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ABSTRACT

Electron energy-loss spectroscopy (EELS) has become an experimental method of choice for the investigation of
localized surface plasmon resonances, allowing the simultaneous mapping of the associated field distributions and their
resonant energies with a nanoscale spatial resolution. The experimental observations have been well-supported by
numerical models based on the computation of the Lorentz force acting on the impinging electrons by the scattered field.
However, in this framework, the influence of the intrinsic properties of the plasmonic nanostructures studied with the
electron energy-loss (EEL) measurements is somehow hidden in the global response. To overcome this limitation, we
propose to go beyond this standard, and well-established, electron perspective and instead to interpret the EELS data
using directly the intrinsic properties of the nanostructures, without regard to the force acting on the electron. The
proposed method is particularly well-suited for the description of coupled plasmonic systems, because the role played by
each individual nanoparticle in the observed EEL spectrum can be clearly disentangled, enabling a more subtle
understanding of the underlying physical processes. As examples, we consider different plasmonic geometries in order to
emphasize the benefits of this new conceptual approach for interpreting experimental EELS data. In particular, we use it
to describe results from samples made by traditional thin film patterning and by arranging colloidal nanostructures.
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1. INTRODUCTION

Electron energy-loss spectroscopy (EELS) is a method of choice for the characterization of both the spatial and spectral
properties of localized surface plasmon resonances.' Contrary to optical far-field excitation, for which the beam size
cannot be smaller than the diffraction-limit, using swift electrons allows researchers to map localized surface plasmon
resonances with a nanometric spatial resolution.” Nanostructures with various geometries have been investigated using
EELS, such as nanotriangles,” nanorods,* and nanowires® for example. Interestingly, modes that are weakly optically
active, the so-called dark modes, are observable using EELS.® In order to explain the experimental observations,
modelling approaches, based on different numerical methods used for solving the Maxwell’s equations at the nanoscale,’
have been proposed. All these methods are based on the evaluation of the work done by the Lorentz force acting on the
electron.® Furthermore, the relation between EELS and the local density of state (LDOS) has been discussed and schemes
for the 3D reconstruction of the LDOS have been proposed.” The symmetry properties of the modes and the influence of
the electron beam position on their observations in the electron energy loss (EEL) spectra have been widely addressed in
the past.'’ However, even if modelling methods that reproduce the EEL spectra are available, the insights they give into
the direct role of the plasmonic nanostructures are quite limited.

To go beyond this statement, we propose to interpret the EELS data using directly the intrinsic properties of the
nanostructures, without any evaluation of the Lorentz force acting on the electron. This antenna perspective is
particularly well-suited for the description of coupled plasmonic systems, since the role played by each individual
nanoparticle can now be clearly identified in the observed EEL spectrum. As a convincing example, we consider here a
heterodimer made with e-beam lithography and composed of a gold nanodisc and a silver nanodisc, see Figure 1.
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STEM-EELS data 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 in this case. The EEL spectrum for
an electron beam passing through the nanogap center is shown in Figure 1, revealing a localized surface plasmon mode
resonant at 2.17 eV in energy loss. The corresponding EELS map, recorded at this energy (2.17 eV) using a ? eV
window, is shown in the inset of Fig. 1. Before discussing the antenna perspective, we consider the standard approach for
the interpretation of this EEL spectrum, in order to use it as a benchmark.
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Figure 1: EELS of a heterodimer composed of a gold nanodisc (diameter d = 105 nm and thickness t = 25 nm) and a silver
nanodisc (diameter d = 105 nm and thickness t = 30 nm) separated by a 9 nm gap. The EEL spectrum is measured for an
electron beam passing through the nanogap center. The inset shows the EELS map for an energy loss of 2.17 eV integrated over
a 0.1 eV window.

2. STANDARD FORMULATION

In the present work, we used a surface integral equation method (SIE) for all the numerical computations.'' This method
has been proven to be very accurate for the evaluation of the electromagnetic properties of plasmonic nanostructures,
especially in the near-field region, and is therefore suitable for the evaluation of the EEL spectra. The electromagnetic
field induced by an impinging electron with an energy of 300 keV is used to describe the excitation condition. Using the
SIE, the induced electric field Emd(r,m) can be evaluated everywhere, inside and close to the nanodimers, and at different
frequencies. The spectral loss probability — the quantity measured in standard EELS experiments — is in general
expressed by invoking the Lorentz force exerted by the induced electric field E™(r,m) on the incident electron.
Considering a straight line trajectory r.(t) and a constant electron velocity v (the so-called non-recoil approximation)', the
energy loss is expressed as®

