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ABSTRACT: Light scattering from plasmonic nanojunctions is
routinely used to assess their optical properties. However, the
microscopic mechanism remains imperfectly understood, and an
accurate description requires the experiment in a well-defined
environment with a highly precise control of the nanojunction. Here
we report on inelastic light scattering (ILS) from plasmonic scanning
tunneling microscope (STM) junctions under ultrahigh vacuum and
cryogenic conditions. We particularly focus on anti-Stokes
continuum generation in the ILS spectra with a narrowband A cteng
continuous-wave laser excitation, which appears when an electrical
bias is applied between the tip and the surface. This anti-Stokes
continuum is commonly observed for various STM junctions at ~10 Gap-modé plasmon
K, corroborating that it is a universal phenomenon in electrically
biased plasmonic nanojunctions. We propose that the microscopic
mechanism underlying the anti-Stokes continuum generation is explained by ILS accompanied by electron transfer across the STM
junction, whereby the excess energy is provided by the applied bias voltage. This process occurs through either photoluminescence
(PL) or electronic Raman scattering (ERS). By recording the ILS spectra in parallel with STM-induced luminescence, we show that
ERS becomes dominant when the excitation wavelength matches the plasmonic resonance of the STM junction, whereas PL mainly
contributes to the off-resonance excitation. Our results provide an in-depth understanding of ILS by plasmonic nanojunctions and
demonstrate that the anti-Stokes continuum can arise from a nonthermal mechanism.
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ight scattering from metal nanostructures is of funda- largely enhanced in plasmonic nanostructures,” " whereby,

mental importance in plasmonics and nanooptics since it in addition to the field-enhancement effect, the strong
gives basic information regarding their optical properties.' confinement of the plasmonic field will play a crucial role as
However, the underlying microscopic mechanism has been it results in a large momentum uncertainty and a field gradient,
intensely debated over the last two decades.” *° These studies promoting intraband transitions (requiring a change in the
showed that the inelastic light scattering (ILS) spectra are momentum) and higher-order multipolar transitions.> 240
strongly dependent on the plasmonic properties determined by However, it is not straightforward to distinguish PL and ERS in
the nanoscale morphology of metals as well as the excitation the ILS spectra of plasmonic nanostructures, because both
wavelength. The ILS spectra commonly exhibit a broad processes exhibit a similar spectral feature (i.e, broad
continuum in the visible and near-infrared range.”*" A similar continuum).
continuum has also been recognized as a spectral background Another controversial observation of ILS by plasmonic

in surface- and tip-enhanced Raman spectroscopy,” ~>* which : . . :
p P 194 nanostructures is anti-Stokes continuum generation where the

. . 0. 25-29
1nterferes WIt.h narrow vibrational p éaks. Th.e spectral incident photons gain an excess energy during the scattering
continuum arises from ILS by conduction electrons in a metal, process through the ERS! 211944 o T pp 101420 0 4 s

namely, via photoluminescence (PL) or electronic Raman
scattering (ERS). PL and ERS are an incoherent and coherent
light scattering process, respectively.’” PL originates from a
real electronic excitation of the system that is followed by !
radiative recombination of excited electron—hole ]i)airs,‘n‘32 Published: August 12, 2021
whereas ERS occurs instantaneously via virtual states.">**** In
a density matrix, PL and ERS involve transitions via diagonal
and off-diagonal elements, respectively.”” Although PL and
ERS in metals are rather ineflicient, these processes can be

Although this anti-Stokes continuum is applicable for nano-
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Figure 1. (a) Schematic of the experiment. (b) Scanning electron micrograph of an FIB-Ag tip. The scale bar is 10 ym. (c) ILS spectra (anti-Stokes
regime) measured for the Ag tip—vacuum—Ag(111) junction (Ao = 633 nm, P, = 0.37 mW um™2, 10 K). The red and green curves are recorded
at Vi = 1 V and —1.8 mV, respectively, while keeping the tip—surface distance identical at an STM set-point of Vi, = 1 V and j, = 80 nA. The
black curve shows an STL spectrum recorded without illumination at Vi;,, = 1 V and j, = 80 nA. The scattering spectra are vertically shifted for

clarity.

