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ABSTRACT: Plasmonic lattice nanostructures are of techno-
logical interest because of their capacity to manipulate light
below the diffraction limit. Here, we present a detailed study of
dark and bright modes in the visible and near-infrared energy
regime of an inverted plasmonic honeycomb lattice by a
combination of Au+ focused ion beam lithography with
nanometric resolution, optical and electron spectroscopy, and
finite-difference time-domain simulations. The lattice consists
of slits carved in a gold thin film, exhibiting hotspots and a set
of bright and dark modes. We proposed that some of the dark
modes detected by electron energy-loss spectroscopy are caused
by antiferroelectric arrangements of the slit polarizations with
two times the size of the hexagonal unit cell. The plasmonic resonances take place within the 0.5−2 eV energy range,
indicating that they could be suitable for a synergistic coupling with excitons in two-dimensional transition metal
dichalcogenides materials or for designing nanoscale sensing platforms based on near-field enhancement over a metallic
surface.
KEYWORDS: plasmonic, honeycomb lattice, inverted lattice, dark modes, EELS, antiferroelectric, SLR

Localized surface plasmons (LSP) can be excited at the
interface between a metallic nanostructure and a
dielectric medium by coupling with an external

electromagnetic wave under the appropriate conditions.1 LSP
excitations create subwavelength confinement of the light in
the vicinity of the nanostructures, as well as an enhanced
intensity of such a near-field distribution.2−4 Consequently,
they have extensively been used in a wide variety of
applications involving electromagnetic radiation in the infra-
red-visible-ultraviolet range, such as nanoantennas,5 high
sensitivity spectroscopies,6,7 biomedical applications,8−10 non-
linear harmonic generation,11 ultrafast phase modulation,12

and sensors13 among others.
An additional level of complexity arises when metallic

nanostructures are organized in a periodic array. In this case,
the radiative coupling between the LSP and the diffracted
waves in the plane of the array enables the appearance of
coherent excitations of the scatterers in the lattice, known as
surface lattice resonances (SLR). Introduced by Carron and
co-workers14 and found experimentally by Hicks and co-
workers,15 the excitation of these resonances occurs near the
frequency at which the diffracted wave is radiating in the plane
of the array, that is, at the Rayleigh anomaly. Experimental

realizations of lattices of plasmonic nanostructures vary
considerably, both in design and functionality.16−18 Although
the LSP of neighboring nanoparticles can also be coupled, the
corresponding excitations are severely affected by radiative
damping. SLR, in contrast, often exhibit highly tunable, intense
and narrow resonances.19

In this work, we focus on geometrically frustrated honey-
comb lattices, which have previously been studied for its
unique plasmonic band structure and its similarities with the
behavior of graphene and other 2D materials.20−22 We
investigate the plasmonic properties of an inverted honeycomb
lattice (inverted as the nanostructure is carved in a continuous
layer). The interest for inverted structures arises, among other
applications, from further increasing the sensitivity of surface
enhanced Raman spectroscopy (SERS) to ultrasmall amounts
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of a given analyte,20,23 which is relevant for the detection of
diseases in early stages24 and traces of contaminants in
wastewater.25 According to Babinet’s principle21,22, the optical
response of a plasmonic nanostructure must be equivalent to
that of its inverted counterpart. Besides, the excitation of SLR
is perfectly possible in these type of inverted systems.20 This
enables designing inverted structures with a very similar
spectral behavior to their counterparts, in terms of the
excitation energy and spectral features of the resonances -
while corresponding to a very different near-field distribution
around the structure.22,26,27

Here we show that the manufacture of a honeycomb array of
slits fosters the formation of out-of-plane hotspots related to
the SLR that present large enhancement factors of the electric
field, even hundreds of nanometers away from the 2D array
into the surrounding medium. Such an out-of-plane electric
field enhancement is crucial for their integration in sensing and
advanced spectroscopic architectures such as refractive index
sensors.28

