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In this article, we carry out an in-depth study of the scanning tunneling microscopy-induced luminescence
spectra (STML) of individual plasmonic nanoparticles measured in air. When compared to the results of far-field
light scattering measured under the same ambient conditions, the STML measurements show spectral shifts
and peak broadening of hundreds of meV, even when a nonplasmonic tip is used for STML. We simulate the
near-field excitation and the effect of the tip using the finite-element method and show that these effects alone
cannot explain the spectral shifts and peak broadening observed for STML experiments in air. However, the
experimental results are well reproduced in the numerical simulations if the screening effect of a water meniscus
bridge present in the tip-nanoparticle gap is considered. Our results pave the way for finer interpretations
of STML experiments in air, where ignoring this additional screening effect can lead to an incorrect mode
assignment of the observed resonances.
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I. INTRODUCTION

Probing the optical properties of plasmonic nanoparticles
(NPs) on the nanometer scale has become crucial in nanopho-
tonics, e.g., to engineer their near-field coupling to other
plasmonic NPs or to quantum emitters. Various techniques
have been developed to carry out such nanoscale investiga-
tions, either using photons [1–4] or electrons [5–16] to excite
the plasmon modes of metal NPs. Among such techniques, in-
elastic electron tunneling in a scanning tunneling microscope
(STM) is a local, low-energy, electrical excitation source for
exciting plasmonic nanostructures. Such a source is broad-
band in frequency in the visible and infrared ranges [16–25].
STM-induced luminescence spectroscopy (STML) and pixel-
by-pixel mapping have been used under ultrahigh vacuum
conditions to investigate the spectral and spatial distribution of
the plasmon modes of metal NPs [7,14,26–30]. The STM tip
has been reported to affect the plasmon resonances of the NPs
under such conditions [31]. Such tip effects have also been
discussed in the context of scattering-type scanning near-field
optical microscopy [32].

Moreover, since the STM may be used in air, it can be
combined with optical microscopy in order to spatially and
angularly resolve the STM-induced luminescence [33–37].
When working in air, not only tip-sample coupling but also
the adsorption of water and the formation of a water meniscus
bridge in the tip-sample gap [38–41] are expected to modify
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the optical response of the NP [42]. The presence of such
a water bridge in the tip-sample gap has been theoretically
explained [43–46] and its resulting effects have also been
experimentally observed in previous atomic force microscopy
[47–53] and scanning near-field optical microscopy-based
studies [54–56]. Discrepancies (e.g., spectral shifts) between
the optical response of metal NPs measured by STML in air
and their optical response measured using far-field light scat-
tering spectroscopy have been reported [13,57]. However, the
microscopic mechanism behind these discrepancies and the
relative contribution of this effect with respect to other factors
present both in air and vacuum, i.e., tip-sample coupling and
multipolar contributions, have so far not been studied.

The effect of a water bridge on the properties of tun-
nel nanojunctions has been previously studied for plasmonic
nanojunctions, i.e., junctions formed by a nanometer gap be-
tween two plasmonic NPs [42] or between a plasmonic tip
and a plasmonic surface in an STM [39]. The optical re-
sponse of such junctions is dominated by the resonances of the
so-called nanocavity (or tip-induced) gap plasmons [18,19],
which are highly sensitive to the gap geometry and dielectric
properties [4,58,59]. Gap plasmon resonances are redshifted
in the presence of water in the gap, as compared to vacuum,
due to dielectric screening [42]. Additionally, bridging the
gap with water decreases the electric resistivity of the tunnel
junction. In the constant current mode of an STM, this effect is
compensated by an increase of the tip-sample distance, which
blueshifts the gap plasmon resonances [39]. These previous
studies cannot be used to explain the effects observed in
STML experiments where a nonplasmonic tip is used, as in the
present study, due to the absence of gap plasmons in the tunnel
junction. Indeed, when a nonplasmonic tip is used to excite the
modes of a plasmonic NP, the spectrum of the resulting light
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is dominated by the resonances of the NP plasmons [13]. In
previous STML studies on gold NPs in air [13,57], the water
bridge effect was not taken into account in the interpretation
of the measured STML spectra.