irnaging41 and nanothermometry,42_44 a proper interpretation
requires accurate knowledge of the microscopic light-scattering
mechanism. The anti-Stokes continuum generation was
investigated for plasmonic nanoparticles,'”'>' #1920 byt
it remains unexplored for plasmonic nanocavities important for
many applications in ultrasensitive optical spectroscopies and
enhanced photophysical/chemical processes, benefiting from
extreme enhancement and confinement of plasmonic fields. In
nanocavities, an electrical potential between separated
nanostructures can be used as an additional tuning parameter
of the plasmonic properties.”” Such electrically biased
plasmonic nanojunctions are of particular interest in nanoscale
optoelectronic devices*™* and in optical nanoscopy com-
bined with scanning tunneling microscopy (STM).*”*® Optical
properties of plasmonic STM junctions have been extensively
investigated using scanning tunneling luminescence (STL)
spectroscopy,”** and advanced low-temperature tip-enhanced
spectroscopy recently demonstrated the unprecedented
sensitivity and spatial resolution that enable spectral mapping
at the submolecular scale.>*~>° However, the broad continuum
generation in the ILS spectra has not been focused so far in the
STM junctions.

Here we report on the anti-Stokes continuum generation in
ILS from plasmonic STM junctions under ultrahigh vacuum
(UHV) and cryogenic conditions. The anti-Stokes continuum
is observed when the junction is electrically biased. Various
junctions consisting of a sharp Ag tip and different single-
crystal surfaces, including Ag tip—vacuum—Ag(111), Ag tip—
vacuum—Ag(100), Au tip—vacuum—Au(111), and Ag tip—
single Cqy molecule—vacuum—Ag(111) junctions, are exam-
ined in order to show that the bias-induced anti-Stokes
continuum generation is a universal phenomenon. The
complex ILS mechanism is scrutinized by recording STL and
ILS spectra in parallel and comparing their spectral intensity.
We propose a physical model that the ILS is mediated by
electron transfer across the biased junction, and the relative
contribution from the PL and ERS mechanisms is determined
by spectral matching between the plasmonic resonance of the
junction and the excitation wavelength.

B METHODS

Sample Preparation. All experiments were performed in
UHV chambers (base pressure: <5 X 107'° mbar). The
Ag(111), Ag(100), and Au(111) surfaces were purchased from
MaTeck GmbH and were cleaned under UHV conditions by
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repeated cycles of Ar" sputtering and annealing up to 670, 600,
and 700 K, respectively. The atomically clean surface was
confirmed by the STM measurement. Cq, was purchased from
SigmaAldrich and used without further purification. The
molecules were evaporated at 600 K from a K-cell evaporator
onto the Ag(111) surface held at room temperature.

STM Measurement. We used a low-temperature STM
from UNISOKU Ltd. (modified USM-1400) operated with
Nanonis SPM Controller (SPECS GmbH). The bias voltage
(Viias) was applied to the sample, and the tip was grounded.
The tunneling current (j,) was collected from the tip. The Ag
tips were first chemically etched from an Ag wire and then
further sharpened by focused ion beam milling to yield a highly
reproducible plasmonic response (see Figure 1b and ref 56 for
more details).

Light Scattering Spectroscopy. The incident laser beam
was sent into the UHV chamber equipped with the low-
temperature STM unit through a fused silica window. The
excitation laser was focused to the STM junction with an in situ
Ag-coated parabolic mirror (numerical aperture of ~0.6)
mounted on the cold STM stage. The parabolic mirror was
precisely aligned using piezo motors (Attocube GmbH)
enabling three translational and two rotational motions. For
excitation we used a solid-state lasers for 532 nm and a HeNe
laser for 633 nm. A bandpass filter was used for the HeNe
laser. The incident beam was linearly polarized along the tip
axis (p-polarization). The scattered light was collected by the
same parabolic mirror and was detected outside of the UHV
chamber with a grating spectrometer (AndorShamrock 303i)
equipped with the back illuminated CCD camera (Newton
970). The scattered light was separated by a beamsplitter and
filtered by a notch filter (NF533-17 and NF633-25 from
Thorlabs) before coupling to the spectrometer via an optical

fiber.

