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Abstract: We directly visualize and identify the capacitive coupling of
infrared dimer antennas in the near field by employing scattering-type
scanning near-field optical microscopy (s-SNOM). The coupling is
identified by (i) resolving the strongly enhanced nano-localized near fields
in the antenna gap and by (ii) tracing the red shift of the dimer resonance
when compared to the resonance of the single antenna constituents.
Furthermore, by modifying the illumination geometry we break the
symmetry, providing a means to excite both the bonding and the “dark”
anti-bonding modes. By spectrally matching both modes, their interference
yields an enhancement or suppression of the near fields at specific
locations, which could be useful in nanoscale coherent control applications.

©2013 Optical Society of America

OCIS codes: (180.4243) Near-field microscopy; (110.3080) Infrared imaging; (250.5403)
Plasmonics; (260.3910) Metal optics.
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1. Introduction

Light illuminating a metal nanostructure can resonantly excite surface plasmons, which are
collective oscillations of free electrons in the metal that lead to the formation of highly
enhanced nano-localized optical fields at the metal surface, the so-called “hot spots” [1]. The
frequency and intensity of these oscillations are highly sensitive to the nanostructure shape,
size, and environment, offering the possibility to control and manipulate electromagnetic
fields at the nanometer scale [2—4]. In the last years, this function of metal nanostructures has
promoted the development of a large variety of applications including surface-enhanced
Raman scattering (SERS) [5], nanoscale plasmon rulers [6], or novel enhanced photo-
detection and photo-emission mechanisms [7].

A vast range of plasmonic antenna structures showing different functionalities have been
proposed [8—14]. Particularly interesting are those formed by combinations of simple metallic
elements that couple through near-field interaction [15-30] (often referred to as plasmonic
molecules). Due to their coupling behavior, plasmonic molecules show the appearance of
unique hybridized plasmon modes [23, 24, 29, 31, 32], in analogy to the hybridization of
wave functions in molecules. Importantly, the near-field coupling of these modes in a
plasmonic structure promotes the appearance of prominent interfering effects such as
plasmonic Fano resonances [13, 33—38] or electromagnetic induced transparency (EIT) [39—
41], which offer extended possibilities in the design and tuning of the antenna’s optical
response [4].

Although the study of coupling, hybridization and interference of plasmon modes has
become increasingly ubiquitous in the literature during the last years, it has been mainly
conducted by far-field characterization techniques on complex plasmonic structures such as
oligomers [35, 42], “dolmen, Pi” antennas [43] or multilayer nanoshells [44], supported by
near-field calculations. The ability to visualize and, more importantly, to tune these coupling
phenomena in the near field of the plasmonic antennas will facilitate the creation and
development of a variety of novel plasmonic devices, where the optical properties can be
controlled at the nanoscale. One relevant example of a basic plasmonic structure showing
coupling behavior is the dimer antenna, which is formed by two metal nanorods separated by
a nanoscale gap [16, 17, 19, 23-26, 29, 30, 45, 46]. In such a dimer, the strong near-field
interaction across the gap causes hybridization of plasmon modes that in analogy to the
energy levels in a molecule leads to the splitting of modes into a lower-energy bonding mode
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and a higher-energy anti-bonding mode. The bonding mode is characterized by a parallel
alignment of the electric dipoles on each nanorod, producing strong field enhancement in the
gap region. The anti-bonding mode is defined by an anti-parallel alignment of the dipoles [23,
47].

Here, we use scattering-type scanning near-field optical microscopy (s-SNOM) to directly
visualize the coupling, hybridization and interference of bonding and anti-bonding modes in
the near field of infrared dimer antennas. The excitation of the anti-bonding mode, which is
symmetry-forbidden for plane wave illumination, is achieved by rotating the antennas relative
to the plane-wave illumination, which introduces retardation and thus symmetry breaking.
The excitation of both the bonding and anti-bonding modes allows us to visualize their
complex interference directly in the near field of the antennas. We observe a net enhancement
or suppression of local fields at specific locations, which can provide a novel strategy for an
active control of the near-field enhancement in an optical antenna.

