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Abstract—We present a numerical analysis of the interaction between
novel scanning near field optical microscopy probes based on an
asymmetric structure and a single fluorescent molecule. Our finite
element analysis shows how such near field probes can be effectively
used for high resolution detection of single molecules, in particular
those with a longitudinal dipole moment. At the same time, fluorescent
molecules can be exploited as point-like probes of the single vectorial
components of the near field distribution at the probe apex, providing
a powerful tool for near field probe characterization.

1. INTRODUCTION

Scanning near field optical microscopy (SNOM) has emerged over
the past decades as a powerful technique to get a nanoscale insight
into topographical and optical properties of a sample, drawing the
attention of scientists for several applications ranging from life to
material science [1–4]. A great effort has been devoted throughout the
years to the optimization of the near field probe, which plays a major
role in the interaction with the sample and in the ultimate attainable
resolution [5, 6]. Since the proposal of the pioneering aperture
structure, based on a metal coated dielectric with a subwavelength
aperture left at the end, different options have been explored in order to
overcome some of its fundamental drawbacks, i.e., the poor resolution
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limited by the size of the aperture, the low throughput and the
asymmetric near field distribution at the probe apex resulting from the
linearly polarized excitation [7–9]. Apertureless probes under far field
external illumination have been indicated as a possible alternative [10–
13]: although they allow the achievement of high field enhancement and
high resolution, the far field illumination creates a strong background
potentially deleterious for measurements on sensitive samples, as is the
case for, e.g., fluorescent molecules.

A viable solution is given by apertureless fully metal-coated tips
under internal back excitation. Just as metallic probes under far field
external illumination, they allow high field enhancement and strong
confinement to an ultra-small spot whose size is mostly limited by
the diameter of the metal apex (which can be sharpened at will); at
the same time, they pose minor risks for sensitive samples, because
of the lack of the strong deleterious background [8, 10, 11, 14–16].
However, such desirable properties can be obtained only under a
radially polarized excitation, which unfortunately requires an injection
procedure extremely sensitive to misalignments [17]. In fact, the
surface plasmon polaritons (SPPs) excited by the radially polarized
input on the metal surface interfere constructively at the tip apex,
due to the rotational symmetry of both the input polarization and
the probe, resulting in a highly localized hot spot, at the basis of
nanofocusing; on the contrary, the SPPs excited by a linearly polarized
excitation interfere destructively at the tip apex due to the opposite
polarities on the opposite sides of the tip, giving rise to a broad,
asymmetric and weak near field distribution [16, 18].

In order to circumvent the inconvenience inherent in the use of
a radially polarized excitation and get nanofocusing under linearly
polarized excitation, it is necessary to break the symmetry of the
originally axisymmetric structure. If z is the direction of the probe
axis and an asymmetry is introduced in the tip structure along x,
field confinement under x linearly polarized mode can be attained,
the size and the peak intensity of the achieved spot being dependent
on the characteristics of the asymmetry. Different structures have
been examined, from modifications in the metal coating like slits
and asymmetric corrugations to oblique cuts removing the metal
coating and the core of the probe [19–21]: a proper engineering of the
asymmetry can lead to spot sizes comparable to those achieved under
radially polarized excitation with even better peak intensity values.
Therefore, such asymmetric structures could potentially be promising
candidates in high resolution SNOM applications and deserve further
numerical investigation and experimental validation.

However, the accurate characterization of the near field optical
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properties of novel probe structures represents a challenging task. A
tip-on-tip or probe-to-probe configuration has been proposed for this
purpose [17, 22]: such an arrangement, in which one tip with known
properties is used as a probe to collect the near field distribution of the
novel tip, requires a good alignment between the two probe axes, which
adds to the complexity of the experimental set-up. A more detailed
description of the near field pattern at the probe apex can be obtained
using single fluorescent molecules. In the seminal work by Betzig and
Chichester, fluorescent molecules were used to map the electric field
distribution of aperture probes [23]: in fact, a fluorescent molecule can
be interpreted as an electrical dipole acting as a point detector for
the components of the electric field aligned along its absorption dipole
direction, because the emitted fluorescence intensity is proportional to
the square of the local electric field parallel to its absorption dipole.
As a consequence, this characterization technique provides a precious
glimpse into the vectorial components of the electric field distribution
close to the tip apex.

