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ABSTRACT We examine the optical near-field interaction be-
tween different types of scanning tips and single oriented fluor-
escent molecules. We demonstrate the influence of a tip on the
excitation intensity as well as on the integrated fluorescence sig-
nal, the excited state lifetime, and the angular emission of single
molecules. By using a standard model describing the radiation
of an oscillating dipole close to a nanosphere or a flat interface,
we interpret our observations and describe some central criteria
for obtaining fluorescence enhancement or quenching.

PACS 33.80.-b; 07.79.Fc; 78.90.+t

1 Introduction

Rough surfaces are known to change the absorp-
tion, scattering and emission cross sections of molecules
placed in their close proximities [1]. The most celebrated
effect in this context is surface enhanced Raman scattering
(SERS). However, fluorescence has also been reported to ex-
perience a substantial increase close to metallic rough sur-
faces. This is particularly intriguing because one typically
expects the fluorescence to be quenched for emitters located
very close to real metals [2]. For this reason, and because flu-
orescence can be detected with a very high signal-to-noise
ratio, several recent experiments have chosen to investigate
the modification of fluorescence from single emitters close to
nanostructures [3-9]. An especially powerful technique for
such studies has been the use of scanning probe methodol-
ogy due to its potential to control the position and orientation
of a well-defined nanostructure with respect to a well char-
acterized single emitter. The most commonly used “nanos-
tructures” in this approach, however, have been extended, un-
coated [5—7], or metallized AFM tips [4]. In some of these
cases enhancement [6, 7], whereas in others quenching [4], of
fluorescence has been reported.

The excitation process is expected to be modified by the
enhancement of the illumination field at sharp edges (also
known as the lightning rod effect), due to surface plasmons,
or due to resonant antenna effects. Furthermore, modification
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of the spontaneous emission and the nonradiative decay rates
close to the tip are expected to alter the emission process.
Deciphering these phenomena, however, poses a great experi-
mental challenge because they are not only often present sim-
ultaneously, but each also depends strongly on the separation
and orientation between the molecule and the nanostructure.
‘We have recently reported on a near twenty-fold enhancement
of fluorescence and a twenty-fold reduction of the excited
state lifetime in the near field of a gold nanoparticle attached
to a tip [9]. In that work we demonstrated the role of res-
onant enhancements of the excitation via particle plasmons,
and discussed the competition between quenching and the
enhancement of spontaneous emission at the plasmon reson-
ance. Here we consider two types of probes: a glass tip to
eliminate quenching and chromium-coated glass tips to avoid
plasmon resonances. By using a classical model that takes
into account the interaction of a dipole close to a spherical
particle [10], we provide some criteria for obtaining enhance-
ment versus quenching. Furthermore, we investigate the influ-
ence of the tip on the distribution of the excitation field and on
the angular emission spectrum of the molecule.

2 Experimental

Aside from the results presented in Fig. 6, all
data were obtained using samples produced by spin coat-
ing a solution of terrylene (10~ M) and para-terphenyl (pT,
3 mg/ml) in toluole onto a cleaned glass microscope cover
slide. We have shown that such samples consist of very thin
pT films [11] where terrylene molecules lie at a slight angle
of about 15° from the normal to the substrate [12]. Further-
more, our previous work shows that terrylene molecules in
this matrix maintain a near to one quantum efficiency, and
possess an unprecedented photostability and show almost
no blinking intermittency. These features make this system
an excellent candidate for near-field fluorescence studies at
the single molecule level [9, 12]. To visualize single terry-
lene molecules, wide-field fluorescence images were taken on
an inverted microscope using total internal reflection excita-
tion with p-polarized light at a wavelength of 532 nm. This
was achieved by focussing the excitation laser beam at the
entrance aperture plane of the microscope objective (Zeiss,
1.4 NA) offset from its axis, to produce an angle of inci-
dence of 40° in the pT film (npr ~ 1.85). In this excitation
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mode a relatively large area of 10 x 10 um? is illuminated.
At higher magnification (260x) the molecules appear as
well-separated doughnut-like shapes on a CCD camera. Al-
ternatively, the fluorescence from an isolated molecule could
be detected through a pinhole using an avalanche photodiode
(APD). We have verified that in all our measurements the flu-
orescence signal scales linearly with the excitation intensity;
i.e. we operate far from saturation.

