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Superfocussing in a metal-coated tetrahedral tip by dimensional

reduction of surface-to edge-plasmon modes

K. Tanaka · G.W. Burr · T. Grosjean · T. Maletzky ·

U.C. Fischer

Abstract Metal-coated dielectric tetrahedral tips (T-tip)

have long been considered to be interesting structures for the

confinement of light to nanoscopic dimensions, and in par-

ticular as probes for scanning near-field optical microscopy.

Numerical investigations using the Finite-Difference Time-

Domain (FDTD) method are used to explore the operation

of a T-tip in extraction mode. A dipole source in close prox-

imity to the apex excites the tip, revealing the field evolu-

tion in the tip, the resulting edge and face modes on the

metal-coated surfaces, and the coupling from these modes

into highly directional radiation into the dielectric interior of

the tip. These results are the starting point for illumination-

mode numerical investigations by a Volume Integral equa-

tion method, which compute the field distribution that de-
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velops in a T-tip when a Gaussian beam is incident into the

tip, and which show that a highly confined electric field is

produced at the apex of the tip. The process of light confine-

ment can be considered as a superfocussing effect, because

the intensity of the tightly confined light spot is significantly

higher than that of the focussed yet much wider incident

beam. The mechanism of superfocussing can be considered

as a dimensional reduction of surface plasmon modes, where

an edge plasmon is the most important link between the

waveguide-modes inside the tip and the confined near field

at the apex.

PACS 07.79.Fc · 78.67.-n · 42.82.Gw

1 Introduction

Metal-coated dielectric tetrahedral tips (T-tip) have long

been considered to be interesting structures for the confine-

ment of light to nanoscopic dimensions [1–4], and in par-

ticular as probes for scanning near-field optical microscopy

(SNOM) [2, 3]. Metal-coated glass fragments of a tetrahe-

dral shape have been used to image the photonic nanopat-

terns related to the surface plasmon excitation of metal

nanostructures down to a resolution of 30 nm [5, 6]. Even

higher resolution, on the order of 10 nm, was obtained

in SNOM images of the granular structure of metal films

[3, 7, 8] and of the domain structure of dye monolayers ad-

sorbed to a metal substrate [9]. Recently a T-tip was also

successfully used as a probe for tip-enhanced Raman spec-

troscopy [10, 11].

Metallic wedges have recently received attention as

waveguiding structures [12–17], due to their tight modal
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confinement and the prospect for device miniaturization be-

yond the optical wavelength limit. Metal-coated dielectric

wedges are also an integral part of a metal-coated T-tip. Such

wedges serve an important but not yet well-understood role

within a T-tip, linking the incident beam within the dielec-

tric tip to the strongly localized excitation at the sharp apex

of the tip. There are a number of different surface plasmon

modes that can be produced on a metal-coated dielectric

wedge depending on the exact configuration of the metal

coating. Slit or gap modes [12, 18] can exist if the metal film

coating the tip is discontinuous across the edge separating

two neighboring triangular faces. In the case of a continu-

ous metal film, plasmon channel modes [13–15] can exist at

the glass-metal interface of the metal-coated edge. And, as

a third possibility, edge modes [16, 17] can be excited at the

air-metal interface of a fully metal-coated edge.

Here we propose that the edge modes at the air-metal

interface are responsible for the efficient confinement of a

beam of light incident into a metal-coated T-tip polarized in

the plane of incidence (the plane between the incident beam

and one edge of the tip, referred to afterwards as the K1

edge). Pile et al. [16] calculated dispersion relations for edge

modes on a solid metal wedge. These modes have a wave-

length that is shorter than the wavelength of surface plas-

mon modes of a 2D metal surface, yet longer than the wave-

length of a plane wave in glass of refractive index 1.5. There-

fore it is conceivable that similar modes could exist on the

edge of a metal-coated dielectric wedge. These modes could

then be excited, in analogy to the conventional Kretschmann

configuration for metal-dielectric thin-film stacks, by phase-

matching a beam of light incident at an angle onto an edge

in an Attenuated Total Reflection (ATR) configuration.