The interaction of single fluorescent molecules with aperture
probes has been thoroughly analyzed both experimentally and
theoretically [24–26]. The interest in such a topic stems not only
from its importance as a characterization technique, but also because
single molecule detection is a hot issue in biological as well as in
material science [1, 27]. A requisite of paramount importance for
single fluorescent molecule detection is the reduction of the excitation
volume of the molecule in order to discriminate the signal emitted by a
single molecule among the signal arising from surrounding molecules,
which acts as an interfering background [28]. SNOM looks particularly
suitable for this purpose due to the strong localization of the field
emitted by the probe; moreover, due to the presence of transverse
and longitudinal field components close to the probe apex, it has been
used for the determination of the three-dimensional (3D) orientation
of single fluorophores by controlling the polarization of the excitation
light [29]. Aperture SNOM probes have been employed for fluorescence
studies on biological molecules and polymers [24, 28–31].

Contrarily to the vast literature available for aperture probes, a
systematic and comprehensive numerical analysis of the interaction of
apertureless probes with single fluorescent molecules is still missing,
although high resolution in single fluorescent molecule detection has
been demonstrated for measurements performed using apertureless
probes under internal radially polarized excitation, due to the better
field confinement [32]. Furthermore, as anticipated, asymmetric
SNOM probes excited with linearly polarized light along the direction
of the asymmetry are expected to guarantee field localization with
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peak intensity comparable or better than axisymmetric fully metal-
coated probes under radially polarized excitation, while enabling a
simplification in the injection procedure. Hence, their interaction with
single fluorescent molecules is of primary interest as well.

In this paper, we investigate the interaction between novel
asymmetric SNOM probes and a single fluorescent molecule. First,
the interaction between an axisymmetric fully metal-coated probe
under radially polarized excitation and a single fluorescent molecule
will be examined. Next, these results will be compared with those
obtained in case of asymmetric probes. It will be shown that the
vectorial components of the near field emitted by an asymmetric probe
under proper linearly polarized excitation closely resemble those of
an axisymmetric fully metal-coated probe under radially polarized
excitation with the presence of strong longitudinal field components.
Hence, on the one hand, single fluorescent molecule detection can
be used as a characterization technique to analyze how effective this
conversion into a mainly longitudinally polarized emission pattern is
for asymmetric probes with different geometric characteristics. On
the other hand, asymmetric probes with known near field distribution
can be used for single fluorescent molecule detection as an effective
substitute for fully metal-coated axisymmetric probes. In this case, the
comparison of the experimental fluorescence measurements with our
numerical results may aid in the determination of the 3D orientation
of single molecules.

2. NUMERICAL MODEL

Due to the lack of analytical solutions for the asymmetric SNOM
probes, a numerical approach has been adopted. Using Comsol
Multiphysics, a finite element based commercial software, full 3D
simulations have been carried out to determine the field distributions
close to the probe apex of either axisymmetric fully metal-coated tips
or asymmetric probes, by exciting the structure from the bottom with
a properly polarized excitation (radial for the axisymmetric tip and
linear for the asymmetric ones). Simulations have been run on a 64-
bit workstation with 32 GB of RAM using second order elements with
minimum size of about 0.8 nm. The modeling domain is a cylinder of
radius equal to 1µm and height of 1.6µm.

The axisymmetric probe (Figure 1(a)) consists of a silica core
(n = 1.5) covered by an aluminium coating (n = 0.645 + 5.029i at
the operating wavelength of 532 nm). The initial radii of the tapered
structure with a 30◦ full cone angle are 225 nm for the inner core
and 275 nm for the outer edge of the metallic hollow cone. Both
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the inner silica cone and the aluminium hollow cone have rounded
terminations with radii of 10 and 20 nm, respectively. The asymmetric
probes consist in the introduction of a proper asymmetric modification
in the originally axisymmetric structure (Figure 1(b)): a cut probe was
considered due to the simplicity to fabricate this probe using focused
ion beam milling, a technique commonly employed for the creation of
flat apertures in standard aperture probes. The geometric parameters
characterizing this probe are the cut angle (measured between a plane
orthogonal to the probe axis and the plane of the cut itself) and the

(c) (d)

(a) (b)

Figure 1. Sketch of the simulated structures: (a) axisymmetric probe;
(b) asymmetric cut probe; (c) representation of the orientation of the
dipole (red vector) through the polar angle θ and the azimuthal angle
φ; (d) angle α between the direction of the input linear polarization
(indicated by the magenta line) and the direction of the asymmetry
(represented with the cyan line); both the lines lie in the xy plane.
According to Figure 1(b), the asymmetry is present along the x axis.