In this work, we experimentally and numerically analyze
the discrepancies between the STML spectra of individual
plasmonic NPs and the resonances of their plasmon modes
as measured using far-field light scattering spectroscopy. The
NPs are monocrystalline gold nanocubes dispersed on a trans-
parent conductive substrate. All experiments are carried out in
air under the same ambient conditions. We find that the emis-
sion peaks in the STML spectra are redshifted by hundreds
of meV relative to the plasmon resonances of the NPs inferred
from light scattering measurements. In the absence of a model
for this effect, these shifts lead to an erroneous assignment
of the STML peaks to the in-plane and out-of-plane dipolar
plasmon modes of the NPs. Based on numerical simulations
using the finite-element method (FEM) implemented in COM-
SOL MULTIPHYSICS, we highlight the effects of the tip and of
the near-field excitation, which are present for experiments
in both air and vacuum. Moreover, we show that reproducing
the energy shifts and peak broadening observed for STML in
air requires the inclusion of a water bridge between the tip
and the sample. Using this more realistic model leads to the
correct assignment of the STML peaks to particular plasmon
modes of the NP.

II. METHODS

A. Experiments

Figure 1(a) is a scanning electron micrograph (SEM) of
two NPs from the sample used in this study. The NPs are
chemically synthesized using the method that is described
in Ref. [60]. The resulting NPs are monocrystalline gold
nanocubes, whose edge length is 75 nm on average and whose
edges and corners are rounded with typical radii of curva-
ture of 10 nm (see also Ref. [61]). The NPs are dispersed
on a transparent conductive substrate, i.e., a glass coverslip
coated with an 85-nm-thick indium-tin oxide (ITO) layer (see
Fig. S1 in the Supplemental Material [62]). STML, optical
microscopy, and SEM measurements are carried out using the
same sample.

Far-field light scattering spectra of individual NPs are
measured using dark-field optical microscopy (DFM) under
grazing incident illumination (i.e., at 80◦ from the normal to
the surface) using a collimated white light beam. The experi-
mental setup [13,35,57] is schematized in Fig. 1(c). The light
scattered by the NPs is collected in transmission using an air
microscope objective of numerical aperture NA = 0.7. The
spectrum of the light scattered by individual NPs is measured
using two different polarizations of the incident light, i.e., with
the electric field perpendicular (s) or parallel (p) to the plane
of incidence, in order to probe the in-plane (along x) and out-
of-plane (along z) dipolar resonances of the NPs, respectively.
The background is subtracted from the scattering spectra,
which are subsequently divided by the power spectrum of the
light source and corrected for the polarizer transmission.

Figure 2(a) shows a schematic of the experimental STML
setup [33,63,64]. An air-operated STM head is mounted on
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FIG. 1. (a) Scanning electron micrograph of two nanocubes,
75 nm in edge length, showing their regular shape and rounded
corners. (b) Dark-field optical microscopy image of individual
nanocubes, in gray scale. (c) Experimental setup used for dark-field
optical spectroscopy of single NPs upon illumination with linearly
polarized white light at grazing incidence. Light is collected through
the substrate. (d) Light scattering spectra of the single NP selected in
image (b), measured using the setup described in (c). s and p refer
to the orientation of the polarization of the excitation field, either
perpendicular (s) or parallel (p) to the plane of incidence (yz) defined
in (c). Thus the spectra labeled s and p correspond to the in-plane
(along x) and out-of-plane (along z) dipolar resonances of the NP,
respectively. The experimental data are background subtracted, cor-
rected for both the power spectrum of the source and for the detection
efficiency of the setup and are fit with Lorentzian profiles.

top of an inverted optical microscope equipped with an oil-
immersion objective of high numerical aperture (NA = 1.45)
and the STM-induced light is collected through the glass
substrate. All the experimental STM and STML data shown
below are obtained using the same STM tip, which is an
electrochemically etched tungsten wire. All STML data are
measured at a sample bias of 2.75 V and current set point of
100 pA. We assume that the power spectrum of the STML
excitation source varies proportionally to (e|V | − hν), where
e, |V |, and hν are the elementary charge of the electron, the
bias voltage applied to the STM junction, and the photon en-
ergy, respectively [19]. For comparison with DFM spectra and
scattering cross section calculations, all the STML data are
corrected for the frequency dependence of the STM excitation
source mentioned above. Thus the experimental spectra are
divided by a factor (hν − 2.75 eV) and a flat power distri-
bution is considered in the numerical simulations of STML
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FIG. 2. (a) Experimental setup used for optical microscopy of the STML of NPs on a transparent conductive substrate. (b) Bright-field
optical microscopy image of individual nanocubes, in gray scale. (c) Real-space optical microscopy image of the STM-induced luminescence
(STML) of the same area upon electrical excitation of the single nanocube in the center of the image shown in (b) (false-color scale). STML
spectra of (d) the nanocube shown in image (c) (“NP 1”); (e) STML spectra of another nanocube of the same sample (“NP 2”). Sample bias
in both cases is 2.75 V, current set point is 100 pA, and acquisition time is 300 s. The STM tip is located in the center and on the corner
of the cube’s top face, as indicated on the STM topography image in the inset. The experimental data are corrected for both the theoretical
power spectrum of the inelastic tunneling current and for the detection efficiency of the setup. The STML spectra measured at the “center” and
“corner” tip positions are expressed in arbitrary units, i.e., they are not normalized with respect to the tunneling current. We have normalized
these spectra with respect to their intensity at a photon energy of 1.81 eV, in order to highlight the difference between the two spectra. (f),(g)
Fourier-space optical microscopy images of the STML of the same nanocube as in (c) and (d), for “center” and “corner” tip positions (2.75 V,
100 pA, and 120 s). All the STML data shown in this figure have been obtained using the same tungsten tip.