AE =e|dtv-E™ (r,t)= f hol(w)do,
fo 1|
where
[(w)= %J‘Re{(ve_i“” )Eind (r, a)))}dl ©)

is the loss probability given per unit of frequency . The so computed EEL spectrum is shown in Figure 2, revealing a
high intensity loss probability close to 2.2 eV, in agreement with the experimental EEL spectrum. Note that the
computations are performed without any substrate, explaining the slight differences between both spectra. Here, the
substrate contribution is instead mimicked by using a refractive index of the surrounding medium higher than that of
vacuum (n = 1.34). Despite this confirmation of the experimental observation, the standard formulation does not provide
further information about the role played by each nanoparticle in the energy dissipation. In the present case, the electron
beam is equidistant from the two nanoparticles and the amplitude of the electromagnetic field driving each of them is the
same. Furthermore, the Lorentz force acting on the electron is evaluated along its trajectory, which is also equidistant
from the two nanodiscs. 4 priori, the electric field acting on the electron is induced by both nanoparticles. However,
because of the different electronic properties of gold and silver, one can expect that the two nanodiscs play a different
role, i. e. is the contribution of one more important than that of the other one at a given energy? This question cannot be
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answered directly using the standard formulation of EELS modelling used above. For this reason, we propose another
approach for the evaluation of the EEL spectra, based on the antenna theory and energy conservation, as discussed below.
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Figure 2: Modelled EEL spectrum of a heterodimer composed of a gold nanodisc (diameter d = 105 nm and thickness t = 25
nm) and a silver nanodisc (diameter d = 105 nm and thickness t = 30 nm). The EEL spectrum is computed for an electron
passing through the nanogap center using the standard formalism.

3. AN ANTENNA PERSPECTIVE

In this part, EELS is described considering a new perspecive, based on the nanoantenna properties, by considering that
the unique possibility for the electron to loose energy is through its interaction with this nanostructure. Note that the
Cerenkov radiation is not considered here. Furthermore, the energy transferred from the electron to the nanostructure can
be either dissipated by Joule effect or radiated into the far-field. In the case of the heterodimer, the EEL corresponds to
three channels: the absorption in the gold nanoparticle; the absorption in the silver nanoparticle; and the scattering from
the complete structure. Considering that the time separating two impinging electrons is much longer than the dissipation
of the energy generated in the nanostructure by one electron, the power lost by the electron beam P, (@) can be written
as

Ploss = Psca + Pgold+ Psilvers (3)

where Py, is the power scattered by the nanostructure, Pg,; is the power absorbed in the gold nanodisc, and Py, is the
power absorbed in the silver nanodisc. The absorption in the metallic nanoparticles corresponds to ohmic losses. In this
framework, the loss probability I'(w) per unit of frequency w is proportional to the total lost power divided by the
frequency squared. The EEL spectrum of the same heterodimer has been computed using the antenna perspective, see
Figure 3(a). This spectrum shows an excellent agreement with the one obtained with the standard Lorentz force based
formulation, confirming the validity of the new method that we propose for the evaluation of EEL spectra. To determine
how the energy is lost by the electron beam, the scattered power as well as the power absorbed in the gold and silver
nanodiscs are shown as functions of the energy in Figure 3(b). The results clearly demonstrate that the energy lost by the
electron beam is mainly absorbed in the gold nanoparticle, even though the electron beam is equidistant from the two
nanodiscs. This difference is explained by the electronic properties of gold and silver. For an energy between 2 eV and
2.5 eV, the imaginary part of the dielectric constant of gold is much higher than that of silver, resulting in higher ohmic
losses in gold than in silver. Furthermore, it is interesting to note that the scattered power is even higher than the power
absorbed in the silver nanodisc. This point emphasises that these two kinds of dissipative processes not only have to be
considered in order to reproduce the EEL spectra and but also actually occur during EELS.
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Figure 3: EELS of a heterodimer composed of a gold nanodisc (diameter d = 105 nm and thickness t = 25 nm) and a silver
nanodisc (diameter d = 105 nm and thickness t = 30 nm). (a) The EEL spectrum is computed for an electron passing through the
nanogap center using the antenna perspective. (b) The absorbed power in the gold nanodisc and in the silver nanodisc and the
scattered power shown as functions of energy loss.

4. CONCLUSIONS

In summary, we have presented a new method for the evaluation and the interpretation of EELS of plasmonic
nanostructures. Considering a heterodimer composed of gold and silver nanodiscs as an example, it was demonstrated
that the antenna perspective gives results in agreement with the standard formulation based on the evaluation of the
Lorentz force acting on the incident swift electron. Furthermore, using a simple case, it was emphasized how this new
method provides a deep insight into the different mechanisms involved in EELS, enabling one to quantify the relative
weight of scattering and absorption in the energy loss process. In conclusion, the antenna perspective is very promising
for the interpretation of EEL spectra and we plan to use it to support our future EELS investigations of complex
plasmonic nanostructures, including bi-metallic dimers with various nanoparticle shapes and composed of different
metals, self-assembled nanoparticles, and extended nanostructures. It will also be interesting to combine this antenna
perspective with eigenmodes analysis, as recently done in nonlinear plasmonics.'?
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