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ABSTRACT: The characterization of surface plasmon reso-
nances supported by metallic nanostructures requires high
spatial and energy resolution. In the past few years, electron
energy loss spectroscopy (EELS) has emerged as a very
powerful tool to accomplish this task. In this work, we
demonstrate the power of this technique for probing and
imaging resonances of metallic nanostructures by analyzing the
plasmonic response of silver nanosquares of sizes ranging from
230 nm up to 1 μm. Because of the relatively large size of these
structures, we find that, despite their simple geometry, these
systems can support a large variety of multipolar modes, which
can only be detected and imaged thanks to the high spatial and
energy resolution achieved by pushing EELS to its limits. The experimental results are supported by rigorous theoretical
calculations that allow a detailed interpretation of the EELS measurements. In particular, we were able to map, with high level of
detail, edge and high-order cavity modes. Furthermore, by calculating the scattering cross-section of these nanostructures, we
confirm that most of the observed modes are dark and thus remain hidden in optical measurements, thus demonstrating the
power of EELS as a unique tool for probing and imaging a large range and variety of plasmonic resonances of metallic
nanostructures.

KEYWORDS: electron energy loss spectroscopy, surface plasmons, edge modes, cavity modes, local density of states, silver nanosquares.

Metallic nanostructures support collective oscillations of
the conduction electrons, commonly known as surface

plasmons,1 which can be exploited to manipulate light at the
nanometer scale.2 The plasmonic response of metallic
nanostructures is frequently characterized using different far-
and near-field optical techniques.3 However, although these
techniques provide relevant information on the spectral
response of the nanostructures, their spatial resolution is
limited to some tens of nanometers.4,5 In this context, electron
energy loss spectroscopy (EELS)6 performed in a scanning
transmission electron microscope (STEM), has emerged as a
unique tool to study the local optical response of metallic
nanostructures,7 capable of combining an unprecedented spatial
resolution8−15 with the ability to probe bright as well as dark
plasmonic modes.16−21 Furthermore, the use of gun mono-
chromators for STEM-EELS acquisition, together with the
utilization of deconvolution techniques for postprocessing, has
significantly increased the energy resolution of this technique.
The range of measurable energy losses, which was previously
limited to the visible range or higher energies, now extends

down to the mid-infrared region of the electromagnetic
spectrum.22 This improvement has resulted in an extension
of the range of systems that can be studied using EELS to
include, for instance, nanostructures with large dimensions or
those presenting very closely spaced modes in the energy or the
spatial domain, clusters, arrays of nanoparticles, or materials
with infrared plasmon resonances,23 while maintaining, at the
same time, its extraordinary high spatial resolution.
In this contribution, we use EELS to study the optical

response of silver squares of several lateral sizes ranging from
230 nm up to 1 μm. Despite the simplicity of their shape,24 we
find that, because of their relatively large size, these
nanostructures support a collection of multipolar edge and
cavity plasmon resonances with energies in the interval from
2.36 down to 0.33 eV. We take advantage of the high energy
and spatial resolution of this technique to study the character of
these modes, most of which, due to their low excitation
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probability, low resonance energy, or the fine spatial features,
have not been previously mapped. The experimental results are
well supported by rigorous theoretical modeling. Furthermore,
by comparing electron energy loss (EEL) spectra with the
scattering cross-section of the nanostructures under study, we
show that most of the observed plasmonic modes cannot be
detected in optical measurements. These results not only
emphasize the well-established versatility of this technique for
the study of plasmonic resonances but show that simple
structures can exhibit a rich variety of resonances well suited to
test theoretical models and challenge the limits of experimental
techniques.

■ EELS MEASUREMENTS
The experimental setup and the system under study are
sketched in Figure 1a. We study silver nanosquares with a

