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ABSTRACT: Electron energy loss spectroscopy is a method
of choice for the characterization of both the spatial and
spectral properties of localized surface plasmon resonances.
The energy lost by the impinging electrons is commonly
explained by the Lorentz force acting on their motion. Here,
we adopt another point of view to compute the electron
energy loss spectra. Coupling the energy conservation law with
full-wave electromagnetic computations based on a surface
integral equation method, we derive the electron energy loss
spectra directly from two dissipative processes, namely,
absorption and scattering. This antenna-based approach is
applied to nanostructures with different sizes and materials,
showing an excellent agreement with experimental observation

and computations based on the evaluation of the Lorentz force. This formalism permits the easy separation of absorption losses
in the nanostructures forming a coupled system and reveals the subtle interplay between absorption and scattering, which are
controlled by the materials, the nanostructure size, and the energy range.
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transmission electron microscopy

lectron energy loss spectroscopy (EELS) is a well-
established experimental technique based on the measure-
ment of the energy lost by an electron owing to its interaction
with a sample.”” The implementation of EELS obviously
requires the use of an electron beam and is in general
performed in a scanning transmission electronic microscope
(STEM) combined with an electron spectrometer.”” EELS is
an important experimental technique for both solid and surface
sciences, combining very high spatial and energy resolutions.”™”
Indeed, the spatial resolution of EELS is mainly related to the
electron beam size, which can be squeezed to subangstrom
dimensions, allowing for the direct observation of single
atoms.”™” At the same time, a high energy resolution is
mandatory for the identification of various chemical species and
atomic bonds present in the sample under study.””’ In
particular, the energy resolution has been increased to ~10
meV, allowing performing vibrational spectroscopy in STEM.”
Examples of the successful utilization of EELS include the
investigation of important biological molecules such as nucleic
acid bases,” confined fluids within individual nanobubbles,™
oxidation states in transition metal oxides," single-atom
dopants in graphene,'” and light elements (alkali metal and
halogen)."
The characterization of localized surface plasmon resonances
(LSPRs) using swift electrons in STEM has also become an

-4 ACS Publications  © 2016 American Chemical Society

156

important research topic during the past decade.'*'® This is
mainly due to the combination of high spatial and spectral
resolutions, which enables direct mappinﬁ of the electro-
magnetic hot-spots associated with LSPRs.® The interaction
between the impinging electrons and the LSPR is observed
either as energy lost by the electron beam, corresponding to
EELS,"°™ or as cathodoluminescence (CL),”’~*' which
corresponds to the photon emission resulting from the radiative
decay of the LSPR. EELS and CL have been widely investigated
in a broad variety of glasmonic systems, including nano-
spheres,”’18 nanorods,1 20 nanowires,2 nanoprisms,lé’23
nanodisks,”* nanocubes,”>*° nanosquares,27 nanodecahedra,”®
nanostars,”” bipyramids,®® split-ring resonators,”’ nano-
dimers,>*™>* trimers,* chains of nanopaurticles,36 and nanodol-
mens.”” Recently, EELS was used to control the precise
placement of gold nanorods in coupled systems obtained by
capillary assembly.”” Furthermore, EELS has been used to
probe LSPR kinetics and damping in single plasmonic
nanostructures.”” Indeed, the LSPR quality factor and
dephasing time depend upon the total losses, including
radiative and nonradiative channels.”” In order to support
these experimental observations, numerical methods for
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nanophotonics have been extended to describe the interaction
between plasmonic systems and propagating electrons.'* For
example, the discrete dipole approximation,* ™ the 3D
Green’s dyadic method,”” the finite difference time domain
method,*® the discontinuous Galerkin time-domain method,*
the boundary element methods (BEM)**~>*—in particular the
MNPBEM Matlab toolbox’*—and the finite element method®
have been used for computing EELS and CL spectra.

