerically
approach the exact local field at the dipole position by
solving the Maxwell’s equations within the DDA frame-
work. By solving in a self-consistent manner a system of 3N
-coupled complex equations, DDA gives N dipoles p;
describing the polarization of the target so that the scattered
field experienced by the dipole [61] can be written as

Escni (r[ ) =

~()(r()’ri’a))'pi’ (6)

M=

[
—

i

where p; is located at r;.

In the weak-coupling interactions regime, the knowledge
of the scattered field at r, allows us to compute the irrever-
sible enhancement of the total emission rate [62 - 65] or the
total decay rate normalized to the free-space value [8, 57]

1,3 4%
FO 1+2k3 f)OZIm[PO Esmt(rO):|’ (7)

where I}, is the total decay rate of a (classical) dipolar
emitter with an intrinsic quantum yield g, i.e., correspond-
ing to the total radiated power (P,) of the dipole p, in a

vacuum, normalized to the energy

(©)

Note that in the case of a QE, p, will be double the transition

dipole moment between the ground-state and excited-state
level [57].

Using Eq. (6) and the fact that the space-dyadic Green
function is symmetric [66], we can rewrite Eq. (8) as
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I _ +§ 9o
r, 2k3‘f30

ilm[ P -éo(ri,ro,w)~135] - )

i=1

2

Eq. (9) can be further simplified assuming (as usual) that
the external perturbing dipole p,=p, is real. Thus, from Eq.

(3) we obtain

r 3 N . =
r‘f:l-&-f 9o ZZIm[ P, .E’.m(l'i)j| , (10)
0

2 k3‘p0 i=1

which involves only quantities readily available in DDA.

It has been largely proved that the change expressed by Eq.
(7) and known as the "Purcell effect’ [1] can be ascribed to
the modifications of both the radiative decay rate due to
photon emission and the non-radiative decay rate due to
energy dissipation in the environment [67 - 70]. For emitters
close to metal surfaces, both rates can be enhanced. If the
nano-particle is dissipative, I' / I, is the sum of the intrinsic
non-radiative term Iyg o/I=(1-¢q), the radiative decay
enhancement (I, /I;)) and the quenching rate enhancement

induced by the lossy environment (I'yg /Ip) [71, 15, 16], i.e.,

r r, r
—=(1- +7R+ﬁ.
o)t ()

According to semi-classical theory [59], the non-radiative
decay rate is I'yz=P,,. /hw, where P, is the (time-aver-

aged) power absorbed by the nano-particle

abs S

o ) (12)

In Eq. (12), we discretized the integral over the nano-
particle: the summation is done on the N dipoles” contri-
butions, V. is the volume of each cubic element, and E, ,(r;)

is the total internal electric field at position r;.

The normalized non-radiative decay rate I'y; thus becomes

FFM:%Z[ZIm[;z,,(r,ﬂEW(r,-)Z

Ve 13
0o 2K\ ] 49

and by using the relation p, =VCX,;("{)EM (r;) [31],

m[p, E,,x)] . (14)



On the other hand, the radiative decay rate can be comput-
ed considering the power radiated in the far-field. In the
far-field zone, the radiated electric field (E,,,), the radiated

magnetic field (H,,;) and the radiated Poynting vector

(8,,=(c/8n)E,  xH ), can be computed as

Emd (l‘) = %(klfr)i(f) 4 (15)
i1, (0= 220 k) (16

2

F(2)

8,.(r)= Miﬁf , (17)

A
where r=r/r and the scattering amplitude

F(t)=-ik’ (f —f'f)(po exp(—ikr, - 1)+

N
S et |
i=1

(18)

contain N polarizable points p; as well as the external

source p,. The radiative decay rate is thus:

aQ , (19)

. [(Re[S,u(r)]-Bds 4 [JF
R he 87k’h e

where S is the surface in the far-field and Q is the solid-
angle. Clearly, if we consider only the dipole p, in Eq. (18),
the integral over Q is (k 87 /3) | p, | 2and Eq. (8) is obtained.

