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ABSTRACT: Charge-transfer enhancement of Raman scattering o Molecular Point Contact Raman Spectroscopy

plays a crucial role in current-carrying molecular junctions. rumelingregime Tunneling regime
However, the microscopic mechanism of light scattering in such Agtip A

nonequilibrium systems is still imperfectly understood. Here, using
low-temperature tip-enhanced Raman spectroscopy (TERS), we N"“
investigate how Raman scattering evolves as a function of the gap
distance in the single C¢y-molecule junction consisting of an Ag tip Contact regime

and various metal surfaces. Precise gap-distance control allows the
examination of two distinct transport regimes, namely tunneling
regime and molecular point contact (MPC). Simultaneous
measurement of TERS and the electric current in scanning ‘ 1000
tunneling microscopy shows that the MPC formation results in Raman shift (cm”)
dramatic Raman enhancement that enables one to observe the

vibrations undetectable in the tunneling regime. This enhancement is found to commonly occur not only for coinage but also
transition metal substrates. We suggest that the characteristic enhancement upon the MPC formation is rationalized by charge-
transfer excitation.
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G iant enhancement of Raman scattering using plasmonic enhancement.” This chemical enhancement effect was found to
nanostructures has attracted increasing interest because be particularly important when the molecule is fused between
of its potential for ultrasensitive chemical analysis, known as two metal nanoclusters” which may be manifested as a
surface- and tip-enhanced Raman scattering/spectroscopy dramatic change of SERS/TERS spectra in plasmonic
(SERS and TERS).' In particular, single-molecule SERS/ nanojunction fused with molecules.'”"" In addition, a
TERS is a powerful tool to study molecular systems in correlation between electric current (conductance) and
nanoscale environments. Remarkably, advanced low-temper- Raman spectra of molecular junctions was also reported in
ature TERS experiments recently demonstrated Raman SERS of mechanical break junCtionn'ls and “fishing-mode”

imaging with the submolecular spatial resolution reaching TERS™ experiments, which is accounted for by molecular
~1.5 A, enabling to visualize individual vibration modes in real orientation in the junction. However, the exact mechanism is
space.”” The exceptional sensitivity of TERS can be obtained still imperfectly understood. More recently, we found that
when a plasmonic tip is brought in close proximity to the atomic-point contact formati.on in plasmoni.c scanning
adsorbed molecule anchored on a flat metal surface (below a tunneling microscope (STM) junctions results in dramatic

few A gap distance). In such extreme junctions, atomic-scale Raman enhancement, and the exceptional sensitivity is

structures (corrugation) on metal nanostructures play a crucial demonstrated for an ultrathin oxide film on the Ag(111)

15 : 16
role to generate atomically confined electromagnetic fields sErfaceh aILd (eiven f(?r ;Sl(lll)_g X7 surfgce. H.ere, I/ve
through excitation of localized surface plasmon resonance show that the dramatic Raman enhancement s operative also

(LSPR).*™® Also, quantum mechanical effects, for example,

electron tunneling across the junction, have a significant Received: July 5, 2021
impact on the gap plasmon,” which will be related to the Revised:  February 11, 2022
enhancement mechanisms in TERS. In addition to the Published: February 21, 2022

electromagnetic enhancement effect through the LSPR
excitation, chemical interactions between molecule and metal
cluster(s) can also largely contribute to the Raman scattering
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Figure 1. (a) Scheme of the TERS experiment. (b) STM image of C¢, molecules on Ag(111) under illumination at A, = 532 nm at 10 K (Vi =
0.6 V, jstm = 100 pA; inset: Vi, = 0.1V, jsrp = 2.6 nA). (c) TERS spectra obtained over a C4y molecule in the island at Ao, = 532 nm (Ag tip, Aoy =
532 nm, Py, = 0.33 mWum ™2, 10 K, scale bar = 500 cps). (d) STM image of the edge of a Cg, island where the Raman spectra of (e) are acquired
(Vpias = 10 mV, jorp = 10 pA). (e) TERS spectra acquired across the edge of the island. The location is indicated in (d) (Vi = 10 mV, jery = 10

PA, Ay = 633 nm, P,

inc

= 0.5 X 10° W cm™2 10 K, scale bar = 500 cps). All acquisition parameters are listed in Table S1.

for molecular point contact (MPC) using single Cy, junctions
and propose that the underlying mechanism is rationalized by
charge transfer enhancement.