B RESULTS AND DISCUSSIONS

Figure la illustrates the experiment. An Ag tip—vacuum-—
Ag(111) junction at 10 K is irradiated by a focused
narrowband cw laser, which leads to strong field enhancement
when the incident wavelength matches the localized surface
plasmon resonance (LSPR) of the junction. The tip is
positioned over an atomically flat terrace of the Ag(111)
surface. Figure 1c shows the anti-Stokes regime of the ILS
spectra obtained for an excitation wavelength (4.,,) of 633 nm.
The anti-Stokes continuum appears when the electrical bias
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(Vs = 1 V) is applied to the junction, whereas no signal is
observed at Vi, = 0 V. For both cases, the tip—surface
distance is kept constant so that the field enhancement in the
junction remains identical. A possible contribution from
electroluminescence through multiple inelastic scattering of
tunneling electrons®”*® can be excluded because the anti-
Stokes continuum is absent at Vi, = 1 V without irradiation.
Also, two-photon-induced PL**™*’ can be excluded because
the intensity of the anti-Stokes continuum depends linearly on
the incident laser power density, P, (Supporting Information,
Figure S1). Therefore, the anti-Stokes continuum must
originate from the scattering process associated with the V.

Figure 2 shows the V,j.-dependence of the ILS spectra
recorded for an Ag tip—vacuum—Ag(111) junction. The
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Figure 2. (Top) STL spectrum (Vi = 3 V, j, = 8 nA, 10 K).
(Bottom) ILS spectra (anti-Stokes branch) recorded at different bias
voltages and the same current of 80 nA (4., = 633 nm, P, = 0.37
mW pm™2, 10 K). The spectra are vertically shifted for clarity (except
for Vs = 0.1 V). The horizontal axis at the bottom is the energy
difference relative to the excitation photon energy of 1.96 eV. The
arrows indicate the maximum energy that can be supplied by Vi
The sharp cutoff near 0 eV is caused by the notch filter, which also
suppresses the background intensity.

horizontal axis in the bottom panel represents the energy
gain of the scattered photons with respect to the incident
wavelength (Ao = 633 nm, Aiv = 1.96 eV). The top panel
displays the STL spectrum obtained at Vi;,, = 3 V, where the
LSPR of the junction (gap-mode plasmon) is observed. The
arrows in Figure 2 indicate the maximum energy that can be
supplied by V;,.. It is clear that the cutoff energy of the anti-
Stokes continuum correlates with Vi, at lower bias (<0.5 V).
However, the spectral shape resembles the STL at higher
voltages (Vs = 1 and 1.5 V), indicating the contribution of
the gap-mode plasmon. Note that a slight shift of the
resonance position between the STL and ILS spectra is caused
by a different tip—surface distance (~2 A displacement) as
they are recorded at a different STM set-point. Similar results
were obtained for the opposite bias (Supporting Information,
Figure S2) and also with a different excitation wavelength
(Supporting Information, Figure S3).

In order to verify that the Vi, induced anti-Stokes
continuum is a universal phenomenon, we examine different
junctions, namely Ag tip—vacuum—Ag(100), Au tip—vacuum—
Au(111), and Ag tip—Cg, molecule—vacuum—Ag(111)
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junctions (Figure 3). A single Cg molecule was attached to
the tip apex by picking up from the surface prior to the

Photon energy in STL (eV) Photon energy in STL (eV)

(a) 20 22 24 26 28 (© 20 21 22 23 24
T T T T T T T T T T
g 100 : __Ag tip-vacuum-Ag(100) ] 80
S r 1 40 1
> 0 1 0 —_Ag tip-C,-vacuum-Ag(100) 1
S 40F E
o F —_ B
= 28 M 700  Vibrations Ag tip 1
C ] —_ |
02 04 06 08 g 600 & 1
Energy difference from A, (eV) > 500+ |
Photon energy in STL (eV) @
(b) 2.0 21 22 23 24 £ 400} —:1.0V 1
800F T T T ™ =
> of 1 200 F p
2 5of ] 100} *16
z L —:1.0V ] Pk
0 0 1 1 1 1

1
0.1 0.2 0.3 0.4
Energy difference from A_, (eV)

0.1 0.2 0.3 0.4
Energy difference from A_, (eV)

Figure 3. STL (top panel) and ILS spectra in the anti-Stokes regime
(bottom panel) measured for different junctions. (a) Ag tip—
vacuum—Ag(100) junction (STL: Vi, = 3V, j, = 9 nA, 10 K; ILS:
Aexe = 633 nm, P = 0.34 mW um™ j, = 60 nA, 10 K), (b) Au tip—
vacuum—Au(111) junction (STL: Vi, =3V, j, = S nA, 10 K; ILS: A,
= 633 nm, P, = 0.34 mW pm™ I, = 50 n4, 10 K), (c) Ag tip—single
Cgo molecule—Ag(111) junction (STL: Vs = 3V, j, = 1 nA, 10 K;
ILS: Ao = 633 nm, P, = 0.34 mW um™, j, = 60 nA, 10 K).

