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Interaction of Nanoparticles with
Substrates: Effects on the Dipolar
Behavior of the Particles.

"A ver qué puedes hacer
Poner de tu parte para ver”
—El canto del loco, grupo musical espariol

8.1. Introduction

After several chapters dedicated to the study of the scattering properties of nanoparticles
with unconventional optical properties, this one is devoted to a more realistic system, re-
producing experimental geometries. Along this thesis, we have pointed out the existence
of many applications in several fields, from biology [17] to new energy technologies [19],
based on plasmonic properties of metallic nanoparticles. The excitation of localized sur-
face plasmon resonances (LSPRs), producing important enhancements of the scattered and
absorbed electromagnetic fields, is the main physical feature on which those applications
are based. Many of the experimental setups of the aforementioned applications, nanoparti-
cles must be on or close to a substrate. The presence of the substrate underneath and the

interactions between both elements, modifies the scattering properties of the nanoparticles

149
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[102]. These modifications can be analyzed providing information about the properties and
the profile of the surface. Some works have been devoted to this kind of experiments using
nanoparticles as probe nanoantennas for monitoring surfaces [63, 79] or for a new generation
of near-field optical microscopes [67]. The main advantage of these techniques is that they
are able to obtain information in the near-field range by measuring light scattering in the
far-field which is much easier to detect than the near-field. New applications and techniques
based on nanoparticles have shown the importance of a detailed knowledge of the local field
distribution [106].

When a metallic nanoparticle is isolated or far from any substrate, the dipolar character
is well defined. The angular distribution of the scattered electric field follows the typical
"eight-shape" with a charge concentration in the equator of the nanoparticle if the incident
polarization is parallel to the scattering plane [108]. As the nanoparticle approaches a sub-
strate, the local electric field distribution deviates from the dipolar shape due to charge oscil-
lation modes produced by the influence of the surface underneath. In this chapter, we have
analyzed the interactions and the modes induced in the nanoparticle by the presence of the
surface in its surroundings using as an indicator the distribution of the scattered electric field
on the surface of the nanoparticle and more specifically, the position of the maximum of the
distribution. Following the usual materials used in experiments, the particles have been con-
sidered made of silver or gold and the substrates are either dielectric or metallic, in particular
glass and gold respectively.

Three dimensional (30) simulations for an isolated particle, clusters or particles above
substrates are common nowadays [68, 71, 142]. However, for regular geometries and for
certain types of illumination (commonly found in experiments), 2D simulations are more
than enough to understand the physics of the problem [102]. We have dedicated one section
to show that the differences between 3D and 2D calculations lie in the values and not in the
physics. This result allow us to use 2D geometries for the rest of the chapter reducing the

complexity of the calculations.

8.2. Comparison between 2D and 3D Geometries

As it was mentioned, some 3D problems can be interpreted correctly using a 2D geometry.
To demonstrate this, we have calculated and compared the distribution of the modulus of the
electric field on the surface of an isolated sphere (3D) and an isolated cylinder (2D). In both

cases, the object is illuminated by a plane wave. In order to compare the results for both
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Figure 8.1: Scheme of the considered geometries.

cases, the beam illuminating the cylinder must have a propagation direction perpendicular
to its main axis and linearly polarized with the electric field vector also perpendicular to the
longest axis (see Figure 8.1). This polarization is the one able to excite surface plasmon res-
onances in infinitely long metallic cylinders. On the contrary, due to the sphere’s symmetry,
the illumination conditions are much less restrictive.

The calculations are performed using a finite element method (FEM) and by means of our
own modification of the programs contained in [13]. In Figure 8.2 the angular distribution
of the local electric field on the surface of (a) a cylinder and (b) a sphere are plotted. In both
cases the particle is made of silver with a radius R = 25nm. Three values for the incident
wavelength are considered; below, on and above the plasmon resonance which appears at
A = 348nm and A = 364nm for a silver cylinder and a silver sphere of the considered size,
respectively. Also, a larger particle size is considered for one of the wavelengths in order to
observe the influence of the size.

For an isolated silver cylinder out of resonance (green triangles), the local electric field
has the typical "eight-shape" dipolar distribution for a very small particle in the near field
regime [108]. An increment of the particle size (blue diamonds) makes the quadrupolar
mode more important and by this disturbing the dipolar shape and shifting the maxima of
the local electric field towards the forward direction (# = 0°). If the incident wavelength
is resonant for the particle (red circles), the values for the electromagnetic fields around it
increase while the distribution remains quite similar to the dipolar behavior. In this case, the
dipolar shape is slightly modified because for a silver cylinder of R = 25nm and for \;,. =
348nm the dipolar and the quadrupolar resonances overlap (see Figure 1 of reference [102]).
This coincidence results in the shift of the maximum of |E| towards the forward direction.
The angular distribution, however, is radically different for incident wavelengths below the

resonant one. For A = 325nm, the refractive index of silver tends to lose its metallic behavior
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Figure 8.2: Angular distribution of the modulus of the electric field on the surface of (a) an
isolated silver cylinder and (b) an isolated silver sphere for three different wavelengths around
the plasmon resonance and two different particle sizes. * means that the wavelength correspond
with the plasmon resonance for that geometry.