In order to obtain more insights into the corresponding
interaction mechanisms, the electron energy loss (EEL) spectra
and maps have been related to a well-established physical
quantity, the local density of states (LDOS).>*™>" It was shown
that EELS is sensitive to the component of the LDOS parallel
to the electron propagation direction and that the EEL spectra
are related to the total LDOS, while CL is related to the
radiative part only.”*™>’ Different tomography methods have
been proposed for the complete reconstruction of the
plasmonic eigenmodes,”®*” and a circuit model has been
applied to understand the evolution of plasmon resonances
observed with EELS.®¢! However, until now, all the numerical
methods developed for the computation of EEL spectra are
based on the direct computation of the work done by the
Lorentz force on the electron. This corresponds to a
description from the point of view of the electron, thus
somehow hiding the role played by the intrinsic properties of
the plasmonic nanostructure in the EEL spectrum. It should be
noted that the methods based on a modal decomposition also
use the evaluation of the Lorentz force acting on the electron as
a starting point.‘%_57 In paralle], the relation between EELS and
absorption and scattering cross sections has been investigated.
It was shown that, in specific cases, the EEL probability can be
equal to only the radiative loss probability, i.e, to CL, such as
the case of Al,O; nanoparticles.”” Further, it was formally
proved that EELS is related to the extinction (the sum of
absorption and scattering) cross sections in the case of small
nanospheres.'* Slight shifts observed between EELS and CL
spectra have been explained by the differences in the scattering
and absorption cross sections.””*>*” However, a systematic
investigation of the relationship between EEL spectra and the
absorption/scattering properties of the nanostructures has not
yet been done, especially in the retarded case and for coupled
nanostructures, although important advances have recently
been made in this direction.*’

In this article, we evaluate the EEL spectrum directly from
the properties of the plasmonic nanostructure. On the basis of
energy conservation, the EEL spectrum is related to the
fundamental electromagnetic properties of the plasmonic
nanostructure—which can be viewed as an optical anten-
na®—namely, absorption and scattering. Here, the antenna
theory is implemented in a surface integral equation (SIE)
method,”* but this can be easily adapted for other numerical
techniques. Spherical nanoparticles are considered first in order
to introduce the antenna theory in a simple case. The roles of
both the nanoparticle size and the constituting metal are then
discussed in detail. Simple coupled plasmonic systems, ie.,
nanodimers, are also investigated using the antenna theory,
demonstrating that the contribution of each nanoparticle in the
total EEL spectrum can be clearly identified in this framework.
Finally, silver nanodiscs have been fabricated, and their EEL
spectra have been interpreted using the novel theoretical

approach.
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B RESULTS

Theory. A swift electron propagating in a homogeneous
medium generates an electromagnetic field that can probe
matter with a high spatial resolution. Contrary to a planewave,
which is monochromatic but spatially extended, the electro-
magnetic field associated with a propagating electron is strongly
localized close to its trajectory but is associated with a broad
spectrum. The spectral components of the electric field E(r, @)
and magnetic field H(r, ®) associated with an electron
propagating along the z-axis are conveniently given by
analytical expressions involving modified Bessel functions:*®

iwz/v

2qw 1 R R |4
E(r)w):% LKO o 2_K1 o R
vre [n o\ vy, (1)
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H(r, 0) = ——— k| 2= |p
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where y, = 1/+/1 — ev*/c%is the Lorentz contraction factor, v

is the electron velocity, € is the relative permittivity of the
medium, g is the electron charge, K; and K, are the modified
Bessel functions of the second kind, R is the radial unit vector,
R and z are respectively the perpendicular distance to and along
the electron trajectory (r = (R, z)), and @ is the azimuthal unit
vector. These formulas are directly used in all the numerical
methods implemented in the frequency domain for the
evaluation of EEL spectra. In this work, we use a SIE method
previously applied to the computation of the interaction of
nanostructures with incoming planewaves and radiative di-
poles.”® This method has been proven to be very accurate for
the description of the electrodynamic response of plasmonic
systems, even under resonant conditions.”**° The nanostruc-
ture’s surface is discretized with triangular mesh elements, and
using surface integral equations, the electric and magnetic fields
in the entire space (inside and outside the nanoparticle) are
related to fictitious electric and magnetic surface currents. The
incident conditions are defined using eqs 1 and 2, and the
induced field, resulting from the interaction between the
electromagnetic field generated by the electron and a scatterer,
can be accurately determined. The spectral loss probability, the
quantity measured in standard EELS experiments, is generally
expressed invoking the Lorentz force exerted by the induced
electric field E™(r, ) on the incident electron. Considering a
straight line trajectory r.(f) and a constant electron velocity v
(the so-called nonrecoil approximation'’), the energy loss is
expressed as®’

