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Summary

Near the cut-off radius of a guided waveguide mode of ametal-
coated glass fibre tip it is possible to couple radiation to surface
plasmons propagating on the outside surface of the metal
coating. These surface plasmons converge toward the apex of
the tip and interfere constructively for particular polarization
states of the initial waveguide mode. Calculations show that a
radially polarized waveguide mode can create a strong field
enhancement localized at the apex of the tip. The highly
localized enhanced field forms a nanoscale optical near-field
source.

Introduction

Scanning near-field optical microscopy aims at optically
resolving sub-wavelength structures. The most common
technique relies on the local excitation of the sample surface
by the optical fields near a nano-aperture in a metal over-
coated glass fibre tip (Pohl et al., 1984; Harootunian et al.
1986), alternatively, high-resolution fluorescence microscopy
can also be achieved by using the local field enhancement
produced at the end of a sharp metal tip when illuminated
with the correct polarization state (Fischer, 1989; Sanchez
etal., 1999).

We propose a new method that does not require delicate
technologies to produce nano-apertures (Veerman et al., 1998;
Bouhelier et al., 2001), or the intense external focused beam
responsible for field enhancement.

It has been suggested that surface plasmons can propagate
on the surface of a metal-coated fibre tip (Keilmann, 1999).
High-resolution fluorescence images were acquired using an
opaque aluminium cantilever-based tip, suggesting the influ-
ence of a coupled mode in the metallic layer surrounding the
quartz tip (Eckert et al., 2000). A further step in the design of
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plasmon-assisted microscopy can be found in Yatsui et al.
(2002).

In this study, we show theoretical simulations that demon-
strate that surface plasmons excited on the metal surface by a
radially polarized propagating mode, also referred to as a
radial doughnut mode, converge towards the very end of
the tip where they interfere constructively and create a local
excitation source.

Description

Below the cut-off radius of an entirely metal-overcoated
tapered optical fibre, modes are no longer guided. The large
wavevectors associated with the electric fields after the cut-off
can match the phase conditions for surface plasmons pro-
pagating on the outer side of the metal layer (Novotny et al.
1994). As a result, the electromagnetic energy associated
with the initial waveguide mode can be coupled to the surface
plasmons similar to the case of the well-known Kretschmann
configuration applied to the excitation of surface plasmons on
planar structures. After being excited, the surface plasmons
propagate along the metal coating towards the tip apex.
Because of the changing waveguide radius, the propagation of
surface plasmons is accompanied by radiation losses which
can be minimized by an adiabatically tapered tip. To create a
strong field enhancement at the very end of the tip, the pro-
pagation of surface plasmons must interfere constructively. The
condition of constructive interference is met only for certain
symmetries and polarization states of the initial guided mode.

If a linearly polarized mode is injected into the fibre, the
electric fields associated with the travelling surface plasmons
cancel out at the end of the tip and hence do not provide any
field enhancement (Fig. 1a). By contrast, if the mode inside the
fibre is radially polarized, the rotational symmetry of the mode
is such that the electric fields of the surface plasmons overlap
in phase at the very end of the tip thereby producing a high
surface charge density and thus a strong field enhancement
(Fig. 1b).
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Fig. 1. Schematic of plasmons excited by (a) linearly polarized and
(b) radially polarized propagating mode 0. In case (a) the electric fields
cancel out at the very end of the tip preventing creation of a field
enhancement, whereas in case (b) they interfere constructively and give
rise to a field enhancement located at the end of the tip.

Intensity distribution near the tip

The multiple multipole method (Hafner 1990) was applied to
investigate the structure shown in Fig. 1. In the model, the
fibre core has a dielectric constant of €. = 2.18 and a full cone
angle of the taper of 20°. The fibre tip has aradius of curvature
of 20nm. A gold coating 70 nm thick overcoats the entire
fibre tip and produces at the very end a cone-like metal particle
with a radius of curvature of 5 nm. The dielectric function
of gold at the excitation wavelength of 488 nm is € =—2.2
+1i3.8.