8.2. COMPARISON BETWEEN 2D AND 3D GEOMETRIES 153

90 +
80
70 1
o~ 60 -
- ,>< |
© 504
E ]
D 40 -
0 : --a-- Cylinder A=360nm
_ ~@-- Cylinder 2=420nm
20 Cylinder A=480nm
_ —w¥— Sphere 2=360nm
10 ] Sphere A=420nm
| —*— Sphere 2=480nm
0 T T T T : I I I I

T T T T T T T
5 10 15 20 RQT?I 30 35 40 45
m)

Figure 8.3: Angular position of the maximum of the local electric field (6,,,4;) around an
isolated silver sphere or an isolated cylinder as a function of the radius and for several incident
wavelengths.

and becomes dielectric-like, since for this wavelength, the permittivity becomes positive.
Now, comparing the qualitative behavior of the cylinder and the sphere, we can conclude
that the angular distribution is quite similar for both geometries. The main difference, apart
from the values, appears for the resonant wavelength. While for the cylinder, the dipolar
and quadrupolar resonances overlap, this does not occur for the sphere. The maxima for
the sphere point towards the 90° direction while the ones of the cylinder point towards the

forward direction.

In this figure, it can be observed that the angle at which the local electric field reaches a
maximum (6,,.,) is quite sensitive to any change in the field distribution, in particular to any
effect that produce a departure from the pure dipolar behavior. Using it as a fast indicator
of the distribution of the field, a qualitative comparison can be performed. For this task,
we have plotted 6,,,, versus the particle size in Figure 8.3 and as a function of the incident
wavelength in Figure 8.4.

In Figure 8.3, the angle at which the local electric field is maximum (6,,,,) is shown as
a function of the particle size either for a silver cylinder or a silver sphere. Three different
incident wavelengths are considered. These incident values: 360nm, 420nm and 480nm

correspond to resonant wavelengths for silver spheres of sizes R = 20, 65 and 82nm, respec-
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Figure 8.4: Angular position of the maximum of the local electric field (6,,,4,) around an
isolated silver sphere (red circles) or an isolated cylinder (black squares) with size R = 25nm
as a function of the incident wavelength. The same calculations for gold are also included.

tively. For small sizes and for each incident A, the angular distribution shows a pronounced
dipolar behavior and as a consequence, 6,,,, tends to 90°. As the particle, either the sphere
or the cylinder grows, orders higher than the dipolar one disturb the dipolar behavior, shift-
ing 0,,.. to lower values. This evolution is smaller for larger wavelengths. We attribute
this to the reinforcement of the dipolar behavior as the incident wavelength differs from the

resonant regions, as is observed in Figure 8.4.

The curves plotted in Figure 8.4 correspond to the evolution of 6,,,, as a function of the
incident wavelength for a cylinder and a sphere made of silver or gold and R = 25nm. As
it can be seen, for incident wavelengths larger than ~ 360nm the curves saturates towards
90° which means that every particle radiates as an electric dipole. This behavior is produced
by the well-defined metallic character of silver and gold in this range. Also, the ratio (R/\)
reinforces the validity of the electrostatic approximation independently from the geometry
and the optical constants of the particle. For lower values of ), the evolution is much more
complex due to the increment of the ratio (R/)\) but also due to the particularities of the
evolution of the refractive index of silver [60]. The dielectric constant of silver presents an
intricate evolution in the range A € [300, 360]nm. in part due to the interband transitions. It

must remarked that silver changes from a metallic to a dielectric behavior (that is, the real part
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of € changes its sign) around 325nm and its refractive index reaches the values —1 and —2 at
A = 338nm and A\ = 355nm, respectively. These last two values correspond to the Frohlich
resonances of a infinitely thin cylinder and a point-like sphere, respectively. Two interesting
features can be observed related with these important values of the refractive index. First,
0mae reaches a minimum around the position of the resonant value of the refractive index.
The position of this minimum depends on the resonant condition and then on the geometry
and the size of the particle (for R = 25nm the resonant wavelengths for a cylinder and a
sphere are 350 and 358nm respectively). Furthermore, an abrupt change appears when the
the particle’s refractive index matches the index of the surrounding medium. For a silver
particle embedded in vacuum, this pseudo-matching is found for A ~ 338nm for which
|Re(€e4q4)| = 1. This effect has been analyzed in more detail in Figure 8.5 where 6,,,, has
been plotted versus A for a silver cylinder with two different sizes and embedded in air and in
a medium with higher density (n = 1.5). In this figure, we can observed that as the refractive
index of the surrounding medium changes from n = 1 to n = 1.5, the spectral position
of 0,4, (from the top-backward to the mid-forward part) also changes from ~ 338nm to
~ 360nm, respectively. For this last value, the dielectric constant of silver reaches the value
|Re(€aq)| ~ 2.28 which is close to the dielectric constant of the denser medium. The curve
for a smaller size is also shown in Figure 8.5 to demonstrate the independence of this effect
with respect to the particle size. It can also be demonstrated that these results are similar for

an spherical geometry.

While the last explanations are focused on the silver particles, the behavior of the par-
ticles made of gold is quite different in the range A € [300, 360]nm. (see Figure 8.4). The
evolution of the dielectric constant of gold is more stable in this range in such a way that
the real part is always negative (the zero crossing of Re(e) occurs at a wavelength lower than
300nm.) and it does not reach the values -1 or -2. Because of that, gold particles show a
dipole-like behavior along the whole range of wavelengths considered. This means that 6,,,,,

stays close to 90° for both gold geometries and at every .

