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ABSTRACT: Metal nanoparticles host localized plasmon
excitations that allow the manipulation of optical ﬁelds at the
nanoscale. Despite the availability of several techniques for
imaging plasmons, direct access into the symmetries of these
excitations remains elusive, thus hindering progress in the
development of applications. Here, we present a combination of
angle-, polarization-, and space-resolved cathodoluminescence
spectroscopy methods to selectively access the symmetry and
degeneracy of plasmonic states in lithographically fabricated
gold nanoprisms. We experimentally reveal and spatially map
degenerate states of multipole plasmon modes with nanometer
spatial resolution and further provide recipes for resolving
optically dark and out-of-plane modes. Full-wave simulations in conjunction with a simple tight-binding model explain the
complex plasmon structure in these particles and reveal intriguing mode-symmetry phenomena. Our approach introduces
systematics for a comprehensive symmetry characterization of plasmonic states in high-symmetry nanostructures.
KEYWORDS: metallic nanoparticles, localized surface plasmons, cathodoluminescence, plasmon eigenmodes, symmetry, degeneracy,
local density of optical states
ties of nanoparticle plasmons ﬁnd potential application in
improved photovoltaics,15 wave-guiding,16,17 cancer therapy,18
and optical sensing.19,20
A comprehensive insight into optical processes in plasmonic
nanostructures and detailed knowledge of the EM ﬁeld
distribution associated with SPs conﬁned spatially on length
scales ∼10s nm are of crucial importance for the development
of these applications besides their interest from a fundamental
viewpoint. The interaction of external EM radiation with metal
nanoobjects can be probed in both the near-ﬁeld and far-ﬁeld
domains. Substantial progress in understanding and controlling
nanostructure optical properties has been driven extensively by
the rapid development of several characterization techniques,
such as optical spectroscopy,21−23 near-ﬁeld scanning optical
microscopy,24,25 two-photon luminescence microscopy,26,27

M

etal nanoparticles and fabricated nanostructures
exhibit localized surface plasmon (SP) resonances1
that render them valuable building elements for
photonic devices and nanomaterials, allowing us to enhance,
manipulate, and control light at the nanoscale.2,3 These
resonances oscillate at frequencies extending from the
ultraviolet to the infrared domains and can be tuned over a
broad spectral range by controlling the size, shape,
composition, and dielectric environment of the structures.4−7
Additionally, SPs can eﬃciently couple to external electromagnetic (EM) radiation and thus produce strong eﬀects in
the near- and far-ﬁeld regions.8−10 In particular, the overall
functionality and optical response of nanoparticles strongly
depend on structure symmetry, which enables the control of
SP mode symmetry and frequency, as well as the spatial
symmetry of the required excitation ﬁeld.11−13 This oﬀers a
practical way of focusing and enhancing EM energy around
nanoparticles down to subdiﬀraction volumes in spatially
selective and switchable ways as well as actively controlling the
resulting angular radiation patterns.14 These peculiar proper© 2018 American Chemical Society
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photon-induced near-ﬁeld electron microscopy,28,29 and
electron spectroscopy,30−32 including electron energy-loss
spectroscopy (EELS) 33−38 and cathodoluminescence
(CL).39−45
However, despite the vast availability of these powerful
experimental techniques, some fundamental properties of
plasmonic excitations cannot be accessed directly or with a
suﬃcient degree of spectral and spatial resolution. Although
optical spectroscopy oﬀers excellent spectral resolution, its
spatial resolution in far-ﬁeld optical imaging is constrained by
the diﬀraction limit, and even near-ﬁeld scanning optical
microscopy with subdiﬀraction capabilities oﬀers a spatial
resolution on the order of 10s nm. In this respect, electronbased EELS and CL spectroscopies provide access to the
spatial distribution of multipolar SP modes and optically dark
modes46 with sub-nanometer resolution.47−49 However, the
EELS and CL signals are insensitive to the phase of the ﬁeld.50
Moreover, while conventional EELS and CL give information
related to the EM local density of optical states (LDOS), they
are unable to separately image energetically degenerate SP
resonances hosted in high-symmetry nanoparticles. We note
that the electron beam couples to the EM ﬁeld distribution of
all possible plasmon modes sustained in a nanoparticle that are
not excluded by symmetry at the speciﬁc beam position, and
thus, the resulting plasmon map corresponds to the resulting
mode superposition.36,51 This may lead to an incorrect
interpretation of the map and mode nature, ﬁnally resulting
in a misleading understanding of the plasmon resonance
behavior. Although selective excitation of degenerate modes
has been recently demonstrated using a multilobed electron
beam,50 spatial imaging of degenerate modes remains a
challenging task for electron-based methods. Furthermore,
the energy resolution in EELS and CL is often too low to
spectrally resolve and image closely spaced modes. Plasmonband broadening in very dissipative metals can even mask and
mix diﬀerent modes, an eﬀect that may hinder their
identiﬁcation and interpretation.
Here, we report on a comprehensive experimental and
theoretical study of plasmonic-state symmetries in lithographically fabricated triangular gold nanoprisms by using
CL spectroscopy performed on a STEM. This technique oﬀers
a rich source of information about the physics of SP modes,
encoded in several optical degrees of freedom of emitted light,
such as frequency, polarization, and linear momentum.
Speciﬁcally, we use an 80 keV focused electron beam as a
local broadband source of an evanescent EM ﬁeld to excite
multiple localized SPs over a broad spectral range. Induced
optical radiation emitted from the sample is ultimately
detected and imaged through angle- and polarization-resolved
CL measurements. We demonstrate the great potential of this
combined technique by revealing and accessing spatially
resolved maps of multipolar SPs localized on individual
nanoprisms with nanometer spatial resolution. We unveil the
spatial distribution of degenerate SP states and show that the
degeneracy can be classiﬁed and explored upon examination of
the symmetry of their s- and p-polarized photon emission
maps, which, in turn, grant us access into pure resonance
eigenvectors and thus provide direct information about the EM
LDOS. We analyze our results by comparing the experiment
with full-wave electromagnetic simulations and a simple,
although comprehensive, tight-binding model, which help us
successfully explain the complex nature of the excited bright
and dark plasmons in these nanoparticles and unveil

