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he rising demand of nanoscale elec-

tronic and photonic applications'?

has been an impetus for plasmonics
to become an emerging field of nanotech-
nology over the past decade, especially
attracting attention in the fields of cancer
diagnostics® and therapy,* surface-enhanced
Raman spectroscopy,” optical circuitry,® and
plasmonic computer systems.” Since the
pioneering studies of Pines and Bohm?®
and Ritchie,” it has been known that some
part of the energy losses of electrons pass-
ing through thin films is due to plasmon
excitations, which are coherent collective
oscillations of the electron liquid in a con-
ductor intertwined with associated electro-
magnetic fields. Surface plasmons (SPs) are
waves propagating along a metal/dielectric
interface, whereas surface plasmon reso-
nances (SPRs) are the corresponding eigen-
modes in confined systems.'® The SPR
energy and optical properties, such as scat-
tering and absorption, can be tuned by
modifying the geometry.

Surface plasmons'' can be excited if fast
electrons pass a dielectric medium in a
transmission electron microscope (TEM)—
as first demonstrated in 1982 by Batson.'?
Most importantly, the investigation by fast
electrons offers very high spatial resolution
in the range of a few nanometers, which is
presently not easily achieved with light
optical techniques.'® Not until recently has
it become possible to image localized sur-
face plasmon resonances (LSPRs) in the
entire wavelength range from far-infrared
up to the ultraviolet."® In particular, the far-
infrared regime has become more readily
accessible by the introduction of narrow
band-pass electron monochromators. In the
work presented here, we make use of an
imaging energy filter that allows us to directly
acquire images at selected energy losses
corresponding to LSPRs. So far, this method
has been applied on nanotriangles,”~"”
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ABSTRACT By energy-filtering transmission electron microscopy (EFTEM), we observe Fabry-
Pérot-like surface plasmon resonances (SPRs) along the length of rectangular single and double slits
drilled into free-standing thin silver films. These eigenmodes hybridize in closely situated slits. The
nature of their lateral coupling is uncovered from finite-element simulations, which show that the
symmetry and energy sequence of hybrid modes is governed by Babinet complementarity principles.
Interestingly, the modes of a double slit system, being proto-self-complementary, may alternatively
be explained by magnetic interactions between slit fields or by electrostatic interactions across the
metallic bridge separating the slits.

KEYWORDS: surface plasmon resonances - energy-filtering transmission electron
microscopy - finite-element method - Babinet's principle - silver rectangular slits

nanorods,'® and arrangements of circular
nanoholes'??° to directly map their plasmo-
nic eigenmodes. Here we apply it to rect-
angular nanoslits. The advantages of this
geometry are (i) that the object is free-
standing so that substrate effects do not
have to be considered in the analysis and (ii)
that the very fine spatial sampling allows
wavenumbers of SP modes to be measured
directly from the as-acquired raw experi-
mental images.

The main emphasis of this article is how
electromagnetic coupling affects the LSPR
energies in a slit system. It is well-known
that surface plasmon coupling effects can
be mediated by both the electric and mag-
netic field components.?! Figure 1a(i) shows
the charge distribution of a LSPR of a single
thin metallic rod with negative real part, &,
of the dielectric function. Owing to the
negative sign of & (which is typical for
metals in the optical wavelength range),
the low-energy mode has the same charges

on both sides of the rod. The situation is
quite similar in the case of surface plasmons
on a thin film.?? If the film thickness is of
similar magnitude as the skin depth, the
electric field components on both surfaces
interact, leading to the well-known (low-
energy) symmetric and (high-energy) anti-
symmetric surface modes. Magnetic field
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Figure 1. (a) Babinet principle, relating the fields diffracted (or scattered) by (i) nanorods and by (ii) complementary nanoslits.
Schematically illustrated here are selected field components in a plane on the “shadow” side close by but not coinciding with
the object plane. Blue and red colors indicate electric and magnetic fields, respectively. (b) Expected plasmon hybridization

scheme for metallic slits.

components are relatively weak in the case of
rods, which explains why the interaction of closely
spaced rods can be described in a quasi-static electric
picture. 324

If we now look at the complementary system,
namely, a slit in a metal film (Figure 1a(ii)), opposite
charges on both sides have minimum energy because
the medium between the charges is air (or vacuum)
with &, > 0. It is obvious that in Figure 1a(ii) there is now
a strong magnetic moment in the slit center pointing
into and out of the image plane. Therefore, the role of
magnetic fields in coupled slits can be expected to be
strong. This may also be regarded as a direct con-
sequence of Babinet's principle?® 2’ which states that
the role of electrical and magnetic fields is interchanged
in complementary systems.?'