However, such an incident beam, polarized in the plane of

incidence, interacts not only with the metal-coated edge but

also with the neighboring metal-coated faces of the wedge

(see Fig. 1). If this incident beam is oriented so as to phase-

match the wavevector of the edge mode, the resulting inci-

dence angle is then smaller than the angle that would lead

to resonant excitation of the surface plasmon modes on the

neighboring faces. However, damped 2D evanescent modes

will still be excited on these faces, which can then converge

towards the K1 edge and contribute to the excitation of the

1D edge mode. The resulting edge mode will travel along

the K1 edge and lead to localized (0D) excitation at the apex

of the tip. In this sense the confinement of the incident light

to a highly localized excitation of the tip can be considered

as a superfocussing of light by a dimensional reduction of

surface plasmon modes, from damped 2-dimensional face

modes to a 1D edge mode, to a particle-like 0-dimensional

resonance. The particle can either be part of the metal-coated

tip, a local gap-plasmon mode formed between the tip and a

metal surface in close proximity, or a resonant dipolar struc-

ture such as a nearby dye molecule.

Fig. 1 Geometry of the T-tip. The body of the T-tip consists of glass of

a dielectric constant ε1 = 2.25. The glass structure is coated with a gold

film of a thickness of 40 or 50 nm as specified in the text with a dielec-

tric constant εm = −3.515− i2.9 at 514 nm and εm = −13.2− i1.08 at

633 nm, respectively. The angle between the x-axis and the K1 edge is

α = 45°, so that the angle between z-axis and K1 is also 45°. For FDTD

calculations, the size of the tetrahedral tip is given by Bx = 6.2 µm,

By = 5.5 µm, and Bz = 3.1 µm. A dipole source is placed at a dis-

tance of 10 nm below the tip. For VIE calculations, a Gaussian beam

is incident along the z-axis into the tip with an extent defined by

Bx = 2276 nm, By = 2629 nm, and Bz = 1068 nm. The tip-apex is

placed at the origin of the coordinate-system

This concept of superfocussing is similar to those sug-

gested by Bouhelier et al. [19] for the case of a tapered

metal-coated cylindrical structure and by Keilmann [20] for

a metal-coated curved circular structure. However, these

structures do not have a metal covered edge as a link be-

tween 2D surface plasmon modes and the excitation at the

apex of the tip. An alternate concept of superfocussing was

suggested by Li et al. [21], who considered a superfocussing

structure involving coupled resonances between nanopar-

ticles of different sizes. However in our case, in addition

to coupling between resonant structures, there is phase-

matching between the incident beam, the damped surface

plasmon modes, and the edge mode. We consider this se-

quential phase matching as an important property for effi-

cient coupling between the incoming plane wave and the lo-

calized excitation.

Other superfocussing metal structures have been sug-

gested as well, such as a metal cone [22, 23] and a metal-

coated dielectric wedge [24–26]. These designs are based

on a reduction of the wavelength of the surface plasmon

modes with the taper of the structure. An incoming op-

tical wavefront induces an end-fired excitation of surface

plasmon modes at the wide end of the tapered structure.

As surface plasmons travel along the tapered structure, the

wavelength of the surface plasmon mode decreases contin-

uously, leading to a highly localized excitation at the tip or

small gap at the end of this structure. In comparison to the

wedges within our T-tip, the metal-coated dielectric wedges

discussed in [24–26] are nearly identical, except that the po-

larization of the incident beam is chosen to be perpendicular

to the plane of incidence (the opposite of the T-tip case). The
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superfocussing effect consists in the generation of a highly

confined plasmon mode of an extremely small wavelength in

a narrow gap between two metal faces. In our case, where no

plasmon modes are excited with wavelengths that decrease

with the progressive taper, the light confinement is gener-

ated at the metal-air interface. Finally, we mention that a

complex structure for the confinement of a surface plasmon

wave to edge modes on a solid metal wedge was proposed

by Moreno et al. [17]. As before, the superfocussing effect

is based on a gradual decrease of the wavelength of plasmon

modes by an adiabatic introduction of the wedge shape.