unexpected aspects of plasmon symmetry, including the
appearance of the hexapolar mode at an energy lower than
the quadrupolar mode. Finally, the combination of positionselective excitation with selective angular and polarization
detection enables us to eﬃciently detect and image optically
dark and out-of-plane modes, which are masked by moredominant SP bands.

RESULTS AND DISCUSSION
Angle- and Polarization-Resolved Cathodoluminescence Spectroscopy. We used a high-resolution electronbeam lift-oﬀ lithography to pattern gold equilateral triangular
nanoprisms of 50 nm thickness and with varying edge lengths
in the range of 100 to 400 nm on a 300 nm thick SiO2 layer
sputtered on a Si substrate. The localized SP resonances of
such polycrystalline nanoparticles prevail in their optical
response in the visible and near-infrared spectral ranges. To
characterize the nanoprisms, CL experiments were performed
using a JEM 2100F scanning transmission electron microscope
(STEM) operated at 80 keV combined with a high-eﬃciency
light detection system.52 It is equipped with a ﬁeld emission
gun and a spherical aberration corrector that enable a probe
size of 1 nm at the used accelerating voltage of 80 keV and
beam current of the order of 1 nA. The light collimated by a
parabolic mirror is directed outside the STEM through a lens,
a polarizer, and a pinhole ﬁxed on a XY stage to a spectrum
analyzer with an electron-multiplying charge-coupled device
(CCD) detector. This STEM-CL system can be operated in
both monochromatic and panchromatic regimes and enables
several measurement modes with space-, energy-, angle-, and
polarization-resolved capabilities (see the Methods section).
The schematic of the experimental setup used and
orientation of the sample with respect to the parabolic mirror
is illustrated in Figure 1. The xyz coordinates are ﬁxed on the
parabolic mirror, with the origin at the focal point of the

Figure 1. Schematic representation of our experimental setup. We
measure angle- and polarization-resolved cathodoluminescence
light emission assisted by excitation of localized plasmons by an 80
keV electron beam on an individual Au nanoprism lying on a SiO2
substrate. A parabolic mirror collects and redirects the emitted
light as a function of (i) emission direction (selected by a moving
pinhole mask at angles θ and φ) and (ii) polarization (through a
polarizer, which ﬁlters p and s light polarization components,
parallel to the xz and xy planes, respectively). The electron beam
(solid red arrow) impinges normally on the sample surface along
the z axis and is raster-scanned along the xy plane. The nanoprism
is oriented with one of its edges parallel to the axis of symmetry of
the parabolic mirror (x direction).
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Figure 2. Plasmon dependence on nanoprism size. (a) Measured STEM-CL spectral images of unpolarized emission from individual gold
nanoprisms with edge lengths in the 118−251 nm range. The images were recorded from nanoparticles oriented as shown in the inset to
Figure 1 by scanning the electron beam along the red spots (y axis, horizontal direction in the plots) and taking a spectrum at each point
(photon energy, vertical axes). The interaction of the nanoparticle with the electron beam leads to excitation of dipolar (D, white lines) and
two higher-order (H and Q, orange and yellow lines, respectively) SP modes. (b) Calculations of the photon-emission probability
corresponding to the spectral images in panel a, incorporating experimental setup parameters. Only the dipolar mode (D) and one
nondipolar mode (Q) are resolved in the simulation. Experimental and theoretical images are normalized to a common color scale so that
relative intensities are directly comparable.

parabola with the x axis oriented along the parabolic axis. A
triangular nanoprism is oriented normal to the parabolic axis
with one of its edges parallel to the x axis unless stated
otherwise. The 80 keV electron beam is incident perpendicularly with respect to the nanoprism triangular base, i.e.,
parallel to the z axis. It excites the sample and the parabolic
mirror collects and redirects the resulting radiation to the CCD
detector through a moving pinhole mask and polarizer. In the
present work, the pinhole with 2 mm diameter was set at the
ﬁxed position corresponding to the surface normal direction θ
= 0°, which covers a solid angle of 0.1π square radians unless
otherwise stated. This ensures the symmetry of photon map
patterns because all light emitted to any direction inside the
solid angle can be detected. At each excitation position, an
emission spectrum is recorded in the visible and near-infrared
spectral ranges. P-polarized light has an electric ﬁeld polarized
parallel to the emission plane containing the surface normal
direction and the emission direction, while s-polarized light is
perpendicular to this plane as deﬁned in Figure 1. The
background radiation from the separately measured SiO2/Si
substrate is subtracted from the experimental data. To interpret
experimental results and understand the nature of the electronbeam excited plasmon modes, numerical simulations of CL
emission probability spectra and maps were performed using
the retarded boundary element method (BEM).53−55 The
photon emission probability is given per incoming electron and
per photon energy range. The emission is collected over the
solid angle deﬁned by polar angle θ from 0° to 18° and
azimuthal angle φ from 0° to 360° corresponding to the

