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C
ollective electron oscillations in me-
tal nanoparticles, known as localized
surface plasmon resonances, result

in strong far-field scattering and near-field
enhancement of the excitation radiation.1,2

Resonances with a net dipole moment are
known as bright, as they can easily couple to
light, while resonances with a zero dipole
moment are named dark.3 In the quasi-
static approximation, the dipole resonance
of single particles is bright while the quad-
rupole resonance is dark. In coupled nano-
particle systems, the hybridization theory4

introduces in an elegant way bright and
dark plasmons as the result of in-phase
and out-of-phase coupling of the dipole
moments of nanoparticles in dimers. Bright
plasmons have been largely studied since
they can be simply excited by optical
means. However, dark plasmons are receiv-
ing a growing interest: owing to its vanish-
ing dipole moment, the reradiation of
energy in the far field is significantly smaller
than for bright modes, resulting in strong
electromagnetic enhancement in the near-
field region.5 Besides, dark resonances pre-
sent high quality factors due to the small
radiative damping.5 Thus, dark plasmon
modes have a large potential for applica-
tions such as biological and chemical sens-
ing or wave-guiding in particle chains free
of radiative losses.6,7 Interference between
a spectrally narrow dark mode and a broad
bright mode can give place to asymmet-
ric line-shapes in the plasmonic spectra of
nanostructures,8 in analogy to the Fano
resonances occurring in atomic systems as
a result of the coupling of discrete states
with a broad continuum.9 The Fano line-
shape has larger sensitivity to the dielectric
environment in comparison to other plas-
monic resonances,8which has led to intense
research in design of particle shapes and
clusters with strong Fano resonances.10�14

Breaking the symmetry of a nanostruc-
ture enables rendering dark modes as opti-
cally active, yet subradiant, and having large
field enhancements and quality factors. This

is the case of heterodimers,15 asymmetric

core�shell particles,13 and rings.16 In sym-

metric structures, dark plasmons can be

excited by nonoptical means such as elec-

tron beams.3 Generation of dark modes by

light requires breaking the excitation sym-

metry: this can be achieved using inhomo-

geneous excitation of the nanostructure,17

evanescentwaves,18 non-normal incidence,19

retardation effects,20,21 localized emitters,5 or

spatial phase shaping.22,23 Actually, control

on the phase of light acting on a plasmonic

structure enables not only excitation of dark

modes but also broad tailoring of its near

field response. Thus, control on the location

of regions with large light concentration can

be achieved by temporal24 or spatial25�27

phase modulation of the incident radiation

or by using auxiliary plasmonic structures to
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ABSTRACT Control of the polarization dis-

tribution of light allows tailoring the electro-

magnetic response of plasmonic particles. By

rigorously extending the generalized multi-

particle Mie theory, we show that focused

cylindrical vector beams (CVB) can be used to

efficiently excite dark plasmon modes in nano-

particle clusters. In addition to the small radiative damping and large field enhancement

associated to dark modes, excitation with CVB can give place to unusual phenomenology like

the formation of electromagnetic cold spots and the generation of Fano resonances in highly

symmetric clusters. Overall, the results show the potential of CVB to tailor the plasmonic

response of nanoparticle clusters in a unique way.

KEYWORDS: surface plasmon resonance . cylindrical vector beams . focused
illumination . nanoparticle . plasmon hybridization . subradiance . near-field
enhancement . Fano resonance . electromagnetic cold spots
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mold the flow of light into a primary system designed
for field enhancement.28,29

In this work we study the response of plasmonic
clusters excited by cylindrical vector beams (CVB), in
particular, azimuthally (AP) and radially (RP) polarized
beams. The polarization distribution of focused CVB
has been shown to have applications in laser machin-
ing, optical trapping, or generation of surface plasmon
polaritons in metal-dielectric layered structures.30

The interaction of CVB with single metal particles can
tailor the relative weight of multipolar plasmon res-
onances31 and has been shown to be useful for optical
imaging of plasmonic particles32 especially through
second harmonic generation.33 Here we show that the
field distribution at the focus of AP and RP beams
enables the efficient excitation of dark modes in highly
symmetric clusters of metallic nanoparticles. Incorpor-
ating the rigorous description of focused CVB into fully
electrodynamic simulations, the near-field and far-field
properties of the generated dark modes are analyzed.
It is shown that the intensity enhancement due to
plasmon coupling can be much larger than the one
obtained in bright modes excited with homogeneous
illumination. Besides, the distribution of the near field
can be qualitatively different, including the formation
of areas with very low field intensity. Furthermore, CVB
enable the excitation of Fano-like resonances in highly
symmetric plasmonic clusters, as result of the coupling
of broad and narrow coupledmodes of different multi-
polar order sharing similar charge distribution.