At the view of the results, we can conclude that, under the considered conditions of our
study, the distributions of the local electric field, the localization of its maximum and other
interesting effects (pseudo-matching, spectral localizations of the quadrupolar effects and
resonances), there is a qualitative parallelism between a 2D (cylindrical) and a 3D (spher-
ical) geometries. Therefore, maintaining the conditions of illumination (spectral range and
polarization) and size, we shall consider in what follows a 2D geometry instead of a 3D one,

i.e. a metallic cylinder above a flat substrate.
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Figure 8.5: Angular position of the maximum of the local electric field (6,,,4;) around an
isolated cylinder made of silver for two different sizes and for a case in which the surrounding
medium is denser (n = 1.5) than air.

8.3. Particle Above a Dielectric Substrate

In this section we will study the influence of the presence of a substrate underneath a metallic
cylinder on the local field distribution of it. The cylinder is considered with a circular cross-
section of radius R and made of a noble metal (silver or gold) and it is located above a semi-
infinite surface at a distance d (see Figure 8.6). The substrate has been considered made of
either dielectric or metal (as it will be explained in the next section) because these are typical
situations in experimental set-ups [125]. The system is also illuminated with a plane wave
whose propagation direction is perpendicular to both the cylinder axis and the substrate and
linearly polarized with the incident electric field also perpendicular to the cylinder axis. The
angle at which the local electric field reaches a maximum is calculated following the same
convention as in the isolated case, as is shown in Figure 8.6.

Taking into consideration the previous results about the differences between isolated
spherical (3D) and cylindrical (2D) geometries, we now assume that the local electromag-
netics involved in the scattering problem of a cylinder above a flat substrate is representative,
to some extent, of an spherical particle above a similar substrate. To ensure that both situ-

ations are qualitatively equivalent, both problems should have the same geometrical section
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Figure 8.6: Cross section of the considered geometry consisting of a metallic cylinder embed-
ded in a medium with refractive index n and above a flat substrate with a refractive index n” at
a distance d. The system is illuminated by a plane wave linearly polarized. As inset we have
include the complete geometry whose cross section is explained in detail.

and optical parameters. Also the illumination direction and the scattering plane must be per-
pendicular to the main axis of the cylinder and, more important, the polarization has to be in
such a way that the incident electric field is also normal to the cylinder axis, as it is shown
in Figure 8.6. Under these conditions, the results we will show for a cylindrical geometry
could be extended for a spherical one, in other words, the results for the 2D geometry can
be generalized to a 3D geometry. This extension cannot be applied for other profiles, in
particular for particles with irregular shapes that present very particular field distributions as
it has been shown in [106].

The fist step for the analysis of the influence of the substrate is shown in Figure 8.7. In
it, we show the spectral evolution of the angular position of the maximum of the local field
(0 1maz) for a cylinder made of silver (optical constants from [60]) and radius R = 25nm
for several distances (d) between the particle and the substrate made of glass (n” = 1.5).
The case of the isolated cylinder is also included in order to show the tendency of the other
curves towards this curve as d increases. The drastic change observed in the position of 6,
at short wavelengths corresponds, as it was mentioned in the previous section, to the pseudo-
matching of the dielectric constant of the cylinder at this wavelength and the surrounding

medium (in this case Re(€ag)| = €surrouna = 1). For the isolated cylinder, after this flip,
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Figure 8.7: Angular position of the maximum of the surface electric field (,,4,) of a silver
cylinder (R = 25nm) above a flat substrate (n” = 1.5) as a function of the incident wavelength
and for several values of the gap between the cylinder and substrate. Also the case of the
isolated cylinder is included for comparison.

Omae tends to the dipolar behavior (the maximum located on the equator of the cylinder)
reaching a minimum around the incident wavelength at which the surface plasmon resonance
is excited. If, now, we approach a flat surface to the cylinder, the maximum of the local
electric field stays at the bottom part of the particle, that is the part facing the substrate, for a
certain spectral range. This range is longer as the gap between the cylinder and the substrate
below it decreases. Then, the interaction with the substrate pushes the cylinder to the dipolar
behavior (0,,,. — 90°) for larger wavelengths. In other words, the presence of the substrate
shifts the dipolar behavior of the metallic cylinder to the red part of the spectrum. This effect
is in agreement with the effect of the substrate on the surface plasmon resonance as it was
studied in [102].

The influence of the substrate and in particular, the effect of the concentration of the elec-
tric field in the gap between the cylinder and the flat surface is quite interesting and could
have several applications in surface lithography at the nanoscale range [145]. This can be
observed in Figure 8.8 where we show the polar distribution of the electric field around a
silver cylinder with R = 25nm at a distance d = 1nm above a glass substrate (n” = 1.5)

and for several incident wavelengths, one of these being resonant for the geometry. As can
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Figure 8.8: Scattering diagram of a silver cylinder (R = 25nm) above a dielectric substrate
(n’=1.5) with a gap between them of d = 1nm and for several incident wavelengths.

be seen, the presence of the flat surface disturbs the surface electric field distribution shifting
the maximum towards the forward direction (the part of the cylinder facing the substrate), as
it was mentioned. When the incident wavelength is resonant (black squares), the scattered
intensity increases considerably, as is expected, showing an unusual shape with very high
values on the side facing the substrate and an interesting double-peak structure. As the inci-
dent wavelength increases, that is the wavelength tends to the red, the polar distribution runs
to the typical "eight-shape" of the dipolar behavior for the considered incident polarization.