lateral size L and 40 nm of thickness fabricated using electron
beam lithography directly on a 50 nm thick silicon nitride
transmission electron microscope (TEM) grid. We employ a
JSM-7000F scanning electron microscope (SEM) equipped
with a nano pattern generation system (NPGS).22 Figure 1b
shows annular dark-field (ADF) images of two of the fabricated
nanosquares with L = 230 nm and L = 430 nm. We study the
plasmonic response of these systems by measuring their EEL
spectra in an STEM−TEM system (Titan 80−300) equipped
with a gun monochromator. As shown in Figure 1a, we use a 80
keV electron beam (with a beam current of 1 nA), which is
focused on the sample and scanned over the region of interest.
After interacting with the silver nanosquare and exciting its
surface plasmons, we collect the transmitted electrons
simultaneously in an energy loss spectrometer (Gatan Imaging
Filter, Tridiem model 865) and in an ADF detector. We record
the loss spectra using a 2048 × 128 pixel CCD camera with a
dispersion of 10 meV per channel, 8× binning in the
nonenergy-dispersive direction, and an exposure time of 1 ms
per spectrum. To improve the energy resolution of the spectral
images, we apply the Richardson−Lucy algorithm, obtaining
effective energy resolutions down to 50 meV measured from
the full width at half-maximum of the zero loss peak.22 We
acquire the spectral images using electron beam step sizes as
small as 4 nm.
Figure 2a shows the EEL spectra of silver nanosquares of

different lateral sizes L measured using electron beams passing

close to the edge of these systems (red-shadowed area in the
inset). These spectra show a collection of different plasmon
modes. As the size of the square increases, the modes shift to
lower energies and higher-order modes become visible.
Interestingly, the red-shift occurs at different rates for different
modes. This can be noticed by looking at the energy difference
between modes 1 and 2, which clearly decreases with increasing
size. Remarkably, we are able to resolve these two peaks even
for the nanosquare with L = 1 μm, for which the energy
difference is only 90 meV. We determine the nature of these
plasmon modes from the corresponding EEL maps, which are
plotted in Figure 2c for the case of a nanosquare with L = 850
nm (EEL maps for nanosquares of other lateral sizes L can be
found in Figures 4c,d and in Figure S1 of the Supporting
Information). We obtain these maps by integrating over an
energy window of ±30 meV around the corresponding
resonance peaks. As seen in Figure 2c we are able to clearly
identify six different modes. The EEL probability of the first
four modes is concentrated at the edge of the nanostructure.
For that reason, we label them as edge modes, each of them
having a different multipolar character determined by the
number of nodes of the EEL probability along the edge: mode
1 has no node and thus corresponds to a dipolar pattern, mode
2 has one node as expected from a quadrupolar distribution,
while modes 3, 4, and 5 have two, three, and four as they
correspond to the next multipolar orders, respectively. Similar

Figure 1. Description of the experimental setup and the system under
study. (a) We consider a silver nanosquare of lateral size L and 40 nm
of thickness, fabricated on a silicon nitride membrane of thickness t =
50 nm. We use an 80 keV electron beam to excite the different
plasmon resonances of this system. (b) Annular dark-field images of
two of the silver nanosquares considered in this work.

Figure 2. Edge and cavity plasmon modes of silver nanosquares. EEL
spectra measured at the edge (a) and at the center (b) (see insets) of
silver nanosquares with different lateral sizes L. EEL maps for the L =
850 nm nanosquare corresponding to the edge (c) and cavity (d)
plasmon modes shown in (a) and (b), respectively. (EEL maps for
nanosquares of other lateral sizes L can be found in the Figure S1 of
the Supporting Information).
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modes have been observed in the EEL maps of nanodisks,25

nanotriangles,26 nanocubes,27 and nanostrips.28 As the number
of nodes increases, the EEL maps start to display some
probability in the central region of the nanosquare. This can be
noticed for mode 5, whose EEL probability map shows a
circular spot at the center, although it is more evident for mode
6. In this case, because of the large number of nodes, the EEL
probability along the edge becomes almost constant and a
square pattern becomes visible at the center of the
nanostructure.
We refer to the modes displaying a strong EEL probability at