Here we present detailed numerical investigations on the

mechanism of how a beam of light incident into the metal-

coated tetrahedral tip can generate a highly confined elec-

tric field at the apex of the tip. In Sect. 2, numerical inves-

tigations using the Finite-Difference Time-Domain (FDTD)

method are used to explore the operation of the T-tip in ex-

traction mode. A dipole source in close proximity to the

apex of the tip excites the tip, revealing the field evolution

in the tip, the resulting edge and face modes on the metal-

coated surfaces, and the coupling from these modes into

highly directional radiation into the dielectric interior of the

tip. These results are the starting point for the illumination-

mode numerical investigations of Sect. 3, where the volume

integral method is used to compute the fields in the vicinity

of the tip and in particular at the apex of the tip. These nu-

merical calculations give a detailed account of how a highly

confined excitation at the apex of the tip can be efficiently

generated. In a following paper, the optical properties of a

metal-coated tetrahedral tip will be compared to the numer-

ical results.

2 Excitation of the T-tip in extraction mode by a dipole

at the apex

The FDTD method [27] is a well-established method for

rigorous simulation of Maxwell’s Equations in nanopho-

tonic and nanoplasmonic devices, including near-field op-

tical tips [28, 29]. FDTD has the advantage of great flexi-

bility in the structures and materials that can be simulated,

at the expense of a Cartesian grid that can make it difficult

to correctly model angled and curved surfaces. However,

the advent of workstations with large amounts of memory

and parallelized implementation on supercomputers such as

BlueGene/L [30] has made it possible to simulate regions of

many cubic wavelengths.

The model used for the calculations is shown in Fig. 1,

consisting of a volume spanning ±3.1 µm in x (with the

K1 edge along +x) and ±2.25 µm in y about the apex of

a Tetrahedral-tip. The apex, with a tip-radius equal to the

gold thickness of 50 nm, is located at x = y = z = 0. The

simulation spans 0.75 µm below the tip in air and termi-

nates 3.15 µm into the body of the tip. The gold layer is

simulated using a simple Drude model to implement a di-

electric constant of gold εm = −3.515 − i2.9 at 514 nm and

εm = −13.2 − i1.08 at 633 nm, respectively [31]. The glass

is considered to have a dielectric constant ε1 = 2.25. The

angle between the z-axis and the K1 edge (which projects

down onto the +x-axis) and between the z-axis and the op-

posite face (which contains the projection onto the −x-axis)

is 45°.

At z = 3 µm from the tip, the metal surfaces of the tip are

terminated by a wide rectangular block of glass, preventing

any surface plasmons from unphysically interacting with the

Convolutional-PMLs [32] that terminate all six boundaries

of the simulation volume. The nonuniform grid resolution

varies from 25 nm for portions at the periphery of the sim-

ulation, to moderate resolution (10 nm in x, y and 5 nm

in z) for regions closer than 1.5 µm in x, y, and +z and

closer than 200 nm in −z below the apex. The region imme-

diately around the apex (±200 nm in x and y, ±100 nm

in z) is gridded at 2.5 nm. Unphysical reflections due to

differences in numerical dispersion between these regions

are suppressed [27]. The resulting simulations are roughly

550 × 500 × 475 grid cells in size and require 50 minutes of

simulation time to converge on a BlueGene/L partition with

512 dual-processor nodes.

To excite the T-tip in extraction mode, a single dipole

oriented along a Cartesian direction is placed directly un-

der the tip at a distance of 10 nm and excited with a simple

monochromatic sinusoid. Figures 2a and 2b show the result-

ing Ex field distributions along y = 0 for dipoles oriented

in the x-direction and excitation at a wavelength of 633 nm

and 514 nm, respectively. There is a striking difference in

the two figures. A noticeable evanescent field extends along

the K1 edge (+x side of the structure) at 633 nm (Fig. 2a),

whereas this field is nearly absent at 514 nm (Fig. 2b).