2. Mapping near-field coupling in dimer antennas

Figure 1(a) illustrates the experimental set-up that we use for mapping the near-field
distribution and topography of infrared dimer antennas. We use a side-illumination s-SNOM
[33, 48, 49] (Neaspec GmbH) where a Si tip, vibrating vertically at frequency €, is used to
scatter the antenna fields while recording the topography. Using a parabolic mirror objective,
the antenna is illuminated at an angle of about 50° from the surface normal with the focused
beam of a CO, laser (A, = 11.1 pum), which is polarized parallel to the long axis of the
antennas (s-polarization). The same objective is used for collecting the backscattered light.
Using a polarizer in front of the detector, we select the horizontally (s-polarized) or vertically
(p-polarized) fields backscattered by the tip. Signal demodulation at higher harmonics nQ of
the tip oscillation frequency in combination with a pseudo-heterodyne interferometric
detection [50] yields background-free near-field ampitude |E,| and phase ¢, maps.

The topography image of a typical dimer antenna studied in this work is shown in Fig.
1(b). It consists of two longitudinally aligned metal nanorods separated by a gap with a
nominal width of 50 nm. The antennas were fabricated on a CaF, substrate by electron beam
lithography and designed to exhibit the fundamental dipolar resonance at a wavelength of
about 11 pm. Figure 1(c) shows the s-SNOM amplitude and phase images when the p-
polarized backscattered field (yielding mainly the out-of-plane near-field component) is
recorded. Note that for better visibility of the antenna phase, we display random phase values
by a grey color scale. A random phase occurs in areas where the amplitude signal is below the
noise level, which essentially is the case on the substrate where the antenna fields are weak.
Each nanorod shows large amplitude signals |E4|, at their extremities that oscillate out of
phase for ¢4, = 180°. At the antenna gap no field is observed, owing to the absence of out-of-
plane near-field components in the gap center [18]. This near-field amplitude and phase
distribution reveals an accumulation of charges of opposite sign at both sides of the gap
region [26], which indicates capacitive coupling between the nanorods. Mapping the s-
polarized backscattered fields (yielding the in-plane field distribution at the gap), we obtain
the amplitude |E4|; and phase ¢4 images shown in Fig. 1(d). We observe significant signals at
the extremities of the nanorods and an exceptionally intense field |[E4|s at the antenna gap. A
full width at half maximum (FWHM) of about 50 nm is obtained for this “hot spot”, which
agrees well with the nominal gap width (measured by scanning electron microscopy (SEM)).
This strongly localized and enhanced field at the gap center further indicates a capacitive
coupling between the nanorods and thus, the excitation of a bonding mode in the dimer
antenna [45].
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Fig. 1. Experimental set-up and near-field imaging. (a) Illustration of the s-SNOM used for
mapping the near-field distribution and topography of infrared dimers. The Si tip, which
vibrates at the mechanical resonance frequency Q of the AFM cantilever, is used to scatter the
antenna fields. Using a parabolic mirror objective, the dimer is illuminated with the focused
beam of a CO, laser (Ei,), which is polarized parallel to the long axis of the antennas (s-
polarization). The same objective is used to collect the backscattered light (Eg). A polarizer in
front of the detector ensures the selection of either s-polarized or p-polarized backscattered
fields. Signal demodulation at higher harmonics nQ in combination with a pseudo-heterodyne
interferometric detection yields background-free near-field amplitude |E,| and phase ¢, maps
5% (b) Topography and near-field images of a dimer antenna for (c) p-polarization (|Ealp, (ap)
and (d) s-polarization (|E4|s, ¢ss) detection schemes. The imaging wavelength is Ay, = 11.1 pm.
The dashed white line in the phase images highlight the nanorods contour.

It is well known that the resonance of the bonding mode of a dimer antenna with gap
width g and a total length of 2L + g lies at lower energies than the dipolar mode of one single
nanorod of length L [15, 16, 32], as illustrated in the schematics of Fig. 2.
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Fig. 2. Diagram of energy levels as a function of nanorod length L for dimer antennas and
single nanorods. At a fixed illumination wavelength A;,. (red dashed line) the lower energy
bonding mode in a dimer antenna (red) occurs at a shorter nanorod length L, than the
fundamental.

