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Abstract: The transition from localized to delocalized plasmons (i.e. the
transition from a situation where the decay length of a travelling surface
plasma wave is greater than its propagation distance to a situation where it
is smaller) and hence the onset of plasmon delocalization is studied in a
single 2D silver nanoparticle of increasing length. A fourier analysis in the
near-field of the nanoparticle is used as the main tool for analysis. This
method, along with far-field scattering spectra simulations and the near-
field profile directly above and along the length of the nanoparticle are used
to investigate and clearly show the transition from localized to delocalized
modes. In particular, it is found that for a finite sized rectangular
nanoparticle, both the emerging odd and even delocalized modes are
nothing but a superposition of many standing wave plasmon modes. As a
consequence, even very short metal films can support delocalized plasmons
that bounce back and forth along the film.
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1. Introduction

Plasmonics, the bridge between the best of optics and electronics, is based on resonant
electron plasma oscillations in metallic nanostructures. Formally there are two types of
plasmon resonances, localized plasmons and delocalized plasmons. The former, confined
around nanoparticles, nanoantennas, and various other compact nanostructures, allows for
very high near-field enhancements at optical frequencies due to high localizations of the
scattered field and has been shown useful in applications ranging from trapping and sensing
[1-5] to cancer treatment [6-9]. The latter, based on the free propagation of surface waves at
an extended metal dielectric interface, has played a major role in the development of surface
plasmon based biosensors [10] and shows great promise in the development of ultra-fast and
compact optical circuitry [11-16].

Traditionally, plasmonic systems studied support either localized or delocalized
resonances. Small finite structures are found to support localized modes and infinite structures
are found to support delocalized modes. Systems containing both small finite and infinite
structures, such as ordered and disordered metal films [17,18] as well as metal nanoparticle
and film systems [19] are found to exhibit both resonances, which can lead to Fano
interferences [20,21]. The response of intermediately sized structures and hence the transition
from localized to delocalized states, however, has yet to be studied. In this paper, we
investigate the response of a 2D silver nanoparticle of fixed thickness and increasing length,
and in doing so demonstrate the onset of plasmon delocalization.

In Section 2, we discuss the geometry investigated and give details on the analysis
methods. Particularly we point out intrinsic limitations of the analysis method used in order to
aid in the understanding of the obtained results. Subsequently in Section 3, we show how to
excite both even and odd delocalized/propagating modes, thus providing all the necessary
tools for the study at hand. In Section 4, we demonstrate and discuss the onset of plasmon
delocalization for even and odd propagating modes and in Section 5, provide a brief summary.
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2. Geometry and analysis techniques

The geometry investigated is a 2D 40nm thick silver nanoparticle of variable length L in
freespace (Fig. 1). A 2D geometry was chosen since effects along the 3rd dimension are
invariant. We use the dielectric data of silver measured by Johnson and Christy [22]. As
shown, an electric dipole source is used because it will allow for the excitation of localized
modes and also for the launching of delocalized/propagating modes without the use of
gratings or methods such as prism coupling [23]. We start with a length L = 50nm and with
each successive step gradually increase the nanoparticle length, thus allowing us to observe
the transition from localized to delocalized modes.
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Fig. 1. A silver nanoparticle of length L excited by an electric dipole source. The corner of the
nanoparticle marks the origin. The dipole source is placed at a position of (~100nm, 20nm).

The simulation method carried out for this study is based on the Green’s Tensor formalism
in 2D [24]. We locate the resonance position of the localized modes by calculating the
integrated scattering spectra in the far-field around the particle. Analysis of the
delocalized/propagating modes of the system is accomplished by performing a Fourier
analysis of the scattered field 40nm above the surface of the nanoparticle. For this we sample
the scattered electric field at numerous observation points with a 3nm spacing (Fig. 1). We
chose only a 40nm distance above the nanoparticle in order to probe the evanescent tail of the
surface plasmon. For analysis, we apply a hamming window to the data, zero pad it to give a
total array length of 20,000, and then perform an FFT and an FFT-shift to obtain the k-vector
vs. frequency response of the system. Unlike the analytically obtained dispersion of an infinite
silver film, where the imaginary component of the k-vector represents loss, the imaginary
component of the k-vector obtained through the Fourier analysis resolves phase. Since the
phase is of no relevance to our study, all k-vector vs. frequency plots present only the k-vector
magnitude. Note, in all 3D plots, results have been normalized prior to plotting.