To study the influence of a local probe on the molecular
fluorescence, we used the machinery of a home-built scanning
near-field optical microscope (SNOM) housed on the inverted
microscope to manipulate the probe in the immediate vicin-
ity of the sample surface. The separation between the tip and
the sample could be either locked at about 5 nm using shear
force feedback control (constant gap mode) or be set to arbi-
trary values, using a piezo actuator (variable gap mode). In
either case images were acquired by scanning the tip laterally
and recording a signal from a single molecule. The results dis-
cussed in this work were all obtained using heat pulled tips
produced by a Sutter P-2000 micropipette puller. Such tips
can be produced to be sharp with a radius of curvature as small
as about 40 nm. However, depending on the parameter set-
tings, the tip could also have a flat end with a diameter of a few
hundred nanometers. This plateau is sometimes accompanied
by a sharp protrusion.

Figure 1a shows a near-field fluorescence image recorded
when scanning an uncoated glass tip in the constant gap mode.
Figure 1b displays the topography map of the sample taken
simultaneously, measuring a sample height of about 45 nm.
Figure 1c shows another scan with a higher pixel resolution of
the central region marked in Fig. 1a, where the location of the
molecule is labelled by an arrow. Figure 1d illustrates a cross
section from Fig. 1a. These data clearly reveal an increase of
molecular emission by about 60% when the glass tip is right
above the molecule. In addition to this local enhancement of
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FIGURE 1 (a) Fluorescence of a single molecule when a sharp glass tip is
scanned above the sample. (b) Topography image recorded simultaneously
as in (a). (¢) A second high pixel resolution scan of the region marked by
the white square in (a). The arrow signifies the location of the molecule. (d)
Cross-section along the line indicated in (a)

the fluorescence, we identify a modulation of emission caused
by the interference between the incident beam (direction in-
dicated by the vector ki,.) and the light scattered by the tip
[6,13,14]. When the tip is before the molecule (to the left
of the molecule) the incident beam and its scattered compon-
ent co-propagate, resulting in a uniform intensity. But as the
tip moves beyond the molecule the field scattered by the tip
counter-propagates against the incident laser beam, forming
a standing wave pattern that modulates the excitation inten-
sity at the position of the molecule. These features are well
recovered in numerical calculations [13] and have been re-
cently verified both by near-field lithography [14] and by
single molecule fluorescence measurements [6]. However, in
Fig. 1a and ¢ we also observe a clear asymmetry signified by
a stronger signal toward the upper right side. This is caused by
the slight tilt of the molecular dipole (by about 15°) that results
in a better match with the back-scattered field at a particu-
lar tip location [6]. Furthermore, in this particular direction
the first destructive interference is effective enough to lower
the fluorescence signal below that of the isolated molecule.
Another noteworthy feature of the signal in Fig. 1a is the trun-
cation of the fluorescence in the lower right side, indicated by
an arrow. A comparison with the topography image in Fig. 1b
lets us attribute this effect to scattering at the edge of the pT
film.

Various theoretical [13,15—17] and experimental [4,9,
18-21] reports have shown that the fluorescence lifetime is
also modified in the presence of nanostructures. As in the case
of an emitter in front of a planar mirror [2], the radiative de-
cay rate can be either reduced or enhanced, depending on the
orientation of the molecular dipole. If the dielectric constant
of the surrounding medium possesses a nonzero imaginary
part, nonradiative decay of the excited state caused by the dis-
sipation of dipolar energy, i.e. quenching, dominates at very
small separations. Most laboratory measurements have so far
reported the reduction of lifetimes in the presence of tips, and
have attributed it to quenching [4, 5, 18, 19]. We examine the
effect of a sharp glass tip on a terrylene molecule that is ori-
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FIGURE 2
stant gap mode taken with a glass tip. (¢) Map of the lifetime recorded at each
pixel of image (a). (b) and (d) show cross-sections along the /ines indicated
in (a) and (c), respectively. The dashed circle indicates the influence of the
plateau at the end of the tip

(a) Fluorescence near-field image of a single molecule in con-
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FIGURE 3 (a) Fluorescence image of a molecule in variable-gap mode. At

each pixel of a single scan line of Fig. 2 the tip is retracted and re-approached
in the vertical direction. (b) Intensity cross-section along the line indicated
in (a)

ented nearly parallel to the tip axis. The advantage of this
system is that quenching is absent because glass has a negli-
gible absorption in the visible domain.

