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Abstract: In this work, we present a numerical analysis of the surface
electric field of a metallic nanoparticle (either 2D or 3D) interacting with a
flat substrate underneath. The influence of the distance to the substrate,
particle size, the surrounding media and the substrate optical properties is
analyzed as a function of the incident wavelength. We show that these are
crucial factors that change the field distribution associated to the dipolar
behavior of the particle. A useful parameter for illustrating the changes in
the angular distribution is 6., the angle a which the maximum of the
surface electric field is located.
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1. Introduction

The physics of the electromagnetic interaction between light and metallic nanoparticles has
been the focus of attention of many researchers during the last decade. The possibility of
exciting local resonances with the consequent enhancement of the local electromagnetic field
has opened new applications of metallic nanosized particles as biosensors, biomarkers,
spectroscopic enhancers in SERS, etc. [1-4] Furthermore, as the resonant frequencies depend
on the size, shape and optical properties of the particles as well as on those of the surrounding
medium, it is possible to tune those resonances along the visible part of the spectrum and also
in the near infrared, with applications in optical communications and computing [5].

In a great part of the aforementioned applications, nanoparticles are on or close to a
substrate. This proximity makes the particles to interact with the surface undernesth,
modifying the properties of the resonant modes. Only recently some researchers have taken
advantage of this effect by using metallic nanoparticles as probe nanoantennas for monitoring
surfaces [6]. This has generated a new way of making optical microscopy of surfaces. The
spectral shift and broadening of localized surface plasmon resonances produced, for instance,
in gold nanoparticles, give information about the physical profile of the surface. In addition,
microscopic imaging of the vector field close to a surface has been obtained by detecting the
orientation of the dipole excitation induced in a gold nanoparticle [7]. Interestingly, both
techniques have in common that near field information can be obtained through scattering
measurements in the far field.

In spite of al the studies contributing to a better knowledge of this problem, there are
some basic aspects that have gained importance with the irruption of technological
applications in the nanoscopic domain. One of these aspects is the knowledge of the changes
induced in the local field digtribution as a function of the size, shape, aggregation,
configuration of the surroundings, incident wavelength and also as a function of the proximity
to the resonances of the constituents. In a previous paper [8], we analyzed numericaly the
interaction of a metallic nanoparticle with a dielectric substrate (a common experimental
situation). When the particle is isolated or far from the substrate, the dipole character of the
electric charge oscillation is clearly manifested. In this case, the distribution of the modulus of
the electric field on the particle surface follows the typical “eight-shape’ with its charge
concentration maximum close to the equator of the particle. This constitutes the background
of the microscope technique developed in [7]. As the particle approaches the surface, other
charge oscillation modes appear and the modulus of the surface electric field shows deviations
with respect to the unperturbed “eight-shape”. Thisidea, the analysis of the field distribution,
and in particular the location of the maximum around a nanoparticle, will be used in this work
as afast indicator of either the dominant interaction among the charges in the system or the
oscillation mode transitions induced by the spectral evolution. In fact, in addition to a vast
amount of numerical work, it has been recently shown that surface plasmons excited on
isolated metallic nanoparticles can be experimentally mapped by electron energy-loss
spectroscopic techniques [9]. We think that two important aspects are worth a detailed
analysis under this perspective and constitute the objective of this research: First, the spectral
correlation of the surface electric field distribution and the far-field radiation scattered by the
system, either on or off the resonances, with specia attention to the role played by the
substrate underneath; and secondly, to show the usefulness of 2D computations as
representative of 3D systems.
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Many research papers on numerical computing of light scattering by random or
deterministic surfaces (for instance, particles on or above substrates) have used 2D models for
explaining interesting physical effects like the enhanced backscattering or the interaction of
particles with substrates. The latter for application purposes like particle sizing, optical forces,
near field optical microscopy, etc [10-12]. Other authors claim that they solve a 3D problem
when their results show that it can be reduced to a 2D one, due to the kind of geometry they
are dealing with [13]. For these cases, the physics involved in the different problems proposed
has been well exposed and most of times the generalization to other more realistic 3D
situations is quite straightforward. Such a reduction in the geometrical description has the
obvious computing advantages derived from a proper discretization of the boundaries in the
system (mainly, better accuracy, less noise, and a wider scope in the parameters, variable
ranges and cases under analysis, because of the use of simpler codes and shorter computation
times). However, for the kind of analysis proposed in this paper it is very convenient to know
to what extent the behavior obtained in a 2D situation can be naturally applied to another 3D
system.

