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Variations of the spectra of plasmonic light emitted from the junction of a scanning tunneling

microscope have been observed for different lateral positions of the scanning tunneling microscope tip

on a Au(111) surface. Subnanometer spatial variations of the light emission intensity over a triangular

island and in the vicinity of surface step edges have been recorded at different photon energies. They

reveal surface standing wave patterns characteristic for two-dimensional confined electrons.
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Quantum confinement of electrons has been widely
studied over the past years. Quantization of electronic
states, creation of energy subbands, or extremely high
carrier mobilities are fascinating fundamental effects
which result from the electron confinement to quantum
wells (QWs) [1]. Research on QWs has led to major
technological progress, notably in the fabrication of optical
devices including laser diodes [2], QW infrared photode-
tectors [3,4], or QW cascade lasers [5]. Electron gases
confined to two dimensions naturally exist at some surfaces
where they can be investigated by scanning tunneling
microscopy (STM). Lateral oscillations of the surface den-
sity of states have been observed due to quantum interfer-
ences on the atomic scale, which result from the scattering
of the two-dimensional electron gas (2DEG) at inhomoge-
neities [6–8]. Analogies with optical effects, e.g., quantum
mirages, have been reported [9,10], but so far no direct
influence of a confined 2DEG on an optical signal has been
observed. Here we report the first manifestation of a two-
dimensional electron confinement in the plasmonic light
emission induced at a STM junction. Subnanometer lateral
displacements of the STM tip over an Au(111) surface are
used to slightly tune the emission spectra. Energy-resolved
maps of the photon emission exhibit standing wave pat-
terns arising from scattering of the 2DEG within quantum
resonators or at step edges. These data are direct evidence
of inelastic electron tunneling between the STM tip and the
2DEG at the sample surface.

Experiments were performed with an ultrahigh vacuum
(UHV) scanning tunneling microscope operating at low
temperature (6.8 K). The Au(111) surface as well as chemi-
cally etched W tips were cleaned by heating and argon ion
bombardment. As a final step to the preparation, the tips
were slightly indented to the sample. As a consequence,
they are most likely gold coated and exhibit an increased
plasmon enhancement compared to pure W tips. Photons
emitted at the tunneling junction were recorded by a lens
mounted inside the vacuum chamber. The collected light
was directed via an optical fiber onto a previously de-
scribed setup [11] composed of a grating spectrometer

and a liquid nitrogen cooled CCD detector. Spectra are
not corrected for detector response.
Light emission from a tunneling junction between me-

tallic electrodes was first reported by Lambe andMcCarthy
[12]. More recently, the influence of the local density of
states of these electrodes on the emitted light has been
evidenced [13–15]. This property has been used to probe
localized states of atomic wires [16], interband quantum
well states transitions [17], and to locally excite fluores-
cence and phosphorescence of molecules [18–20]. On
noble metal surfaces, the light emission occurs through
the radiative decay of excited surface plasmons [21,22].
Similar to recent spatially resolved observations of ther-
mally excited plasmons [23], no external illumination is
needed to excite the plasmons modes which are, here,
excited by the electron current. Model calculations suggest
that this phenomenon occurs through the coupling between
inelastically tunneling electrons and the electromagnetic
field confined within the STM junction [24–26]. Depend-
ing on the chemical nature and geometry of both elec-
trodes, the plasmon resonances are excited at different
electron energies [25,27,28]. When using the STM tip as
an electrode, it becomes possible to resolve the spatial
variation of the emission with a resolution equivalent to
STM topographies. Figure 1(a) displays two spectra ac-
quired at identical experimental conditions (V ¼ 1:73 V,
I ¼ 300 nA) at two different locations over a triangular
island on the Au(111) surface. The peaks observed in these
spectra are characteristic of the plasmon resonances of the
tip-sample cavity [27–30]. The inset of Fig. 1(a) shows an
intriguing difference between these two spectra, and points
out a lateral variation of the emitted colors not mentioned
in studies realized in similar conditions [14,25,31]. To
probe the influence of the tip location on the emitted
colors, we recorded spectra simultaneously with topo-
graphic imaging. A constant-current STM image acquired
at V ¼ 1:73 V over a triangular island acting as a quantum
resonator is displayed in Fig. 1(b). At each pixel of the
image an emission spectrum was recorded [example in
Fig. 1(a)]. A spatially resolved ’’photon map’’ has been
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generated by displaying the intensity from a selected pho-
ton energy range [11,32,33] [Fig. 1(c)]. Periodic lateral
variations of the light intensity are observed in the photon
maps from the triangular resonator. These undulations look
similar to density-of-states patterns of confined surfaces
state electrons [34].

