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We report on the angular distribution, polarization and spectrum of the light emitted from an 

electrically controlled nanoscale light source. This nanosource of light arises from the local, low-

energy, electrical excitation of localized surface plasmons (LSP) on individual gold nanoparticles 

using a scanning tunneling microscope (STM). The gold nanoparticles (NP) are chemically 

synthesized truncated bitetrahedrons. The emitted light is collected through the transparent 

substrate and the emission characteristics (angular distribution, polarization and spectrum) are 

analyzed. These three observables are found to strongly depend on the lateral position of the 
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STM tip with respect to the triangular upper face of the gold NP. In particular, the resulting light 

emission changes orientation when the electrical excitation via the STM tip is moved from the 

base to the vertex of the triangular face. Based on the comparison of the experimental 

observations with an analytical dipole model and finite-difference time-domain (FDTD) 

calculations, we show that this behavior is linked to the selective excitation of the out-of-plane 

and in-plane dipolar LSP modes of the NP. This selective excitation is achieved through the 

lateral position of the tip with respect to the symmetry center of the NP. 

Nanoscale light sources with controllable angular emission are highly desirable for future 

technological developments in nanophotonics. Many different concepts for directional photon 

nanosources have been proposed; most of them exploit the plasmonic modes of metallic 

nanostructures that are commonly called optical antennas.1-6 In general, the principle of optical 

antennas for emission is the conversion of spatially confined, evanescent electromagnetic (EM) 

field into free propagating radiation.7,8 One way to drive these optical antennas is to couple the 

near-field emission of a single fluorescent molecule9-13 or nanocrystal14-16 to the plasmonic 

modes of metallic nanostructures. This requires that the emitter be excited with photons from the 

far field, which gives rise to a strong excitation light background, thus limiting the possible 

integration with miniaturized devices. Moreover, except for a few cases where the emission 

directivity can be tailored through the polarization of the excitation light17,18 or its incidence 

angle,19 these optically driven photon nanosources only allow passive control of the radiation 

pattern; namely, their design must be modified in order to obtain a different result.  

Alternatively, Coenen et al 20 have shown that directional light emission may be obtained from 

similar optical antennas by directly exciting their plasmonic modes with a high-energy electron 

beam (> 30 keV) focused to subwavelength dimensions (10 nm). In this case, the excitation is 
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extremely local and the electron-matter interaction itself generates, through a 

cathodoluminescence process,21 the necessary localized evanescent EM field to feed the optical 

antenna.22-29 Furthermore, active control of the emission pattern is made possible in this case by 

the spatially selective excitation of the different modes of the antenna with the tightly focused, 

scanning electron beam.20,30,31 Nevertheless, a drawback of this approach is that it requires 

ultrahigh vacuum, high-voltage electron acceleration and magnetic lenses (i.e. the environment of 

a scanning electron microscope) to tightly focus the high-energy beam. The transfer of such a 

system to on-chip nanotechnological applications in the immediate future appears difficult. A 

low energy system working in air would be desirable. 

In this Letter, we electrically excite localized surface plasmons with low-energy electrons (< 3 

eV) tunneling from a sharp tungsten tip to a single gold nanoparticle (NP) of well-adapted shape 

to produce a nanoscale light source with active angular control of the emitted light. This concept 

uses the low energy electrons of a tunnel junction, works in an ambient environment, and may be 

adapted to a planar geometry. Using tunneling electrons guarantees the very high spatial 

selectivity of the electrical excitation. In our case, the tunnel junction is formed between the tip 

of a scanning tunneling microscope (STM) and the sample. The STM is also used to image the 

gold NP and locate the appropriate excitation sites.  

