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ABSTRACT: A novel technique for the investigation of the
radiative contribution to the electromagnetic local density of states
is presented. The inelastic tunneling current from a scanning
tunneling microscope (STM) is used to locally and electrically
excite the plasmonic modes of a triangular gold platelet. The
radiative decay of these modes is detected through the transparent
substrate in the far ﬁeld. Emission spectra, which depend on the
position of the STM excitation, as well as energy-ﬁltered emission maps for particular spectral windows are acquired using this
technique. The STM-nanosource spectroscopy and microscopy results are compared to those obtained from spatially resolved
electron energy loss spectroscopy (EELS) maps on similar platelets. While EELS is known to be related to the total projected
electromagnetic local density of states, the light emission from the STM-nanosource is shown here to select the radiative
contribution. Full electromagnetic calculations are carried out to explain the experimental STM data and provide valuable insight
into the radiative nature of the diﬀerent contributions of the breathing and edge plasmon modes of the nanoparticles. Our results
introduce the STM-nanosource as a tool to investigate and engineer light emission at the nanoscale.
KEYWORDS: electromagnetic local density of states, inelastic electron tunneling, electron energy loss spectroscopy, surface plasmon,
scanning tunneling microscopy
nonradiative partial decay rate contributions to Γ.2 For an
emitter placed in the vicinity of a plasmonic nanoparticle, the
“bright” plasmon modes of the nano-object are those which are
strongly coupled to the radiation continuum in the far ﬁeld,
thus providing a leading contribution to the R-EM-LDOS. The
“dark” modes of the system, on the other hand, mainly
contribute to the NR-EM-LDOS.
Since the EM-LDOS is a local property, a nanoscale probe is
needed for its measurement. Using electron energy loss
spectroscopy (EELS)8−11 in a scanning transmission electron
microscope (STEM), it has been shown that in most cases a
high energy (≥10 keV) electron beam passing through a thin
sample loses its energy in proportion to the EM-LDOS (thus
reﬂecting both the radiative and nonradiative contributions)
projected along the direction of the electron beam.12,13 The
lateral component may be determined from the lateral
deﬂection of the inelastically scattered electrons.14 In a related
technique, cathodoluminescence, where again a high-energy
electron beam is used for excitation, the resulting emitted light

I

ncreasing the rate or eﬃciency of elementary quantum
processes in light sources is a current challenge. One way to
do this is to engineer a ﬂuorophore’s emission properties by
modifying its surrounding environment, thus inﬂuencing the
electromagnetic local density of states (EM-LDOS).1,2
Manipulating this quantity leads to, for example, improved
quantum eﬃciencies for solar cells,3 increased brightness for
entangled photon pair emission,4 or ultrafast sources based on
spontaneous emission.5 Thus, the measurement of the EMLDOS is essential for the design and characterization of future
nanophotonic devices and for further understanding of the role
of the EM-LDOS in the emission of light.
The EM-LDOS is the number of electromagnetic modes at a
particular energy existing at a particular point in space, where
the contribution of each mode is determined by the intensity
of the mode at that point.2,6 Most often one considers the
projected EM-LDOS, which takes into account the mode
density only along a certain direction, i.e., that of the
orientation of the dipole representing an emitter. The
projected EM-LDOS at a given point in space determines
the total decay rate Γ of a dipole emitter placed at that point,
and it can be expressed using the dyadic Green’s function.2,7
Depending on the decay channels, the projected EM-LDOS
may be further divided into the radiative (R-EM-LDOS) and
nonradiative (NR-EM-LDOS) electromagnetic density of
states, each associated, respectively, with the radiative and
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Figure 1. Sample and experimental setup. (a) Scanning electron micrograph and (b) 3D projection of a scanning tunneling microscopy image of a
colloidal, triangular, gold platelet. Typical side lengths L of the studied particles are 600 to 900 nm. The platelets are 20 nm thick. For the STM
image, a voltage of 0.5 V is applied and the set-point current is 0.1 nA (constant current mode). (c) Schematic of the experimental setup. The
inelastic tunneling current between the STM tip and metal sample excites the plasmonic modes of the triangle platelet, which then decay
radiatively. The resulting emission is collected using an oil immersion objective of high numerical aperture (NA = 1.49) and focused on either the
entrance slit of a spectrometer or on an avalanche photodiode (APD).

providing a map of the STM-excitation eﬃciency on the
sample (or “radiation map”). We also use spatially resolved
electron energy loss spectroscopy (EELS) to obtain maps of
the total EM-LDOS. Along with this experimental study, we
perform electromagnetic calculations of the EM-LDOS and REM-LDOS, leading to maps of these quantities as a function of
position on the triangular gold platelet. Similarly, calculations
of the emitted light when an STM tip and vertical oscillating
dipole are scanned over a triangular gold platelet are
performed. This theoretical analysis is further used to
unambiguously identify the nature of the plasmonic modes
and their contributions to the near and far ﬁelds. Our joint
experimental and theoretical study shows that the radiation
maps obtained with an STM-nanosource are directly related to
the R-EM-LDOS. Thus, the scanning tunneling microscope
oﬀers an extremely attractive method to locally, and eventually
simultaneously, probe the atomic, electronic, and photonic
structure of a nano-object.