AE = ¢ f dt v-E™(r, £) = f ” hol(o) do (3)
0

where

¢ —iwt) gind
M) = — [Re((ve™)-E"(x, )} di “
is the loss probability given per unit of frequency w. A priori,
EEL spectra can be computed with any numerical method
suitable for the evaluation of the induced electric field.** All
these numerical methods are based on the evaluation of the
work done by the Lorentz force against the propagation of the
electron. The current implementation of the SIE method for
the evaluation of the EEL spectra has been tested and
compared to the BEM (with the MNPBEM package);”" ™"
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Figure 1. (a) EEL spectra for silver nanospheres in vacuum. (b) Normalized loss probability evaluated using the standard formulation corresponding
to eq 4. (c) Normalized loss probability evaluated using the antenna theory corresponding to eq S. (d) Absorbed power (dashed lines) and scattered
power (solid lines) shown as functions of the energy. The minimal distance between the nanoparticle surface and the electron trajectory is fixed to 4

nm. The incident electron energy is 300 keV.

see Figure SI in the Supporting Information. In the following,
the method based on the evaluation of the Lorentz force is
referred to as the standard formulation and the corresponding
loss probability is denoted as ['y,nq(@).

In this article, we introduce another point of view to describe
EELS by combining antenna theory with energy conservation.
Indeed, an electron does not lose energy as it propagates in a
homogeneous medium with a velocity lower than the speed of
light in this medium, i.e., without Cherenkov radiation.'* As a
consequence, the unique possibility for the electron to lose
energy is through its interaction with the plasmonic
nanostructures close to its trajectory. The energy transferred
from the electron to the nanostructure can then be dissipated
either via heat generation in the nanostructure or by radiation
into the far field. Note that a small amount of the energy
absorbed in the nanostructure can be tied to the generation of
hot excitons, which may leave the plasmon nanostructures
without generating any phonons.””’ This effect is not
considered in the present work. The latter dissipative process
corresponds to the emission of photons and is known as
CL.***! Due to energy conservation, the power lost by a beam
of temporally well-separated electrons, ie., if the time
separating two impinging electrons is much longer than the
dissipation of the energy generated in the nanostructure by one
electron, P (@) can be written as

HOSS = P

sca

+ Pabs (5)

where P, is the power scattered by the nanostructure and P
is the absorbed power, corresponding to the ohmic losses. The
absorbed power P, is easily computed as’'

1 ind 2
Pw=—/dVRe6|E r, w)l
abs( ) 2 a { } ( ) ) (6)
where the integration is performed over the volume Q of the
plasmonic system. The conductivity ¢ is expressed as’'

o(w) = —iwey(g,, — 1)

)

where ¢, is the complex dielectric constant of the metal and ¢,
is the vacuum permittivity. The dielectric constants of gold and
silver are extrapolated from experimental results in the present
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work.”” The scattered power P, is evaluated by integrating the
Poynting vector S(r, @) over a surface A enclosing the
nanostructure,

Pu(@) = [ aas(s, ) ©

Note that scattering denotes here the electromagnetic radiation,
not the electron scattering by the LSPR. In this framework, the
loss probability [, (@) per unit of frequency w is proportional

N . o
to Wploss(w)) where N is the constant number of incident

electrons per time unit. The loss probability I',,(@) can then
be related to two dissipation processes, namely, scattering and
absorption. Furthermore, in the case of coupled plasmonic
systems, the absorption in each individual nanoparticle can be
computed separately by an adequate definition of the
integration volume as shown below.