It has long been known that inelastic electron tunneling between a metallic tip and a metallic 

sample generates light from the tunnel junction.32-34 More precisely, tunneling electrons can 

couple to extremely localized plasmonic modes inside the tunnel junction (the so-called tip-

induced gap plasmons), which originate from the tip-sample interaction and may in turn 

radiatively decay.35-37 However, it is only very recently that these plasmons in the tunnel junction 

have been used as a nanoscale source of evanescent EM field to excite the propagating surface 

plasmons (SPP) of a nanostructured sample.38-40 This excitation method produces a plasmonic 



 

4 

probe with very high spatial selectivity due to the lateral confinement of the tip-induced gap 

plasmons (less than 10 nm,36,41 see details in the SI). Moreover, the resonance of these plasmons 

(which mainly depends on the tip and sample composition) is especially broad in frequency.36 

This is an important advantage for the efficient excitation of localized surface plasmons of 

different energies in a metallic nanostructure below the STM tip. Though earlier surface science 

studies have been dedicated to STM-induced light emission from metal clusters,42-49 very few of 

them so far have been related to a single, well-defined metal NP.50  

In this work, we investigate the mechanisms of localized surface plasmon excitation on a 

single gold NP using an STM. We show that this electrical excitation method provides a means 

of controlling the emission pattern by tuning the lateral position of the STM tip above the NP. 

We report on the first observation of the resulting emission pattern and its dependence on the tip 

position. Moreover, we find that the polarization distribution of the emission pattern is similar to 

that of a point dipole emitter whose orientation is gradually tilted when moving the STM tip off 

the NP center. The influence of the tip position on the spectral distribution of this STM-induced 

light emission is also studied. These experimental observations are interpreted on the basis of 

both a simple analytical dipole model and numerical finite-difference time-domain (FDTD) 

calculations. In this way, we show that part of the influence of the tip position is related to the 

selective excitation of the in-plane and out-of-plane dipolar LSP modes of the gold NP (with 

respect to the substrate plane).  

The present study was possible due to the capabilities of the setup recently proposed by Wang 

et al,51 which is depicted in Figure 1a. Briefly, an STM head operating in air is mounted on top 

of an inverted optical microscope. Inelastic electron tunneling from the STM tip to the sample 

induces photon emission, which is collected through the transparent substrate using an oil-

immersion objective lens of numerical aperture NA = 1.45. An image of the back focal plane of 
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the objective lens (Fourier image) is recorded using a cooled charge-coupled device (CCD) 

camera, giving access to the polar and azimuthal distribution of the emitted light (angular 

emission pattern). A standard real-plane image may be obtained by simply removing a lens in the 

setup, in a similar manner as previously proposed by Egusa et al.52 Alternatively, the collected 

light may be coupled to an optical fiber leading to an imaging spectrometer equipped with a 

nitrogen-cooled CCD camera, so as to measure the spectral distribution. We use 

electrochemically etched tungsten tips that are characterized using scanning electron microscopy 

(SEM) after all experiments are completed (radius of curvature estimated at 30 nm, see SEM 

images in the SI). All STM images and all optical images of STM-induced light emission are 

obtained with a sample bias of Ub = 2.75 V and setpoint current of It = 60 pA. 

Truncated bitetrahedral gold NPs are obtained by colloidal chemistry in an aqueous solution 

using cetyltrimethylammonium bromide (CTAB) as the capping agent (see SI for details). A 

diluted solution of these NPs is deposited by droplet evaporation on a glass coverslip coated with 

a conductive, optically thin (100 nm) indium-tin oxide (ITO) layer. Individual NPs separated by 

more than 1 µm are obtained, allowing easy optical separation and avoiding plasmon coupling 

between NPs. Figure 1 shows an SEM image of a NP on ITO (Fig. 1b), together with a schematic 

top view defining its geometrical characteristics (Fig. 1c). Note that their side faces are not right-

angled. Statistics on 60 NPs in SEM images indicated mean lengths of 81 ± 13 nm and 128 ± 6 

nm for the upper and lower edges, respectively. Side views of the NPs (see SEM images in the 

SI) revealed a mean thickness of 69 ± 7 nm. We chose to study these NPs rather than more 

common, flat, right-angle triangular gold nanoprisms because of their lower aspect ratio (≈ 2) 

which yields dipolar plasmonic modes with resonance in the visible range. Figure 1 also shows a 