We have chosen a 3nm spacing of the observation points in order to ensure that even very
large propagation vectors are well resolved. In addition, zero padding is applied to give a total
array length of 20,000; this is to ensure uniform resolution in k-space for every particle length
L investigated. Padding with many zeros also has a very nice effect, as it provides for
interpolation of the data in k-space, which is especially desirable for nanoparticles of shorter
lengths. This is because the total number of sampling points is inherently low for small L and
thus the resulting resolution in k-space, if zero padding is not applied, will be very coarse.
Additionally for small L, the Fourier analysis method poses a second intrinsic limitation.
Theoretically, the use of a Fourier transform can provide exact k-vector information, however,
when using a discrete Fourier transform, such as an FFT, only a finite range of data can be
taken. This of course is problematic because in order to exactly represent any sort of infinite
periodic function one needs an infinite range of data. The smaller the sampling range, the
higher the uncertainty of the resulting k-vector. Specifically in this study, we see that as the
length L and thus the sampling range increase, the amount of spectral broadening in k-space
decrease.
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3. Mode excitation

For a metallic film of thickness 2a in freespace, there exists two propagating modes, an
even/short range and an odd/long range mode [25,26]. The wave vector k for odd and even
modes is given by Eq. (1) and (2) respectively, where ¢ =g, +ie; is the complex dielectric
permittivity of the metal, k, , and k, ; given by Eq. (3) and (4) are the z-components of the

z,m
wave vector in the metal and freespace respectively, and k, is the total freespace wave vector
[27].
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For a 40nm thick film, these equations yield the following real and imaginary components
of the k-vector for the odd and even propagating modes (Fig. 2). The real components give the
k-vector of the excited mode, while the imaginary components give ochmic propagation losses
[27].
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Fig. 2. Analytically obtained dispersion of a 40nm thick, infinite silver film, showing the real
and imaginary parts of the k-vector for even and odd propagating modes.

We wish for this study to excite both even and odd modes separately. As shown in Fig. 1,
the dipole orientation is defined by the angle 6. We have two extreme cases for the dipole
orientation, 6 = 0° and 8 = 90°. In Fig. 3 we show the effect of each orientation on a particle
of infinite length and plot the resulting electric field distributions. For 6 = 0° the horizontal
dipole will induce alternating horizontal dipoles in the metal, which results in the same
alternating positive/negative charge distribution at both the top and bottom surfaces of the
metal. For 8 = 90° the vertical dipole will induce alternating vertical dipoles in the metal,
resulting in opposing positive negative charge distributions at the top and bottom surfaces of
the metal. It can be seen from the charge and the resulting electric field distributions, that for 6
= (° the even propagating mode should be excited and that for 8 = 90° the odd propagating
mode should be excited. We can also see that for very small L and 6 = 0°, the excited
localized mode will just be a dipolar mode oscillating along the length of the nanoparticle. For
0 = 90°, however, the localized dipolar mode will be along the thickness of the nanoparticle
and thus its resonance frequency should not change with L. Most interesting, however, is the
middle ground where L is neither very small nor effectively infinite. We can speculate what
may happen for intermediate L by looking at the charge distribution and field lines of the
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infinitely long particle (Fig. 3) up to a distance of L from the start of the particle and ignoring
everything after that point. The termination of the metallic particle at a length L will simply
result in a reflection at the interface. We will revisit this interpretation in Section 4 where we
present in depth the onset of plasmon delocalization.

For the geometry being studied, we expect the existence of even and odd propagating
modes for a sufficiently large length L. Due to the exponentially growing computational time
with increasing particle length L, we limit the maximum simulation length to L = 20um,
which corresponds to several surface plasmon propagation lengths. The movie corresponding
to Fig. 4 shows the excitation of even and odd modes for L = 20um as the dipole is rotated
from 6 = 0° to 8 = 90°. As expected, for a 8 = 0° only the even mode is excited, while for 6 =
90° only the odd mode is excited. We see for 6 = 45° that both even and odd modes are
excited. Note that in the Fourier analysis we sample the z-component of the scattered light,
hence the air light line is strongest at 6 = 90° and virtually non-existent at 6 = 0°.

