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ABSTRACT: Tip-enhanced Raman scattering (TERS) in ång-
ström-scale plasmonic cavities has drawn increasing attention.
However, Raman scattering at vanishing cavity distances remains
unexplored. Here, we show the evolution of TERS in transition
from the tunneling regime to atomic point contact (APC). A stable
APC is reversibly formed in the junction between an Ag tip and
ultrathin ZnO or NaCl films on the Ag(111) surface at 10 K. An
abrupt increase of the TERS intensity occurs upon APC formation
for ZnO, but not for NaCl. This remarkable observation is
rationalized by a difference in hybridization between the Ag tip and
these films, which determines the contribution of charge transfer
enhancement in the fused plasmonic junction. The strong
hybridization between the Ag tip and ZnO is corroborated by
the appearance of a new vibrational mode upon APC formation, whereas it is not observed for the chemically inert NaCl.

KEYWORDS: Tip-enhanced Raman spectroscopy, Scanning tunneling microscopy, Plamonic picocavity, Atomic point contact,
Ultrathin films

TERS has become a powerful tool for ultrasensitive
chemical analysis in nanoscale environments.1 The

ultrahigh sensitivity down to the single-molecule level relies
on plasmonically enhanced Raman scattering in metallic
nanocavities, so-called “hot spots”. Recently, it has been
demonstrated that the exceptional high sensitivity can be
obtained in subnanometer plasmonic cavities (picocavities),
where sharply confined electromagnetic fields generated by
atomic-scale asperities play a crucial role.2 First-principle
simulations have also suggested that the field confinement
reaches even atomic scales,3,4 which is supported by observing
characteristic cavity modes of a well-controlled plasmonic
dimer in white-light scattering5 and, more recently, by
remarkable ångström-resolution Raman imaging in TERS at
extremely small gap distances (<3 Å).6,7 Therefore, elucidating
the nature of plasmonic fields and light−matter interactions in
atomic-scale cavities is now of key importance for both
fundamental physics and practical applications.
As the cavity size approaches the ångström scale, the

plasmon mode undergoes a transition from the capacitively to
the conductively coupled regime.8 The plasmonic field and
enhanced Raman scattering in the capacitively coupled regime
can be well described by classical electromagnetics and
standard Raman scattering theories. On the other hand,
Raman scattering in the conductively coupled regime is
governed by charge transfer plasmons and direct scattering

with optically induced currents,9 where a full quantum-
mechanical and nonequilibrium treatment becomes necessary.
In addition, it was reported that qualitatively different
enhanced Raman spectra are observed when a molecule is
electrically fused in a plasmonic junction.10,11 Although these
measurements suggest a critical impact of a chemical
interaction in conductively coupled junctions, the precise
control of the gap distance is lacking and the evolution of
Raman scattering at vanishing distances remains elusive.
In this Letter, we reveal the evolution of TERS intensities

and spectra in an atomic-scale plasmonic cavity including
transition from a tunneling regime to atomic point contact
(APC) formation. Using the precise control of the gap distance
in low-temperature scanning tunneling microscopy (STM), a
stable APC is formed in a reproducible manner at 10 K
between an Ag tip and a 2-monolayer (ML) thick ZnO or
NaCl film grown on an Ag(111) surface. The measurements of
these samples with a largely different electronic structure clarify
that hybridization between the sample and the Ag tip has a
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critical impact on the TERS enhancement upon APC
formation through the charge transfer mechanism, whereby
an abrupt increase of TERS occurs in the ZnO film, whereas it
is absent for the chemically inert NaCl films.
Figure 1a displays an STM image of ultrathin ZnO films

epitaxially grown on the Ag(111) surface (see the Supporting
Information for experimetal details). The hexagonal protru-
sions represent the Moire ́ pattern resulting from the lattice
mismatch between the ZnO film and the surface.12,13 Figure 1b
illustrates the experiment, where TERS is recorded as a
function of the relative displacement of the tip−sample
distance (Δz) under continuous-wave laser excitation with
wavelength λext. We used an electrochemically etched Ag tip
further sharpened by focused ion beam (FIB) milling (Figure
1c and 1d), which enables control of localized surface
plasmons in the STM junction.14 Figure 1e shows the TER
spectra measured for 2-ML ZnO at different Δz with λext = 633
nm, which leads to tip-enhanced resonance Raman scattering
where both electromagnetic (EM) and chemical enhancement
(via electronic resonance) are operative simultaneously.15

