RESEARCH ARTICLE

'.) Check for updates

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Comparative Analysis of the Near- and Far-Field Optical
Response of Thin Plasmonic Nanostructures

Lauren Zundel, Paul Gieri, Stephen Sanders, and Alejandro Manjavacas*

Nanostructures made of metallic materials support collective oscillations of
their conduction electrons, commonly known as surface plasmons. These
modes, whose characteristics are determined by the material and morphology
of the nanostructure, couple strongly to light and confine it into subwave-
length volumes. Of particular interest are metallic nanostructures for which
the size along one dimension approaches the nanometer or even the subna-
nometer scale, since such morphologies can lead to stronger light-matter
interactions and higher degrees of confinement than regular three-dimen-
sional nanostructures. Here, the plasmonic response of metallic nanodisks of
varying thicknesses and aspect ratios is investigated under far- and near-field
excitation conditions. It is found that, for far-field excitation, the strength

of the plasmonic response of the nanodisk increases with its thickness, as
expected from the increase in the number of conduction electrons in the
system. However, for near-field excitation, the plasmonic response becomes
stronger as the thickness of the nanodisk is reduced. This behavior is attrib-
uted to the higher efficiency with which a near-field source couples to the
plasmons supported by thinner nanodisks. The results of this work advance
the understanding of the plasmonic response of thin metallic nanostructures,
thus increasing their potential for the development of novel applications.

plasmons are being exploited to develop
applications as diverse as ultrasensitive
optical sensing,*® efficient solar energy
harvesting,”®1  photocatalysis,>!%  and
nanoscale light emission, to cite a few.

In recent vyears, the isolation of
graphenel®l and the discovery of the
extraordinary plasmonic properties this
material has when doped with carriersi*!
has inspired significant interest in stud-
ying the plasmons supported by metallic
nanostructures with thicknesses ranging
from several nanometers down to mono-
layers.234 These nanostructures support
very strong fields that lead to increased
light-matter  interaction["#?#3>-3  and
produce a higher degree of confinement
than regular 3D structures, enabling, for
instance, the enhancement of higher-order
multipolar transitions.***  Furthermore,
the reduced dimensionality of these nano-
structures makes it easier to modify their
optical response by altering their distribu-

1. Introduction

Metallic nanostructures are known to support surface plasmons,
collective oscillations of their conduction electrons,!’ which
couple strongly to electromagnetic radiation, confine it into
subwavelength volumes, and produce large field enhancements
around the nanostructure.?3l Thanks to these abilities, surface
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tion of free carriers, as has been both theo-
retically proposed?'® and experimentally
demonstrated.!

When analyzing the optical response of a metallic nanostruc-
ture, we can distinguish two different regimes depending on
the position of the source with respect to the nanostructure.
Specifically, far-field excitation corresponds to the situation in
which the distance d between them is much larger than the
wavelength A, while the opposite limit (i.e., d < A) is known
as near-field excitation. The former scenario applies when the
nanostructure is excited by a propagating electromagnetic field
and, therefore, is relevant for applications centered on control-
ling the propagation of electromagnetic radiation, as is the case
for metasurfaces,® improved solar energy harvesting devices,*!
and photocatalysis,'”! to cite a few. On the other hand, near-field
excitation occurs when the nanostructure is excited by a localized
source, such as an atom, molecule, or quantum dot, placed in its
vicinity. Therefore, characterizing this regime is important for
applications in which the nanostructure is used to enhance and
control the interaction between localized emitters and light.[#—%
Importantly, far- and near-field sources are, in general, not able
to excite every single mode of the nanostructure. A paradigmatic
example is the so-called dark modes, whose name originates
from the fact that, due to their symmetry, they are not efficiently
excited by propagating electromagnetic fields.”"*? Because of
this, and since many applications, such as ultrasensitive optical
sensing, involve both far- and near-field excitation, a complete
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understanding of both the near- and far-field optical response of
metallic nanostructures is essential to leverage their full potential.