is detected and it is the projected R-EM-LDOS that is
probed,15−18 though dark modes may also be detected through
a combination of methods.19 Other techniques for mapping
the EM-LDOS are based on the use of ﬂuorescent probes,20−27
two-photon luminescence,28,29 and scanning near-ﬁeld optical
microscopy.30−32 Photoelectron emission microscopy is also a
remarkable technique for imaging optical near-ﬁelds.33,34
The scanning tunneling microscope (STM) is a well-known
tool for mapping the electronic local density of states,35 that is,
the number of electronic levels per unit volume in an
inﬁnitesimal energy range, which may even be investigated
optically in certain cases.36 While light was ﬁrst seen from the
STM tunnel junction as early as the late 1980s,37 it is not until
recently that an “STM-nanosource” has been used systematically to study the properties of surface plasmon polaritons
(SPPs) in plasmonic gaps and nanostructures38−45 and to
locally and electrically activate directional sources of light.46,47
Recently, considerable progress has been made toward
replacing the STM-nanosource with antenna-enhanced integrated junctions for the eﬃcient electrical excitation of
plasmons and light.48−53
The electrical excitation of photons and plasmons in the
STM is generally attributed to the inelastic tunneling current
between the tip and the sample.37,52,54 While a large majority
of the tunneling electrons cross the tunnel barrier elastically, a
small percentage (about 1%54) does so inelastically, losing part
or all of the excess energy in the barrier. This released energy
may excite the diﬀerent modes of the system. Similar to the
classical description of quantum emitters, the inelastic
tunneling current responsible for this local, electrical excitation
of the electromagnetic modes in a nanosystem may be
represented as an oscillating point dipole. This dipole is
located in the nanocavity formed between the STM tip and the
sample and oriented in the direction of the tunneling
current.40,54−56 Given this description of the inelastic tunneling
current and the above deﬁnition of the EM-LDOS, the
question naturally arises whether the STM-nanosource may be
used to probe the electromagnetic local density of states. More
speciﬁcally, does the radiative yield of this nanosource provide
a useful tool for determining the radiative component of the
EM-LDOS?
In order to answer this question, we perform an experiment
where the STM tip is scanned across a triangular gold platelet
deposited on an ITO-covered glass substrate. At each point in
the scan the emitted radiation is collected in the far ﬁeld,

■

RESULTS AND DISCUSSION
The spatially resolved studies of the emission of light from an
STM-nanosource and the electron energy loss spectroscopy
(EELS) experiments are performed on monotwinned gold
crystals of triangular shape, deposited on a substrate (see the
Methods section for details of the sample preparation). The
substrates are either glass coverslips, 170 μm thick, covered
with a conducting 85 nm thick ITO layer (for STM
measurements), or 15 nm thick silicon nitride membranes
(for EELS measurements). Figure 1a shows a scanning
electron micrograph of such a triangle, while Figure 1b
shows a three-dimensional projection of an STM topography
image of such a structure. The triangles considered here have
side lengths L ranging from 600 to 900 nm and are 20 nm
thick.
The local excitation of the electromagnetic modes at speciﬁc
locations on the triangular sample is carried out with a
commercial STM head mounted on an inverted optical
microscope (see Methods and Figure 1c). The inelastic
tunneling current between the STM tip and metal sample
generates the light that is collected through the transparent
substrate using an oil immersion objective of high numerical
aperture (NA = 1.49).
The emission of light is associated with the radiative decay
of the electromagnetic modes of the system. In order to
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band38 and depends on the applied voltage (leading to a highenergy cutoﬀ).57 In order to ensure that we excite the inherent
resonances of the sample58 and not the nanocavity resonances
of the tip−sample system,56,59 we use a tungsten STM tip (see
Methods). Since tungsten is a nonplasmonic metal in the
energy range under consideration (i.e., the real part of the
permittivity is positive and the spectral response is broad and
damped60) nanocavity resonances are thus avoided (see
section 1 of the Supporting Information for further details).
Figure 2 shows the resulting experimental spectra of the light
emitted when the STM-nanosource is placed in the center of
the upper facet (Figure 2a, red curve) or in the middle of the
edge (Figure 2a, black curve) of the triangular platelet (see
panels b and c of the ﬁgure for a schematic of the tip position).
When the STM excitation is located in the center of the upper
facet of the triangular platelet, two broad overlapping
resonances may be observed in the light emission at about
730 and 910 nm, as obtained from ﬁts to the data. When the
excitation is located on the edge of the triangle, three diﬀerent
overlapping resonances are apparent at wavelengths of about
670, 760, and 870 nm. These results suggest that (i) the STM
tunneling current indeed excites the plasmonic modes of the
platelet that then decay radiatively and (ii) diﬀerent modes
may be selectively excited depending on the particular position
of the STM tip.46,58 We will use these spectral results to select
the wavelength windows for the light emission mapping
experiments.
Two wavelengths are chosen for the STM-nanosource
mapping experiments. In a mapping experiment, the STM
scans the particle under study in constant current mode
(Iset‑point = 0.1 nA and V = 2.8 V). At each pixel in the scan, the

identify the energies of these modes, we measure the spectra of
the emitted light upon excitation with the STM-nanosource
(see Figure 2). The STM-nanosource is inherently broad-

Figure 2. Experimental spectra for diﬀerent excitation positions. The
red curve shows the resulting light emission when the STM tunneling
current excites the triangular platelet in the center of its top face, and
the black curve shows the data obtained when the excitation is located
on the edge of the triangle. Note that the decrease in intensity at short
wavelengths (≲575 nm) is due to the interband transitions in gold.
The triangular platelet side length L is 600 nm. The spectra are
normalized by their maximum values. STM parameters are Iset‑point =
0.5 nA and V = 2.8 V and the acquisition time is 300 s. Panels b and c
show schematically the excitation geometries.