The implementation of any design pathway for enhanced
plasmonic nanoarchitectures requires of an understanding of
the plasmonic near-field response. A possible route to obtain a
clear picture of the plasmonic resonances supported by a
particular structure is to use electron energy loss spectroscopy
(EELS). This technique, probing the local photonic density of
states,29 allows the excitation and mapping of the local
distribution of electromagnetic modes by measuring a
spectrum of the energy loss resulting from local interactions
with the sample, thereby becoming an important tool for near-
field imaging of plasmonic optical excitations.30 When
performed in a monochromated aberration-corrected scanning
transmission electron microscope (STEM), the achieved
energy resolution of EELS can be of the order of 10 meV
while preserving sub-Å spatial resolution.31−34 A crucial
advantage of this technique is the combination of the spectral
features with their 2D projected intensity maps, allowing high
sensitivity to subtle spatial modifications.35 In the case of
studying plasmonic responses with a STEM, an acquired EELS
signal is closely related to the optical extinction spectra, and
has proven to be a useful tool for studying localized and surface
plasmon resonances of a variety of structures, including films,
pillars, and holes of varying diameters, as well as slots and
coaxial resonators,36 metallic nanostructures,37−39 nanocav-
ities,40,41 nanowires,42 surface-plasmon modes in nano-
particles,43,44 coupled nanoparticles,45 molecular excitations,46

or excitation of modes in 3D.47 In addition to the experimental
contributions, advances in EELS simulations and theoretical
modeling have also been crucial for interpretation of the
results.35,48−50

A key aspect regarding our work is the fact that, in addition
to bright modes, EELS can also reveal optically dark
modes,35,36,51−54 that is, modes with a vanishing net dipole
moment, thereby providing a full modal spectral map of a
plasmonic system. Dark modes can store electromagnetic
energy more efficiently than bright modes due to suppression
of radiative losses. This results in narrower line widths and
longer lifetimes than their radiative counterpart, making them
ideal candidates for lossless nanoscale waveguides and
subwavelength high-Q optical cavities,55 as well as enhanced
biological and chemical sensors or nanolasing applica-
tions.56−59

In this work, we focus on the excitation and mapping of the
bright and dark plasmonic resonances associated with the SLR

and LSP modes in the optical range, which was achieved
through the combination of state-of-the-art manufacturing of
the samples and the outstanding spectral and spatial resolution
of the STEM. A comprehensive spectral analysis of both the
far-field and near-field measurements from Fourier-transform
infrared spectroscopy (FTIR) and EELS, respectively, and the
good agreement with the numerical electromagnetic simu-
lations have enabled the identification of a variety of both
bright and dark modes, the latter unable to be detected using
light. Furthermore, dark modes that are be caused by
arrangements of the slit polarizations that divide the system
into two antiferroelectric sublattices have been found. These
modes present a primitive unit cell twice that of the fabricated
honeycomb lattice.

RESULTS AND DISCUSSION
The studied sample consists in a 20 nm thick continuous layer
of Au deposited on a thin (50 nm) Si3N4 membrane. The Au
layer is patterned by carving slits through the entire thickness
of the Au layer. The slits are approximately 400 nm long and
45 nm wide. They follow the arrangement of a honeycomb
lattice with a pitch of p = 906 nm. This structure can be
considered as a dielectric (air) planar honeycomb lattice
embedded in a metallic (Au) layer (see Figure 1).

The response of the structure presents a plethora of
resonances in the visible and near-infrared (NIR) ranges.
This is clear from the finite-difference time-domain (FDTD)
simulations, FTIR measurements, and the data acquired during
the EELS experiments. The corresponding spectral results are
presented in Figure 2. Prior to an in-depth discussion, it is
important to stress the differences between the three data sets
shown in Figure 2.
FDTD simulations and FTIR measurements show the

response of the system under the excitation of unpolarized
light with normal incidence onto the array. However, EELS
data rely on the energy-loss of a highly monochromatic beam
of electrons that are inelastically scattered by the system.
Therefore, FDTD simulation and FTIR data show only peaks
associated with bright modes since electromagnetic radiation
can only couple with modes exhibiting a net dipole moment.55

In contrast, the scattering of electrons in an EELS experiment
will excite all the available resonances in the structure,50,60

Figure 1. (a, b) Scanning electron microscopy images of the
manufactured sample. (c) Schematic cross-sectional view of the
studied sample.
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including not only bright modes but also dark ones (those
showing zero net dipole moment). This constitutes a key point
in understanding the differences and similarities among the
three curves shown in Figure 2. We also point out that the
peaks shown by the FDTD simulated absorption do not
exactly match the location of those on the FTIR and EELS
curves because of the imperfections of the experimental sample
due to manufacturing defects, such as slight variations in size
or vertical profile of the slits.
The lowest energy mode of the honeycomb array of slits

