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By means of the boundary element method, we calculate and interpret the spectral lineshapes and near field
spatial distributions of sets of a few nanospheres and nanocylinders on illumination close to the plasmon
polariton excitation wavelength. This collective behavior is studied versus that of one isolated particle. Com-
parisons with results from previous experiments are done. As far as cylinders are concerned, our procedure
goes beyond former calculations based on the quasi-electrostatic approximation and, hence, it is exact. It
allows to address mixtures of a few of these particles with different sizes providing the configuration possesses
axial symmetry. In particular, configurations with nanoantenna behavior are discussed. Finally, we discuss in
terms of the direction of propagation and polarization of the incident wave, both the spectral and spatial field
distributions of a chain of three self-similar metallic nanospheres whose plasmon eigenmodes were previously
analytically obtained and whose properties of nanofocusing were predicted.
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I. INTRODUCTION

Efficient concentration and intensity enhancement of light
both in space at the nanoscale1,2 and in the spectral range3–5

are proposed as promising means of optical sensing and
characterization6–11 and signal transmission,12–14 of interest
in physics, chemistry, and biology. In this connection, the
excitation of eigenmodes of micro- and nanoparticles is a
subject of intensive research in order to achieve those objec-
tives. In particular, surface plasmon polaritons in metallic
particles are known to give rise to those field characteristics.
In the laboratory, the plasmonic excitations of metal nano-
spheres have been exploited in order to manipulate15,16 and
enhance the Raman signal emitted by biological molecules.7

In addition, there has also been an attempt to achieve focus-
ing of the local field by means of a chain of silver nano-
spheres of selfsimilar sizes in vacuum.17 In that work the
eigenmodes of the system, that is, the surface plasmon
modes, are derived as the solution of a self-consistent equa-
tion. However, their response to an incident electromagnetic
wave has not yet been addressed. A strong enhancement of
the electromagnetic field in the regions between the spheres,
especially between the smallest spheres, is predicted. Hence,
this system can be used as a nanometric lens in the ultravio-
let regime.

Plasmon resonances of spheres and infinite cylinders have
been extensively studied using Mie theory.18,19 Calculations
for finite cylinders, however, are often performed in the Ray-
leigh limit �where the size of the particle is much smaller
than the wavelength�, assuming a static electric field.20,21 Re-
cently, it was determined that gold nanorods exhibit a drastic
reduction of plasmon damping compared to nanospheres.21 It
was shown that the plasmon oscillations in cylindrical par-
ticles incur fewer losses which allow for a longer lifetime
and a narrower linewidth. This can make them more effec-
tive for experimental purposes, thus it is important to analyze
their behavior under different configurations using numerical
methods.

In this work, we make use of the boundary element
method �BEM�,22 in which the surfaces of the objects are

discretized and Maxwell’s equations are solved for the sur-
face charge and current densities induced at the interfaces by
the field source �in our case, incident plane waves�. This
numerical procedure allows us to calculate the near and far
fields for configurations with axial symmetry in an incident
field and to go beyond the Rayleigh limit. In Sec. II, we
begin be analyzing the plasmon excitations of isolated gold
cylinders in different size ranges. In Sec. III, we study sys-
tems of two and three gold cylinders with distinct resonance
frequencies. We explore the effects of coupling among the
plasmon oscillations on the linewidths and amplification of
the individual particle signals, also addressing situations of
nanoantenna behavior. In Sec. IV, we present results for en-
sembles of two spheres and one cylinder which exhibit a
significant cooperative effect among the plasmons leading to
a dramatic amplification in the far-field spectrum. In Sec. V
we also study the system formed by three selfsimilar silver
spheres in order to verify the effect of the calculated eigen-
modes and field enhancement in17 for different polarizations
and incidence angles. Finally, in Sec. VI we present a sum-
mary of the results obtained and give our conclusions.

