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Abstract: Collimated Gaussian beams are efficiently localized at the apex of a metal-coated
axicon prism by surface plasmon excitations. We observed the light scattered at the apex
and the light reflected by the prism. Intense scattered light was observed with the radial
polarization incidence. Further, each incidence of the radial, azimuthal, and linear
polarizations provided field distributions of bright and dark intensities in the reflected
images according to the surface plasmon excitation. We have demonstrated that surface
plasmon waves are excited at the sides of the prism in the Kretschmann configuration and
that they converge to its apex.
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1. Introduction

A near-field probe, whose apex is as small as several tens of nanometers, scatters evanescent fields
and generates super-resolution images beyond the diffraction limit of light [1]. However, using a
dielectric probe it is difficult to reconstruct an image with the resulting evanescent field components
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because the scattered near-field signal is relatively low due to the small area of the scattering
cross-section. Hence, to increase the scattering of the evanescent field of the sample, a metallic probe
utilizing surface plasmon polaritons has been proposed [2]. A silver probe, for example, with an apex
radius of 20 nm enhances the electric field intensity by a factor of 80 and localizes the field within an
apex area of 30 nm [3].

In recent times, photon energy has been effectively focused and concentrated on the apex of a
tapered metallic probe by exciting the waveguide of the surface plasmon polaritons [4—6]. Moreover,
the coupling of the waveguide mode of a fiber tip and surface plasmons propagating on the external
surface of the metal coating on the fiber, leads to strong field enhancements at the tip end [7,8]. In
1997, Koglin et al. proposed a tetrahedral tip for the surface plasmon excitation and confinement to the
nanometric dimensions in scanning near-field optical microscopy and they demonstrated 1 nm spatial
resolution [9]. Further, actively developed plasmonic nanofocusing techniques significantly localize
the enhanced field into a nanoscale light source.

In a previous paper, we have proposed plasmonic nanofocusing with a metal-coated axicon prism
that is constructed by using the well-known method, the Kretschmann configuration [10,11]. In the
Kretschmann configuration, efficient excitations of surface plasmon polaritons are achieved by
matching the wave vector of the incident light in a prism with the wave vector of the surface plasmon
in a metal surface [12]. Most of the photon energy of the p-polarized incident light is used for exciting
the surface plasmon polariton. The excited surface plasmons on a metal-coated axicon prism propagate
on the side and converge at the apex. We were able to attain electric field enhancements by a factor
of 1.2 x 10% and localization within a 35-nm spot for radially polarized light having an incident
wavelength of 632.8 nm.

In this article, we report experimental demonstrations and verifications of the excitation and
converging of surface plasmon polaritons, i.e., plasmonic nanofocusing, by observing the scattered and
reflected light from an axicon prism.

2. Experimental Setup

Figure 1(a) shows a fabricated metal-coated axicon prism device for plasmonic nanofocusing. A
gold thin film with a thickness of 38 nm was evaporated on the axicon prism; this is the optimal
thickness for achieving excitation efficiency of surface plasmons at a wavelength of 800 nm. It is
expected that the near infrared light source generate higher intensified hot spot at the apex due to the
long propagation length compared with visible. Chromium (thickness: 2.5 nm) was used as the
adhesion layer for the gold thin film. Chromium adhesion layer attenuates the incident power but the
excitation condition of the surface plasmon does not change. Scanning electron microscopy (SEM)
was used to confirm that the fabricated device including the apex is completely covered with a gold
thin film. The incident angle 6, for the surface plasmon excitation on the side was fixed at
44.8 degrees, and hence, the half-cone angle was 45.2 degrees; these parameters were determined by
calculating Fresnel’s equations.
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Figure 1. (a) Photograph of a gold-coated axicon prism. The gold thickness and the
half-cone angle of the prism are optimized for the Kretschmann configuration (excitation
wavelength = 800 nm); (b) Optical setup for the demonstration of plasmonic nanofocusing.
Incident light of collimated Gaussian beam of pulsed laser excites the surface plasmons at

the side of the prism. Scattered and reflected images can be observed.
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Figure 1(b) shows the optical setup for demonstrating plasmonic nanofocusing with a metal
(gold)-coated axicon prism. Laser excitation was provided by a mode-locked Ti:Sapphire pulsed laser
(Spectra-Physics, Tsunami 3960; wavelength = 800 nm; pulse width = 80 fs; repetition rate = 80 MHz).
The Gaussian collimated beam was focused on the gold-coated axicon prism for the excitation of
surface plasmons at the side surface of the prism with the Kretschmann configuration. Radial polarization,
azimuthal polarization, and linear polarization were obtained by employing a quarter-wave plate, linear
polarizer, and polarization conversion filter (Photonic Lattice, Inc., SWP-800), respectively. The reflection
and scattering images in each polarization incidence were captured by a charge-coupled device (CCD)
camera. An objective lens (Mitutoyo, M Plan Apo NIR 100x, N.A. = 0.50) with a long working
distance of 12.0 mm was employed to observe the scattering light from the prism apex.