appears around 0.54 eV and corresponds to a relatively intense
broad peak that is clearly visible in the three spectra shown in
Figure 2. It is a dipolar mode caused by the distribution of
opposite charges round the longitudinal facing edges of each
slit, as it is disclosed by the FTDT simulations of charge
distributions shown in Figure 3b. Moreover, it is a bright mode
since the net dipole moment corresponding to the three slits
emanating from every vertex (primitive unit element of the
lattice) in Figure 3b is nonzero along the vertical direction
parallel to the polarization axis of the exciting radiation in the
FDTD simulations. Note that the charge distributions shown
in Figure 3 were obtained from an FDTD simulation with
linearly polarized light in the vertical direction. EELS
measurements and the distribution of the intensity of the
electric field for unpolarized light obtained from FDTD
simulations support the occurrence of significant values of the
electric field only in the hollow space inside the slits (Figure 3a
and c) in accordance with the major dipolar nature of the
mode in the directions perpendicular to the slits.
To get a deeper insight into the energy of the rest of the

bright modes, the values of the integral of the EELS signal
computed in several specific regions of the hexagon are shown
in Figure 4 as a function of the energy loss within 1.2 and 1.8
eV, the energy range where most of the bright modes appear.
The next bright mode can be found at about 1.41 eV in the

EELS and FTIR curves, and at 1.38 eV in the simulated
absorption (see Figure 2). At 1.41 eV, there is also a clear peak
in the light brown curve in Figure 4a (region III), as well as

some anomalies in the curves for region I in Figure 4a. Based
on the results of the EELS mapping and the FDTD simulations
for unpolarized light, the near-field distribution of this
resonance presents a diffuse hotspot around the center of
each hexagon accompanied by a multipolar excitation of the
slits (Figure 3d and f).
The charge distribution shown in Figure 3e, which was

obtained from an FDTD simulation with linearly polarized
light in the vertical direction, also indicates a multipolar
excitation of the slits. Each slit contains three parallel dipoles of
alternating sign. So, as in the case of the previous excitation at
0.54 eV, every three converging slits at each vertex has a net
dipole moment in the vertical direction. At the same time, the
inferior and superior halves of the hexagons exhibit diffuse
charges of opposite sign that contribute to the total dipole
moment of the structure in the vertical direction (Figure 3e)
and cause the central diffuse hotspot found under unpolarized
radiation (see Figure 3d and f).
The mode at 1.57 eV corresponds to the coherent excitation

of the whole lattice in a SLR. The small peak in the absorption
spectrum obtained by FDTD simulations around this energy

Figure 2. Absorption spectra obtained through (a) FDTD
simulations (blue line) and FTIR measurements (red line). (b)
EEL spectrum computed as the integral of the counts across the
whole hexagon (black line). Peaks and anomalies only present in
the EELS spectrum are associated with the excitation of dark
modes by electron scattering. EELS and FTIR measurements were
performed on the same sample. Vertical dashed lines indicate the
energy of the bright modes that are discussed in the text.

Figure 3. Left hand-side panels (a, d, g, and j) show colormaps of
the EELS signal across the sample for the four bright modes
indicated in Figure 2. The color scale bar represents the intensity
of the EELS signal. Middle panels (b, e, h, and k) depict the
calculated charge distribution on the surface of the array for the
same bright modes from the FDTD simulations under the
illumination of linearly polarized light along the vertical axis.
Blue and red colors represent negative and positive net charge
densities, respectively. The charge intensity has been multiplied by
a factor, indicated by the number on the top-right side of the
panels, for an easier comparison between resonances. Right hand-
side panels (c, f, i, and l) show simulations of the corresponding
electric field intensity under the illumination of unpolarized light.
These colormaps were obtained 10 nm above the structure.
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(blue curve in Figure 2a) is associated with the diffraction
condition of the lattice at the interface between the metal and
the air. In fact, a photon of 1.57 eV in air has a wavelength of
790 nm, which is very close to p cos30 = 785 nm, the first
diffraction condition of the lattice for normal incidence, being
p the pitch of the lattice. Interestingly, the imperfections of the
experimental sample do not affect its pitch (see Figure 1a and
b). This means that the SLR of the lattice takes place at the
same energy as the FDTD simulations and experimental
results. In this case, most of the excited charge is found to
spread inside the hexagons, relatively far from the slits forming
the array (see Figure 3h for FDTD results with linearly
polarized light). The two opposite sign charge distributions in
the upper and lower halves of each hexagon cause a large
electric field with an out-of-plane component that extends
hundreds of nanometers from the structure28 (see Figure S1 in
the Supporting Information). For unpolarized radiation with
normal incidence, the charge distribution will oscillate from the
center of the hexagon to the outer part following a kind of
breathing mode and giving rise to the EELS signal and electric-
field distribution depicted in Figure 3g and i. Moreover, the xy-