" AAAAA

v4

e g——
i N
. L.,
ARAAA
tir 1T Lt o

<<C
<
<<

<
X

Fig. 3. Effect of horizontal and vertical dipole sources on an infinitely long metallic
nanoparticle and the resulting electric field distributions. (a) A horizontal dipole excites the
even propagating mode, while (b) a vertical dipole excites the odd mode.
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Fig. 4. Dispersion relation computed for an L = 20um particle, excited by a dipole source
rotating from 0 to 90°. Only the even mode is excited for 6 = 0° and only the odd mode for 6 =
90°. (Media 1)
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We expect from Fig. 2 to see in Fig. 4 the extension of the even and odd mode k-vectors to
5.5x10'm™* and 2.4x10'm™ respectively; however, due to propagation losses this is not the
case. In addition, we expect that some of the propagating plasmon will reflect back, thus
resulting in negative k-vector values. In order to investigate this and the extent of propagation
losses, we plot in Fig. 5 the results for a dipole angle of 6 = 45° on a base 10 logarithmic
scale. A logarithmic scale was chosen to show the extent of the k-vector even with high losses
that occur close to the limiting surface plasmon frequencies and also to better display any
backwards propagation due to reflections at the end of the particle. It can be seen that above
approximately 870THz, losses are very high and thus completely restrict mode propagation.
In addition, it can be seen for lower frequencies (i.e. low loss regions) that the propagating
plasmon sees the end of the nanoparticle and reflects back, resulting in negative k-vector
values.

L =20um

i W

2 . /

2 4 76
Ikl [m™ x 10

Frequency [Hz]

Fig. 5. Excitation of even and odd propagating modes for a particle of length L = 20um by a 6
= 45° dipole source plotted on a base 10 logarithmic scale. Notice negative k values showing
the back propagation of the surface plasmon waves.

4. Onset of plasmon delocalization
4.1 Even propagating mode

Excitation of the even propagating mode in an elongated nanoparticle, as seen in Sec. 3,
requires the use of a dipole source orientation of 8 = 0°. For small L, one will excite a
localized dipolar mode across the length of the particle, Fig. 3(a); hence, we expect a
transition from this dipolar mode to the propagating mode at the onset of plasmon
delocalization. Revisiting the proposed interpretation for nanoparticles of intermediate length
presented in the second paragraph of the previous section, we can see for a dipole angle 6 =
0°, as L is increased we will go from a single dipole across the length of the nanoparticle to
two opposing dipoles then three opposing dipoles and so on. These alternating dipoles result
in alternating surface charges, which of course are exactly what one has for a propagating
plasmon mode. We thus expect to see the propagation of plasmons once the length has
increased sufficiently to support multiple alternating dipoles. We of course wish to study this
using the Fourier analysis method presented in Section 2, however, for very short particle
lengths, resulting spectral broadening yields indiscernible Fourier analysis results. For this
reason, we only concentrate on far-field scattering spectra for small L. Specifically, we begin
by looking at the scattering spectra for ten nanoparticles of lengths L = 50-500nm (Fig. 6).

For L = 50nm a single dipolar mode is observed at about 830THz. For L = 100nm the
mode redshifts. For L = 150nm the mode redshifts further and a second higher order mode
appears at about 820THz. As L increases these two modes continue to redshift and then for L
= 250nm a third higher order mode appears at around 830THz. It can be seen in each
subsequent panel that as L increases the modes continue to shift and additional higher order
modes continually emerge.
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Fig. 6. Normalized scattering spectra for particles of L = 50-500nm, excited by a 6 = 0° dipole
source. For successively larger lengths L, higher order modes are excited.

