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We report on the angular distribution, polarizatemd spectrum of the light emitted from an
electrically controlled nanoscale light source.sThanosource of light arises from the local, low-
energy, electrical excitation of localized surfapt@&mons (LSP) on individual gold nanopatrticles
using a scanning tunneling microscope (STM). Th&l gamnoparticles (NP) are chemically
synthesized truncated bitetrahedrons. The emitigitt is collected through the transparent
substrate and the emission characteristics (angligaibution, polarization and spectrum) are

analyzed. These three observables are found tagiyralepend on the lateral position of the



STM tip with respect to the triangular upper fateéhe gold NP. In particular, the resulting light
emission changes orientation when the electriceit&ion via the STM tip is moved from the
base to the vertex of the triangular face. Basedtten comparison of the experimental
observations with an analytical dipole model anditéidifference time-domain (FDTD)

calculations, we show that this behavior is linkedhe selective excitation of the out-of-plane
and in-plane dipolar LSP modes of the NP. Thisctele excitation is achieved through the

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

Nanoscale light sources with controllable angulanission are highly desirable for future
technological developments in nanophotonics. Maifigrént concepts for directional photon
nanosources have been proposed; most of them expiplasmonic modes of metallic
nanostructures that are commonly called opticatramds-® In general, the principle of optical
antennas for emission is the conversion of spgat@hfined, evanescent electromagnetic (EM)
field into free propagating radiatidri.One way to drive these optical antennas is to leotie
near-field emission of a single fluorescent moletti or nanocrystdf™® to the plasmonic
modes of metallic nanostructures. This requirestti@emitter be excited with photons from the
far field, which gives rise to a strong excitatibght background, thus limiting the possible
integration with miniaturized devices. Moreovercept for a few cases where the emission
directivity can be tailored through the polarizatiof the excitation light™® or its incidence
angle?® theseoptically drivenphoton nanosources only allow passive controlhef radiation
pattern; namely, their design must be modifiedroteoto obtain a different result.

Alternatively, Coeneret al %

have shown that directional light emission may btaimed from
similar optical antennas by directly exciting thplasmonic modes with a high-energy electron

beam (> 30 keV) focused to subwavelength dimensfdfsnm). In this case, the excitation is



extremely local and the electron-matter interactiatself generates, through a
cathodoluminescence procésshe necessary localized evanescent EM field td fee optical
antenn&??° Furthermore, active control of the emission patisrmade possible in this case by
the spatially selective excitation of the differenbdes of the antenna with the tightly focused,
scanning electron beafi*®3! Nevertheless, a drawback of this approach is ithaéquires
ultrahigh vacuum, high-voltage electron acceleraiod magnetic lenses (i.e. the environment of
a scanning electron microscope) to tightly focus igh-energy beam. The transfer of such a
system to on-chip nanotechnological applicationshi immediate future appears difficult. A
low energy system working in air would be desirable

In this Letter, we electrically excite localizedface plasmons with low-energy electrons (< 3
eV) tunneling from a sharp tungsten tip to a sirggiel nanoparticle (NP) of well-adapted shape
to produce a nanoscale light source with activaiEmgontrol of the emitted light. This concept
uses the low energy electrons of a tunnel junctimrks in an ambient environment, and may be
adapted to a planar geometry. Using tunneling mlest guarantees the very high spatial
selectivity of the electrical excitation. In oursea the tunnel junction is formed between the tip
of a scanning tunneling microscope (STM) and thepe. The STM is also used to image the
gold NP and locate the appropriate excitation sites

It has long been known that inelastic electron aélimg between a metallic tip and a metallic
sample generates light from the tunnel juncffoff. More precisely, tunneling electrons can
couple to extremely localized plasmonic modes mdite tunnel junction (the so-called tip-
induced gap plasmons), which originate from thesample interaction and may in turn
radiatively decay>3’However, it is only very recently that these plassiin the tunnel junction
have been used as a nanoscale source of evanédddigld to excite the propagating surface

plasmons (SPP) of a nanostructured sarfipl&This excitation method produces a plasmonic



probe with very high spatial selectivity due to tlageral confinement of the tip-induced gap
plasmons (less than 10 rfti}* see details in the SI). Moreover, the resonandhesfe plasmons
(which mainly depends on the tip and sample contipogiis especially broad in frequenty.
This is an important advantage for the efficientigtion of localized surface plasmons of
different energies in a metallic nanostructure Wellbe STM tip. Though earlier surface science
studies have been dedicated to STM-induced liglissan from metal clustef$;* very few of
them so far have been related to a single, welhddfmetal NP°