As in the case of the localized surface plasmon resonances, the red-shift of the wave-
length at which the cylinder acquires the dipole-like behavior is also dependent on the par-
ticle size. In Figure 8.9, 0,,,. is plotted versus A\ for two sizes of the metallic cylinder
(R = 10nm and R = 25nm) and for two values of the gap-distance: (a) d = 1nm and (b)
d = dnm. It can be seen that the local electric field distribution depends on the particle size.
The spectral range in which the maximum of the surface electric field is facing the substrate
gets narrower as R decreases. It could get even narrower if the distance to the substrate was
increased (Figure 8.9(b)).

In some experimental situations [64, 96], the surrounding medium must be denser than
the substrate. The effect of this change in the refractive indexes produces a blue-shift of the

surface plasmon resonance [102] due to a reinforcement of the electric charge oscillation
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Figure 8.9: Angular position of the maximum of the local electric field (6,4, ) around a silver

cylinder of two different sizes above a dielectric substrate (n” = 1.5) at a distance: (a) 1nm
and (b) 5nm as a function of the incident wavelength.
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Figure 8.10: Angular position of the maximum of the local electric field (6,,,4,) around a silver
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 indexes of the surrounding
medium and the substrate.

in the particle. When n > n’ the sign of the reflection coefficient of the interface does not
change and the reflected field produces a constructive superposition. The first idea is that if
the surface plasmon resonance is blue-shifted, the wavelength at which the cylinder reaches
the dipolar behavior must be also blue-shifted, as it was red-shifted in the previous case. To
observed this, in Figure 8.10 we have plotted 6,,,, for a cylinder of R = 25nm at a distance

d = 1nm with an air substrate (n’=1) and a denser surrounding medium: » = 1.5(H) and
n = 1.3(e).

For comparison, we have also included the previous case with n = 1 and
n’=15(A).

As can be seen, the previous idea is right. When n > n’, the dipole-like behavior
(0naz — 90°) appears for shorter incident wavelengths than for the case n < n’. In ad-
dition, this behavior is preceded by a transition region whose peak corresponds to the inci-
dent wavelength at which the dielectric constant of the particle (|Re(e4,)|) matches that of

the surrounding medium, that is the pseudo-matching that was mentioned in the previous
section.

Until now we have considered always a silver cylinder. However, we can consider a

cylinder made of gold in order to complete this study. Figure 8.11 summarizes the main
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Figure 8.11: Angular position of the maximum of the local electric field (6,,,4,) around a gold
cylinder above a flat substrate at a distance d = 1nm as a function of the incident wavelength
for two different particle sizes and for different combinations of the refractive indexes of the
surrounding medium and the substrate.

results concerning the gold cylinder. Triangles (A) correspond to the isolated case for a
R = 25nm. The case of the gold cylinder embedded in vacuum (n = 1) and above a glass
substrate (n’=1.5), that is the n < n’ case, is represented for sizes of R = 10nm (M) and
R = 25nm(e). For these cases the evolution of 0,,,, is quite regular and it is almost equal to
90° for the whole spectral range. This behavior is directly related to the optical properties of
gold [60] and their evolution with A in this range. In the considered spectral range, gold has
a pronounced metallic signature (¢ < 0) with no matching with the surrounding medium.
However, if the surrounding medium is denser (Figure 8.11, solid diamonds(4) and stars(3))
the behavior is more complex. Two different conducts can be observed: below and above the
transition regions where |Re(e 4,,)| matches the dielectric constant of the surrounding medium
around \ = 440nm for the case(n = 1.3,n” = 1) and A = 494nm for (n = 1.5,n" = 1).

Below these wavelengths, the maximum of the surface field is stable at the part of the
cylinder facing the interface while for larger wavelengths it tends to the equator of the particle
(dipolar behavior). When the refractive index of the cylinder and the surrounding medium
match, that is in the transition region, the local electric field, as happens also for silver, is

uniformly distributed around the cylinder reaching very high values (10° — 10° times the
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incident field). The sharp peaks that appear for the case of n > n’ in this region for silver and
gold (Figures 8.10 and 8.11, respectively) are produced by the non-monotonic dependence
of the refractive index of these materials with the incident wavelength within the pseudo-
matching interval. Therefore, it can be observed that the angular position of the maximum
(0 1maz) oscillates before reaching the dipolar behavior.

As an example illustrating the different behaviors described above, in Figure 8.12, the
spatial distribution of the electric field around a gold cylinder of R = 25nm embedded
in glass (n = 1.5) and at a distance (d = 1nm) above an interface with vacuum (n’ =
1) is calculated using a FEM (finite-element method) tool for three representative incident
wavelengths: well below (A = 420nm), well above (A = 560nm) and inside the transition
zone (A = 496nm). Every feature described before can be observed in this plot and similar

figures can be obtained in the transition area associated to a silver particle.