We analysed the fields near the end of the tip for two dif-
ferent excitation symmetries. The first excitation source is a
dipole located on the tip axis at the cut-off radius (2.38 um
from the apex) and aligned perpendicular to it. This situation
mimics the excitation with a linearly polarized fundamental
HE,; waveguide mode. The azimuthal symmetries of dipole
and HE;; mode are identical and are described by the functions
cos m¢ and sin m¢, with m =1 and with ¢ being the polar
angle with respect to the tip axis. The field of the dipole couples
to m =1 waveguide modes and the latter couple to surface
plasmons, which then propagate to the tip end. Because of the
long distance between dipole and tip the field distribution near
the tip end is influenced only slightly by the dipole’s direct radi-
ation field. Figure 2(a) shows a logarithmic plot (factor 2.33
between successive contour lines) of the resulting intensity
distribution. The size of the image is 2 x 6 um.The dashed line
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in the figure represents the location of the dipole. Figure 2
demonstrates that surface modes are excited and that they
converge towards the very end of the tip. Owing to the phase-
mismatch introduced by the tapered geometry, surface
plasmons couple weakly to far-field radiation which gives
rise to a far-field background. The calculation also shows that
there is no field enhancement produced at the end of the
tip. Figure 2(b) shows a magnified view (120 x 120 nm) and
demonstrates that the polarization conditions give rise to a
cancellation of the electric field at the end of the tip.

The second excitation source is a dipole situated at the same
location as above but aligned parallel to the tip axis. This situa-
tion mimics the excitation with a radially polarized waveguide
mode. The latter can be generated by the superposition of two
perpendicularly polarized higher order modes. The azimuthal
symmetries of dipole and radially polarized mode are identical
and are described by azimuthal functions which are a
constant (cos m¢ with m = 0). As before, we investigated the
intensity distribution near the end of the gold-coated fibre tip
using the same parameters. The dashed line in the figure
represents the location of the dipole. Figure 3(a) shows that
the dipole field couples to m = 0 waveguide modes, which then
couple to surface plasmons. Similar to the previous case, the
surface plasmons propagate towards the tip apex. Besides
the different intensity distribution inside the fibre, the main dif-
ference between the two configurations is the situation at the
very end of the tip. Whereas in the previous situation the sym-
metry of the surface plasmons gave rise to a cancellation of the
electric field at the end of the tip, this situation is characterized
by a strongly enhanced field at the end of the tip (Fig. 3b). The
enhancement originates from the fact that the phase relation-
ship between the surface plasmons is such that the longitudinal
field (field polarized along tip axis) adds constructively.

To determine favourable conditions for the field enhance-
ment effect, we investigated the influence of the metal coating
on the field enhancement. It is known that the excitation of
surface plasmons on a flat surface is optimized for a certain
thickness of the metal layer (Raether 1988). For the tip geome-
try the problem is less trivial. We investigated four different
thicknesses of the gold layer and evaluated the field on a line
transverse to the tip axis and 1 nm beneath the tip. The resulting

Fig. 2. (Left) Intensity distribution at the end of a gold-coated glass tip. An excitation dipole orientated perpendicular to the tip axis is placed at the cut-off
radius as indicated by the dashed line (2.38 pm from the apex) and shows no field confinement situated at the tip apex. Intensity plot with a logarithmic
scale (factor of 2.33 between successive lines). Picture size is 2 X 6 um. (Right) Magnified view of the very end of the fibre tip (factor of 1.62 between

successive lines). Picture size is 120 x 120 nm.

© 2003 The Royal Microscopical Society, Journal of Microscopy, 210,220-224
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Fig. 3. (Left) Intensity distribution at the end of a gold-coated glass tip. An excitation dipole orientated along the tip axis at a location indicated by the
dashed line. The polarization state is such that the requirements for creating a field enhancement are met. Intensity plot with a logarithmic scale (factor of
2.33 between successive lines). (Right) Magnified view of the very end of the fibre tip (factor of 1.62 between successive lines). Picture size is

120 x 120 nm.
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Fig. 4. Line scan 1 nm from the tip for different gold layer thicknesses.
The background signal is due to radiative surface plasmons and finite
transmission of the layer.

curves are shown in Fig. 4. We found that a thin layer of gold
provides stronger field enhancement. However, the penetra-
tion through a thin layer is also stronger and hence a thin
layer leads to a larger far-field background. By contrast, for a
thick coating the penetration is much weaker leading to less
far-field background, but also to much weaker field enhance-
ment. We defined the relative enhancement factor f, as the
ratio between the intensity maximum in front of the tip and
the background due to: (i) the finite transmission, and (ii) the
radiatively decaying plasmon field. For the four thicknesses of
30, 50, 70 and 100 nm we obtain very similar values for f, of
= 35. Nevertheless, we conclude that an ideal film thickness
is between 50 and 70 nm as it is experimentally difficult to
coat homogeneously fibres with a film thickness < 50 nm. It
should be emphasized that the field confinement is independ-
ent of the coating thickness. Figure 5 shows the full-width at
half-maximum (FWHM) of the line scans in Fig. 4 vs. the coat-
ing thickness. The confinement of the field stays constant at
roughly the end diameter of the tip, suggesting that the

Fig. 5. Full-width at half-maximum of the intensity confinement for

four different gold layer thicknesses. The confinement of the field stays
constant and is mainly given by the diameter of the tip apex.

resolution that can be achieved with these tips is given by their
sharpness.