plane crosscut for the z-component of the electric field shown
in Figure S1 in the Supporting Information is also character-
istic of a breathing mode.
Besides, for this mode, the intensity of the electric field for

unpolarized light shows a central hotspot with a ring shape,
revolving around a minimum of intensity at the center of the
hexagon (see Figure 3i). It is worth noting that a central
structure like that of Figure 3i is clearly distinguishable in the
EELS colormap (Figure 3g). This qualitative interpretation of
the EELS colormap is also quantitatively confirmed by the
local maximum of the green curve in Figure 4b corresponding
to the integral of the EELS signal in region V (central ring). It
should also be noted that, in relation to this mode, a small
shoulder is shown in the red curve in Figure 4a (region I
corresponding to the vertex).
Finally, at an energy of 1.74 eV we find an excitation in the

EELS experiment (Figure 3j) with a maximum in the center of
the hexagons surrounded by an approximately hexagonal
hotspot. This central structure may appear due to an averaging
along the directions perpendicular to the edges of the hexagon
of charge distributions such that in Figure 3k for linearly
polarized light in the vertical direction. The existence of this
central structure can also be confirmed by the maxima in the
green and blue curves in Figure 4b for the EELS signal
integrated in regions V (central ring) and IV (central hotspot),
respectively. In addition, the EELS map also suggests a
multipolar excitation of the slits in agreement with the FDTD
simulation for the electric field distribution in Figure 3l.
The four modes discussed so far are bright, since they

display a net dipole moment per primitive unit cell of the
hexagonal lattice. In this respect, they can be considered
ferroelectric modes of the system, since the dipole moment per
primitive cell forms a ferroelectric lattice with the same
symmetry as that of the hexagonal array of slits.
In addition, dark modes are also excited in the structure. In

this work, we present the detection of two types of dark modes.
Depending on whether the unit cell of the charge distribution
fits into a single primitive cell of the honeycomb lattice, or it
extends outside of it, we will denote these modes as local or
extended, respectively. A first approach to understanding the
local charge distributions excited in a dark mode is to consider
the behavior of three slits converging on the same vertex
(Figure S2 in the Supporting Information) that will act as the
unit element of the lattice. Bearing in mind that we are dealing
with an inverted lattice, most of the excitation of this unit
element will take place through currents flowing around the
central vertex, giving rise to a central out-of-plane magnetic
moment.61 Therefore, by placing a perpendicular magnetic
dipole source above the vertex shared by these three slits,
several dark modes of increasing multipolar order can be
simulated as the energy increases. The lowest energy dark
mode (Figure S2a in the Supporting Information) shows a
dipolar excitation across the slits, akin to the bright mode at
0.54 eV but, in this case, all the slits are equivalent due to the
3-fold symmetry of the element, and the net dipole moment
vanishes. The other local dark modes shown by the simulations
as the energy increases follow the same overall behavior but
with multipolar excitation of the slits (see Figure S2b,c in the
Supporting Information).
Homologous dark modes can be found in the inverted

honeycomb lattice by exciting the system with an array of in-
phase magnetic dipoles situated on those vertices of the
hexagons that coincide with the Bravais lattice (see Methods

Figure 4. EEL spectra computed as the integral of the counts
across the regions of the hexagon colored in orange in the inset of
panel (a). (a) Red, purple, and light brown solid curves correspond
to the integrals of the EELS signal over regions I, II, and III,
respectively. (b) Blue and green solid curves correspond to the
integrals of the EELS signal over regions IV and V, respectively.
The total signal across the whole hexagon is also shown as the
black solid line in panel (b) for the sake of comparison. The
vertical dashed lines indicate the energy of the bright (gray lines)
and dark (black lines) modes discussed in the text.
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section). The lowest energy dark mode found by simulation is
shown in Figure S3 in the Supporting Information. However,
due to the similarity between the near-field distributions of this
mode and that of the broad bright one at 0.54 eV and the
spectral proximity of both, this excitation cannot be
distinguished in the EELS spectrum in Figure 2. The rest of
the local dark modes are presented in Figure 5, in order of
increasing energy. Figure 5b shows the average of the profile of
the EELS signal at 1.28 eV computed as the integral across the
slits, where the purple curve in Figure 4a (EELS signal from
the ends and center of the slits) exhibits a local maximum. This
profile supports the fact that most of the excitation occurs at
both ends of the slits following a quadrupolar polarization, and
is in good agreement with the simulated charge and near-field
distributions in Figure 5c,d. We point out that any quadrupolar
arrangement of the charge distribution around the slits
nonhaving 3-fold symmetry gives rise also to dark modes of
similar energies.
At 1.52 eV there are local maxima in the red (EELS signal at