experimental conditions unless otherwise stated (see the
Methods section). The simulation is performed without
account of substrate eﬀects, which were studied in our
previous work.36 Experimental and numerical spectra are
independently normalized to their own maximum peak
intensities. Here, we focus on understanding the origin and
symmetry of electron-driven individual-nanoprisms plasmons.
Plasmon Modes in Individual Gold Nanoprisms. We
start our study of plasmonic modes in individual gold
nanoprisms as a function of edge length l. Figure 2a shows
the experimental beam scan spectral images obtained by
scanning the electron beam along the bisector of each
nanoprism (red spots in the inset) and simultaneously
recording CL spectra for unpolarized emission at each point.
These images allow us to detect regions on a nanoparticle in
which diﬀerent SP modes are preferentially and eﬃciently
excited. Upon inspection, we observe that enhanced light
emission occurs for electron-beam injection points in the
vicinity of the corner at lower energies (white lines) and midedge at higher energies (yellow lines) but only for the larger
nanoprisms (ca. l > 150 nm). For now, we tentatively attribute
the excitations at the lower and higher energies to the in-plane
dipole (D) and higher-order (Q) SP modes, respectively.
These experimental emission features are nicely reproduced by
corresponding numerical simulations of the CL emission
probability shown in Figure 2b. Additional weak emission at
the energies in between those dominant modes is also
observed in the experimental images (H, orange lines) when
the beam is positioned near the center of much larger
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Figure 3. Spectral response and photon maps of a small gold nanoprism (side length l = 122 nm). (a) Measured STEM-CL unpolarized
photon-emission intensity spectra collected for diﬀerent electron-beam probe positions, as shown on the BSE image inset. (b) Calculated
emission spectra under the same conditions as in panel a. The in-plane (D) and weak out-of-plane (O) dipolar modes can be resolved in the
simulation. The insets show the phase of the induced surface charge at the energies of the D and O modes. (c) Measured monochromatic
photon maps of the D mode at the peak energy for un-, s-, and p-polarized emission. Each pixel is associated with a diﬀerent position of the
electron beam. (d) Corresponding experimental panchromatic (energy-integrated) photon maps. (e,f) Calculated photon emission
probability maps of the modes (e) D and (f) O for un-, s-, and p-polarized emission as a function of electron probe position. (f) For mode O
in panel f, the maps are constructed from the emission collected over a narrow range of polar angles θ = 90° ± 10°, where the mode reaches
maximum radiation eﬃciency. The color scales in panels c−f are linear and common to all light polarizations.

nanoprisms (ca. l > 200 nm). The evolution of the measured
and calculated resonance energies and intensities of these
modes is presented in Figure S1.
To analyze the features already suggested by Figure 2, in
Figure 3, we present the study of emission from a small
nanoprism with 122 nm edge length. Figure 3a shows the
experimental unpolarized photon emission intensity spectra for
electron beams focused at diﬀerent positions, as indicated in a
STEM backscattered electron (BSE) image of the sample in
the inset. Only a dipolar mode D, involving collective
conduction-electron oscillation in the plane of the triangle, is
eﬃciently excited when the electron beam passes close to a
corner of the nanoprism (red spectrum), in agreement with
Figure 2. Our calculated CL photon-emission probability
spectra taken at the same electron-beam positions (Figure 3b)
are consistent with the experiment. They demonstrate mode D,
whose frequency-resolved component of the phase of the
charge density reproduces the dipole (see the inset). We
attribute the red shift of the experimental peak D with respect
to the calculated one mainly to the presence of the SiO2
supporting layer, which is not accounted for in the simulation.
Additionally, imperfections in the geometry, uncertainties in
morphological details, and surface roughness could also play a
role. Figure 3c illustrates the experimental monochromatic
photon maps of mode D for un-, s-, and p-polarized emission
constructed by rastering the electron beam over the sampled
area. These maps reveal the spatial dependence of mode D at
its plasmon-resonance frequency, namely, the CL intensity
reﬂects the electron-coupling eﬃciency, which is strong for
electron positions where excitation of the mode is most
eﬃcient.40,56,57 The CL map for unpolarized emission
demonstrates highly localized photon emission maxima for
electron-beam excitations at the prism corners, in agreement
with previous works based on CL.36,42 The strong photon