STM image of a NP on ITO (Fig. 1d). The high aspect ratio of the sharp STM tip allows the in-

plane orientation of the NPs to be determined from the STM image to better than ±5°. However, 
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convolution with the STM tip shape hampers the imaging, and the edges of their upper face of 

the NP are indistinguishable; therefore we relied on the mean edge lengths determined from the 

abovementioned SEM studies to describe the NPs.  
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Figure 1. Experimental setup, truncated bitetrahedral gold nanoparticles (NPs) and optical 

images of the STM-induced photon emission. (a) Schematic of the setup consisting of a scanning 

tunneling microscope (STM) mounted on an inverted optical microscope. The sample consists of 

NPs on an ITO-coated glass slide, which is biased while the STM tip is grounded. Light emission 

from the sample is collected using an oil-immersion objective lens of high numerical aperture 

(NA) and focused on a cooled CCD camera using two lenses (the tube and Bertrand lenses) so as 
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to image the light pattern that forms in the back focal plane of the objective lens (Fourier image). 

Removing the Bertrand lens allows recording a standard real-plane image. (b) Top view SEM 

image with magnification of 97,590× giving a top view of the NP and, in inset, a schematic 

showing its truncated bitetrahedral shape. (c) Schematic top view of a NP showing the 

definitions used for its geometrical characteristics. (d) STM image of a NP, superimposed with 

equilateral triangles (dotted line) indicating NP’s mean dimensions (mean edge length taken from 

SEM statistics, see text). (e) False-color CCD-camera Fourier image showing the angular 

emission pattern  and (f)  the associated real-plane image showing the spatial distribution of the 

emitted light from an STM-excited  NP.  In both cases, the STM excitation is above the center of 

the NP. In the Fourier image, the center is associated with emission along the optical axis (polar 

angle θ = 0) while the circles labeled NA = 1 and NA = 1.45 (black and white dotted lines) show 

the critical angle of the air/glass interface (θc = 41° for nglass = 1.52) and the maximum acceptance 

angle of the objective lens (θmax = 72° for nglass = 1.52), respectively.  

 

Figure 1 shows the distribution of the emitted light after electrical excitation of a single NP 

with the STM tip above the center of the particle. The Fourier image (Fig. 1e) and real-plane 

image (Fig. 1f) are obtained under the same conditions. Both images are rotationally symmetric 

with respect to the optical axis. The Fourier image shows that the emitted light is equally 

distributed with respect to the azimuthal angle φ and that it is mainly emitted above the polar 

angle θc, the air/glass critical angle. The doughnut-shape in the real-space image, with its local 

intensity minimum at the center, is the signature of p-polarized emission typical of a vertical 

radiating dipole.53  
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Figure 2 shows how the angular emission pattern varies as the STM tip is moved with respect 

to the NP. Figure 2a is an STM image of the NP and the different positions along one of the three 

medians of its triangular face where the measurements are acquired. As illustrated in Fig. 2b, we 

position the STM tip at a specific location above the NP and obtain a Fourier image from which 

we retrieve a polar angle distribution of the emitted light. The results for the four different tip-

particle positions noted in Fig. 2a are obtained under similar conditions (same STM parameters, 

same CCD camera settings, same STM tip), and are shown in Fig. 2c. As seen in Fig. 2d, we 

compare the experimental Fourier images and angular distributions to the emission pattern of a 

point dipole on an air/glass interface (in absence of tip and NP). The polar Θ and azimuthal Φ 

angles are fitting parameters defining the dipole orientation.53 Though a dipole on an air 

glass/interface is a significant simplification of the system, the results of this simple model are 

similar to the experimental data, thus aiding in their interpretation. (A more realistic model 

including the tip and the nanoparticle is introduced later in the paper). Figure 2f shows the 

experimental (filled black curve) and corresponding simulated polar angle distributions (red line) 

along the direction of the median (see white dotted line in Fig. 2c). A red arrow represents the 

orientation of the dipole in the model.   

Comparing Fig. 2c to Fig. 1e we see that the angular emission pattern loses its rotational 

symmetry and becomes asymmetric as the tip is moved away from the center of the NP. The 

emission pattern is anisotropic and this anisotropy changes when the tip is moved from close to 

the edge (base) to close to the vertex of the triangular upper face. In Figs. 2c and 2e, we see that 

the experimental Fourier images fit best with the emission pattern of a dipole that is not vertical 

but tilted (in the plane that is defined by the vertical axis and the median of the NP) when the tip 

is not above the center of the NP. Moreover, this tilt gradually varies as the tip moves from the 

vertex to the edge. The tilt of the dipole changes direction, while remaining in the 
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median/vertical axis plane, close to the NP center (an untilted dipole best fits the data of Fig. 1e). 