Here, we investigate how the thickness of a metallic nano-
structure affects its near- and far-field optical response. To that
end, we present rigorous solutions of Maxwell’s equations for
metallic nanodisks under near- and far-field excitation as a
function of the thickness of the nanodisk when either its aspect
ratio or cross-sectional area is kept fixed. In both cases, we
find that the strength of the far-field response of the nanodisks
increases with their thickness, a result that is anticipated due to
the increased volume and therefore larger number of carriers
present in the nanostructure. In sharp contrast, the near-field
response of the nanodisks decreases with thickness, a behavior
that we attribute to the larger coupling to near-field sources
displayed by thinner nanodisks. Our results shed light into the
plasmonic response of thin metallic nanostructures and thus
pave the way toward applications such as highly-integrated
electro-optical modulators, for which low-dimensional systems
are ideal due to their increased susceptibility to the modulation
of their optical response.l?"*

2. Results and Discussion

The system under consideration is a metallic nanodisk of
thickness ¢t and diameter D, lying in the xy-plane and sur-
rounded by vacuum, as depicted in the insets of Figure 1a,b.
Since we are interested in analyzing the optical response

www.advopticalmat.de

arising from the plasmon resonances supported by the nano-
disk, we describe its dielectric function using a Drude model
g(w)=1-} /(@ +iwy), with he, = 6eV and hy = 0.06eV.
However, we later extend our calculations to analyze the role
played by interband transitions by using a tabulated dielectric
function. All of the results shown in this work are obtained by
rigorously solving Maxwell’s equations using the finite element
method (FEM) (see Supporting Information for details about
the FEM calculations). Moreover, all of the nanodisks that we
consider in this work have sufficiently large dimensions that
nonlocal and quantum effects play a minor role.?!32

We first consider the response of the nanodisks to far-field
excitation by a plane wave that is linearly polarized along the
x-axis and propagates in the z-direction. Specifically, we cal-
culate the extinction cross-section O(®), which quantifies
the fraction of light that is either scattered or absorbed by the
nanodisk. The results of this calculation, normalized to the
area of the nanodisks A = 7zD?/4, are plotted in Figure la. The
gray curve shows O..(®)/A for a nanodisk with t = 2nm and
D = 50nm, which supports a strong dipolar resonance, with
a peak value of =5.59 located at an energy of hw = 1.17eV. To
analyze how o.u(@)/A changes with the thickness of the nano-
disk, we first vary ¢t while holding D = 50nm constant. Doing so
results in an increase of the extinction cross-section, as shown
with blue, cyan, and green curves for t = 5, 10, and 20 nm,
respectively. At the same time, the energy of the resonance
blueshifts significantly, with the ¢t = 20nm nanodisk having its
first mode at hw = 2.54eV. We can avoid the blueshift in the

30 T T T v T g T v T T T g
L X t=20nm, a b X
25k l_' + ]([)’:50‘““ (@ 96-( ) Zr d =10 nm-
t nm,
F ¢l D=50nm E t=2nm, D =50 nm QG 4|
20F = -
I D @ 4L D ]
‘\QHIS— t=5nm,D=125nm  (=5nm, Q t=4 D =100
Z D50 0m Q nm, nm
e 10 4 nm, D =100 nm _Ud t=5nm, D =125nm
[ w2t 1
o t 7](')nm.
S5t t=2nm, &) D =50 nm +=20nm, |
| D =50nm — D=50nm
0 0
1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5
hw (eV) hw (eV)
(c) (d) —
10FD=50nm <~W%~ 18 = 8 .V ne D=50nm1§
— % 7
5 {4 _ Z4r 5/% E
g 0 2 5 10 20 0 ﬂ; §0 2 5/ 10 20 0 é:
— p— r‘
“ufDi=25 W% 165 £ 8f W7 Di-23], 2
o i 8 1.2
7k 8 ‘é 4r §
0 5 0 0 5 0=
¢t (nm) ¢t (nm)

