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Metallic nanoparticles can localize the incident light to hotspots as plasmon oscillations, where
the intensity can be enhanced by up to four orders of magnitude. Even though the lifetime of
plasmons are typically short, it can be increased via interactions with quantum emitters, e.g. spaser
nano-lasers. However, molecules can bleach in days. Here, we study the lifetime enhancement of
plasmon excitations due to the coupling with longer lifetime dark plasmon modes. We apply an
analytical model based on harmonic oscillators to demonstrate that a coupled system of bright and
dark plasmon modes decays more slowly compared to the bright mode alone. Furthermore, exact
solutions of the 3D Maxwell equations, i.e. FDTD, demonstrate that the lifetime of the coupled
system significantly increases at the hotspot, which is not predictable by far-field response. The
decay of the overall energy of such a coupled system, which can be extracted from experimental
absorption measurements, is substantially different, compared to the decay of the hotspot field. This
observation enlightens the plasmonic applications, where the hotspot intensity enables the detection
of the optical responses.

I. INTRODUCTION

Generation of strong local electromagnetic fields at the
nanoscale is one of the major objectives in plasmonics.
Resonant interaction of metal nanostructures (MNSs)
with incident optical light provides localization of elec-
tromagnetic fields with up to ten thousand times higher
intensity as compared to the incident field [1]. Achieving
large electromagnetic field enhancements opens up de-
velopment of fundamentally new metal-based subwave-
length optical elements with broad technological poten-
tial in biological sensing [2–4], optical nanoantennas [5–
8], subwavelength optical imaging [9–11], fluorescence
enhancement [12–16], plasmonic metamaterials [17–19],
and nonlinear plasmonics [20–25]. Despite remarkably
enhanced amplitude, plasmon lifetime is typically short,
most importantly due to radiative damping for MNSs
larger than 20 nm [26]. Lifetime of localized surface plas-
mons have been of interest in recent years [27–30].

Noginov et. al. 2009, demonstrate a narrowing in
the emission spectrum of a spacer, composed of a gold
nanoparticle core placed in a dye-doped silica shell [31].
Coupling between the gold nanoparticle and the dye
molecules enables the system to response with a decay
rate of the molecular excited level, as a result of reso-
nant energy transfer from excited molecules to surface
plasmons. Lifetime extension due to coupling between
plasmonic oscillators and quantum emitters is also the-
oretically demonstrated [32], where the path interfer-
ence effects are utilized. In plasmonic solar cell applica-
tions, improved lifetime of plasmons play a very impor-
tant role on the device efficiency, as light is carried along
the photovoltaic structure for longer durations. On the
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FIG. 1. Description of the coupled plasmonic system: A
metal nanosphere supporting a bright plasmon mode and a
metal nanorod dimer supporting a dark plasmon mode, which
cannot be excited directly by the incident light. The graph
shows representative optical responses of the individual and
coupled systems; the dark mode appears when it is coupled
to the bright mode.

other hand, obtaining lifetime enhancement without us-
ing quantum structures would simplify nano-fabrication.
Quantum emitters are not as convenient as larger parti-
cles in the range from a few to a few hundred nanometers
to be used in optical systems [33]. Besides, molecules
have limited exposure times. Instead of an atomic state,
a dark plasmonic state could be advantageous in the sense
that interaction between a plasmonic mode and an atom
cannot be as strong as interaction between two plasmonic
modes, due to their overlapping of the spatial extensions.

We investigate the effects of coupling between dark and
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bright plasmon modes to the plasmon lifetime. We con-
sider a system of two MNSs, one of which supports a plas-
monic dark state. A plasmonic dark state is a long-lived
excitation that cannot be excited by linearly polarized
field, but can couple to (be excited by) near-field polar-
ization of an excited bright plasmon mode [34–36]. When
a system consists of plasmonic structures with modes res-
onant to a source field, this field can be confined into
nanoscale dimensions, and interact with long-lived dark
states. We consider such a system, illustrated in Fig.
1, where the two plasmonic oscillators are coupled. Al-
though we consider here a scheme where the dark mode
belongs to a second MNS to simplify the FDTD simula-
tions, the dark mode could also belong to the same MNS.