We conduct this experiment with the same tip on several NPs of different in-plane orientations 

and find the same tilts with relative reproducibility (to 10°). In particular, at the NP edge we find 

a tilted dipole with orientation Θ = 45°, Φ = Φ0; an untilted dipole at the center (Θ = 0°); and a 

dipole tilted in the opposite direction at the vertex (Θ = 30°, Φ = Φ0 + 180°). Φ0 corresponds to 

the orientation of the median. From these results we see that the angular emission from an STM-

excited NP is comparable to that of a tilted dipole on the substrate. We note from Fig. 2f, 

however, that the emitted light is even more concentrated in a particular direction than that from 

the best-fit tilted dipole. This discrepancy is very likely due to the oversimplification of the 

problem in this simple dipole model.  

From Fig. 2c, we estimate the STM-induced photon emission efficiency or, more precisely, the 

statistical probability that a photon is emitted in the spectral range and solid angle of detection 

when one electron crosses the tunnel junction (see method in the SI). We find that this 

probability varies with tip position from less than 10-6 at the nanoparticle center to about 10-5 at 

the most off-centered position above the nanoparticle vertex. 
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Figure 2. Influence of the tip position on the angular distribution of the STM-induced photon 

emission. (a) STM image of the NP (overlay: tip positions (numbered 1 to 4) along the median 

for which Fourier images are provided in Fig. 2c). On the STM image, the dashed edge contour 

represents the statistical mean edge-lengths previously determined from SEM images. (b) 

Schematics of the experimental configuration with the STM tip above the NP on the ITO-coated 

substrate; the Fourier image is a projection of the angular emission pattern; intensity profiles 

along a cross-section of the Fourier image may be plotted in a polar graph, thus providing the 

distribution of the emission intensity versus polar angle θ. (c) False-color experimental Fourier 

images obtained with the STM tip at positions 1 to 4 of Fig. 2a. (d) Graphic representation of the 

simple analytical model that is used to interpret the experimental results: the Fourier images and 

the angular distribution of the emitted light are compared to those of a point dipole emitter 

located on an air-glass interface, with the dipole orientation defined by the azimuthal Φ and polar 
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Θ angles with respect to horizontal (median) and vertical (optical) axes, respectively. (e) 

Theoretical Fourier images calculated with this simple model. The appropriate polar dipole 

orientation angle Θ is determined by calculating different theoretical images while varying Θ in 

steps of 5° until the best theoretical image with respect to the experimental Fourier image is 

found. Φ is chosen so that the dipole has same azimuthal orientation as the median of the NP’s 

triangular face. (f) Polar plot of the intensity versus polar angle θ, obtained from the intensity 

profiles along the median (dotted line in Fourier image) on both the experimental (filled curve) 

and theoretical (red line) Fourier images. Dotted lines at θmax = ±72° help visualize the collection 

cone of the objective lens. For the experimental images a shortpass filter (cut-off wavelength 842 

nm or 1.47 eV) is placed in front of the CCD camera.  

 

Figure 3 shows the distribution of the emitted light in Fourier space as a function of STM tip 

position when a linear polarizer is placed between the objective and tube lenses. The goal of this 

experiment is to confirm the hypothesis that the light emission from the NP upon STM excitation 

is comparable, to a first approximation, to the radiation of a point dipole emitter whose 

orientation depends on the STM tip position. Figure 3a shows the tip locations along a median of 

the NP’s triangular face. The experimental and simulated polarization-filtered Fourier images 

with the best dipole orientation fitting parameters (Θ,Φ) are found in Fig. 3b and c. For a vertical 

radiating dipole (Θ = 0), p-polarized emission is expected. The intensity of such emission is 

invariant as a function of the azimuthal angle φ and appears radially polarized in the Fourier 

plane (similar to Fig. 1e). Therefore the emission intensity with a polarizer oriented along the x-

axis is expected to follow a cos²φ law, with intensity minima along the y-axis. Figure 3b-3 shows 

that this cos²φ law is indeed verified experimentally when the STM tip is located above the 
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center of the NP. However, as soon as the tip is moved away from the center of the NP, this 

behavior is no longer observed. In the cases where the tip is off-center, the polarization-filtered 