During the measurement the bias voltage (Vbias) is nominally
set to zero, but there is an effective potential difference of ∼1
mV due to an instrumental offset and a photovoltage, resulting
in measurable currents in the junction. Figure 1f shows the
tunneling current (It) versus Δz. It increases exponentially in
the tunneling regime until it exhibits a jump-to-contact
behavior,16 i.e., APC formation, which defines Δz = 0 Å.
The conductance at Δz = 0 Å is estimated to be ∼0.1 G0 (= e2/
h = 77.6 μS) by measuring the It−Vbias curve. In the tunneling
regime (Δz > 0 Å), the TERS intensity monotonically
increases due to an increase of the plasmonic field in the

junction. The intense peaks at 300−380 cm−1 can be assigned
to the out-of-plane phonon modes of the ZnO film, whereas
weak peaks at 200−300 and 500−600 cm−1 are assigned to the
in-plane modes.15 The surface selection rule for metals17 leads
to much larger enhancement for the out-of-plane modes than
the in-plane modes.
In the vicinity of the APC, several remarkable changes are

observed (Figures 1g and 1h). First, just before APC formation
(Δz = 0.1 Å), the relative intensity of the in-plane modes is
significantly increased. Second, the overall TERS intensity
suddenly increases at the APC. Third, a new characteristic peak
at ∼400 cm−1 appears in the APC regime (denoted as “contact
mode”). Forth, a continuous background suddenly appears
upon APC formation. We found that the background intensity
is correlated with the TERS intensity and it may be related to
the plasmonic field in the junction (Figure S1). The Raman
intensity shows a linear power dependence in both tunneling15

and APC regime (Figure S2).
We demonstrate that the APC can be formed and broken in

a reversible manner. Figure 2a displays a waterfall plot of the
TER spectra during sequential approach and retraction of the
Ag tip to and from 2-ML ZnO including both tunneling and
APC regimes. The spectral evolution is symmetric with respect
to the turning point (Δz = −1.3 Å), and thus, the process is
nondestructive (reversible). It is clear that the contact mode
appears immediately at the APC and blue-shifts linearly (16.6
± 1.0 cm−1/Å) as Δz is further reduced (the tip is “squeezed”
to the ZnO film), indicating a variation in the bond strength.
The TERS intensity decreases as the Δz is further reduced in
the APC regime (Δz < 0 Å), which may result from the
attenuation of the plasmonic field because the continuous

Figure 1. Gap-distance-dependent TERS measurement for 2-ML ZnO. (a) Quasi 3D STM image of ultrathin ZnO layers epitaxially grown on the
Ag(111) surface (Vbias = 1 V, It = 100 pA). (b) Schematic of the measurement configuration. (c−d) Scanning electron micrograph of the FIB Ag
tip. (e) TER spectra of 2-ML ZnO recorded at different Δz as indicated in the figure (Ag tip, λext = 633 nm, F = 0.29 mW μm−2, exposure time
(texp) = 3 s per spectrum, 10 K). (f) It versus Δz acquired over 2-ML ZnO. The shaded area indicates the contact regime. Vbias is set to 0 V
nominally, but there is an offset bias of ∼1 mV during the measurement. Δz = 0 corresponds to the distance at which point-to-contact occurs
(formation of APC). The colored circles represent the point of the TER spectra in (e). The upper-right inset shows the magnified It−Δz curve
around the APC. (g−h) TER spectra in the tunneling and contact regime, respectively. The red arrow in (h) indicates the “contact mode”.
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background also decreases. We examined different Ag tips, and
these observations were highly reproducible (Figure S3).
Our density functional theory (DFT) calculations (see the