286 Lotito et al.

cut height (that is, the height of the new probe apex measured from
the bottom of the simulated tapered structure).

The interaction with fluorescent molecules with different orien-
tations located at 10 nm from the probe apex has been modeled by
recalling that the fluorescence intensity I emitted by a molecule is re-
lated to the square of the dot product of the local electric field E and
the normalized absorption dipole moment p [23]:

I ∝ |E · p|2 (1)

Equation (1) highlights the dependence of the fluorescence
intensity I on both the absolute value and the direction of the electric
field, thereby explaining the ability of a fluorescent molecule to provide
a vectorial picture of the local electric field. The normalized absorption
dipole moment which characterizes the 3D dipole orientation can be
formulated as:

p =

( sin θ cosφ
sin θ sinφ

cos θ

)
(2)

where θ and φ represent the polar and azimuthal angle, respectively
(Figure 1(c)). In our case the local field E = (Ex, Ey, Ez) coincides
with the electric field distribution on the xy plane at a distance z of
10 nm above the probe apex. In Figure 1(d), we have also depicted
the angle α between the direction of the input linear polarization
and the direction along which the asymmetry is present: according
to the sketch in Figure 1(b), the asymmetry lies along the x axis. In
the following paragraph, the distributions obtained for fluorophores
with different orientations for an axisymmetric probe under radially
polarized excitation are reported and compared to those obtained for
an asymmetric probe under linearly polarized excitation.

3. PROBE-MOLECULE INTERACTION

The axisymmetric probe was excited with a radially polarized
excitation, while changing the polar and azimuthal orientation of
the fluorescent molecule from 0◦ to 90◦ with a step of 30◦. The
simulated fluorescence intensity distributions calculated according to
Equation (1) on a 400 nm by 400 nm square area centered on the probe
apex are shown in Figure 2. The number in the upper left corner of
each plot indicates the peak intensity for a molecule with a specific
dipole orientation normalized to the peak of the total local electric field
intensity |E|2 (square of the norm of the electric field). As apparent,
the radially polarized excitation results in a strong longitudinal local
field at the tip apex (corresponding to θ = 0◦), made up of a single hot
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Figure 2. Simulated fluorescence intensity maps over a 400 nm by
400 nm square area for single molecules with different orientations (as
specified by the polar angle θ and the azimuthal angle φ) excited
by an axisymmetric fully metal-coated probe under radially polarized
excitation and located at a distance of 10 nm from the tip apex. All the
maps are reported on the same color scale, with each plot normalized
to its peak intensity value.

spot, and weaker orthogonal transverse components (corresponding to
θ = 90◦ and φ = 0◦ and θ = 90◦ and φ = 90◦, respectively) of almost
equal magnitude appearing as two-lobed patterns. Note that we use
the adjective longitudinal for the component aligned along the probe
axis z and transverse for those lying in the xy plane. Similarly, we will
adopt the same expressions to refer to molecules with a dipole moment
either oriented along z or lying in the xy plane.

The calculated field distributions can help in the interpretation
of fluorescence measurements and in the determination of the 3D
orientation of a fluorescent molecule. Due to the axial symmetry of
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both the probe and the input excitation, a variation in the azimuthal
angle of the fluorophore does imply almost no change in the peak value
and in the overall shape of the intensity distribution, which rotates only
its prevalent orientation according to φ. On the contrary, a variation
of the polar angle θ from 0◦ to 90◦ gives rise to a decrease in the peak
intensity and a gradual transition from a single spot to a two-lobed
distribution, as the dipole absorption moment overlaps dominantly
with the weaker transverse components of the local electric field rather
than with the stronger longitudinal component. The full width at half
maximum (FWHM) varies from about 30 nm for θ between 0◦ and 60◦
to a maximum of about 80 nm for a dipole without any longitudinal
component (θ = 90◦).