The normalized radiative decay rate is thus

r

Tr_ 34, I
Lo 87rk6‘p0‘2 ¢

E)

Eq. (20) is difficult to compute numerically due to the
integral over Q. Beyond this direct method, which does not
involve any limitation or approximation, it is also possible
to acquire this quantity using Eq. (11), i.e., considering I
and I'y; in Eq. (7) and Eq. (13), respectively (we will refer
to this method as the indirect one). Alternatively, if all the
phases in Eq. (18) are neglected, i.e., if the relative distances
between the points ryr,,...ry (i.e., the particle size and the
particle-external dipole distance) are much smaller than the
wavelength of the emitted light, we simply obtain

N 2

2P +P,

i=1

Ty

Lo ‘PU‘Z

, 1)

which represents the enhancement of the total dipole.
While (Eq. 7) and (Eq. 13) always give an exact expres-
sion of the total non-radiative decay rate, within the limit
of a fine discretization, and we underline that the
radiative contribution calculated with Eq. (21) is only
valid in the cases of small nano-particles and a few
nanometre emitter-metal distances [32]. Phase shifts and
interference effects could affect the results under the
regime of large distances.

In the following paragraphs, we report the radiative
decay rate perturbations calculated with the indirect
method or - equivalently - by the difference, although we
have recently shown that for small nano-particles such as
those considered here, Eq. (21) gives values which
correspond almost exactly to the differences between the
total decay rate (Eq. 7) and the non-radiative decay rate
(Eq. 13) [32]. In this approximation, once the radiative
and total decay rates are known, the quantum yield or
quantum efficiency of the complete system can be
calculated by the general formula

q= FR/F[) _ FK/F[) )
(rK+rNR+rNR,O)/r0 1—‘/FO_‘—(l_qO)

(22)

The decay rate perturbations reported here are the result
of extreme interest in describing the changes induced by
an antenna on the decay dynamics of a point-like emitter
in the regime of weak coupling. Furthermore, by taking
advantage of these as well as photonic Lamb shift - which
can be easily calculated in this framework - DDA offers
a useful tool for a complete description of strong coupling
interactions. It has been recently shown, in fact, that if we
combine DDA with a quantum electrodynamics treat-
ment of light-matter interaction, we can calculate the
dipole spectrum and the power spectrum emitted to the
far-field by a point-like dipole placed in proximity to
plasmonic nano-antennas and without any limitation on
the geometry of the system [34, 72].

3. Reliability of DDA Numerical Results

Here, version 1.3 of the open source code ADDA developed
by M. Yurkin and A. G. Hoekstra [35] isused. ADDA’s main
feature is the ability to run on a multiprocessor system by
parallelizing a single DDA simulation. For each exciting
frequency, the scatterer is partitioned in slices parallel to
the xy-plane so that the run-time is significantly reduced
[73]. As to what concerns the choice of the inter-dipole
distance or discretization parameter d,,, (which in DDA
represents the side of the elementary cube), the possibility
of quickly ensuring convergence depend upon the size and
the shape of the considered nano-structure. The results
reported in the next sections are obtained by setting
d;,;=1/16 nm.
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For spherically-shaped nano-particles, as well as for sharp
objects, i.e., the nano-cones analysed in this work, special
attention should be paid to the convergence problem. For
spherically-shaped nano-particles, the adopted prescrip-
tion for the discretization parameter d,,=1/16 nm is
proven to be good enough by recurring to a comparison
with the analytical results. In Fig. 1 and 2, a comparison

int

between the numerical and the analytical results is shown
for the benchmark cases of a 10 nm Ag nano-sphere and a
10 nm Ag nano-shell with a 2 nm wall-thickness, respec-
tively. The DDA decay rate perturbations are compared
with the results obtained within exact electrodynamics
theory (EET) [74] for the sphere (Fig. 1) and the recursive
transfer-matrix (RTM) solutions [75 - 77] for the nano-shell
(Fig. 2). As can be noted in Fig. 1 and Fig. 2, the agreement
between numerical and analytical decay rates as functions
of the emitter wavelength (total decay rates in panels b) and
dipole distance (total, radiative and non-radiative decay
rates in panel c), turns out to be almost perfect for both the
orientations, parallel and perpendicular to the metallic
surface.
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Figure 1. (a) Sketch of a 10 nm-diameter Ag sphere excited by a dipole-
oriented in parallel (Px) or perpendicular (Pz) to the surface. (b) DDA and
EET normalized total decay rates calculated for the system in (a) for a
distance from the surface d =5nm. (c) DDA and EET normalized total,
radiative and non-radiative decay rates calculated for the same system for
Ay =354 nm. The analytical values are represented with lines while the
numerical ones with symbols. The inter-dipole distance used is

d

it =1/16 nm and the values are reported in a decimal logarithmic scale.
In all the DDA simulations reported here (the benchmark
and the new cases in the Sec. IV), the metal is described
using the experimental dielectric function of Palik [78] and
gy is assumed to be unity unless otherwise specified.
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Figure 2. (a) Sketch of a 10 nm-diameter Ag shell with a wall thickness of 2
nm, excited by a dipole oriented in parallel (Px) or perpendicular (PZ) to
the surface. (b) DDA and RTM normalized total decay rates calculated for
the system in (a) for a distance from the surface d =5 nm. (c) DDA and RTM
normalized total, radiative and non-radiative decay rates calculated for the

same system for A, =394 nm nm. The analytical values are represented

exc
with lines while the numerical values with symbols. The inter-dipole
distance used is d;,,,=1/16 nm and the values are reported in a decimal

logarithmic scale.