spectra. In addition, the experimental STML spectra, initially
expressed in counts per energy unit, are corrected for the
detection efficiency of the setup and multiplied by the photon
energy, in order to compare them with the calculated radiated
power.

B. Numerical simulations

In the calculations, the excitation source (i.e., inelastic
electron tunneling [17,21,65,66]) is equated to an oscillating
electric dipole located at the center of the tip-sample gap
and oriented along the z axis (this excitation source has a
flat power spectrum). The actual STM tip is simplified as a
cylindrical rod that has a spherical end of radius 30 nm. This
radius of curvature was determined from electron micrographs
of tungsten tips prepared using the same protocol as for the
tungsten tips used to measure the STML spectra (see Fig. S2
in Ref. [57]). A realistic shape for the NP is taken into account,
using the geometrical parameters inferred from Fig. 1(a), i.e.,
a cube that is 75 nm in edge length and has rounded edges and
corners with radii of curvature of 10 nm. Charge and electric
field distributions, in addition to far-field radiation fluxes, are

calculated using the RF module of the COMSOL MULTIPHYSICS

software suite.

III. RESULTS AND DISCUSSION

A. Experimental measurements

First, we measure the optical response of the NP using
DFM (see Methods). Figure 1(b) shows a DFM image (linear
gray scale), where each bright spot corresponds to a single NP.
Figure 1(d) shows the light scattering spectra measured on the
NP circled in Fig. 1(b). In these spectra, the resonances of the
in-plane (along x) and out-of-plane (along z) dipolar plasmon
modes of the NP may be seen. Because the substrate breaks
the symmetry of the NP environment, the dipolar resonances
of the NP along x and z are not degenerate in energy (unlike
in solution). From Fig. 1(d), we determine that the in-plane
and out-of-plane dipolar resonances of the NP lie at photon
energies of 2.11 eV and 2.17 eV and exhibit full widths at
half maximum (FWHM) of 0.29 eV and 0.37 eV, respectively.
From extinction spectra measured in solution (see Fig. S2 in
the Supplemental Material [62]), a resonance at 2.17 eV with a
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FWHM of 0.26 eV may be estimated for the dipolar resonance
of the NP.

In the following, we consider STML measurements on
individual NPs of the same sample and under the same en-
vironmental conditions (i.e., in laboratory air) as the DFM
measurements discussed above (see Methods). Figure 2(b)
shows a brightfield (white light transmission) optical mi-
croscopy image of the sample, where each dark spot is a single
NP. Figure 2(c) is the real-space optical microscopy image of
the same area as that shown in Fig. 2(b), recorded while elec-
trically exciting the NP located in the image center, using the
STM. Here, the STM tip is located on the center of the cube’s
top face. Figure 2(d) shows in the inset an STM topography
image of the same NP as in Fig. 2(b) (“NP1”) and the STML
spectra recorded with the tip located at two different points
highlighted in the topography image, which we refer to as
the “center” and “corner” in the following. For comparison
purposes, the center and corner spectra are normalized so that
they have the same intensity at the energy where the center
spectrum exhibits its maximum. The difference between the
two normalized spectra is plotted on the same graph. Similar
measurements carried out on another NP in the same sample
are shown in Fig. 2(e) (“NP2”).