In this work, we investigate the mechanisms of ligzed surface plasmon excitation on a
single gold NP using an STM. We show that thistelea excitation method provides a means
of controlling the emission pattern by tuning th&etal position of the STM tip above the NP.
We report on the first observation of the resul@mgission pattern and its dependence on the tip
position. Moreover, we find that the polarizatiastdbution of the emission pattern is similar to
that of a point dipole emitter whose orientatiomgiadually tilted when moving the STM tip off
the NP center. The influence of the tip positiontlmaspectraldistribution of this STM-induced
light emission is also studied. These experimeolslervations are interpreted on the basis of
both a simple analytical dipole model and numeritaite-difference time-domain (FDTD)
calculations. In this way, we show that part of iiduence of the tip position is related to the
selective excitation of the in-plane and out-ofagladipolar LSP modes of the gold NP (with
respect to the substrate plane).

The present study was possible due to the capabibf the setup recently proposed by Wang
et al>* which is depicted in Figure 1a. Briefly, an STMaHeoperating in air is mounted on top
of an inverted optical microscope. Inelastic el@cttunneling from the STM tip to the sample
induces photon emission, which is collected throtigh transparent substrate using an oil-

immersion objective lens of numerical aperture NA.45. An image of the back focal plane of



the objective lens (Fourier image) is recorded gisaincooled charge-coupled device (CCD)
camera, giving access to the polar and azimuthstriloition of the emitted light (angular
emission pattern). A standard real-plane image Ingagbtained by simply removing a lens in the

setup, in a similar manner as previously propose&dusaet al>?

Alternatively, the collected
light may be coupled to an optical fiber leadingat® imaging spectrometer equipped with a
nitrogen-cooled CCD camera, so as to measure thectrap distribution. We use
electrochemically etched tungsten tips that areadtarized using scanning electron microscopy
(SEM) after all experiments are completed (radiliswvature estimated at 30 nm, see SEM
images in the SI). All STM images and all opticaages of STM-induced light emission are
obtained with a sample bias of § 2.75 V and setpoint current @EH 60 pA.

Truncated bitetrahedral gold NPs are obtained Wipidal chemistry in an aqueous solution
using cetyltrimethylammonium bromide (CTAB) as tt&pping agent (see Sl for details). A
diluted solution of these NPs is deposited by drbpVaporation on a glass coverslip coated with
a conductive, optically thin (100 nm) indium-tinid& (ITO) layer. Individual NPs separated by
more than Ilum are obtained, allowing easy optical separatich @roiding plasmon coupling
between NPs. Figure 1 shows an SEM image of a NF@r{Fig. 1b), together with a schematic
top view defining its geometrical characteristiEgy( 1c). Note that their side faces are not right-
angled. Statistics on 60 NPs in SEM images indicatean lengths of 81 £ 13 nm and 128 + 6
nm for the upper and lower edges, respectivelye Sidws of the NPs (see SEM images in the
Sl) revealed a mean thickness of 69 + 7 nm. We ehosstudy these NPs rather than more
common, flat, right-angle triangular gold nanopréshecause of their lower aspect ratio2)
which yields dipolar plasmonic modes with resonancie visible range. Figure 1 also shows a
STM image of a NP on ITO (Fig. 1d). The high aspatib of the sharp STM tip allows the in-

plane orientation of the NPs to be determined fthenSTM image to better than +5°. However,



convolution with the STM tip shape hampers the iimggand the edges of their upper face of

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

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

images of the STM-induced photon emission. (a) Betie of the setup consisting of a scanning
tunneling microscope (STM) mounted on an invertptical microscope. The sample consists of
NPs on an ITO-coated glass slide, which is biaseitewthe STM tip is grounded. Light emission
from the sample is collected using an oil-immersatnjective lens of high numerical aperture