The measurement of this energy shift would be a clear verification of the capacitive
coupling in a dimer structure. In the following we experimentally demonstrate this energy
shift in the near field of the antennas. To this end we fabricated sets of dimers and single
nanorods of varying length 2L + g, respectively L, and imaged both of them at A;,. = 11.1 pm
with our s-SNOM. The gap width g is the same for all dimer antennas. Figure 3(a) shows a
schematics of the s-SNOM experiment and Figs. 3(b)-3(d) the topography and near-field
amplitude |[E4|s and phase ¢4 images of the set of dimer antennas with a nominal gap width g
= 50 nm, obtained by recording the s-polarized backscattered field. The length L of the dimers
decreases from the top to the bottom and from the left to the right. Each antenna structure is
separated 10 pm to the others to avoid any near-field coupling among them.

(a) (b)

L=3.20 um L=3.70 um

L=3.25 um L=3.75 um

L=3.30 um L= 3.80 um L=4.30 ym

L=3.35 um L=3.85um

L= 3.40 um L= 3.90 um

Omm | Max ul e B

Fig. 3. s-SNOM imaging of dimer antennas. (a) Schematics of the s-SNOM experiment. The
longitudinal axis of the antennas is parallel to the incident polarization. (b) Topography, (c)
near-field amplitude |E4|s and (d) phase ¢4 images of dimer antennas taken at Ay, = 11.1 pm.
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Figures 4(a) and 4(b) show higher-resolution amplitude |E4|; and phase ¢4 images of some
of the individual antennas. For later comparison with the calculated local field at the antenna,

we plot in Fig. 4(c) and 4(d) the square root of the amplitude /E, and half the phase ¢4/2

measured in the center of the antenna gap (red dots) as a function of nanorod length, since the
antenna enhances both the illumination of the tip as well as the scattering from the tip (double
scattering process) [49]. We observe that with increasing nanorod length L (from the bottom
to the top in Figs. 4(a) and 4(b)) the amplitude signal increases, reaching a maximum at a
length of Liesgimer = 3.35 um. With further increasing length, the amplitude decreases,
revealing the resonance behavior of the antennas [51]. The phase (Fig. 4(b), 4(d))
continuously increases with increasing L, which further confirms the existence of an antenna
resonance. For comparison we also plot in Fig. 4(c) and 4(d) the square root of the

amplitude /E,, and half the phase @4/2 measured on top of the extremities of single nanorods

(blue dots), as indicated by a blue cross in Fig. 4(d). We note that the single nanorod antennas
(images and data published in ref. 49) and the dimer antennas were fabricated on the same
CaF, substrate within the same e-beam lithography process. All antennas were imaged within
one experiment, i.e. with the same tip and the same imaging parameters (same tapping
amplitude and demodulation order). We see that the single nanorod resonance occurs at a
nanorod length Lyes gingie = 3.7 um, which is clearly larger than the resonance length Lic gimer =
3.35 um of the bonding mode in the dimer antennas. This shift of the resonance length AL, =
Lies-dimer - Lies-single cOrresponds to a red-shift of the bonding mode, as illustrated in Fig. 2.
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Fig. 4. Verification of near-field coupling in dimer antennas. (a) Near-field amplitude |E4|s and
(b) phase @4 images of dimer antennas with a varying length L. The horizontal white lines
separate the images taken individually. (c¢) Comparison of the normalized near-field

amplitude \/E, in dimer antennas (red dots) and single nanorods (blue dots) as a function of

nanorod length L. (d) Comparison of the near-field phase @.y/2 in dimer antennas (red dots) and
single nanorods (blue dots, data from ref [49].) as a function of nanorod length L. The crosses
in the antenna schematics show the locations were the fields were evaluated: the center of the
gap for the dimers and the nanorod extremity for the single nanorods. Numerical calculations
by FDTD of the in-plane component of the antennas’s near-field amplitude and phase are also
shown in (c) and (d) by red (dimers) and blue (single nanorods) solid lines.
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In order to confirm this result, we calculated numerically by a finite-difference in time-
domain (FDTD) method the near-field amplitude and phase (solid lines) at the same antenna
locations where the experimental values were measured (marked by crosses in the inset of
Fig. 4(d)). We find an excellent agreement between calculations and experiments,
corroborating the spectral shift and thus the capacitive coupling in the dimer antennas.

3. Interference of bonding and anti-bonding modes in dimer antennas

The coupling across the gap in the dimer antennas opens the possibility to excite a higher-
energy anti-bonding mode, which is characterized by the anti-parallel alignment of electric
dipoles at both sides of the gap. The excitation of this mode is symmetry-forbidden for plane
waves under normal incidence. It is thus generally referred in the literature to as a “dark”
mode. However, it can be excited if the symmetry is broken [22, 23, 29, 52—-54]. This can be
achieved, as we show in the following, upon rotation of the sample with respect to the
incident field, which under a side-illumination geometry introduces a phase shift along the
antennas due to retardation.