To acquire the fluorescence lifetime, we replaced the con-
tinuous wave excitation with a pulsed laser beam and per-
formed time correlated single photon counting by the APD.
Measurements of the fluorescence lifetime (18 ns), local film
thickness (45 nm) and inclination angle of a single molecule
(15°) in the absence of the tip let us deduce that the depth of
the molecule below the pT-air interface is 22 nm [12]. Fig-
ure 2a and ¢ show a fluorescence image and a map of the ex-
cited state lifetime t taken simultaneously at each tip position,
respectively. We find a reduction of the lifetime by about a fac-
tor of 2 to T = 9 ns accompanied by a two-fold increase of the
fluorescence signal when the tip is right above the molecule.
Cross sections displayed in Fig. 2b and d reveal a sharp lateral
confinement in both intensity and lifetime with a full width
at half maximum (FWHM) of about 35 nm and a weaker en-
hancement within about 200 nm indicated by the dashed circle
in Fig. 2a. We attribute the tighter confinement to the effect of
a sharp protrusion and the broader distribution to a plateau at
the end of the tip.

‘We have also examined the fluorescence signal while mov-
ing the tip in a plane normal to the sample and containing
the molecule. Figure 3 shows such a vertical map and a cross
section from it. The enhancement effect is strongly confined
to a short range of about 15 nm. We point out that the decay
length of the evanescent excitation beam at an angle of inci-
dence of 40° amounts to about 200 nm, which is considerably
longer than the observed decay length. Thus, we conclude that
the extreme confinement of the measured effects are due to the
tip-induced local increase of the excitation intensity.

To discuss the role of possible mechanisms at play, let
us consider the fluorescence intensity S in the unsaturated
regime, given by
St o< Elodeyn(r) K(r). (1)
Here & denotes an overall detection efficiency, and K accounts
for the change of the electric field intensity near the nano-
structure as well as its projection onto the direction of the mo-
lecular dipole moment. The quantities /o and d,, stand for the
incident excitation intensity in the absence of the nanostruc-
ture, and for the matrix element associated with the transition
between the excited and ground states. The vector r represents
the relative displacement between the tip and the emitter. The
quantum efficiency 7 is defined as the ratio y;/ (; + Yar) Where
¥ and yy; denote the radiative and nonradiative decay rates.
In other words, n describes the probability that each decay
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FIGURE 4 Calculations for an oscillating dipole emitting at a wavelength
of 580 nm, placed close to dielectric (dashed curves) and chromium (solid
lines) spheres of diameter 100 nm, and oriented radially. (a) Red curves show
excitation enhancement of a plane wave illumination at a wavelength of
532 nm and polarization along the dipole—sphere axis. Black curves display
the quantum efficiency. (b) The green and the pink curves show the radiative
and nonradiative decay rates respectively, normalized to the decay rate of the
unperturbed dipole
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of the excited state results in the emission of a photon. Since
the near unity quantum efficiency of a terrylene molecule [12]
cannot be changed by the presence of a glass tip, enhance-
ment of ¢ can only be due to an increased excitation intensity
right below the tip (K) or a more efficient collection of flu-
orescence (£). For a molecule embedded in an ultrathin film
with an orientation normal to the substrate, the great major-
ity of the fluorescence enters the substrate and about 70%
is already collected by a microscope objective of numerical
aperture NA = 1.4. Therefore, a slightly higher £ value in the
presence of the tip cannot explain a two-fold enhancement,
leaving an increase in K as the only mechanism for the ob-
served enhancement of St.

A semiquantitative estimate of the above-mentioned ef-
fects can be obtained by approximating the tip with a nano-
sphere of dielectric constant € and radius R. In this case Mie
theory can be used to calculate the field intensity at a given
separation from the sphere [22]. The dashed red curve in
Fig. 4a displays the normalized electric field intensity in the
radial direction close to a glass sphere (¢ = 2.3) with a diam-
eter of 100 nm. The incident intensity is enhanced by about
60% at a distance of 20 nm from the nanosphere surface and
falls to half its value within about 10 nm, in fairly good agree-
ment with the experimental results presented in Figs. 2 and 3.
For a sphere of radius R much smaller than the transition
wavelength, these results can also be obtained using the qua-
sistatic approximation of the Mie theory where the sphere is
substituted by a dipole moment proportional to R3 (:—é) [22].
This model shows that 1) the intensity enhancement scales as
(%) and 2) the field enhancement at the sphere surface is
independent of its radius. The latter follows from the fact that
the (1/R)? dependence of the electric field is balanced by the
R? dependence of the sphere polarizability. These considera-
tions together with the calculated value of 3 for the intensity
enhancement at the surface of a glass tip (¢ = 2.3) let us infer
an intensity enhancement of about 20 times at a silicon AFM
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FIGURE 5 Fluorescence scanning probe images of single molecules for
three chromium coated tips. (a), (d) and (g) show sketches of the tips in
measurements presented in (b), (e), and (h) respectively. (c), (f) and (j) plot
cross-sections from fluorescence maps (b), (e) and (h) respectively

tip (¢ ~ 16 at a wavelength of 600 nm), in very good agree-
ment with the observations of Gerton et al. [7].

