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Excitation of Dark Plasmons in Metal Nanoparticles by a Localized Emitter
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We study theoretically a dipole emitter placed near a metal nanoparticle and near small chains of two
and three nanoparticles. The emitter can efficiently excite dark, or nonradiative, surface-plasmon modes in
the nanostructures, in addition to the well-known bright modes. In the case of coupled nanoparticles, the
origins of the bright and dark modes can be understood in the context of plasmon hybridization. Excitation
of dark modes in nanoparticle chains allows for subwavelength guiding of optical energy with no radiative

losses and thus with improved propagation lengths.
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Metal nanoparticles have the ability to strongly modify
optical emission from localized emitters. They act as the
optical analogue of resonant radio or microwave antennas,
enhancing and broadcasting radiation through the excita-
tion of localized surface plasmons. This effect has long
been considered as an explanation for enhancement of
Raman scattering by metal nanostructures [1] and has
also been demonstrated to modify the fluorescence from
isolated molecules [2,3]. Enhanced emission can be con-
sidered the complement of enhanced absorption, where
excitation of a plasmon resonance is used to localize
incident radiation to length scales well below the diffrac-
tion limit, leading to efficient excitation of a nearby dipole.
In this case, provided the dimensions of the nanoparticle
are much smaller than the radiation of the incident radia-
tion (that is, less than about 100 nm), only dipolar plasmon
resonances can be excited. It is often assumed that this
same limit, known as the quasistatic approximation, can be
used to understand enhanced emission [4-6]. More de-
tailed calculations have shown that localized dipoles can
excite higher-order, multipolar plasmon modes in nano-
particles, leading to quantitative changes in emission rates
[7,8]. For the spherical particles considered, though, the
higher-order modes are strongly damped and overlap with
the lowest-order dipolar mode, so that their influence on
emission is relatively minor.

In this Letter, we use rigorous electrodynamic modeling
to show that the coupling of a localized dipole to certain
metal nanostructures is qualitatively different from the
coupling of far-field radiation. In particular, the dipole
can excite dark-plasmon modes that do not radiate and
do not couple to incident plane waves. These dark modes
include quadrupolar modes in single nanoparticles,
coupled modes in nanoparticle pairs, and propagating
modes in nanoparticle chains. The dark propagating modes
allow for waveguiding on length scales much smaller than
the diffraction limit [9,10], with no radiative losses.

The first case we consider is a dipole emitter interacting
with a bipyramidal gold nanoparticle. Such particles can be
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experimentally synthesized as colloids with high monodis-
persity [11], and their pointed shapes lead to significant
localization of incident fields [12]. In addition, their shape
can be controlled such that the plasmon resonances lie far
from interband transition energies, reducing their damping.
A real nanoparticle is accurately modeled as a pentagonal
bipyramid whose length is 83.4 nm, whose equatorial
radius is 15 nm, and whose tips are truncated by hemi-
spheres with a curvature of 3 nm [12]. The gold bipyramid
is assumed to be immersed in water (dielectric constant =
1.77). The dipole source is placed along the major axis of
the bipyramid (designated as the z axis), 13 nm from the
nanoparticle tip, and is polarized in the z direction.