RESULTS AND DISCUSSION

To study the electromagnetic response of a cluster
of spherical particles we use the generalized multi-
particle Mie theory,34,35 that is, an electrodynamic
semianalytical approach (see Methods section for a
detailed discussion). The key idea of this method is the
expansion of all the fields in terms of vector spherical
harmonics in order to easily impose boundary condi-
tions and solve the electromagnetic problem. Thus,
the approach can be used to study the interaction of
particles with arbitrary radiation provided that an
expansion of the incident field in vector spherical
harmonics is available. The generalized multiparticle
Mie theory has been widely used for studying the
properties of plasmonic systems excited by plane
waves. For focused radiation, the inhomogeneous light
distribution at focus may change the response of the
particles. The field in the focal region of an aplanatic
optical system can be rigorously calculated by the
diffraction integrals developed by Richards andWolf.36

The multipolar expansion of these integrals37 enables
easy expression of the incident field in terms of vector
spherical harmonics, which has been used to calculate
the electromagnetic response of single particles38 and
particle dimers39 excited by tightly focused linearly
polarized beams. Recently, multipolar expansions for

the field distribution of focused cylindrical vector beams
have been provided by different authors.40,41 Incorpor-
ating these expansions in the generalized multiparticle
Mie theory formalism, we are able to calculate the
electromagnetic response ofmetal nanoparticle clusters
excited by CVB. Although the definitions of extinction,
scattering, and absorption cross sections typically em-
ployed for plane wave excitation cannot be applied to
focused beams, one can calculate the power scattered
and absorbedby theparticles and their sum (henceforth
considered as extinguished power) by proper integra-
tion of the Poynting vectors.38 Explicit expressions for
the expansion coefficients for the incident field as well
as for the scattered, absorbed, and extinguished power
are given in the Methods section.
First, we study the response of a dimer made of two

silver particles with radius R = 25 nm separated a
distance d = 10 nm. The particles are placed at the
focal plane (z = 0) and symmetrically located on the
x-axis; that is, the particle centers are at y = 0 and x =
( 30 nm. The particles are embedded in a medium
with refractive index 1.5, and their optical constants are
taken from literature.42 The focusing system consists of
an aplanatic lens with a moderate numerical aperture,
NA = 0.75, corresponding to a lens semiaperture of 30�.
The extinguished power spectrum (Figure 1a) and the
near field intensity enhancement (Figure 1b) of the
dimer when the lens is illuminated by focused linearly
polarized plane waves are characterized by the excita-
tion of bright coupled modes. For a beam polarized in
the x-direction, the peak at 2.53 eV corresponds to the
in-phase coupling of the dipolar modes of both parti-
cles, that is, a bonding mode with azimuthal quantum
number m = 0 (dimer axis parallel to the excitation
polarization) in the plasmon hybridization formalism.4

If the beam is polarized in the y direction the response
is characterized by a peak at 2.93 eV, corresponding
also to an in-phase coupling of dipolar moments of the
particles but with dipolar moments perpendicular to
the dimer axis, that is, an antibondingmodewithm= 1.
Since the numerical aperture of the system is moder-
ate, these results are quantitatively similar to the case
of plane wave excitation.38,39 Next, we assume that
the lens is illuminated by an AP beam. In this case the
spectra are dominated by a resonance at 2.76 eV. In this
situation, the field distribution at the focal plane43

indicates that the field acting on the particles is
primarily perpendicular to the dimer axis and with
opposite directions at each particle. Therefore we can
associate this resonance to the out-of phase coupling
of dipole moments perpendicular to the dimer axis,
namely, a bonding mode with m = 1. Being a dark
mode, its radiative damping is small and the resonance
is narrow, with a relative weight of absorption in the
extinguished power spectrum larger than for bright
modes. It also results in a strong field enhancement,
nearly 1 order of magnitude larger than for the bright