In section 2 we will perform a comparison of the 2D and 3D geometries for the isolated
particle case, confronting the results for the modulus of the electric field for a sphere and for a
cylinder of the same radius and composition when light is incident normal to its axis. The
conclusions of this part will serve to establish the bases for the following 2D analysis when a
substrate is under the particle. The two most representative cases, those of dielectric and
metallic substrates, will be studied in sections 3 and 4 respectively. In Section 5 the main
conclusions of thiswork are summarized.

2. 2D and 3D geometries

We analyze the distribution of the electric field modulus on the surface of a cylinder (2D) and
a sphere (3D) when illuminated under the same conditions. The calculations are performed by
means of a conventional finite elements method to solve the electromagnetic wave equation
and also through a dight modification of the programs contained in ref [14]. The scattering
objects in our calculations are either an isolated infinitely long circular cylinder or an isolated
sphere of the same radius R. In both cases we have considered that they are made of a noble
metal (either silver or gold) [15]. These objects are illuminated by a plane wave whose
direction of propagation, for the cylinder case, is perpendicular to its axis and whose
polarization is linear, with the electric field oriented perpendicular to the axis of the cylinder.
For an infinitely long circular cylinder, this is the component of the field that can excite to
excite plasmon resonances. The surface electric field on the particle will be computed and

represented as a function of the angular parameter 6, within a meridian plane containing K
and Ei nc (see Fig. 1), with =P corresponding to the bottom of the particle (or forward
direction side) and 6=/8(P to the top (or backward direction side).
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Fig. 1. Geometry of the system used in our calculations.

As astarting point, in Fig. 2 we show the angle (G) a which the modulus of the surface
electric field is maximum as a function of the particle radius R, for either an isolated silver
sphere (full symbols) or an isolated silver cylinder (hollow symbols), and for three different
values of the incident wavelength. The three selected values for A are 360 nm, 420 nm and
480 nm (just to orientate, for a silver sphere these values would correspond to the resonance
wavelengths for sizes R=20, 65 and 82 nm respectively) and the dependence of 6. With the
wavelength is later analyzed in detail. In general, for an ideal dipole-like behavior (R>0) and
in the near field regime (roughly distances from the particle <A/10), the maximum of the
modulus of the electric field will be symmetrically located a 6=90° and 6=270° and the
minima at 6=0° and 6=180° [16]. This is opposite to what happens in the far field where the
distribution rotates 90° and the maxima and minima of the modulus of the scattered field
would be located at 6=0° 6=180° and 6=90°, 6=270° respectively. This corresponds to the
typical eight-shaped distribution with its two lobes symmetric and perpendicular to the
incident direction: An oscillating dipole does not radiate in the direction of oscillation.
Parameter 6,.x Seems to be quite sensitive to changes in the field distribution, and therefore to
any effect that may produce a departure from the pure dipolar behavior.
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Fig. 2. Angular position of the maximum of the local eectric field (6na) around an isolated
silver sphere (full symbols) or an isolated silver cylinder (hollow symbols) as a function of the
radius for several incident wavel engths.