In this paper, we apply an analytical theoretical model
based on harmonic oscillators, describing the oscillation
dynamics of the two coupled plasmon modes. We demon-
strate that the lifetime of the coupled system is enhanced
compared to the uncoupled one, and the enhancement is
the highest at an optimum phenomenological coupling
constant, f , which is related with the distance between
the two plasmonic structures. We numerically monitor
the decay of the near-field of the coupled system for a
range of inter-structure distance by finite difference time
domain (FDTD) [37] method. The lifetime of the sys-
tem for changing values of the inter-structure distance
exhibits a similar behavior to the one obtained by the
theoretical model. Furthermore, FDTD simulations show
that the decay time of the electric field at the gap between
the MNSs extends significantly, compared to the decay
time of the short-lifetime MNS’s near-field in the absence
of the long-lifetime MNS.

II. ANALYTICAL MODEL

The model system consists of two interacting harmonic
oscillators, corresponding to two plasmon modes, sup-
ported by two interacting MNSs, in the weak coupling
regime. One of the MNSs supports a bright plasmon
mode that is resonantly excited by the incident harmonic
field. The lifetime of this driven plasmon mode is typi-
cally short. The second MNS supports a dark plasmon
mode with a vanishing dipole moment, which may arise
from the anti-bonding interaction of dipolar resonances
on that MNS [38]. Dark plasmon modes cannot be ex-
cited by the incident harmonic fields due to weak coupling
to the far-field and are typically long-lived. When the two
MNSs are brought together, the near-field of the driven
MNS excites the dark plasmon mode of the second MNS
and the overall system displays hybridized plasmon reso-
nances with modified lifetimes. The individual bright and
the dark plasmon modes (in the absence of coupling) are

described by amplitudes α
(0)
i , and associated with natu-

ral frequencies ωi, and damping rates, γi, where i = 1, 2,
respectively. The uncoupled eigenmodes are

α
(0)
i (t) ∝ e−(iωi+γi)t. (1)

The total number of plasmons of the system, in the ab-

sence of coupling is determined by α
(0)
1 (t), since the other

mode is not excited without coupling. When the two
particles are brought together, the modes are hybridized
and there are contributions from the oscillations on both
of the particles. The interaction between the oscillators
is defined by a parameter f , in dimension of frequency.
Physically, f quantifies the strength of the coupling be-
tween the near-fields of the two plasmon modes. It is
proportional to an overlap integral which runs over the
spatial overlap of the bright and dark modes [39]. A non-
zero f corresponds to a case when the two MNSs are
brought together; close enough for the polarization fields
induced on the structures to overlap and hence interact.
Therefore f can be related with the physical distance be-
tween the two MNSs, and it approaches to zero as they
diverge away from each other.

The interaction between particles is expected to in-
troduce path interferences at certain frequencies. When
there is a nonzero coupling between the structures, the
solutions of the oscillations are hybridized [40]; being in
the form of linear combinations of the two new oscillation
modes, as,

αi(t) ∝ ehi,1 + ehi,2 , (2)

where functions appearing on the exponents are
functions of the oscillation parameters, i.e., h =
h(ω1, ω2, γ1, γ2, f, t). The total number of plasmons in
the coupled system is defined as,

N(t) = |α1(t)|2 + |α2(t)|2. (3)

The lifetime of the induced plasmon oscillations, τ , can
be defined as the mean value of the time weighted over
plasmon intensity, as follows,

τ =

∫∞
0
tN(t)dt∫∞

0
N(t)dt

. (4)

To find an expression for the Eq. (4), we start with
writing the Hamiltonian of the coupled system in the
Heisenberg picture as follows,

Ĥ = ~ω1â
†
1â1 + ~ω2â

†
2â2

+ ~(fâ†1â2 + f∗â†2â1) + i~(â†1εpe
−iωt),

(5)

where â1 (â†1) and â2 (â†2) are the annihilation (cre-
ation) operators for the collective plasmon excitations
in the driven and the attached oscillators, corresponding
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FIG. 2. Normalized lifetime of the coupled system, defined
by Eq. (4), as a function of the coupling constant, f , for (a)
γ2 = 0.001ω, and (b) γ2 = 0.01ω. In both cases; ω1 = 1.0ω,
and γ1 = 0.1ω.

to bright and dark modes. Since properties like entan-
glement [41–43] are not of interest, they will soon repre-
sent the amplitudes of the associated plasmon oscillations
(âi → αi) and the problem will be reduced to a classical
problem. f is the coupling matrix element between the
polarization field induced by â1 and â2. The first and
the second terms on the right hand side of Eq. (5) are
the energy operators of the two oscillation modes. The
third term corresponds to the interaction energy, and the
last term corresponds to the coupling of the pump to the
driven oscillator, â1.