the vertices of the hexagonal lattice) and purple (EELS signal
from the ends and center of the slits) curves in Figure 4a that
are associated with a dark mode with the sextupole polarization
of the slits. Accordingly, the respective EELS profile along the
slits (see Figure 5f) shows three approximately equidistant
poles. The results of the simulations using magnetic dipole
sources shown in Figure 5g,h support this interpretation.

Finally, at about 1.69 eV there are maxima in the red (EELS
signal at the vertices of the hexagonal lattice) and light brown
(EELS signal from regions of the slits that exclude their ends
and center) curves in Figure 4a that coincide with a broad
maximum in the curve for the total signal (black solid line in
Figure 4b). In accordance with the results of the simulations
with magnetic dipoles, this should be a dark mode with
octupole polarization of the slits and relatively low intensity.
However, only two poles close to the center of the slits are
shown by both the EELS color map in Figure 5i and the profile
of the EELS signal along the slits in Figure 5j. In addition,
EELS color map in Figure 5i shows a distinctive ring around
the center of the hexagon. Such an electric field pattern does
not arise from the sole excitation of charge across the slits, but
from a charge arrangement in the continuous gold layer found
in the hexagons formed by the honeycomb lattice of slits.
Therefore, this mode may result from the hybridization of the
octupole dark mode and a bright mode like that at 1.74 eV. To
simulate this mode, we have used the simultaneous excitation
of the system by an array of in-phase magnetic dipoles like in
the previous cases and a plane wave with normal incidence,
aiming at exciting both dark and bright modes. The charge
distribution depicted in Figure 5k, which was obtained for the
polarization axis of the plane wave along the vertical direction,
shows a kind of quadrupolar excitation close to the center of
the horizontal slits (those perpendicular to the polarization axis

Figure 5. Left hand-side panels (a, e, and i) show colormaps of the EELS signal across the sample for the three dark modes indicated in
Figure 4a. The color scale bar represents the intensity of the EELS signal. Panels (b, f, and j) depict the average of the profile of the EELS
signal along the slits computed integrating the counts across the slits. Panels (c, g, and k) show the simulated charge distributions of these
three dark modes. Right hand-side panels (d, h, and l) show the near field distribution for each energy computed 10 nm above the structure.
Note that for the modes arising at 1.28 and 1.52 eV an array of magnetic dipoles has been used to excite the system, whereas for the mode at
1.69 eV the system has been excited using a combination of an array of magnetic dipoles and a plane wave with normal incidence. Panel (k)
shows the charge distribution for the vertical polarization of the plane wave while panel l is the average between two orthogonal
polarizations. These colormaps were obtained 10 nm above the structure.
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of the plane wave) that is compatible with the EELS profile
shown in Figure 5j. Moreover, the near-field distribution
computed for an unpolarized plane wave in Figure 5l shows
overall features in qualitative agreement with EELS color map
in Figure 5i, including the ring around the center of the
hexagon and the two central poles in the slits.
In addition to the local dark modes discussed so far, there

are several other ways to get an extended dark mode in an
ordered lattice. For instance, the system can be divided into
two sublattices of opposite net dipole moment per primitive
unit cell, so that the net dipole moment cancels out in pairs of
two primitive cells. This implies that there is a net dipole
moment associated with each threesome of slits converging in
a vertex coincident with the Bravais lattice (unit element of the
lattice) that cancels out with the opposite net dipole moment
of a neighboring threesome of slits. Therefore, the excitation of
the slits in each of these threesomes must be nonequivalent
under the 3-fold symmetry to have a net dipole moment, like
in the bright modes.
Examples of this kind of dark modes can be simulated by