In Fig. 2a, there are pronounced features in the field dis-

tribution along both the K1 edge and the opposite face (−x

side of the structure). Along the K1 edge, a clear edge plas-

mon mode is visible with a periodicity of 553 nm, smaller

than both the vacuum wavelength of 633 nm and the 606 nm

periodicity of the 2D surface plasmon mode at the metal-air

interface of the opposing face. Furthermore, a beam of light

is radiated into the tip starting from the K1 edge, clearly

indicating a leaky edge mode. These edge plasmons lead

to a strongly directional radiation of light into the glass tip

at an angle of 40° with respect to the K1 edge. On the op-

posing face, evanescent fields extend along both the metal-

glass and metal-air interfaces, with periodicities of 374 and

606 nm, respectively. 374 nm is the wavelength of a sur-

face plasmon at the metal glass interface of a 50 nm thick

gold film. There are also smaller periodicities of evanescent

waves which cannot be identified with pure surface plasmon

modes. These are most likely produced by beating between

different modes. The beam radiated from the K1 edge can
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Fig. 2 Results of FDTD calculations excited by an x-oriented dipole

at a distance of 10 nm from the tip. The black arrow indicates the

direction of the electric field. (a) The x-component Ex of the electric

field is shown for a cross-section through the tip in the xz-plane at

y = 0. The vacuum wavelength is 633 nm. The red arrow indicates the

orientation of the exciting dipole. (b) The same as (a) but the vacuum

wavelength is 514 nm, and the green arrow indicates the orientation of

the dipole. (c) Optical intensity (|Ex |2 + |Ey |2 + |Ez|
2) is shown for a

cross-section through the tip in the xy-plane at z = 3 µm

also be observed in a z-slice 3.1 µm above the tip, as shown

in Fig. 2c. At this plane, the combination of angled incidence

and the distributed coupling along the K1 edge produces a

directed beam that is displaced from the center of the tip by

x = 0.6 µm as shown in Fig. 2c.

We also investigated the excitation of the tip produced

by dipoles with different orientations. A z-polarized dipole

at 633 nm excites several radiative bulk modes in the tip as

shown in Fig. 3a. The edge mode of the K1 edge is strongly

excited, and again the edge and 2D surface plasmon modes

at the metal-air and the metal-glass interfaces can be identi-

fied. However, it is difficult to assign the origin of the radia-

tive modes from the y-slice. A slice at z = 3.1 µm of Fig. 3b

shows a nearly but not completely symmetric excitation of

all three edges. This is not surprising because the z-direction

does not coincide with the axis of symmetry of the tip (the

angle of the K1 edge with respect to the z = 0 plane is iden-

tical to the face opposite, not to the other two edges). The

angle between each edge and the axis of symmetry of the tip

is 55°, but the angle between the K1 edge and the z-axis was

chosen to be 45°, corresponding to the most typical experi-

mental configuration [3].

3 Field confinement in the tetrahedral tip by a

Gaussian beam incident into the tip

The results of Sect. 2 clearly show how the excitation of the

T-tip by a dipole source leads to the excitation of leaky edge

modes which are connected to a highly directional radiation

into the dielectric interior of the tip at an angle of 40° with

respect to the metal-coated edges. These results also give

a hint of how to achieve a strongly localized excitation at

the apex of the tip in illumination configuration where a fo-

cussed beam of light is incident into the tip. By using a vol-

ume integral equation method, the development of the field

in and around the tip was calculated for a Gaussian beam

incident into the tip at a direction of 45° with respect to the

K1 edge of the tip.
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Fig. 3 Results of FDTD calculations excited by a z-oriented dipole

at a distance of 10 nm from the tip. The x-component Ex of the elec-

tric field is shown. The direction of the electric field is indicated by

black arrows, and the orientation of the dipole by red symbols (arrow

or target). (a) The x-component Ex of the electric field is shown for

a cross-section through the tip in the xz-plane at y = 0. The vacuum

wavelength is 633 nm. (b) Optical intensity (|Ex |2 + |Ey |2 + |Ez|
2) is

shown for a cross-section through the tip in the xy-plane at z = 3 µm

3.1 Numerical methods

The scattering problem for the metallic structure shown in

Fig. 1 can be solved using a volume integral equation, under

the assumption of harmonic exp(iωt) time dependence [33],

as

Ei(x) = D(x)/εr (x) −
(

k2
0 + ∇∇·

)

A(x). (1)

Here, k0 = ω/c (c is the velocity of light in free space, ω is

the angular frequency), D(x) is the total electric flux, Ei(x)

is the incident electric field, and A(x) is the vector potential,

which is expressed by the following volume integral:

A(x) =
1

ε0

∫∫∫

V

εr(x
′) − ε0

εr (x′)
G(x,x′)D(x′)d3x′. (2)

Here, G(x,x′) is the three-dimensional free-space Green’s

function given by

G(x,x′) =
eik0|x−x′|

4π |x − x′|
. (3)

The volume integral region V in (2) represents the entire

space, and εr(x) represents the distribution of permittivity,

where εr(x) = εm in the metallic coating, εr (x) = ε1 in the

dielectric region and εr(x) = ε0 in free space. Since the re-

gion in which |εr(x) − ε0| is nonzero is finite and the inte-

gral region V has a finite volume, it is possible to solve (1)

numerically by the well-established method of moments. To

obtain the solution, the entire region of the problem is di-

vided into small discretized cubes of size δ × δ × δ, and

(1) is discretized by the method of moments using roof-top

functions as basis and testing functions. The resultant sys-

tem of linear equations is then solved by iteration using a

GMRES iteration with an FFT [33, 34].

The incident Gaussian beam, which propagates in the

negative z-direction, can be expressed as follows [35]:

Ei = E0
W0

W(z)

[

ex + iez

(

1 + γ 2(z)
)−1/2

γ (x)ei�(z)
]

× exp

[

−
x2 + y2

W 2(z)

]

× exp

[

−ik0
(x2 + y2)

2R(z)

]

ei�(z)e+ik0z, (4)

where

W(z) = W0

[

1 + γ 2(z)
]1/2

, �(z) = arctanγ (z),

R(z) = −(z − z0)

[

1 +
1

γ 2(z)

]

, γ (z) = −2
z − z0

k0W
2
0

,

γ (x) = −
2x

k0W
2
0

.

E0 is a constant amplitude-factor, W0 is the radius of the

spot size at z = z0, and ex, ez are the Cartesian unit-vectors.

The validity of the code was checked by confirming that

the code gives a reasonably accurate solution compared with

the rigorous solution for a dielectric sphere and by confirm-

ing the energy conservation for a lossless problem under a

paraxial approximation.

3.2 Results

The geometry of the model used for the calculations is

shown in Fig. 1. The three surfaces of the glass struc-

ture are coated by a gold (Au) film of 40 nm thickness.

The wavelength is 633 nm, and the relative permittivities

of the glass and the gold are given by ε1/ε0 = 2.25 and
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Fig. 4 The left column shows

optical intensity distributions on

the xz-plane |E(x,0, z)|2 and

the right column shows those on

the yz-plane |E(0, y, z)|2. The

axis of the incident x-polarized

beam is parallel to the z-axis

and is centered at y = 0 and

(a) x = −302 nm, (b) x = 0 nm,

(c) x = +302 nm. Excitation

vacuum-wavelength is

λ0 = 633 nm. The diameter of

the Gaussian beam at

z = z0 = 1068 nm is

2W0 = 0.8λ0. The intensity

scale range is normalized by the

incident intensity. In (c) the

intensity saturates at the tip for a

better visibility of the intensity

distribution in the cross-section

εm/ε0 = −13.2 − i1.08, respectively. The Gaussian beam is

incident perpendicularly to the xy-plane and at an angle of

45° with respect to both the K1 edge and the opposite face of

the T-tip. The beam-waist is placed at z = z0 = 1068 nm if

not stated otherwise. The size of the Tetrahedral-tip is given

by Bx = 2276 nm, By = 2629 nm, and Bz = 1068 nm and is

discretized for the computation into cubes of size δ = 10 nm.

Figure 4 shows the distribution of the optical intensity

in cross-sections through the T-tip in the (x, y = 0, z)-plane

and the (x = 0, y, z)-plane for different conditions. An in-

tense and strongly confined spot at the apex of the tip is only

obtained for a displacement of the incident beam away from

the central z-axis of the T-tip by about x = +302 nm. In

this case, there is an indication of a standing wave phenom-

enon along the K1 edge with an increasing intensity towards

z = 0 nm. This standing wave can arise by the excitation of

an edge mode which travels towards the tip and is partly re-

flected. For the other case, when the beam is displaced to

x = −302 nm, a standing wave phenomenon also occurs.