emission along the lower edge originates in the geometrical
asymmetry of the nanoprism. Interestingly, the experimental
panchromatic photon maps (Figure 3d), obtained by
integrating the emission intensity over the wavelength and
emission angle, almost identically replicate the corresponding
monochromatic maps, conﬁrming the dipolar plasmon-induced
nature of luminescence in the small nanoprism. The calculated
photon emission probability maps of mode D as a function of
beam position over the sample (Figure 3e) are in good
agreement with experimental counterparts for all emission
polarizations. For now, we postpone our discussion of the
maps for s- and p-polarized emission to later. Note that
excitation at the nanoprism center leads to a weak out-of-plane
dipolar mode O at ∼2.37 eV in the calculated spectrum only
(Figure 3b, green curve).42,58 Because the mode O is masked
by the dominant band D, we constructed its spatially resolved
photon maps by collecting the emission over a narrow range of
polar angles, θ = 90° ± 10°, where the mode reaches maximum
radiation eﬃciency (see Figure S2). The spatial variation of
mode O is ultimately revealed in the map for its dominant ppolarized emission (Figure 3f), showing the expected constant
emission intensity on the entire nanoprism. Surprisingly, the
out-of-plane mode has not been detected in many previous
works on noble-metal nanoprisms using EELS.33−36,38
We now extend our study to a large nanoprism with 266 nm
edge length, as shown in Figure 4. Due to retardation eﬀects in
this case, the unpolarized emission spectra allow us to resolve,
beside peak D, two additional resonance features H and Q in
both the experiment (Figure 4a) and the simulation (Figure
4b). These multiple peaks are associated with in-plane EM
eigenmodes of the nanoparticle because their energies decrease
with increasing edge length. Measured and calculated spectra
are in satisfactory agreement and show that the plasmon
modes D, H, and Q are eﬃciently excited when the electron
8439
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Figure 4. Spectral response and photon maps of a large gold nanoprism (side length l = 266 nm). (a) Measured STEM-CL unpolarized
photon-emission intensity spectra collected for diﬀerent electron-beam probe positions, as shown on the BSE image inset. (b) Calculated
emission spectra under the same conditions as in panel a. A total of three in-plane modes (D, H, and Q) can be resolved in both experiment
and theory. The insets in panel b show the phase of the induced surface charge at the mode peak energy, as produced by the electron beam at
the excitation positions indicated by colored dots. (c−e) Measured monochromatic photon maps of the modes (c) D, (d) H, and (e) Q at the
peak energies for un-, s-, and p-polarized emission. Each pixel is associated with a diﬀerent position of the electron beam. (f) Corresponding
experimental panchromatic (energy-integrated) photon maps. (g−i) Calculated photon emission probability maps of the modes (g) D, (h)
H, and (i) Q for un-, s-, and p-polarized emission as a function of electron probe position. Only for the maps of mode H in panel h, the
emission is collected over the narrow range of polar angles θ = 55° ± 10° (disregarding mirror position), where the emission reaches its
maximum. The color scale of the photon maps in panels c−i is linear and common to all emission polarizations. (j) Calculated electric nearﬁeld intensities |E|2 (log scale) and ﬁeld lines of the components Ex,Ey in the xy plane at z = 0 at the energies of modes D, H, and Q, as
produced by the electron beam at the excitation positions shown by colored dots.

D and Q. Indeed, the calculated spatial localizations of mode H
for all light polarizations are well-resolved in Figure 4h
(disregarding mirror position), exhibiting enhanced emission
not only at the corners and along edges but also at the central
area of the nanoprism. In particular, the CL map for ppolarized light emission nicely reproduces the corresponding
experimental EELS map for noble metal nanoprisms.34,35,59
Note that the emission features induced by all plasmons are
clearly reﬂected in the experimental panchromatic images
shown in Figure 4f, including a weak luminescence appearing
at the nanoprism center due to mode H. To understand the
origin of the detected modes, we calculated the phase maps at
the peak energies induced by a passing electron at the corner,
center, and mid-edge, where modes D, H, and Q are
preferentially excited, respectively, as shown in the insets of
Figure 4b. Notably, the “corner” mode D is clearly associated
with charge pileup near the corners, whereas for the “edge”
modes, namely H and Q, charges reside at the corners and
mid-edges of the particle. Furthermore, Figure 4j shows the
modes’ associated electric-ﬁeld intensity maps |E|2 and ﬁeld
lines of the components Ex,Ey in the xy plane at z = 0. From
the symmetry characteristics of the phase maps and ﬁeld lines
demonstrating 2-, 6-, and 4-fold symmetries, we can assign the

beam is focused at the corner (red spectrum), center (green
spectrum), and mid-edge (blue spectrum) of the prism,
respectively. The weaker mode H is masked owing to
signiﬁcant broadening of the dominant plasmon bands D
and Q. Incidentally, the presence of the dielectric substrate in
the experiment increases mode line widths as well as the
prominence of higher-order modes (H and Q) and their
mutual spectral separation in comparison to the simulation.
The experimental monochromatic CL maps of these modes are
shown in Figure 4c−e. Whereas mode D exhibits the enhanced
emission at the corners, mode Q displays intensity enhancement at the corners and along edges of the particle. The spatial
distributions of modes D and Q are resolved with nanometer
resolution and are in excellent agreement with simulations for
all emission polarizations (Figure 4g,i). Unlike the clearly
distinct maps of modes D and Q, the experimental CL maps of
the weaker mode H pick up some intensity from the dominant
mode D as well. Therefore, like for mode O in Figure 3f, we
construct maps of mode H in such a way that only the
emission over a narrow range of polar angles θ = 55° ± 10°,
where the mode reaches maximum radiation eﬃciency, is
collected for each beam position (see Figure S3). This allows
the reduction of the photon emission contribution from modes
8440
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Figure 5. Symmetry, degeneracy, and energy of in-plane nanoprism plasmon modes explained with a tight-binding model. (a) Symmetry and
energy of states in a triangular conﬁguration obtained according to the tight-binding approach discussed in the main text, along with the
corresponding Mulliken symbols (green labels). The basis functions used for corner and edges states are also shown at the bottom-right of
this ﬁgure. (b) The contour plots on the left show the phase of the induced surface charge at the energy of corner (D) and edge (H and Q)
modes corresponding to resonance features in the spectra of Figure 4b, as produced by the electron beam at the excitation position shown by
a black dot in each plot. The symmetric corner mode is not physical because it involves a nonzero net charge on the particle, and so, it is
absent in the spectra. Antisymmetric states (right column in panel a) of modes D and Q are not excited for the chosen electron-beam
positions. The right panel shows phase maps of excited symmetric (E1) and antisymmetric (E2) degenerate states at the energy of modes D
and Q, as calculated under optical excitation with the in-plane incident electric ﬁeld polarized as indicated by the double white arrows. The
symmetric edge mode (H) is optically dark and therefore absent from the optical spectra. (c) Calculated |Ez|2 near-ﬁeld maps (linear color
scale) of the modes in a xy plane situated 5 nm above the nanoprism, directly corresponding to the phase maps shown in panel b. The right
column shows |Ez|2 intensity maps reconstructed by superposing the corresponding near-ﬁeld maps of symmetric (E1) and antisymmetric
(E2) modes, as produced by two plane waves with orthogonal polarizations. The prism edge length is 266 nm.