We model the system using three-dimensional finite-
difference time-domain (FDTD) calculations [13,14]. The
optical constants of the metals are approximated by a
Lorentz-Drude model, as described in Ref. [12], with
parameters adjusted to fit the experimental values mea-
sured by Johnson and Christy [15]. The radiative source is
treated as an oscillating classical point dipole, p(z), gen-
erated by introducing a current density j(z) o dp(z)/dr at
the desired spatial grid point. We take p(¢) to be a sinu-
soidal pulse with energy content in the 1-4 eV range.
Fourier transforms of the time-dependent electromagnetic
fields allow construction of the frequency-dependent
Poynting vector, S(w), on various surfaces. Letting
Iy(w), I'(w), and T',,(w) be the isolated dipole radiative
rate and the radiative and nonradiative decay rates for the
full system, respectively, the relative decay rates I, /I"; and
I',,/T, are then given by ratios of powers inferred from
surface integrals over S: I',/T'y = W,/W, and T'./T(, =
—W,/W, [16,17]. The radiated power of the isolated
dipole system is Wy(w) = [[x So(w)-dX, where % is a
surface enclosing the dipole and S, is the Poynting vector
in the absence of the metal nanoparticle(s). The radiative
and nonradiative powers in the presence of the nanoparticle
(s) are W.(0)= [[s S(w)-d%, where X, encloses the
dipole and nanoparticle(s), and Wy (0) = [f5 S(w)-dZ,
where 3, encloses only the nanoparticle(s).
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The simulation results are shown in Fig. 1(a). Also
shown, for comparison, is the calculated cross section for
absorption by the metal nanoparticle of incident plane-
wave radiation. The radiative rate is enhanced by more
than 70 times at the longitudinal dipolar plasmon reso-
nance energy of 1.5 eV, and a nonradiative decay rate
maximum is also observed at this energy. A second peak
is observed at 1.75 eV in the nonradiative decay rate but is
absent in the radiative decay and in the far-field absorption
[18]. If the dipole is moved closer to the bipyramid, this
peak becomes larger, but its energy and width are un-
changed. We note that there is also a weak absorption
feature at approximately 2.0 eV, corresponding to a
higher-order mode in which the fields are primarily local-
ized at the tips of the particles. In the following, only the
two lower-energy modes are considered.

The nature of these modes is identified by examining the
distribution of the electric field at the peak energies, as
shown in Figs. 1(b) and 1(c). For the lower-energy mode,
the polarization is along the same direction throughout the
bipyramid, indicating that this is a dipolar mode. For the
higher-energy mode, on the other hand, the polarization
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FIG. 1 (color). (a) Radiative enhancement I',/T"; (solid black
line) and nonradiative enhancement I',. /T (dashed red line) of a
point dipole by a gold bipyramid. The configuration of the
system is shown in the inset. Also shown is the optical absorption
cross section, Cyy, of the gold bipyramid (dashed black line).
(b) The z component of the electric field on the x-z plane
(through the center of the bipyramid) containing a dipole radiat-
ing at 1.5 eV, coupled to the dipolar mode of the nanoparticle.
The emitting dipole is located at x = 60 nm, z = 45 nm. The
solid white line indicates the boundary of the nanoparticle.
(c) The same plot as (b), but for emission at 1.75 eV, coupled
to the quadrupolar mode of the nanoparticle.

changes direction from one side of the particle to the other,
and polarization charges with the same sign appear on both
tips at the same time, indicating that this is a quadrupolar
mode. Because of the small size of the bipyramid com-
pared to the optical wavelength, phase retardation is mini-
mal, and the net dipole moment is nearly zero. The
quadrupolar mode is thus dark: it does not couple to far-
field radiation. For this reason, even though the field en-
hancement near the tips is nearly as large as for the dipolar
mode, radiative enhancement is absent.

Dark plasmons can also arise as a result of the coupling
between multiple metal nanoparticles. For example, when
two nanoparticles are brought together, their individual
plasmon resonances interact through electrostatic forces,
forming new, collective resonances. An intuitive picture of
this interaction is given by the plasmon-hybridization
model, which provides a formal analogy to chemical bond-
ing: individual, atomic-orbital-like plasmon modes com-
bine to form coupled, molecular-orbital-like modes [19].
The hybrid modes correspond to symmetric (bonding) and
antisymmetric (antibonding) combinations of the individ-
ual modes [20]. While the lower-energy, bonding mode
interacts strongly with incident radiation, the higher-
energy, antibonding mode has nearly zero net dipole mo-
ment, and is thus dark. Although the dark mode has there-
fore been safely neglected when considering coupling to
incident far-field radiation, it must be included when con-
sidering emission modification, since it can couple to a
localized dipole as strongly as the bright mode.