We first show TERS of Cg molecules adsorbed on the
Ag(111) surface. Figure la depicts schematically the TERS
experiment in the STM junction consisting of an Ag tip, an
ordered monolayer of C4, molecules, and the Ag(111) surface
kept at ~10 K (see Supporting Information for details). The
junction is illuminated by a narrowband continuous-wave laser
at a wavelength (A.) of 532 or 633 nm, which generates a
tightly confined field at atomic-scale protrusions existing on
the tip apex.'” Figure 1b shows the STM image of Cg, islands
on the Ag(111) surface recorded under illumination (4.
532 nm) with an incident power density (P,,.) of 0.33 mW
cm™ at the junction. The STM appearance represents the
lowest unoccupied molecular orbital (LUMO) when a hexagon
of Cg is facing toward the surface,'® which is in agreement
with previous simulations.'” The stationary tripod shape also
indicates the absence of rotation of the Cg, molecules.
Although no far-field Raman signal is detected, the intense
Raman peaks from the Cy, molecules can be observed when
the Ag tip is brought into the tunneling regime (Figure 1c).
The Raman intensity (Ig,ma,) linearly depends on the P, (see
Figure S1 in Supporting Information), indicating a sponta-
neous Raman process. The Ip,,., is affected by the tip
conditions, whereas the peak positions are not significantly
shifted (see Figure S2 in Supporting Information). We
estimated the spatial resolution to be <1 nm by recording
TERS at the edge of a Cq island (Figure 1d,e).

The TERS peaks of Cg, are assigned according to previous
Raman studies of a solid-state sample at 20 K and the isolated
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Cgo molecule®””" as well as the DFT simulations conducted for

the experimental configuration (see Figure S3 in Supporting
Information). The calculated frequencies of the Raman active
Cgp vibrations on Ag(111) and in the gas phase are listed in
Table S2 (Supporting Information). An isolated Cg, molecule
has in total 174 vibrational degrees of freedom and the
icosahedral symmetry yields 10 distinct Raman-active modes
(2Ag + 8Hg). The TERS spectrum involves all of the Raman
A; and
H, modes are also similar to those observed in a solid state for
Aew = 514 nm,”” whereas most of the modes are red-shifted
compared to those in a solid state. Red-shifts of Cy, vibrations
were also observed in SERS on a rough Ag substrate.”’ The
observed red-shifts on the Ag(111) surface are confirmed by
the DFT simulations (see Table S2 in Supporting Informa-
tion), which can be attributed to softening of the Cq, modes
due to the electronic density rearrangement through orbital
hybridization between Cg, and Ag(111). As can be seen in
Figures S4 and S5 (Supporting Information), the unoccupied
molecular states strongly hybridize with the surface, and the
LUMO is partially filled. This may be the origin of the
vibrational red-shifts because electron transfer to an antibond-

active modes, and the relative intensities between the

ing orbital delocalized over the entire molecule causes
expansion of the molecule and hence softening of the
intramolecular bonds.

The TERS peaks in Figure 1c have a shoulder (the Hy(7)
mode appears to be split). This could arise from lifting of
vibrational degeneracies for the H, modes due to contact with
the surface (see Table S3 in Supporting Information).
However, because the A, modes are not degenerate, the
shoulder might involve interference between the electronic and
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Figure 2. (a) STM images before and after picking a single C4, molecule from the island (Vs = 0.5V, jsry = SO pA, 10 K, scale bar = 2 nm). (b)
Schematic of the Az-dependent TERS measurement in a single Cg4, molecule junction. (c) Az-dependent TERS spectra measured on the Ag(111)
surface recording one cycle of Cyy-tip approach and retraction (A = 532 nm, P, = 0.33 mWum™2, 10 K). The left panel shows the simultaneously
obtained jgry—Az curve. Although the Vi, is nominally set to zero, the jyp\ occurs due to a photovoltage (estimated to be ~1 mV). The right
panel shows the intensity of the A, modes as a function of the Az. The color scale correspods to 600—12000 cps. The top and bottom panels show
the TERS spectra in the tunneling and MPC regime, respectively. The scale bar corresponds to 200 (top) and 5000 cps (bottom).
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Figure 3. (a—c) Az-dependent TERS spectra measured on the Au(111), Cu(111), and Pt(111) surfaces, respectively (Au(111): Ao, = 532 nm, P,
=0.33 mWum™, Vi, ;= 0V, 10 K, Cu(111): A, = 633 nm, P, = 0.45 mWum™2, V;;, . = 0V, 10 K, Pt(111): A, = 633 nm, P, = 0.45 mWum™2,
Viias = 0V, 10 K). The color scale corresponds to (a) 600—200 000 cps, (b) 0—16 000 cps, (c) 1500—5000 cps. The top and bottom panels show
the TERS spectra in the tunneling and MPC regime, respectively. The scale bar corresponds to 100 (top) and (a) 10000, (b) 5000, (c) 1000 cps
(bottom).