(NA) and focused on a cooled CCD camera using emeds (the tube and Bertrand lenses) so as



to image the light pattern that forms in the bawbat plane of the objective lens (Fourier image).
Removing the Bertrand lens allows recording a siethdeal-plane image. (b) Top view SEM
image with magnification of 97,590x giving a topew of the NP and, in inset, a schematic
showing its truncated bitetrahedral shape. (c) ®etie top view of a NP showing the
definitions used for its geometrical charactersstid) STM image of a NP, superimposed with
equilateral triangles (dotted line) indicating NIRiean dimensions (mean edge length taken from
SEM statistics, see text). (e) False-color CCD-gamiéourier image showing the angular
emission pattern and (f) the associated realeplarage showing the spatial distribution of the
emitted light from an STM-excited NP. In both easthe STM excitation is above the center of
the NP. In the Fourier image, the center is assatiaith emission along the optical axis (polar
angled = 0) while the circles labeled NA = 1 and NA =83 (lack and white dotted lines) show
the critical angle of the air/glass interfafg$ 41° for Rass= 1.52) and the maximum acceptance

angle of the objective len8n(ax= 72° for Rass= 1.52), respectively.

Figure 1 shows the distribution of the emitted figlfiter electrical excitation of a single NP
with the STM tip above the center of the partidi@ée Fourier image (Fig. 1e) and real-plane
image (Fig. 1f) are obtained under the same canditiBoth images are rotationally symmetric
with respect to the optical axis. The Fourier imay@ws that the emitted light is equally
distributed with respect to the azimuthal angland that it is mainly emitted above the polar
angled, the air/glass critical angle. The doughnut-shapne real-space image, with its local
intensity minimum at the center, is the signaturg-polarized emission typical of a vertical

radiating dipole’®



Figure 2 shows how the angular emission patteriesas the STM tip is moved with respect
to the NP. Figure 2a is an STM image of the NPtaedlifferent positions along one of the three
medians of its triangular face where the measur&rae acquired. As illustrated in Fig. 2b, we
position the STM tip at a specific location abokie NP and obtain a Fourier image from which
we retrieve a polar angle distribution of the eedttight. The results for the four different tip-
particle positions noted in Fig. 2a are obtainedeursimilar conditions (same STM parameters,
same CCD camera settings, same STM tip), and anersin Fig. 2c. As seen in Fig. 2d, we
compare the experimental Fourier images and angigéibutions to the emission pattern of a
point dipole on an air/glass interface (in abseofceép and NP). The pola® and azimutha{d
angles are fitting parameters defining the dipoteertation®® Though a dipole on an air
glass/interface is a significant simplification tbie system, the results of this simple model are
similar to the experimental data, thus aiding ieirthinterpretation. (A more realistic model
including the tip and the nanoparticle is introdiidater in the paper). Figure 2f shows the
experimental (filled black curve) and correspondiirgulated polar angle distributions (red line)
along the direction of the median (see white doliteel in Fig. 2¢). A red arrow represents the
orientation of the dipole in the model.

Comparing Fig. 2c to Fig. 1e we see that the amgemaission pattern loses its rotational
symmetry and becomes asymmetric as the tip is mave/ from the center of the NP. The
emission pattern is anisotropic and this anisotrcpnges when the tip is moved from close to
the edge (base) to close to the vertex of thegtkam upper face. In Figs. 2c and 2e, we see that
the experimental Fourier images fit best with thession pattern of a dipole that is not vertical
but tilted (in the plane that is defined by thetial axis and the median of the NP) when the tip
is not above the center of the NP. Moreover, tittigtadually varies as the tip moves from the

vertex to the edge. The tilt of the dipole chang#eection, while remaining in the



median/vertical axis plane, close to the NP cefateruntilted dipole best fits the data of Fig. 1e).
We conduct this experiment with the same tip oresWPs of different in-plane orientations
and find the same tilts with relative reproducililito 10°). In particular, at the NP edge we find
a tilted dipole with orientatio® = 45°,® = ®,. an untilted dipole at the cent& € 0°); and a
dipole tilted in the opposite direction at the ear{® = 30°,® = @y + 180°).®, corresponds to
the orientation of the median. From these resuéisee that the angular emission from an STM-
excited NP is comparable to that of a tilted dipofe the substrate. We note from Fig. 2f,
however, that the emitted light is even more cotreged in a particular direction than that from
the best-fit tilted dipole. This discrepancy is ywdikely due to the oversimplification of the
problem in this simple dipole model.