A similar experiment was performed over a linear step
edge of the Au(111) surface for both voltage polarities.
Figure 2(a) displays a series of spectra which were re-
corded along with a topographic scan perpendicular to
the step edge. Plotted for each photon wavelength, the
dependency of the emitted light intensity is displayed
Fig. 2(b) as a function of the distance from the step edge.
Here, as in the case of the resonator, standing wave patterns
are observed, the wavelength of which varies with photon
energy. It is worth noting that the corresponding constant-
current STM scans are featureless, owing to the high bias
used, which excludes any topographic artifacts in the pho-
ton data.

When observed by STM on metal surfaces, standing
waves are likely associated to electronic states confined
to the surface. For bias voltages in the range jVj< 1:73 V,
the only confined state which may play a role is the Au
(111) surface state. We now discuss how this state contrib-
utes to the light emission process and analyze the patterns
observed in the photon maps. It should be noted that bulk
Au states do also contribute to the light emission and give
rise to a significant part of the photon emission. However,
they cannot explain the undulations discussed here.

The diagram in Fig. 3(a) represents a tunnel junction at
positive sample bias. The surface state dispersion (energy
E versus momentum k parallel to the surface) is schemati-
cally indicated by a parabola in the junction. The Fermi
level of the sample (EF) is set to 0. We suggest that
electrons emit photons when inelastically tunneling from
the Fermi level of the tip directly to the surface state of the
sample. In this case the surface state affects the density of
final states for inelastic tunneling, which implies a relation
between the photon energy h� and the energy EðkÞ and,
thus, the wave vector k of the final state: EðkÞ ¼ eV � h�.
In this model, high energy photons result from transitions
to the unoccupied surface state close to the Fermi level,
i.e., at relatively small k, and photons with smaller h� are
due to transitions at larger k.
At negative sample bias [Fig. 3(b)] we suggest that

electrons tunnel from the occupied part of the surface state,
which covers a range of wave vectors and energies, and
tunnel inelastically to unoccupied tip states. The energy of
the emitted photons depends directly on the energy EðkÞ of
the initial state: EðkÞ ¼ eV þ h�.
As a preliminary test of this model we extracted a wave

vector � from the photon standing wave patterns by fitting
the data in Fig. 2(b) with 1� J0ð2�xÞ (where J0 is the

FIG. 2 (color online). (a) Series of light emission spectra
recorded during a topographic scan perpendicular to a step
edge (V ¼ �1:73 V). (b) Dependency of the photon intensity
plotted for each photon wavelength as a function of the distance
from a linear step edge. The top (bottom) panel has been
acquired with V ¼ þ1:73 (�1:73) V. The right abscissa indi-
cates the approximate energy of the surface state electrons
involved in the light emission according to the model presented
in Fig. 3.

FIG. 1 (color online). (a) Spectra (vertically offset for clarity)
of STM-induced light emission from Au(111) obtained at two
locations of a triangular island [see image in (b)]. The inset
shows the difference between the spectra. (b) 11� 11 nm2

constant-current STM image of a triangular island on Au(111).
(c) Energy-resolved (1:65< h� < 1:7 eV) map of the detected
photon intensity (‘‘photon map’’) acquired simultaneously with
the STM image in (b). Data acquired with a sample bias V ¼
1:73 V and a tunneling current I ¼ 300 nA.
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zeroth-order Bessel function and x the distance from the
step), similar to the analysis of electronic standing waves
[35]. An example is displayed in Fig. 4(a). The influence of
a finite lifetime is neglected here since only electronic
excitations close to the Fermi level are involved [36]. For
V > 0 (V < 0) Fig. 4(b) displays eV � h� versus � (eV þ
h� versus �) along with the published dispersion of the Au
(111) surface state (dashed line) [37]. Our experimental
data (circles) is rather close to the surface state dispersion
curve intersecting it around eV � h� ¼ 0 (eV þ h� ¼ 0),
but its slope is higher than expected within this simple
analysis.