The electromagnetic coupling possibilities of two
metallic surfaces can be analyzed with a scheme in
Figure 1b based on plasmon hybridization theory.?® As
two independent silver surfaces approach each other
forming a rectangular slit, the primarily observed
electromagnetic surface modes will blend and the
antisymmetric (mode i) and symmetric (mode ii)
charge distributions will be observed at lower and
higher energies, respectively, in agreement with
Figure 1a(ii). Two single slits that have antisymmetric
charge distributions hybridize in two different manners.
The low-energy and high-energy modes are expected
to have the charge distributions of + — — +and + — +
—, respectively (modes iii and iv). Hybridization of two
single slits with symmetric charge distribution is sup-
posed to form two modes with charge distribution
of + + + + at lower energy and + + — — at higher
energy, respectively (modes v and vi). In principle,
symmetric and antisymmetric single slit modes
(modes i and ii in Figure 1b) might hybridize, but as
their energies are usually far away from each other,
hybridization of these two modes with different sym-
metry configurations is not energetically feasible in
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practice.?® We will come back to these considerations
about Babinet's principle and plasmon hybridization
while discussing the experimental results.

RESULTS AND DISCUSSION

We first discuss results for single slits. In Figures 2
and 3, selected images from the EFTEM series and the
corresponding results obtained from the high-fre-
quency structure simulator (HFSS 12) simulations are
displayed. Energy-loss probability in the EFTEM images
and electrical field magnitude in the simulation results
are color-coded in such a way that they increase from
blue to yellow color (see color bars). From the electric
field divergence extracted from Figures 2c and 3b, we
deduce the distribution of charges for the different
eigenmodes around the single and double slit config-
uration; “+" and “—" signs are used in Figures 2 and 3 to
mark the central position of the charges.

Pronounced intensity maxima are visible along the
long (y) direction in both the experimental EFTEM
images and the simulated electric field magnitudes.
We start the discussion for the case of the single slit.
The experimental data (Figure 2a,b) exhibit maxima at
the top and bottom edges of the slit. Their separation
is, within the experimental error, equidistant for a given
energy loss (or wavelength). The intensity profiles in
Figure 2b prove that the number of maxima are two at
1eV(1.24 um), three at 1.4 eV (0.89 um), and four at 1.8
eV (0.69 um), substantiated with the line profile of the
electric field distributions in Figure 2d, as well. (Note
that the mode exhibiting only one maximum could not
be detected because of its low eigenenergy, which was
screened by the tail of the zero-loss peak.) In the
following, we denote these modes as a, 3, and o. The
electric field distributions obtained from the simulations
show the same shape as the experimental data. Figure 2c
shows that at 1 eV (1.24 um), 1.19 eV (1.04 um), and
1.62 eV (0.76 um) the electric field vectors oscillate in
phase (symmetric) along the x direction, corresponding
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Figure 2. (a) Experimental EFTEM images acquired at the energy-loss range of 1—2 eV; (b) intensity profiles along the regions
marked in the EFTEM images; (c) calculated electric field strength |E| vectors (black arrows), charge distributions and magnetic
field vectors (pointing into and out of the page assigned by ® and ©, respectively) at resonance energies (wavelengths) of 1 eV
(1.24 um), 1.25 eV (0.99 um), 1.19 eV (1.04 um), 1.58 eV (0.78 um), 1.62 eV (0.76 um), and 1.88 eV (0.66 xm); and (d) calculated
electric field profiles along the regions marked in the simulated images for the single slit. The scale bar is also valid for both (a)

and (c).

to the accumulation of opposite electrical charges on
both sides of the long slit walls, thereby giving rise to a
dipolar, capacitor-like behavior.3° The modes, designated
asa’,/,and ¢’ at 1.25 eV (0.99 um), 1.58 eV (0.78 um),
and 1.88 eV (0.66 um), respectively, reveal that the
same charge distribution is observed along the long slit
walls as for the mode «, 3, and 9, but that the electric
field vectors are oscillating out of phase. These modes
are not so visible in the experimental results, due to the
fact that these modes are weak. In addition, the
experimental energy resolution is limited to 0.2 eV.
We now consider the case of two closely spaced slits
(Figure 3a,b). From the experimental data (Figure 3a),
we see that the field distribution is not the same along
the outer and inner long slit walls, contrary to the case
for the single slits—a first indication of strong interac-
tion of the electromagnetic fields of the two slits
leading to mode hybridization. Calculated field distri-
butions (Figure 3b) confirm that the equal charges
associated with the symmetric electrical field vectors
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add coherently and cause an electrical field enhance-
ment at the connecting bridge at 0.95 eV (1.29 um)
(mode a*), 1.15 eV (1.08 um) (mode f*), and 1.58 eV
(0.79 um) (mode 6%). In contrast, at 1.04 eV (1.19 um)
(mode a**), 1.27 eV (0.98 um) (mode f**), and 1.82 eV
(0.68 um) (mode 0**), the electric field at the bridge is
rather weak, in accordance with a cancellation of oppo-
site charges. The electromagnetic field is therefore
concentrated along the outer edges of the slits.