From Fig. 2c, we estimate the STM-induced photorssgion efficiency or, more precisely, the
statistical probability that a photon is emittedtle spectral range and solid angle of detection
when one electron crosses the tunnel junction (eeéhod in the Sl). We find that this
probability varies with tip position from less thaa® at the nanoparticle center to about H2

the most off-centered position above the nanopaniertex.
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Figure 2. Influence of the tip position on the angular dsition of the STM-induced photon
emission. (a) STM image of the NP (overlay: tipiposs (numbered 1 to 4) along the median
for which Fourier images are provided in Fig. Zoh the STM image, the dashed edge contour
represents the statistical mean edge-lengths pelyiodetermined from SEM images. (b)
Schematics of the experimental configuration wit STM tip above the NP on the ITO-coated
substrate; the Fourier image is a projection of dhgular emission pattern; intensity profiles
along a cross-section of the Fourier image maylbttegl in a polar graph, thus providing the
distribution of the emission intensity versus paagle6. (c) False-color experimental Fourier
images obtained with the STM tip at positions 4 tof Fig. 2a. (d) Graphic representation of the
simple analytical model that is used to interphet ¢xperimental results: the Fourier images and
the angular distribution of the emitted light arempared to those of a point dipole emitter

located on an air-glass interface, with the diglentation defined by the azimuthhland polar
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® angles with respect to horizontal (median) andticedr (optical) axes, respectively. (e)
Theoretical Fourier images calculated with this genmodel. The appropriate polar dipole
orientation angl® is determined by calculating different theoreticahges while varyin@ in
steps of 5° until the best theoretical image wibpect to the experimental Fourier image is
found. ® is chosen so that the dipole has same azimutleitation as the median of the NP’s
triangular face. (f) Polar plot of the intensityrses polar angl®, obtained from the intensity
profiles along the median (dotted line in Fouri@age) on both the experimental (filled curve)
and theoretical (red line) Fourier images. Dotiadd athm.x = £72° help visualize the collection
cone of the objective lens. For the experimentalges 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 tigh Fourier space as a function of STM tip
position when a linear polarizer is placed betweenobjective and tube lenses. The goal of this
experiment is to confirm the hypothesis that tgatliemission from the NP upon STM excitation
is comparable, to a first approximation, to theiaadn of a point dipole emitter whose
orientation depends on the STM tip position. Figdaeshows the tip locations along a median of
the NP’s triangular face. The experimental and &ed polarization-filtered Fourier images
with the best dipole orientation fitting paramet@gD) are found in Fig. 3b and c. For a vertical
radiating dipole ® = 0), p-polarized emission is expected. The intensity wfthsemission is
invariant as a function of the azimuthal anglend appears radially polarized in the Fourier
plane (similar to Fig. 1e). Therefore the emissidensity with a polarizer oriented along tke
axis is expected to follow @s% law, with intensity minima along theaxis. Figure 3b-3 shows

that thiscos% law is indeed verified experimentally when the STill is located above the

11



center of the NP. However, as soon as the tip isesh@way from the center of the NP, this
behavior is no longer observed. In the cases wihner¢ip is off-center, the polarization-filtered
Fourier images are best fit by the theoretical podéion distribution of ailted dipole. The
polarization-filtered measurements confirm thas ttilit gradually varies as the STM tip moves
from vertex to edge and changes direction, whiteaiaing in the median/vertical axis plane
when passing through the NP center. We carry aus#me experiment on a differently oriented
NP and find that the polarization of the light esni® solely depends on the relative position of

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

Experimental Fourier images
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Figure 3. Influence of the STM tip position on the polaripatdistribution of the STM-induced
light. (a) STM image of the NP (overlay: tip posiits for data collection). (b) False-color
polarization-filtered Fourier images obtained wiitle STM tip at six different positions along the
median of the triangular upper face of the NP.redir polarizer is placed between the objective
and tube lenses. The polarizer axis is orientehdisated by the white arrow. (c) Theoretical
polarization-filtered Fourier images calculated &dipole on an air/glass interface with the best

fitting polar @) orientation parameter. The azimuthdl) (orientation is chosen such that the
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dipole is in the median/vertical axis plane. Thesgnce of the linear polarizer is taken into
account in the model by displaying the squared rusdof the electric field component along the
transmission axis of the polarizer,{fifat each point in the image. For the experimentabes a

shortpass filter (cut-off wavelength 842 nm or 1e¥j is placed in front of the CCD camera.