measurement.’” For all cases the anti-Stokes continuum is
observed and its onset coincides with the applied bias at a
small Vi, while the spectral shape becomes similar to that in
STL at a large Vi, For the Ag tip—single C4, molecule—
vacuum—Ag(111) junction, the intense Raman peaks from
molecular vibrations simultaneously appear (Figure 3c).

We propose the following model to rationalize the anti-
Stokes continuum generation in the electrically biased
plasmonic STM junction. Figure 4a illustrates the energy
diagram of the STM junction. The ILS process involves the
initial li), final If), and intermediate le) states. The horizontal
thick lines represent one of the continuum states in the metals
and their schematic wave functions are depicted by red curves.
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Figure 4. Schematic of the anti-Stokes scattering mechanism in an
electrically biased plasmonic STM junction. (a) Energy diagram of the
junction. The horizontal bold lines and the red curves represent one
of the continuum states in the metal (tip/surface) and wave functions,
respectively. li), If), and le) represent initial, final, and intermediate
states, respectively. The gray shaded area represents the tunneling
barrier. Eg: Fermi level; E,,: vacuum level. (b) ERS occurs through
coherent electron transfer from li) to If). (c) PL involves a population
of the intermediate state(s) and subsequent dephasing/relaxation to |
e’) (another intermediate state) in the metal (tip/surface). The red
and blue arrows represent the process involving dephasing/relaxation
before and after electron transfer, respectively.
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The gray shaded area in Figure 4 represents the vacuum
barrier. The dashed horizontal line represents the Fermi level
of the tip/surface and the electron distribution is given by the
effective temperature (T.;) of the junction. The V.-
dependence of the cutoff energy in Figure 2 suggests that
the anti-Stokes scattering occurs through electron transfer
across the junction during which the incident photon is
inelastically scattered and gains the excess energy from the
potential difference (V};,,). The barrier height is approximated
by the work function of the metals (tip/surface), which is
about 4.5 eV for Ag. The apparent barrier height for electron
tunnelin§ is not significantly affected by the tip—surface
distance®® unless the junction is close to the atomic point
contact.’’ Therefore, the electron transfer should occur
through the barrier (tunneling). The ERS and PL process
should be at work simultaneously in ILS by plasmonic
nanostructures. In ERS the electrons are coherently scattered
from li) to If) and le) is not populated (Figure 4b). This
process can happen efliciently or even be dominant when the
LSPR of the junction is resonant with A.,. On the other hand,
ERS becomes negligible if the LSPR is off resonant (or the
LSPR is weak), instead PL becomes dominant. In PL the
electron is first excited from li) to le), then followed by
radiative damping from le) to If) to yield the anti-Stokes
emission (Figure 4c). In this process the intermediate states
are populated and dephasing (relaxation) of the excited
state(s) is involved either before or after electron transfer
across the junction.

The contribution from ERS or PL depends on spectral
matching between the gap-mode plasmon and the excitation
wavelength. We attempt to determine the relative contribution
by examining how the local enhancement factor g(4) affects
the anti-Stokes intensity while modifying the LSPR in the STM
junction. By recording the STL and ILS spectra in parallel, we
can characterize separately the gap-mode plasmon and the
spectral response of ILS from the junction. The gap-mode
plasmon was modified by applying a short voltage pulse in the
junction that changes the tip apex structure. Near the
excitation wavelength, the ERS intensity increases with ~g4
because the enhancement occurs in the incoming and outgoing
electromagnetic field,"”®® whereas the PL intensity is
determined by the population of the excited state, thus, it is
proportional to ~g*. However, in PL the nonradiative decay
channel into metals also plays a role,%* resulting in the net
enhancement to be ~g’;, where 17 < 1 is the quantum yield of
photoemission.””*® Therefore, the dependence of the ERS and
PL cross section on the enhancement factor g should allow to
clarify the major contribution. We evaluate a relative g for
different tip conditions showing distinct LSPR properties.
Figure Sa,b displays the STL and ILS spectra for 4., = 633 nm
obtained under three different tip conditions. All the ILS
spectra exhibit a similar spectral shape to the corresponding
STL, but the relative intensity of ILS (I;¢) near A, differs
from that of STL (Igy ). In STL, the enhancement acts only on
the outgoing field, thus, the intensity follows Iy, o g% On the
other hand, because the ERS intensity follows Ipg o g*, we can