the center of the nanostructure as cavity modes because they
resemble the three-dimensional plasmon modes present in ring-
shaped cavities.29 Similar modes, also referred as breathing
modes, have been observed in nanodisks.25 As expected from
their EEL probability maps, these modes are more efficiently
excited when the electron beam passes through the center of
the nanosquares. This is the case of the EEL spectra shown in
Figure 2b, which are obtained by integrating the EEL signal
acquired within the blue-shadowed area shown in the inset. As
in Figure 2a, we observe a collection of different modes that
shift to lower energies as the size of the square increases. We
investigate the character of these modes by analyzing their
associated EEL probability maps obtained by integrating the
signal over a ±60 meV energy window centered at the peak.
We plot these maps in Figure 2d for the four plasmon
resonances of the L = 850 nm nanosquare. As expected, all
modes have a significant EEL probability at the center (see the
movie provided in the Supporting Information). We can exploit
the analogy of this system with a two-dimensional cavity and
label these resonances using a pair of numbers (n, m)
corresponding to the number of antinodes that the mode
displays along the two axes of the square. Using this notation,
the mode 1 in Figure 2b, which displays a spot at the center,
corresponds to the (1, 1) mode of the nanocavity. Mode 2 is
then identified as the superposition of modes (2, 1) and (1, 2),
which, because of the symmetry of the square geometry, are
degenerate and therefore are excited simultaneously in our
measurements. Exactly the same happens with mode 3, which
results from the superposition of modes (3, 1) and (1, 3).
Interestingly, modes with n = m and n > 1, such as mode (2, 2),
cannot be clearly identified from the spectra showed in Figure
2b. However, as shown in Figure 3, this mode becomes visible
in the EEL spectrum if instead of integrating the signal of the
whole central region (blue-shadowed area in the lower inset of
Figure 3), we integrate only the part acquired at the corners of
that region (green-shadowed area in the lower inset of Figure
3), where we expect to find the antinodes of the (2, 2) mode.
This is clearly confirmed by the analysis of the corresponding
EEL maps, which are also plotted as insets in Figure 3. Mode 4,
which appears as a broad resonance in the spectrum, can be
identified from the corresponding EEL map as the super-
position of modes (4, 1) and (1, 4). In contrast, modes (2, 3),
(3, 2), and (3, 3) do not appear in the spectrum. These modes,
as was the case for mode (2, 2), have a smaller EEL probability
compared with modes (n, 1) when the signal from the whole
central region is integrated and are therefore obscured by
modes (4, 1) and (1, 4). It is worth emphasizing that the high
energy resolution achieved due to the reduction on the tails of
the zero loss peak, and the relatively high beam currents
employed, are the necessary conditions that allow the study of
these high-order modes, which have not been previously
mapped in such detail.

■ THEORETICAL SIMULATIONS
To complete our analysis of the multipolar edge and cavity
plasmon modes, and to obtain a deeper understanding of the
plasmonic response of these nanostructures, we compare our
EELS measurements with theoretical simulations based on the
rigorous solution of Maxwell’s equations using a recently
developed finite-difference time-domain (FDTD) EELS solv-
er.30 Parts a and b of Figure 4 show the comparison between
the experimental and the simulated EEL spectra of silver
nanosquares with L = 230 nm and L = 430 nm for electron
beams passing through different positions. More specifically, we
measure the experimental spectra by integrating over the
shadowed areas shown in the insets, which are color coded (red
for the corner, green for the edge center, blue for 1/4 of the
edge, and yellow for the central part of the nanosquare). The
same integration area is also used for the simulated spectra,
which are calculated using electron trajectories passing through
the same areas of the nanostrucure. The agreement between
the measured and simulated EEL spectra is very good. We
attribute the small discrepancies in the peak position to
geometrical defects on the fabricated structures as compared
with the perfect shapes used in the simulations. Another
possible source of discrepancy are the differences between the
values of the thickness t and refractive index n of the substrate
(see Figure 1a) used on the simulation and the actual
experimental values. A change on those magnitudes can shift
the position of the resonances, as shown in Figure S2 of the
Supporting Information. Similarly, we attribute the differences
on the peak widths to the polycrystalline character of the
fabricated nanostructures, which results in broader resonances
when compared with the simulations. We also compare the
measured EEL probability maps with theoretical simulations of
the local density of photonic states (LDOS). More specifically,
we consider the component of the LDOS parallel to the
electron trajectory calculated on a plane parallel to the silver
nanosquares and situated 5 nm above them (cf. Figure 4c,d).
This quantity contains information on the near-field intensity
distribution and is therefore related to the EEL probability
maps,31,32 as confirmed by the good agreement with the
experimental results.
Examining the EEL spectra in Figure 4 obtained at different