Fourier images are best fit by the theoretical polarization distribution of a tilted dipole. The 

polarization-filtered measurements confirm that this tilt gradually varies as the STM tip moves 

from vertex to edge and changes direction, while remaining in the median/vertical axis plane 

when passing through the NP center. We carry out the same experiment on a differently oriented 

NP and find that the polarization of the light emission solely depends on the relative position of 

the tip with respect to the NP, thus excluding any artifacts from a possible asymmetry of the tip. 

 

(a) polarizer

In
te

ns
ity

Experimental Fourier images(b)
1 2 3 4 5 6

polarizer

In
te

ns
ity

Experimental Fourier images(b)
1 2 3 4 5 6

(30°, 180°) (0°, --) (15°, 0°) (30°, 0°) (40°, 0°)(Θ, Φ) = 

Dipole model(c)

|E
|2

(15°, 180°)(30°, 180°) (0°, --) (15°, 0°) (30°, 0°) (40°, 0°)(Θ, Φ) = 

Dipole model(c)

|E
|2

(15°, 180°)

height (nm
)

0

100

100 nm

1 3 4 5 62

height (nm
)

0

100

100 nm

1 3 4 5 63 4 5 622

 

Figure 3. Influence of the STM tip position on the polarization distribution of the STM-induced 

light. (a) STM image of the NP (overlay: tip positions for data collection). (b) False-color 

polarization-filtered Fourier images obtained with the STM tip at six different positions along the 

median of the triangular upper face of the NP. A linear polarizer is placed between the objective 

and tube lenses. The polarizer axis is oriented as indicated by the white arrow. (c) Theoretical 

polarization-filtered Fourier images calculated for a dipole on an air/glass interface with the best 

fitting polar (Θ) orientation parameter. The azimuthal (Φ) orientation is chosen such that the 
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dipole is in the median/vertical axis plane. The presence of the linear polarizer is taken into 

account in the model by displaying the squared modulus of the electric field component along the 

transmission axis of the polarizer (|Ex|
2) at each point in the image. For the experimental images a 

shortpass filter (cut-off wavelength 842 nm or 1.47 eV) is placed in front of the CCD camera. 

 

Spectral analysis of STM-induced light can provide a better understanding of the 

electromagnetic coupling between the STM tip and the sample.54 We spectrally analyze the light 

emitted from the STM excitation of a NP for two typical cases: in one case the tip is located 

above a vertex of the NP (Fig. 4a) and in the other the tip is located above the NP’s center (Fig. 

4b).  
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Figure 4. Spectral distribution of the STM-induced light from a single NP for two different tip 

excitation positions. The inset is an STM image of the NP (two equilateral triangles indicate the 
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upper and lower edges, as determined from the statistical analysis of SEM images). As marked 

on the STM image (black circles), the STM tip is located either (a) above the vertex of the NP or 

(b) above its center. The intensity (exposure time 30 s) has been corrected for the transmission of 

the optics (objective lens, tube lens, mirrors, and optical fiber), the diffraction efficiency of the 

grating in the spectrometer and the quantum efficiency of the CCD camera. In (a) and (b), the 

experimental data (crosses) have been fitted with a series of Gaussian peaks (dashed lines: 

individual peaks, straight line: sum of the peaks).  

 

The STM-induced light exhibits a relatively broad spectrum that is dominated by a peak at 1.76 

eV when the tip is located above the vertex of the NP (Fig. 4a) and by a peak at 1.87 eV when the 

tip is above the NP’s center (Fig. 4b). With the tip at the vertex position, a secondary 

contribution may also be observed at 2.09 eV. Other contributions may also exist farther in the 

near infrared (NIR) but their energies are not detectable with our setup. This is taken into account 

in Fig. 4 by fitting the lower energy part of the spectra with the tail of a Gaussian curve centered 

at 1.3 eV. Nevertheless, these NIR components do not contribute to the Fourier images shown in 

Figs. 2 and 3 as a shortpass filter (cut-off wavelength 842 nm or 1.47 eV) was placed in front of 

the CCD camera.  

