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ABSTRACT: The excitation of plasmonic dark modes via a
radiative channel is a phenomenon strongly hindered in the
subwavelength regime. Recently, for achieving this purpose it
has been proposed to exploit near-field interactions between
radiating (bright) modes and lossless dark modes. However,
this approach unveils challenging difficulties related to the
excitation of dark modes through the near-field coupling with a
bright mode. Here, it is experimentally and numerically shown
how symmetry breaking applied to a nanoantenna dimer can
conversely induce the excitation of plasmonic resonances,
which play a key role for the dark modes’ activation in more
complex nanoassemblies. On the basis of this study, a T-
shaped nanoantenna trimer has been introduced as an
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elemental unit for the energy transfer between bright and dark modes in plasmonic nanostructures. Finally, we implemented
an analytical perturbative model to further investigate the plasmonic hybridization of subwavelength systems.
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C onsiderable attention has been recently paid to the
concept of plasmonic hybridization and in particular to
the coupling between bright (radiating) and dark (non-
radiating) modes supported by subwavelength systems."” A
dark mode exchanging energy with a bright mode appears in
far-field spectra as a narrow feature with remarkable
implications in nonlinear plasmonics,® biosensing,* and
metamaterial engineering.” However, dark modes are not easily
excitable by means of radiative channels.® Recently, this
difficulty has been overcome by the introduction of systems
supporting high-order modes, which can be coupled to dipolar
modes in the near-field interaction regime.7 However, the
complexity of such configurations implies stringent selections of
the morphological parameters in order to match the energy
transfer condition between bright and dark modes. A simpler
approach for creating spectrally overlapped dark and bright
modes consists in combining equivalent systems individually
supporting dipolar plasmonic modes.*>”

In this perspective, rod-like nanoantennas are ideal building
blocks for the construction of complex devices with ad hoc
optoplasmonic responses.'’ In particular, the intense dipolar
resonance (bright) of aligned nanoantenna dimers has been a
matter of several studies for different applications in local field
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enhancement and far-field light manipulation.11 Similarly,
plasmonic dark modes have been studied in nanoantenna
trimers under the excitation of radially polarized sources.’
Considering the high potentialities of dark modes (e.g., longer
lifetimes) in spite of their poor radiation coupling capability, a
significant advance in this field would consist in applying the
far-field properties of nanoantenna dimers inside trimer
systems. Through exploiting the radiation efficiency presented
by nanoantenna dimers in combination with the near-field
properties of trimer nanosystems, it can be thought to obtain
elemental units supporting Fano resonance by properly
arranged rod-like nanoantennas.

Here we have investigated, both theoretically and exper-
imentally, the activation in the far-field of a forbidden dipolar
mode, by breaking the symmetry of a metallic nanoantenna
dimer (i, by tilting one arm of the dimer; see Figure la). By
adopting the bonding and antibonding description employed in
the hybridization model,'”> we notice that the L-shaped
configuration shows the most intense near-field-induced
antibonding resonance. The application of these concepts to
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Figure 1. (a) Sketch of a tilted nanoantenna dimer. The two units
forming the dimer have same length and width. (b—d) 2-D plots of
charge current densities respectively for the bonding mode in aligned
dimer and the bonding/antibonding modes in tilted dimer. (e g)
Experimental and simulated extinction spectra of nanoantenna dimers
for different 8. (f) SEM images of dimers for tilt angles 0° (i), 70° (ii),
80° (iii), and 90° (iv) (single antenna sizes: length | = 160 nm, width
w = 80 nm, height & = 60 nm, and interparticle gap S nm). In the
figures, @ and f# stand for antibonding and bonding mode, respectively.

a T-shaped trimer has revealed the excitation of an antibonding
dark mode. Finally, we have implemented a perturbative
approach of the localized surface plasmons’ (LSPs) interaction
potential, in order to obtain a complete set of low-energy
eigenmodes supported by nanoantenna assemblies.