derive the intensity relation near 4., for the ERS process under
two different tip conditions:
7 ’
Ior | Iers
Ly, Lggs (1)
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Figure 5. (3, b) STL and ILS spectra measured for three different tips,
respectively. The measurement conditions are STL: V},,,; =3V, j, =8
nA, 10 K; ILS: A = 633 nm, P, = 0.37 mW um™, j, = 60 nA, 10 K.

Lyry, ipt

In Figure Sa,b, find = 2.4(+0.1) and

we
I p1

w = /8.6 =2.9(+0.1) at 620 nm, which is in good

ILS tip#1
agreement with eq 1, indicating that ERS is the dominant
process for tips #1 and #2. However, for tip #3 the Igp; near
Aex is much smaller than that for tips #1 and #2, thus,
gtip#l(/lext) > gtip#Z(;Lext) > gtip#3(/lext)’ In addition} ISTL and IILS
of tip #3 does not satisfy the relation in eq 1, suggesting that
the scattering mechanism is different, thus, PL should mainly
contribute. A consistent relationship between Igr; and Ij; ¢ was
confirmed for various tip conditions (see Supporting
Information, Figure S4). The above results indicate that ERS
can be considerably enhanced in the presence of a strong LSPR
around A,y in analogy to vibrational Raman scattering.®”**
(The cross section of ERS (<1073) is as small as vibrational
Raman scattering.69’70)

It should be noted that the intensity and the spectral shape
of STL significantly deviates from the ILS spectra through the
PL process in some cases (Supporting Information, Figure S4).
This may be explained by the fact that in the ILS measurement
the LSPR excitation could occur in the tip base in addition to
the very apex because the beam spot of ~3 um is much larger
than the apex (tens of nm), whereas the LSPR excitation in
STL is strongly confined in the STM junction. Therefore, the
latter case is more sensitive to the atomistic structure on the tip
apex.

Typically, PL in noble metals involves interband transition
from the d- to sp-band.’”*> However, PL mediated by LSPR
excitation can also occur through the intraband transition
inside the sp-band because the momentum conservation could
be satisfied by the large momentum uncertainty (Ak) of the
confined plasmonic field."”*””"”* According to recent low-
temperature tip-enhanced Raman spectroscopy, the field
confinement in the STM junction reaches even <1 nm,”>~>°
thus, Ak will expand substantially across the Brillouin zone,
allowing electronic transitions with a large momentum
mismatch.

The number of electrons involved in the scattering process
should be proportional to f 3""‘“‘ p(E) dE, where A is the
energy difference between le) and If) and p(E) is the joint
density of states. Because p(E) is almost constant near the
Fermi level, the intensity of the anti-Stokes continuum linearly
depends on A. This relation is manifested in the spectral shape
of the anti-Stokes continuum at a relatively small V,;,.. As seen
in Figures 2 and 3, the intensity linearly decreases as a function
of the energy difference at Vi, < 0.3 V. It should be noted that
the contribution to the anti-Stokes continuum from the
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Figure 6. (a) Schematic of light scattering (step 2) after electron tunneling event (step 1) in the plasmonic STM junction (this mechanism is not
operative). (b) j-dependence of the ILS spectra including the Stokes and anti-Stokes regime recorded for an Ag tip—vacuum—Ag(111) junction
(et = 532 nm, P = 0.25 mW pm ™%, Vi, = 0.5V, 10 K). The j, is indicated in the figure. (c) Stokes and anti-Stokes intensity at —0.08 and 0.05 eV

in (b) as a function of the j,.