Figure 3. STM-excitation photon yield maps and EELS measurements (a, b) These photon yield maps are obtained by dividing the simultaneously
acquired photon images by their corresponding current maps (see section 2 in the Supporting Information for details). The result is thus an
eﬃciency in terms of the number of photons emitted per tunneling electron. In other words, from these results we can predict the best location for
the excitation in order to get the most emission at the desired wavelength. In (a), a 750/40 nm bandpass ﬁlter is placed before the detector, while in
(b), photons in the range 900 ± 20 nm are collected. The result is noticeably diﬀerent for these two wavelength ranges. (c, d) Electron energy loss
results. A high energy electron beam scans the particle and the energy lost by the electrons passing through the sample is measured. In (c) the
number of electrons having lost energy in the 1.5−1.8 eV range as a function of e-beam position is plotted, while in (d) the energy loss range is
1.1−1.4 eV. These results match the STM-excitation images qualitatively. The triangle side length is L ∼ 630 nm.
1282
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Figure 4. Calculated total local density of electromagnetic states (EM-LDOS, dotted lines) and calculated radiative local density of electromagnetic
states (R-EM-LDOS, continuous lines) as a function of wavelength at diﬀerent positions on the sample. For the sake of comparison, the EM-LDOS
is scaled by a factor of 1.5 (EM-LDOS/1.5 is shown). (a) EM-LDOS and R-EM-LDOS as a function of wavelength at a vertex and on the edge of
the platelet. (b) EM-LDOS and R-EM-LDOS as a function of wavelength in and near the center of the platelet. The position at which each curve is
calculated is shown in the inset of panel (b). The surface charge densities of the main modes are displayed above their corresponding peaks in the
R-EM-LDOS. The triangle side length used in these calculations is L = 650 nm.

modes of the sample. The dark modes of the triangular platelet
should only contribute to the observed light emission maps if
the STM tip or retardation eﬀects allow these modes to couple
to the far ﬁeld. A simulation of the STM experiment is thus
necessary to interpret the STM-nanosource results and to
further investigate the link between the experimental data and
the EM-LDOS.
The ﬁrst step in the theoretical analysis is the determination
of the total and radiative local density of electromagnetic states
as well as the electromagnetic (EM) modes of the triangular
platelets, so that the nature of the EM modes excited by the
tunneling current may be identiﬁed. In Figure 4 the calculated
wavelength dependence of the EM-LDOS (dashed curves) and
R-EM-LDOS (continuous curves) of a triangular platelet is
shown for diﬀerent positions of the excitation point dipole.
Here, the R-EM-LDOS is obtained by calculating the emission
in all directions when a point dipole with a ﬂat spectrum is
placed at diﬀerent lateral positions 1 nm above the triangle
(see the inset of Figure 4b). Meanwhile, the total EM-LDOS is
obtained from the electric ﬁeld at the position of the dipole.2
The resonance peaks in the EM-LDOS and R-EM-LDOS
are associated with surface charge density distributions on the
sample of speciﬁc symmetry (see Figure 4). Based on these
symmetry considerations, two main sets of plasmonic modes
for the triangular platelet are identiﬁed: edge and breathing
modes, in accordance with previous classiﬁcations in the
literature.61−67 The edge modes contribute preferentially to the
EM-LDOS above the vertices and edges of the triangle (Figure
4a), and the number of nodes in the induced charge density
distribution of these modes increases with decreasing wavelength.61−63 The low-order modes of this type appear at long
wavelengths and include the dipolar plasmon resonance
(located above 2500 nm) and the quadrupolar plasmon
resonance at 1300 nm (excitation in the center of the edge,
point 2). These edge modes are clearly radiative: consider for
example the lowest order edge mode for which the charge
density distribution is shown in Figure 4a (λ = 1300 nm); the
radiative R-EM-LDOS is more than half the value of the total
EM-LDOS (recall that the total EM-LDOS is divided by a
factor of 1.5 in Figure 4).
The second set of EM modes contributes preferentially to
the EM-LDOS above the center of the platelet (Figure 4b). In
this case, the induced charge distribution is concentric on the
platelet facets. This is characteristic of breathing or ﬁlm-like
modes61−66 launched on a gold ﬁlm by a vertical oscillating