The dominant peaks in Figs. 4a and 4b are broadened and slightly shifted in energy compared 

to the resonances of the dipolar LSP modes of the NP as determined by optical spectroscopy in 

absence of the STM tip (see the light scattering spectra in the SI). Larger resonance shifts (by 0.6 

eV) have been previously reported by Freund et al 50 for silver NPs, 4 nm in diameter, excited by 

STM with a silver tip. This result may be explained by the much lower losses in silver as 

compared to tungsten in the visible. The plasmon modes of the tungsten tip are indeed strongly 
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damped in the visible range (the dielectric function of tungsten has a large imaginary 

component).54 Changing the tip location on the NP may also influence the LSP resonance by 

modifying the local dielectric environment of the NP, which may play a part in the spectral 

variations seen in Fig. 4. However, the fact that both the spectral distribution and the polarization 

of the STM-induced light vary as a function of the excitation site suggests that the STM tip 

excites two different LSP modes of the NP.  

Variation of the spectral response with the lateral position of the tip has also been reported by 

Umeno et al 44 in the case of nearly spherical gold NPs of diameter 10 – 20 nm excited with an 

asymmetric tungsten tip. The authors ascribe this spectral shift to the influence of the radius of 

curvature of the tip on the tip-induced gap plasmons, which obviously changes when an 

asymmetric tip is moved from one side of a nanosphere to the other. In our case, the STM tip is 

highly symmetrical (see SEM images in the SI). Moreover, we observe reproducibly the same 

behavior and same energy shift on other NPs that are excited with the same tip, whatever the in-

plane orientation of the NPs. Thus, tip asymmetry is excluded as the origin of the observed 

phenomenon, giving support to the idea that this dependence is related to the NP LSP modes. 

Given their aspect ratio (NP thickness is about half the edge length), the resonance of the in-

plane dipolar LSP mode of our NPs is expected to be at a lower energy than that of the out-of-

plane dipolar LSP mode of the particles.55 This observation, together with the polarization 

measurements, leads to the conclusion that the STM tip efficiently excites both the in-plane 

(horizontally polarized) and out-of-plane (vertically polarized) dipolar LSP of the NP when it 

stands above the vertex, leading to the equivalent of a tilted dipole, whereas the out-of-plane 

(vertically polarized) dipolar LSP dominates when the tip is centered (only this mode is 

compatible with p-polarized emission). In the following, thanks to time-dependent numerical 
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calculations, we propose an explanation of the mechanisms behind this selective excitation of the 

NP modes.  

In order to investigate the electromagnetic response of our system, we conduct FDTD 

calculations using a freely available software package (Meep).56 Briefly, we define a three-

dimensional computational domain including the tungsten tip, the gold NP, the surrounding air 

and the glass substrate (see details in the SI). To model the tip-induced gap plasmon, we consider 

a point dipole source located in the STM junction, equidistant between the closest points of the 

tip and the NP. In order to get an idea of the system behavior at resonance, we choose a 

monochromatic source and wait for the steady-state electromagnetic field to fully evolve before 

analyzing the results. The oscillation frequency of the source corresponds to the average of the 

two dipolar LSP resonances of the NP as determined from Fig. 4 (1.81 eV).  

Moving the tip off the NP center breaks the rotational symmetry of the tip-NP system, which 

may drastically modify the coupling between the tip-induced gap plasmon and the NP modes. 

This is one possible explanation for our experimental observations. Another involves the fact that 

at the most off-centered tip positions, the electron tunneling may occur between the tip and the 

upper edge or the side face of the NP. In this case the effective STM junction is tilted and the tip-

induced gap plasmon should not be described as a vertical dipole as in the case of a vertical STM 

junction,36 but as a dipole tilted by the same angle. This tilt might also modify the coupling 

efficiency between the tip-induced gap plasmon and the different LSP modes of the NP. In order 

to distinguish between these possible explanations, we first consider a case where a tilted STM 

junction cannot occur. Namely, we simplify the truncated bitetrahedral shape of the NP with that 

of a triangular nanoprism, with upper and lower triangular faces of the same size and vertical 

rectangular side faces (see sketch in the inset of Fig. 5a). Numerically we then consider tip 
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positions where electron tunneling occurs between the bottom of the tip and the horizontal upper 

face (i.e. the tip-induced gap plasmon can be modeled as a vertical dipole). 