8.4. Particle Above a Metallic Substrate

Other typical and very interesting experimental configurations involving metallic nanopar-
ticles above a metallic substrate were studied in [29, 61]. These had been widely studied
before [109, 107, 45] but less attention was paid to the case of the nanoparticle immersed in
a medium denser than the vacuum, which is also extensively used in experimental set-ups
[63, 79]. The metallic character of both, the particle and the substrate, results in a much
more intense interaction between them than was the case for a dielectric substrate, specially
for short distances, thereby losing completely the dipolar behavior.

In Figure 8.13, we show the spatial distribution of the electric field around a gold cylinder
of radius R = 25nm immersed in water and located above a substrate also made of gold
and at distances: d = 1nm (left panel) or d = 10nm (right panel). As in the previous
section, three different incident wavelengths have been chosen: well below (A = 320nm,
first row), well above (A = 600nm, bottom row) and in the gold transition regime (A =
430nm, middle row) where |Re(e4,)| = 1.69 = (1.3)? (see Figure 8.11). When the distance
is short (left panel), as it was outlined in [45], the electric field, due the strong particle-
substrate interaction, is concentrated in the gap between them. Then, the distribution differs
considerably from the typical "eight-shape" that corresponds to a dipolar behavior. This
effect can be observed for wavelengths either below or above the pseudo-matching area,
and the electric field acquires values that are 10> — 10* times the incident field. On the

contrary, when the incident wavelength is such that there is pseudo-matching of both the
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Figure 8.12: Distributions of the electric field around a gold cylinder with radius R = 25nm
embedded in glass (n = 1.5) and above a interface with vacuum (n” = 1) at a distance d = 1nm
and for three different incident wavelengths: (a) A = 420nm, (b) A = 496nm (near the
matching interval) and (c) A = 560nm
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Figure 8.13: Distributions of the electric field around a gold cylinder of radius R = 25nm
embedded in water (n = 1.3) and above a flat gold surface at a distance d = 1nm, (a), (b)
and (c) or at d = 10nm, (d), (e) and (f) for three different incident wavelengths: (a) and (d)
A = 320nm, (b) and (e)A = 430nm (near the matching interval) and (c) and (f)\A = 600nm
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cylinder and the substrate with the surrounding medium (Figure 8.13(b)) the distribution of
the electric field around the particle is uniform. However, the electric field in the gap is
more important than in other points with values as high as 10° — 10° times the incident field
and even higher concentrations of the electric field can be observed on the surface. As the
gap distance increases (right panel), the absolute values of the local electric field decrease
and the distribution of it also changes. For A shorter that the pseudo-matching case (Figure
8.13(d)) the spatial distribution is still concentrated in the part of the cylinder facing the
substrate. However, the gap confinement is less important and the surface field spreads out
of the bottom part. At A = 430nm (Figure 8.13(e)) the electric field tends to be focused
in the gap area, contrary to what happens at closer separations where the surface electric
field distribution tends to be uniformly distributed. As in other cases, the pseudo-matching
gives values of |E| higher than for other incident wavelengths. Finally, far from the transition
area (A = 600nm, Figure 8.13(f)), the dipolar behavior and its typical "eight-shape" tend to

appear but it is still deformed due to the interaction with the substrate.

8.5. Conclusions

This chapter has been devoted to study the interaction between metallic nanoparticles and
a substrate. The analysis has been focused on the evolution of the surface electric field
distribution in the presence of this interaction, thereby observing the changes on the typical
"eight-shape" (dipolar behavior) as the substrate and the particle are approached. Thereto,
we have used a new and fast indicator of these changes: the angular position of the maximum
of the local electric field on the surface of the particle (6,,,.). As it was shown, this parameter
1s quite sensitive to any perturbation of the dipolar behavior produced by orders higher than
the dipolar one or interactions with other structures, such as a substrate in this case.

Firstly and with the purpose of reducing the complexity of the problem, we have stated
that, for an isolated nanoparticle, the physics involved in a 2D scattering problem is very
similar to that of a 3D problem. In other words, the results obtained for a 2D geometry
can be qualitatively extended for a 3D geometry. However, to ensure the validity of this
extension, several conditions related to the illumination and the polarization of the incident
wave must be taken into account.

During the study of this extension, some interesting results have been obtained for the
spatial distribution of the local electric field around an isolated and infinite nanocylinder and

more specifically for the evolution of the local electric field with different system parameters.
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We observed that the maximum of the surface field (6,,,,) is shifted from the equator of
the particle, which corresponds to the typical "eight-shape" of the dipolar behavior, to the
forward direction when the particle size increases or when the incident wavelength is able to
excite a localized surface plasmon resonance of the system. This feature can also be observed
for spherical particles, corroborating the previous generalization of the 2D results.

Considering a silver nanocylinder embedded in vacuum, the complex A-dependence of
the refractive index of silver produces an interesting, and also complex evolution of the con-
sidered parameter (0,,,.). For A < 320nm, the non-monotonic dependence of the refractive
index and the interband transitions of silver in this range, produce flips of 6,,,, which are
difficult to explain. This behavior changes when the refractive index of the cylinder and
the surrounding medium match. At this point the angular position of the maximum of the
electric field runs to 0° remaining there for a certain spectral range. Both the flip wavelength
and the spectral range depend on the particle size and the refractive index of the surround-
ing medium. For larger incident wavelengths, the well-defined metallic character of silver
and the small ratio (R/\) of the dipolar behavior, the dominant one and 6,,,, tends to 90°.
This behavior is similar to that of a gold cylinder or a gold sphere. In the considered spec-
tral range, gold presents a well-defined metallic character without matching the surrounding
medium. Because of that, ,,,, is fixed in the neighborhood of 90° along the whole range of
wavelengths.