corresponding to perfectly symmetric combinations of the
individual corner states oscillating at frequency ω0−2Δ with
equal weight in all corners, (1,1,1), and a pair of doubly
degenerate eigenmodes E1 and E2 at frequency ω0 + Δ with
weights (2,−1,−1) and (0,−1,1), respectively. This is in full
agreement with group theory description for our structure
possessing a geometrical symmetry corresponding to the C3ν
point group (considering the substrate), and therefore, we
assign the eigenmodes in accordance with Mulliken’s
symbols.61,62 The same analysis can be applied to explain
edge modes, but now, the initial base functions are attached to
two corners and the mid-edge position and, therefore, have
zero net charge with a − + − proﬁle along each individual
edge. In this case, the linear combination of edge-bound states
again leads to the non-degenerate eigenmode A1 and doubly
degenerate eigenmodes E1 and E2 with the same eigenvectors
as for the corner eigenmodes but with the higher central
frequency ω0′ and hopping Δ′. Figure 5a schematically shows
the states with weights obtained within the tight-binding
approach for the corner (bottom part) and edge (upper part)
base functions, which are also shown at the bottom-right of
this ﬁgure.
The resulting eigenvector basis set at resonance energies can
be well-represented by the induced surface charge of SP
modes. Therefore, on the left panel of Figure 5b, we locate the
electron-induced phase maps of the modes, demonstrated in
Figure 4b, using the same labeling convention (D, H, and Q).
The phase maps of modes D and Q clearly show the same

three detected peaks in the spectra to the in-plane dipolar (D),
hexapolar (H), and quadrupolar (Q) modes, correspondingly.
Counter-intuitively, the hexapolar mode H is spectrally located
at the energy lower than the quadrupolar mode Q. In fact, in
the majority of published articles on single triangular
nanoprism spectroscopy, the ﬁrst in-plane higher-order mode
has been referred to as a quadrupolar mode, mainly in studies
by far-ﬁeld-based optical microscopies,4,21,22 but it has been
recast to a hexapolar mode in recent works using EELS.36,59,60
Tight-Binding Model and Polarization-Resolved
Maps of Eigenmodes. To address these apparent and
misleading discrepancies and explore the origin of s- and ppolarized CL maps, which have been missing from our
discussion so far, we present an analysis based on a simpliﬁed
tight-binding model in a nearest-neighbor approximation
assuming that plasmons in a nanoprism are a linear
combination of corner-bound states.55 Using a quantummechanical notation, we consider one state, |n⟩, localized at
each of the corners, n = 1−3, with either positive or negative
charge, assuming a common central frequency ω0 for all of
them plus some interaction V between nearest-neighbors
corner states. We describe this interaction by a 3 × 3 matrix of
elements, ⟨n|V|n′⟩ = 0 for n = n′ and ⟨n|V|n′⟩ = −Δ otherwise,
where Δ is a hopping frequency that represents the interstate
coupling. Three eigenvalues and eigenvectors corresponding to
the resonance energies of in-plane eigenmodes and the wave
functions, respectively, are predicted upon diagonalization of
this interaction matrix: one non-degenerate eigenmode, A1,
8441
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symmetry as the left-hand-side states (E1) of the corner and
edge degenerate pairs, respectively, which are the only ones
excited because the electron beam is placed at the axis of their
mirror symmetry, i.e., at the upper corner and lower mid-edge,
respectively. Evidently, the fully symmetric corner state A1 at
frequency ω0−2Δ has a nonzero net charge, so that it is
unphysical and does not appear in the spectra. In contrast, the
symmetric edge state A1 at frequency ω0′ − 2Δ′ must be
allowed now because the base functions have zero net charge
along each edge, so the overall sum of the charges is zero.
Indeed, the phase map of mode H, with opposite charges
residing at the corners and mid-edges of the triangle, accurately
reproduces the symmetry of this non-degenerate state. Thus,
the order of the SP modes’ spectral positions and their phase
maps obtained from the simulations are in excellent
correspondence with prediction from the simple tight-binding
model, including the appearance of the hexapolar mode H at
the lower energy than the quadrupolar mode Q. Interestingly,
only the degenerate dipolar (D) and quadrupolar (Q) modes
display ﬁnite net dipole moments and, consequently, couple
strongly to far-ﬁeld radiation, so they dominate the CL spectra
in Figure 4. In contrast, the phase map of the non-degenerate
hexapolar mode (H) has a vanishing in-plane dipole moment,
and therefore, it is weakly coupled to radiation and appears
only as a tiny feature in the spectra. Although optically dark,
this mode can be excited by the electron beam and eﬃciently
detected by collecting emission at larger polar angles θ in the
CL experiment. This explains why far-ﬁeld-based optical
microscopies miss the hexapolar mode. However, although
EELS can access both bright and dark modes, because of the
spectral proximity of quadrupolar and hexapolar modes,
signiﬁcant plasmon broadening and insuﬃcient energy
resolution, only the combined eﬀect of both modes has been
experimentally observed in gold and silver nanoprisms using
EELS.36,38,59 Indeed, the calculated EELS spectra shown in
Figure S4 allow us to resolve distinct modes D, H, and Q,
although modes H and Q strongly overlap. Furthermore, EELS
maps of these modes are in good agreement with the
corresponding CL maps for unpolarized emission (Figure
4g−i, left column). Interestingly, the out-of-plane mode O is
also clearly detected in the EELS spectrum (∼2.4 eV) for the
excitation at the nanoprism center (green curve).
Note that the excitation of the mode with particular
symmetry in a nanoparticle depends on the spatial symmetry
of the excitation ﬁeld as well.63 In general, the incident electron
beam focused at a particular position on a nanoparticle couples
to all symmetry-allowed states at the particular position.
Therefore, at the energy of the doubly degenerate mode (D or
Q), it generally couples to both E1 and E2 states, and the
excited surface charge distribution can be expressed as their
linear combination. Otherwise, these degenerate states can be
selectively excited by two properly chosen in-plane orthogonal
linear polarizations of incident light.25,62 In this case, the
resulting phase maps of modes D and Q have the same
symmetries as the degenerate tight-binding states. These are
either symmetric (E1) or anti-symmetric (E2) with respect to
the mirror symmetry plane, as depicted on the right panel of
Figure 5b for comparison. For reasons that will become clear
later, in Figure 5c, we also illustrate the calculated |Ez|2 nearﬁeld maps of the modes in a xy plane situated 5 nm above the
nanoprism, which directly correspond to the phase maps
shown in Figure 5b, i.e., the ﬁelds produced by the electron
beam at the excitation position shown by a black dot in each