In Fig. 2 such departure from 90° is clearly observed in a range of sizes from R=10 to 40
nm, for which bulk optical properties can be considered. Obviously, small particles show a
pronounced dipole-like behavior (all curves approach 90°) and for increasing size the
deviation is aways monotonic, in most cases quite small, and tending to lower values of &
(i.e. the local field “eight” lobes tend to the forward side of the particle). Vaues of G
observed within the scattering plane show, in general, small differences between the sphere
and the cylinder, and this supports the use of a 2D geometry to represent the perimetral
distribution of the electric field, and even the far field, associated to 3D systems, provided that
the scattering plane is orthogonal to the main (non-varying) direction.

In Fig. 3(a) we show the distribution of the modulus of the local electric field around an
isolated silver cylinder for four different situations: R=25 nm and 1=325 nm (black squares);
R=25nm and 1=348 nm (a resonant wavelength, red circles); R=25nm and 4=370 nm (green
triangles) and R=50nm and A=370 nm (blue diamonds). For comparison, in Fig. 3(b) we show
the distribution of the modulus of the local electric field around an isolated silver sphere for
the same four different situations.
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Fig. 3. Angular distribution of the local eectric field at the surface of (a) an isolated silver
cylinder and (b) an isolated silver sphere for three different incident wavelengths (at and
around the plasmon resonance) and two different sizes. * means that that wavelength is
resonant for that geometry.

The distribution of the electric field around a small metallic cylinder out of resonance
(green triangles) shows the typical eight-shaped dipolar distribution. If the particle size
increases (blue diamonds), quadrupolar effects disturb the shape and the maxima of the
electric field shift to the forward direction. Similar behavior occurs if the incident wavelength
excites a resonance (red circles). The values of the modulus of the electric field increase as
expected. In this case it is worthy to comment that for a cylinder of R=25 nm and for 4=348
nm there is a coincidence of the dipolar and quadrupolar resonances (see ref 8, Fig. 1). For
this reason the typical “eight” shape is not clearly manifested. Furthermore there is a dlight
tendency to shift the maxima of the surface electric field to the forward direction. For lower
wavelengths, the spatial distribution can be radically different from the dipolar behavior
(black squares) due to effects that will be explained below. Now, the role played by &« asan
indicator of the distribution of the field shows its meaning. In this sense, it is illustrative to
plot the evolution of G as afunction of the wavelength.
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Fig. 4. Angular position of the maximum of the local eectric field (6wy) around an isolated
cylinder made of silver (sguares) or gold (up-triangles) and around an isolated sphere made of
silver (circles) or gold (down-triangles) as a function of the incident wavelength and for the
same sizefor al the cases.

The comparative curves shown in Fig. 4 correspond to a sphere and a cylinder made of
silver or gold and of the same radius (R=25nm). We see that for 4>360 nm. the values of G
saturate towards 90°, as corresponding to a purely dipolar behavior. This is a consegquence of
the optical congtants (silver and gold are very good conductors) and the favorable ratio
particle size/wavelength which makes the electrostatic approximation more accurate
independently of the geometry and optical properties of the particle. However, for silver and
A<360nm the increasing retio (R/4) combines with the particular evolution of the optical
constants of silver, producing some features that are worth a comment. The dielectric constant
for silver has an intricate dependence in the range Ae/300,360] nm (part of it due to interband
transitions). Itsreal part changesits sign at around 325 nm, and reaches the values of -1 and -2
at 338 nm and 355 nm respectively. The last two values correspond to the Frolich resonances
[17] of an infinitely thin cylinder and a point-like sphere respectively. Around these values,
Bax  presents small departures from 90° that reach a minimum value at a wavelength that
depend on the size of the particle and is located very close to the real resonances of the sphere
and the cylinder (for R=25nm, the resonant wavelengths for the cylinder and sphere are
respectively 350 and 358 nm). An abrupt change occurs when the modulus of the real part of
the dielectric constant of the particle matches that of the surrounding medium. In our case this
pseudo-matching is found for a A=338 nm where Re(sag)=-1. This effect is independent of the
particle size and only depends on the refractive index of the surrounding medium. This has
been summarized graphically in Fig. 5 for silver cylinders. By comparing the curve with black
squares and that with green triangles we observe that when the refractive index of the
surrounding medium changes from 1 to 1.5, the spectral position of the flip of Gy (from the
top backward to the mid-forward part) shifts from 338nm to 360nm where |Re(¢) |z2.28, very
close to (n")%. Similar conclusions as those of Fig. 5 can be obtained for the spherical
geometry. Only some quantitative differences around the minima of 6., will appear as has
been outlined for Fig. 4.
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Fig. 5. Angular position of the maximum of the local electric field (Gmyx) aound an isolated
cylinder for two different sizes and for a case in which the surrounding medium is denser
(n=1.5) than the air.