The near-field distribution changes considerably if a dielectric substrate (glass in our
case) is approached to the nanostructure. This fact produces a concentration of the electric
field in the gap which remains stable as the distance decreases, that is, when the maximum
O.maz tends to be located at 0° (the part facing the substrate) for a longer range of wavelengths.
More interesting is the evolution of the electric field distributions as the gap distance changes
for a certain wavelength: when the nanoparticles is far from the substrate and they do not
interact, the typical "eight-shape" of the dipolar behavior is manifested with two maxima at
O e = 90° and 6,,,,, = 270°. As d decreases, the interaction shifts these maxima towards
the forward direction (6,,,, = 0°). This implies a strong concentration of the electric field
in the gap, which could be useful for nanolithography applications. As we have mentioned,
the value of A at which the particle starts to behave as a dipole, is dependent on surrounding
medium. Embedding the nanoparticle in a medium denser than the substrate, makes the
electric field tending to a dipolar behavior for shorter wavelengths than in air.

Finally, we have reproduced a configuration commonly found in experimental set-ups,
consisting of a metallic particle (a gold cylinder in our case) embedded in a medium denser

than vacuum (typically water) and located above a metallic substrate (made of gold in our
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calculations). The metallic character of both the particle and the surface, makes the interac-
tion much stronger than for the case of a dielectric substrate. Hence, the concentration of the
surface electric field in the gap can be observed for wavelengths well below and well above
of the transition region (at which the refractive index of the cylinder and the surrounding
medium match). In this case the matching of the refractive index is between the cylinder,
the surrounding medium and also the substrate (made of the same material as the cylinder).
Because of that, the spatial distribution of the local electric field is uniform around the parti-
cle close to this pseudo-matching, acquiring high values. As the gap distance increases, the
values of the electric field decreases, the level of localization of the surface field in the gap is
less important and above the pseudo-matching wavelength, the particle tends to the dipolar

behavior.



Conclusions and Further Ideas

’

"Ladran, luego cabalgamos'
—Sentencia griega erroneamente atribuida a
Miguel de Cervantes

To finish this thesis, we would like to summarize our results and the main conclusions of this
work. We also point out several ideas which have arisen during these years, and which can

constitute the basis for further researches.

9.1. Summary and Conclusions

During the last years, a new and fascinating research field has arisen around light scattering
by nanostructures and its applications. This is Plasmonics. It considers metallic media for
which resonant behaviors in the visible part of the spectrum are observed. Several studies
and applications based on this have risen [10, 17, 19, 68, 5, 67]. In addition, new artificial
engineered materials, known as metamaterials, have been developed such that electric and
magnetic effective properties can be observed in the same range of wavelengths. These new
media allow to observe scattering features, never detected before, and which would be the
base of several new applications [32, 42, 26, 33, 34, 66]. These new advances motivated us

to focus our attention on those aspects.
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In order to simplify the problem, we considered spherical particles with a size (R) much
smaller than the incident wavelength (\) and with arbitrary values for the optical constants,
including the interesting double-negative range (¢ < 0 and p < 0). Although this kind of
particle is completely unrealistic nowadays, researchers are obtaining metamaterials, made
of small subunits such that macroscopically, the material can be considered as continuous
with effective optical properties. We fully agree that complex computational methods, which
consider the inner structure of media, are more accurate than ours, however, in our mind, a
simple system is adequate to understand the physics involved in the problem.

In the first part of the thesis, a single, isolated, spherical and small particle is consid-
ered. By changing its size and optical properties (e, 1) we have observed quite interesting

scattering features.

e Resonant light scattering by spherical particles and their evolution as a function of
their optical constants and their size were studied in detail with our own approximate
expressions for the first four Mie coefficients, including dipolar and quadrupolar elec-
tric and magnetic modes of charge distribution. As was shown, we observed that light
scattering resonances are connected along the range of values for (e, ;) and that even
electric-magnetic symmetries can be observed. When (¢, 1) = (—2, —2), an electric
and a magnetic dipolar resonance overlap generating an important enhancement in the
light scattering unconventional characteristics. These values for the optical constants

will be a referent along this work.

e Several years ago, light scattering by small particles with arbitrary values for the per-
mittivity and permeability was analyzed by Kerker et al [69]. They stated that a con-
trol of the directionality of light scattering could be possible by tuning the optical
constants. Much of our efforts are based on their discoveries and we have tried to
generalize their work. We show that similar directional conditions can be obtained for
finite-sized particles, still smaller than ), and for scattering angles different from those
studied before (¢ = 0° and # = 180°). In addition, it is well-known that the spatial dis-
tribution of light scattering is dependent on the observation distance. For this reason,
the considered directional conditions have been analyzed as a function of the distance
between the diffuser and the observer, from the near- to the far-field regions. From our
calculations we can conclude that while the angular distribution of the scattered inten-
sity can be controlled in the far field by tuning the optical constants, in the near-field

region, the dipolar character of these small particles dominates.
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The second part is devoted to aggregates of particles studied in the previous part of this
work. Using the so-called Coupled Electric and Magnetic Dipole Method (CEMDM), we
have observed the influence of multiple scattering processes in the directional conditions for
the scattered light. In addition, a design of a new left-handed system composed of both elec-
tric and magnetic particles and which does not scatter in the backward direction is considered
and analyzed in detail as a function of different geometrical parameters.