Equations of motion for the coupled plasmon modes
are obtained using the Heisenberg equation and the
damping rates are plugged in. The driving force term
is removed, since the decay time of the coupled system
such that the driven oscillator is initiated from the ex-
cited state, is of the interest. The operators are replaced
with their eigenvalues. The equations of motion describ-
ing the dynamics of the coupled plasmonic oscillator sys-
tem are the following,

α̇1 = −(iω1 + γ1)α1 − ifα2, (6)

α̇2 = −if∗α1 − (iω2 + γ2)α2. (7)

Equations (6) and (7) form the eigenvalue equation of the
system, with the following eigenvalues, λ1,2, and eigen-

vectors, α(1),(2),

λ1,2 =
1

2
[−a− b±

√
(a− b)2 − 4f2], (8)

α(1),(2) =

 −if√
f2+(a+λ1,2)2

a+λ1,2√
f2+(a+λ1,2)2

 , (9)

where,

a = (iω1 + γ1),

b = (iω2 + γ2),
(10)

and f is assigned to be real to reduce the degree of free-
dom with the purpose of obtaining the simplest and the
quickest evidence of lifetime enhancement. The general
solution is found as,

α1(t) = C1
−if√

f2 + (a+ λ1)2
eλ1t

+C2
−if√

f2 + (a+ λ2)2
eλ2t,

(11)

α2(t) = C1
a+ λ1√

f2 + (a+ λ1)2
eλ1t

+C2
a+ λ2√

f2 + (a+ λ2)2
eλ2t,

(12)

where C1 and C2 are the coefficients to be determined ac-
cording to the initial conditions. For this problem, the in-
cident field is introduced and drives the plasmonic mode
that is supported by the MNS with shorter lifetime, and
then it is turned off. It is assumed that, initially there are
only α1 oscillations. So the initial conditions are given
by,

α1(0) = 1, α1(0) = 0. (13)

Applying the initial conditions given in Eq. (13), the
solutions are found as,

α1(t) =
a+ λ2
λ2 − λ1

eλ1t − a+ λ2
λ2 − λ1

eλ2t, (14)

α2(t) = − (a+ λ1)(a+ λ2)

if(λ2 − λ1)
eλ1t

+
(a+ λ1)(a+ λ2)

if(λ2 − λ1)
eλ2t.

(15)

Substituting these into Eq. (3), the lifetime of the sys-
tem of the two coupled oscillators is obtained from the
analytical solutions of the integrations over time in Eq.
(4). Figure 2 shows the lifetime enhancement with re-
spect to the coupling strength, f , for several different
ω1,2 and γ1,2 sets. The lifetime enhancement is defined
by the lifetime of the coupled system, that is calculated
by Eq. (4), divided by the lifetime of the uncoupled
system, where the MNS, supporting the dark plasmon
mode is not present. In both calculations, the reso-
nance frequency of the bright mode is ω1 = 1.0ω, and
the damping rate γ1 = 0.1ω. Lines with different col-
ors show the cases where ω2 = 0.80ω, 0.85ω, 0.90ω and
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0.95ω. In Fig. 2a, the damping rate of the dark mode
is γ2 = 0.001ω, and in Fig. 2b, it is γ2 = 0.01ω. These
numbers make much sense when considering a particular
excitation wavelength and scaling all other parameters
accordingly. One can consider the excitation frequency
to correspond to, for example, 500 nm. Then, the reso-
nance wavelength of the driven mode is at 500 nm, too.
The resonance wavelength of the coupled mode is set to
be in between 525 nm - 625 nm. The damping rate
of the driven mode corresponds to a lifetime of 1.3 fs,
whereas the damping rates of the long-lifetime plasmon
mode correspond to 130 fs (Fig. 2a) and 13 fs (Fig. 2b),
respectively. The selected lifetime of the bright mode
(1.3 fs) is typical for a lossy plasmonic mode. Neverthe-
less, typical plasmon lifetime can vary more than a factor
of 10 for different nanoparticle materials and geometries
[44]. Considering that dark plasmon modes do not pos-
sess radiation damping, the decay of these modes are
determined mainly by Ohmic losses, resulting in much
sharper resonances than that of bright modes. [45, 46].