Some notable features with respect to aperture probes under usual
linearly polarized excitation are worth being pointed out. First, the
eloquently distinct dominance of a single lobe longitudinal component
in the probe near field distribution marks a striking difference and
has important consequences on the imaging of dipoles with a mainly
longitudinal dipole moment. These molecules are usually imaged as
two lobes with aperture probes, because the longitudinal component
of the electric field close to the aperture is strong only on the aperture
edge at two diametrically opposite positions aligned along the direction
of the input linear polarization. From a practical standpoint, better
imaging of molecules with a mainly longitudinal dipole moment (like
terylene molecules in p-terphenyl [33] or TRITC-DHPE molecules in
DPPC monolayers [24]) could be achieved. Moreover the determination
of the orientation of molecules with the same polar angle and different
azimuthal orientation becomes easier. In fact, such molecules are
imaged almost identically in terms of shape and intensity of the
fluorescence pattern with fully metal-coated probes under radially
polarized excitation, apart from the rotation by φ which allows the
determination of the azimuthal component of the fluorophore dipole
moment. On the contrary, using aperture probes strong differences in
intensities and shape of the field distributions emerge in molecules with
variable azimuthal angle due to the significant differences in orthogonal
transverse components close to the aperture, with variations in peak
intensities by even two orders of magnitude [25]. We should also
recall another outstanding advantage of fully metal-coated probes
with respect to aperture probes, in that the overall resolution is
limited mostly by the size of the metal apex, which can be made
smaller holding the promise for better resolution, while the aperture
size cannot be decreased at will to avoid a drop in the signal
throughput [32].

The interaction with single fluorescent molecules has been
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Figure 3. Simulated fluorescence intensity maps over a 400 nm by
400 nm square area for single molecules with different orientations (as
specified by the polar angle θ and the azimuthal angle φ) excited by
a cut probe under linearly polarized excitation along the direction of
the asymmetry (x) and located at a distance of 10 nm from the tip
apex. All the maps are reported on the same color scale, with each
plot normalized to its peak intensity value.

investigated also for an asymmetric probe based on an oblique cut,
creating an asymmetry along x. Figure 3 refers to a structure with
a cut angle of 30◦ and a cut height (measured from the bottom of
the simulated tapered structure) of 766 nm under x linearly polarized
excitation (i.e., oriented along the direction of the asymmetry; α = 0◦).
The dominance of the longitudinal component over the transverse
components of the electric field is evident also in this case; the
two orthogonal transverse components still exhibit a double-lobed
structure, even if they are slightly different in magnitude, as the
electric field component aligned along the input linear polarization
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direction prevails against the orthogonal one. Therefore, while for
the axisymmetric probe under radially polarized excitation almost
no change in the fluorescence intensity mapping occurred with the
azimuthal angle φ at constant polar angle θ, for the asymmetric probe
minor variations are observed upon a change of φ due to the slight
inequality of the two transverse components. However, such negligible
variations do not represent a major pitfall: the close resemblance
with the fluorescence distributions obtained for an axisymmetric probe
under radially polarized excitation is still remarkable, which makes
the asymmetric structure a promising alternative to the axisymmetric
one for single fluorescent molecule studies, as it offers the advantages
pointed out for the axisymmetric probe, but under an easier linearly
polarized excitation.

To better emphasize the similarities of the distributions obtained
for the axisymmetric and the asymmetric probes, we examined the
projections along the y = 0 axis for φ = 0◦ and variable θ (Figures 4(a)
and (b)) and along the straight line x · tan(φ) for θ = 90◦ and variable
φ (Figures 4(c) and (d)).

For both the axisymmetric and the asymmetric probes, the
fluorescence map becomes two-lobed as the polar angle θ approaches
90◦ (Figures 4(a) and (b)). In the asymmetric probe (Figure 4(b)) a
slight asymmetry appears in the two lobes for θ = 90◦ and φ = 0◦,
but the overall shape as well as the FWHM are similar to the ones
of the axisymmetric structure (Figure 4(a)), with the maximum spot
size varying from about 30 nm for θ between 0◦ and 60◦ to about
74 nm for a dipole without any longitudinal component (θ = 90◦).
For variations in the azimuthal orientation of the molecule at constant
polar angle θ, we get two-lobed patterns for both structures and all
azimuthal angles (Figures 4(c) and (d)): in case of the asymmetric
probe, we observe small asymmetries between the two lobes and
peak fluctuations, but the asymmetry between the lobes gradually
vanishes as the dipole moment becomes orthogonal to the input linear
polarization (Figure 4(d)).