We now plot the data obtained through the Fourier analysis method for much longer
particles of lengths 2.5 pum and 5um, together with the scattering spectra for comparison (Fig.
7). Note we use the z-component of the scattered light in the Fourier analysis of the even
mode, since it is virtually free of any freespace propagating light and thus allows for a clearer
view of the plasmon modes. We see in these results the dispersion curve of the even
propagating mode. Comparing the scattering spectra with the dispersion diagram, one sees
numerous maxima along the dispersion curve whose spectral positions correspond exactly to
those of the higher order modes. As L increases from 2.5um to 5um an ever greater number of
these modes appear. It is obvious from this trend, that in the limit where L — oo, there will
be a continuum of these higher order modes, rather than a finite number, and that the even
delocalized mode is exactly this continuum. Formation of this continuum can easily be seen in
the movie linked to Fig. 4 for a dipole orientation 6 = 0°. Here for L = 20pum we are virtually
unable to distinguish one mode from another.

14 “ L=2.5um 14 " L =5um
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Fig. 7. Fourier analysis and scattering spectra results for L = 2.5 and 5um. We excite the even
propagating surface plasmon mode with a horizontally oriented dipole source. As can be seen,
for a finite particle length, this mode is nothing more than the superposition of many higher
order modes.

We provide further insight into the nature of this transition by plotting the field
distribution along the line of observation points shown in Fig. 1, for L = 5um and for a much
shorter L = 500nm (Fig. 8). We see for L = 5um at frequencies approximately below 700THz,
standing wave patterns, hence the higher order modes seen in the Fourier analysis results are
just standing wave surface plasmons formed by the interference of the forward and back
propagating waves, Fig. 8 right panel. Actually, a similar effect has been observed by J.
Nelayah et al. in plasmonic nanoprisms [28]. In fact, for any given frequency, the spacing
between two intensity maxima is exactly half the surface plasmon wavelength, the surface
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plasmon wavelength being that taken from the k-vector vs. frequency plots of Fig. 7. Above
frequencies of approximately 700THz, where the peaks of higher order modes are no longer
apparent (Fig. 7), we see only the exponential decay of highly damped propagating plasmons
(Fig. 8), due to the fact that losses have become increasing significant (Fig. 2). As predicted,
the presence of even just a few alternating dipoles results in the propagation of plasmon
waves. This is evident in the standing wave patterns seen for a nanoparticle of just L =
500nm, Fig. 8 left panel. More surprising, however, is that even in the case of just two
alternating dipoles, a standing wave behavior is still present. This can be seen by comparing
the scattering of L = 500nm in Fig. 6 with the field distribution in Fig. 8. The peak for the
second mode (two opposing dipoles) falls at about 430THz. The standing wave pattern at this
frequency in Fig. 8 corresponds exactly to this, as it is composed of one central peak and two
others at the nanoparticles ends. As one expects, for this short length, standing wave patterns
are indeed present up to much higher frequencies (above 800THz) than for L = 5um, due to
the fact that the delocalized mode has a much shorter distance to propagate before reaching
the end and reflecting back. Let us finally note that the charge distribution of the modes in
Fig. 8 perfectly reproduces that shown in Fig. 3(a).

14 - 14 _
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Fig. 8. Field distribution along the line of observation points 40nm above L = 500nm and 5um
long nanoparticles. For L = 5um, standing wave patterns are clearly seen below approximately
700THz due to interference between forward and back propagating plasmons. Only the
evanescent decay of the surface plasmon is seen at higher frequencies. Even down to a very
short length of 500nm, the standing wave pattern is still present.

4.2 Odd propagating mode

Excitation of the odd propagating mode in an elongated nanoparticle, as seen in Sec. 3,
requires the use of a dipole source orientation of 6 = 90°. For any length L, a dipolar mode
will be excited along the 40nm height. For very long particles, we should of course see this
mode be concentrated primarily at the end of the nanoparticle closest to the dipole source.
Additionally, from the scattering spectra results for L = 50nm (Fig. 6), we expect to see this
dipolar resonance for L = 40nm at a frequency somewhat greater than 830THz. Furthermore,
just as was the case for the even mode, here we expect to go from a single vertical dipole to
two opposing vertical dipoles to three and so on as the particle length is increased. In the same
way as before these result in alternating surface charges and we again should see propagation
of plasmons once the length has become sufficiently large. We plot in Fig. 9 Fourier analysis
results for particles of lengths 1um and 5um. For L = 1um we clearly see what we assume to
be the vertical dipole resonance at around 880THz. We see an additional resonance at around
820THz. For L = 5um we see the resonance centered at 820THz spectrally broaden and the
dipolar resonance at approximately 880THz diminishing. Since a Fourier analysis is
performed over the entire particle length and since the dipolar mode is assumed to exist
primarily at the left end of the nanoparticle, it is only natural that as L increases that the
localized mode will seemingly diminish.
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Fig. 9. Fourier analysis results for L = 1 and 5um. We excite the odd propagating surface
plasmon mode with a vertically oriented dipole source and at the same time excite a localized
dipolar resonance along the 40nm height of the particle at approximately 880THz. As can be
seen, for L = 1um the propagating mode is mainly confined to approximately 820THz where