We observe that when the ratio of the damping rates
of the two plasmon modes is 100 (Fig. 2a), which is a
rather extreme case, the maximum lifetime enhancement
is achieved at f = 0.01 − 0.02 for different detunings
(ω1−ω2). When the ratio of the damping rates is 10 (Fig.
2b), which could be typical for dark and bright plasmon
modes supported by metal nanostructures, the maximum
lifetime enhancement is achieved at f = 0.03−0.06, com-
pared to the case shown in Fig. 2a. As the detuning of
the resonance frequencies gets larger, stronger coupling
is required to achieve the same lifetime enhancement, in
both cases. The maximum lifetime enhancement is more
than an order of magnitude in Fig. 2a, and it is around
3-fold in Fig. 2b. In both cases, f gets an optimum
value. That means the lifetime of the coupled system is
maximum for some optimum separation, d, between the
MNSs. For the values of f larger than its optimum, the
lifetime enhancement saturates. This corresponds to a
case where the MNSs are getting closer. Since the theo-
retical model examines the interactions in the weak cou-
pling regime, we do not consider the physical situations,
where the MNSs are very close to each other, i.e., strongly
coupled. For all the values of f (d) smaller (larger) than
its optimum, the lifetime enhancement exceeds unity, and
it is unity when f = 0, that is when the MNSs are no
longer coupled (d→∞).

Figure 3 shows how the plasmon intensities decay in
time, for coupled (solid lines) and uncoupled (dashed
line) cases. These field decays are obtained for ω1 = 1.0ω,
ω2 = 0.9ω, γ1 = 0.1ω, γ2 = 0.01ω, and f = 0.025ω,
where the time scale is determined by considering an ex-
citation frequency ω, corresponding to a wavelength of
500 nm. We note that the theoretical model does not
encounter the physical sizes of the MNSs, hence does not
encounter the retardation effects. Still, the time scale
shown in Fig. 3 is consistent with the typical plasmon
lifetime which is on the order of 1− 100 fs, in the visible
spectrum. Here we demonstrate the comparative decay-
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FIG. 3. Plasmon intensity for the uncoupled (dashed line) and
coupled plasmon modes for ω1 = 1.0ω, ω2 = 0.9ω, γ1 = 0.1ω,
γ2 = 0.01ω, and f = 0.025ω, where the time scale is deter-
mined by considering an excitation frequency ω, correspond-
ing to a wavelength of 500 nm. In the inset, the axes are
zoomed in at a later time scale.

ing behavior of plasmon energy, for the coupled and un-
coupled cases. Red solid (dashed) line shows the normal-
ized plasmon intensity in the coupled (uncoupled) cases.
Absolute squares of the two coupled plasmon amplitudes
are shown separately by black and blue lines. Inset graph
shows the same, but zoomed in to the later times. For the
uncoupled case, the number of plasmons in the system
drops to zero at an earlier time. In the case of coupling,
decay is slower, with the contribution of the attached os-
cillator (blue), which is excited by the driven oscillator.

III. FDTD SIMULATIONS

Next, we realize the problem that we treat with our
theoretical model, by considering two physical systems,
supporting bright and dark plasmon modes. The MNS
that supports the bright plasmon mode is a Pt (plat-
inum) nanosphere, whereas the one supporting the dark
plasmon mode is an Au (gold) rectangular nanorod
dimer. The nanorod dimer is composed of two identi-
cal nanorods, separated from each other along their axis,
by a distance much smaller than their size.

Characterization of the Au nanodimer— To under-
stand the optical response of this MNS, we first calcu-
late the scattering cross section of a single nanorod and
that of the nanorod dimer. The light source is a plane
wave illumination at normal incidence, polarized along
the axis of the nanorod(s). We use the experimental di-
electric function to model the Au, provided by Johnson
and Christy [47], and the surrounding medium is air. The
boundaries of the simulation region are set to perfectly
matched layers (PMLs) which absorb all the light inci-
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FIG. 4. Scattering cross section of a single nanorod and that
of a nanorod dimer, obtained by FDTD simulations. The in-
set shows the schematics of the system with the given param-
eters: a = 20 nm, b = 80 nm, w = 10 nm. The incident plane
wave is normally incident and polarized along the nanorod
axis.