A
RTIC

LE



SANCHO-PARRAMON AND BOSCH VOL. 6 ’ NO. 9 ’ 8415–8423 ’ 2012

www.acsnano.org

8417

mode. Finally, if the lens is excited by a RP beam, the
spectra show a peak at 3.01 eV. Taking into account
that the field acting on each particle is now basically
parallel to the dimer axis and with opposite directions
in each particle, the resonance can be associated with
an antibonding mode with m = 0. Since the field
generated by each particle opposes the dipolar mo-
ment of the other particle, coupling is weak and the
field enhancement is moderate compared to the case
with AP illumination. In addition to this resonance,
a shoulder at slightly lower energies can be distin-
guished suggesting the excitation of another reso-
nance. Actually, it corresponds to the in-phase anti-
bonding mode with m = 1 due to the remarkable
longitudinal component (z direction) generated at
the focus of RP beams.44

To get a deeper insight on the characteristics of dark
plasmonmodes excited by CVB, the near field intensity
maps at the photon energy where the average field
enhancement is maximal are shown in Figure 2. For a
focused x-polarized plane wave there is a strong field
enhancement at center of the dimer, that is, a hot spot

is formed due to the large accumulation of charges
with opposite signs at the regions of the particle sur-
face facing the dimer gap45,46 (see Supporting Infor-
mation for movies of the surface charge distribution
oscillations). The y-polarized plane wave does not
induce significant enhancement as no large charge
gradients are generated. The differences between the
two cases can be associated to the near-field coupling,
that is the most intense when the polarization of
incident light is parallel to the dimer axis.47 The excita-
tion with an AP beam is shown in Figure 2.c. Although
the average enhancement is nearly 1 order of magni-
tude larger than the one obtained with an x-polarized
plane wave (Figure 1), the maximum field enhance-
ments are comparable. Qualitatively, the field distribu-
tion is close to the y-polarized plane wave excitation,
that is, the field distribution basically resembles to two
y-oriented dipoles, with some distortion due to the
weak near field coupling. However, for an AP beam the
field generated by each particle reinforces the dipolar
moment of the other particle, leading to a much larger
enhancement than for the y-polarized plane wave
case. We have verified that for dimers with smaller
interparticle distance, the field enhancement obtained
with x-polarized plane waves can be larger than for an
AP beam, but always restricted to the gap region.
Therefore, dark modes excited by AP beams can be
of interest for sensing applications if a large average
field enhancement is sought at relatively large inter-
particle separations in order, for instance, to avoid the
possibility of nonlocal effects.48 Although weak, the
near field coupling for the AP excitation is not negli-
gible and the largest enhancement takes place in
the region located between particles. Yet, no charge
accumulation occurs at the regions of the particles
directly facing each other (see movie in Supporting
Information) and a “cold spot”, that is, an area with low
field intensity, is generated at the center of the dimer.
Cold spots have been recently studied in gold nano-
cubes and they have shown potential for imaging and
spectroscopy due to their tight confinement.49 Indeed,
one can observe that the cold spot generated by the
AP beam is significantly more localized than the hot
spot resulting from the illumination with x-polarized
planewave. Figure 2d, shows the near field distribution
for the RP beam excitation. In this case, the strong near
field coupling between particles results in destructive
interference at the particle junction, and this dark
mode has limited potential for field enhancement
based applications.
Asmentioned above, using a focused RP beam leads

to the excitation not only of a dark antibonding mode
withm = 0, but of a bright antibonding mode withm =
1 due to the longitudinal component of the field at
focus. Since this component becomes larger the tigh-
ter the focusing is,44 increasing the numerical aperture
of the system leads to a more enhanced excitation