II. GEOMETRY-DEPENDENT SURFACE PLASMON
EXCITATIONS IN FINITE ISOLATED CYLINDERS

We begin by studying individual gold nanorods in the size
ranges analyzed in the experiments described in Ref. 21. The
index of refraction of the surrounding medium is 1.5 as used
therein. In order to avoid numerical convergence problems,
we model the cylinder with a slight curvature near the top
�see inset in Fig. 1�, and calculate the far field scattering
intensity �that is, the total number of photons from the light
source scattered by our system in all directions� of isolated
gold cylinders with different lengths and diameters over a
range of frequencies. The source is a plane wave incident
from the lateral direction and polarized with electric vector
direction along the long axis of the cylinder. We use the bulk
values for the refractive index of gold given in Ref. 23. Fig-
ure 1 illustrates the dependence of the plasmon resonance on
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cylinder diameter and length. The scattering intensities are
given in arbitrary units, but are plotted in terms of relative
values in all forthcoming figures. We will indistinctly use the
terms “energy” and “frequency”, both expressed in units of
eV, taking into account the well known quantum equiva-
lence: 1 eV=2.418�1014 Hz.

We note in Fig. 1 that as the length of the cylinders in-
creases for a fixed radius, the scattering amplitude increases
and the resonance frequency decreases. We anticipate the
increase in scattered light for longer cylinders due to the
greater number of oscillating electrons. The linewidths �full
width at half maximum �FWHM�� vary only slightly �be-
tween 0.08 and 0.13 eV� for all cylinders. Therefore the de-
crease in resonance frequency with increasing length leads to
a lower quality factor Q=Eres /� �where Eres denotes the in-
cident photon energy at which there is plasmon excitation
and therefore the scattering efficiency reaches a peak, and �
is the FWHM of the resonance line�, for longer cylinders.

For the cylinders in Fig. 1, we find the same dependence of
FWHM and Q on the frequency as reported in Ref. 21 below
1.8 eV.

In addition, we observe in Fig. 1 an increase in both the
scattering intensity and resonance frequency as the diameter
increases. For cylinders of the same length but different di-
ameters, a significant shift in the resonance frequency is
found. Since the plasmon oscillations are along the axis of
the cylinder, this sensitivity to the cylinder width is surpris-
ing. Indeed, we find that if we increase the dimensions of the
cylinders by a factor of 10, the dependence on the width
disappears, and only the length determines the position of the
plasmon resonance. Figure 2 illustrates this result for cylin-
ders with dimensions in the micrometer range. We note only
a slight decrease in the peak height as the diameter de-
creases. Furthermore, the resonances now occur at much
lower frequencies, and the scattering amplitude is much
greater as we would expect for larger objects.

FIG. 1. Light-scattering spectra in isolated
gold nanorods of different sizes �diameter/length
in nm�. The inset shows the directions of propa-
gation and polarization of the incident plane
wave. The index of refraction of the surrounding
medium is 1.5. � denotes the energy shift for two
resonance peaks corresponding to cylinders of the
same length.

FIG. 2. Light-scattering spec-
tra in isolated gold nanorods.
Same conditions as Fig. 1 are used
but the dimensions of the cylin-
ders have been increased by 10.
Inset: Three isolated cylinders
with small diameter and reso-
nances below 1 eV. � denotes the
energy shift for two resonance
peaks corresponding to cylinders
of the same length.
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In order to explain these effects, we must consider both
the object geometry as well as the material properties. From
the behavior of the dielectric function of gold,23 we know
that the medium is strongly absorbing below 1 eV. At these
frequencies, the field cannot penetrate into the medium and
the plasmon oscillations are highly localized on the lateral
surface. Also, because the cylinders in Fig. 2 have large di-
ameters, the surface plasmon modes are not affected by Cou-
lomb repulsions among the electrons on opposite surfaces. In
contrast, because the rods in Fig. 1 have smaller diameters,
there can exist electronic forces inside the cylinder that per-
turb the plasmonic oscillation. Furthermore, because gold is
less absorbing at these frequencies, the field can penetrate
inside the material and excite electrons within the volume of
the cylinder. Thus the combination of smaller dimensions
and lower absorption leads to a bulk effect which signifi-
cantly alters the long axis mode in nanorods of the same
length but different diameters.