Figure 1. Far- and near-field optical response of metallic nanodisks as a function of their thickness. a) Extinction cross-section o, (@), normalized to the
cross-sectional area A = 7D?/4, for nanodisks of diameter D and thickness ¢, under illumination by a plane wave, as depicted in the inset schematics.
b) Induced LDOS calculated at a distance d = 10nm above the center of the surface of the nanodisk, as shown in the schematics, normalized to the
LDOS of vacuum, LDOS®(w) = «?/ (37%¢3), for the same nanodisks as in (a). c) Peak value of o, (®)/A (solid bars, left axis) and number of conduction
electrons in the nanodisk N, (striped bars, right axis) as a function of t. d) Peak value of the normalized LDOS!(r,) (solid bars, left axis) and value of
the integrated LDOS(r,) divided by E, (striped bars, right axis) as a function of . In both (c) and (d), the upper plot corresponds to the nanodisks
with constant diameter, while the lower one shows the results for the nanodisks with fixed aspect ratio.
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resonance energy by, instead, increasing t and D simultaneously,
keeping a fixed aspect ratio. This case is shown by the yellow,
orange, and red curves, which display, respectively, the normal-
ized extinction cross-section for nanodisks with t = 3, 4, and
5 nm and an aspect ratio of D/t = 25. In the electrostatic limit,
the resonance energy of a nanodisk depends only on its aspect
ratio and not on its overall size.’’! However, for the nano-
disks under consideration here, there is a slight redshift of the
resonance energy that grows with their size and, therefore, we
attribute it to the effect of retardation.

When the nanodisks of Figure 1a are instead subject to near-
field excitation, their response is drastically different. In order
to characterize it, we use the local density of photonic states
(LDOS), which, as expected from its name, quantifies the
number of photonic states per unit of frequency and volume
for a given system.”*> This quantity also describes the modi-
fication of the decay rate of an emitter due to the presence of
the nanodisk and thus adequately measures the response of the
system to near-field excitation.#%%%!l Using Gaussian units, the
LDOS projected along the direction #i at a point r is given by>*>’]

1
LDOS; (r,0) =
Q,

- Im{A-G(r,r,w) -7} (1)
where G(r,1’,w) is the Green tensor of Maxwell’s equations,
defined as the solution of

VxVXG(r,t’,0)-k’e(r,0)G(r,1’,0) = 47k’5(r - 1)1 )

with g(r,w) being the dielectric function of the system and k =
/c the wave number. In our particular case, we are interested
in the response of the nanodisk when excited by an x-polarized
dipole placed a distance d above the center of its surface, as
depicted in the schematics of Figure 1b. Therefore, we focus on
the induced part of the LDOS projected along the x-axis, which,
normalized to the LDOS of vacuum, LDOS%(w) = @?/(37%%),
can be calculated as
LDOS(r,w) 3 i

DoS' (@) 20 G= (@) ©)

Here, GI(r,r,w) represents the xx-component of the
induced part of the Green tensor, that is, the contribution to
the Green tensor solely due to the nanodisk without that of
vacuum. Importantly, with the definition of G(r,r’,w) that we
use here (which differs by a factor of —47@? from our previous
workl’?), G (r,1,0) is exactly the x-component of the field pro-
duced by the nanodisk at a position r in response to an x-polar-
ized unit dipole located at that position.

The spectrum of the induced LDOS for d = 10nm is shown
in Figure 1b for the same nanodisks analyzed in Figure la.
Clearly, all of them display a strong peak located at approximately
the same spectral position as the extinction peak. Interestingly,
higher-order dipolar modes that were not efficiently excited by the
plane wave are also visible in the spectra of the nanodisks with
fixed aspect ratio, although, here, we restrict our analysis only to
the first dipolar mode (see Figure S1, Supporting Information for
an analysis of the higher-order dipolar modes of the nanodisks).
Importantly, in sharp contrast with the behavior of the extinction
cross-section, the induced LDOS decreases as the thickness of
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the nanodisk grows, both for the nanodisks with fixed diameter
D =50nm and for those with fixed aspect ratio D/t = 25.