Approximating the tip by a nanosphere also allows analyt-
ical solutions for the modification of the fluorescence lifetime
following a classical model [10,23,24]. The green dashed
curve in Fig. 4b displays the distance dependence of the ra-
diative decay rate of a radially oriented dipole close to a glass
sphere of diameter 100 nm. We find that at a separation of
20 nm the lifetime is reduced by about 70%, again in good
agreement with our measurements. We remark that both our
calculations of the field intensity and decay rate modification
have been simplified by ignoring the sample—air interface. Al-
though the general trend should persist in full calculations,
quantitative agreement with experimental data can only be ob-
tained if the substrate is taken into account properly.

The data presented in Figs. 2 and 3 show that even a dielec-
tric tip could enhance the excitation and emission of an emitter
by a moderate factor. We now turn to the metallized tips com-
monly used in apertureless SNOM [25,26]. Here we used
glass tips coated with 30—40 nm of chromium. Chromium ex-
hibits a strong damping of optical currents due to a large imag-
inary part of its dielectric function, and it does not support
plasmon resonances in the visible spectral range. Figure 5b
shows the experimental results performed with a Cr-coated
sharp tip (sketched in Fig. 5a) scanned across a terrylene-
doped pT sample with a thickness of 20 nm (a different sample
than that used in Figs. 1-3). We observe an enhancement of
single molecule fluorescence by about 1.6 times within an
area of FWHM ~ 150 nm. Moreover, we note an interference
pattern in Sy when the tip is placed away from the position of
the molecule, similar to that shown in Fig. 1.
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FIGURE 6 Confocal arrangement. (a) Fluorescence scanning probe image
of a Dil molecule using a chromium coated glass tip. (b) Cross-section along
the line indicated in (a)

Next, we replace the terrylene-pT sample by a poly-
mer (PMMA) thin film of thickness 20—30 nm, containing
sparsely dispersed Dil-molecules to study the effect of a sharp
metallic tip on a molecule with a dipole moment aligned in the
plane of the substrate. Here, we excited single molecules with
a linearly polarized focused laser beam propagating along the
tip axis (a different but similar tip as used earlier) and obtained
images such as that in Fig. 6 when scanning the tip. As op-
posed to the case of an axially oriented terrylene molecule, we
now observe a reduction of the Dil fluorescence to the back-
ground level in the presence of the Cr tip. The FWHM of this
quenching effect is about 160 nm. We also point out in passing
that the interference patterns are absent in Fig. 6 because in
this excitation mode the tip is illuminated only when it passes
the tight laser focus.

Again, we can obtain a theoretical estimate of the above-
mentioned results if we approximate the tip by a small chro-
mium sphere. Considering that the skin depth of Cr for the
visible light is as short as 20 nm, and that Cr does not sup-
port plasmon resonances in the visible range, we approximate
a sharp glass tip covered with 30—40 nm of Cr by a solid
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FIGURE 7 Calculations for an oscillating dipole emitting at a wavelength
of 580 nm, placed close to dielectric (dashed curves) and chromium (solid
lines) spheres of diameter 100 nm, and oriented tangentially with respect to
the sphere. a) Red curves show excitation modification of a plane wave il-
lumination at a wavelength of 532 nm and with polarization parallel to the
dipole. Black curves display the quantum efficiency. b) The green and the
pink curves show the radiative and nonradiative decay rates respectively,
normalized to the decay rate of the unperturbed dipole
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chromium sphere, using the tabulated bulk dielectric con-
stants of —8.5 4291 for Cr [27]. We present the intensity en-
hancement (red curve) and quantum efficiency (black curve)
for dipoles oriented in the radial and tangential directions in
Figs. 4a and 7a, respectively. In Figs. 4b and 7b we plot the
radiative (green) and nonradiative (pink) decay rates for the
two dipolar orientations of interest. We see that at a distance
of 10 nm from the sphere surface, the excitation intensity is
enhanced by about 7 times in the radial direction while it is
reduced by about 4 times in the tangential direction. Further-
more, for a radially oriented molecule y; and y, are enhanced
by 7 and 21 times, respectively, reducing 7 to 25%. For a mo-
lecular dipole oriented in the plane of the substrate we find that
¥, is inhibited to 50% of its unperturbed value and y;, is re-
duced by 8 times, resulting in n = 5%. So, at a separation of
about 10 nm, we expect S¢ to be increased by about twice for
a radially oriented dipole and reduced by about 80 times for
a tangentially oriented dipole moment.