Upon STM excitation in the center of the NP, the emis-
sion spectrum exhibits a broad asymmetric profile, with a
maximum at 1.81 eV and a shoulder in the near infrared
(at about 1.35 eV). The real-space image recorded under the
same conditions [see Fig. 2(c)] shows a perfectly symmet-
ric doughnut-shaped spot with a pronounced intensity dip in
the center, which is typical of an emitting dipole oriented
along the optical axis (i.e., along z). This is confirmed by
the cylindrical symmetry of the angular emission pattern ob-
served in the corresponding Fourier-space image shown in
Fig. 2(f). Thus the light measured under such conditions
must result from the excitation of the out-of-plane dipolar
resonance of the NP [13,57]. Based on these observations,
we ascribe the peak at 1.81 eV to the out-of-plane dipolar
plasmon mode of the NP. This assignment implies that the
contribution of this mode to the STML spectra is redshifted by
0.36 eV in comparison to its expected resonance as measured
using DFM.

The spectrum measured upon excitation on the corner
of the NP is comparatively broader and its maximum is
blueshifted to 1.87 eV. The corresponding Fourier-space im-
age shown in Fig. 2(g) reveals the anisotropy of the angular
emission pattern, where more light is emitted in the direction
of the excited corner (i.e., +kx). Based on the simple model
proposed in Refs. [13,57] (see Fig. S3 in the Supplemental
Material [62]), we find that such a Fourier-space pattern may
be considered generated by an effective emission dipole tilted
by 25 ± 5◦ to the optical axis z. Nevertheless, the different
dipolar contributions alone cannot explain the pronounced
directivity of the emission toward +kx at |kx/k0| � 1 in
Fig. 2(g). The contribution of higher-order multipolar (e.g.,
quadrupolar) modes must be included [67]. Thus we infer that
the difference between the center and corner spectra shown
in Fig. 2(d), or in Fig. 2(e), results from the contribution of
the in-plane dipolar mode and one or several higher-order
multipolar modes of the NP. Due to the spectral width of
these contributions, fitting these spectra with sets of Gaussian

peaks may be very inaccurate, since a small change in the
initial fitting parameters can lead to a large change in the
result. Nevertheless, the comparison between the center and
corner spectra made above reveals that the contribution of the
in-plane dipolar mode to the STML spectra lies at a higher
energy than that of the out-of-plane dipole. This is reversed
compared to what is observed in DFM spectra and scattering
cross section calculations. This switch in their order in energy
results from the fact that the dipolar resonance along the z
axis shifts more to the red as compared to the dipole along x,
presumably due to the interaction with the tip. The possibility
that such a switch occurs must be taken into account when an-
alyzing STML spectra of plasmonic nanostructures in order to
avoid the incorrect assignment of the STML peaks to plasmon
modes known from other techniques (e.g., DFM).

B. Simulation results

1. Effect of near-field excitation and of the STM tip

We use numerical simulations to elucidate the origin of the
discrepancies observed between the experimentally measured
STML and DFM spectra. First, we neglect the possible effects
that exist only when the experiments are carried out in air, i.e.,
we consider that the surrounding medium is vacuum in the
simulations. In STML measurements, the presence of the tip
and the fact that the excitation source is in the near field of
the NP are expected to modify the optical response of the NP.
This is in comparison to DFM measurements, where the NP
responds to a plane wave propagating from the far field in the
absence of a tip. In order to distinguish tip effects from the
effect of near-field excitation in our calculations, we compare
the far-field scattering spectrum of the NP (dotted and dashed
lines) to the radiative response of the NP excited in its near
field (solid lines), in the absence (red line) and in the presence
of the tip (blue line) in Fig. 3.

The scattering cross sections shown in Fig. 3 are calculated
for plane wave illuminations at normal and at grazing inci-
dence (80◦), in order to excite the in-plane and out-of-plane
plasmon modes of the NP [see also Figs. S4(a) and S5 in the
Supplemental Material [62]]. The far-field scattering of the
NP is completely dominated by the resonances of its dipolar
plasmon modes, the radiative contribution of its higher-order
multipolar modes being negligible.

For the near-field excitation, we calculate the far-field
emission of a z-oriented oscillating electric dipole (pz) located
in the center and corner areas of the NP, in the absence of
the tip. The dipolar and quadrupolar mode contributions can
be identified on the basis of the charge-density distributions
[see Figs. S4(b) and S6 in the Supplemental Material [62]].
Thus, in these numerical simulations of the STML experiment
where the tip is omitted, we find that the emitted light in the
far field is dominated by the dipolar mode of the NP along z.
Nevertheless, non-negligible contributions from higher-order
multipolar (e.g., quadrupolar) modes are also present.