dent upon. The results are shown in Fig. 4. The inset
shows the schematics of the structure, where the given
parameters are; a = 20 nm, b = 80 nm, w = 10 nm.
The resonance of the single nanorod is the excitation of
longitudinal dipole plasmon mode [48], which is deter-
mined by the nanorod’s aspect ratio. When two nanorods
are brought together to form a dimer, the near-fields of
the two nanorods interact with each other, resulting in
split of the resonance into two hybrid resonances. Among
those, the one observed in the scattering cross section of
the nanorod dimer is the bonding hybrid mode, having a
net dipolar moment, and hence couples to the far-field,
exhibiting a resonance. The other hybrid mode, however,
possesses a vanishing dipole moment, due to symmetric
charge alignments and hence cannot be excited by lin-
early polarized plane waves. This hybrid mode is called
an anti-bonding dark mode, and can be excited by non-
uniform electromagnetic field distributions, for example,
a local dipole source. In what follows, we investigate
the dark and bright hybrid plasmon modes of the gold
nanorod dimer by employing a point dipole source.

We calculate the total absorbed power by the metal-
lic nanostructures (single nanorod and nanorod dimer)
where the nanostructures are excited with a dipole emit-
ter source located at different positions and oriented at
different directions, in FDTD simulations. The geometri-
cal parameters and the dielectric properties are the same
as the ones in the scattering cross section calculations.
The dipole emitter source is positioned 20 nm away from
the nanostructure (single nanorod or nanorod dimer) at
three different manners: (i) in the middle, oriented along
the nanorod axis, (ii) in the middle, oriented perpendic-
ular to the nanorod axis, and (iii) in the end, oriented
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FIG. 5. Plasmon modes of a) a single nanorod, and b) a
nanorod dimer, excited by local dipole sources; (i) red: in
the middle, oriented along the nanorod axis, (ii) blue: in the
middle, oriented perpendicular to the nanorod axis, and (iii)
black: in the end, oriented along the nanorod axis. The dis-
tance between the dipole source and the nanostructure is 20
nm in each case, and the geometrical parameters are the same
as the ones in Fig. 4, i.e., nanorod length 80 nm, with a cross
section of 20 nm x 20 nm and the separation between the
nanorods in the dimer configuration is 10 nm.

along the nanorod axis. These three different configura-
tions are schematized in the insets of Fig. 5, where the
location and the orientation of the dipole emitters are
illustrated by the arrows with different colors. The total
absorbed power is calculated by box monitors enclosing
the nanostructure, which measure the electric field in-
tensity and electric permittivity. Figure 5(a) shows the
plasmonic modes of a single nanorod for three different
dipole source configurations. When the dipole source is
oriented along the nanorod axis, the plasmon mode is
observed at ∼ 660 nm, which is the longitudinal mode.
The longitudinal mode is excited more efficiently when
the dipole source is located in the middle. The trans-
verse plasmon mode of the nanorod, which is at ∼ 515
nm, is observed when the dipole emitter source is ori-
ented perpendicular to the nanorod. Figure 5(b) shows
the plasmonic modes of the nanorod dimer. We observe
that when the dipole source is at the end of the dimer,
oriented perpendicular to the dimer axis, the absorption
spectrum exhibits two plasmon modes, that are the hy-
brid modes, resulting from the coupling of the (individ-
ual) longitudinal plasmon modes of the two nanorods.
The hybrid mode at the longer wavelength is the bright
one, that is also observed in the scattering cross section
spectrum presented in Fig. 4. When the dipole emitter
source, oriented along the dimer axis is in the middle of
the dimer, only the bright hybrid mode of the nanorod
dimer appears in the absorption spectrum. On the other
hand, when a dipole source which is oriented perpendic-
ular to the dimer axis is located in the middle, only the
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FIG. 6. Scattering cross section spectra of the Pt nanosphere
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with different inter-structure distances, d. The source is a
plane wave at normal incidence, polarized perpendicular to
the dimer axis, as shown in the inset. Nanorod length 80 nm,
with a cross section of 20 nm x 20 nm and the separation
between the nanorods is 10 nm.

dark mode appears in the absorption spectrum. The rea-
son why varying orientations and locations of the dipole
source excite different modes is related with the coupling
efficiency of the dipole moment, ~p, of the dipole source

and the local electric field ~E of the dimer, which is pro-

portional to the inner product of these two vectors, ~p· ~E.