We analyze these opposing trends in more detail in
Figure 1c,d. Specifically, in Figure 1c, we plot, using solid bars
and the left scale, the peak value of o, (w) for all of the nano-
disks in Figure la. The upper and lower plots show, respec-
tively, the results for the nanodisks with fixed diameter and
fixed aspect ratio. As discussed before, in all of the cases, the
peak value of o.,(@) grows with t, a behavior that is completely
consistent with the Thomas—Reiche-Kuhn sum rule.%4 This
sum rule, also known as the fsum rule, states that the integral
over frequencies of the extinction cross-section of a nano-
structure made of a material that can be described by a local,
causal, and linear dielectric function satisfies!®”

2rle?

MeC

[ doou (@)= N, =1.67x10° N [m’s™] 4
with m. and e being the electron mass and charge, respec-
tively. Applied to our nanodisks, this means that their inte-
grated extinction cross-section is proportional to the number
of conduction electrons N, that they contain and hence to their
volume. Since the spectrum of o, (@) is dominated by the
lowest-order dipolar mode, the same behavior can be expected
for its peak value.

The striped bars and right scale of Figure 1c show the value
of N, computed from the plasma frequency w, that we use for
the dielectric function of the nanodisks N, =m.w; At/ (47e’).
We have checked these results numerically by directly com-
puting the integral of the extinction cross-section over a suffi-
cient range of frequencies. Interestingly, comparing N, and the
peak value of 0.,(w), we observe that the former quantity grows
more quickly with ¢, which indicates that both the contribution
of higher-order modes to the extinction spectrum as well as the
width of the resonances increase for the thicker nanodisks.

We can apply a similar analysis to the near-field response
studied in Figure 1b since, as shown in ref. [59], the LDOS
induced by the nanodisks also satisfies a sum rule

B (r) o)

| doLDOSY (r,0) =
0 4

with EI (r) being the x-component of the field at position r pro-
duced by an x-polarized, static (i.e., for @=0), unit dipole located
at that position, due to the presence of the nanodisk. Figure 1d
compares the peak value of the normalized LDOSY (r,®) (left
scale, solid bars) with the integrated LDOS™ (r, ) (right scale,
striped bars) divided by E, = (327(10nm)*)~". This quantity is
(4m)~! times the electric field produced, at its own position, by
an x-polarized, static, unit dipole placed a distance d = 10nm
from a semi-infinite, perfectly conducting, medium. For the
systems under consideration here, which satisfy D > d, 4zE,
is an excellent approximation of E(r),"” as we have con-
firmed numerically by integrating the induced LDOS. Impor-
tantly, this also means that the integrated LDOS} (r,w) has a
constant value for all of the nanodisks under consideration, in
sharp contrast with the peak value of the LDOSY (r,w), which
clearly decreases as t grows. Therefore, while the sum rule of
the extinction cross-section and its peak value have a consistent
behavior as the thickness of the nanodisk is varied, that is not

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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the case for the induced LDOS. This highlights the more com-
plex behavior of the near-field response and motivates the fur-
ther analysis we present below.

One aspect of the optical response that can give additional
insight is the induced charge on the nanodisks, which we ana-
lyze in Figure 2. Specifically, in Figure 2a, we show the spa-
tial distribution of the induced charge on the nanodisks with
t=2nm and D = 50nm (gray outlines), t = 5nm and D = 125nm
(red outlines), and t = 20nm and D = 50nm (green outlines)
under both plane wave illumination (upper plots) and dipole
excitation at d = 10nm (lower plots). In all cases, the charge
distributions are calculated at the energy of the first peak in
the corresponding spectrum and the color scale is saturated to
+80% of its maximum magnitude. Clearly, the charge distri-
butions of all of the nanodisks show a dipolar pattern and are
identical for near- and far-field excitation, thus confirming that,
in both cases, the first peak in the spectrum corresponds to the
lowest-order dipolar plasmon.