In the last part of the thesis we considered a different way to manipulate the scattering
pattern of a single particle. In this case, we have shown that useful alterations of the spatial
distribution of the dipolar resonance of a metallic cylinder can be obtained by changing the

distance between the cylinder and a substrate underneath.

9.2. Further Ideas

Although this thesis was designed to be a complete study about light scattering by nanopar-
ticles with arbitrary values for the optical constants, and more specifically focused on the
manipulation of the directionality of light scattered by them, many issues could not be ad-
dressed, either by space or time requirements. We shall therefore describe some of those

ideas here:

e First, this work can be carried out using more complex computational techniques in or-
der to obtain quantitative results and not only qualitative ones. Hence, a more complex

method will allow to increase the particle size to observe multipolar behaviors.

e In the last years, materials with epsilon-near-zero (ENZ) or epsilon-very-large (EVL)
have been developed. Particles with € and  in these ranges could be very interesting

to analyze.

e Our calculations on systems of nanoparticles were reduced to dimers due to computa-
tional requirements. Larger systems with aligned or non-aligned arrangements should
be taken into account. The design of nanocircuits could be used as a reference for this

kind of studies.

e Finally, other aspects such as polarimetry are also interesting. For instance, estimations
of the degree of linear polarization in particles with electric and magnetic properties

are currently underway.






Resumen en castellano

El estudio de la luz difundida por un cierto sistema ha resultado ser una técnica no invasiva de
gran interés en diversos campos, desde la biologia a la meteorologia pasando por las energias
renovables. En los tltimos afios han surgido una gran cantidad de aplicaciones basadas en la
misma. Y es que, del andlisis de las propiedades de la luz difundida (intensidad, polarizacién,
distribucién espacial) se puede obtener valiosa informacion sobre las propiedades del medio
difusor, tanto 6pticas como geométricas. Esto es lo que se ha venido en llamar el Problema
Inverso.

Los fenémenos derivados de la interaccion entre la luz y la materia han sido largamente
estudiados. En particular, los dltimos trabajos sobre la interaccién de la luz con estructuras
metdlicas, que pueden originar la excitacion de resonancias plasmonicas, y de la luz con los
nuevos materiales nanoestructurados, o metamateriales, han servido de inspiracién para el

presente estudio.

Obijetivo

En el trabajo presentado se han analizado, desde un punto de vista numérico, los efectos y/o
fendmenos observables en la luz difundida por pequenas particulas con constantes épticas

tanto convencionales (principalmente metdlicas) como no convencionales (particulas con

173



174 Resumen en castellano

respuesta magnética en el rango del visible). En particular, nos hemos centrado en las efectos
en la direccionalidad de la luz difundida observados en el andlisis aplicado tanto a particulas
aisladas como a agregados de las mismas. Este estudio puede considerarse como un paso
previo hacia el desarollo de nuevas aplicaciones en circuitos opticos o tratamientos médicos

basados en nanoparticulas.

Con el fin de extraer con cierta facilidad la fisica del problema, sin necesidad de com-
plejos modelos matemaéticos, hemos usado un modelo simple basado en pequeas particu-
las (cuyo radio es mucho menor que la longitud de onda incidente) con simetria esférica y
propiedades épticas (e, 11) arbitrarias. El rango (e < 0, < 0), en el cudl se encuadran los

materiales "zurdos", ha sido estudiado con especial atencion.

En una primera parte, nuestro anélisis se ha limitado al caso de una particula aislada, para
cuyo estudio hemos usado la teoria de Mie. Debido al tamafio de las particulas (R << \)
s6lo la contribucién debida a los primeros cuatro términos de la expansion de Mie (a4, by, a-
y by) se ha considerado, siendo despreaciable aquella debida a términos de orden mayor. Tras
un pormenorizado andlisis de como difunde una pequena particula con propiedades opticas
arbitrarias, nuestro estudio se ha centrado en la posibilidad de controlar la direccionalidad
de la luz difundida por las mismas. Para este fin hemos seguido los estudios realizados por
Kerker et al [69] para particulas dipolares (R — 0), extendiéndolos a particulas de tamafio
finito y a cualesquiera direccién de difusidn, tanto en el rango de campo cercano como en el

de campo lejano.

Si bien, las particulas tienden a formar agregados, por lo que, en una segunda parte,
hemos abordado el andlisis de la direccionalidad de la luz difundida por un agregado de las
particulas descritas en la primera parte. De nuevo y con el fin de simplificar la matemaética
del problema, hemos considerado o bien el agregado més simple, el dimero, o bien arrays de
particulas tales que la aproximacién dipolar sea aplicable en ellos. Esta aproximacién per-
mite calcular los campos difundidos por las particulas, teniendo en cuenta las interacciones
entre ellas, mediante el Método del Dipolo Eléctrico y Magnético Acoplado (CEMDM en
sus siglas en inglés).