In Fig. 5 we schematically illustrate the energy splitting into bonding (parallel red arrows)
and anti-bonding (anti-parallel blue arrows) modes in dimer antennas for two different
nanorod lengths, L4 and Lg.
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Fig. 5. Diagram of energy levels as a function of nanorod length L for the bonding and anti-
bonding modes in dimer antennas. At a fixed illumination wavelength A;,. (black dashed line)
the lower energy bonding mode in a dimer antenna (parallel red arrows) occurs at a shorter
length L, than the higher energy anti-bonding mode (anti-parallel blue arrows) at Lg. The
graphs display schematic near-field amplitude and phase spectra of the bonding (red) and anti-
bonding (blue) modes.

For longer antennas, the energy levels shift to lower energies. Assuming that both modes
can be excited, this implies that at a fixed energy/(light frequency) (dashed black line) we can
access the bonding mode for short antennas at a nanorod length L and the anti-bonding mode
when the nanorod length is increased to Lp. Being in resonance with the bonding mode (at
length L), we expect that this mode dominates the antenna response, as the relatively narrow
anti-bonding mode is shifted to significantly higher energies (see schematic spectra to the
left). The situation, however, is different when we are in resonance with the anti-bonding
mode (at length Lg). Because the resonance of the bonding mode is relatively large (see
schematic spectra to the right), it overlaps with the resonance of the anti-bonding mode. Being
in resonance with the anti-bonding mode at Ly, we thus expect the excitation and interference
of both bonding and anti-bonding modes. In order to study this situation, we imaged dimer
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antennas of different length, which were rotated in-plane by 20° degrees in order to break the
symmetry and thus to excite both bonding and anti-bonding modes. A sketch of the
illumination geometry is depicted in Fig. 6(a) (the p-polarized scattered field is detected,
yielding |Es|, and ¢3,,, which corresponds to the out-of-plane local field component).

In Figs. 6(b)-6(d) we show the topography and the experimental near-field amplitude and
phase images of the 20°-rotated dimer antennas for nanorod lengths ranging from L = 2.7 um
to 4.8 um. The images were taken at A;,. = 11.1 um. For the shortest dimer antenna (L, = 2.7
pum), we observe a symmetric near-field distribution with strong fields oscillating out of phase
for 180° at the nanorod extremities and across the gap. This near-field pattern is similar to that
obtained for the non-rotated antennas (Fig. 1(c)), indicating that the bonding mode is
dominating the optical response of the antenna at this nanorod length (corresponding to the
schematics at L, in Fig. 5).
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Fig. 6. s-SNOM imaging of 20°-rotated dimer antennas. (a) Schematics of the s-SNOM
experiment. The dimer antennas are rotated in-plane by 20°. (b) Topography, and (c) near-field
amplitude |Es|, and (d) phase @3, images of dimer antennas with a varying length L ranging
from 2.7 um to 4.8 um. The horizontal white lines separate the images taken individually.

With increasing nanorod length L (from the bottom to the top in Figs. 6(b)-6(d)), we
observe an asymmetry in the near-field distribution. At the extremity of the left nanorod we
observe an amplitude maximum at Lg = 3.8 pm, while at the extremity of the right nanorod
the amplitude is much lower and does not exhibit a clear resonance maximum (Fig. 6(c)).
Simultaneously, the phase on the left and right nanorod develops different with increasing
nanorod length. On the left side of the gap, the phase increases by about 160° (from red to
dark blue in Fig. 6(d)), while on the right side of the gap it increases by about 110° (from light
blue to red in Fig. 6(d)). As a result of this behavior, the phase jump across the gap is slightly
smaller than 180° for the long antennas, L > 3.8 um (the change from dark red to light red
across the gap corresponds to 120°). We attribute this behavior to the excitation of both
bonding and anti-bonding modes in the dimer (corresponding to the schematics at L in Fig.
5). Constructive interference on the left nanorod (owing to parallel alignment of the local
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dipole oscillations of bonding and anti-bonding modes) yields enhancement of the local fields,
while destructive interference on the right nanorod (owing to antiparallel alignment of the
local dipole oscillations of the bonding and anti-bonding modes) yields reduction of the local
fields.
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Gap Right 7
— Un-rotated |

Calc. NF Amplitude (a.u.)

