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We image using a cross-polarization scattering-type
scanning near-field optical microscope (s-SNOM) to ex-
plore the strong coupling by exciting the antenna struc-
tures along the in-plane (sample plane), and detecting the
out-of-plane near-field component, called S/P scheme (S-
excitation, P-detection). Previous reported studies ex-
plored s-SNOM cross-polarization imaging of plasmonic
interactions in metal nanoparticle dimers.1–3 When imag-
ing nanoparticles near plasmon resonances, using S/P
schemes minimizes the tip-induced perturbation since the
local scattered field is dominated by the localized surface
plasmons and not by the incident laser’s far field.1,2 This
is because the scattered field (Es) is proportional to:

Es ∝ (1 + rf )
2αeffE0 ∝ seiαE0 (1)

with rf being the Fresnel reflection coefficient, αeff

the effective polarizability, E0 the incident field, s the
amplitude of the scattered field and eiα the phase factor
of the scattered field.4,5 However, the local near-field Eloc

imaged in s-SNOM experiments is a convolution of the
incident laser’s far field (E0) and the field of the localized
surface plasmons ELSP such that Eloc ∝ ELSP +E0.

2 At
resonance the local near-field is dominant over the back-
ground signal E0 (E0 ≪ ELSP ), such that Eloc ≈ ELSP .

2

Hence polarizing for P-detection selects the z-component
of the scattered field, further eliminating contributions
from dominant modes longitudinal to the probe shaft,
and hence tip-sample interactions and E0 from the s-
SNOM technique.1,2 The extracted near-field amplitude
signal (sn) and phase (φn)sent to the detector signal is
demodulated at a higher harmonic nΩ (n=2, 3, 4) of
the tip vibration frequency Ω to suppress background
contributions. As a result we have observed that in us-
ing S/P scheme imaging with a metallic tip Au and Si
give similar results. However unlike S/P technique, in
S/S excitation/detection scheme in strong plasmon cou-
pling imaging, the role of the probe tip becomes crit-
ical and can significantly influence the resulting local
near-field distribution6–8 by changing the dielectric value
of the gap to inductive/capacitive, as we have recently
demonstrated.9

In triangular plasmonic antennas, the higher amplitude
signal at the sharp triangle tip than at the base is a com-
bination of strong field concentration at the tip and shift
of resonance frequency as the base widens.10,11 In Fig. 1

FIG. 1. FDTD mid-infrared spectroscopic (λ=9-13 µm) cal-
culation of the intensity at the sharp end of Au plasmonic
antennas for varying base widths (see legend). The sharp end
has a fixed width of 50 nm, with fixed particle length of 1800
nm.

this is illustrated by FDTD calculation of the intensity at
the sharp end of triangular structures as the wavelength
is varied from 9-13 µm, for different base widths. The
symmetric rod (50 nm base and tip) has a sharper res-
onance peak at 10.5 µm than any other geometry. The
peak intensity diminishes and the linewidth broadens as
the base is widened. The resonance peak begins to shift
at about 600 nm base width. At 1500 nm, the intensity
attains a weak maximum at 10.9 µm. We note that the
contribution of dipolar resonance shift is a small effect at
the experimental base width value of 450 nm.

Furthermore, increasing the width of the base shifts the
localization of the strong near-fields at the ends of the tri-
angle as shown in Fig. 2. In analogy with the definition
of the “hotspot,” which is the field intensity maximum
on the particle,1,2,9,12–14 we define the “darkspot” as the
field intensity minimum on the particle which also char-
acterizes plasmon dipolar modes. As the base widens, the
darkspot shifts towards the base end of the antenna due
to a decrease in the overall charge density in the region.
Thus the triangular plasmonic structures support asym-
metric dipolar modes.1,10,11,15,16 We also note that as the
base width becomes larger than 600 nm, the resonance
wavelength begins to red-shift as in Fig. 1. These re-
sults indicate the importance of geometry for hotspot lo-
calization and optimization of design for such plasmonic
structures.

To further understand the role of triangular antenna
length in the spectroscopic characteristics of the struc-
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FIG. 2. Field intensity minimum (“darkspot”) position rel-
ative to particle length (L=1800 nm) is plotted against base
width (horizontal axis), FDTD simulation, λ=10.5 µm. In-
sets show intensity images calculated at the indicated base
widths, with darkspot positions marked on the particle with
the green vertical dotted line and excitation polarization di-
rection relative to triangle antenna models marked with thick
black arrow. Coordinate axes are defined at bottom right

.