Figures 5b to 5f show the near field distribution of the time-averaged electric field energy 

density (½ε|E|2 where ε is the permittivity and |E|2 the squared modulus of the electric field, 

averaged over one oscillation period), calculated for several tip positions using the FDTD 

program. The asymmetry of the electric field distribution in the substrate becomes increasingly 

pronounced as the tip is laterally moved away from the NP center. For comparison purposes, the 

time-averaged electric near field energy density has also been computed for an electric dipole on 

the air-glass interface, in the absence of the tip and NP (see Fig. 5g). The dipole orientation in 

Figs. 5h to 5l is chosen in order to best fit the results of the FDTD calculation in Figs. 5b to 5f. 

This comparison shows that the electric near field distribution obtained for an off-centered tip 

above a NP is very similar to that of a tilted electric dipole. The tilt of this effective dipole 

follows the same trends as previously deduced from the farfield emission patterns in Figs. 2 and 

3 (i.e. the tilt gradually varies as the tip moves from the vertex to edge and changes direction, 

close to the NP center, while remaining in the median/vertical axis plane). Since the actual point 

dipole source in the FDTD model is always vertical, the results in Fig. 5 show that the control of 

the emission pattern via the tip position does not require a change in the orientation of the tip-

induced gap plasmon. Consequently, such control can also be exerted on a NP that does not have 

tilted side faces.  

In addition, we also carry out the same calculations as in Figs. 5b to 5f, but without the tip. 

This is equivalent to moving a vertical electric dipole above the horizontal upper face of the NP; 

remarkably, the results (not shown here) are qualitatively similar to those in Fig. 5, with the same 

reshaping of the electric near field distribution in the substrate when the dipole is moved away 

from the NP center. Finally, we repeat the calculations of Figs. 5b to 5f with the NP modeled as a 
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truncated tetrahedron and the results are again very similar (see the SI); namely, we find that the 

electric nearfield distribution in the substrate becomes increasingly asymmetric as the tip is 

laterally moved away from the NP center. The main difference when taking into account the 

tilted side faces of the NP in the model is that this asymmetry is slightly more pronounced for the 

most off-centered tip positions, i.e. when electron tunneling can occur between the tip and the 

tilted side face of the NP. All together, these observations show that the excitation site is the 

most important parameter for the control of the emission pattern.  
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Figure 5. FDTD calculations of the steady state, time-averaged electric near field energy 

density in the xz plane for (a-f) a vertical electric dipole in the gap between a tungsten tip and a 

gold NP in air on a glass substrate and (g-l) an electric dipole of various orientations in the xz 

plane on an air/glass interface. In this model, the NP shape is a triangular gold nanoprism of 

edge-length 130 nm and thickness 65 nm (see the sketch in the inset to Fig. 5a). In (b-f), the tip 

and vertical dipole representing the tip-induced gap plasmon are located at different positions: x 

varies from -20 nm to 60 nm along the x axis (median of the triangular upper face of the gold 

nanoprism) where “x = 0” is above the center of the NP. In (h-l), the dipole orientation is defined 

by the angle Θ as shown in (g). This angle is determined from the best fit with the results in (b-f), 
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in terms of electric field distribution in the substrate. In (a-l), the dipole oscillates at a frequency 

corresponding to an energy of 1.81 eV (wavelength 685 nm in vacuum).  