Spectral analysis of STM-induced light can provide better understanding of the
electromagnetic coupling between the STM tip ardshmple’ We spectrally analyze the light
emitted from the STM excitation of a NP for two iggd cases: in one case the tip is located

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

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

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

on the STM image (black circles), the STM tip isdted either (a) above the vertex of the NP or
(b) above its center. The intensity (exposure t8@e) has been corrected for the transmission of
the optics (objective lens, tube lens, mirrors, aptical fiber), the diffraction efficiency of the
grating in the spectrometer and the quantum effayef the CCD camera. In (a) and (b), the
experimental data (crosses) have been fitted wsri@s of Gaussian peaks (dashed lines:

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

The STM-induced light exhibits a relatively brogmestrum that is dominated by a peak at 1.76
eV when the tip is located above the vertex ofNRe(Fig. 4a) and by a peak at 1.87 eV when the
tip is above the NP’s center (Fig. 4b). With thp @t the vertex position, a secondary
contribution may also be observed at 2.09 eV. Otleatributions may also exist farther in the
near infrared (NIR) but their energies are not clatde with our setup. This is taken into account
in Fig. 4 by fitting the lower energy part of theestra with the tail of a Gaussian curve centered
at 1.3 eV. Nevertheless, these NIR components tleordribute to the Fourier images shown in
Figs. 2 and 3 as a shortpass filter (cut-off wawvglle 842 nm or 1.47 eV) was placed in front of
the CCD camera.

The dominant peaks in Figs. 4a and 4b are broademeédlightly shifted in energy compared
to the resonances of the dipolar LSP modes of theadidetermined by optical spectroscopy in
absence of the STM tip (see the light scatteriregsp in the Sl). Larger resonance shifts (by 0.6
eV) have been previously reported by Freendl° for silver NPs, 4 nm in diameter, excited by
STM with a silver tip. This result may be explainbg the much lower losses in silver as

compared to tungsten in the visible. The plasmodeaaf the tungsten tip are indeed strongly
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damped in the visible range (the dielectric functiof tungsten has a large imaginary
componentf* Changing the tip location on the NP may also inflce the LSP resonance by
modifying the local dielectric environment of thd®Nwhich may play a part in the spectral
variations seen in Fig. 4. However, the fact thahlihe spectral distribution and the polarization
of the STM-induced light vary as a function of thecitation site suggests that the STM tip
excites two different LSP modes of the NP.

Variation of the spectral response with the latpaition of the tip has also been reported by
Umenoet al* in the case of nearly spherical gold NPs of di@m&0 — 20 nm excited with an
asymmetric tungsten tip. The authors ascribe festsal shift to the influence of the radius of
curvature of the tip on the tip-induced gap plasspowhich obviously changes when an
asymmetric tip is moved from one side of a nanosph®the other. In our case, the STM tip is
highly symmetrical (see SEM images in the Sl). Meoe¥, we observe reproducibly the same
behavior and same energy shift on other NPs tleagxeited with the same tip, whatever the in-
plane orientation of the NPs. Thus, tip asymmesrexcluded as the origin of the observed
phenomenon, giving support to the idea that thjgeddence is related to the NP LSP modes.
Given their aspect ratio (NP thickness is about tied edge length), the resonance of the in-
plane dipolar LSP mode of our NPs is expected tatlee lower energy than that of the out-of-
plane dipolar LSP mode of the particfésThis observation, together with the polarization
measurements, leads to the conclusion that the 8pMfficiently excites both the in-plane
(horizontally polarized) and out-of-plane (vertigapolarized) dipolar LSP of the NP when it
stands above the vertex, leading to the equivalért tilted dipole, whereas the out-of-plane
(vertically polarized) dipolar LSP dominates whére ttip is centered (only this mode is

compatible withp-polarized emission). In the following, thanks tmé&-dependent numerical
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calculations, we propose an explanation of the @mu@isims behind this selective excitation of the
NP modes.

In order to investigate the electromagnetic respoot our system, we conduct FDTD
calculations using a freely available software paek (Meep§® Briefly, we define a three-
dimensional computational domain including the &tag tip, the gold NP, the surrounding air
and the glass substrate (see details in the Sindael the tip-induced gap plasmon, we consider
a point dipole source located in the STM junctiequidistant between the closest points of the
tip and the NP. In order to get an idea of the gysbehavior at resonance, we choose a
monochromatic source and wait for the steady-sletromagnetic field to fully evolve before
analyzing the results. The oscillation frequencyhe& source corresponds to the average of the
two dipolar LSP resonances of the NP as deternfroed Fig. 4 (1.81 eV).