topography, tunneling current, and number of photons emitted
into the substrate in the collection angle of the objective are
recorded (see Supporting Information, section 2 for details).
The photodetector is an avalanche photodiode in front of
which diﬀerent bandpass ﬁlters are placed so that wavelengthdependent maps may be obtained. The light emission maps are
divided by the simultaneously recorded tunnel current signal in
order to obtain the excitation eﬃciency or photon yield (in
photons/electron).
Plotting the emitted light per electron as a function of STM
excitation position for two diﬀerent energy ranges yields very
diﬀerent results. In Figure 3a, the number of photons emitted
per electron in a wavelength range of 750 ± 20 nm as a
function of excitation position is shown, while Figure 3b shows
the same for a wavelength range of 900 ± 20 nm. For the
higher energy/shorter wavelength range, more light is emitted
per electron when the STM tip is located in the center of the
upper face of the platelet, while for the lower energy/longer
wavelength range, the most eﬃcient excitation of light occurs
when the STM tip is located on the edge of the nanoparticle.
This striking contrast would suggest that diﬀerent types of
electromagnetic modes are excited in each case.
In order to gain further insight into the character of the
plasmonic modes contributing to the emission maps obtained
with the STM-nanosource, and to investigate the link between
these results and the electromagnetic EM-LDOS, similar
experiments are performed using electron energy loss spectroscopy (EELS; see Methods and section 3 of the Supporting
Information). Looking at the EELS data in Figure 3c,d for a
similar triangular platelet, we obtain a result that shows similar
trends as in the case of the STM-nanosource excitation:
considering a high energy/short wavelength range, a strong
signal is measured when the excitation (a high energy (100
keV) electron beam) is incident on the ﬂat upper surface of the
triangle platelet; for a low energy/long wavelength range, the
signal is most signiﬁcant when the excitation is along the
triangle edge.
Since EELS is a loss spectroscopy, it reﬂects the total EMLDOS projected along the axis of the incoming electron
beam;12 that is, it is equally sensitive to both the dark (i.e.,
nonradiative) and bright (or radiative) modes of the system. In
the STM excitation experiment, however, the emitted light is
detected in the far ﬁeld. This would suggest that the STMnanosource experiments are only sensitive to the radiative REM-LDOS, whose leading contribution is from the bright
1283
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LDOS of the breathing modes is comparable to the R-EMLDOS values of the edge modes (consider, for example, the
continuous blue curves in Figure 4a,b).
The connection between the R-EM-LDOS and the
experimental spectra shown in Figure 2 is made in Figure 5a.
Here we calculate the spectrum of the light emitted into the
substrate when the STM-nanosource excites the platelet; as
opposed to the previous calculation for the R-EM-LDOS, these
results include the STM tip, exclude the emission in the half
space above the platelet, and take into account the STM
excitation spectrum57 (see Methods and section 5 in the SI).
The theoretical results in Figure 5a are obtained for triangles of
diﬀerent side lengths and for the two relevant tip positions
addressed experimentally.
Comparing Figures 4 and 5a, it may be seen that the
emission spectra calculated for the complete STM system
(platelet plus tip) closely resembles the R-EM-LDOS of the
isolated triangular platelet (i.e., no tip included; see also
section 5 in the SI for a plot of the data of Figures 4 and 5 on
the same graph). This demonstrates (i) the nonperturbing role
of the STM tip, as outlined earlier; (ii) the similarity, up to a
scaling factor, between the R-EM-LDOS and the emission into
the substrate; and (iii) the excitation of the diﬀerent types of
modes as a function of tip position. While the peaks in the
simulated spectra are narrower than in the experiment,
probably due to the idealization of the system used for the
calculations (see section 6 in the SI), the same general trend
emerges from the calculated and measured data.
Figure 5b,c displays the calculated surface charge densities
for the center and edge tip excitation positions at two speciﬁc
energies (λ = 620 and 860 nm, respectively). As for Figure 5a,
the diﬀerences in the calculation as compared to the insets of
Figure 4 involve the inclusion of the STM tip and the STMnanosource excitation spectrum and the exclusion of the light
emitted above the substrate. Once again, good agreement
between the R-EM-LDOS (insets to Figure 4) and the STM
excitation calculations (Figure 5b,c) is seen: at low energies
and excitation on the edge (Figure 5c), the result is
reminiscent of an edge mode. When the excitation is at higher
energy and in the center of the platelet (Figure 5b), the
resulting symmetric surface charge distribution resembles that
of a breathing mode.
As pointed out previously, in the light emission experiments
from an STM-nanosource, light is detected in the far ﬁeld;
thus, this technique is expected to probe the radiative EMLDOS of the sample under study. In order to conﬁrm this,
interpret the experimental results of Figure 3 and, in particular,
test for possible tip or substrate eﬀects that might perturb the
link between the R-EM-LDOS and the results of the STM
experiments, we perform calculations of the total EM-LDOS,
of the R-EM-LDOS, and of the photon emission as a function
of position for selected wavelengths. Each selected wavelength
corresponds to the excitation of a diﬀerent plasmonic mode of
the platelet.
From the calculated total EM-LDOS, R-EM-LDOS, and
intensity maps in Figure 6 it follows that, for longer
wavelengths (820−1300 nm), the edge plasmon modes are
predominantly excited, as seen from the intense bright spots
along the edges and vertices of the platelet. The strong
radiative nature of the excited edge modes explains the close
similarity between the EM-LDOS, R-EM-LDOS, and intensity
maps at these wavelengths. The dominance of the radiative
edge modes is also behind the good agreement between the

dipole and discretized by the reﬂections at the platelet
boundaries. By symmetry, these breathing modes have no
net induced dipole moment and are, in general, much less
radiative as compared to the edge modes. This again may be
seen by comparing the total and radiative EM-LDOS at for
example 900 nm (lowest order breathing mode for which the
charge density distribution is shown in Figure 4b). In this case,
the total EM-LDOS is equal to more than a factor of 3 times
the radiative R-EM-LDOS. The fact that the edge modes are
clearly more radiative than the breathing modes (for λ > 600
nm) is conﬁrmed in section 4 of the Supporting Information
and in Figure 5a.