Finalmente el trabajo da un giro para tratar un tema mds realista, experimentalmente
hablando, aunque tangencialmente relacionado con todo lo anterior. Y es que, como se
muestra, la distribucién espacial del campo difundido por una nanoparticula metélica en
resonancia (resonancia plasmoénica localizada) puede ser modificada por la presencia de un

substrato (tanto dieléctrico como metélico) bajo la misma.
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Esquema del trabajo

Los dos primeros capitulos de este trabajo se han dedicado a introducir brevemente el prob-
lema a tratar. Asi, mientras el primer capitulo hace un repaso sobre la historia y los conceptos
basicos en la interaccion entre la luz y la materia, exponiendo, a su vez, los objetivos que nos
hemos marcado, en el capitulo 2 se desgrana la teoria relativa a la difusion de la luz por una
particula aislada.

Tras estos dos capitulos introductorios, y tal como se ha comentado anteriormente, el
trabajo se divide en tres partes. En la primera parte tratamos el problema de la difusion de la
luz por pequeiias particulas aisladas con propiedades Opticas arbitrarias. En la segunda parte,
extendemos el problema a sistemas de particulas. Y en la tercera y dltima parte, la geometria
a estudiar consiste en una particula metélica en presencia de un substrato.

En el capitulo 3, llevamos a cabo el andlisis de las resonancias de Mie en pequefias
particulas con propiedades Opticas en los cuatro posibles cuadrantes: (¢ > 0, > 0), (e <
0,00 >0), (e <0, <0)y(e >0, < 0). El rango doble-negativo, (¢ < 0, < 0), es el
que mayor interés ha suscitado dada la cantidad de fendmenos y/o aspectos observados en la
misma: resonancias tanto de dipolares como cuadrupolares, eléctricas y/o magnéticas, una
simetria € — i, asi como un punto de gran interés (¢ = ;4 = —2) que va a ser un referente a
lo largo de todo el trabajo.

El capitulo 4 engloba los resultados sobre la direccionalidad de la luz difundida por una
particula aislada. En éste se estudia la influencia que un tamafio de particula finito tiene sobre
las condiciones de direccionalidad de Kerker [69]. Estas condiciones establecen que cuando
las constantes Opticas de un pequefio difusor esférico verifican una de ellas, la difusion hacia
adelante o en retrodifusion es anulada. No obstante, como nosotros mostramos, la luz difun-
dida también puede ser eliminada en otras direcciones, bajo condiciones similares para las
constantes Opticas. Por dltimo, en este apartado se demuestra como el punto de interés antes
comentado, (¢ = 1 = —2), supone una excepcion a la condicion de Kerker sobre la difusién
hacia adelante.

El capitulo 5 y ultimo de la primera parte, aborda la dependencia que las condiciones
de Kerker tienen con la distancia de observacién. Para mostrar esta dependencia hemos
calculado los diagramas de difusion de una particula bajo dicha condiciones para distintas
distancias de observacion, tanto en el rango de campo cercano (pequefias distancias) como
en el campo lejano (largas distancias).

El capitulo 6 y primero de la segunda parte del trabajo, muestra los principales resulta-
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dos que hemos obtenido para un dimero de particulas con constantes opticas que verifiquen
alguna de las condiciones de direccionalidad. Con este estudio hemos pretendido ir un paso
mas all en el andlisis del control sobre la luz difundida, asi como observar la influencia que
las interacciones entre particulas cercanas tiene sobre dicha direccionalidad. Como en el caso
anterior, para este estudio hemos considerados distancias de observacion tanto en el rango
de campo cercano como en el campo lejano. Mientras que para largas distancias (campo le-
jano) la aproximaciodn dipolar es adecuada y suficiente para obtener, con suficiente precision,
los campos difundidos por el dimero, para cortas distancias (campo cercano) hemos usado
un método mas complejo basado en ecuaciones integrales de superficie (en inglés: surface
integral equations o SIE ).

En el capitulo 7 presentamos el disefio de un sistema compuesto por particulas, tanto
eléctricas como magnéticas, que interaccionan entre si. Para una cierta configuracion ge-
ométrica, hemos demostrado que el sistema completo difunde luz de igual modo que una
unica particula aislada cuya permitividad eléctrica (¢) es igual a la de las particulas eléctricas
del sistema y cuya permeabilidad magnética (1) es igual a la de las particulas magnéticas
del agregado. Las propiedades Opticas de las particulas fueron escogidas tales que se obtu-
viera minima retrodifusion, cuya persistencia es analizada en funcién de ciertos pardmetros
geométricos (tamafio y posicion de las particulas, distancias, etc.).

La dltima parte de la tesis consta de un tnico capitulo, el capitulo 8. En éste mostramos
como la presencia de una substrato plano, tanto metdlico como dieléctrico, es capaz de al-
terar la distribucidn dipolar de un cilindro metélico (hecho de oro o plata) en resonancia. La
presencia del substrato induce una importante localizacién del campo eléctrico entre ambas
estructuras. Localizacion que depende tanto de la distancia entre las mismas como de la nat-
uraleza del substrato, del medio circundante y de la longitud de onda incidente. El cilindro
considerado es infinitamente largo y de seccién circular con una radio mucho menor que la
longitud de onda incidente. No obstante, tal y como mostramos en este capitulo, estos resul-
tados pueden extenderse, con ciertas precauciones, al caso de una nanoparticula esférica.

Finalmente y para concluir, el dltimo capitulo resume los princiaples resultados y con-

clusiones obtenidos, ademds de explicar cudles son las perspertivas futuras de este trabajo.
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