Waveguide modes excited by a dipole outside the probe

To confirm that excitation by a radially polarized mode pro-
vides the optimum conditions for strong field enhancement,
we investigated the reciprocal problem. A dipole was placed
at the very end of the tip on the vacuum side. The dipole
was orientated along the symmetry axis. Figure 6 shows the
resulting field distribution. Because the dipole is orientated
along the tip axis, the coupling between tip and dipole is rather
weak and most of the energy is radiated to the sides. A small
fraction of the dipole’s energy couples to the tip and is con-
verted to propagating radiation inside the metal-coated
fibre. Figure 7 shows the distribution of the transverse field
(. and .) on a plane perpendicular to the tip axis at a dis-
tance of 2.38 um from the apex. This distance is just beyond

© 2003 The Royal Microscopical Society, Journal of Microscopy, 210,220-224



Fig. 6. Coupling between the metal-coated fibre and a dipole situated at
the apex of the fibre. Weak coupling is observed due to the orientation of
the dipole. A propagating mode is also forming inside the core of the fibre.
Intensity plot with a logarithmic scale (factor of 2.33 between successive
lines).

Fig. 7. Cross-sections of the transverse fields .and . at the cut-off
radius for a dipole excitation outside the fibre. The patterns resemble
two Hermite—Gaussian (1,0) modes with orthogonal polarizations. The
combination of these two modes creates a radially polarized beam.

the cut-off radius. The images seen in Fig. 7 resemble two
Hermite—Gaussian (1,0) modes with orthogonal polarizations.
The superposition of these modes creates a radially polarized
mode (Novotny et al. 1998). Thus, the field distribution is a
ring and polarization is radial. This confirms that a radially
polarized mode is the favourable mode for creating an
enhanced and localized field near the tip apex.

Propagation of radially polarized fibre modes

The fundamental modes propagating inside a waveguide
with a circular cross-section such as an optical fibre are the
analogous TE and TM modes propagating inside a rectangular
waveguide. Whereas the TE mode has an azimuthally polar-
ized electric field, the TM mode has a radially polarized field
(Jackson 1998). These particular modes are decoupled only if
there are no azimuthal variations of the fields, which makes
them very sensitive to the quality of the injection, as well as
to outside vibrations. If longitudinal fields are nonzero, the
modes are no longer transverse but hybrids.

Figure 6(a) shows experimental intensity distributions
of such a hybrid mode after it has been coupled out from a

© 2003 The Royal Microscopical Society, Journal of Microscopy, 210,220-224
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Fig. 8. (a) Radially polarized mode coupled out form a fibre. (b—e)
Polarization characteristics of the mode. (b) Mode polarization state after
analyser orientated at 0°, (c) at +45°, (d) at +90° and (e) at —4.5°.

cleaved fibre and projected on a screen. The fibre is designed
to support only a single mode at A = 632 nm. Because we need
to excite a higher order mode we chose a shorter wavelength
(A =532 nm). Before sending the laser beam into the fibre we
performed a mode conversion using bisected phase plates
(Quabis et al. 2000, 2001). This mode conversion creates a
multitude of modes, but the subsequent spatial filtering by
the fibre suppresses all high-order modes. Figure 8 shows that
the radially polarized symmetry of the modes is preserved
after propagating through the fibre. The state of polarization
was tested by using a polarizer placed at the end of the fibre.
Figure 8(b—e) depict situations in which the polarizer dir-
ection was orientated at 0, +45, +90 and —45°. Despite some
slight asymmetries of the mode, the radial characteristics of
the electric field are well maintained. It should be emphasized
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that such a mode is not easily coupled to the fibre and its polar-
ization depends strongly on the quality of the injection and on
the mechanical stress (bending) applied to the fibre.

Conclusions

Our theoretical simulations show that a radially polarized
excitation mode is needed to establish a strong field enhance-
ment at the end of an entirely gold-overcoated fibre tip. Near
the cut-off radius, the field of the exciting mode couples to
surface plasmons that propagate on the outside surface of
the metal coating. The excited surface plasmons propagate
towards the tip end. The symmetry of the radial excitation
beam ensures that a strong field enhancement is created at the
metallic tip. We showed that radially polarized modes can
propagate in optical fibres and that they can be used for subse-
quent excitation of a tapered near-field geometry.
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