The excited surface plasmon polaritons on the side surface propagate and converge on the apex. In
this manner, strong electric field enhancements and localizations could be achieved at the apex by
the superposition of the surface plasmon excited on the side surface. Note that the intensity of the
scattering light from the apex indirectly indicates the efficiency of the plasmonic nanofocusing.
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3. Surface Plasmon Excitation and Localization

Figure 2 shows the experimental intensity distributions of scattered (Figure 2(a)) and reflected
images (Figure 2(b)) from the apex of the gold-coated axicon prism with incident radial polarization.
The line profile in Figure 2(c) shows the intensity plot of the center of the scattered image. The full
width half maximum of the hot spot from the apex in the scattered image is approximately 3.5 pm.
This spot size is based on the spatial resolution in a far-field image for our optical setup. The
theoretical resolution is 0.98 um with our objective lens of N.A. = 0.5, and in consideration of the
imaging system one pixel corresponds to 1 pm. In our imaging system, the scattered light and
side-lobes in the region of depth of focus is imaged on the CCD camera as well as the hot spot at the
apex, so we considered that we observed the larger spot than the diffraction limit.

Figure 2. Observed (a) scattering and (b) reflection images for radial polarization
incidence. Scattering is observed only from the apex. The reflection intensity is fairly dark
due to the surface plasmon excitation; (¢) Line profile of the intensity at the center of the
scattering image; (d) The mechanism of the scattering from the apex is schematically
explained. Constructive interference of surface plasmons occurs at the apex.

Radial pol.

a) Scattered image (b) Reflected image

(c)

-
L9

Intensity (a. u.)

|

0 - v
-175 0 175
Position (um)

(d) Radial pol. incidence

/ \ Scattering

In our previously reported Finite-difference time-domain (FDTD) simulation, the diameter of the

hot spot was approximately 35 nm in the near-field image [11]. Although we are unable to directly
demonstrate that the hot spot is localized on the subwavelength region of 35 nm, we have been able to
demonstrate that the surface plasmon was excited and converged to the apex by the radial polarization
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incidence and that the light was subsequently scattered from the apex (Figure 2(d)). In Figure 2(b), the
surface plasmon is excited in the dark region of the reflected image. In the case of ideal radial
polarization incidences, bright regions do not appear in the reflected images. However, we observed a
bright area due to the optical axis alignment for the polarization converter, the incident angle for the
axicon prism, and the processing accuracy for the side surface of the prism.

Figure 3 shows the intensity distributions of the scattering and reflection images for the linear and
azimuthal incident polarizations. A comparison of the line profiles shown in Figure 2(c) and in
Figure 3(a,b) reveals that the scattering light intensities for the incident linear and azimuthal
polarizations exhibit lower intensities, about 57% and 20%, than that for the radial polarization incidence.

Figure 3. Scattered and reflected images for (a) linear and (b) azimuthal polarization
incidences. The experimental conditions identical to those for the radial polarization
incidence. The scattered intensities are relatively low due to the excitation efficiency of the
surface plasmon excitation. The dark area in the reflected images indicates the area of

excited surface plasmons.
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Moreover, the difference in the intensities depends on the efficiencies of the surface plasmon
excitation, and it is appropriate for referring to FDTD simulation results [11]. A fan-shaped intensity
distribution can be observed in the reflected image for the linear polarization incidence. The incident
light is linearly polarized to a lateral direction relative to the image. Therefore, the electric field
component of the p-polarized light excites the surface plasmon resulting in the appearance of dark
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regions. On the other hand, the electric field component of s-polarization does not excite the surface
plasmon and is reflected. The reflected light for the linear polarization led to the appearance of
sectorial bright patterns. For azimuthal polarization incidence, the incident polarization is regarded as
s-polarization at all the side surfaces of the axicon prism. Since surface plasmons are unexcited by the
s-polarized incident light, annular intensity field distributions are observed in the reflected image for
the azimuthal polarization incidence.

4. Conclusions

In conclusion, we have demonstrated that a collimated Gaussian beam having radial polarization
excites surface plasmons and is plasmonically localized on the apex of a gold-coated axicon prism.
The scattering field from the apex was clearly observed. The scattering intensity changed in the case of
the incident polarization due to the differences in the excitation efficiency of surface plasmons at the
side surface of the axicon prism. Further, the reflection image represents the excitation area of the
surface plasmon on the side surface of the prism. Metal-coated axicon prisms having the Kretschmann
configuration promote high-efficiency plasmonic nanofocusing. Further, it is useful as a near-field
light source for optical microscopy beyond the diffraction limit. Moreover, nonlinear effects and
responses confined to nanoscale regions can be expected due to the high photon density at the apex due
to the plasmonic enhancement.
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