The Fano-like profiles [30,68] of the radiation power spec-
tra of pz shown in Fig. 3 result from the far-field interference
of the dipolar and quadrupolar modes. The extreme proximity
of the excitation source to the NP favors the excitation of
higher-order multipolar modes of the NP, which can coher-
ently interfere with the dipolar modes in the far field if they
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FIG. 3. Numerical simulations of the energy shifts and peak
broadening due to tip and near-field excitation effects, which are
present in experiments carried out in both air and vacuum. The
surrounding medium (including the medium in the gap between
the tip and the NP) has an index of refraction of 1. Dashed lines:
scattering cross sections of a nanocube for p-polarized illumination
[in (a) and (b)]. Dotted line: scattering cross section of a nanocube for
s-polarized illumination [in (b)]. Solid lines: emission spectra for a
z-oriented oscillating electric dipole located in the center [in (a)] and
on the corner [in (b)] of the cube’s top face in the absence (red line)
and in the presence (blue line) of the tungsten (W) tip. All curves are
normalized with respect to their maximum value.

spectrally overlap. In particular, on the high-energy side of the
dipolar resonance, the two modes interfere destructively for pz
when the excitation is in the center and constructively for pz
when the excitation is at the corner. Globally, for pz in the cen-
ter, the interaction between the dipolar and quadrupolar modes
broadens the radiation power spectrum on the low-energy side
and narrows it on the high-energy side, thus leading to a red-
shift of the peak as compared to the scattering cross section of
the NP. This effect, however, is not observed for pz at the
corner. Note that this effect is due to the fact that the lateral
position of the local excitation source on the NP determines
the phase relationship between the excited plasmon modes
of the NP. These observations are in contrast to the case of
far-field scattering, because plane waves propagating from the
far field essentially excite the dipolar modes of the NP.

As shown in Fig. 3 (see blue lines), the addition of the tip in
the calculations further broadens the emission peak, primarily
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on its low-energy side. Similar observations are made for pz
on a corner, yet with smaller shift and peak broadening am-
plitudes (see also Figs. S7 to S9 in the Supplemental Material
[62]). Additional simulations for various radii of curvature of
the tip (ranging from 30 nm to 5 nm) have also been carried
out, the results of which confirm our conclusions (see Fig. S10
in the Supplemental Material [62]).

In summary, our numerical simulations in vacuum show
that the optical response of the NPs measured using STML
is redshifted and broadened as compared to the scattering
cross section of the same NP because of the NP-tip elec-
tromagnetic coupling and the contribution of higher-order
multipolar modes of the NP, due to the near-field character
of the inelastic-tunneling excitation. Evidently, such effects
exist both in vacuum and in air. Figure 3 also confirms that
the dipolar resonance of the NP along z shifts more to the
red (more spectral broadening on the low-energy side of the
peak) compared to the dipole along x, even when the effect of
working in air is neglected.

2. Effect of the tip-sample water bridge

The numerical simulations presented in Fig. 3, where we
consider that the dielectric medium in the tip-sample gap has
an index of refraction of 1, are not enough to reproduce the
complete shift of the emission peak to the red (to a value of
1.8 eV) as observed experimentally in Figs. 2(d) and 2(e).
The presence of a water bridge in the tip-sample gap may
explain the size of the experimentally observed redshift. Such
a water bridge is expected to form when an STM is operated
in air [39,40]. The increase of the local refractive index is
expected to shift the plasmon resonances of the NP to lower
energies due to charge screening effects. In order to verify
this assumption, in Fig. 4, we carry out similar numerical
calculations as in Fig. 3, but include a region between the tip
and sample that has a higher refractive index (n > 1). This
region has the shape of a cylinder of the same diameter as
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the cylindrical part of the rod-shaped tip (30 nm) and fits the
shape of the tip end (see the upper right panel of Fig. 4). In
order to highlight the dependence of the spectral shift on n,
we carry out the calculations for n = 1.30, 1.34, 1.38, and
1.42. Experimentally, refractive indexes higher than that of
pure water (n ≈ 1.33) may result from the presence of ligands
around the NP, due to the synthesis method of colloidal NPs.