In order to gain further insight, we analyze the total induced
charge in the nanodisks, which is shown in Figure 2b,c for the
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Figure 2. Induced charge in metallic nanodisks as a function of their
thickness. a) Spatial profile of the induced charge in nanodisks with
t=2nm, D = 50nm (gray outline), t = 5nm, D = 125nm (red outline),
and t = 20nm, D = 50nm (green outline) under excitation by either a
plane wave (top row) or a dipole placed d =10 nm from the center of the
surface of the nanodisk (bottom row). b,c) Integrated induced charge for
metallic nanodisks with varying t and either D = 50 nm or D/t = 25. Solid
and striped bars correspond to excitation by the plane wave and dipole,
respectively. In all cases, the induced charge is calculated at the energy
of the first peak of the corresponding spectra shown in Figure 1. Further-
more, all of the integrated induced charges are normalized to those of the
t = 2nm nanodisk with the same excitation source.
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nanodisks with D = 50nm and D/t = 25, respectively. In both
cases, solid bars represent the results for the plane wave exci-
tation, while striped bars correspond to the dipole excitation.
Since the nanodisks are electrically neutral, the induced charge
over the entire surface must be zero. Therefore, we integrate the
absolute value of the charge over the entire surface. Moreover,
since the overall value depends on the strength of the excitation
source, we normalize all of the calculations to the value obtained
for the t = 2nm nanodisk excited by the same source.

As expected from the growth in the extinction, when the
dipolar plasmon of the nanodisks is excited by a plane wave,
the total induced charge grows with t. For the nanodisks with
D/t = 25, this growth is much more rapid, with the ¢ = 5nm,
D = 125nm (red) nanodisk having approximately a fivefold
enhancement over the t = 2nm nanodisk (gray). This can be
attributed to the fact that, for the fixed aspect ratio, all of the
dimensions of the nanodisk are simultaneously increased. In
contrast, when the nanodisks are excited by a dipole, the charge
decreases as the size of the nanodisks grows, with both the
t=5nm, D =125nm (red) and the t = 20nm, D = 50nm (green)
nanodisks having approximately half of the total induced charge
as the t = 2nm one. Since the strength of the dipolar plasmon
of the nanodisks is expected to increase with their number of
free carriers, and therefore their volume, these results suggest
that the trend with thickness observed for the near-field excita-
tion scenario has to be connected to the efficiency with which a
near-field source excites the dipolar plasmon of the nanodisks.
This efficiency is ultimately determined by the spatial distribu-
tion of the electromagnetic fields of the source and the plasmon
of the nanodisk.

In order to explore this hypothesis, we analyze, in Figure 3a,
the near-field response of the nanodisks as we vary the distance
separating them from the dipole source. In particular, we focus
on nanodisks with t = 2nm, D = 50nm (gray dots), ¢t = 5nm,
D =125nm (red dots), and t = 20nm, D = 50nm (green dots),
and calculate the peak value of LDOSI(r,w) as a function of
d at the energy corresponding to the first dipolar plasmon for
d=10nm (see Figure 1b). As expected, in all cases, the induced
LDOS decreases rapidly with d, although this does not happen
at the same rate for the different nanodisks. Indeed, although
the thinnest nanodisk displays the largest induced LDOS for all
the distances under consideration, its value approaches that of
the t=5nm, D = 125nm nanodisk as d grows. It is worth noting
that a similar behavior occurs for metallic nanospheres!® and
ellipsoids.P®!