4. Results: Beyond Analytically-solved Shapes

4.1 Total Decay Rates

In Fig. 3, the total decay rates normalized to the dipole free-
space decay rate (also called 'normalized 'decay rates) are
reported as a function of the wavelength for three differ-
ently-shaped nano-particles: a 10 nm Ag nano-sphere, a 10
nm Ag nano-shell with a 2 nm wall thickness (the same as
Sec. II) and a 20 nm-high Ag cone with a negligible curva-
ture radius and a semi-aperture of n/13rad. The decay
rates of a cone cannot be computed analytically, and thus
a fully numerical approach (such as DDA) is required. In
Fig. 3, we consider both the parallel (panels ab,c) and
perpendicular (panels d,e,f) orientations for three different
emitter distances (d=2, 5, 10 nm).

While the optical responses of the sphere and the nano-shell
give results that are very similar to each other, regarding
what concerns their dependence on the dipole orientation
as well as the dipole distance, the behaviour of the analysed
sharp nano-cone is instead quite peculiar.

Concerning the effects of the dipole orientation, the sphere
and the nano-shell both present similar spectra (i.e., they
peaked around 350-400 nm) by moving from a parallel
orientation of the dipole to a perpendicular one, the only
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Figure 3. Normalized total decay rates calculated for a dipole oscillating in parallel (a,b,c) and perpendicular (d,e,f) to the nano-particles sketched on the top

(a 10 nm-diameter Ag sphere, a 10 nm-diameter Ag shell with a wall thickness of 2 nm, and a 10 nm-high Ag cone with an aperture of 7t / 13 rad). The decay
rate perturbations are reported for several distances of the dipole from the metallic surface: 2 nm (a,d), 5 nm (b,e) and 10 nm (c,f). For graphical readability,
the values relative to the cone were multiplied by an extra factor in panels (a-b-c).

difference being the greater intensity of the decay rate in
the latter case. For both orientations, a peak at 342 nm and
the shoulder on the low-energy side for the sphere, as well
as the two resonances at 344 nm and 393 nm for the shell,
are clearly visible in the decay rate spectra (Fig. 3).

The nano-cone response presents significant sensitivity to
the dipole orientation. As can be observed in Figs. 3a and
3d (i.e., considering the case of a 2 nm distance), the two
decay spectra of the nano-cone obtained for the parallel and
the perpendicular orientations are substantially different.
For the parallel case, a small peak appears at 340 nm, while
for the perpendicular orientation we can observe a strong
resonance at 760 nm: the values for the maxima go from
about 130 for the parallel case to about 120000 for the
perpendicular one. Thus, the perpendicular orientation
strongly dominates the decay rate variations. For practical
applications, this important increase in the decay rate could
strongly decrease the lifetimes of those emitters which have
a typical lifetime of 10 ns, this being desirable to take full
advantage of the new generation of mode-locked lasers
with high repetition rates. As discussed in Ref. [32], the
resonance at 760 nm looks like a dipole mode, which can
be excited by both near- and far-source radiations.

Concerning the effects related to the dipole distance,
besides the huge spread of the maximum values resulting
from moving from the spherical nano-particles to the cone,
and as registered for all the analysed distances, for the case
of the cone we note a counter-intuitive trend with regard
to distance. By moving away from the tip, the spectrum
becomes broader, with a shoulder on the short-wavelength
side of the dipolar resonance until a second peak appears
at 560 nm. For larger distances, a third peak rises around
490 nm, and for a 50 nm-distant emitter, the field induced
by the dipole behaves like that induced by a plane wave
with the same polarization properties (z polarization) [32].
This dependence of the spectrum on the emitter-metal
separation seems counter-intuitive and is very interesting
if we compare it with the trend obtained for the sphere and
the nano-shell. For the spherically-shaped nano-particles
analysed here, as well as for the major part of few-nano-
metre plasmonic nano-particles, uniform fields can excite
only the dipolar surface plasmon mode, while strongly
variable fields are able to excite higher-order modes
associated with more complex electronic charge oscilla-
tions. A full analysis of this effect, together with the charge
distribution of the modes, is given in Ref. [32].
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Figure 4. Normalized total decay rates calculated for a dipole oscillating in parallel (a,b,c) and perpendicular (d,e,f) to the nano-particles in Fig. 3 but covered
with a thin Ag,O layer (1 nm) (sketched on the top). The decay rate perturbations are reported for several distances of the dipole from the metallic surface: 2
nm (a,d), 5nm (b,e) and 10 nm (c,f). For the sphere, the curves obtained analytically with the RTM approach are also reported for a comparison (yellow solid
lines). For graphical readability, the values relative to the cone were multiplied by an extra factor in panels (a-b-c).