plot (left panel) and optical excitation with the in-plane
incident electric ﬁeld polarized, as indicated by the double
white arrows (right panel). The right column shows |Ez|2
intensity maps reconstructed by superposing the corresponding near-ﬁeld maps of E1 and E2 modes as produced by two
plane waves with orthogonal polarizations.
We now turn to the interpretation of the polarizationresolved CL maps of SP modes shown in Figure 4g−i. The
unpolarized CL maps of all modes in the nanoprism have the
expected 3-fold symmetry, although in general, the orientation
of the sample with respect to the mirror and range of collection
angles used may result in asymmetry. Notably, the maps of the
degenerate modes D and Q for s- and p-polarized emission
possess only bilateral symmetry along the vertical axis of mirror
symmetry, whereas the corresponding maps of the nondegenerate mode H exhibit 3-fold symmetry. Upon inspection,
one notes that for both degenerate modes, the symmetries of
their s- and p-polarized maps bear a striking resemblance to the
tight-binding states E1 and E2, respectively, and all maps of the
non-degenerate mode display a resemblance to state A1 (see
Figure 5a). Actually, it can be shown that for the 2-fold
degenerate modes D and Q, the CL maps for s- and p-polarized
emission reveal patterns representing the square of the
absolute value of the eigenfunctions of pure states E1 and E2,
namely proportional to |ψE1(R)|2 and |ψE2(R)|2, respectively,
and their complete unpolarized CL maps can be represented
by linear superposition of both corresponding eigenfunctions,
i.e., by summing the corresponding CL maps for s- and ppolarized emission. In contrast, the unpolarized CL map of the
non-degenerate mode H is governed by the eigenfunction of
the single state A1, |ψA1(R)|2, where R is the electron-beam
transverse position; see the Supporting Information. Indeed,
the CL maps of modes D and Q for s- and p-polarized emission
faithfully reproduce the corresponding |Ez|2 near-ﬁeld maps of
eigenmodes E1 and E2 selectively excited by incident light,
respectively, as shown at the right panel of Figure 5c (left and
middle columns), and their CL maps for unpolarized emission
(Figure 4g,i, left column) reproduce the corresponding
superposed |Ez|2 near-ﬁeld maps (Figure 5c, right column).
In contrast, the CL map for the unpolarized emission of the
non-degenerate mode H (Figure 4h, left column) closely
replicates the corresponding |Ez|2 near-ﬁeld map of eigenmode
A1 obtained by electron-beam excitation at the nanoprism
center (Figure 5c, left panel). Consequently, this proves that
an unpolarized CL signal truly probes the z component of the
radiative EM LDOS (along the electron path) because it is
approximately proportional to the z component of the electricﬁeld strength.64−66
Angle- and Polarization-Resolved Spectral Patterns.
So far, the small solid angle of emission collection in the
backward direction was specially used to obtain spectra and
symmetrical plasmon maps. However, as we already demonstrated, in this case, highly directional and weakly radiative
modes might be missed or masked owing to plasmon
broadening. Therefore, we additionally performed angleresolved spectral (ARS) measurements, which provide a
powerful instrument for detecting SPs in nanoparticles by
analyzing far-ﬁeld radiation patterns.67,68 A nanoprism was
rotated by 90° in an anti-clockwise direction around the z-axis
from the conﬁguration in Figure 1, i.e., the triangle faces the
mirror. The spectra for a ﬁxed electron-beam position were
acquired by moving a 1 mm pinhole along the z-axis and
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converting its position to the emission polar angles θ = 0°−90°
with the ﬁxed azimuthal angle φ = 180°. Figure 6a

experiment. Moreover, precise positioning of the beam spot
at the nanoprism center suppresses mode Q and enables us to
resolve the hexapolar mode H and a rather weak proﬁle of the
out-of-plane mode O with their expected emission maxima at θ
≈ 55° and θ ≈ 90°, respectively. Thereby, all plasmon modes
detected in Figure 4 are also resolved in ARS patterns in both
experiment and theory, revealing their angular dependencies at
respective plasmon-resonance frequencies. Finally, we note
that the angular distribution of emission in an ARS pattern is
strongly aﬀected not only by the beam spot position but also
by the nanoparticle orientation with respect to the mirror. This
is illustrated in the inset of the left pattern in Figure 6b,
showing the distinct emission distribution for another
nanoprism orientation but the same beam position (see
inset). In particular, the out-of-plane mode O, which is masked
by the stronger quadrupolar mode Q in the spectra of Figure
4b, is now clearly detected.