The coupled system of Pt nanosphere and Au

nanodimer— To study the effect of coupling between a
dark and a bright plasmon mode to the decay properties
of the system, we replace the local dipole emitter source
with a plasmonic nanosphere having a dipolar plasmon
mode, that is excited by a linearly polarized plane wave
source. To avoid the complexities that would arise out
of the presence of both bright and dark plasmon modes
of the nanorod dimer, we allow only the dark mode to
be excited by the near-field of the nanosphere, by setting
the polarization of the incident field perpendicular to the
dimer axis. In that sense, to excite (only) the dark mode
of the dimer, we make use of the dipolar near-field of a
metal nanosphere, which is excited by the plane wave in
the desired orientation, rather than a local dipole source.
We underline that the bright mode of the nanorod dimer
is different than the one in the context of the theoretical
model. The bright mode in the context of the theoretical
model is the one supported by the Pt nanosphere, which
is located in such a way that the overall structure looks
like an antisymmetric trimer as illustrated in the inset of
Fig. 6.

We choose Pt for the metal nanosphere, as Pt nanos-
tructures exhibit broader localized surface plasmon res-
onances compared to gold and and silver [49]. It is
an appropriate material to be studied as a short life-

time plasmonic oscillator in the context of the theoretical
model. We use the experimental dielectric function pro-
vided by Palik to model Pt [50]. We calculate the scat-
tering cross section of the Pt nanosphere, with a radius
of 75 nm, and those of the coupled systems composed
of the Pt nanosphere and the Au nanorod dimer, with
inter-structure distances, d = 10, 20, and 30 nm. Figure
6 plots the results and the inset shows the geometrical
configuration. We observe a quite broad plasmon res-
onance exhibited by the Pt nanosphere (black dashed
line), as compared to that of the nanorod, and of the
nanorod dimer shown in Fig. 4. The resonance peaks at
500 nm and it covers a broad spectral wavelength range
from ultraviolet to near-infrared. This resonance is mod-
ified by the presence of the nanorod dimer, in a way that
it exhibits a sharp dip at ∼ 640 nm, where the dark mode
of the nanorod dimer is present. This indicates that the
bright mode of the Pt nanosphere (excited by the incident
field) and the dark mode of the Au dimer are coupled.
Coupling between these bright and dark plasmon modes
results in a narrowing in the resonance as evident from
the scattering spectra [51]. We note that the scattering
cross section of the nanorod dimer in the absence of the
the Pt nanosphere (not shown here) exhibits a peak at
450 nm, which is the transverse plasmon mode of the
dimer. The presence of the transverse mode of the dimer
may be the reason why the coupled resonance displays a
broadening around 550 nm, compared to the resonance
of the Pt nanoshpere, alone. So, the decay properties of
the individual resonance of the Pt nanosphere are altered
as a result of coupling to the dark plasmon mode.

Hotspot lifetime enhancement— To get a better un-
derstanding of the modified decay properties of the cou-
pled system, we investigate the decay of electromagnetic
fields over time for changing inter-structure distance, so
that we construct a link between our theoretical model’s
phenomenological coupling strength f , and the physical
distance between the MNSs. We simulate how the elec-
tric fields decay in time for a range of inter-structure dis-
tance, by a point monitor located at the hotspot of the
coupled system (at a distance d/2 from the nanosphere:
see the illustration shown in Fig. 6). We use a plane
wave source normally incident on the coupled system,
polarized perpendicular to the dimer axis, so that the
longitudinal bright plasmon mode is not excited, but the
dark plasmon mode is excited by the near-field of the
nanosphere’s plasmon mode. After we obtain the inten-
sity of the electric field recorded by the monitor, as a
function of time, we fit the simulation data to the ex-
ponential decay function, in the form of I(t) = I0e