To demonstrate this, we consider a pair of prolate ellip-
soidal silver nanoparticles, aligned along their major axes
(the z axis). Although we calculated similar effects for a
pair of gold bipyramids, the silver ellipsoids allow for
explicit comparison to the hybridization model, because
analytical solutions can be developed for the relevant
charge densities, and because silver is a nearly ideal
Drude metal at the plasmon resonance frequencies of in-
terest. The ellipsoids considered have diameters of 10 nm
and aspect ratios of 4.5 and are separated by a 5-nm gap.
The dipole is placed on the z axis, 5 nm from one of the
ellipsoids, and is z polarized. This placement of the dipole
removes the inversion symmetry of the system, so that it is
possible to excite both symmetric and antisymmetric hy-
bridized modes of the nanoparticle pair. When illuminated
by a plane wave, a single ellipsoid has a longitudinal
(z-polarized) plasmon resonance at 2.08 eV, which is
slightly lower than the 2.15 eV value expected from
Gans’ quasistatic theory [21]. The bright resonance shifts
to 1.98 eV for the ellipsoid pair [Fig. 2(a)]. At this energy,
the radiative rate of the dipole is enhanced by approxi-
mately 1000 times and there is also a significant nonradia-
tive enhancement. Another nonradiative peak is present at
2.16 eV, with similar amplitude and line shape. As in the
single-particle case, there is no radiative enhancement and
no far-field absorption at the dark-plasmon energy. At yet
higher energies, around 2.7 eV, there is a double peak in the
nonradiative enhancement, corresponding to the symmet-
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FIG. 2 (color online). (a) Optical absorption spectra of a single
silver ellipsoid (thin dashed line) and a pair of ellipsoids (thick
dashed line). The polarization of light is along the major axes of
the ellipsoids. (b) Radiative enhancement I', /T, (solid line) and
nonradiative enhancement I',,/T"; (dashed line) of a point dipole
by a pair of silver ellipsoids in its vicinity. The system configu-
ration is shown in the inset. The arrows show the resonant
energies from electrostatic models. w; and w, correspond to
the dipolar and quadrupolar modes, respectively, and are ob-
tained from the quasistatic approximation. ;. and w,. are the
corresponding bonding and antibonding modes, and are obtained
from the plasmon-hybridization model.

ric and antisymmetric combinations of the single-particle
quadrupolar resonances.

Identification of the modes was verified by calcula-
ting the expected energies according to the plasmon-
hybridization model, expanding the surface charge density
on the nanoparticles in prolate ellipsoidal coordinates [22].
The predicted energies of the bonding and antibonding
states are 2.06 and 2.23 eV, respectively. The peak splitting
is in excellent agreement with the FDTD calculations, as
shown in Fig. 2(b). Similarly good agreement is obtained
for the combination of the quadrupolar modes.

When more than two metal nanoparticles are coupled
together, the number of hybrid states increases, eventually
merging into bands for long nanoparticle chains. A local-
ized dipole at the end of the chain can couple to propa-
gating states in these bands, leading to the transport of
electromagnetic energy along a waveguide whose dimen-
sions are small compared to the diffraction limit [23,24].
The bright plasmon modes will evolve into radiant modes,
while the dark-plasmon modes will evolve into subradiant
modes, for which radiative losses are eliminated. This, in
turn, improves propagation lengths, potentially facilitating
applications such as integration with other nanoscale ele-
ments and image transfer below the diffraction limit.