Supporting Information for details) reveal that the contact
mode can be assigned to the local out-of-plane stretching mode
of the O atom in the second layer (Figure 2b). When the APC
is formed, the Ag tip interacts with the O atoms in the first
layer. The resulting charge rearrangement in the fused junction
(Figure S5) causes elongation of the in-plane Zn−O bonds in
both first and second layers underneath the tip, whereas the
interlayer Zn−O bond shrinks (the average bond length
changes by ∼0.26 Å). As a consequence, the interlayer bond

between Zn atom #2 and O atom #4 becomes stiffer, which
leads to a new vibrational mode at 395 cm−1 (Figure 2c). In
order to examine a “pushing” effect by the tip in the contact
regime, we calculated the vibrational frequency of the new
mode at different tip−surface distances and found that, indeed,
the Zn−O stretching mode blue-shifts at 20 cm−1/Å as the
distance decreases because the bond gets stiffer (inset to
Figure 2c). This is in excellent agreement with the
experimental observation (Figure 2a), corroborating our
assignment of the contact mode.
The relative intensity between the in- and out-of-plane

phonon modes of 2-ML ZnO can be used to quantify the
plasmonic field distribution as a function of Δz. The TERS
intensities of these modes are primarily associated with the
local field components perpendicular and parallel to the
surface. The intensity of both modes exponentially varies in the
tunneling regime (Figure 2d), and a moderate variation of their
intensity ratio indicates the gradually increasing contribution of
the in-plane field component and/or the field gradient of the
tightly confined plasmon at the tip apex.18,19 The evolution of
the plasmonic field in the STM junction is examined by
electrodynamics simulations (Figure S6), which qualitatively
reproduce a more rapid increase of the in-plane component, in
good agreement with the experiment. On the other hand, when
the APC is formed, the intensity of both in-plane and out-of-
plane modes exhibit a discrete change and the relative intensity
of the in-plane modes is largely increased. This should be
associated with a sudden change of the polarizability of the
ZnO film as discussed later. However, the plasmonic field
distribution may not be affected upon APC formation because
the overall spectral shape in TERS is essentially the same just
before and after the contact except for the appearance of the
contact mode (see the spectra at Δz = 0.1 and −0.3 Å in
Figure 1c). If the field distribution is significantly modified,
selection rules for Raman scattering should be changed, and
consequently, the TERS spectra would exhibit qualitative
differences.
We now demonstrate that the dramatic enhancement of the

TERS intensity upon APC formation is correlated with
hybridization between the tip and the sample. In order to
show a clear contrast to the case of the ZnO film, we examined
a chemically inert NaCl film. Figures 3a and 3b display the
It−Δz curve and the waterfall plot of TER spectra, respectively,
measured over 2-ML NaCl on the Ag(111) surface (Figure
3c). The conductance at the APC is estimated to be ∼0.04G0.
Figure 3d shows the TERS spectra at different Δz. The peak at
202 cm−1 is assigned to the transverse optical phonon mode of
the NaCl film,20 whereas the peaks at lower frequencies (<150
cm−1) are assigned to the phonons of the Ag tip and/or
substrate because they are also observed over the bare Ag(111)
surface. Although the bulk NaCl is not Raman active,
symmetry breaking occurs for ultrathin films on a metal
surface, which is further lifted in the vicinity of the APC. As
seen in Figure 3e, the TERS intensity rapidly increases in the
tunneling regime. However, a sudden increase does not occur
at the APC, although the continuous background pops up.
The continuous increase of the TERS intensity before APC

formation can be attributed to EM enhancement arising from
the confined plasmonic field, hence operative regardless of
chemical properties of the sample. On the other hand, a
sudden increase of the TERS intensity upon APC formation is
critically affected by the chemical properties of the sample,
whereby considerable enhancement is observed for the ZnO