Figure 1. Extinguished (solid lines) and absorbed (dashed
lines) power (a, c, e) and near-field intensity enhancement
over the particle surfaces normalized to the average inten-
sity acting on each particle (b, d, f) for a particle dimer with
radiusR=25 and interparticle distance d=10 nm locatedon
the x-axis of the focal plane. The lens is illuminated by plane
waves (a, b) polarized in the x (black) or y (green) directions,
an AP beam (c, d) and a RP beam (e, f). Arrows indicate
the direction of the transversal electric field acting on the
particle center.
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of the antibonding mode with m = 1, as shown in
Figure 3a for a dimer with R = 25 nm and d = 5 nm. One
should note that in a focused AP beam there is no
longitudinal component43 and the bonding m = 1

mode is the only one excited (Figure 1a). Since the
appearance of a longitudinal field component is in-
herent to focusing a beam with a phase jump in the
direction of polarization,44 the antibonding modes

Figure 2. Near field intensitymaps (normalized to the average intensity over the particle surface) at the focal plane for a silver
dimer with R = 25 nm and d = 10 nm at the photon energy where the average field enhancement (Figure 1) is maximum:
(a) x-polarized plane wave, (b) y-polarized plane wave, (c) AP beam, and (d) RP beam. Insets show the distribution of the
incident field with polarization contained in the in the focal plane.

Figure 3. Extinguished (solid lines) and absorbed (dashed lines) power due to the illumination with a focused RP on a dimer
with R = 25 nm (a) located on the x-axis and with d = 5 nm and different lens semiapertures, (b) located on the z-axis with
varying d and semiaperture of 90�. (c) Amplitude and (d) phase of the longitudinal component of the focused field.
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withm= 0 andm= 1 cannot be clearly distinguished as
they spectrally overlap. However, the longitudinal
component of the field enables the efficient excitation
of the dark antibonding m = 0 mode if the dimer
is located at the z axis, at x = y = 0 and z = ((R þ d/2).
In this situation the particles are primarily influenced
by the longitudinal field component and only the
modes with m = 0 can be excited. Figure 3b shows
the excitation of the bonding (red-shifted peak) and
antibonding (blue-shifted peak) for a dimer with R =
25 nm, maximum angular semiaperture, and changing
the interparticle distance. In opposition to the case
of a dimer placed on the x-axis and illuminated by an
x-polarized plane wave (Figure 1a), the dark mode can
be excited because the phase of the longitudinal com-
ponent is not constant through the z-axis (Figure 3d).
This implies that the fields acting over the particles are
partly in-phase and partly out-of-phase over one per-
iod and both modes can be excited. Since the bright
m = 0 mode is significantly red-shifted with respect to
the dark m = 1 mode, both resonances can be clearly
resolved when the particles are under the influence of
the longitudinal field component.
The excitation of dark modes of dimers described

above is related to the phase jump existing at the
gap separating the particles. Qualitatively similar re-
sults could be obtained if other illuminations with
phase jumps are used, like Hermite�Gauss beams.22

CVBs, however, can give place to dark modes in more
complex highly symmetric clusters. Figure 4 shows the
extinguished power spectra for a trimer and a quad-
rumer made of silver particles with R = 25 nm and
d= 10nmexcited by x-polarized planewave, AP and RP
beams. The excitation of these plasmonic oligomers by
plane waves has been previously discussed,50 and the
broad peak observed at small photon energies corre-
sponds to the admixture of several plasmon modes
corresponding to the same irreducible representation
in group theory (E0 and Eu modes for the trimer and
quadrumer).50 The narrow peaks excited by CVB corre-
spond to a different group symmetry (A1

0 and A1g for
RP and A2

0 and A2g for AP) that cannot be mixed with
other modes and are optically inactive for illumination
with homogeneous polarization. The excitation of
these dark modes enables a large field enhancement
at the gaps separating the particles. Compared to the
dimer case, now the geometrical arrangement of the
particles allows the formation of hot spots, with a
maximum intensity enhancement being about 1 order
of magnitude larger than for x-polarized plane wave
excitation. As in the dimer case, no charge is excited in
the area of the particle surface directly facing the
center of the oligomer, leading to the formation of
cold spots. The dark resonances excited by AP beams
can be considered asmagneticmodes, as themagnetic
dipolar moment51,52 of the structure is oriented in the