As an illustrative example, we consider a short chain of
three coupled nanoparticles, returning to the consideration
of gold bipyramids. The configuration, shown in Fig. 3(a),
is similar to the single-bipyramid case, with two more
nanoparticles placed on the opposite side from the point
dipole, and with 10 nm tip-to-tip distance between each
pair of bipyramids. Based on the plasmon-hybridization
picture, the dipolar mode of an isolated particle is expected
to be split into three modes for the three-particle chain; in
analogy to molecular orbitals, these can be labeled as
bonding, nonbonding, and antibonding. Only the bonding
mode is expected to be bright, and, indeed, the calculations
show that only the lowest-energy mode, at 1.41 eV, pro-
duces significant far-field absorption and radiative en-
hancement [see Fig. 3(a)]. The other two modes, located
at 1.51 and 1.59 eV, are dominated by nonradiative dis-
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FIG. 3 (color). (a) Radiative enhancement I',/T"; (solid black
line) and nonradiative enhancement I, /T"; (dashed red line) of a
point dipole by a chain of three gold bipyramids in its vicinity.
Also shown is the optical absorption cross section, C,,, of the
gold bipyramid chain (dashed black line). (b) The z component
of the electric field on the x-z plane containing the dipole
radiating at 1.59 eV, coupled to the antibonding dipolar mode
of the chain. The radiative dipole is located at x = 60 nm, z =
62 nm. The solid white lines indicate the boundaries of the
nanoparticles. (c) The same plot as (b), but for radiation at
1.75 eV, coupled to the quadrupolar mode.
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sipation. This is also true for the quadrupolar mode at
1.75 eV; for this mode, the splitting between the three
hybrid states is smaller than the linewidth, and a broadened
peak is seen instead of three separate peaks.

Propagation of the dark modes can be visualized by
plotting the electric field. For the antibonding mode, shown
in Fig. 3(b), the electric field is delocalized along the 300-
nm chain. The phase of the field is homogeneous across
each bipyramid but changes by about 7 from one nano-
particle to its neighbor, which greatly reduces the radiation
to the far field. One can approximate the propagation
length of the plasmon as D = d,3/ In(|[E;|>/|E4?[), where
E, and E; are the electric field amplitudes at the centers of
the first and third bipyramids, respectively, and d5 is the
distance between their centers. The propagation length for
the antibonding mode is found to be 188 nm. For the
1.41 eV bonding mode, the propagation length is reduced
to 169 nm, reflecting the additional radiative loss. The lon-
gest propagation length, of 260 nm, is seen for the 1.51 eV
nonbonding mode; compared with the bonding mode, eli-
mination of radiative losses provides an increase of over
50% in the propagation distance. Optimization of the nano-
particle geometry, spacing, and material should make it
possible to reduce nonradiative losses, as well, allowing for
long-range energy transfer along nanoparticle chains.

A similar plot is shown in Fig. 3(c) for the quadrupolar
mode at 1.75 eV. The propagation length for this mode of
58 nm is still significant, considering that the propagation
is due to the quadrupole-quadrupole interaction, which is
much weaker than the dipole-dipole interaction. Indeed,
the propagation length is only approximately 40% less than
that recently measured for coupled dipolar modes [10].
One would expect stronger coupling, and, thus, longer
propagation lengths upon reduction of the gaps between
the nanoparticles. On the other hand, reducing the gaps
beyond a certain point will lead to mixing of the quad-
rupolar modes with the dipolar modes, potentially increas-
ing radiative losses.

In summary, we studied theoretically a dipole emitter
placed in the near field of a metal nanoparticle and nano-
particle chains. In addition to large radiative enhancements
due to coupling to bright surface-plasmon resonances, we
found strong coupling to dark-plasmon modes that cannot
be excited with incident light and that do not radiate to the
far field. Consideration of these dark modes will be essen-
tial in understanding the modification of emission from
molecules and semiconductors as well as other radiative
processes, such as Raman scattering. Furthermore, we
demonstrated that coupling to dark-plasmon modes allows
for propagation along sub-diffraction-limited nanoparticle
chains without any radiative losses, which may play an
important role in future integrated nanophotonic devices.
The elimination of radiative losses could also be favorable
for other plasmonic applications, such as the achievement
of nanoscale plasmon “lasing” [25].
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