Figure 5. Calculated light emission spectra for diﬀerent excitation
positions and triangular platelet sizes. (a) Calculated spectra. Dotted
lines: results for the STM tip located in the center of the triangle face.
Continuous curves: results for the STM tip located in the center of
the triangle edge. The platelets side lengths are varied from L = 600 to
800 nm, as indicated in the inset. (b, c) Surface charge density
induced at a wavelength of (b) 620 and (c) 860 nm for the tip
location indicated in the insets. The calculations are performed with a
tip (radius 40 nm, length 400 nm) placed 2 nm above the platelet
surface (substrate index of refraction is 2).

At wavelengths of λ ≲ 800 nm, higher-order plasmonic
modes are excited. These higher-order modes involve rapidly
oscillating charge densities and higher-order multipole moments, thus reducing the coupling of these modes to the far
ﬁeld. At the same time, however, we see that the total EMLDOS of the breathing modes diverges for shorter wavelengths
(see Figure 4b). Since the total EM-LDOS increases
drastically, the radiative R-EM-LDOS increases proportionally.
In the competition between these two eﬀects (reduced far-ﬁeld
coupling and the increase in the total number of electromagnetic modes), the increase in the total EM-LDOS
dominates, leading to higher values of the radiative R-EMLDOS at shorter wavelengths as compared to longer
wavelengths. In fact, at these shorter wavelengths, the R-EM1284
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Figure 6. Calculated energy-resolved maps of the EM-LDOS, R-EM-LDOS, and of the intensity of the light emitted by the tunneling STMnanosource when scanned over a triangular platelet with side length L = 650 nm. The EM-LDOS is calculated 1 nm above the upper face of the
platelet. The STM tip scans the upper face of the platelet at a constant tip−surface distance of 2 nm. Diﬀerent columns correspond to the maps
obtained for diﬀerent radiation wavelengths as indicated.

plasmonic modes is collected through the transparent
substrate. Both tip position-dependent light emission spectra
as well as emission maps have been acquired, revealing that
breathing modes of higher energy are more eﬃciently excited
when the STM tip is positioned in the center of the upper face
of the platelet, while edge modes at lower energies are
preferably excited when the STM tip is positioned on an edge.
Acquiring EELS maps on similar triangular platelets yields
qualitatively similar results. The theoretical study of STMinduced light emission reproduces the main experimental
trends and conﬁrms the excitation of breathing and edge
modes of the nanoparticle, associated with particular tip
positions and emission energies. More importantly, a detailed
comparison of the calculated total EM-LDOS and the radiative
R-EM-LDOS reveals subtle diﬀerences in the corresponding
mapping of each mode, depending on its radiative nature.
Thus, the scanning tunneling microscope may be considered
not only a tool for mapping the electronic density of states in
its usual operation mode, but also for investigating the
radiative electromagnetic local density of states when the
emitted light is collected. This work introduces a new
technique for probing the radiative R-EM-LDOS and may be
applied to obtain relevant information on nanoantennas,68−71
improved nanoplatforms for surface-enhanced Raman scattering (SERS),72−74 surface-enhanced ﬂuorescence,75,76 single
photon emission,71 and strong coupling in hybrid plasmonicemitter systems.77

calculations and the STM and EELS measurements at longer
wavelengths (see Figure 3b,d).
As the wavelength decreases from 750 to 600 nm, the signal
in the center of the maps increases, reﬂecting the increasing
role of the breathing modes (see the left-hand side of Figure
6). This is in full agreement with the STM and EELS
measurements of Figure 3a and Figure 3c. Comparing the REM-LDOS and EM-LDOS data in the leftmost columns of
Figure 6 we observe (i) a diﬀerent structure in the center; (ii)
diﬀerent relative intensities between the center and edges and
(iii) a diﬀerent number of nodes along the edge. This is due to
the fact that there are many diﬀerent higher-order modes at
these short wavelengths and that these diﬀerent modes
contribute diﬀerently to the R-EM-LDOS and EM-LDOS.
Note that such subtle diﬀerences are not clearly discernible in
Figure 3 (too small signal-to-noise in the experimental data).
The third row of Figure 6 shows the calculated photon
emission maps (i.e., the emission into the substrate taking into
account the presence of the tip and the STM-excitation
spectrum). These results match the radiative R-EM-LDOS: the
number of nodes along the triangle edges as well as the
structure in the center of the platelet are well reproduced in
both types of images. Note, however, that the relative
intensities of the diﬀerent contributions are not always the
same in both cases. This is attributed to the presence of the
STM tip. While it has been shown that a nonplasmonic tip
does not perturb the energy spectrum of the inherent modes of
the particle (see Figures 4 and 5 or sections 1 and 5 in the
Supporting Information), it appears that the tip alters the
mode coupling to the far ﬁeld, as seen from the increased
intensity from the center of the photon emission maps. In
particular, the tip enhances the far-ﬁeld coupling of the
numerous breathing modes at short wavelengths.