Before discussing several examples in detail, it is worth saying
that the antenna point of view proposed here is compatible
with the common description of EELS based on the
LDOS.>* ™" Indeed, it was recently demonstrated that the
CL spectra are related to the radiative LDOS, while EEL
spectra are related to the full LDOS, including the radiative and
the nonradiative components.56 However, there was a long
controversy about the link between the LDOS and EELS and
how they are intimately related to each other.”*™’ It is now
well-established that EELS is able to probe only the component
of the LDOS parallel to the electron trajectory.”* ™" This is
generally attributed to the scalar product between the electron
velocity and induced electric field in the integrand of eq 4. This
scalar product is also invoked to explain that EELS is blind to
some of the electromagnetic hot-spots, as the ones observed in
the gap of dipolar nanoantennas, due to an inappropriate
orientation of the electric field.”*~>””* This has been intensively
discussed in the frame of the modal decomposition of the EEL
spectra.”® While this point of view is correct, the approach
proposed in this article emphasizes that the inability of EELS to
reveal some of the hot-spots is indeed due to the specific
symmetry of the incident field associated with the incoming
electrons.
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Figure 2. (a) EEL spectra of gold nanospheres in vacuum. (b) Normalized loss probability evaluated using the standard formulation corresponding
to eq 4. (c) Normalized loss probability evaluated using the antenna theory corresponding to eq S. (d) Absorbed power (dashed lines) and scattered
power (solid lines) shown as functions of the energy. The minimal distance between the nanoparticle surface and the electron trajectory is fixed to 4

nm. The incident electron energy is 300 keV.

Silver Nanoparticles. We start with simple plasmonic
systems, namely, silver nanospheres in vacuum. The sphere
diameters range from d = 20 nm to d = 100 nm, Figure la. The
incident electron energy is fixed to 300 keV. The impact
parameter is b = d + 4 nm, meaning that the minimal distance
between the sphere surface and the electron trajectory is 4 nm.
The corresponding EEL spectra have been computed using the
standard formulation, i.e., the evaluation of the work done on
the electron by the induced field, and the antenna point of view
proposed in this article. A very good agreement between the
two formulations is observed, confirming the validity of the
antenna point of view for EELS. For the 20 nm silver
nanoparticle, the EEL spectra are composed of one maximum
close to 3.49 eV with a shoulder at higher energy. The Mie
theory reveals that the mode peaking at 3.49 eV corresponds to
the electric dipole mode and the shoulder is due to the
contribution of higher modes, mainly the electric quadrupole
mode.”* As the nanoparticle size increases, the dipolar mode
red-shifts and its contribution to the EEL spectra evolves; see
Figure 1. The contribution of the electric dipole mode to the
EEL spectra is maximal for a sphere diameter d between 40 and
60 nm. As the nanoparticle size increases, the contribution of
the electric quadrupole mode becomes more significant and a
new (electric octupole) mode appears for the largest nano-
particles at an energy close to that of the quadrupolar mode,
explaining the peak at 3.6 eV for d = 100 nm.

Having briefly described the evolution of the EEL spectra
with the size of silver nanoparticles, we now turn our attention
to the cornerstone of the approach proposed in this article: the
decomposition of the EEL spectra into the different energy loss
channels. The ohmic losses (dashed lines) and the scattered
power (full lines) are shown in Figure 1d. First of all, it is worth
noticing that the maxima are slightly shifted relatively to the
ones observed in the EEL spectra. Indeed, the EEL spectra
correspond to the probability that an electron undergoes an
energy loss equal to Aiw. In other words, the EEL spectra reveal
the number of loss events. On the other hand, the total
dissipated power is the convolution between the loss
probability and the energy loss during each event, proportional
to 7iw, explaining the small shift between the two kinds of
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spectra. This shift is even higher for 20 nm aluminum
nanoparticles, which are resonant in the UV close to 10 eV;
see Figure S2 in the Supporting Information. At this energy, an
energy shift as high as 0.5 eV is observed between the
maximum of the EEL spectrum and the maximum of the total
energy loss. For the smallest silver nanoparticles, the energy
dissipation is dominated by the internal absorption, in
agreement with previous discussions.'” However, the scattering
also plays a more important role as the nanoparticle increases.
For example, the peak at 3.38 eV observed in the EEL spectrum
of a 60 nm silver nanoparticle is mainly due to scattering, and
not to absorption. This peak is associated with the electric
dipole mode. In the case of 100 nm silver nanoparticle, the
electric dipole mode is shifted to lower energy and the
scattering associated with this mode is the main energy
dissipation process for energy lower than 3.4 eV. At the same
time, new modes, which are strongly absorbing, appear close to
3.6 eV, resulting in EEL spectra also dominated by absorption.
Note that the small scattering peak observed at 3.5 eV
corresponds to the electric quadrupole mode.