Further evidence of this is provided in the inset in Fig. 2,
which depicts three cylinders with diameter/length 15/200,
20/200, and 25/200 nm, with resonances below 1 eV. We
indicate with � the difference in frequency between the
smallest and largest peak, and note that the resonances occur
much closer to one another ��=0.16 eV� than in Fig. 1 ��
=0.28 eV�. Nevertheless, we continue to see a strong differ-
ence in peak height as in Fig. 1. This suggests that as we
increase the length of the rod, the position of the resonance
no longer depends on radius, because we shift into a regime
of greater absorption where the plasmon is confined to the
surface. In addition, increasing the radius further reduces
electronic interactions and collisions within the material,
leading to a smaller difference in peak height as in Fig. 2.
Repeating the calculations with larger cylinders whose reso-
nance frequencies are below 1 eV �dimensions 45/300,
60/300, and 75/300 nm� confirms these trends.

Sönnichsen et al.21 have experimentally measured the
light scattering spectra of a single gold sphere �diameter
=60 nm� and cylinder and observed that the dephasing time
�and hence �−1� of cylinders is much larger than that of

spheres. Figure 3 reproduces the light scattering spectra for
the cylinder and sphere measured in.21 While the exact di-
mensions of the cylinder are not given in Ref. 21, we use a
rod with diameter 25 nm, and length 60 nm, because its
resonance frequency is close to the one observed in,21 and it
is within the size range reported therein. The peaks on the
left in Fig. 3 correspond to the cylinder modeled with two
different degrees of curvature at the ends. The smaller peak
is for the cylinder whose ends are completely rounded, while
the taller peak has ends that are only slightly curved around
the corners. We obtain resonance frequencies of 1.76 eV
�rounded� and 1.66 eV �curved� for the cylinder, and 2.27 eV
for the sphere. The resonant frequencies reported in Ref. 21
are 1.82 eV and 2.19 eV for the cylinder and sphere respec-
tively. Differences in the observed and calculated resonance
frequencies for the sphere are most likely due to imperfec-
tions in the particle geometry used in the experiment. Indeed,
we see that for the cylinder, there is a significant shift in the
resonance when round edges are used. Based on Fig. 1, we
can interpret the result of rounding the edges as shortening
the length of the cylinder—the peak height decreases and the
resonance shifts to higher frequencies. The difference due to
rounded edges illustrates the sensitivity of plasmon reso-
nances to the object’s geometry. Electrons can “sense” the
boundaries of the object and adjust their collective oscilla-
tions accordingly. �cf. Ref. 24, Sec. 12.1� Using rounded
edges better approximates the actual nanorods used in ex-
periments where straight edges are difficult to fabricate.

III. SELECTIVE AMPLIFICATION IN SYSTEMS
OF THREE INTERACTING CYLINDERS

We will now present the results obtained when several
nanoparticles are placed in close proximity to each other. On
the one hand, studying configurations of several particles is
of interest because they provide insight into the common
laboratory conditions in which many particles are simulta-
neously observed. Also, special arrangements of a few par-
ticles may exhibit resonant structures with characteristics

FIG. 3. Light-scattering spectra of an isolated
gold nanorod �diameter=25 nm,height=60 nm�
with straight and rounded edges and an isolated
gold sphere �diameter=60 nm�. The index of re-
fraction of the surrounding medium is 1.5.
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similar to those of an antenna.25 We model three cylinders
with different dimensions �diameter/height in nm=15/100,
20/80, 25/60� aligned head to head in a medium with index
of refraction 1.5. The incident plane wave is polarized with
the electric vector along the long cylinder axis. We choose
these cylinders because of the relatively wide separation be-
tween their plasmon resonance frequencies, and wish to ob-

serve the effects of plasmon coupling between cylinders on
the linewidth and resonance frequency. We calculate the far
field scattering spectra of these interacting cylinders in three
different configurations, each time placing a different cylin-
der in the middle. Figures 4�a�–4�c� show the scattering in-
tensities calculated for the three cases with a gap of 20 nm
�solid line� and 10 nm �dashed line� between each of the