Here, however, the intensity of the standing wave is low at

the tip apex and increases towards the edge of the simulation

volume. This seems to be due to a wave travelling out of the

tip which may be reflected at the rim of the tip, which in this

model still has a rather limited size. From the data it is diffi-

cult to determine the period of the standing wave exactly. It

seems, however, to be in the range of 270 and 280 nm, which

is consistent with half the wavelength of the edge mode as

determined in Sect. 2.

Figure 5 shows the intensity at a distance of 5 nm below

the apex of the tip. This figure shows that there is a strongly

confined spot of a high intensity when the incident beam is

displaced in the x-direction to +302 nm from the center,

and that this confined spot is absent when the beam is dis-

placed to the other direction. The intensity is higher by a

factor of 15 than the peak intensity in the focus of the inci-

dent Gaussian beam. The displacement is necessary to reach

such a high intensity. This result shows that the edge plays

an important role in the confinement of light to the apex of

the tip.

It should be possible to further optimize the intensity at

the apex of the tip by further adjustment of the experimental

parameters. The results of Sect. 2 show that an angle of in-

cidence of the Gaussian beam closer to 40° (instead of 45°)

should lead to a more efficient excitation of the K1 edge

mode. Furthermore, the optimal displacement of the beam

from the center appears to be larger than 302 nm. We expect

that a larger beam diameter would also lead to the accumu-

lation of a higher field intensity. However, the limited size of

the tip in these model calculations prevented us from fully

optimizing the conditions for the confinement.

Figure 6 shows the optical intensity in the xy-plane

at different z-values starting at 5 nm below the tip with

z-increments of 101 nm. In Planes #1–4 of Fig. 6, one ob-

serves a redistribution of the intensity within the tip that is

mainly due to reflections of the incident Gaussian beam at

the faces of the tip. There are also evanescent fields outside

of the tip which are distributed almost evenly at the faces

and edges of the tip. From Plane #5 to Plane #8 it seems that

the field is continuously expelled from the inside to the out-

side of the tip, and a strong evanescent field intensity grad-

ually develops at the K1 edge and not at the faces of the tip.
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a b c

Fig. 5 Two-dimensional total optical intensity distributions just below

the tip on a xy-plane placed at z = −5 nm, i.e., |E(x,y, z = −5 nm)|2

for beam parameters as in Fig. 4 and the x-position of the incident

beam at (a) −302 nm, (b) 0 nm, and (c) +302 nm. The peak values of

the intensities normalized by the incident intensity are about (a) 1.02,

(b) 4.00, and (c) 15.1. The intensity scales are the same in all figures

Fig. 6 Optical intensity

distributions on xy-planes 1–8

for the same case as in Fig. 4c,

where the beam axis is placed at

x = +302 nm. Planes 1–8 are

placed at equal intervals

(101 nm) along the z-axis. The

intensity is normalized to the

incident beam. The white lines

show the shape of the

cross-section of the probe at

z = z0 = 1068 nm. The red

arrow in the plane 1 indicates

the incident x-polarization

The expulsion of the field from the inside of the tip is con-

nected to a cut-off for the bulk modes at the inside of the

metal-coated tip. Evanescent tails corresponding to damped

surface plasmon modes excited by the bulk modes in glass at

the faces of the tip disappear with a progression towards the

apex. The edge mode however develops more and more, so

that at the apex only a highly localized excitation remains.

3.3 Analogy to plasmon modes of a 1-D

metal-insulator-metal sandwich

The rise of the edge mode at the expense of disappearing

bulk and surface plasmon modes of the wedge structure is

the essential ingredient for the superfocussing effect by a

dimensional reduction of surface plasmon modes. In this

process, the edge mode is excited by phase-matching from

the beam incident at an oblique angle onto the edge. We can

study this process of the excitation of an edge mode on a

wedge-like structure in terms of surface plasmon modes of a

sandwich system of two metal films separated by a dielectric

slab [4], as indicated schematically in Fig. 7a. The modes of

this metal–insulator–metal (MIM) sandwich structure as a

function of the thickness d of the dielectric layer give an idea

of the evolution of the mode structure in an adiabatically ta-

pered wedge. While this analogy is useful for developing in-

tuition about the complex properties of the strongly tapered

3-D tip, it is important to keep in mind that the simplicity of

the 1-D MIM sandwich precludes it from being a completely

realistic representation of the full 3-D apex of a T-tip.
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Fig. 7 1-dimensional metal–insulator–metal sandwich structure.