Gold Nanoparticles. As expressed by eqs 6 and 7, the
ohmic losses are proportional to the imaginary part of the
dielectric constant of the metal. Therefore, the metal
constituting the investigated nanostructures is an important
parameter in EELS, beyond its influence on the resonant
frequencies of the observed modes. Furthermore, the
penetration of the electromagnetic field inside the nanoparticle
also depends on the dielectric constant, because this physical
quantity is involved in the boundary conditions describing the
electromagnetic field behavior at the nanoparticle surface. To
investigate the influence of the metal dielectric constant on
EELS measurements, EEL spectra of gold nanoparticles with
diameter d ranging from 20 to 100 nm have been evaluated in
vacuum using the standard formulation and the antenna theory;
see Figure 2. All the EEL spectra are characterized by two
distinct features. First, a maximum at 2.41 eV, associated with
the excitation of LSPRs and with an increase of the internal
electric field, is observed. The second feature is a plateau for
energy higher than 3 eV, corresponding to the excitation of
electronic interband transitions from the d-band to the
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Figure 3. (a) EELS of silver nanodimers in vacuum for an electron trajectory passing through the dimer center and perpendicular to the dimer main
axis (top panels) and for an electron trajectory passing close to the dimer extremity (the minimal distance between the nanoparticle surface and the
electron trajectory is fixed to 4 nm in this case) and perpendicular to the dimer main axis (bottom panels). (b) Normalized loss probability evaluated
using the standard formulation corresponding to eq 4. (c) Normalized loss probability evaluated using the antenna theory corresponding to eq S. (d)
Absorbed power in nanoparticle 1 (dash-dotted lines) and in nanoparticle 2 (dashed lines) and the scattered power (solid lines) shown as functions

of the energy. The incident electron energy is 300 keV.

hybridized sp-band and to an increase of the imaginary part of
the gold dielectric constant. The nanoparticle size modifies the
relative weight of these two features in the EEL spectra. The
antenna theory reveals that, for all the studied nanoparticle
diameters, the energy is mainly converted into heat by ohmic
losses (see Figure 2d) and that the scattering is weak, resulting
in a limited CL signal. Indeed, scattering corresponds
approximately to 15% of the energy lost at 2.41 eV by a 100
nm gold nanoparticle, the other part being lost by heat
dissipation.

Silver Dimers. In the EELS of the isolated nanoparticles,
the energy is dissipated either by scattering or by absorption.
The case of coupled nanostructures is a bit more complex.
Indeed, the absorption is decomposed into the ohmic losses
occurring in each nanoparticle constituting the coupled
plasmonic system. The absorption in each nanoparticle can
be easily computed considering the appropriate volume for the
integration occurring in eq 6. The simplest coupled plasmonic
system is composed of two spherical nanoparticles separated by
a short distance. The EEL spectra of silver dimers made of two
80 nm silver nanospheres with gaps g = 8, 16, and 24 nm have
been evaluated using the standard formalism and the antenna
theory (Figure 3). When the incident electron trajectory passes
through the dimer center and is perpendicular to the dimer
main axis (top panels), the EEL spectra are composed of two
peaks, which red-shift as the gap between the two nanoparticles
increases. This behavior is explained by the antibonding nature
of the modes, where surface polarization charges with the same
signs stand at each side of the gap (see the charge distributions
in Figure 3a), excited in this configuration. Indeed, due to the
symmetry properties of the electromagnetic field generated by
the impinging electrons, the bonding modes (where surface
polarization charges with opposite signs stand at each side of
the gap) cannot be excited. This has been intensively discussed
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in the past, leading to the conclusion that the Lorentz force
associated with the bonding modes vanishes since the
corresponding electric field is perpendicular to the electron
trajectory in this case.””>> A priori, in this framework one
cannot determine whether a given mode is not excited or is
instead excited but not probed by the electron beam. In
comparison, the absorbed and scattered power are not directly
related to the induced local field orientation (contrary to the
Lorentz force). It follows that the vanishing signal in the gap
reveals that the bonding modes are simply not driven by the
incident electrons and therefore do not provide additional
channels for energy dissipation. The standard formalism and
the antenna theory lead to the same physical results, but the
latter description introduces a subtle conceptual difference in
the interpretation of the EEL spectra. It is interesting to note
that, despite the antibonding nature of the modes, a non-
negligible part of the energy is dissipated through scattering.
Furthermore, the absorption in the two nanoparticles is always
identical, as expected from simple symmetry considerations.
This observation confirms the validity of the antenna theory for
the description of the EEL spectra.