positions we observe that the dipolar edge plasmon (mode 1) is

Figure 3. EEL spectra for the silver nanosquare with L = 850 nm
obtained from the integration of the EEL signal acquired at two
different regions of the nanosquare (blue- and green-shadowed areas
of the lower insets). The upper insets show the EEL probability maps
corresponding to the energies indicated by the dashed lines.
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more homogeneously distributed along the edge of the
nanosquare than the quadrupolar edge plasmon (mode 2).
This is seen from the faster decay of the EEL intensity
associated with the latter as we move away from the corner (cf.
red, blue, and green curves in Figures 4a,b) and is consistent
with our previous analysis based on the number of nodes along
the edge. In a similar way, mode 3 has a strong peak at the
center of the edge, as expected from the number of nodes
associated with this mode. However, the measured EEL
probability at the corner is smaller than what is predicted
theoretically, something that we attribute to the departure of
the fabricated nanostructure from a perfect square shape. The
theoretical simulations also demonstrate the formation of the
cavity plasmon modes, as seen from the increase of the relative
intensity of the EEL spectra at the center of the nanostructure
(yellow curves), which is also corroborated by the simulated
LDOS maps (cf. mode 4 in Figure 4c and mode 5 in Figure
4d). Again, the higher intensity at the edges in the simulated
results as compared with the experimental data can be
attributed to imperfections on the experimental geometry.

■ COMPARISON WITH SCATTERING
CROSS-SECTION

We can complete the characterization of the plasmonic
response of the silver nanosquares by performing a theoretical
simulation of their optical scattering cross-sections. Such

comparison allows us to highlight the power of EELS to
resolve both spatially and spectrally high multipolar modes. The
results of the calculation of the scattering cross-section for
normal incidence are shown in Figure 5 (gray curves) along

with the EEL spectra obtained for electron beam trajectories
passing through the center (yellow curves) and the corner (red
curves) of the nanostructure. Interestingly, the scattering
spectrum only shows one large peak, which corresponds to
the dipolar edge plasmon supported by the nanosquares. The
reason is that higher multipolar modes couple more weakly to
light than the dipolar mode and because of that are commonly
known as dark modes.33,34 This is the case of the quadrupolar
edge plasmon, which is clearly visible in the EEL spectra but
does not show up in the optical spectrum. It is important to
notice that the large size of the nanostructures studied here
makes possible the excitation of the dark modes using tilted
illumination thanks to the symmetry-breaking caused by
retardation.35 This is shown in Figure S3 of the Supporting
Information, where we compare the cross-section calculated for
light impinging at normal and 45° incidence. Interestingly, the
next two modes appear in the scattering spectra in the form of
weak Fano resonances.36,37 These resonances are the result of
the interaction between a bright superradiant mode with a
broad line shape and a dark subradiant mode displaying a
narrow line shape. In our particular case, the dipolar edge
plasmon acts as the bright mode, while the dark modes are the
higher multipolar modes (cf. modes 3 and 4 in Figure 4). The
interaction between these modes is facilitated by symmetry-
breaking provided by the presence of the substrate and
retardation. Dark modes, due to their reduced radiative losses,
have significantly narrower lineshapes than bright modes. This
fact can be used, for instance, to improve the efficiency of

Figure 4. Comparison between EEL measurements and theoretical
simulations. (a,b) Experimental (top) and simulated (bottom) EEL
spectra for silver nanosquares of L = 230 nm and L = 430 nm. (c,d)
Experimental EEL maps (top) and simulated LDOS maps (bottom)
for the different plasmon modes shown in (a) and (b).

Figure 5. Comparison between EEL and optical spectra. We consider
silver nanosquares with lateral size L = 230 nm (a) and L = 430 nm
(b). The gray curves correspond to the optical scattering cross-section
of the silver nanosquares calculated at normal incidence, while the EEL
spectra are computed for electron trajectories passing through the
center (yellow curves) and the corner (red curves) of the
nanostructure.
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plasmon induced hot carrier generation.38,39 However, any
application exploiting these modes requires an exquisite level of
characterization of the spatial and the spectral response of the
nanostructure such as the one demonstrated here using EELS.

■ CONCLUSIONS
In summary, we have used EELS and rigorous modeling to
characterize the plasmonic response of silver nanosquares of
several sizes supported by silicon nitride substrates. We have
found that these nanostructures support a collection of
multipolar edge and cavity modes, whose nature we have
investigated through the analysis of the corresponding EEL
probability maps. The characterization of these modes, which
have not been previously detected in smaller structures, has
only been possible by pushing the detection to the current
limits of this technique. Furthermore, by comparing the EEL
spectra with optical scattering cross-section calculations, we
have confirmed that most the modes supported by the
nanosquares are dark and cannot be detected using optical
measurements due to their high multipolar nature. The results
emphasize, yet again, the well-established versatility of EELS
and the sensitivity of this technique to probe both bright and
dark plasmon resonances. By analyzing a range of simple
structures, we have shown that the combination of EELS
experiments and theory provides fundamental understanding of
the plasmon physics necessary to improve the design and
optimization of new nanostructures for nanophotonic applica-
tions.
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