FIG. 4. �a�–�c� Light scattering spectrum for three gold cylinders �15/100,20/80,25/60� interacting head to head with a separation of 20
nm �solid line� and 10 nm �dashed line� between them, and light scattering spectra for each isolated cylinder �dots�. �d� and �e� Light
scattering spectrum for three cylinders of the same length �15/60,20/60,25/60� and diameter �25/80,25/60,25/40� with a separation of 20
nm �solid� and isolated �dots�. �f� Light scattering spectrum for a sphere between two cylinders �solid� and for each isolated particle �dots�.
In each case, the index of refraction of the surrounding medium is 1.5.
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cylinders. The dotted lines are the scattering spectra for each
isolated cylinder �Fig. 1� plotted for comparison.

The scattering spectrum of the interacting cylinders re-
tains the important features of the isolated cylinder spectra.
In particular, the plasmon resonance of each individual cyl-
inder remains clearly distinguishable. Each cylinder “lights
up” at its respective frequency as it would if it were alone.
However, light scattered by the oscillating electrons, as well
as the Coulomb forces induced among the cylinders give rise
to the observed differences between the collective spectrum
and the spectra of each isolated cylinder. The shifts in reso-
nance frequency fall between 0 and 0.04 eV and always oc-
cur towards higher energies for the 25/60 cylinder, and
lower energies for the other two. With respect to the line-
width, we calculate, in general, a broadening of the peak
�1–45 %�. While the 15/100 cylinder is clearly the most sus-
ceptible to line broadening, we observe in some cases a nar-
rower linewidth for the other two cylinders. As a rule, we
expect interacting particles to incur greater losses that serve
to shorten the plasmon lifetime. Based on our results how-
ever, we also allow for the possibility that the electron oscil-
lations in neighboring particles can couple constructively in
certain cases, prolonging the duration of the plasmon oscil-
lation.

Indeed, another striking result is the selective amplifica-
tion of the scattering intensities of the cylinders. In all three
cases, the signal from the 15/100 cylinder is amplified by a
factor of approximately 2. In contrast, the scattering intensity
of the 25/60 cylinder is always significantly diminished in
the presence of the other two. We find that the signal from
the 20/80 cylinder is both amplified and diminished, depend-
ing on its relative position. We can explain these effects with
the driven oscillator model �cf. Ref. 24, Sec. 9.1�: When one
cylinder oscillates at its resonance frequency, it induces plas-
monic oscillations in the neighboring particles. If the reso-
nant cylinder drives its neighbors at a higher frequency than
their own resonances, they will oscillate out of phase produc-
ing destructive interference in the far field. In contrast, driv-
ing the cylinders at lower frequencies yields constructive in-
terference because their relative phase difference is zero.

With this model, we can explain why the signals from the
15/100 cylinder and the 25/60 cylinder are amplified and
attenuated in all cases: At 1.04 eV, the 15/100 cylinder
drives the other two cylinders at a lower frequency than their
own resonances. Therefore, the light emitted by all three par-
ticles will interfere constructively, producing an amplifica-
tion at 1.04 eV. This amplification is present regardless of the
cylinder position, because it is always next to a neighbor
with a higher resonance. The reverse is true for the 25/60
cylinder: its neighbors always oscillate out of phase because
of their lower resonance frequencies. An interesting case is
the 20/80 cylinder—its signal is attenuated in Fig. 4�a�,
where it is placed above the 15/100 cylinder. At 1.34 eV, it
drives the 15/100 cylinder with a higher frequency which
leads to destructive interference. However, in Fig. 4�b�, we
find that its signal is attenuated because of its proximity to a
cylinder with higher resonance �25/60�. Finally, in Fig. 4�c�,
the cylinder is placed in the middle of the other two. Because
of the two competing effects, we note only a slight amplifi-
cation for a separation of 20 nm which is further reduced

when the cylinders are brought within 10 nm. These results
are consistent with the driven oscillator model and suggest
that a particle immediate neighbor has the greatest impact on
the amplification or attenuation of that particles signal.