Figure 4. Extinguishedpowerdue to the illuminationwith an x-polarizedplanewave, AP andRPbeamona (a) silver trimer, (c)
silver quadrumer with R = 25 nm, d = 10 nm. The semiaperture of the lens is 30�. Near field distributions for the trimer (b) and
quadrumer (d) excited by an AP beam for the photon energy with largest extinction. Insets show the distribution of the
incident field with polarization contained in the in the focal plane.
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direction of the strong longitudinal magnetic field
component.53

The small particle sizes of the clusters investigated
above allows classification of the modes excited by
CVB as dark. For larger particles, retardation becomes
important and radiative damping can be significant.54

Figure 5 shows the extinguished and absorbed power
for a dimer with R = 50 nm and d = 3 nm located at
the x-axis and excited by an AP beam focused by a lens
with semiaperture 90�. The resonance corresponding
with the out-of-phase coupling of the dipolarmoments
(2.15 eV) is broader than in previous cases (Figure 1)
due to the larger particle size, enabling spectral over-
lapping with modes of higher multipolar order. In this
configuration, a pronounced dip appears in the extin-
guished power spectrum at photon energy of 2.58 eV,
that roughly coincides with a maximum in the absorp-
tion spectra. This absorption peak corresponds to the
coupling of quadrupolar moments of the particles and
the dip results from the interference of this resonance
with the broad out-of-phase dipole coupling mode,
that is, it can be associated to a Fano resonance. The
possibility to obtain a Fano dip in the dimer spectra
is enabled by the strong spatial overlapping of the
charge distribution of the involved resonances. The
out-of-phase coupled-dipole resonance results in a
charge distribution preferentially confined around
the particle gap due to near field interaction (top right

panel, Figure 5a) and shares certain similarity with
the coupled-quadrupole resonance (low panel in
Figure 5a). Thus, phase toggling takes place as
the photon energy is varied through the coupled-
quadrupole resonance,55 with an efficient destructive
interference and strong charge localization around
the dimer gap when the Fano minimum occurs
(middle panel). A dimer excited by a linearly polarized
plane wave does not show such pronounced dips56 as
the charge distribution of the in-phase couplingmodes
of different orders do not show significant spatial
overlapping. The Fano minimum appearing in the Ag
dimer in Figure 5a can be enhanced if the resonance
playing the role of continuum is further broadened. By
placing the twoparticles at larger distance (black line in
Figure 5b), the coupling is reduced and the extinction
spectrum shows a broad peak, resembling the dipolar
excitation of a single particle. If a third particle is
located at the center of such a dimer, the dipolar mode
is only slightly perturbed since the field acting on the
central particle at the origin vanishes and the reso-
nance is still broad. However, the central particle
enables strong coupling of the quadrupole moments
of the particles, leading to a dip in the extinguished
power spectra (2.57 eV). The excitation of Fano reso-
nances in plasmonic systems usually requires a certain
degree of asymmetry or complexity in the structure;
however, the present simulations reveal that CVB could

Figure 5. Extinguished (solid line) and absorbed (dashed line) power due to the illumination with a focused AP beam on (a)
silver dimer with R = 50 nm and d = 3 nm, (b) silver dimer with R = 50 nm and d = 106 nm (black line) and silver trimer with R =
50nmand d=3 nm (red lines). Right panel shows charge distributions at different photon energies for the silver dimer and trimer.
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be used to generate such resonances in relatively
simple and symmetric systems.

CONCLUSION

We have shown that focused AP and RP beams can
be used to efficiently excite dark plasmon modes in
nanoparticle clusters, having reduced radiative damp-
ing and larger field enhancement with respect to
brightmodes. The near field distribution resulting from
CVB excitation is highly inhomogeneous and includes
regions with large field enhancement and electromag-
netic cold spots. Finally, the spatial overlapping of the
charge distribution of coupled multipolar resonances
of different order gives place to Fano dips in the extinc-
tion spectrum of symmetric clusters such as dimers.
Being that these properties are unattainable with
linearly polarized beams, our results show that CVB
can be used to further exploit the application potential
of plasmonic clusters.

METHODS
The generalized multiparticle Mie theory34,35 consists on

expanding the incident (E0), scattered (ES) and internal (EI) fields
in series of vector spherical harmonics mpq1(3) and npq1(3)
defined with respect to the center of the particle i.