Figure 4 shows the results of these calculations where we
consider that the tip is in the center of the cube’s top face.
A comparison with calculations carried out without includ-
ing the water bridge (dotted lines in Fig. 4) reveals a clear
narrowing of the emission peak on its higher-energy side,
which yields a redshift of the peak center. Thick and thin lines
in Fig. 4 correspond to the emission in full space (4π sr)
or only in the substrate (lower half-space, 2π sr), where
the STM-induced light is experimentally collected. Based on
the similarity of the redshifts observed in the two cases, we
rule out possible effects of emission anisotropy induced by
the presence of the water bridge around the emitter. Therefore,
we conclude that it is the local increase of the dielectric
permittivity around the NP that induces the observed redshift
of the simulated STML peak in Fig. 4, due to an additional
screening effect. In agreement with this explanation, we ob-
serve that this redshift increases with the permittivity of the
transparent medium in the tip-NP gap. Moreover, we have
carried out simulations for various radii of the water bridge,
ranging from 30 nm to 5 nm, while keeping the tip radius
constant, and we found that (within this range) the radius
of the water bridge has a negligible effect on the simulated
STML spectra (see Fig. S11 in the Supplemental Material
[62]). Indeed, the simulated STML spectra are most sensitive
to the dielectric permittivity of the medium bridging the tip-
sample gap within a few nanometer-wide region around the
excitation source (i.e., the tunnel current in the experiment),
where the electric field is concentrated.

Finally, the main experimental and theoretical results of
this study are presented in Fig. 5. The spectra measured us-
ing the two different experimental techniques (i.e., DFM and
STML) in order to probe the out-of-plane dipolar plasmon res-
onance of the NP are shown in Fig. 5(a). Their corresponding
numerical simulations may be found in Fig. 5(b). A qualitative
agreement between experiment and theory is obtained when
the presence of the tip and of a water bridge in the tip-NP
gap is taken into account, along with the near-field character
of the excitation. In both experiment and theory, the STML
spectral peak is shifted and broadened, as compared to what
is obtained from light scattering. The near-field excitation, the
effect of the tip, and the additional screening effect due to
the water bridge in the STML experiments each contribute a
significant part to the spectral shift and peak broadening. The
remaining quantitative discrepancies between experiment and
theory may result from simplifications of the STM tip geome-
try and the underestimation of the dielectric permittivity of the
medium bridging the tip-sample gap, e.g., due to the residual
presence of ligands in the adsorbed water.

IV. CONCLUSION

To conclude, we have used two methods for investigat-
ing the optical response of single plasmonic NPs, i.e., by
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FIG. 5. Comparison: STML vs dark-field optical spectroscopy;
experiment vs theory. (a) Light scattering spectrum of a single
nanocube measured using dark-field optical spectroscopy under p-
polarized illumination [same data as shown in Fig. 1(d)] and STML
spectrum of a single nanocube upon local excitation with the tip
located in the center of the cube’s top face [same data as shown in
Fig. 2(d)]. (b) Numerically calculated emission spectra for a verti-
cally (z)-oriented oscillating electric dipole located 1 nm above the
center of the cube’s top face, in the absence and in the presence of the
tungsten tip and water bridge [same data as shown in Figs. 1(d) and
4, respectively]. Experimentally, the STML peak shifts by −0.35 eV
and is 0.14 eV wider than the DFM peak. Theoretically, the corre-
sponding values are −0.23 eV and 0.21 eV.

measuring their light scattering spectra in a dark-field optical
microscope (DFM) and their inelastic tunneling-induced lu-
minescence under the tip of an STM (STML). Energy shifts,
peak broadening, and a switch in the energy order of the dipo-
lar resonances as compared to the expected (DFM-measured)
resonances of the NP’s modes are observed in STML, which
hampers the identification of each emission band with an
eigenmode of the NP. We have compared the experimental
data obtained via STML and DFM to numerical simulations
using the finite-element method. Numerical simulations of the
STML experiments do not correctly reproduce the observed
energy shifts if the effects of the surrounding atmosphere
are not taken into account, i.e., if operations in vacuum
are assumed in the model. We show that a better qualita-
tive agreement between theory and experiment is obtained
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if the presence of a water bridge in the gap between the
STM tip and the NP is considered. Through this refinement
of the numerical simulations, a more accurate interpretation
of tip-induced electroluminescence spectra of single NPs is
possible and errors in the assignment of the emission peaks to
plasmon modes (known from light scattering measurements)
of the NP may be avoided. Overall, our results will help in un-
derstanding the spectral shifts and peak broadening observed
in virtually any optical measurement using a scanning probe
microscope operated in air, where an emitter is located in the

tip-sample gap or the tip-sample nanocavity itself emits light
to the far field.
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