Interestingly, particles made of gold behave in a dightly different way than those made of
silver in the range [300, 360] nm (see Fig. 4). The zero crossing of the real part of the
dielectric constant occurs at a wavelength lower than 300 nm. In the range of wavelengths
studied, Re(sa,) is dways negative and never reaches the value -1. In this sense the dipole-like
behavior is more clearly observed for gold than for silver in the whole range of wavelengths
considered. As can be seenin Fig. 4, the values of G, for gold stay very close to 90° for both
geometries.

We can conclude that, under the conditions of our study, the distributions of the local
electric field, the localization of its maxima and other effects (pseudo-matching, spectral
localization of quadrupolar effects and resonances) present a qualitative parallelism between
the cylindrical (2D) and spherical (3D) geometries. However, this correspondence can not be
extended to a quantitative point of view. Therefore, and maintaining the last conditions
(incident polarization, size and spectral range), we shall consider in what follows a 2D
geometry, i.e. ametallic cylinder on or close to aflat substrate.

3. Particle above a didectric substrate

In this section, local field calculations will be performed on a circular cylinder made of a
noble metal of radius R, and located at a distance d above a semi-infinite surface (see Fig. 6).
Taking into consideration the differences found for our 2D and 3D scattering systems, we may
assume that the local electromagnetics involved in the scattering problem of a cylindrica
object on aflat substrate is representative, to some extent, of that of an spherical particle on a
flat substrate, for the same geometrical section and optical parameters, provided that both the
illumination direction and the scattering plane are perpendicular to the main axis of the
cylinder, and, more important, the polarization of the incident electric field is also normal to
the cylinder axis. In other words, it should not surprise usthat most of the results found for the
cylinder geometry under these conditions could be extended to the spherical case. This does
not apply necessarily to other prafiles (in fact, irregular contour shapes induce very particular
field distributions, as shown by a recent work [9]). The substrate will be considered made of
either metal (next section) or dielectric, both very often used in many experimental situations
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[18]. The system is illuminated by a linearly polarized wave whose propagation direction is
perpendicular to both the cylinder axis and the substrate and whose electric field is
perpendicular to the cylinder axis.

kﬁb ‘ E inc

Fig. 6. Scheme of the geometry used for a system consisting of a metallic cylinder above a flat
substrate.

The angle € at which the angular position of the modulus of the surface electric field is
calculated isindicated in Fig. 6 following the same convention used for the isolated particle.

In Fig. 7 we show the evolution of 6. (A) for a silver cylinder of radius R=25 nm in
vacuum (optical constants from ref. [15]) above a dielectric substrate of n'=1.5 for different
values of d (1, 2, 5, 10 and 25 nm). The isolated case is aso shown for comparison and the
tendency towards this curve as d increases is clearly observed. It is interesting to correlate
these plots with the plasmon spectra calculated in ref. [8] (see Figs. 1 and 3 of that work). The
sudden decrease of ..« COrresponds, as was mentioned in the previous section, to the pseudo-
matching of the dielectric constant of the medium surrounding the cylinder (s=1 in this case)
with that of silver for a value of A for which |Re(eag)|=1. After this flip of G, the maximum
of the surface electric field tends to be located at the bottom part of the cylinder, i.e. the part
facing the substrate. The spectral interval in which this effect happens gets longer as the
particle approaches the substrate. The interaction with the substrate shifts to the red the
wavelength at which the dipole-like behavior (G =90 appears. This is in agreement with
the red shift observed in ref [8] for the plasmon dipole resonance. Similar behaviour is
observed when the particle sizeis increased.
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Fig. 7. Angular position of the maximum of the local electric field (6nx) aound a silver
cylinder both isolated or above a flat substrate (n'=1.5) as a function of theincident wavelength
and for several values of the gap between the cylinder and the substrate.