Moving the tip off the NP center breaks the rotagiosymmetry of the tip-NP system, which
may drastically modify the coupling between theitiguced gap plasmon and the NP modes.
This is one possible explanation for our experirakeolbservations. Another involves the fact that
at the most off-centered tip positions, the elettitunneling may occur between the tip and the
upper edge or the side face of the NP. In this taseffective STM junction is tilted and the tip-
induced gap plasmon should not be described adiaalaipole as in the case of a vertical STM
junction?® but as a dipole tilted by the same angle. Thisntiight also modify the coupling
efficiency between the tip-induced gap plasmon theddifferent LSP modes of the NP. In order
to distinguish between these possible explanatiesfirst consider a case where a tilted STM
junction cannot occur. Namely, we simplify the trated bitetrahedral shape of the NP with that
of a triangular nanoprism, with upper and loweartigular faces of the same size and vertical

rectangular side faces (see sketch in the insdtignf 5a). Numerically we then consider tip
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positions where electron tunneling occurs betwaerbbttom of the tip and the horizontal upper
face (i.e. the tip-induced gap plasmon can be neada$ a vertical dipole).

Figures 5b to 5f show theear field distribution of the time-averaged electric fieldeegy
density (%|Ef wheree is the permittivity and |E|the squared modulus of the electric field,
averaged over one oscillation period), calculated deveral tip positions using the FDTD
program. The asymmetry of the electric field digition in the substrate becomes increasingly
pronounced as the tip is laterally moved away ftbenNP center. For comparison purposes, the
time-averaged electric near field energy densitydlao been computed for an electric dipole on
the air-glass interface, in the absence of thetigp NP (see Fig. 5g). The dipole orientation in
Figs. 5h to 5l is chosen in order to best fit thsutts of the FDTD calculation in Figs. 5b to 5f.
This comparison shows that the electric near fébidribution obtained for an off-centered tip
above a NP is very similar to that of a tilted &lecdipole. The tilt of this effective dipole
follows the same trends as previously deduced ftwfarfield emission patterns in Figs. 2 and
3 (i.e. the tilt gradually varies as the tip movesn the vertex to edge and changes direction,
close to the NP center, while remaining in the mefliertical axis plane). Since the actual point
dipole source in the FDTD model is always vertitla results in Fig. 5 show that the control of
the emission pattern via the tip position doesrequire a change in the orientation of the tip-
induced gap plasmon. Consequently, such controatssmbe exerted on a NP that does not have
tilted side faces.

In addition, we also carry out the same calculatian in Figs. 5b to 5f, but without the tip.
This is equivalent to moving a vertical electripale above the horizontal upper face of the NP;
remarkably, the results (not shown here) are quialély similar to those in Fig. 5, with the same
reshaping of the electric near field distributiontihe substrate when the dipole is moved away

from the NP center. Finally, we repeat the calcoet of Figs. 5b to 5f with the NP modeled as a
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truncated tetrahedron and the results are agajnsumilar (see the Sl); namely, we find that the
electric nearfield distribution in the substratecdimes increasingly asymmetric as the tip is
laterally moved away from the NP center. The maffei@nce when taking into account the
tilted side faces of the NP in the model is th& #symmetry is slightly more pronounced for the
most off-centered tip positions, i.e. when electtonneling can occur between the tip and the
tilted side face of the NP. All together, theseesbations show that the excitation site is the

most important parameter for the control of thessmoin pattern.
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Figure 5. FDTD calculations of the steady state, time-avedaglectric near field energy
density in thexz plane for (a-f) a vertical electric dipole in thap between a tungsten tip and a
gold NP in air on a glass substrate and (g-I) actet dipole of various orientations in tke
plane on an air/glass interface. In this model, Nie shape is a triangular gold nanoprism of
edge-length 130 nm and thickness 65 nm (see thehskethe inset to Fig. 5a). In (b-f), the tip
and vertical dipole representing the tip-inducef gksmon are located at different positions:
varies from -20 nm to 60 nm along thexis (median of the triangular upper face of tbhilg
nanoprism) wherexX'= 0” is above the center of the NP. In (h-1), theole orientation is defined

by the angl® as shown in (g). This angle is determined fromhibst fit with the results in (b-f),
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in terms of electric field distribution in the stitzde. In (a-l), the dipole oscillates at a frequen

corresponding to an energy of 1.81 eV (wavelengthrém in vacuum).