Interestingly, it is possible to explain these trends by
calculating an approximate value of the induced LDOS
within the dipolar and electrostatic limits. Specifically,
assuming that the nanodisk can be modeled as a point
dipole with polarizability o(w) located at r’, we can approxi-
mate Im{G2(r,r,0)} = Im{GY(r,1",0)0(®)Gy (1,1, @)} Here,
ng(r,r’,a)) represents the vacuum Green tensor connecting
points r and r’, which, in the electrostatic limit k|r—r’|<« 1,
reduces to GZ(r,r')=3(x—x")’/|r—t’| =1/|r—¢’[. There-
fore, using these expressions, we can approximate Equation (3)
as

LDOS; (r,®) 3Im{o(w)}
LDOS’(®) 2k’

(G (rx)P (6)
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Figure 3. Analysis of the excitation of nanodisks by a dipole source. a)
Normalized LDOS!(r,w) at resonance for nanodisks with t = 2nm,
D = 50nm (gray dots), t = 5nm, D = 125nm (red dots), and t = 20nm,
D =50nm (green dots) calculated at a distance d above the center of the
surface of the nanodisk. The shaded areas represent the values of the
LDOSM(r,w) calculated using Equation (6), as explained in the text. b)
Value of(GSX> (dashed curves) and <[Gf3x]2> (solid curves) as a function
of d for the nanodisks of (a).

This expression assumes that the response of the nanodisk is
completely concentrated at its center and therefore |r—r’|=d.
However, we can improve its accuracy by replacing the square
of the Green tensor with a better estimation. This can be done
by computing its average value over the volume of the nanodisk
and then taking the square <ng ?, or, instead, by directly com-
puting the average of the square <[ng ]2>. Both of these quan-
tities encode the spatial extent of the electromagnetic fields
and thus the efficiency with which the source and the nano-
disks can couple. Inserting these quantities into Equation (6)
and extracting Im{o(w)} from the dipolar limit of the extinc-
tion cross-section,® o (@) = 47kIm{c(®)}, using the spectra
of Figure la, we obtain the estimation of the peak value of
LDOS} (r,@) shown by the shaded areas in Figure 3a. Specifi-
cally, the lower and upper bounds of these regions correspond
to the results obtained using (Gy, >2 and (]G, T*), respectively.
Expectedly, as d increases, the two estimations approach
one another and the shaded area narrows due to the fact that
the value of the Green tensor becomes more uniform over
the volume of the nanodisk. Moreover, when d is small, the
LDOSY (r,w) obtained from the FEM simulations (color dots)
clearly lie within the bounds of the corresponding shaded area;
however, for large d, the predictions of our approximate model
slightly depart from the FEM results. The reason is that the
electrostatic approximation that we use to compute the Green
tensor becomes less accurate as kd grows. This effect is more
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pronounced for the t = 20nm, D = 50nm nanodisk because its
resonance is located at higher energies than those of the other
two nanodisks under consideration.

Our simple model of the induced LDOS gives very important
insight into the interplay between the intrinsic strength of the
plasmon resonance of the nanodisk, measured by Im{o(w)},
and the efficiency with which it is coupled to the near-field
source, quantified by the averaged Green tensor. To analyze the
coupling efficiency, we plot, in Figure 3D, the value of <G2x >2
(dashed curves) and <[ng ]Z> (solid curves) as a function of d for
nanodisks with t = 2nm, D = 50nm (gray curves), t = 5nm,
D = 125nm (red curves), and t = 20nm, D = 50nm (green
curves). Examining these results, we observe that the thinnest
nanodisk displays the largest values of both <G2x >2 and <[ng ]2>
for all distances under consideration, which can be attrib-
uted to a larger degree of confinement. As a consequence, the
increased value of <G2x >2 and <[ng ]’} is sufficient to compen-
sate for the smaller value of Im{o(w)} displayed by the thinner
nanodisks, as inferred from the extinction cross-section results
shown in Figure 1a, and therefore produce a larger peak value
of the induced LDOS. Therefore, from this analysis, we can
conclude that the decrease of the near-field response of nano-
disks with their thickness is a consequence of the change in
the efficiency with which the near-field source couples with the
dipolar plasmon mode of the nanodisk.