Before we continue with the presentation of experimental
results, we remark on some aspects of the calculations pre-
sented in Fig. 7 for a tangentially oriented dipole. First, the
excitation intensity is reduced close to both dielectric (dashed
curve) and metallic (solid line) sphere tips. This is caused
by the destructive interference between the incident field and
the scattered field of the sphere. Again, the essential feature
can be best visualized by replacing the sphere with an in-
duced dipole at its center. It is then readily seen that the field
at a location perpendicular to the dipole’s axis is antiparallel
to the induced dipole moment and the incident field. There-
fore, the total excitation field is lowered. Another noteworthy
effect is that the radiative decay, i.e. spontaneous emission,
is slowed down for this dipolar orientation. In case of a di-
electric tip, there is no quenching, and the quantum efficiency
remains unchanged (see black dashed lines in Figs. 4 and 7).
Therefore, according to (1) one does not expect the emission
efficiency to be changed. However, if a large inhibition of
spontaneous emission takes place, the overall emission can
become so weak that in practice the signal disappears under
the background noise. Finally, in light of this discussion, we
point out that the reduction of fluorescence under dielectric
tips should not be associated with quenching [5] since there is
no dissipation of energy involved.

An important parameter that determines the amount of
field enhancement and spontaneous emission modification is
the shape of the nanostructure [17, 28]. Controlled fabrication
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FIGURE 8 Calculated rates for radiative (green) and nonradiative (pink)
decay, as well as the resulting quantum efficiency (black) for a dipole ap-
proaching a chromium half-space, oriented normal to the interface. The
decay rates are normalized to the decay rate of the unperturbed dipole

of tips with various geometry has posed a challenge in SNOM
work over nearly twenty years. Nevertheless, we now present
two examples of metallized tips that deviate from ideal sharp
probes. Figure 5d shows a sketch of a heat pulled tip with
a plateau, similar to that applied in Fig. 2, but coated with
chromium and without the sharp protrusion. The sample used
here was again pT containing oriented terrylene molecules
with a typical thickness of 20—30 nm. The illumination is also
via total internal reflection so that the molecule is always ex-
cited. In Fig. 5, we find that the molecular fluorescence is
quenched when the molecule is right below the tip, but it
is clearly enhanced on a ring-like set of locations. The en-
hancement of the fluorescence at the edges of the tip could be
attributed to the local field enhancement in a similar fashion as
in Fig. 5a where a sharp tip was used. Regarding the reduction
of fluorescence in the middle of the tip, we first note that the
electrostatic lightning rod type of field enhancement is absent
at a locally flat geometry. Next, we consider the radiative and
nonradiative rates of a dipole perpendicular to a flat mirror dis-
played by the green and pink curves in Fig. 8. As expected, we
find that a flat surface also causes quenching. In fact, we note
that quenching is already significant at a distance of 200 nm
for a chromium coated mirror. The longer interaction range
displayed in Fig. 8 reflects a general property that near-field
effects take effect within a very short distance close to a sharp
tip, whereas the influence of blunt tips can be important even
at larger distances.

Figure 5h shows further results where a glass fiber tip was
slightly molten after fabrication and formed a small sphere
with a radius of the order of a few micrometers at the end.
The tip was then coated with chromium. The sketch of such
a tip is depicted in Fig. 5g. Now we find that the fluorescence
signal of a single terrylene molecule drops to the background
level (3.5 units on the y-axis of Fig. 5j) for the smallest gap be-
tween the tip surface and the molecule. As the tip is laterally
scanned away from the molecule, the mirror-molecule sepa-
ration is increased and the fluorescence is slowly recovered.
‘We observe no enhancement, however, there is a small region
with a lateral width of about 100 nm (indicated by an arrow)
where the fluorescence signal reaches that of the undisturbed
molecule. We have observed such effects in several tips and
attribute them to protrusions leading to a small enhancement
effect, or indentations resulting in reduced quenching. More
details of the modifications of the fluorescence intensity and
lifetime of a molecule close to tips with such large radii of
curvature were presented in a recent publication [12].