Figure 2. Evolution of TERS from tunneling to APC regime. (a)
Waterfall plot of the gap-distance-dependent TER spectra recorded
over 2-ML ZnO (Ag tip, λext = 633 nm, F = 0.36 mW μm−2, texp = 300
s per spectrum, 10 K). The tip approaches and retracts toward and
backward from the ZnO from the tunneling to the APC regime. (b)
Optimized structure with the Ag tip. The characteristic vibrational
mode resulting from the quantum point contact is shown by the blue
arrow. (c) Calculated vibrational density of states (VDOS) with and
without the Ag tip. The inset shows the corresponding VDOS as a
function of tip displacement. (d) Integrated Raman intensity of the
out-of-plane (292−383 cm−1) and in-plane (489−644 cm−1) modes
as a function of Δz (left axis). The continuous background in the
TERS spectra is subtracted before integration. The ratio between
these modes is also plotted (right axis).
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film but not for the inert NaCl film. This remarkable difference
may be associated with the charge transfer mechanism
proposed by Persson21 which is further extended by Oren et
al.22 to nonzero temperature and current-carrying (fused)
junctions. In the theoretical model, the enhancement of Raman
scattering for a molecule adsorbed on a metal surface is
attributed to charge transfer excitation between the sample
(molecule) and the metal, thus the time-dependent polar-
ization at the interface. This process is correlated with the
hybridization between the sample and the metal which
modifies the polarizability through formation of adsorption-
induced resonance states. In electrically fused junctions, the
sample can simultaneously hybridize with metals at both sides
(surface and tip in the STM configuration), making charge
transfer enhancement operative through the metal−sample−
metal system. Intuitively, in an electrically fused junction, more
electrons can contribute to the process compared to the
sample−metal system, thus increasing the polarizability of the
sample. The theoretical model reveals that the Raman
scattering function (defined in eq 14 in ref 21) becomes
about twice as large in an electrically fused metal−sample−
metal junction than that for the sample−metal system,22 which
eventually leads to a 4-fold larger enhancement in the Raman
intensity (proportional to the square of the scattering
function). This additional enhancement in the fused junction
is consistent with the change in the TERS intensity upon APC
formation observed for the ZnO film. However, the hybrid-
ization is almost negligible for the chemically inert NaCl film,
which is supported, for instance, by the fact that pristine
molecular orbitals can be observed for molecules adsorbed
there.23 The lack of hybridization results in no additional
charge transfer enhancement upon APC formation. We found

that the charge transfer mechanism leads to a significant
enhancement even for off-resonance λext at which TERS is very
weak (or unobservable) in the tunneling regime (Figure S7).
Finally, we would like to note that thermal instability of

plasmonic junctions has a critical impact on the TERS
enhancement in the vicinity of the APC. As shown in our
previous TERS experiments on the ZnO films at 80 K,15

neither APC formation nor sudden enhancement was observed
at vanishing gap distances. Instead, significant attenuation of
the TERS intensity routinely takes place. This observation
suggests that the absence of the APC formation at 80 K does
not result in the charge transfer enhancement and that the
reduction of the plasmonic field by electron tunneling24 is
more pronounced. Atomic-scale structural relaxation (rear-
rangement) is expected to be crucial in light scattering in the
vicinity of the APC because the plasmonic properties in
ångström-scale cavities are extremely sensitive to subtle
geometrical changes. A critical impact of thermal fluctuations
was observed for ultrasensitive SERS in plasmonic picocavities,
where diffusion of Au atoms creates and annihilates atomistic
hot spots.25 Therefore, in-depth understanding of thermally/
optically induced atomic-scale structural fluctuations (insta-
bility) as well as light−matter interactions in ångström-scale
the near-field optical spectroscopy for “realistic” systems, e.g.,
under ambient conditions and in solutions.
As a perspective, the strong enhancement at APCs will be

applicable to other materials to increase the sensitivity, which
can expand the capability of TERS. In addition, our approach
can be extended to study single-molecule junctions. In
combination with inelastic electron tunneling spectroscopy,
we can provide detailed information not only on junction
structures but also on chemical bond formation, electron−