thermally excited electrons (following the Fermi—Dirac
distribution)'® is negligible at 10 K of the measurement
temperature. However, the junction could be optically heated.
The cutoff energy of the anti-Stokes continuum appears to
exceed the energy that is supplied by Vi, which is obvious at
Viias < 0.3 V in Figure 2. This excess energy (the tail of the
continuum) may be attributed to the elevated effective
temperature of the electrons in the junction under
irradiation,”” whereby a part of the heated electrons above
the Fermi level of the tip (surface) is scattered across the
junction into the unoccupied states below the Fermi level of
the surface (tip). At low Vi, (<03 V), the tip—surface
distance becomes smaller and consequently optically induced
heating will be more operative due to the stronger plasmonic
field enhancement. In contrast, when the tip—surface distance
is larger (at higher Vi), the optical heating effect is not
discernible. According to the mechanism in Figure 4, the ILS
accompanied by electron transfer across the junction can also
contribute to the Stokes scattering. This is indeed observed for
the Vi, dependence of the Stokes continuum (Supporting
Information, Figure SS). Furthermore, the ILS process will
lead to additional current because at least one electron is
transferred upon one scattering event. Therefore, by
integrating the intensity of the anti-Stokes continuum, we
could estimate how many electrons are involved in the process,
which is about ~10° electrons per second at j, of tens of nA.
However, this is only a very small fraction (107°) of the total
tunneling current (~10"" electrons per second).

Finally, we examine another possible process to generate the
anti-Stokes continuum. As illustrated in Figure 6a, the incident
photons could interact with any excitation in the STM junction
that occurs after Vi, -induced electron tunneling, for instance,
hot-carrier generation in the tip or surface. In this case, the
intensity of the anti-Stokes scattering should be proportional to
the tunneling current (j,), provided that the excitation is a one-
electron process. Moreover, a larger j, leads to larger field
enhancement as the gap distance decreases. Figure 6b shows
the intensity of the Stokes and anti-Stokes continuum as a
function of j, recorded for an Ag tip—vacuum—Ag(111)
junction, revealing a linear dependence of both intensities. The
intensity of the Stokes scattering (Pg) is governed by the field
enhancement and the electronic structure of the junction, but
it is not related to any excitations induced by the Vi, .-induced
tunneling electrons, thus, following Py g4 for the ERS
process. On the other hand, the anti-Stokes intensity follows
Py o j, X g* if the process involved scattering with the excited
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states arising from the Vj;-induced tunneling electrons.
Because Pg linearly depends on j, in Figure 6c, the relation
of g* o j, can be derived, thus, Pyg o ji. However, this is clearly
not the case in Figure 6¢. Therefore, the above scenario can be
discarded. Additionally, we observed a saturating behavior for
the ILS intensity at very large j, that is, very small tip—surface
distances (Supporting Information, Figure S6), which may
result from attenuation of the plasmonic field through
quantum effects, for example, nonlocal screening and electron
tunneling.74

B CONCLUSIONS

In conclusion, we showed that the anti-Stokes continuum
occurs for electrically biased plasmonic STM junctions under
narrow-band continuous-wave irradiation at the excitation
wavelength below the interband transition of metals. The anti-
Stokes continuum is commonly observed for various junctions
at cryogenic temperature (~10 K), including Ag tip—vacuum—
Ag(111), Ag tip—vacuum—Ag(100), Au tip—vacuum-—
Au(111), and Ag tip—single Cq, molecule—vacuum—Ag(111)
junctions, indicating that it is a universal phenomenon. We
showed that the incident photons gain the excess energy from
the applied bias voltage and that two different mechanisms,
namely ERS and PL mediated by electron transfer across the
junction, are operative. A relative contribution from these two
processes is governed by spectral matching of the gap-mode
plasmon in the STM junction with the excitation wavelength.
By recording ILS along with STM-induced luminescence, we
demonstrated that the ERS process becomes dominant when
the excitation wavelength matches the resonance of the gap-
mode plasmon, whereas the PL process prevails under the off-
resonance condition.

The present work provides an in-depth understanding of
inelastic light scattering by plasmonic nanojunctions and
demonstrates the nonthermal origin of the anti-Stokes
continuum generation. The latter is intimately related to
nanothermometry of plasmonic nanostructures. Although the
electronic temperature can be estimated from the anti-Stokes
continuum,"” in electrically biased plasmonic nanojunctions, it
should be carefully verified whether the spectral feature purely
results from the local heating effect. In addition, recent
experimental and theoretical studies have shown that the
plasmonic properties in (sub)nanoscale cavities will be
significantly affected by atomistic structures existing on the
surface of metal nanostructures.””~"” In this context, experi-
ments in an atomically well-defined environment will be
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advantageous to elucidate the fundamental mechanisms of
atomic-scale light—matter interactions.
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