FDTD using a tailored source of radiation that excites
neighboring primitive unit cells in opposition of phase, in
such a way that they form two antiparallel ferroelectric
sublattices. An array of magnetic dipoles in phase opposition
and placed above the vertices coincident with the Bravais
lattice was the excitation source used for this purpose (see
more details in the Methods section). Thus, Figure 6a,b shows
an example of these extended dark modes at 0.68 eV where the

charge across the slits alternates along the zigzag chains, and
the remaining slits, rotated 60 degrees from the horizontal, are
less charged and show a kind of quadrupolar excitation. This
results in two antiferroelectric sublattices whose net dipole
moments (indicated by arrows in Figure 6b) per primitive cell
of the honeycomb lattice point in the direction of the zigzag
chains and are arranged antiparallel to each other, so they
cancel out in pairs of primitive cells. Note that the unit cell of
the antiferroelectric mode is indicated by the dashed black line
in Figure 6b and is two times bigger than that of the
honeycomb lattice. It is worth noting that for this kind of
extended dark modes, one of the slits of each threesome shows
a different excitation (different multipolarity and/or intensity)
than the other two, as expected. This is a distinctive feature of
these extended dark modes that can be checked in the results
of the simulations for the near-field distribution at other
energies that are shown in Figure S4 in the Supporting
Information. Consequently, there exists an almost continuous
family of extended dark modes with increasing energy, where
the differences among them come from the multipolarities of
the slits in each threesome, and/or their relative intensities of
excitation.
This kind of extended dark mode can be excited by EELS in

the experimental sample as discussed below. Previous
observations of local dark modes by EELS, among other
techniques, have been reported.36,45,62 Nevertheless, the
finding of extended (antiferroelectric) dark modes is also
reported in this work.
Between 0.6 and 1.4 eV, there are no bright modes in the

spectral response of the system, so all the peaks and anomalies
shown by the EELS signal in this range in Figure 2b could be
assigned to dark modes. To find out the nature of these dark
modes, we represent in Figure 6c the average integral of the
EELS signal as a function of energy computed separately over
two subsets of slits (those forming zigzag chains and the
remaining ones, colored in green and orange in the inset of
Figure 6c, respectively). Interestingly, the EELS signals for the
green and orange slits coincide for the bright mode at 0.54 eV,
as expected. But as the energy increases and becomes larger
than 0.6 eV, the two curves in Figure 6c start to separate and
stay that way until around 1.2 eV, from where they coincide
again within the experimental error. In this energy range (light
brown region in Figure 6c) the slits forming the zigzag chains
(shown in green in the inset of Figure 6c) are excited more
strongly than the remaining isolated slits (shown in orange in
the inset of Figure 6c), indicating that the system cannot be
excited through local dark modes, since, if that were the case,
the intensity of excitation of the slits in each threesome would
be equal. Consequently, there should be a net dipole moment
associated with each threesome of slits converging in a vertex
since the excitations of them are not equivalent under the 3-
fold symmetry, and the system may be excited through a kind
of extended dark mode, as described above. However, it is
worth noting that, in an EELS experiment with an ideal sample,
all the mode variants equivalent by symmetry (three in a
honeycomb lattice) are simultaneously excited with the same
probability, in such a way that the resulting state exhibits
always the same average intensity and multipolarity for all the
slits, even for an extended dark mode. In our case, the
imperfections in the fabrication of the sample (especially in the
oblique slits) enable a distinct excitation of the three variants
of the extended mode, yielding an average state where the
signature of an extended dark mode can be inferred by the

Figure 6. (a, b) Simulated electric field and charge distribution,
respectively, corresponding to the antiferroelectric mode at 0.68
eV. The arrows in panel (b) indicate the total electrical dipole
moments for threesomes of slits converging at points of the
Bravais lattice. The dashed lines show a primitive unit cell of the
antiferroelectric mode. (c) Average integral of the EELS signal
computed separately over the two subsets of slits (the green and
orange curves correspond to the green and orange subsets of slits
in the inset showing a unit cell of the lattice, respectively). EELS
color maps labeled with Roman numerals show some representa-
tive examples of the extended dark modes taking place in the
energy range within 0.6 and 1.22 eV.
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different excitation intensity of the three slits of each
threesome.
The EELS color maps labeled with Roman numerals i, ii, iii,