When we bring the cylinders within 10 nm, we observe in
Fig. 4�a� splitting of the resonances of the 15/100 and 25/60
cylinders. This splitting, caused by plasmon coupling be-
tween neighbor resonant particles as a result of the interac-
tion between the multipolar modes of each individual cylin-
der, is known and had been observed in spheres.26

In Fig. 4, we also show the results obtained for cylinders
of the same length �d� and diameter �e�. In �d�, the two cyl-
inders with lower resonance frequency are amplified while
the one with the highest resonance is attenuated. In �e�, we
achieve a small enhancement of the signal from the 25/60
cylinder by placing it next to one with higher resonance fre-
quency �25/40�. In this case, the peak of the 25/40 cylinder
almost disappears. Finally, in Fig. 4�f�, we model a sphere of
diameter 60 nm between two cylinders. Since the sphere
resonates at the greatest frequency, its signal is attenuated,
while the peaks of the cylinders are amplified. Again, these
results are consistent with the driven oscillator model, and
suggest that in a given configuration, signal amplification
depends primarily on the relative positions of the particles
resonance frequencies, rather than on their geometry.

In all configurations in Fig. 4, we find that shifts in the
individual resonant frequencies of the interacting particles
with respect to the isolated cases are small. Furthermore,
these shifts always occur towards smaller frequencies for
amplified peaks and towards higher frequencies for attenu-
ated peaks. In addition, we note that both amplification and
attenuation occur on the low-frequency side of a given peak.
Based on the driven oscillator model, one possible explana-
tion is the following: For the amplified peaks, moving to-
wards higher energies entails a greater phase difference be-
tween the oscillators, which leads to destructive interference.
Therefore, the resonance can only be amplified at low fre-
quencies. In contrast, for the attenuated peaks, higher ener-
gies entail a complete dephasing, but the amplitude of the
dephased oscillator becomes small and has little impact on
the peak of the resonant oscillator. Thus, the peaks appear to
be more attenuated on the low frequency side.

In a three-cylinder configuration, the linewidths remain
relatively narrow,21 and it is possible to distinguish the signal
emitted by each individual particle. Furthermore, we find
that we can achieve selective amplification with particles that
have different resonant frequencies—the cylinder with high-
est frequency will amplify the signals of the other two. A
device that incorporates nanorods with different resonance
frequencies can be used as an antenna25 or as a molecule-
specific biological sensor. Thus the cylinders in Fig. 1 make
good candidates for such applications because their reso-
nances depend on length as well as diameter. In fact, in Fig.
5 we investigate the response of systems formed by two
identical cylinders, one above the other, under different inci-
dence conditions and the behavior of the system is similar to
that of a nanoantenna.25 Now the peak in the scattering in-
tensity of the system of two cylinders is slightly shifted to-
wards smaller photon energies and is broader and larger than
that of the isolated 20/80 cylinder spectrum, with near field
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enhancements in the gap between cylinders. The comparison
with the behavior of a single long cylinder with the same
diameter �20 nm� and length equal to the sum of the lengths
of the small cylinders and the gap between them �180 nm�,
shows that diffraction and boundary effects in the system
formed by two cylinders is very significant in terms of the
scattered intensity, while the frequency of the plasmon sur-
face resonance is determined mainly by the size of the indi-
vidual cylinders.

IV. FIELD AMPLIFICATION COMBINING SPHERES
AND NANORODS

We next analyze the ensemble of two spheres with one
cylinder. In Fig. 6�a�, the cylinder is placed in the middle of
a 150 nm sphere and a 60 nm sphere, while in Fig. 6�b�, we
place a 40 nm sphere between the cylinder and the 150 nm
sphere with a separation of 20 nm. In both of these cases we
achieve a striking amplification — the cylinders signal is
enhanced by a factor of approximately 4, while at the reso-
nance of the large sphere, the signal is 6 times stronger. We
anticipate the amplification for the cylinder as explained
above by the driven oscillator model. In this case, however,
we observe a dramatic field enhancement over a much longer
range of frequencies. We believe that this is because the
smaller spheres have resonances within the linewidth of the
large sphere, which produces a pronounced cooperative ef-
fect between these particles leading to a drastic amplification
over a broad range of frequencies. This suggests that the
large sphere is able to excite the smaller spheres significantly
even when it is not directly next to them. However, the over-
lapping resonances and the broader linewidths of the spheres
make it more difficult to identify the individual signals in a
multi-particle configuration. In Fig. 6 we indicate with ar-
rows both the maximum �a� and inflection point �b� in the
ensemble scattering spectrum that coincide with the reso-
nances of each of the small isolated spheres.