To study how effective the conversion into a mainly longitudinally
polarized distribution is for asymmetric probes with different geometric
parameters (cut height and cut angle), the behavior of various probe
structures has been examined. As figures of merit for a comparison,
the following quantities have been considered (Table 1): first, the ratio
of the peak intensity of the longitudinal and transverse components
aligned along x and y to the peak intensity of the total electric field;
second, the range of variation of the FWHM for fluorescent molecules
with longitudinal and transverse dipole moments. In order to highlight
the relative magnitude of the total electric field intensity for the
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different probe structures, the peak value of the total electric field
intensity for each structure normalized to the one of the axisymmetric
probe has been reported as well.

It is noteworthy that, independently of the total electric field
intensity, all the asymmetric structures exhibit a highly confined
strong longitudinal electric field component and weaker transverse
components, like the axisymmetric probe under radially polarized
excitation. Hence, probes with optimal total intensities can be
chosen. As observed, differently from the axisymmetric probe, where
orthogonal transverse components have almost the same size and peak

(a) (b)

(c) (d)

Figure 4. Line projections of the fluorescence distribution: (a) profile
along x for a molecule with azimuthal angle φ = 0◦ and variable polar
angle obtained with an axisymmetric probe under radially polarized
excitation; (b) profile along x for a molecule with azimuthal angle
φ = 0◦ and variable polar angle obtained with an asymmetric cut probe
under x linearly polarized excitation; (c) profile along the straight line
x·tan(φ) for a molecule with polar angle θ = 90◦ and variable azimuthal
angle obtained with an axisymmetric probe under radially polarized
excitation; (d) profile along the straight line x · tan(φ) for a molecule
with polar angle θ = 90◦ and variable azimuthal angle obtained with
an asymmetric cut probe under x linearly polarized excitation.
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Table 1. Comparison of asymmetric probes with different geometric
characteristics.

Probe

type

Normalized

longitudinal

component

Normalized

transverse

components

along x

and y

FWHM

(longitudinal)

[nm]

FWHM

(transverse)

[nm]

Normalized

total

electric

field

intensity

Axisym-

metric
0.994 0.123–0.125 31 82 1

Cut:

766 nm;

30◦
0.986 0.105–0.143 30 74–80 1.478

Cut:

816 nm;

30◦
0.974 0.095–0.194 31 65–77 0.281

Cut:

816 nm;

40◦
0.944 0.101–0.193 32 62–80 0.499

Cut:

741 nm;

30◦
0.997 0.097–0.161 30 60–77 2.109

Cut:

816 nm;

50◦
0.963 0.119–0.180 31 63–84 2.026

intensity, the transverse component aligned along the input linear
polarization is still slightly higher than the orthogonal component and
marginally asymmetric (the two lobes are not identical as observed
earlier in Figure 4) which accounts for the variations in the peak value
and FWHM for the transverse components reported in Table 1. Such
minor differences would only slightly affect the field distributions for
variable φ, but are not likely to impair the high resolution mapping of
the fluorescent molecules and the determination of their orientation.

So far only a linearly polarized excitation along the direction of
the asymmetry has been considered. However, the behavior of such
asymmetric probes is expected to vary as a function of the angle α
between the direction of the input linearly polarized excitation and the
direction of the asymmetry. As an example, we considered a molecule
with longitudinal dipole moment and studied how the mapping of the
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(a) (b)

(c) (d)

Figure 5. Mapping of a fluorescent molecule with longitudinal dipole
moment with an asymmetric cut probe for variable α: (a) fluorescence
map for α = 0◦; (b) fluorescence map for α = 90◦; (c) FWHM for
variable α; (d) peak values for variable α (peak values normalized to
the peak intensity for α = 0◦). The number in the corner in (a) and
(b) reports the peak value normalized to the peak intensity for α = 0◦.

molecule varies with a transition from a situation of perfect alignment
with respect to the asymmetry (α = 0◦) to complete misalignment,
i.e., linearly polarized excitation orthogonal to the direction of the
asymmetry (α = ±90◦). Figures 5(a) and (b) report the fluorescence
maps for α = 0◦ and α = 90◦ and Figures 5(c) and (d) show the
FWHM and peak value normalized to the one of α = 0◦ obtained for α
variable from −85◦ to 90◦ with an incremental step of 5◦. Plots refer
to a cut probe with a cut angle of 30◦ and a cut height of 766 nm.