(a) Scheme of the sandwich system. (b) Dispersion relations of the

sandwich layer of 2 gold films of a thickness of 50 nm as a func-

tion of the thickness of the dielectric layer. Only solid lines corre-

spond to antisymmetric modes. There is a transition of character of

the surface plasmon modes where the electric field is concentrated at

the metal air interface (blue) and at the metal glass interface (red re-

spectively). For modes of a waveguide character, the field is concen-

trated in the dielectric (purple). The k-value of the edge plasmon mode

kedge = 11.35 µm−1 is indicated by the black dash–dotted line

As shown in Fig. 7b, the MIM sandwich system sup-

ports waveguide modes confined by the dielectric slab and

surface plasmon modes at the metal-glass and the metal-

air interfaces, respectively. Transverse magnetic modes of

different symmetry exist which can be classified according

to the symmetry of the magnetic field Hx . Only the an-

tisymmetric modes are relevant for our wedge configura-

tion because they match the symmetry of the polarization

of the incident Gaussian beam (in the plane of incidence

corresponding to the plane in the center of the sandwich

structure). In the intensity distribution in the yz-plane of

Fig. 4c, it is clear that the field intensity in the dielectric

tip has a maximum and disappears gradually below a width

of 500 nm as the tip gets narrower. This disappearance cor-

responds to a cut-off of the bulk waves in the dielectric. It

can also be seen in this figure that evanescent tails of these

bulk modes at the metal-air interface persist to a smaller

width of about 135 nm. Decreasing the thickness further,

the evanescent tails at the air interface also eventually disap-

pear.

From the dispersion relations of the sandwich structure

of Fig. 7b in this thickness range, the wavelength of the sur-

face plasmon mode at the metal-glass interfaces increases

strongly with decreasing thickness of the dielectric layer. In

this range, a thickness is reached where these internal plas-

mon modes become phase-matched to the wavevector of the

edge plasmon, so that the surface plasmons at the metal-

glass interface can now be excited. Decreasing the width

further, the phase matching condition is lost again. We con-

clude that there are, at different widths of the dielectric, dif-

ferent modes which have a phase-matching condition with

the edge mode. These modes can couple to and excite the

edge modes. This consideration shows how different chan-

nels contribute to the excitation of the edge mode.

The characteristic property—that the electric field inten-

sity is expelled from the dielectric as the tip is approached

and concentrates at the edge—can be attributed to the final

channel. No strong electric field is developed by the anti-

symmetric plasmon modes in the dielectric because the po-

larization charges on the opposite faces have the same sign.

Furthermore, for a very small thickness of the dielectric, the

antisymmetric plasmon modes at the metal-glass interface

change their field distribution so that the internal field is

expelled to the outside. The plasmon modes at the metal-

glass interfaces which are excited in the tapered gap of the

wedge structure should be related to antisymmetric chan-

nel waveguide modes which were described by Novikov and

Maradudin [13].

Figure 8 shows similar profiles as Fig. 4 for a wavelength

of the incident light of 514 nm. Although a similar field

distribution is observed as for 633 nm, the intensity of the

electric field close to the apex of the tip is much lower in

this case, and no pronounced standing wave phenomenon

is observed at the edge. We attribute this difference to the

strong damping of surface plasmon modes and edge modes

for a gold coated tip at this wavelength as was shown in

Sect. 2.