Figure 6 also includes calculations of the scattered field at
y=0 �the equatorial plane of the particles�, for the two con-
figurations on the left. We use an incident frequency of 1.8
eV in �a� and 1.78 eV in �b�. This calculation shows that the
large sphere is able to effectively excite the other two par-
ticles. We note the concentrations of the field in the areas
between the particles. In Fig. 6�a�, the cylinder appears to
“transmit” the signal between the two spheres. Also, we see
that the field penetrates into the cylinder causing an interfer-
ence pattern. This further supports the ideas presented in the
previous section for cylinders of similar dimensions.

V. SELF-SIMILAR SET OF NANOSPHERES

Let us now study a system formed by three silver spheres
placed in vacuum whose sizes follow a selfsimilar law, being
the radius of the nth sphere 1/3 of the radius of the �n
−1�th sphere, as proposed in Ref. 17. The configuration of
the system is given in the insets in Fig. 7. The results ob-
tained in Ref. 17 predict a large enhancement of the local
field between the smallest nanospheres, for energies of 3.25

FIG. 5. Light scattering spectra for one cylinder �20/80 in di-
ameter and length, in nm�, for two cylinders �20/80� interacting
head to head with a separation of 20 nm, and one cylinder �20/180�.
The index of refraction of the surrounding medium is 1.5.

FIG. 6. Left: Light scattering spectra for two spheres and one
cylinder �15/100� interacting with a separation of 20 nm �solid line�
and spectra of each particle isolated �dotted�. Diameter of spheres:
�a� 150 and 60 nm; �b� 150 and 40 nm. Right: Distribution of
log�E /E0� where E is the scattered field at y=0 for the resonance
frequency of the large sphere: 1.8 and 1.78 eV for the �a� and �b�
cases, respectively. The index of refraction of the surrounding me-
dium is 1.5.
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and 3.37 eV, and a large enhancement at the apex on top of
the smallest one. Our calculations show that the plasmon
resonance frequencies for the isolated spheres are 3.22, 3.46
and 3.50 eV for the biggest, intermediate and smallest
sphere, respectively.

We first observe an expected effect: the resultant electro-
magnetic field strongly depends on the characteristics of the
source. In Fig. 7 we show the scattering amplitude of the
ensemble of the three silver spheres for two different polar-
izations of the incoming plane wave which is incident from

the lateral direction. In �a� and �b�, we have a separation of 9
nm between the large and medium spheres, and 3 nm be-
tween the medium and small spheres, and in �c� and �d� we
decrease the respective separations to 1.5 and 0.5 nm. We
find that the effect of coupling is small, and the peak corre-
sponding to the plasmon resonance of the biggest sphere is
dominant. Nevertheless, it is important to note that the situ-
ation is different depending on the orientation of the electric
field vector; when it is perpendicular to an imaginary line
which connects the centers of the spheres �case �a��, the re-
sult is qualitatively the same regardless of the orientation of
the wave vector; but if it is parallel to such a line, the effects
are completely different. In this figure, only results for inci-
dence perpendicular to that line are shown.

If the separation between the spheres becomes smaller
�1.5 and 0.5 nm�, then the coupling between the modes of the
individual spheres grows higher, and some new resonance
frequencies are observed. Notice that this result is different
from the one appearing in the previous section, where the
magnitude of the scattering amplitude increased due to the
presence of several particles, but the resonance frequency
shifted only slightly. Particularly significant is the case in
Fig. 7�c�, in which a new peak appears at a frequency which
is considerably lower than the individual plasmon resonance
of each sphere.