In Fig. 8(a) we show, for comparison, Gy Vs. A for two sizes, R=25nm and R=10 nm.and
the same distance d=1nm. The spectral range in which the maximum of the local electric field
is facing the substrate gets narrower as the particle size decreases. A narrowing in that spectral
range is also observed if the distance to the substrate is increased (see Fig. 8(b) for d=5nm).
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Fig. 8. Angular position of the maximum of the local electric field (6nx) around a silver
cylinder of two different sizes above a dielectric substrate (n'=1.5) at a distance: (a) 1 nm and
(b) 5 nm as afunction of the incident wavel ength.

As an example, the field distribution around the particle is shown in the polar plots of Fig.
9, for a silver particle of R=25nm at a distance d=1nm above a dielectric substrate (n'=1.5)
and for several incident wavelengths.
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Fig. 9. Scattering diagram of a silver cylinder of R=25 nm and above a dielectric substrate
(n"=1.5) at adistance d=1nm for several incident wavelengths.

As can be seen, the substrate produces a shift of the maximum towards the forward
direction, and an overall change in the surface electric field distribution. In particular, for a
resonant wavelength the intensity increases considerably and the distribution of the electric
field shows an unusua shape with very high values on the side facing the substrate and an
interesting double-point peak which can have possible applications on surface lithography at
the nanoscalerange [19].

The case of a cylinder immersed in a medium denser than the substrate is interesting
because it corresponds to real practical experimenta situations [20, 21]. As was mentioned in
[8], this situation produces a blue-shift of the plasmon resonance due to the reinforcement of
the electric charge oscillation in the particle. In other words, the sign of the reflection
coefficient of the interface does not change when n>n"and the reflected field produces a
constructive superposition. This situation is represented in Fig. 10 for which R=25nm, d=1nm,
n'=1 and n takes two different values. n=1.5(m) and n=1.3(e¢).The case n=1, n"=1.5 has been
included for comparison (see broken line with triangles).
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Fig. 10. Angular position of the maximum of the local eectric field (6ny) around a silver
cylinder (R=25 nm) above a flat substrate at a distance d=1 nm as a function of the incident

wavelength and for different combinations of the refractive index of the surrounding medium
and the substrate.

When n>n" the dipolar behavior (6.x=90° occurs at shorter wavelengths than for n<n’.
Furthermore, this is always preceded by a transition region whose flip position corresponds to
the wavelength where the pseudo-matching is produced (the dielectric constant of the particle
surrounding medium matches that of |Re(eag)|).

In order to complete this study, Fig. 11 shows some results corresponding to a cylinder
made of gold. Triangles (a) are for R=25 nm and for the isolated case in vacuum. Squares ()
and circles (o) represent the evolution of G for cylinders of R=10 nm and R=25 nm,

respectively, in vacuum and located 1 nm above a substrate of n'=1.5. The angle G« does not
show any special feature and it always keeps close to 90°, very different to what happens with
silver. This behaviour isintimately related to the A-dependence of the optical constant of gold
[15]. However, if the surrounding medium is denser than the substrate, solid diamonds (¢) and
magenta stars (*) in Fig. 11, there is a different behaviour of the surface electric field below
and above the wavelength at which [Re(ea,)| matches the dielectric constant of the surrounding
medium (1=494 nmfor n=1.5, n'=1, and A= 440 nmfor n=1.3, n’=1, approximately).
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Fig. 11. Angular position of the maximum of the local electric field (6ny) around a gold
cylinder of two different sizes above a flat substrate, at a distance d=1nm, as a function of the
incident wavelength and for different combinations of the refractive index of the surrounding
medium and the substrate.