and iv in Figure 6c show some representative examples of the
excitation of the system corresponding to three local maxima
of the EELS signal in this energy range and the limit of the
energy range where extended dark modes can be excited,
respectively. The EELS color maps i and ii in Figure 6c and the
EELS profiles along the slits in Figure S4,a,b in the Supporting
Information indicate a dipolar excitation of the slits but with
stronger intensity for the slits forming zigzag chains. The
results of the simulations for the electric field and the average
profile along the slits obtained with the array of magnetic
dipoles in phase opposition (Figure S4e,f,i,j in the Supporting
Information) are in qualitative agreement, since the average of
the excitation of the three slits in a threesome has major
dipolar character. On the contrary, the EELS color maps iii and
iv in Figure 6 and the EELS profiles along the slits in Figures
S4,c,d in the Supporting Information indicate a quadrupole
excitation of the slits. The corresponding results of the
simulations for the electric field and the average profiles along
the slits (Figure S4g,h,k,l in the Supporting Information) point
toward the quadrupole character of the average excitation of
the slits. Therefore, as the energy increases from 0.6 eV, the
average polarity of the extended dark modes progressively
becomes of higher order, until the local dark mode
corresponding to quadrupole excitation with the same intensity
of all the slits in a threesome is reached at 1.28 eV.
At energies higher than about 1.7 eV, the EELS signals for

the green and orange slits in the inset of Figure 6c start to
significantly separate again, indicating the onset of a second
range of energies where antiferroelectric dark modes may be
excited, but with the intensity of the excitation of the two
subsets of slits swapped with respect to those within 0.6 and
1.2 eV.

CONCLUSIONS
This work constitutes a comprehensive study of the plasmonic
properties of an inverted honeycomb lattice of slits. The
patterning quality of the samples, together with the spectral
and spatial resolution of the EELS measurements has led to the
direct observation and mapping of bright and dark plasmonic
modes. A detailed description of the charge and near-field
distributions in the structure has been given by virtue of the
good agreement between the EELS measurements, the optical
measurements, and simulations. Some of the dark modes
found are caused by antiferroelectric arrangements of the slit
polarizations, giving rise to charge arrangements with a unit
cell two times larger than that of the original honeycomb
lattice. Additionally, plasmonic modes exhibiting hotspots far
from the discontinuities of the metallic layer are found, ranging
from 1.3 to 1.8 eV approximately.
The behavior of the inverted honeycomb plasmonic lattice is

relevant not only from a fundamental point of view. As shown
in a previous work,24 the appearance of hotspots far from the
slits that form the lattice is highly correlated with a strong out-
of-plane electric field ranging hundreds of nanometers away
from the lattice. This electric field could foster a strong
coupling of the plasmonic lattice with other materials allocated
on top of the structure. Moreover, the inverted nature of this
lattice, thanks to its large mostly planar surface, presents this
system as a platform for exploiting new synergies with 2D
materials. The exciton energies for 2D WSe2 and MoS2 on an

Au substrate, 1.75 and 1.9 eV, respectively,63 could be targeted
by easily tuning manufacturing parameters such as the pitch of
the lattice, thus changing the spectral position of the plasmonic
resonances.
Other applications include transport measurements in 2D

materials in which a local gating could be done by means of the
hotspot in the nanostructure and the introduction of localized
defects in the lattice.

METHODS
Manufacture Process. A thin Au film was deposited on a 50 nm

thick Si3N4 membrane using an ultrahigh vacuum (UHV) electron
beam evaporator. The Si3N4 membrane is 500 × 500 μm2 wide. These
types of structures are normally used as substrate for Transmission
Electron Microscopy (TEM). The square membrane windows are
centered on 200 μm thickness silicon frames.64

The measured Au film thickness was 19.4 nm with a root-mean-
square roughness of 0.3 nm as measured by atomic force microscopy
(AFM). The Au film was then patterned using a Raith Velion focused
ion beam (FIB) equipped with an Au−Ge−Si liquid metal alloy ion
source (LMAIS). A 35 keV Au+ beam, ∼5 pA ion current intensity
and ∼15 nm diameter, was used for patterning the hexagonal array of
slits. Au+ beam was chosen to avoid lateral contaminations along the
milled lines that would occur with other commonly used ion species
in FIB like Ga+. The 350 × 350 μm2 wide array was milled using 200
× 200 μm2 writing fields and applying a 3000 pC/cm linear dose of
Au+ (single loop passage, 10 nm step between ion spots, and dwell
time of 0.52 ms). This allowed for the patterning of the designed
structures through the Au film while keeping the line width in plane of
∼45 nm.
FTIR Measurements. The optical characterization was carried out

using a Vertex 70 Fourier transform infrared (FTIR) spectropho-
tometer attached to an optical microscope (Bruker Hyperion).
Experiments were performed in the reflection and transmission
configuration with 2× and 4× objectives, respectively, under
unpolarized light illumination. A shutter was used to select the signal
coming from the nanostructured area. The measured signal of the
plain Au of a non-nanostructured area of the sample was used as a
background for the reflection measurements, whereas the trans-
mission of the light in air was used for calibrating the transmission
measurements.
EELS Measurements. EEL spectra were collected using a Nion