Apart from the intriguing contributions of eigen-
modes leading to Fabry-Pérot-like standing wave pat-
terns along the length of the nanoslits, notable
symmetries emerge in the field patterns across, asso-
ciated with Babinet complementarity. Whereas a single
slitis the unmistakable Babinet complement of a single
rod, an infinite number of equally spaced slits/rods (i.e.,
a grating) forms a self-complementary system. The
double slits studied here exhibit features of both
extremes because the bridge separating the two slits
may also be viewed as a rod, introducing an element of
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Figure 3. (a) Experimental EFTEM images acquired at en-
ergy losses of 1, 1.2, 1.4, 1.6, 1.8, and 2 eV and (b) calculated
electric field strength |E|, vectors (black arrows), charge dis-
tributions and magnetic field vectors (pointing into and out
of the page assigned by ® and ©, respectively) at resonance
energies (wavelengths) 0.95 eV (1.29 um), 1.04 eV (1.19 um),
1.15 eV (1.08 um), 1.27 eV (0.98 um), 1.58 eV (0.79 um), and
1.82 eV (0.68 um) for the double slit. The scale bar in (a) is
also valid for (b).

self-complementarity. It should as well be noted that
Babinet's principle is strictly correct only for infinitely
thin films that are perfectly conducting and flat. In real-
life situations, the validity of Babinet's principle is
approximate.! For slits in metal screens, this leads to
the possibility of propagating SPs on the film surface,
which may couple to and modify the spectral behavior
of the LSPRs at the holes. Geometrically, the LSPRs
experience effective width and length increases. For
slits, this is due to the penetration of the fields into the
surrounding metal, in rods due to the complementary
penetration into the surrounding dielectric.3%33

The low-energy mode a* has the same charges
across the bridge (and opposite charges across the
slits), whereas the high-energy mode o** has opposite
charges across both the bridge and the slits. If we con-
sider the bridge as a rod-like structure, this is easily under-
stood from Figure 1a. The energetic sequence of the o*
and o** modes can also be shown by looking at the
magnetic moments that are schematically shown for
the six double slit modes in Figure 3. For the low-energy
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Figure 4. Energy-level diagram of the plasmon resonance
modes found in the finite-element simulations for the single
and double slits.

modes, there are six magnetic moments, and for the
high-energy modes, there are 10 magnetic moments.
Evidently, in the case of the modes o*, 5% and 6%, the
next-nearest magnetic moments have opposite sign
and are therefore attractive. For modes a**, 5**, and
0**, the magnetic moments on both sides of the bridge
are parallel, that is, repulsive. Thus, the double nanoslit
system is in perfect Babinet complementarity to the
conventional hybridization of direct (double nanorod)
plasmonic structures.”®

Figure 4 exquisitely recapitulates the electromagnetic
coupling relations for our structures. HFSS simula-
tions (not shown) validate the existence of two, three,
and four E-field maxima at 1.1 eV (1.13 um), 1.32 eV
(0.94 um), and 1.71 eV (0.73 um), respectively, on the
1107 nm long single silver surface. The charge distribu-
tions and the energies observed for the expected lower
and high-energy modes for single and double slits are
all in agreement with Babinet's principle and plasmon
hybridization theory, except the situation that the
expected high-energy modes of double slits with
charge distributions + + 4 4+ and 4 + — —, designated
as mode v and vi in Figure 1b, have been observed in
neither the experiments nor the simulations.