Figure 3. Gap-distance-dependent TERS measurement for 2-ML NaCl. (a) It versus Δz acquired over 2-ML NaCl on Ag(111). The shaded area
indicates the contact regime. Vbias is set to 0 V nominally, but there is an offset bias of ∼1 mV during the measurement. Δz = 0 corresponds to the
APC. The colored circles represent the point of the TERS spectra in (d). (b) Waterfall plot of the gap-distance-dependent TER spectra recoded
over 2-ML NaCl (Ag tip, λext = 633 nm, F = 0.6 mW μm−2, texp = 5 s per spectrum, 10 K). The tip first approaches toward the NaCl from the
tunneling to contact regime. (c) STM image of 2-ML NaCl on Ag(111) (Vbias = 1.0 V, It = 35 pA, 45 × 64 nm2). (d) TER spectra at different
distances. (e) TERS intensity of the peak at ∼202 cm−1.
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phonon coupling, local heating, and optoelectronic properties.
Moreover, TERS in atomic-scale cavities is intimately related
to fundamental questions in quantum plasmonics,26,27 and our
approach will also provide microscopic insights into intriguing
atomic-scale light−matter interactions.28
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2019, 19, 3597−3602.
(15) Liu, S.; Müller, M.; Sun, Y.; Hamada, I.; Hammud, A.; Wolf,
M.; Kumagai, T. Resolving the Correlation between Tip-Enhanced
Resonance RamanScattering and Local Electronic States with 1 nm
Resolution. Nano Lett. 2019, 19, 5725−5731.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c01791
Nano Lett. 2020, 20, 5879−5884

5883

https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01791?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01791/suppl_file/nl0c01791_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Kumagai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7029-062X
http://orcid.org/0000-0001-7029-062X
mailto:kuma@fhi-berlin.mpg.de
mailto:kuma@ims.ac.jp
mailto:kuma@ims.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuyi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Borja+Cirera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ikutaro+Hamada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5112-2452
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melanie+Mu%CC%88ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3269-2107
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adnan+Hammud"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Wolf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01791?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.6b00552
https://dx.doi.org/10.1021/acs.chemrev.6b00552
https://dx.doi.org/10.1126/science.aah5243
https://dx.doi.org/10.1126/science.aah5243
https://dx.doi.org/10.1021/acs.nanolett.5b00759
https://dx.doi.org/10.1021/acs.nanolett.5b00759
https://dx.doi.org/10.1021/acsnano.7b07401
https://dx.doi.org/10.1021/acsnano.7b07401
https://dx.doi.org/10.1021/nl302315g
https://dx.doi.org/10.1038/s41586-019-1059-9
https://dx.doi.org/10.1038/s41586-019-1059-9
https://dx.doi.org/10.1093/nsr/nwz180
https://dx.doi.org/10.1093/nsr/nwz180
https://dx.doi.org/10.1093/nsr/nwz180
https://dx.doi.org/10.1038/nature11653
https://dx.doi.org/10.1038/nature11653
https://dx.doi.org/10.1021/jz3018072
https://dx.doi.org/10.1021/jz3018072
https://dx.doi.org/10.1021/jz3018072
https://dx.doi.org/10.1021/nl400733r
https://dx.doi.org/10.1021/nl400733r
https://dx.doi.org/10.1021/nl400733r
https://dx.doi.org/10.1021/nn304277n
https://dx.doi.org/10.1021/nn304277n
https://dx.doi.org/10.1021/nn304277n
https://dx.doi.org/10.1088/0953-8984/28/49/494003
https://dx.doi.org/10.1088/0953-8984/28/49/494003
https://dx.doi.org/10.1103/PhysRevB.97.195417
https://dx.doi.org/10.1103/PhysRevB.97.195417
https://dx.doi.org/10.1103/PhysRevB.97.195417
https://dx.doi.org/10.1021/acs.nanolett.9b00558
https://dx.doi.org/10.1021/acs.nanolett.9b00558
https://dx.doi.org/10.1021/acs.nanolett.9b02345
https://dx.doi.org/10.1021/acs.nanolett.9b02345
https://dx.doi.org/10.1021/acs.nanolett.9b02345
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01791?ref=pdf
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