As the misalignment of the input polarization from the preferential
direction of the asymmetry increases, both the peak value and the
shape of the intensity pattern of the fluorescent molecule change. In
particular, the peak value decreases and the distribution becomes
gradually broader. This is due to the fact that, as α increases,
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the asymmetry perceived by the input linearly polarized excitation
progressively disappears and the probe near field distribution
undergoes a transition from an essentially longitudinal polarization
with higher intensity and strong confinement (α = 0◦) to a mainly
linear polarization with low intensity and broad extension aligned along
the direction of the input linear polarization (α = ±90◦). The latter
is characterized by a dominant y polarized component, a weaker two-
lobed z component and an even weaker four-lobed x component. In
retrospect, the different behavior can be explained if recalling that
a structure asymmetric along x appears symmetric for a y linearly
polarized excitation, which brings about destructive interference of the
excited SPPs, similarly to what happens for an axisymmetric structure
under linearly polarized excitation.

In conclusion, the simulations confirm the impressive similarity
between the axisymmetric probe with radially polarized excitation and
the asymmetric probes under linearly polarized excitation along the
direction of the asymmetry, which makes the asymmetric structures
eligible to replace the axisymmetric probe for measurements on
single fluorescent molecules, as long as the alignment of the input
linear polarization with respect to the asymmetry is controllable
and the direction of the asymmetry when the probe is mounted
on the microscope is known. If such a condition is not met, the
introduction of an adirectional asymmetry extended to all the spatial
directions [34, 35] (and not oriented along one specific direction as is
the case for the previously considered x-asymmetric structures) would
be advisable. However, even in case of a directional asymmetry (i.e.,
with an asymmetry lying along one specific spatial direction, as the
one examined in this paper), the mapping of the molecule does not
dramatically change in both peak intensity and size for a broad range
of misalignment of the input linear polarization from the preferential
direction of the asymmetry, as shown in Figures 5(c) and (d).

4. CONCLUSIONS

The interaction of fluorescent molecules with fully metal-coated
axisymmetric tips and with novel asymmetric tips has been thoroughly
scrutinized. Our numerical analysis reveals that the fluorescence
maps of molecules with different absorption dipole moments achieved
with asymmetric tips under proper linearly polarized excitation are
closely akin to those observed with an axisymmetric tip under radially
polarized excitation. As single molecules serve as an effective point-like
probe for the vectorial components of the near field distribution close to
a SNOM tip, the similarity of the fluorescence distributions suggests
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a substantial resemblance of such electric field components between
the two probe structures. Both of them are characterized by a single-
lobed longitudinal field component dominant over two almost identical
two-lobed orthogonal transverse components. Hence, variations in the
polar orientation of a fluorophore from mainly longitudinal to mainly
transverse at constant azimuthal angle are mapped as a transition from
a single-lobed to a two-lobed pattern, while changes in the azimuthal
angle at constant polar orientation imply a simple rotation of the
fluorescence distribution according to the azimuthal angle. This allows
a more straightforward interpretation of the 3D orientation of single
fluorescent molecules compared to aperture probes, characterized by
a two-lobed longitudinal component and by orthogonal transverse
components strongly unequal in magnitude and shape, with differences
as high as two orders of magnitude.

Our simulations may be used in combination with experimental
results to accurately determine the 3D dipole orientation of single
fluorescent molecules measured with novel asymmetric probes and
for the characterization of novel asymmetric probe structures using
molecules with a prevalent known dipole moment. Although both
axisymmetric fully metal-coated probes and asymmetric probes have
been experimentally used in fluorescence experiments, a numerical
modeling of the probe-fluorophore interaction was still missing. Our
results could be helpful in the interpretation of the experimental data
obtained with similar structures [32, 36, 37]. Moreover, the model
could be extended to encompass measurements on quantum dots,
for example by replacing the one-dimensional dipole with a two-
dimensional one [38].

Noticeably, the numerical demonstration of the attainment of a
strong longitudinal field component under linearly polarized excitation
by the introduction of an asymmetry in an originally axisymmetric
probe opens up interesting perspectives: longitudinal fields are
essential not only for fluorescence measurements (especially for the high
resolution imaging of fluorescent molecules with a mainly longitudinal
dipole moment), but also for other potential applications like near
field second-harmonic generation and Raman spectroscopy [39, 40].
Therefore, the possibility to generate them without resorting to a
cumbersome radially polarized excitation would foster the development
of new exciting horizons.
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