Below this wavelength, the maximum of the surface field is located in the gap between the
particle and the substrate and tends to concentrate at both sides for longer wavelengths. Here,
it is important to remark that, as happens for silver, the absolute value of the surface electric
field reaches high values all around the cylinder for A located around the transition zone (10°-
10° times the incident field). The sharp peaks observed in that region, with n>n’ and when the
cylinder is made of either silver or gold (Figs. 10 and 11 respectively), are due to the non-
monotonic dependence of the refractive index of these materials [15] with the incident
wavelength within the pseudo-matching interval. Therefore, .« 0scillates before reaching the
dipolar behavior.

The different distributions within a transverse plane are illustrated in Fig. 12 for the case
n=1.5, n'=1, considering agold cylinder of R=25nm and d=1nm, and for incident wavelengths
well below, (1=420nm), well above (1=560nm) and inside the transition zone (1=496 nm). In
this figure, all the characteristics mentioned before can be observed. Similar plots are found
for the transition associated to silver particle.
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Fig. 12. Distribution of the electric field around a gold cylinder of radius R=25 nm embedded
in glass (n=1.5) above vacuum at distance d=1nm for three different incident wavelength: (a)
A=420 nm, (b) 4=496 nm and (c) A=560 nm

4. Particle above a metallic substrate

This case has been widely studied before in the research carried out in [13]. The purpose of
this section is to show some new features of this geometry when the particle isimmersed in a
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medium denser than vacuum. A typical experimental configuration is that of a metallic
nanoparticle in water or other materials (pursuing ared shift of the resonance) and located at a
certain distance above a metallic substrate [6, 8, 9]. In this situation the particle-substrate
interaction is very strong, especially for small values of d, and the dipolar behaviour is
completely lost. In fact, asit is outlined in ref [13], the maximum enhancement of the electric
field is found in the space between the particle and the substrate and the charge distribution in
the particle differs considerably from the typical “eight” shape. In the following, the chosen
wavelengths are: 320 nm, 430 nm, and 600 nm, the first and the last located, respectively,
below and above the transition zone (see Fig. 11), and the middle one, 4=430 nm,
corresponding to the pseudo-matching case, where |Re x[=1.69=(1.3)°. In Fig.13 (a), (b) and
(c), the modulus of the electric field is represented for a gold particle, R=25 nm, immersed in
water (n=1.3) and located above a metallic substrate of the same material (Au) at a distance
d=1nm (very closeto the substrate).

x103

-8 x10% 8
> d)xe
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0.2
-4

-8 -4 0 4 8 x10°8 -8 -4 0 4
Fig. 13. Distribution of the eectric field around a gold cylinder of radius R=25 nm embedded
in water (n=1.3) above a gold substrate at distance d=1nm, (a) (b) and (c), or d=10 nm, (d) (€)
and (f), for three different incident wavelength: (a) and (d) 4=320 nm, (b) and (€) A=430 nm
and (c) and (f) A=600 nm.
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Below and above the transition zone there is an important concentration of the electric
field (values 10° 10* times the incident field) in the gap between the particle and the
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substrate. It isimportant to underline that for the transition zone (1=430 nm) the electric field
is distributed all around the particle and can reach values as high as 10°-10° near the gap. As
the particle-substrate distance increases, the absolute value of the surface electric field on the
particle decreases, as can be observed in Fig. 13 (d), (e) and (f) for d=10nm. Below the
transition zone (case 4=320 nm) there is still concentration of the electric field in the gap
between the particle and the substrate but the distribution spreads out of the bottom part of the
particle and its maximum values decreases. At 41=430 nm, very high values of the electric
field can be found on the particle surface and the field distribution on the particle is more
localized at the bottom part of the particle, on the contrary to what happens at closer
separations where the surface electric field on the particle tends to be more uniformly
distributed. Above the transition zone (1=600 nm), the dipolar behaviour starts to appear but
due to the interaction with the substrate a deformation of the “eight” shape can be seen
(remember the plot marked with squaresin Fig. 9).