■

■

METHODS
Samples. The triangular gold platelets (monotwinned gold
crystals, side length L = 600−900 nm, thickness 20 ± 1 nm)
are synthesized by colloidal chemistry. A modiﬁed seedmediated growth protocol, initially proposed by Mirkin’s
group, is used with cetyltrimethylammonium bromide (CTAB)
as the stabilizing and structure-directing agent.78 Here,
contrary to the referenced protocol, the CTAB concentration
is increased by a factor of 2 (0.1 M instead of 0.05 M), so that
a mixture of thicker triangular and hexagonal platelets is
obtained (20 nm instead of 9 nm). A seed solution is ﬁrst

SUMMARY AND CONCLUSIONS

In summary, we have used the inelastic tunneling current from
a scanning tunneling microscope working in air to locally and
electrically excite the plasmonic modes of a triangular gold
platelet. The light resulting from the radiative decay of these
1285
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operated at 100 kV, ﬁtted with a cold ﬁeld emission gun and a
homemade electron energy loss spectrometer (EELS)
detection system. The electron probe size is a few nanometers
and the EEL spectrometer energy dispersion is 20 meV/
channel. The data is collected in the spectral image mode
where high-angle annular dark ﬁeld (HAADF) signals and EEL
spectra are collected simultaneously pixel by pixel while
scanning. At the end of a scan, both a HAADF image and a
spectrum image (EEL spectrum at each pixel of the scan) are
generated that can be compared pixel by pixel. By means of a
spectrum image, ﬁltered maps are created by plotting the EEL
signal intensity of each pixel in a chosen energy range. Typical
acquisition times per pixel are 5 ms and spectral image data
sets are 100 × 100 pixels large. Spectral alignment and
Richardson-Lucy deconvolution are used in order to improve
the energy resolution from ∼0.3 to ∼0.1 eV (zero loss peak
full-width at half-maximum) using the Hyperspy software.81
Simulations. Three-dimensional electrodynamic calculations are performed for a unitary harmonic point source
÷◊÷
emitter with current density given by j ⃗ = uδ̂ ( r ⃗ − r0 ), where
the unitary vector û deﬁnes the polarization of the source. The
÷◊÷
position r0 of the point source is 1 nm above the upper face of
the platelet for the calculations. In the case of the photon
maps, an STM tip is also included 1 nm above the point
source. Unless otherwise stated, we consider that the tunneling
source is oriented perpendicularly to the platelet face along the
symmetry axis of the tip. The ﬁnite element method as
implemented in the frequency domain using the radio
frequency module of the commercial COMSOL Multiphysics
software82 is used. For the photon emission spectral
calculations, the resulting calculated spectra are multiplied by
a factor of (eV − ℏω) (where e is the charge of an electron, V
is the applied voltage between the tip and sample, and ω is the
photon angular frequency) in order to take into account the
inelastic tunneling electron probability as a function of
energy.57,83 For the calculation of the EM-LDOS we consider
that it is dominated by the electromagnetic modes of the
platelet, and we use the expression for the change of the rate of
the radiative and nonradiative energy dissipation by the point
emitter due to the presence of the metal.84

prepared by adding an ice-cold NaBH4 solution (0.42 mL, 10
mM) into an aqueous solution composed of a mixture of
HAuCl4 (92 μL, 10 mM) and CTAB (7 mL, 100 mM). The
growth solution is prepared by successively mixing 7.3 mL of a
1 M CTAB/50 μM NaI solution with 195 μL of HAuCl4 (0.01
M), 280 μL of ascorbic acid (0.016 M), and ﬁnally, 43 μL of
NaOH (0.1 M). Adding the seeds (2 μL of the 100-fold
diluted seed solution) initiates the particle synthesis reaction,
which occurs for 5 h at 40 °C. The platelets are then puriﬁed
through selective sedimentation at the bottom of the reaction
vessel owing to a depletion-induced interaction.79 The
chemicals used are cetyltrimethylammonium bromide
(CTAB ≥ 98%), chloroauric acid (HAuCl4·3H2O), sodium
borohydride (NaBH4, 99%), ascorbic acid (99%), and sodium
iodide NaI (99%). They are purchased from Sigma and used as
received. Deionized water is used for all experiments.
The substrates used are either 170 μm thick glass coverslips
covered with an 85 nm thick indium−tin-oxide (ITO) layer
(SOLEMS, Palaiseau, France) or 15 nm thick transmission
electron microscope silicon nitride membrane window grids
(Ted Pella). The ﬁnal samples are prepared by depositing a
diluted drop of the Au platelet solution on the substrate. After
drying, the sample is copiously washed with ethanol, dried, and
then cleaned by UV/ozone to remove any organic residue.
STM/Optical Microscopy Setup. The commercial STM
head is from JPK Instruments (NanoWizard 3). STM tips are
made of tungsten using electrochemical etching (typical radii ∼
35 nm). The STM is mounted on top of an inverted optical
microscope (Nikon Eclipse Ti−U) equipped with an oil
immersion objective (Nikon CFI Apochromat 100× 1.49 NA
TIRF objective). The resulting light from the STM-excitation
experiments is collected through the transparent substrate. For
the spectral measurements, a real plane image of the sample is
projected onto the slit opening of a spectrometer and
integrated for 300 s (STM parameters are Iset‑point = 0.5 nA
and V = 2.8 V). All reported spectra have been corrected for
system response. The imaging spectrometer is from Horiba
Jobin Yvon (iHR320 spectrometer with a Synapse CCD
detector). For the mapping, all the light from a 250 μm2 area is
detected by an avalanche photodiode (from Excelitas, dark
count as low as 5 counts/s) and integrated for each pixel by the
STM controller. A bandpass ﬁlter (center wavelength 750 nm
and bandwidth 40 nm, or 900 nm center wavelength and again
a bandwidth of 40 nm) is placed before the detector. As a
result, the topography image, tunneling current map, and
photon map for a particular wavelength range may be acquired
simultaneously. In the STM experiments, a (positive) voltage is
applied to the sample and the tip is grounded. This voltage is
either 0.5 V for imaging or 2.8 V for excitation (a voltage of
>1.5 V is necessary for emission in the visible). These
measurements are performed in constant current mode with a
feedback loop, which maintains the measured tunneling
current nominally constant at a value of 0.1 nA. Note that
triangle side lengths L measured by STM are most likely
overestimated due to convolution with the tip. All of the
reported measurements are carried out in air under standard
laboratory conditions. As a result, a thin water layer exists on
both the sample and the tip. Details on the speciﬁcities of the
STM-excitation of plasmons in air may be found in the
reference Rogez et al.80
Electron Energy Loss Spectroscopy. STEM-EELS
measurements are performed using a Vacuum Generator
HB501 scanning transmission electron microscope (STEM)