4 Discussion of the results of the numerical

investigations

The numerical results reveal a mechanism of the confine-

ment of light at the apex of a metal-coated dielectric tip of

tetrahedral shape. We have shown that edge modes on the

metal-coated wedge structures of the tip play an important

role. The numerical results reveal that metal-coated edges
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Fig. 8 For a vacuum-wavelength of λ0 = 514 nm, the left figure

shows the optical intensity distribution on the xz-plane |E(x,0, z)|2

and the right figure the one on the yz-plane |E(0, y, z)|2. The in-

cident Gaussian beam is x-polarized and its axis is parallel to

the z-axis and placed at y = 0, x = +254 nm. The diameter of

the beam spot size at z = 1068 nm is 2W0 = 0.8λ0. The in-

tensity is normalized to the incident beam. Note that the scale

ranges here from 0 to 0.2. The peak intensity at the position

z = −4 nm corresponds to only 0.43 × the intensity of the incident

beam

support leaky edge modes which are connected to highly di-

rective radiative modes in the tip. The process of light con-

finement can be considered as a superfocussing effect be-

cause the intensity of the confined light spot is much higher

than the one of the focussed incident beam and the confined

spot is much smaller than the focus.

The mechanism of superfocussing can be considered as

a dimensional reduction of surface plasmon modes. The nu-

merical results reveal that as the incident beam propagates

towards the apex of the tip, the electric field is expelled from

the dielectric corner of the tip, first to the metal-air interface

of the tip and then to an edge of the tip. An edge mode of

increasing intensity delivers the energy to the apex of the tip.

This process can be understood qualitatively by an interplay

of an incident wave with the edge mode and surface plas-

mon modes on the metal-air and metal-dielectric interfaces.

A beam of light is incident into the tip at an angle where

it matches the phase of an edge mode. Thus it can directly

excite the edge mode. But the incident beam also interacts

with different surface plasmon modes of the metal-coated

wedge structure of the tip. Where a phase matching condi-

tion is met, these modes can be excited by the incident beam,

and the surface plasmon modes can in turn excite the edge

mode. Thus different pathways exist for the excitation of the

edge mode.

The numerical results give us a method for optimizing

the parameters for tip excitation in terms of the composition

of the tip, its geometry, and the configuration of the incident

beam. These parameters can also be varied rather easily in

our experimental configuration where the tip is realized by

a glass fragment coated with metal [2, 3]. The type of glass

and metal, the thickness of the metal coating as well as the

form of the glass fragment can be varied over a wide range.

In addition to the conventional coating of the glass fragment

with a homogeneous metal film, the coating conditions can

be varied so that different faces and edges of the fragment

are coated with metal films of different thickness or metal

composition. It is also possible to form tips where not all of

the faces of the tip are coated or where not all of the edges

are coated with metal, which introduces a slit in the metal

coating exactly at the edge. Unlike in other configurations

where tips are connected to fibres, the incident beam can be

adjusted rather freely. It is possible to adjust the numerical

aperture of the incident beam as well as its focus and polar-

ization. We can also use radial polarization and structured

illumination. This gives us a wide range for an experimental

variation of the parameters. Thus the optimization of the tip

can be performed by iterative experimental and numerical

investigations.

The numerical calculations also show how a dipole

source at the apex of the tip leads to a highly directional

radiation into the body of the tip. They thus show how the

radiation of a molecule into the T-tip can be used as a highly

efficient pathway for signal detection in near-field optical

microscopy and spectroscopy such as tip enhanced Raman

Spectroscopy [10, 11]. The radiation into a narrow angular

range facilitates the collection of the signal which would

otherwise only be possible with optics of a high numerical

aperture.

Edge modes are not only of interest in the context of the

T-tip which we use as a probe for SNOM. Sharp metal edges

are abundant in electronic semiconductor and other micro-

and nanostructures. Thus they could be used to introduce

additional nano-photonic functionalities in opto-electronic

devices. The T-tip and related structures may well turn out

to be well suited for quantum optics with surface plasmons

[36, 37], as it contains the most important ingredients of

such a structure, namely a strong field confinement and an

efficient coupling to directed radiation. An important aspect

in this context, especially for exploratory purposes to test

functionality, is the simple fabrication scheme—just break-

ing a piece of glass and coating it with metal [2, 3]—as com-

pared to elaborate nanofabrication techniques.

In terms of the numerical methods used here, we want to

point out that the numerical FDTD method is not restricted

to the case where a dipole excites the tip, nor is the VIE
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method limited to the inverse case of a beam incident into

the tip creating a local excitation at the apex. Both config-

urations can be treated with either method, and it will be

possible to compare the result of the numerical methods and

choose the most appropriate method for any particular prob-

lem.
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