5. Summary and conclusions

In this paper we have analyzed the interaction between metallic nanostructures and substrates
focusing our work on how the electric field on the particle surface changes under this
interaction. Among other aspects, we have analyzed the evolution of the typical “eight-shape”
dependence of the surface field of an isolated hanoparticle when it approaches a substrate.

Firstly, we have shown that for isolated scatterers the physics involved in the 2D scattering
problem is very similar to that of the 3D, being the results found for the location of the
maximum of the surface field on a cylinder representative of those found for a sphere.

Observing the spatial distribution of the electric field around the surface of an isolated
sphere or an isolated infinite cylinder, we note how the angular position of the maximum of
the local electric field () evolves according to the system conditions. In particular, we
showed that, as the particle size increases, or if the incident wavelength excites a localized
plasmon resonance in the particle, the near field tends to deform the typical “eight-shape” of
the dipolar behavior bending the maximato the forward direction. This fact justifies the use of
the parameter 6.« to monitor the changes in the near field due to interactions with substrates.

When we consider an isolated silver cylinder in air we observe that for small values of the
incident wavelength (1<320 nm) the maximum of the local electric field appears in the
backward direction (6=180°). This behavior changes when the modulus of the real part of the
dielectric congtant of the cylinder matches that of the surrounding medium. At this point the
angular position of the maximum of the electric field flips to 8=0° and keeps on there for a
certain range of A. The wavelength at which this occurs depends on the size of the cylinder
and the refractive index of the surrounding medium. Similar behavior appears for an isolated
silver sphere. When we consider a gold cylinder or a gold sphere, the behavior is simpler
because the maximum of the modulus of the surface electric field appears very close to 90°
(dipolar behavior) in the whole range of wavelengths that we have studied due to the
characteristics of the refractive index of gold.

The digtribution of the surface electric field changes when a dielectric substrate is placed
under the cylinder. As the particle approaches the substrate, the electric field localizes in the
gap in a more stable way (the maximum of the local electric field tends to 0° for a longer
range of wavelengths) and the dipolar behavior only appears for very long wavelengths. The
origin of this strong concentration of the electric field in the gap between the particle and the
substrate can be explained if we observe the evolution of the angular distribution of the local
electric field as the gap distance changes: when the particle is far from the substrate, the
typical “eight-shape” of the dipolar behavior is observed, with two maxima at 6=90° and
6=270°. As the particle approaches the substrate these two maxima shift to the forward
direction and when the substrate is very close, those maxima are in the gap between the
particle and the substrate. If the cylinder is immersed in a medium denser than the substrate,
the electric field acquires the dipolar behavior (G.x=90° at lower wavelengths than in the
previous case.
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Finally, we have studied a configuration that resembles others of typical experimental set-
ups: a metallic particle (gold cylinder here) immersed in a medium denser than the vacuum
(water in our case) and located above a metallic substrate (gold flat surface in our
calculations). In this case, the interaction with the substrate is stronger, producing a
concentration of energy in the particle-substrate gap, even below the transition wavelength
(the point where the modulus of the refractive index of the cylinder matches that of the
surrounding medium). Near this pseudo-matching wavelength the electromagnetic field
acquires high values, and its surface distribution is quite uniform around the particle for small
gap distances. As the gap distance increases, the localization and the maximum values of the
electric field decrease, as expected. Above the matching wavelength the electric field tends to
the dipolar shape.
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