the propagating plasmon is most efficiently excited and as the particle length is increased to
5um it is found to spectrally broaden.

In order to gain further insight into these phenomena, we plot as was done in Fig. 8, the
field distribution above the particle for lengths 1um and 5um (Fig. 10). We see clearly in both
plots the localized mode at around 880THz, mainly towards the left end of the nanoparticle,
closest to the excitation source. This fact confirms why the localized resonance seemingly
diminishes in the Fourier analysis results of Fig. 9 as L increases from 1um to 5um. We see
for L = 1um a standing wave pattern at about 820THz, indicating the presence of a
propagating mode. In the field distribution for L = 5um, where this mode has broadened, the
standing wave pattern becomes visible down to lower frequencies as well, though it is still
most prevalent at 820THz. Additional transfer matrix simulations for a 40nm thick infinite
silver film in freespace indicate that it is around 820THz where the odd/long range mode is
most efficiently excited (not shown here). Hence for shorter lengths where the propagating
wave undergoes many reflections at the ends of the particle, the standing wave formed at this
frequency will dominate, even though propagating plasmons at lower frequencies are still
excited. For L = 20um as seen in the last panel of the movie linked to Fig. 4 (dipole
orientation 6 = 90°), we see the reduction of this effect and the spectral broadening of the
propagating mode all the way down to 400THz. We saw in Fig. 8 a clear presence of even
propagating mode for a length of just 500nm. We see in Fig. 11 that the odd propagating
mode is not just present down to L = 500nm, but all the way down to L = 250nm. We again
note that the charge distribution of the modes in Fig. 10 perfectly reproduces that shown in
Fig. 3(b).

1OX10 L=1um x 10 L =5um

Frequency [Hz]

0 200 400 600 800 1000 0 1000 2000 3000 4000 5000
X [nm] X [nm]

Fig. 10. Field distribution along the line of observation points 40nm above nanoparticles of L =
1 and 5um. For both lengths, the localized dipolar resonance along the 40nm height of the
particle is seen at approximately 880THz. For L = 1um, a clear standing wave pattern, due to
the odd propagating mode, is seen at about 820THz. For L = 5um, the standing wave extends
down to lower frequencies as the mode is broadened.
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Fig. 11. Field distribution along the line of observation points 40nm above particles of lengths
L = 250nm and 500nm. Even for these short lengths, the standing wave surface plasmon at

around 820THz (also in Fig. 9) is still present.

5. Summary

We have studied the onset of plasmon delocalization (i.e. the transition from a situation where
the decay length of a travelling surface plasma wave is greater than its propagation distance to
a situation where it is smaller) both for even and odd propagating modes in a 2D silver
nanoparticle of increasing length L. A Fourier analysis performed 40nm above and along the
length of the particle showed clear excitation of both propagating modes for the largest length
L = 20um studied. Using this method, together with far-field scattering spectra results, and the
field distribution profile 40nm above the particle, we showed clearly the transition from
localized to delocalized modes as the particle length was increased. In particular, we showed
for finite lengths that the even propagating mode is nothing but a superposition of numerous
high order modes, these modes being just standing wave plasmons. The odd mode was also
shown to be the superposition of many standing wave modes. Due to its long range nature,
however, it was found to be predominantly a single standing wave at the frequency of most
efficient excitation (approximately 820THz) and to broaden to the usual continuum of the odd
mode as the particle length was increased.
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