 

In order to further clarify this phenomenon, we obtain the vector components of the electric 

field along the horizontal x (Ex) and vertical z (Ez) axes from our FDTD calculations, for the 

same system as in Fig. 5a. As shown in Figure 6, we consider two tip locations: one above the 

NP center (a,b) and the other above the vertex (d,e). In each case, a snapshot of the electric field 

at a given time is displayed. The red and blue of the color scale denote field amplitudes of 

opposite sign. Interestingly, we see in Fig. 6a that the horizontal components of the electric field 

are out of phase on opposite sides of the NP, while in Fig. 6b the vertical components of the 

electric field are in phase on the upper and lower faces of the NP. This result is not surprising 

since the rotational symmetry of the system assures that the horizontal components of the electric 

field cancel out on average. This outcome, with the zero averaged horizontal field and in-phase 

vertical electric field, shows that the nearfield of the vertical electric dipole (tip-induced gap 

plasmon) can vertically polarize the NP when the tip is centered, as illustrated in Fig. 6c.  

The result when the tip is at its most off-centered position is very different; the horizontal 

components of the electric field are in phase on opposite sides of the NP (see Fig. 6d), while its 

vertical components are out of phase on the upper and lower faces (see Fig. 6e). Thus, the 

vertical electric dipole nearfield mainly polarizes the NP along its horizontal axis (see Fig. 6f). 

Hence we conclude that the tip-induced gap plasmon between the tip and NP can selectively 

excite either the out-of-plane or in-plane dipolar LSP modes of the NP depending on where on 

the NP the STM excitation takes place. Control of this selective excitation is possible via the 

accurate positioning of the STM tip above the NP. 
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Figure 6. FDTD calculations of the electric field components Ex (a,d) and Ez (b,e) at a given 

time in the xz plane for the same system as in Fig. 5a. The tip and the vertical dipole are located 

at either (a,b) x = 0, right above the center of the NP, or (d,e) laterally shifted to x = 60 nm, above 

the vertex of the NP. The red and blue color scale corresponds to field amplitudes of opposite 

sign, while white represents zero amplitude. Schematics (c) and (f) depict the charge 

displacement at a given time, as deduced from (a,b) and (d,e) respectively, as well as the 

corresponding polarization of the NP.  

 

In summary, we show that the lateral position of the STM tip above the NP strongly influences 

the angular distribution, polarization and spectrum of the STM-induced light in a deterministic 

way. Repeating these experiments on several NPs of random in-plane orientation eliminates the 

possibility of artifacts arising from the tip shape. The influence of the tip position on the angular 

distribution and polarization is clarified using FDTD calculations. We model the tip-induced gap 

plasmon as a vertical electric dipole and we show that moving this vertical dipole to an off-center 

position on the NP yields an electric field energy density distribution resembling that of a tilted 

dipole (i.e., arising from the in-plane and out-of-plane LSP modes of the particle). The same 
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effect is qualitatively found from the FDTD calculations, no matter what type of side faces (tilted 

or right-angled) the NP has; thus we presume that this effect is general and does not require tilted 

faces. We also calculate the electric field components in the nearfield of the NP and find that the 

vertical dipole can horizontally polarize the NP provided that it is off-centered. In brief, the tip-

induced gap plasmon in the STM junction can selectively couple to the out-of-plane and in-plane 

dipolar LSP modes of the NP depending on the lateral position of the tip with respect to the 

center of the NP. As the tip is moved further away from the center of the NP, the relative 

contribution of the in-plane LSP mode increases and the resulting angular emission distribution 

in the far field becomes more asymmetric. All together, our observations indicate that this 

asymmetric angular distribution occurs as soon as the tip is off-centered and does not require that 

electrons tunnel from the tip to the side faces of the NP. 

In conclusion, inelastic electron tunneling between a sharp tungsten tip and a single gold 

nanostructure of tailored shape provides a promising way to activate directional light emission 

from a nanoscale source. Continuous control of the angular emission pattern is possible by finely 

tuning the tip position with respect to the nanostructure. It is quite likely that NPs of different 

symmetry orders or a more anisotropic shape than those used here could yield even more 

pronounced directional effects. Our low-energy electrical excitation method of actuating photon 

nanosources has many advantages over excitation with photons or high-energy electrons in a 

context of nanodevice applications. Spatial selectivity far beyond the diffraction limit is 

guaranteed by the strong confinement of the tip-induced gap plasmon. Moreover, inducing light 

emission by inelastic electron tunneling is possible in air with junction biases lower than 3 V, 

making it fully compatible with break-junction geometries,57,58 and in-plane or stacked 

electrodes.59 
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