Once we identify the resonance points, the next step is to
calculate the value of the local electric field and look for an
enhancement similar to the one found in Ref. 17. First we
will study the case in which the incident field is perpendicu-
lar to the symmetry axis of the system. Figure 8 shows the
normalized electric field modulus for both light polarizations
on the equatorial plane of the spheres. When the electric
vector is perpendicular to the symmetry axis �Fig. 8�a�� the
field reaches its maximum value inside the spheres, and de-

FIG. 7. Far-field scattering amplitude of the system appearing in
the insets through an incident plane wave. The wave vector is per-
pendicular to the symmetry axis of the three-silver-sphere ensemble
placed in vacuum in all cases. In �a� and �c� the electric field is
oriented perpendicularly to that axis, while in �b� and �d� the elec-
tric field is parallel to the symmetry axis. The sphere radii are 45,
15, and 5 nm.

FIG. 8. �a� log�E /E0� for the
case �c� of Fig. 7, for the reso-
nance frequency 3.16 eV, in the
equatorial plane of the spheres. �b�
�E /E0�2 for a region of the sym-
metry axis of the system. The
dashed vertical lines are placed in
the positions of the sphere sur-
faces. �c� and �d� Same as �a� and
�b�, but for the case �d� of Fig. 7
and the resonance frequency 3.26
eV.
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cays with depth due to the metallic properties of the material.
But if the electric vector orientation is parallel to the sym-
metry axis �Fig.8�b��, then the maximum value of the field
intensity occurs between the spheres, which is the desired
effect for practical purposes. Compared to the result reported
in Ref. 17, the field enhancement we see here is much stron-
ger between the biggest and the intermediate spheres, but
weaker between the intermediate and the smallest spheres.
We can deduce from these results that the behavior of the
system is strongly dependent on the incidence wave vector
direction, and therefore the study of the eigenmodes by just
solving the homogeneous wave equation is not enough on its
own to provide full information about the interaction be-
tween this system and light.

Let us study now the case of incidence parallel to the
symmetry axis of the system. We choose the incident photon
energy corresponding to the frequency of the maximum scat-
tering intensity in Fig. 7�a�. The value of the electric field
shown at the left top of Fig. 9 exhibits the typical character-
istics for a wide range of frequencies around this particular
one, when the wave is incident from the bottom of the figure:
the field concentrates around the small sphere, and reaches
its maximum inside its surface. Of course, it cannot penetrate
further, because of the metallic nature of the material. But if
we progressively decrease the distances between the spheres
�Fig. 9, from left to right and top to bottom�, two main fea-
tures of the electric field appear: first, there is a significant
enhancement of the electric field in the regions between the
spheres, but there is a minimum of the field intensity which
lies exactly in the line which goes from one center to the
other, and equidistant from the surface of each sphere. This
can be a result of a destructive multiple interference of the

waves reflected by the surface of both spheres, causing an
effect similar to that of the field emitted by an electric dipole,
which cannot propagate in the direction parallel to the
source. This behavior was not predicted in Ref. 17, so it must
be caused by the interaction of the sphere ensemble with the
external field.

VI. SUMMARY AND CONCLUSIONS

In this work we have made a theory and calculations on
the response of sets of a few nanocylinders and nanospheres
to light in the proximities of the plasmon resonance excita-
tion wavelength. In terms of the spectral lineshapes and spa-
tial intensity near field distribution, we have analyzed and
interpreted the collective behavior of the set of cylinders and
spheres in comparison with that of the corresponding iso-
lated particles for cases that were previously addressed in
experiments. In particular, we have also considered configu-
rations in which the set emits like a nanoantenna. Further-
more, depending on the propagation direction and polariza-
tion of the incident wave, we have discussed the possibilities
of plasmon polariton excitation and their consequences for
near field enhancements and focusing in chains of selfsimilar
metallic nanospheres for which the existence of surface
eigenmodes were previously predicted by analytically solv-
ing the homogeneous problem �namely, no incident wave�.
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FIG. 9. �E /E0�2 for the case of
a plane wave coming towards the
big sphere from below, given a
configuration similar to the ones
in Fig. 7, in the equatorial plane of
the spheres. The distances be-
tween the spheres are decreasing
from left to right and from top to
bottom.
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