−t/τ ,
where τ is defined as the lifetime of the oscillations, in
the context of this study. Figure 7 shows the obtained
results. The inset shows the electric field intensity, that
is normalized to I0, for d = 10 nm and d = 50 nm, by
solid (oscillating) lines; and the dashed lines are the peak
values of each field intensity, on which we apply the expo-
nential fits. Corresponding lifetime (τ) values obtained
from the exponential fits are marked by the squares with
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FIG. 7. Lifetime of the coupled system, defined by the expo-
nential decay fit, that is applied to the electric field intensity
over time, for different inter-structure distances. The inset
shows the electric field intensity for d = 10 nm and d = 50
nm (solid lines), and the peaks of the oscillating field are
shown by the dashed lines. The formula given in the inset is
the fit formula to obtain τ .

associated colors on the lifetime curve. We observe that
the lifetime of the system gets longer as the distance gets
larger at first, reaches a maximum at particular distances,
and then starts to drop again. When the inter-structure
distance is larger than ∼ 150 nm, it drops down to 1.3
fs, which is the lifetime of the isolated nanosphere, the
short-lifetime MNS. These confirm the outcomes of the
theoretical model, where the coupling strength, f , gets
an optimum, and the normalized lifetime reaches to 1
when the MNSs are no longer coupled, at f = 0.

IV. DISCUSSION AND CONCLUSIONS

We examine the lifetime of a coupled plasmonic system
of two MNSs, one of which can be excited by an incident
field, referred as a bright plasmon mode. The plasmon
mode of the excited MNS has a large damping rate, i.e.
a short lifetime. The second MNS has a longer lifetime
but cannot be excited by the external field, that is a dark
plasmon mode. Bringing two such MNSs together, so
that they interact with each other, we demonstrate that it
is possible to modify the decay properties of the coupled
system. Compared to the isolated MNS with shorter life-
time, coupled system decays more slowly for a wide range
of inter-structure distance. We examine the coupled sys-
tem based on two different approaches. In the first ap-
proach, we apply a simple analytical model based on the
solutions of the Heisenberg equation, where the MNSs are
treated as size-less (point-like) harmonic oscillators, and
the coupling between them is quantified by a phenomeno-
logical constant. This approach, which may appear like
oversimplified, yields outcomes, in terms of the trend of

the lifetime for varying coupling strengths similar to the
results obtained by 3D solutions of the Maxwells equa-
tions for finite-size MNSs. In the FDTD solutions, the
retardation effects are fully accounted, and the coupling
strength is quantified by the physical distance between
the two MNSs. FDTD simulations show that the decay
time of the electric field at the hotspot of the coupled
system (at the gap between the Pt nanosphere and Au
nanorod dimer) extends significantly, compared to the
decay time of the nanosphere’s near-field in the absence
of the dimer. This significant enhancement is not observ-
able in the scattering cross section calculations, i.e., far-
field optical response. Because the scattering cross sec-
tion measurements, conducted in experiments, do report
the decay rate of the overall system, i.e. not the hotspot
intensity. Distinguishing between the lifetime of the over-
all versus hotspot decays, could be useful for most of the
imaging/detection and nonlinearity enhancement tech-
niques. For instance, the signal (e.g. Rayleigh, fluores-
cence or Raman) in SNOM and SERS imaging is sensitive
only to the events that take place in the hotspot, i.e., not
the overall system. From the experimental point of view,
the enhanced near-field lifetime could be observed by lo-
cating a reporter molecule at the hotspot of the coupled
system, and measuring the off-resonant Raman scatter-
ing. Such a molecule would experience a rather different
field in the time domain when it is at the hotspot, which
is not expected, considering the slight cross section nar-
rowing (considering the lifetime modification, extracted
by the far-field observations, is not significant). Further-
more, FDTD simulations show that as the distance be-
tween the MNSs gets smaller, lifetime increases up to an
inter-structure distance, and then it starts to decrease
as the MNSs are brought even more closer, where strong
hybridization starts. This behavior is similar to the ob-
servation of fluorescence enhancement near a MNS [52].
Analogically, in the case of fluorescence enhancement, the
fluorescent molecule is the long-lifetime object.

We provide an extensive study on the lifetime of dark-
bright plasmon modes, which would improve the current
intuitive knowledge of the lifetime phenomenon. The
results provide a deeper understanding of the classical
mechanism of the coupling between two MNSs support-
ing bright and dark modes, depending on the distance
from each other. The enhancement in the lifetime, ob-
tained via coupling to a dark mode, offers implementa-
tions for technologies based on both linear and nonlinear
response, e.g. solar cells and SERS, utilizing the plasmon
localization.
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