CONCLUSIONS

EFTEM imaging allows hyperspectral imaging of
eigenmodes in plasmonic nanostructures with exqui-
site spatial resolution in the nanometer range and
short acquisition times. Here we apply EFTEM imaging

VoL.5 = NO.8 = 6701-6706 = 2011 ACNJANIC)

N\

WWww.acsnhano.org

J1O1LdV

6704



to SP eigenmodes in single and coupled nanoslits in a
thin Ag film. We find close correspondence of experi-
mental data with FEM simulations. We interpret the
plasmonic modes as Fabry-Pérot-like SP interferences
along the length of the slits. The transverse interac-
tions are interpreted by considerations of Babinet com-
plementarity. We find evidence for magnetic coupling
between closely spaced slits ordering the energetic

MATERIALS AND METHODS

Specimen Preparation. A 100 nm thick silver film was depos-
ited on a NaCl crystal (optically polished, Korth Kristalle GmbH,
Kiel, Germany, Art. No. 10 40 106) by physical vapor deposition
at 200 °C. Subsequently, the silver film was removed from the
NaCl crystal by dissolving the substrate in distilled water and
then transferring the film to a standard TEM 300 mesh Cu grid.
On the grid, the Ag film is free-standing, which is advanta-
geous for the interpretation of the measurements since
effects due to the presence of a substrate do not occur.
A rectangular single slit (210 nm x 1107 nm) and double slits
(180 nm x 1070 nm) with 130 nm slit separation were drilled
into the film by a focused ion beam (FIB) (FEI Nova Nano Lab).
The thickness of the Ag film has been measured by a log-ratio
method based on the comparison of the areas under the
zero-loss peak, and the whole total area in an acquired EELS
spectrum.>*

Experimental Method. The experiments were carried out at the
sub-electronvolt sub-angstrom microscope (SESAM) (Zeiss,
Oberkochen, Germany) operated at 200 kV.3>3® The SESAM is
equipped with a field-emission gun, a symmetric electrostatic
Omega-type electron monochromator,>” and an in-column
MANDOLINE filter.® The advantages of this combination of
electron optical components are a high dispersion of the energy
filter of about 6 um/eV, an energy resolution better than 100 meV,
and small non-isochromaticity of only 0.1 meV/nm.3® The very
high dispersion is important to obtain images from very narrow
energy-loss ranges; an energy resolution better than 0.2 eV is
mandatory especially for the infrared range of the spectrum
because of the overlap of spectral features with the elastic zero-
loss peak, and the excellent isochromaticity guarantees simple
image interpretation over large fields of view. The perforated Ag
thin films were investigated with the energy-filtering transmis-
sion electron microscopy (EFTEM) imaging technique. Both the
monochromator slit and the energy-selecting slit in the energy
filter had a width of 0.2 eV. A series of energy-filtered images
were recorded in the energy-loss range from 0.4 to 5.0 eV using
a step size of 0.2 eV. The images were recorded on a 2k x 2k CCD
camera (Ultrascan, Gatan, USA) applying a binning of 4. Because
of the variation of electron intensity in different energy-loss
ranges, the acquisition time was automatically adjusted for each
image. However, the acquisition time was not allowed to
exceed 30 s in order to make specimen drift artifacts negligible.
In order to eliminate camera artifacts due to scintillator after-
glow, we started the image series at an energy loss of 5 eV,
where the image intensity is lowest and recorded new dark-
reference images after each energy-filtered image. All of the
data have been processed using Gatan Digital Micrograph. The
specimen drift in the image series was corrected by using a
script described elsewhere*®

Eigenmode Simulations. In order to calculate the plasmonic
eigenmodes of the rectangular slits in the Ag film, we used
commercially available software (high-frequency structure si-
mulator, HFSS 12, Ansoft, Inc., USA). This is based on the finite-
element method (FEM) to solve Maxwell's equations using an
adaptive mesh refinement with tetrahedral mesh units.*°~42

Rectangular single and double slits (with the same dimen-
sions as in the experiment) in a 100 nm thick silver film (2 gm x 2
um) were simulated with this method. For the double slit, the
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sequence of hybridized modes and note that the very
same conclusions also follow from complementary
considerations of electric coupling across the rod-like
bridge separating the slits. The present results suggest
new opportunities to tune resonances and electro-
magnetic coupling by considering not only the geo-
metry of direct metallic nanostructures but also their
Babinet complements.

distance between the two rectangles was 130 nm. The HFSS
eigenmode solver was used to perform the calculations, where
a spherical impedance boundary confined the volume around
the rectangular hole. The radius of the sphere was chosen large
enough not to affect the results of the simulation. We used the
optical constants for silver reported in the literature.** The (real
valued) relative electric permittivity and conductivity were
then obtained, respectively, from the relations &, = n®> — k? and
0 = weg2nk, where w is the angular frequency, n the index of
refraction, and k the absorption constant.
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