So far, we have considered nanodisks made of an ideal
metal with a dielectric response described by a Drude model,
which exclusively accounts for the effect of conduction elec-
trons. This has allowed us to study how the plasmonic
response of the nanodisks changes with their thickness t
under near- and far-field excitation conditions. However, the
dielectric response of real metals also contains a contribution
from interband transitions associated with bound electrons,
which mostly produces an increase in the absorption losses
of the material. Therefore, it is important to understand the
impact that interband transitions have on our analysis of
the different thickness dependence of the near- and far-field
response of metallic nanodisks. To this end, in Figure 4, we
study the same three nanodisks of Figure 3 but using tabu-
lated data for the dielectric function of gold compiled in
ref. [67]. Specifically, Figure 4a,b show, respectively, the extinc-
tion cross-section and the induced LDOS.

Comparing the results for the nanodisks with ¢t = 2nm,
D =50nm (gray curves) and ¢t = 5nm, D = 125nm (red curves),
we observe that they behave as expected: the peak value of
Ouyi(®) is larger for the thicker nanodisk, while the opposite is
true for LDOSY (r,w). However, the peak value of the extinction
cross-section of the nanodisk with t = 20nm, D = 50nm (green
curves) is significantly smaller than that of the thinnest nano-
disk. This can be explained from the fact that, while the lowest-
order dipolar plasmons of the t =2nm, D =50nm and ¢t = 5nm,
D = 125nm nanodisks are located well below the interband
transition threshold (=2.3eV) and therefore are not affected
by them, the resonance of the t = 20nm, D = 50nm nanodisk
clearly falls within it. As a consequence, the plasmon resonance
suffers a larger level of losses that increases its width and conse-
quently reduces its peak value. Therefore, we conclude that our
analysis based on the Drude dielectric function remains valid
for nanodisks made of real metals, as long as their plasmon
resonances do not overlap with the interband transitions.

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Analysis of the role of interband transitions. a) Normalized
extinction cross-section for gold nanodisks with t = 2nm, D = 50nm
(gray curves), t = 5nm, D = 125nm (red curves), and t = 20nm,
D =50nm (green curves). b) LDOSI (r,@) normalized to LDOS® for the
same nanodisks as in (a). Notice that in (b) the red and green curves have
been multiplied by 5 and 10, respectively, to improve visibility.

3. Conclusions

In summary, using rigorous solutions of Maxwell's equations,
we have analyzed the near- and far-field response of metallic
nanodisks with varying thicknesses. We have found that, while
the far-field response, quantified by the extinction cross-section,
increases with the thickness, the opposite is true for the near-
field response measured using the induced LDOS. This inter-
esting behavior is observed both in cases where the thickness
of the nanodisk is increased while its diameter is held constant
and when, instead, its aspect ratio is kept fixed and thus there
is a minimal shift in its resonance energy. Through an anal-
ysis of the induced charges on the surface of the nanodisks, we
have shown that both near- and far-field sources excite the exact
same dipolar plasmon, and, therefore, the different dependence
with thickness can be attributed to the efficiency with which the
mode is excited. To confirm this hypothesis, we have presented
a simple model of the induced LDOS derived within the dipolar
and electrostatic approximations. Using this model, which
allows us to separate the intrinsic strength of the plasmon mode
from the efficiency with which it couples to the source, we have
shown that the coupling efficiency of thinner nanodisks is
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sufficiently large to overcome the inherently stronger response
of thicker nanodisks and therefore produce a larger near-field
response. The results of our work provide fundamental insight
into the optical properties of metallic nanostructures with high
aspect ratios and thus can help to leverage these systems for
applications that rely on both near- and far-field responses.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Finite Element Method Calculations

The calculations of the extinction, induced LDOS, and induced charges presented in the main paper are
obtained by rigorously solving Maxwell’s equations using the finite element method (FEM) implemented in
the commercial software COMSOL Multiphysics. In particular, we construct each of the nanodisks from the
revolution about the z-axis of a rectangle of size (D/2) x t with corners rounded with a radius of curvature of
0.4nm. The nanodisk is placed at the center of a rectangular prism that constitutes the simulation domain.
In order to reduce the computational cost of the calculations, we cut the simulation domain through the
center of the nanodisk in the xz- and yz-planes, using perfect magnetic and perfect electric conductor
boundaries, respectively. All other boundaries of the domain are truncated with perfectly matched layers
(PMLs).