Having discussed tip-induced modification of fluores-
cence intensity and lifetime, we now present some results
on the modification of the emission pattern. This effect has
been predicted theoretically [29] and confirmed experimen-
tally [30]. The reported measurements were performed by
dividing the collected fluorescence into two channels and
monitoring the balance between the two signals as a function
of tip location. In our work, we have recorded and analyzed
full CCD camera snap shots of the same single molecule emis-
sion at high magnification. An undisturbed molecule produces
a doughnut-like intensity distribution on the CCD camera as
can be seen in Fig. 9a and sketched in Fig. 9a. This shape is
a direct consequence of the nearly axial orientation of the mo-
lecular dipole in the sample [11, 12,31]. Figure 9b—i shows
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FIGURE 9 Selection of emission patterns of a single terrylene molecule as
observed on a CCD camera. (a) A typical doughnut-shaped pattern of an un-
perturbed molecule. Images (b)—(i) exhibit a selection of disturbed patterns
in the presence of the blunt chromium-coated tip. Each image is assigned to
the corresponding pixel in (B). (o) and (y) display sketches of the emission
pattern for an unperturbed molecule and one influenced by the tip, respec-
tively

a selection of emission patterns recorded at different scan
pixels of Fig. Se. The assignment of each CCD image to the
corresponding pixel is indicated by lines linking it to the cen-
tral part of the original scan displayed again in Fig. 98. These
images show that the weight of the intensity distribution is
most strongly modified at the edges of the tip, almost form-
ing a circle on the crest of the intensity image of Fig. 9f.
A tentative explanation is given by an analogy to coupled
antennae [32]. If we consider the molecule as an oscillating
dipole and the tip as a secondary dipole that is driven by the
field of the molecule, then the overall system consists of two
coherent antennae separated by the vector r. The emission pat-
tern of this elementary antenna-array will deviate from that
of a single dipolar antenna and no longer exhibits symmetry
around its axis. Figure 9y illustrates a sketch of such a dis-
torted emission pattern. We remark that no notable change in
the emission pattern could be detected under the influence of
sharp tips (Fig. 5a). In this case, the small spatial extent of
a sharp tip and the very short coupling range allows the sys-
tem to be modelled by two point-like dipoles at a separation
much smaller than the wavelength. The emission pattern of
such a coupled system is very close to that of a single dipole.

3 Conclusions

We have examined the modification of fluores-
cence induced by an extended scanning probe and have re-
ported both enhancement and quenching of single molecule
fluorescence. Detailed quantitative results on the interaction
of a single molecule and a single gold nanoparticle acting as
a resonant nanoantenna are published elsewhere [9]. In this
work we have chosen our probes to avoid plasmon resonances
and concentrated on the quasistatic field enhancement phe-
nomenon, also known as the lightning rod effect. We have re-

ported the enhancement of both the spontaneous emission rate
and overall fluorescence signal for a single oriented molecule
under a sharp glass tip. We have provided a semiquantita-
tive explanation of these findings using an elementary model
of a classical oscillating dipole close to a dielectric sphere.
Furthermore, we have demonstrated the modification of flu-
orescence in the near field of chromium coated glass tips.
For a sharp Cr coated probe, we have measured moderate
enhancement of fluorescence for molecules oriented parallel
to the tip axis and have obtained quenching of the emission
for molecules oriented perpendicular to the tip axis. More-
over, we have investigated the effect of less sharp tips that
have subwavelength plateaus or micron-sized radii of curva-
ture. These results were also interpreted successfully using the
model of a molecule close to a chromium nanosphere. The
calculations presented in this work have been approximate,
but they have correctly interpreted all the main features of our
experimental findings. Our aim was not to achieve a quantita-
tive agreement with the measured data, but rather to point to
and describe the coexistence of different processes that com-
pete at the nanometer scale. To this end, the results in Figs. 4,
7 and 8 together with (1) provide the basic criteria for predict-
ing the magnitude and sign of the modification of fluorescence
of a molecule at different separations and orientations with
respect to a tip. Our investigations provide important criteria
for the prediction and interpretation of the contrast mech-
anism in apertureless SNOM imaging of fluorescence phe-
nomena. We conclude that although apertureless SNOM can
readily provide spatial resolution well below 100 nm, when
combined with light emitting samples, it can lead to complex
images with nontrivial interpretation. Quantitative informa-
tion on the relative separation and orientation of the molecules
with respect to the tip will be crucial for a proper analysis of
images.
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