1
÷◊÷
Γ = − Re{u·̂ E ⃗(r0 )}
(1)
2
÷◊÷
where E ⃗(r0 ) is the electric ﬁeld (at the position of the point
source emitter) created by the gold platelet (the calculations
are performed without an STM tip). Re{Z} stands for the real
part of the complex quantity Z. On the other hand, the change
of the power dissipated by the unitary point source can be
presented through the electromagnetic density of states of the
÷◊÷
metal, ρum̂ (r0 , ω), as follows:2
Γ=

π m ÷◊÷
ρ (r0 , ω)
4ϵ0 u ̂

÷◊÷
This immediately leads to ρum̂ (r0 , ω) from the calculated
÷◊÷
÷◊÷
÷◊÷
Re{uÊ ⃗(r0 )}. We consider that ρum̂ (r0 , ω) ≫ ρu ̂,0 (r0 , ω), where
÷◊÷
ω2
ρu ̂,0 (r0 , ω) = 2 3 is the projected EM-LDOS in vacuum (ω is
3π c
the angular frequency and c is the speed of light).
For the R-EM-LDOS mapping results, the Poynting vector
in the far ﬁeld is integrated over a full sphere enclosing the
system (the calculations are performed without an STM tip).
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For the photon emission spectra and photon emission maps
the calculations are performed for the unitary harmonic point
source emitter placed in the junction between the STM tip and
platelet surface, and the Poynting vector in the far ﬁeld is
integrated over a half sphere beneath the substrate.
The gold triangle (20 nm thick) is considered equilateral
with rounded vertices (radius of curvature 5 nm). Side lengths
of 600−900 nm are considered. The index of refraction of gold
that is used is from Johnson and Christy.85 The substrate is
represented either by a semi-inﬁnite space with refraction
index n = 2 below the triangle structure or, in the case of the
surface charge density calculations of Figure 5, by a disk of
radius 1600 nm and of thickness 200 nm (index of refraction is
2), with air above and below. The full environment is a sphere
of radius 2000 nm, surrounded by a 300 or 600 nm thick
perfectly matched layer. The tungsten tip (index of refraction
from Rakić et al.60) is represented by a solid cone which has an
opening angle of tan θ = (1/6) and whose end is replaced by a
sphere of radius 40 nm. The length of the tip is 400 nm. See
section 1 of the Supporting Information for results with
diﬀerent values for the tip radius and length.
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(45) Martín-Jiménez, A.; Fernández-Domínguez, A. I.; Lauwaet, K.;
Granados, D.; Miranda, R.; García-Vidal, F. J.; Otero, R. Unveiling the
radiative local density of optical states of a plasmonic nanocavity by
STM. Nat. Commun. 2020, 11, 1021.
(46) Le Moal, E.; Marguet, S.; Rogez, B.; Mukherjee, S.; Dos Santos,
P.; Boer-Duchemin, E.; Comtet, G.; Dujardin, G. An electrically
excited nanoscale light source with active angular control of the
emitted light. Nano Lett. 2013, 13, 4198−205.
(47) Cao, S. Y.; Le Moal, E.; Jiang, Q. B.; Drezet, A.; Huant, S.;
Hugonin, J. P.; Dujardin, G.; Boer-Duchemin, E. Directional light
beams by design from electrically driven elliptical slit antennas.
Beilstein J. Nanotechnol. 2018, 9, 2361−2371.