In order to go beyond the selective excitation of the
antibonding modes, the electron beam is moved close to the
dimer edges with a distance of 4 nm between the sphere surface
and the electron trajectory. In this case, the EEL spectra reveal
two main peaks as well as energy losses at lower energy
(between 2.5 and 3 eV). This feature is attributed to the
contribution of the dipolar bonding mode, which was not
excited in the previous configuration; see the charge
distributions in Figure 3a. Note that this mode is broader
than the other ones due to its high radiative losses. The
absorption in the two nanoparticles reveals their relative
contributions to the EEL spectra. Interestingly, it is observed
that the nanoparticle close to the electron beam dissipates more
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Figure 4. (a) EEL spectra of silver nanodiscs. (b) Experimental spectra. (c) Normalized loss probability evaluated using the standard formulation
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respectively. (d) Absorbed power (dashed lines) and scattered power (solid lines) shown as functions of the energy. The incident electron energy is

300 keV for both experiments and computations.

energy than the other one. This is expected since the internal
electric field is higher inside this nanoparticle due to the fast
spatial decay of the electric field generated by the incident
electrons, eq 1. Note that the relative contributions of the
nanoparticles cannot be easily determined using the standard
formalism and the evaluation of the Lorentz force, mainly
because the external electric field is associated with the
complete coupled system, not to only one of the nanoparticles.
These results emphasize the potential of the antenna theory for
the interpretation of the EEL spectra associated with coupled
plasmonic systems, especially the role played by the different
nanoparticles in the global response.

Comparison with Experimental Results. Finally, the
numerical method proposed in this article for simulation of
EELS is compared to experimental EEL spectra obtained for
silver nanodiscs with various sizes, with diameter d ranging
from 25 to 100 nm and with a constant thickness of 30 nm. As
discussed previously, the energy dissipation in gold nano-
particles is mainly due to ohmic losses, and silver is chosen here
to emphasize the role played by the two energy loss channels
(scattering and internal absorption). The silver nanodiscs were
fabricated by electron beam lithography along with a standard
lift-off technique on an electron-transparent silicon nitride
membrane with a thickness of 30 nm. The EEL spectra were
extracted from 30 X 30 pixel regions of high-resolution EELS
maps allowing for an improved signal-to-noise ratio and low
sample damages in comparison with a long single-point spectra
acquisition. The comparison of the experimental spectra with
the simulated EEL spectra convoluted with the experimental
zero-loss peak (ZLP, with 0.12 eV fwhm) shows a good
agreement. The slight discrepancy is thought to come from the
fact that an effective medium is used to mimic the influence of
the substrate (see Methods). Especially, a gradual red-shift of
the electric dipole mode as the nanodisc diameter increases and
a quasi-planar mode at 3.5 eV are observed. Furthermore, both
the experimental results and the theoretical predictions reveal
that the number of modes distinctly observed in the EEL
spectra increases as the nanodisc size grows. Now, we turn our
attention to the loss mechanisms and their evolutions with the
nanodisc diameter; see Figure 4d. For the smallest studied
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silver nanodisc (d = 25 nm), the energy is mainly absorbed in
the nanoparticle, and the scattering remains weak over the
whole spectrum. However, as the nanodisc size increases,
scattering plays a more prominent role in the total energy
dissipation, as observed previously in the case of the silver
nanospheres. It is interesting to note that scattering mainly
contributes to the EEL spectra at low energy and absorption at
high energy. This observation is related to the physical
properties of the modes and their coupling to far-field
radiations, as emphasized by the antenna theory.