Figure 6. Angle- and polarization-resolved spectral measurements.
(a) Measured angle-resolved spectral patterns (linear color scale)
for a gold nanoprism of 255 nm side length and diﬀerent electronbeam probe positions (see colored dots). The CL spectra for ppolarized emission are taken by scanning a 1 mm pinhole along the
z axis, which is converted to emission polar angles in the θ = 0°−
90° range with ﬁxed azimuthal angle φ = 180° (see Figure 1). The
1 mm pinhole corresponds to a solid angle of 0.085 square radians
at θ = 0° and 0.32 square radians at θ = 90°. The inset in each
image shows the orientation of the nanoprism with respect to the
mirror and the electron-beam position. Plasmon modes are
indicated by labels assigned from their spectral locations in
accordance with Figure 4. (b) Corresponding calculated patterns
of the photon emission probability. The inset in the left image
shows an angle-resolved spectral pattern for another nanoprism
orientation but the same electron-beam probe position at the
nanoprism corner (see inset).

CONCLUSIONS
We have reported the application of angle-, polarization-, and
space-resolved CL spectroscopy performed on a STEM to a
comprehensive symmetry characterization of localized SP
modes excited by electrons in gold nanoprisms. Our CL data
have revealed that the nanoprisms accommodate bright dipolar
and quadrupolar modes and, additionally, an optically dark
hexapolar mode at energy lower than that of the quadrupolar
mode. Interestingly, only one out of two higher-order modes
supported by the particles has been detected and mapped in
gold nanoprisms using EELS, which we attribute to insuﬃcient
energy resolution to resolve spectrally close modes. Remarkably, we directly access and image energetically degenerate
dipolar and quadrupolar plasmonic eigenstates through our
polarization-resolved measurements. The symmetry of CL
maps for s- and p-polarized light emission measured with
nanometer spatial resolution grants us access into pure
resonance eigenvectors. Consequently, we have shown that
CL maps for polarized emitted light directly reﬂect the
corresponding spatial distribution of the projected radiative
EM LDOS of each eigenmode.
Our understanding of the plasmon nature and symmetry has
been also interpreted via a comprehensive tight-binding model
that successfully explains the rich plasmon structure in these
particles and reveals a complex interplay between symmetryinactive, bright, and dark plasmon modes. This model is
further supported by our simulations, which have allowed us to
identify positions of electron-beam incidence, polarizations,
and directions of light emission that permit eﬃciently detecting
and imaging masked optically dark and out-of-plane weakdipole modes by combining selective angle- and polarizationresolved measurements.
Although we only have considered triangular nanoprisms in
this work, our approach to image degenerate and masked
plasmons is general and can be applied to nanoparticles with
other morphologies and symmetries. Essentially, the approach
echoes selective excitation and near-ﬁeld detection of plasmon
modes using polarized light but with the ability to probe
optical ﬁelds of plasmonic nanoparticles at the nanoscale.
Overall, this work demonstrates that CL spectroscopy
constitutes a powerful source of information that sheds light
into the optical properties of highly symmetric structures. We
anticipate that the method reported in this work will be useful
in devising a suitable experimental setup for the selective
retrieval of angular and polarization information on SPs.

demonstrates the experimental ARS patterns taken using the
p-polarized emission for the electron beam ﬁxed at the corner
(left image), mid-edge (middle image) and center (right
image) of the 255 nm nanoprism, as schematically depicted in
the insets. Because the particle dimension is close to that in
Figure 4, we expect the number of detected modes and their
spectral positions to be preserved. Indeed, excitation at the
prism corner gives rise to the dipolar mode (D), whereas
excitation at the mid-edge leads to the clearly observed features
of both dipolar (D) and quadrupolar (Q) modes, as named
and denoted by arrows in the images. Unexpectedly, excitation
at the nanoprism center results in the quadrupolar mode (Q),
whereas the preferential hexapolar mode (H) is hardly
detectable for this beam spot position, most likely due to the
inaccurate positioning of the electron beam. Nevertheless,
emission features of mode H appear as a shoulder to the
dipolar mode in the pattern for the electron beam focused at
the nanoprism corner, where electron coupling to the mode H
is also eﬃcient. Ultimately, additional feature B is also
identiﬁed for the electron spot at the nanoprism center. It
can be attributed to a higher energy radiative mode of thin
ﬁlms, like a Ferrell mode69 or Brewster mode,70 because it
appears near the bulk plasmon energy (∼2.65 eV) and its
photon map has a constant emission proﬁle over the entire
nanoprism surface (see Figure S5). The bright contrast
appearing around 1.5 eV could be due to the insuﬃcient
substrate subtraction. The calculated ARS patterns of the
emission probability (Figure 6b) for excitations at the corner
and mid-edge closely match those obtained from the
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spectrum. The beam position is ﬁxed at a special position on the
sample during the ARS measurements. The background intensity
from the SiO2/Si substrate changes with the emission angle.
Therefore, we ﬁrst record an ARS pattern from the substrate and
subtract it from the directly observed ARS pattern from the sample.
Numerical Simulations. Simulations of the EM response of selfstanding gold nanoprisms are carried out using BEM.53−55 This
method is based upon rigorous solution of Maxwell’s equations in
frequency space, assuming that the materials involved in the structure
are described in terms of local, frequency-dependent dielectric
functions. The method allows us to exactly account for the size and
shape of the nanoparticles by discretizing only boundaries separating
diﬀerent homogeneous media. The electron beam, moving with
constant velocity v in the z direction (v = υẑ), is modeled using the
electron charge density in frequency space ρ(r,ω) = −(e/υ)δ(R − R0)
eiω(z−z0)/υ, where r = (R,z), R = (x,y), R0 = (x0,y0) is the transverse
location of the electron beam, e is the charge of the electron, δ is the
Dirac delta function, and υ is the electron speed corresponding to an
acceleration voltage of 80 keV. Once the solution of Maxwell’s
equations is found, the EM near- and far-ﬁelds induced by external
fast electron excitation are calculated. The photon emission
probability ΓCL, which is proportional to the measured CL intensity,
is calculated as ΓCL(Ω,ω)=(1/(4π2ℏk))|f(Ω)|2, which represents the
number of photons emitted per incoming electron and per unit of
time, solid angle of emission, Ω, and photon frequency range at
frequency ω. Here, k = ω/c is the light wave vector, c is the speed of
light in vacuum, ℏ is the reduced Planck constant, and f is the far-ﬁeld
amplitude. This equation is integrated over emission angles in
accordance with the experimental setup to obtain CL intensities. The
frequency-dependent dielectric function of gold is taken from
measured optical data.71