(11) Hörl, A.; Haberfehlner, G.; Trügler, A.; Schmidt, F.-P.;
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M.; García de Abajo, F. J.; Stéphan, O.; Kociak, M. Unveiling
Nanometer Scale Extinction and Scattering Phenomena through
Combined Electron Energy Loss Spectroscopy and Cathodoluminescence Measurements. Nano Lett. 2015, 15, 1229−1237.
(19) Myroshnychenko, V.; Nishio, N.; García de Abajo, F. J.;
Förstner, J.; Yamamoto, N. Unveiling and Imaging Degenerate States
in Plasmonic Nanoparticles with Nanometer Resolution. ACS Nano
2018, 12, 8436−8446.
(20) Hoogenboom, J. P.; Sanchez-Mosteiro, G.; Colas des Francs,
G.; Heinis, D.; Legay, G.; Dereux, A.; van Hulst, N. F. The Single
Molecule Probe: Nanoscale Vectorial Mapping of Photonic Mode
Density in a Metal Nanocavity. Nano Lett. 2009, 9, 1189−1195.
(21) Beams, R.; Smith, D.; Johnson, T. W.; Oh, S.-H.; Novotny, L.;
Vamivakas, A. N. Nanoscale Fluorescence Lifetime Imaging of an
Optical Antenna with a Single Diamond NV Center. Nano Lett. 2013,
13, 3807−3811.
(22) Ropp, C.; Cummins, Z.; Nah, S.; Fourkas, J. T.; Shapiro, B.;
Waks, E. Nanoscale imaging and spontaneous emission control with a
single nano-positioned quantum dot. Nat. Commun. 2013, 4, 1447.
(23) Krachmalnicoff, V.; Cao, D.; Caze, A.; Castanie, E.; Pierrat, R.;
Bardou, N.; Collin, S.; Carminati, R.; De Wilde, Y. Towards a full
characterization of a plasmonic nanostructure with a fluorescent nearfield probe. Opt. Express 2013, 21, 11536−11545.
(24) Schell, A. W.; Engel, P.; Werra, J. F. M.; Wolff, C.; Busch, K.;
Benson, O. Scanning Single Quantum Emitter Fluorescence Lifetime
Imaging: Quantitative Analysis of the Local Density of Photonic
States. Nano Lett. 2014, 14, 2623−2627.
(25) Cao, D.; Caze, A.; Calabrese, M.; Pierrat, R.; Bardou, N.;
Collin, S.; Carminati, R.; Krachmalnicoff, V.; De Wilde, Y. Mapping
the Radiative and the Apparent Nonradiative Local Density of States
in the Near Field of a Metallic Nanoantenna. ACS Photonics 2015, 2,
189−193.
(26) Aigouy, L.; Caze, A.; Gredin, P.; Mortier, M.; Carminati, R.
Mapping and Quantifying Electric and Magnetic Dipole Luminescence at the Nanoscale. Phys. Rev. Lett. 2014, 113, 076101.
(27) Cuche, A.; Berthel, M.; Kumar, U.; Colas des Francs, G.;
Huant, S.; Dujardin, E.; Girard, C.; Drezet, A. Near-field hyperspectral
quantum probing of multimodal plasmonic resonators. Phys. Rev. B:
Condens. Matter Mater. Phys. 2017, 95, 121402.
(28) Viarbitskaya, S.; Teulle, A.; Marty, R.; Sharma, J.; Girard, C.;
Arbouet, A.; Dujardin, E. Tailoring and imaging the plasmonic local
1288

https://dx.doi.org/10.1021/acsphotonics.0c00264
ACS Photonics 2020, 7, 1280−1289

ACS Photonics

pubs.acs.org/journal/apchd5

Article

Controlling the Radiative Properties of Nanoemitters. Chem. Rev.
2011, 111, 3888−3912.
(70) Biagioni, P.; Huang, J.-S.; Hecht, B. Nanoantennas for visible
and infrared radiation. Rep. Prog. Phys. 2012, 75, 024402.
(71) Koenderink, A. F. Single-Photon Nanoantennas. ACS Photonics
2017, 4, 710−722.
(72) Kleinman, S. L.; Frontiera, R. R.; Henry, A.-I.; Dieringer, J. A.;
Van Duyne, R. P. Creating, characterizing, and controlling chemistry
with SERS hot spots. Phys. Chem. Chem. Phys. 2013, 15, 21−36.
(73) Zhang, R.; Zhang, Y.; Dong, Z. C.; Jiang, S.; Zhang, C.; Chen,
L. G.; Zhang, L.; Liao, Y.; Aizpurua, J.; Luo, Y.; Yang, J. L.; Hou, J. G.
Chemical mapping of a single molecule by plasmon-enhanced Raman
scattering. Nature 2013, 498, 82−86.
(74) Lee, J.; Crampton, K. T.; Tallarida, N.; Apkarian, V. A.
Visualizing vibrational normal modes of a single molecule with
atomically confined light. Nature 2019, 568, 78−82.
(75) Dong, Z. C.; Zhang, X. L.; Gao, H. Y.; Luo, Y.; Zhang, C.;
Chen, L. G.; Zhang, R.; Tao, X.; Zhang, Y.; Yang, J. L.; Hou, J. G.
Generation of molecular hot electroluminescence by resonant
nanocavity plasmons. Nat. Photonics 2010, 4, 50−54.
(76) Doppagne, B.; Neuman, T.; Soria-Martinez, R.; López, L. E. P.;
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