Arrays of aligned and tilted Au nanoantenna dimers with a
sub-10 nm interparticle gap have been fabricated on a CaF,
(100) substrate by electron beam lithography (EBL) and
physical vapor deposition'® (Section 1, Supporting Informa-
tion). The tilt angle 5 (Figure 1) has been gradually increased
moving from an aligned dimer (i) to an L-shaped dimer
configuration (iv). Optical transmission spectroscopy in the
visible and near-infrared region (Section 2, Supporting
Information) has been performed on such arrays with a normal
incident light source polarized parallel to the nontilted arm long

axis (Figure 1c). The experimental extinction spectra (0° < & <
90°) reveal a significant evolution in the line shape (Figure le).
In fact, while for 6 < 70° only a bonding peak is formed, for 6 >
70° also an antibonding peak (Figure 1d) arises on the high-
energy side of the spectrum. In order to confirm these results,
near- and far-field simulations via Finite Integration Technique
software'* have been performed. For the aligned configuration
(6 = 0°) only the in-phase (bonding) bright mode occurs
(Figure 1b), producing a broad extinction peak around 900 nm
(black curve in Figure 1g). For tilted configurations, besides the
in-phase mode (Figure 1c), an out-of-phase (antibonding)
plasmonic mode arises characterized by charges that con-
temporarily move away from the center of the gap (Figure 1d).
This resonance is clearly visible (around 770 nm) in the high-
energy side of the far-field spectrum (Figure lg). In far-field
read-out, the radiative damping implies a spectral broadening of
the resonance peaks. Therefore we needed a sub-10 nm
interparticle gap in order to clearly distinguish the antibonding
and bonding resonance peaks (Section 3, Supporting
Information).

In order to provide a physical description of the origin of the
antibonding mode, we have introduced a perturbative analytical
model. Assuming that the LSP near-field interaction is much
weaker than the energy of the unperturbed LSPs, we described
the modes supported by the antenna assemblies as combina-
tions of the single LSP modes supported by each antenna. Since
the electromagnetic (EM) behavior of subwavelength systems
can be well described in dipolar approximation,>'® the
nanoantenna dimer has been treated as a mass-spring system
in which the degrees of freedom are the charge displacements
along each antenna main axis (£, and &, in Figure la). If we
consider the electrostatic interaction between LSPs in terms of
fip the equation of motion for the charge displacements results:

m*E + m*yé + Q& — Zfi,- =0 i,j=1,2
j#i (1)

where m* is the effective mass of the charge distributions, y is
the internal damping affecting the motion of charges, and Q =
m*wy* (wy is the frequency of the unperturbed LSP). In linear
approximation, eq 1 can be solved by diagonalizing the potential
interaction matrix defined as V = QI,; — @)(,-/j(é), where I;; is
Kroenecker’s matrix, Q is the LSP unperturbed energy
parameter, ® is the interaction parameter, and y;(5) is a
function depending on the geometry (Section 4, Supporting
Information). The matrix admits two eigenvectors, f; = (1/

\/2)(31,—52) and ap, = (l/\/2)(21,52), which are respectively
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Figure 2. (a) Experimental (full dots) and simulated (empty dots) extinction efficiency referred to bonding (blue) and antibonding (red) peaks. The
simulated values have been fitted with cos*(5/2) and sin*(5/2), respectively (continuous lines). (b) Positions of the experimental resonances of the

hybridized modes, normalized to the resonant wavelength 1, = 27c/ .
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Figure 3. (a) SEM image of a single T-shaped antenna trimer with 10 nm interparticle gap. (b, c) Sketches presenting L- and T-type modes
supported by a T-shape trimer. (d) Experimental extinction spectra of a 10 nm gap T-shape trimer for 6 = +45° (black line) and 6 = 0° (red line)
polarization angles, respectively. (e) 2-D plots of charge current densities for both the L- and T-type hybridized modes. (f) Resonant spectral
positions of hybridized L-type modes (black dots) and T-type modes (red dots) supported by a T-shape trimer as a function of interparticle gap (the
gap value corresponds to the two identical gaps between the orthogonal antennas and highlighted by red spots in the sketch in (f).

the in-phase and out-of-phase combinations of LSPs supported
by the nanoantenna dimer (&, &, defined negative if directed
toward the gap). In such an eigenbase the potential matrix
reads

Q — 2E(5)T(5)®
0

0
Q +25(6)0

“

@)

with E(5) and I'(5) being two positive functions increasing
with the tilt angle 6. This fact confirms f; and @ as bonding
(Vy,1) and antibonding (V,,) modes, respectively.