The results of Fig. 3 therefore show that a small, conically-
shaped nano-particle, like the one analysed here, can
support several plasmonic resonances in the VIS spec-
tral range, and that the higher-order resonances can be
excited, provided that the distance between the dipole
and the tip is properly tailored. This can be very useful
to get information on the metal-emitter distance in
experimental set-ups: in a scanning microscopy configu-
ration, the distance between the tip and the sample could
in fact be determined from the spectral dependence of the
measured decay rates.

The appearance of higher-order modes with the increasing
distance of the emitter dipole from the cone tip is then
further evidenced by covering the nano-particle with a thin
Ag,O layer (1 nm), see Fig. 4. Here, the complex refractive
index of the Ag,O layer is taken by a spectroscopic ellipso-
metric study of the optical properties of Ag,O-deposited
films [79].

By covering the nano-cone with a silver oxide layer, in fact,
we can note that for the same distance of the emitter from
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the metallic surface (here, the distance has to be considered
from the metal surface and not from the outer, oxidated
surface), we have more distinguishable peaks even if
shifted in the red part of the spectral range, similarly to as
is shown in [80] (see Fig. 4-d,ef). The Ag,O’s ability to
absorb radiation becomes responsible for huge internal
fields inside the oxide layer, this producing an important
enhancement of the non-radiative decay channel of the
dipole radiation. The maxima values obtained for the total
decay rate, reported in Fig. 4, thus appear significantly
higher than those achieved in the bare nano-particles case
(Fig. 3). The presence of an Ag,O layer thus enhances the
local field in proximity of the metallic surface, this allowing
for a better coupling of radiation with the plasmonic
modes. In the cases of the sphere and the nano-shell, the
same field confinement around the Ag surface leads to a
higher coupling of radiation with the lower-energy modes
in Fig. 3, and to a complete redistribution of the spectral
intensity. Once again, we want to stress the good agreement
between the numerical results obtained for the oxidated
sphere and the analytical ones calculated with the RTM



method [75 - 77] by assuming a 5 nm-radius Ag core and 1
nm-thick Ag,O shell (yellow solid lines in Fig. 4).

Finally, we can note that in both Fig. 3 and Fig. 4, the
normalized total decay rate does not vanish for long
wavelengths. This is more evident in the case of the cone,
but it is also true for the sphere and the shell. In fact, all the
reported spectra are dominated by the non-radiative
contribution (due to the small emitter distance, see also
Figs. 1 and 2), and the non-radiative contribution diverges
as A for very large A [59].

4.2 Internal Fields and Quantum Yields

The internal fields for the resonant wavelengths, with and
without an oxide covering layer, are reported in Fig. 5. The
field maps are related to the total decay rate resonances in
Fig. 3 and 4. As to the field’s dependence on the shape, we
can observe, once again, the large difference between the
spherically-shaped nano-particles and the cone by moving
from a perpendicular to a parallel dipole orientation. These
maps confirm, in fact, the higher sensitivity of a conical
shape to the dipole orientation of the emitting dipole: for
the sphere (panel 1) and the nano-shell (panels 2), by
moving from the left column to the right column, we have
substantially the same internal fields, whereas for the cone
(panel 3) we note a sort of shutting down’ of the resonance
with the field switching off from the perpendicular to the
parallel case.

Concerning the role of Ag,O, in all the cases we can observe
a significant enhancement of the internal field inside the
metal when calculated in the presence of the thin oxide
layer.