FIG. 3. Spectroscopic FDTD simulation near-field intensity
at the sharp tip region of antenna structures comprised of
either longer (2.1 µm) or shorter (1.8 µm) single triangle el-
ements. The bowtie and cross-bowties have a gap size of 60
nm.

tures, we simulated the spectroscopic response of each
structure using FDTD for lengths of 1.8 µm and 2.1
µm, in the range λ=9-13 µm wavelength as shown in
Fig. 3. The gap width of the bowties is set at 60 nm in
order to match the minimum gap possible in the cross-
bowties, owing to the 50 nm sharp tip width. We again
find that the intensity scales with increasing particle
length,3,10,12,17–23 with an intensity in cross-bowties∼20-
30% greater than bowties, and ∼200-450% greater than
single rod structures. The calculation also shows a red-
shift of the broad resonance peaks (∼2 µm at FWHM)
as particle length is increased for a fixed gap width >10
nm.

Figure 4 shows FDTD simulation of the spectroscopy
of fixed-length (1800 nm) bowties with gaps ranging from
5 nm-170 nm, including comparisons to a cross-bowtie

FIG. 4. Spectroscopic FDTD simulation results for near-field
intensity calculated at the sharp tips of bowties for three gap
widths (red curves), a 60 nm gap cross-bowtie and a single
triangle.

with 60 nm gap, and a single triangle for reference. Ex-
cept for the 5 nm bowtie, all structures comprised of a
fixed antenna length display a resonance peak at λ ≈10.5
µm. We note that only gap widths <10 nm produce a
redshift in resonance, as demonstrated by a ∼250 nm
resonance redshift to ∼10.75 µm wavelength in the 5 nm
bowtie.24–27 We also note that the total near-field inten-
sity increases as the fields are confined in smaller gaps.3,9

Finally, the single triangle forms a limiting case for in-
finitely large gaps, and the reduction in intensity asymp-
totically approaches this value as gap width is increased.

FIG. 5. Left shows mid-infrared (λ=10.5 µm) s-SNOM optical
near-field amplitude s2 and phase φ2 line profiles based on
the lines labeled at right of the bowties parallel to (1) and
perpendicular to (2) the excitation laser polarization direction
(white arrow) and coordinate axes defined at bottom right.

In Fig. 5, we examine the effect of excitation laser po-
larization on a cross-bowtie with s-SNOM experimental
optical images. Figure 5 shows amplitude s2 and phase
φ2 line profiles taken from the correspondingly labeled
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lines (1) and (2) in the s-SNOM images (Fig. 5). In these
images the incident laser polarization direction is parallel
to lines (1), and consequently perpendicular to lines (2).
We see that the polarization-parallel arms of line (1) in
Fig. 5 display strong optical contrast at the sharp tips of
the triangles compared to the wider base ends. The posi-
tion of the darkspot on each arm occurs closer to the base
ends than the sharp tip ends. The phase line profiles (1)
in Fig. 5 also show marked contrast in each correspond-
ing blue and red region, indicating strong dipolar cou-
pling between these elements.1,2 Since the cross-bowtie
is symmetric with respect to a 90◦ rotation, lines (2) il-
lustrate the behavior of a bowtie aligned perpendicular to
the laser polarization. The amplitude contrast is weak,
with some variation near the 0 µm and 2 µm tick marks
due to minor misalignment of the sample with the exci-
tation polarization.3 The phase line profile (2) in Fig. 5
appears noisy along the center, along the splitting point

of the phase. This is observed visually in the image φ2

of Fig. 5, where the phase changes from ∼-90◦ to ∼90◦

across the short axis of the antenna.

To explore the effect of sample rotation with respect
to a fixed polarization of the light source, we simulated
the evolution of the near-field intensity images of a cross-
bowtie, shown in Fig. 6. At 90◦, the arms marked B are
aligned with the polarization direction of the incident
excitation source and display clear dipolar modes,1,2 and
the arms labeled A are perpendicular to the light polar-
ization, and have weak intensity at the edges. As the
structure is rotated, the dipolar modes of B fade as the
arms leave alignment, while the A arms are increasingly
resonant as they rotate into alignment with the applied
field.3,28 The line profiles for the A and B arms clearly
show the localized field evolution over a 90◦ rotation with
respect to a horizontally-oriented excitation.
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FIG. 6. Near-field intensity images of cross-bowtie antennas, simulated by FDTD method at light source excitation wavelength
λ=10.5 µm and excitation polarization direction marked by gray arrows. The lines marked A and B in the 90◦ intensity image
are plotted as line profiles in each corresponding graph.
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