To calculate the extinction cross-section, we set a linearly polarized plane wave as the background field.
Once we have calculated the field at all points in the simulation domain, the extinction cross-section is
found from the sum of the scattering cross-section, obtained from the integral of the Poynting vector over
the surface of the nanodisk, and the absorption cross-section, obtained by integrating the power dissipated
in the nanodisk volume. On the other hand, to calculate the LDOS, we place an z-polarized electric point
dipole on the z-axis a distance d above the surface of the nanodisk and compute the imaginary part of the
electric field at the position of the dipole. By doing so, we obtain, up to a constant factor, In{G(r,r,w)},
from which the induced LDOS can be computed using Equation (3) of the main paper. Finally, to calculate
the induced charges, we compute the difference between the normal component of the electric field directly
above and below the surface of the nanodisk. All of the calculations have been checked for convergence with
respect to mesh and domain size.

Analysis of the Dipolar Modes of the Nanodisks

In the main paper, we focused on the first-order dipolar mode of the different nanodisks. However, the
nanostructures support higher-order dipolar modes, which we analyze in Figure S1. In particular, the
gray curve in Figure Sla shows the normalized LDOS®4(r, w) of the nanodisk with ¢ = 2nm and diameter
D = 50 nm of Figure 1b of the main paper, calculated over an expanded range of energies. The upper insets
show the induced charges at the peak frequencies of the three modes with the highest energy and the three
with the lowest, as indicated by the dashed arrows. We can clearly distinguish two types of modes based on
the symmetry of the charge distribution with respect to the zy-plane: symmetric modes, in which the signs
of the induced charge on the top and the bottom surfaces of the nanodisk are the same, and antisymmetric
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Figure S1. Analysis of modes of a nanodisk and extended thin film. a) Higher-order dipolar modes of a
nanodisk. The gray curve shows the normalized LDOS!" (r,w) calculated at a distance d = 10nm above
the center of the surface of a nanodisk with thickness ¢ = 2nm and diameter D = 50nm. The upper insets
display the spatial profile of induced charges in the nanodisk at the frequencies of the various modes, as
indicated by the dashed arrows. b) Dispersion relation for an extended thin film with thickness ¢ = 2nm
(solid gray curves) and t — oo (dashed orange curve), as depicted in the inset schematics. The shaded yellow
area marks the light cone. ¢) Normalized LDOS!"(r,w) calculated at a distance d = 10 nm for an extended
film with thickness ¢ = 2nm. In all panels, the characteristic surface plasmon energy fiws, = hwp/ V2 is
marked by the blue dashed line.
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modes, in which the signs are opposite. The symmetric modes all occur at energies below hwsp = hwp/ V2,
the characteristic surface plasmon energy of the material [1] (marked by the blue dashed line), while the
asymmetric ones are located at higher energies. In addition, the number of nodes in the radial direction
increases for both the symmetric and antisymmetric modes as they get closer to Awgp.

The split of symmetric and antisymmetric nodes around hws, resembles the behavior of the modes of an
extended thin film [1]. As shown in Figure S1b, this system supports two modes (gray curves), one symmetric
and the other antisymmetric, whose energies, for a given value of the component of the wavevector parallel to
the film k| are, respectively, above and below the energy of the surface plasmon polariton of a semi-infinite
medium (orange dashed curve). This resemblance is completely expected from the fact that an extended
thin film can be considered as the limit of a nanodisk with D/t — co. To complete our comparison, we show
the normalized induced LDOS [2] of the ¢ = 2nm film in Figure Slc. As expected, the spectrum shows two
modes, one on either side of Awgp.
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