So far, we have neglected the fact that, at V > 0, elec-
trons also tunnel from states below the Fermi level of the
tip, increasing the range of initial states. As a result, for a
given photon energy h�, a range of final states and, hence,
a range of k, is probed [Fig. 3(a)]. This leads to an in-
creased slope of the experimental dispersion curve. We in-
clude this effect in our model by averaging the relevant k,
weighted by an energy dependent transmission probability:

�kðh�Þ ¼
R
eV
h� TðEÞkðE� h�ÞdE

R
eV
h� TðEÞdE

; for V > 0: (1)

Here TðEÞ ¼ exp½�z
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m
@
2 ð2�þ eV � 2EÞ

q
�, � ¼ 4 eV is

the barrier height for inelastic tunneling which we approxi-
mate by the average work function of tip and sample [38].
Similarly, at V < 0, for a given h�, electrons originate
from a range of initial states within the occupied part of
the surface state. We model this by

�kðh�Þ ¼
R
0
eVþh� TðEÞkðEÞdER

0
eVþh� TðEÞdE

; for V < 0: (2)

While �kðh�Þ can easily be calculated numerically, a useful
analytical expression may be obtained by a first-order
Taylor expansion of �k in the limit of small eV � h� for
V > 0 and V < 0, respectively:

�kðh�Þ � kF

�
1� h�� eV

4jE0j
�
: (3)

Here, kF is the Fermi wave vector of the surface state and
E0 is the energy of the onset of the Au(111) surface state
band. Remarkably, this last expression shows that �k is not
influenced by� and z, but to first order depends only on the
photon energy and the applied voltage.
Finally, we have to consider the Stark shift of the sur-

face state which is caused by the close proximity of the
STM tip and the applied bias and which can be as large as
30 meV at microampere currents [39,40]. We have per-
formed model calculations of the surface state Stark shift
as described in Ref. [41]. Considering a tip-sample dis-
tance of 1 nm and the voltages used here, we find that E0,
initially set to �487 mV as measured by photoelectron

FIG. 4 (color online). (a) Isochromatic light intensity (dots)
versus distance from a linear step edge fitted by 1� J0ð2�xÞ
(solid line). [Photon wavelength 725 nm, V ¼ �1:73 V, dashed
line in Fig. 2(b)]. (b) Dispersion data. Circles: Photon energy h�
versus wave vector � extracted from the oscillatory pattern in
Fig. 2(b). Horizontal bars reflect the uncertainty of distance
measurements in STM images. Vertical bars indicate the photon
energy range used. Dashed line: Dispersion (E versus parallel
momentum k) of Au(111) surface state as determined by photo-
electron spectroscopy (PES) [37]. Solid line: Photon energy h�
versus averaged wave vector �k calculated using Eq. (3).

FIG. 3 (color online). Models of the influence of the Au(111)
surface state, which is schematically represented by a parabola,
on the energy of the emitted photons, for (a) positive and
(b) negative sample bias V.
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spectroscopy [37], is shifted by þ25 and �27 mV for
positive and negative sample voltage, respectively.

Including these improvements in Eq. (3) we have calcu-
lated �k [Fig. 4(b), solid line] from the known Au(111)
surface state dispersion [37] [Fig. 4(b), dashed line]. The
good agreement with the dispersion extracted from the
emission pattern [Fig. 4(b), circles] confirms the mecha-
nisms proposed in Fig. 3. In agreement with earlier pub-
lications which involve rather complex theoretical analyses
[24–26], the present measurements constitute unambigu-
ous experimental evidence that plasmonic light emitted at a
metallic STM junction is excited by inelastic electron
tunneling.

For the first time, a laterally confined two-dimensional
electron gas has been probed by inelastic tunneling.
Quantum interferences of the 2DEG scattered at step edges
were shown to induce modulations of the plasmonic emis-
sion. By analogy with QW cascade lasers [5] where the
emitted color is tuned by changing the QW thickness,
different lateral locations over the quantum interference
pattern were used to modify the emission spectra. The
possibility to probe the photonic properties of confined
electron systems at the atomic scale opens interesting
routes towards the realization of single photon sources
through the local excitation of unidimensional QW.
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