METHODS
Sample Fabrication. The gold triangular nanoprisms studied in
this work were fabricated by electron-beam lift-oﬀ lithography using a
positive resist layer (ZEP520A) and a 10 nm thick chromium
sputtered layer as an adhesion layer on a 300 nm thick SiO2 layer
sputtered on a Si substrate. The nanoprisms had a height of 50 nm
with various edge lengths in the range of 100 to 400 nm. They were
aligned with an interval of 2 μm and fabricated under several electronbeam dosages from 120 to 200 μC/cm2. The prisms’ corners were
rounded with a curvature radius of about 10 nm. The edge lengths
and corner curvature radii were measured from BSE images taken in
the STEM.
Cathodoluminescence Spectroscopy. The experimental setup
used to perform our CL experiments consists of a STEM (JEM
2100F) with an attached light detection system.49,52 The STEM is
equipped with a ﬁeld emission gun (FEG) and a spherical aberration
(Cs) corrector. In the system, a 9 mm gap pole-piece is used, and a
parabolic mirror with a height of 8 mm is inserted in the gap. The
focal length of the parabolic mirror is 3 mm. It is designed to locate
the sample at the central position of the mirror, which enables light
collection of both upper and lower spaces from the sample. The
STEM can be operated at an accelerating voltage up to 200 keV,
although in the present study, the CL experiment was performed at 80
keV to reduce sample damage due to electron irradiation. The usage
of FEG and Cs corrector realizes a probe size of 1 nm, even at an
accelerating voltage of 80 keV, and beam current of the order of 1 nA.
The electron beam is focused onto the sample via a small hole in a
parabolic mirror located directly above it. The mirror collects the light
emitted from the sample and directs it out of the STEM through the
lens, polarizer, and pinhole ﬁxed on a X−Y stage. The pinhole can
select light emitted from the sample with a special emission angle.
The light passing through the pinhole is focused on a slit in front of a
spectrometer by a second lens, and behind the spectrometer a
spectrum is formed on a CCD element with 1024 channels in an EMCCD detector (Andor DU970N). The utilized wavelength resolution
of the light detector is 1 nm. However, if high resolution is needed, a
0.1 mm slit can be used for the spectrometer, which nominally gives a
0.4 nm resolution in wavelength. This CCD detector is mainly
employed for photon mapping and angle-resolved measurements.
Separate measurement of substrate light emission far from the
nanoparticle enables background subtraction. The CL system enables
the following three measurements with the angle-resolved capability.
In beam scan spectral (BSS) measurement, CL spectra are recorded
while scanning the electron beam along a certain line on the sample.
The pinhole is ﬁxed at a proper position (emission angle) during the
measurement. A BSS image is a 2D pattern composed of the acquired
spectra at the scanned beam positions. In photon-mapping measurements, the focused electron beam is scanned over certain area on the
sample, while the emitted light passing through the monochromator
allows CL spectra to be synchronously recorded at every pixel. The
pinhole is ﬁxed at a given position during the measurement. A
monochromatic photon map at a certain energy is built up as a 2D
image extracted from the acquired 3D data set. The acquisition time is
1 s per pixel in the present experiment. The photon mapping can be
also performed in a panchromatic mode. In angle-resolved spectral
(ARS) measurement, CL spectra are successively recorded while
scanning the pinhole along a certain axis that corresponds to the
change of the emission angle. The ARS pattern is a 2D data set
consisting of spectra acquired at the pinhole positions corresponding
to the emission angles. In this study, the pinhole moves in the vertical
direction (z direction) that is normal to the sample surface, such that
the direction of light emission detection is always parallel to the xz
plane. Therefore, the z position of the pinhole corresponds to the
polar emission angle θ. The used diameter of the pinhole is 1 mm for
the ARS measurements, corresponding to a solid angle of 0.085
square radians at θ = 0° and 0.32 square radians at θ = 90°. The
intensity distribution in the experimental ARS patterns is corrected for
this emission-angle dependence of the collection eﬃciency. The
typical acquisition time for the ARS measurements is 3 s for each
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Reed, B. W.; Barwick, B.; Carbone, F. Simultaneous Observation of
the Quantization and the Interference Pattern of a Plasmonic NearField. Nat. Commun. 2015, 6, 6407.
(29) Barwick, B.; Flannigan, D. J.; Zewail, A. H. Photon-Induced
Near-Field Electron Microscopy. Nature 2009, 462, 902.
(30) García de Abajo, F. J. Optical Excitations in Electron
Microscopy. Rev. Mod. Phys. 2010, 82, 209−275.
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