The field confinement due to the oxide and the derivative
increase of the internal field shown in Fig. 5 thus becomes
responsible for an important growth of the non-radiative
decay channel in terms of the spontaneous emission rate
for the dipole placed near the oxidated structures. Through
Eq. (13), it is a simple matter to understand how higher
internal fields inside the nano-antennas produce larger
non-radiative decay rates. As a consequence, by moving
from a bare Ag nano-particle to an oxidated one, we expect
an evident decrease of the quantum yield (the increase in
the radiative decay rates not being enough to compensate
the losses inside the metal). The quantum yield-lowering is
very visible in Fig. 6, where the dipole distance is fixed at
5nm from the nano-particle surface. If the presence of oxide
produces a significant decrease of the quantum efficiency
g in all the cases, again the difference between spherically-
and conically-shaped nano-particles should be noted.
While the wavelength dependence of g for the sphere and
the nano-shell spectra remain unchanged for both orienta-
tions, with only an expected small reduction of g in the
perpendicular case, the response of the oxidated cone is
completely different. By moving from a parallel to a
perpendicular orientation, important changes in g are

registered in terms of both the spectral position and
intensity of the peaks.
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Figure 5. The modulus squared of the internal local field without (a,b,c) and
with (d,e,f) a thin oxide layer (the values are in a decimal logarithmic scale).
The upper panels represent the sphere, the middle panels the shell, the
bottom panels the cone. The dipole is assumed to oscillate perpendicularly
(a,d) and in parallel (b,c,e,f) to the surface at 2 nm from the metal. Resonant
wavelengths: 342 nm (a.1,b.1,c.1), 460 nm (d.1) and 470 nm (e.1,f.1); 344 nm
(a.2,b.2,c.2) and 470 nm (d.2,e.2,£.2); 760 nm (a.3), 340 nm (b.3,c.3), 1000 nm
(d.3) and 430 nm (e.3,£.3).

Finally, we can note that all the quantum yields reported in
Fig. 6 are lower than the intrinsic quantum yield (we
assumed g,=0.1). In Fig. 7, the quantum yield is calculated
in the RTM framework and reported as a function of the
emitting wavelength and the nano-sphere diameter to shed
light on the effects of antenna-dimension without or with
a 1 nm-thick oxide layer (to be compared with those
obtained for 10 nm spheres in panels (a) and (d) of Fig. 6).
For the parallel case, the presence of the antenna is always
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disadvantageous due to making the dipole quantum
efficiency lower than its intrinsic value, whereas the
antenna efficiency in the case of a dipole oscillating along
the radial direction increases up to 0.25 for very large nano-
particle diameters (D>160nm). Again, these enhancements
gives results less than those which can be achieved for
equivalently-sized bare Ag nano-spheres.
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Figure 7. Quantum yield maps calculated in the RTM framework for a dipole
(with an intrinsic quantum yield g,=0.1) oscillating parallel (a,c) and
perpendicular (b,d) to a several-diameter Ag nano-sphere without (a,b) and
with a 1 nm-thick Ag,O layer (c,d). The dipole distance is fixed at 5 nm from
the metallic surface, as in Fig. 6.
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5. Conclusions

In conclusion, in this work we have summarized the basic
theoretical principles and the potentialities of a DDA-
based approach for the study of the perturbations
induced on the dipole decay dynamics by plasmonic
nano-antennas of arbitrary shape and composition. The
analysis gives the expressions to numerically compute the
total, radiative and non-radiative decay rates normal-
ized to the free-space dipole decay rate. The reliability of
the method is also proved by reporting the comparison
of the DDA results and the numerical ones obtained for
the benchmark case of analytically-solved shapes (e.g.,
spheres and nano-shells). Concerning the results, the
peculiar behaviour of a metallic sharp-tip is evidenced by
comparing this with that of spherically-shaped nano-
particles. In particular, two phenomena are stressed, i.e.,
the extreme sensitivity of conically-shaped nano-parti-
cles on the dipole orientation, and a counter-intuitive
trend of spectra with the increasing distance of the metal
from the source of radiation. The effects of a thin oxide
layer on the perturbations induced by the same Ag nano-
antennas on the dipole decay dynamics are also shown.
Beyond a red-shift of the major resonances, the field
localization around the metal due to the oxide layer
produces important changes in the total decay-rate
spectra. These can be summarized in the disappearance
of the peaks at higher energies for the spherically-
shaped nano-particles and in a stronger coupling of
dipole radiation to higher-order peaks for the cone. We
believe that these results contribute to attesting the
importance of the numerical engineering of decay rates
exploiting surface plasmon resonances, and in view of the



considered experimental control of decay processes in
both weak and strong coupling regimes of light-matter
interactions.
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