Ei0(ri) ¼ ∑
¥

q¼ 1
∑
q

p¼�q
aipqm

i
pq1(ri)þ bipqn

i
pq1(ri) (1)

EiS(ri) ¼ ∑
¥

q¼ 1
∑
q

p¼�q
cipqm

i
pq3(ri)þ dipqn

i
pq3(ri) (2)

EiI (ri) ¼ ∑
¥

q¼ 1
∑
q

p¼�q
eipqm

i
pq1(ri)þ f ipqn

i
pq1(ri) (3)

We employ the definition of vectors spherical harmonics of
Gérardy and Ausloos.34 The index 1 or 3 in the vector spherical
harmonics refers to the Bessel function taken to guarantee
finiteness at origin (for the internal and incident field) or at
infinite (scattered fields). Taking into account that the field
acting over each particle is the sum of the incident field and
the field scattered by all the other particles and imposing
boundary conditions at the all the particle surfaces, a linear
system connecting the scattered with incident field coefficients
results:

djlm �Δj
l ∑
q, p
∑
N

i 6¼j

[ciqpC
ij
qplm þ diqpT

ij
qplm] ¼ Δj

lb
i
lm (4)

where N is the number of particles and the matrices Cqplm
ij and

Tqplm
ij are result of vector addition theorems and connect the

vector spherical harmonics defined at different origins, that is,
centered at different particles. By truncating the system to a
maximum degree qmax, the scattering coefficients can be deter-
mined. The value of qmax depends on the particle size and the
strength of the electromagnetic coupling amongparticles. In our
simulations qmax has been varied until convergence of the
computed far-field or near-field quantities was achieved.
A multipolar expansion for a focused cylindrical vector beam

was developed by Borghi et al.40 Owing to the symmetry of such
beams, only vector spherical harmonics with q = 0 are needed.

In particular, a radially polarized beam is determined by bq0
0 =

A(q) and aq0
0 = 0, while an azimuthally polarized beam require

aq0
0 = A(q) and bq0

0 = 0, with

A(q) ¼ iq
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2qþ 1

p Z R

0
exp

�f sin θ
w

� �2 f

w
sin2 θ

ffiffiffiffiffiffiffiffiffiffiffi
cos θ

p
P1q(cos θ) dθ

(5)

where R is the angular semiaperture of the lens, f is its focal
number, and w is the beam waist. In our calculations we have
considered f = w. The multipolar expansion for focused cylin-
drical vector beams has its origin at the focus, and vector
addition theorems are necessary to calculate the expansion
coefficients with origin at different particle centers. Figure 6
shows the distribution of the field at the focal plane for AP and
RP beams calculated using the multipolar expansion.
For plane wave illumination, extinction, absorption, and

scattering are usually quantified through cross sections, defined
as the ratio of extinguished, absorbed, and scattered power
with respect to the incident irradiance. For a nonhomogeneous
illumination this definition losses its meaning, but it is possible
to calculate the total power scattered (Psca) and the sum of
absorbed and scattered power (Pscaþabs) in the same way as for
plane waves.38

Psca ¼ 1
2Zk2 ∑i, q, p

jciqpj2 þ jdiqpj2 þ Re
ciqp

Γi
q

� aiqp

 !
ci�qp þ

diqp

Δi
q

� biqp

 !
di�qp

2
4

3
5

8<
:

9=
;

(6)

Pscaþ abs ¼ � 1
2Zk2 ∑i, q, p

Re[aiqpc
i�
qp þ biqpd

i�
qp] (7)

where Z is the medium impedance. Pscaþabs can be identified
with the extinguished power, and the absorbed power, Pabs can
be calculated as Pscaþabs � Psca. Expressions 6 and 7 have been
used through the article in order to quantify the far-field res-
ponse ofmetal nanoparticles excited by cylindrical vector beams.
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Figure 6. Distribution of field at the focal plane of a lens
with angular semiaperture 30� in a medium with refractive
index n = 1.5 illuminated by an azimuthally polarized (a, b)
and radially polarized (c, d) beams. The x-polarization
components are shown in panels a and c, and the y-polar-
ization components are shown in panels b and d.
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Supporting Information Available: Movies of the surface
charge distribution of the plasmon dark and bright modes in
dimers. This material is available free of charge via the Internet
at http://pubs.acs.org.
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