Both the eigenvectors and the eigenvalues obtained have
remarkable implications in the extinction efficiency Q.4 By
considering that (i) under dipolar approximation Q. can be
expressed in terms of dipolar momenta p, and incident electric
field amplitude E,'® through - aﬁEff-leS and (i) the
eigenvectors are proportional to the dipolar momentum P}, we
can conclude that the extinction peaks associated to the
bonding and antibonding modes are proportional to cos*(5/2)
and sin*(6/2), respectively (Section 4, Supporting Informa-
tion). In Figure 2a are plotted both the numerically simulated"*
and the modeled extinction peaks together with the
experimental results, showing good agreement among the
data. Furthermore, we can notice how the extinction peak of
the antibonding mode « (red dots) increases with &, according
to the rise of the correspondent dipolar momentum (dark-to-
bright conversion). In Figure 2b, the spread of the hybridized
resonances for increasing & reflects the influence of dimer arm
rotation on the LSP coupling. Such behavior is confirmed in the
theoretical model, by converting the eigenvalues of eq 2 into
wavelengths as a function of 6. The resulting analytical curves
depend on the ratio ®/€, which expresses the interaction
between the LSPs. By fitting the experimental resonant
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wavelengths with our theoretical model, a small value of ®/
= 0.06 (for gap size S nm) has been found, in good agreement
with the perturbative assumption.

Such analysis highlights how the antibonding mode
supported by an aligned dimer, dark for small , becomes
bright (red curve in Figure 2a) by rotating one antenna. For § =
90°, the dimer assumes an L-shaped configuration and the
excited LSP is induced exclusively via a near-field channel.

In order to extend such a concept to the near-field excitation
of dark modes, a third antenna was added to an aligned dimer
to form a T-shaped nanoassembly® (Figure 3b,c). This aspect
confers to the system a new property, ie. the possibility to
excite an aligned-dimer dark mode" via the same near-field
coupling phenomenon observed in the L-shaped nanoantenna
dimer (Figure 3c). In fact the T-shaped trimer can be
considered also as a superposition of L-shaped subelements,
each of them supporting L-type modes (Figure 3b and Figure
SSa in the Supporting Information).

Matrices of T-shaped nanoantennas with different gaps have
been fabricated by means of EBL (Figure 3a) and optically
characterized. We performed optical transmission spectroscopy
with normally incident light polarized respectively at 6 = 0°,
+45° angles with respect to the orthogonal antenna long axis
(Figure 3d). From the 6 = +45° spectrum a clear bimodal line
shape can be appreciated with two peaks centered around 825
nm (L") and 850 nm (L;). Similarly, the & = 0° polarization
spectrum presents two peaks centered on 820 nm (T') and 860
nm (T;). From simulated charge current distributions
evaluated in L', L m T and T 1 it is possible to attribute the
four peaks to distinct plasmonic modes (Figure 3e). In
particular, T, and T' involve all antenna arms and can be
considered respectively as in-phase and out-of-phase combina-
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Figure 4. (a, b) Resonant wavelengths respectively of T-type and L-type modes normalized to the unperturbed resonant wavelength (4,) as a
function of the ®/Q ratio (the continuous blue/red lines derive from the analytical analysis, and the black dots have been determined by numerical
simulations). (c) Analytical curves for both L- and T-type resonant normalized modes in the perturbative interaction range. (d) Analytical curves for
L- and T-type normalized resonant modes corrected on the basis of the radiation damping contribution (dots correspond to the normalized resonant

positions collected from the experiment).

tions of an aligned-dimer dark mode with a single-antenna LSP
(Figure SSb in the Supporting Information).