In order to further clarify this phenomenon, weaibtthe vector components of the electric
field along the horizontak (Ex) and verticalz (E;) axes from our FDTD calculations, for the
same system as in Fig. 5a. As shown in Figure 6¢comsider two tip locations: one above the
NP center (a,b) and the other above the verte). (dh@ach case, a snapshot of the electric field
at a given time is displayed. The red and bluehef ¢olor scale denote field amplitudes of
opposite sign. Interestingly, we see in Fig. 6d tha horizontal components of the electric field
areout of phaseon opposite sides of the NP, while in Fig. 6b veetical components of the
electric field arein phaseon the upper and lower faces of the NP. This tasuhot surprising
since the rotational symmetry of the system asdhadshe horizontal components of the electric
field cancel out on average. This outcome, withzé averaged horizontal field and in-phase
vertical electric field, shows that the nearfieltitbe vertical electric dipole (tip-induced gap
plasmon) can vertically polarize the NP when tpedicentered, as illustrated in Fig. 6c¢.

The result when the tip is at its most off-centepadition is very different; the horizontal
components of the electric field arephaseon opposite sides of the NP (see Fig. 6d), wisle i
vertical components areut of phaseon the upper and lower faces (see Fig. 6e). Thss, t
vertical electric dipole nearfield mainly polarizése NP along its horizontal axis (see Fig. 6f).
Hence we conclude that the tip-induced gap plasbeiween the tip and NP can selectively
excite either the out-of-plane or in-plane dipdl&P modes of the NP depending on where on
the NP the STM excitation takes place. Controllo$ 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 componeBis(a,d) and E(b,e) at a given
time in thexz plane for the same system as in Fig. 5a. Thentiptae vertical dipole are located
at either (a,bx = 0, right above the center of the NP, or (d,@rklly shifted tax = 60 nm, above
the vertex of the NP. Theed andblue color scale corresponds to field amplitudes ofasie
sign, while white represents zero amplitude. Schematics (c) andd¢pict the charge
displacement at a given time, as deduced from (ario) (d,e) respectively, as well as the

corresponding polarization of the NP.

In summary, we show that the lateral position ef 8TM tip above the NP strongly influences
the angular distribution, polarization and spectrointhe STM-induced light in a deterministic
way. Repeating these experiments on several NPsndbm in-plane orientation eliminates the
possibility of artifacts arising from the tip shagéde influence of the tip position on the angular
distribution and polarization is clarified using FD calculations. We model the tip-induced gap
plasmon as a vertical electric dipole and we shwt noving this vertical dipole to an off-center
position on the NP yields an electric field enedgysity distribution resembling that of a tilted

dipole (i.e., arising from the in-plane and outptdne LSP modes of the particle). The same
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effect is qualitatively found from the FDTD calctitms, no matter what type of side faces (tilted
or right-angled) the NP has; thus we presume hsateffect is general and does not require tilted
faces. We also calculate the electric field comptsén the nearfield of the NP and find that the
vertical dipole can horizontally polarize the NRyided that it is off-centered. In brief, the tip-
induced gap plasmon in the STM junction can selelticouple to the out-of-plane and in-plane
dipolar LSP modes of the NP depending on the lafmsition of the tip with respect to the
center of the NP. As the tip is moved further aiilaym the center of the NP, the relative
contribution of the in-plane LSP mode increases thedresulting angular emission distribution
in the far field becomes more asymmetric. All tbgef our observations indicate that this
asymmetric angular distribution occurs as soomegip is off-centered and does not require that
electrons tunnel from the tip to the side facethefNP.

In conclusion, inelastic electron tunneling betweersharp tungsten tip and a single gold
nanostructure of tailored shape provides a promigsiay to activate directional light emission
from a nanoscale source. Continuous control oftigular emission pattern is possible by finely
tuning the tip position with respect to the nanaodture. It is quite likely that NPs of different
symmetry orders or a more anisotropic shape thasettused here could yield even more
pronounced directional effects. Our low-energy teieal excitation method of actuating photon
nanosources has many advantages over excitatidn phibtons or high-energy electrons in a
context of nanodevice applications. Spatial selagtifar beyond the diffraction limit is
guaranteed by the strong confinement of the tipiwed gap plasmon. Moreover, inducing light
emission by inelastic electron tunneling is possill air with junction biases lower than 3 V,
making it fully compatible with break-junction geetries>’*® and in-plane or stacked

electrodes?
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