N

Calc. NF Phase (radians)

20 24 28 32 36 40 44 48 52

Nanorod Length L (um)

Fig. 7. Interference of modes in rotated dimer antennas. (a) Experimental (|Es|,, ¢3,) and
calculated out-of-plane near-field amplitude and phase images for a nanorod length L, = 2.7
pm and (b) a nanorod length Ly = 3.8 pm. (c) Numerically calculated values of the near-field
amplitude and (d) phase of the out-of-plane near-field component at the left/right side of the
gap (red/blue curve). The red and blue crosses mark the positions at 300 nm from the gap on
top of the antennas where the near-field amplitude and phase were extracted from the near-
field images. For comparison the near-field amplitude and phase for non-rotated antennas (grey
curves) evaluated at the same location are also shown.

To corroborate the constructive and destructive interference of bonding and anti-bonding
modes, we performed numerical FDTD calculations of the near-field distribution of the
rotated antennas, according to the illumination geometry depicted in Fig. 6(a) (without the tip
been considered). In the calculations we apply perfectly matched layers as boundary
conditions and assume Gaussian profile for the incident beam. Figures 7(a) and 7(b) show the
calculated out-of-plane near-field amplitude and phase images of the antennas with L, = 2.7
pm and L = 3.8 pm, exhibiting good agreement with the experimental images (taken from
Fig. 6). To understand the asymmetric near-field distribution, we show in Fig. 7(c), 7(d)
amplitude and phase values as a function of the nanorod length L, calculated 300 nm to the
left and to the right of the antenna gap, and 10 nm above the antenna surface (positions
marked by crosses in the inset of Fig. 7(c)). We also show the amplitude and phase for the
non-rotated dimer antennas (grey curves) evaluated at the same positions. To quantitatively
compare the rotated and non-rotated antennas, we multiplied the amplitude of the latter by the
incidence normalization factor cos(20°). For nanorod lengths around Lg, the amplitude to the
left of the gap (red curve) is increased compared to the non-rotated antenna (grey curve),
while to the right of the gap (blue curve) the amplitude is reduced and exhibits a dip. This
observation substantiates constructive interference between bonding and anti-bonding mode
on the left nanorod, and destructive interference on the right nanorod. At lengths below La,
amplitude and phase on both nanorods match well with that of the non-rotated antenna, as
here the anti-bonding mode is negligibly weak (as schematically shown in Fig. 5). At nanorod
lengths substantially much larger L > Lg, the near-field amplitudes on both sides of the gap
become nearly equally strong. However, the phase difference between the left and right side
of the gap is significantly reduced to about 120° (see right-hand side of Fig. 7(d)), compared
to the non-rotated antennas where the phase jump across the gap is 180° (grey curves). We
explain this behavior by a phase shift between the bonding and anti-bonding modes while
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both modes exhibit similar field magnitudes (see schematics in Fig. 5) This phase shift
between the two modes can be understood by considering that the resonance of the anti-
bonding mode is expected for L > Lg. Thus, the phase shift between the anti-bonding mode
and the incident field (0° reference) assumes values around 90° for L > Lg, (right-hand side
schematics in Fig. 5), while the phase shift between the bonding mode and the incident field
approaches nearly 180° (grey curve in Fig. 7(d)).

4. Summary

In summary, we have presented a detailed s-SNOM study of coupling and hybridization of
modes in infrared dimer antennas. In section 2 we verified capacitive near-field coupling and
the consequent excitation of the bonding mode. This has been achieved by visualizing the
enhanced near-field amplitudes inside the antenna gap and by measuring the red-shift of the
resonance in the near-field of the antennas. In section 3 we studied the excitation of the
symmetry-forbidden anti-bonding mode in the dimer antennas. To this end, we introduced a
rotation of 20° in the antenna illumination geometry, which yields retardation along the
antennas and thus a breaking of the system’s symmetry. As a result, the excitation of both
bonding and anti-bonding modes yields a near-field interference, which manifests in the near-
field images as an enhancement and suppression of local fields at specific locations of the
dimers. The coupling and interference of antenna modes as shown here provides a useful
mechanism for nanoscale coherent control applications.
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