We collected the resonant wavelengths associated with these
modes for different gaps (Flgure 3f), noticing how, accordingly
to the hybridization model,"> the increase of the coupling
strength, namely, reduction of the gap, widens the energy
separation of both the L- and T-type modes with respect to the
single-antenna resonance (green dashed line).

In the T-case, the potential matrix associated with the system
reads

1 3
Q+|1+—=® ——0 ¢}
(5P &
V.= 36 Q+ .20 3o
T V2 V2
3 1
e 0 Q+|1+—1]®
5o or(iv )

©)
By solving the associated secular equation, this matrix has been
diagonalized:

Q+k©® 0 0

Vi=| 0 Q-k© 0

0 0 Q+klo

4)
where k;, kj, and ki are numerical coefficients defined as
positive. The three eigenvectors associated with each eigenvalue
are 75, = (1/V2)(£,0-&), pr o (<iepy=y), and ar

(.’;‘1, (152,53), respectively, with &5 and ¢, being positive
coeflicients. The first and third components of the eigenvectors
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correspond to the aligned-dimer LSPs, while the second one is
related to the single orthogonal arm (sketch in Figure 4a).
Accordingly, the eigenstate denoted with f1 corresponds to the
bonding mode defined as T, while the eigenstate indicated as
ay corresponds to the antibonding mode T' (Figure 3e).
More in general the quantities Q — k30, Q + k0, Q — k;0,
and Q + k1O (where k]/; 2E5(90°) F(90 ) and kL 2_‘(90 ))
can be respectively associated with the L, L!, T}, and T'
hybridized modes (Figure 3b,c). For evaluatlng the validity
range of our model, the analytical resonance wavelengths
(Figure 4a,b) have been compared with the values obtained by
near-field simulations, varying the interaction term © (the near-
field resonances have been calculated within the gap regions
highlighted by red spots in the sketch of Figure 3f, on a plane
that passes through the center of the structures). The
comparison between simulated (black dots) and analytical
results (red and blue lines) highlights a good agreement
between model and simulations when ®/Q < 5%.
Considering L- and T-type resonant wavelengths in the
perturbative interaction regime (Figure 4c), T' and L, modes
appear as the most unfavorable and favorable configurations,
respectively. Such attributions are referred to the electrostatic
energy accumulated in the gap region of the T-shaped trimer
during an optical cycle. Considering the total charge induced
within the gap region, T' and L, are the modes, which
respectively require the highest and the lowest amount of
energy for being excited. Interestingly, when the far-field
(Figure 3d) and near-field (Figure 4c) behaviors are compared,
a different spectral position/ordering of the resonances can be
noticed. This near-/far-field shifting is well recognized as a
consequence of the radiative damping of bright modes.” In
order to properly compare the analytical and experimental

dx.doi.org/10.1021/ph500044w | ACS Photonics 2014, 1, 310-314



ACS Photonics

results, we numerically quantified the shifts between near- and
far-field resonant wavelengths,13 permitting the correction of
the analytical curves (Figure 4d). By reporting the measured
far-field resonant wavelengths on the damping-corrected curves,
we observed the agreement of the analytical model with the
experimental results (Figure 4d).

In conclusion, we have shown how the symmetry breaking of
a nanoantenna dimer can induce dark-to-bright conversion of a
dipolar antibonding mode. This approach represents a further
step in light manipulation at the nanoscale, paving the way
toward the realization of all-optical switches” based on the dark-
to-bright conversion. Exploiting the near-field coupling which
triggers L-type modes, we conceived a T-shaped nanoantenna
trimer presenting the excitation of an antibonding dark mode
via the near-field coupling with a dipolar bright mode. In order
to strengthen the physical interpretation of the experimental
results, a theoretical model for subwavelength systems has been
implemented under perturbative approximation. In this way we
derived the complete set of low-energy hybridized plasmonic
modes responsible for the spectral behavior of the plasmonic
systems hereby introduced.
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