aberration-corrected high energy resolution monochromated EELS−
STEM (Nion HERMES) operating at a 60 kV accelerating voltage,
using a convergence semiangle of 30 mrad, a collection semiangle of
20 mrad, and a beam current of ∼10 pA.52−54 The resulting energy
resolution of the spectra, measured by the full-width half-maximum
(fwhm) of the zero-loss peak was 60 meV.
FDTD Simulations. The simulations were performed using the

finite-difference time-domain (FDTD) method, implemented in the
solver provided by Lumerical.65 The computation procedure starts by
setting a 3D FDTD simulation with perfectly matched layers (PMLs)
in the z-direction, perpendicular to the plane of the lattice and
periodic boundary conditions in the other two directions, the x−y
plane. Given the initial conditions, the software solves Maxwell’s
equations to determine the Fourier components of the electric and
magnetic fields by using discrete time and spatial steps. The method
allows for a direct observation of the physical phenomena taking place
without imposing any further assumption on the behavior of the
system. We obtained the transmission and reflection spectra by
placing two monitors that compute the total power that flows through
a surface. In addition, other monitors were placed on the surface of
the sample and 10 nm above, from which we computed the charge
and the electric field distributions, respectively.

An override mesh region was defined along the structure to ensure
a correct level of detail in the description of the lattice. The cell size
used was 3.816 × 3.824 × 1 nm3 in the x-, y- and z-directions,
respectively. The dielectric functions for the materials used in these
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simulations were obtained by fitting analytical functions to the data
from refs 66 and 67 for Si3N4 and Au, respectively.

In these simulations, four different types of excitation sources were
used, depending on the targeted modes. Plane waves were the source
of excitation for all the bright modes. The plane waves were injected
at 500 nm from the structure following normal incidence and setting
periodic boundary conditions in the x−y plane for a unit cell of the
system like that of the snapshots in Figure 3. For the simulations
showing local dark modes, an array of in-phase magnetic dipoles,
perpendicular to the system plane and placed 50 nm above the
vertices of the hexagons coincident with the Bravais lattice, was the
excitation procedure. Bloch boundary conditions in the x-y directions
were set for the same unit cell than the one for the bright modes. The
hybrid mode at 1.69 eV was simulated by the simultaneous excitation
of a plane wave with normal incidence and the array of in-phase
magnetic dipoles. Finally, for the antiferroelectric dark modes, an
array of magnetic dipoles in phase opposition were placed 50 nm
above the vertices coincident with the Bravais lattice (see Figure S5 in
the Supporting Information). The simulation unit cell, as shown in
Figure S5 in the Supporting Information, was larger than in the
previous cases to enable the excitation of extended modes. Bloch
boundary condition were used in the x-y directions.
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Plasmonic Antennas with Electric, Magnetic, and Electromagnetic
Hot Spots Based on Babinet’s Principle. Phys. Rev. Appl. 2020, 13,
054045.
(23) Cetin, A. E.; Turkmen, M.; Aksu, S.; Etezadi, D.; Altug, H.
Multi-resonant compact nanoaperture with accessible large nearfields.
Appl. Phys. B: Laser Opt. 2015, 118, 29−38.
(24) Moore, T.; Moody, A.; Payne, T.; Sarabia, G.; Daniel, A.;
Sharma, B. In Vitro and In Vivo SERS Biosensing for Disease
Diagnosis. Biosensors 2018, 8, 46.
(25) Wei, H.; Hossein Abtahi, S. M.; Vikesland, P. J. Environmental
Science Plasmonic colorimetric and SERS sensors for environmental
analysis. Environ. Sci. Nano 2015, 2, 120−135.
(26) Falcone, F.; Lopetegi, T.; Laso, M. A. G.; Baena, J. D.; Bonache,
J.; Beruete, M.; Marques, R.; Martín, F.; Sorolla, M. Babinet principle
applied to the design of metasurfaces and metamaterials. Phys. Rev.
Lett. 2004, 93, 2−5.
(27) Zentgraf, T.; Meyrath, T. P.; Seidel, A.; Kaiser, S.; Giessen, H.;
Rockstuhl, C.; Lederer, F. Babinet’s principle for optical frequency
metamaterials and nanoantennas. Phys. Rev. B - Condens. Matter Mater.
Phys. 2007, 76, 4−7.
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