Conclusions and Perspectives. In summary, a new
method for the evaluation and interpretation of the EEL
spectra has been proposed. Contrary to the approaches
proposed previously, the Lorentz force is not directly evaluated,
but an antenna point of view is adopted instead, thus allowing
distinguishing between the different loss channels provided by
the nanostructure. Several examples, including gold and silver
spherical nanoparticles, silver dimers with various gaps, and
silver discs made by lithography, have been considered in order
to confirm the validity of this approach and to demonstrate the
new insights it provides. It should also be emphasized that this
approach is complementary to the LDOS description proposed
in several seminal articles. Indeed, the antenna theory enables
determining the relative role of each nanoparticle constituting a
coupled plasmonic system, while this information is hidden in
the LDOS of the global system. For this reason, the antenna
point of view proposed in this article will become an important
theoretical tool for the subtle interpretation of EEL spectra in
complex plasmonic systems, such as those supporting Fano
resonances for example.”

B METHODS

Simulations. A surface integral equation method is used to
compute the interaction between the electromagnetic field
associated with the swift electron and the plasmonic
nanostructures. The nanostructure’s surface is discretized with
triangular mesh elements with a typical side length between 1.5
nm for 20 nm spherical nanoparticles and 8 nm for 100 nm
spherical nanoparticles, and using integral equations,®’  the
electric and magnetic fields in the entire space (inside and
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outside the nanoparticle) are related to fictitious electric and
magnetic surface currents. The same numerical method is used
for the implementation of both the standard formalism and the
antenna theory. For the silver nanodiscs, a homogeneous
medium with an effective dielectric constant (¢ = 1.8) is
considered for the computation in order to mimic the influence
of the silicon nitride substrate on the LSPRs (& = 4.0).

EELS Measurements. STEM-EELS maps were acquired
using a FEI Titan Themis 80-300 equipped with a Wien-type
monochromator and a Gatan GIF Quantum ERS spectrometer.
A 300 keV incident electron beam was used for all experiments,
monochromated to give an energy spread of ~110 meV fwhm
in the zero-loss peak of elastically scattered electrons, and with
beam currents of ~150 to 230 pA. A 17 mrad convergence
semiangle of the probe and a 22 mrad collection semiangle on
the spectrometer were used, with the probe having a mean
diameter of <1 nm for fwhm in incident intensity. Mapping was
performed using the ultrafast spectrum imaging mode with
typical dwell times of 0.25 to 0.5 ms per pixel and with the
probe rastered in X, Y step sizes of 0.5—0.6 nm for a total of
>10S pixels per map. Each map was treated with the HQ Dark
Correction plugin to reduce noise associated with dark current
subtraction. Using this approach, the resultant plasmon maps
have excellent spatial statistics when considering the inherently
delocalized nature of this type of excitation.

EELS Processing. The EELS data cubes were processed
using Gatan digital micrograph and custom Matlab scripts for
the removal of the zero-loss radiation background and
extraction of point spectra. The ZLP was first centered pixel
by pixel using a Gaussian—Lorentzian approximation. The
reflected tail model yielded a significantly lower signal-to-noise
ratio and alignment accuracy, whereas fitting of a vacuum zero-
loss offered no practical benefit while requiring a significantly
longer computation time. Following zero-loss alignment, each
data cube was spectrally cropped to the region of interest
including ZLP (-2 to 6 eV), and artifacts from cosmic rays
were removed and the ZLP subtracted. Spectra in Figure 4 were
integrated over a 30 X 30 pixel region of interest in the
periphery of the discs.
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