vibrational Raman scattering pathways, yielding a Fano-like and then it is moved toward the bare Ag(111) surface until the
line shape.”* Furthermore, the TERS spectrum shows more molecule contacts the surface and subsequently it is retracted.
vibrational modes in addition to the 10 Raman-active modes of The middle panel of Figure 2¢ displays a waterfall plot of the
free Cg. The peak at 347 cm™' was observed in the previous TERS spectra recorded as a function of relative displacement
SERS experiment,” which can be assigned to the Cgy-surface of the tip—surface distance (Az) when the Cg-tip approaches
“bouncing” mode based on the DFT simulations. The other the surface. The vertical and horizontal axis corresponds to Az
peaks that are Raman nonactive in the isolated Cq, molecule and Raman shift (Av), respectively, and the color scale
appear due to symmetry-lowering caused by the adsorption represents Ip,.... A remarkable observation is the abrupt
onto the surface. increase of the TERS intensity when the Cg,-tip contacts the
Next, we examine the gap-distance dependence of single-Cq, surface. The MPC formation is evident in the STM current
TERS including reversible formation and breaking of MPC. As (jstm) simultaneously recorded with the TERS spectra. The
depicted in Figure 2, a single Cg molecule on Ag(111) is jstm shows a well-known jump-to-contact behavior that occurs
transferred to the Ag tip apex (hereafter denoted as Cg-tip), when the junction is fused by a point contact.”® The symmetric
2172 https://doi.org/10.1021/acs.nanolett.1c02626
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Figure 4. (a) Schematic of the Az-dependent TERS measurement in a Cg—Cg, junction. (b) Az-dependent TERS spectra obtained for one

approach and retraction cycle of a monolayer Cq, film on Ag(111) (4 = 532 nm, P

= 0.33 mWum™, Vi, = 0V, 10 K), together with the

inc

simultaneously obtained jgry—Az curve (left) and the intensity of the A, modes (right). The color scale corresponds to 750—1100 cps.

behavior of the TERS spectra and the jgry—Az curve with
respect to the turning point indicates that the process is
reversible. The TERS intensity is not dependent on the
amount of the direct current flowing in the junction (see
Figure S6 in Supporting Information).

In Figure 2c, some of the vibration modes exhibit a
continuous peak shift as a function of Az, which is more
pronounced after MPC formation. The DFT calculations
predict that a mechanical deformation of Cg, results in blue-
shifts for all vibrational modes (see Table S4 in Supporting
Information), whereas the electronic charge rearrangement
caused by the MPC formation results in red-shifts as discussed
above. In experiment, we observe that some vibrational peaks
are red-shifted as the Az decreases (e.g. Hy(7), H,(8), and
Ag(Z), see Figure S7 in Supporting Information), while some
peaks are blue-shifted (e.g., H,(5)) when the MPC is further
squeezed, implicating complex contributions from the
mechanical deformation and the charge density rearrangement.

In order to demonstrate that the MPC-induced Raman
enhancement is not a peculiar phenomenon of the Ag tip—
Ceo—Ag(111) junction, we performed the same experiment on
the Au(111), Cu(111), and Pt(111) surfaces (Figure 3a—c,
respectively). On Au(111), the TERS intensity in the
tunneling regime becomes smaller than that on Ag(111) due
to the reduced field enhancement compared to Ag. The
Cu(111) surface interacts with Cq4 more strongly than
Ag(111) and Au(111), while the plasmonic enhancement is
expected to be similar to Au in the visible range. In addition, as
an example of transition metals, we used the Pt(111) surface
that is not generally used in TERS due to its weaker plasmonic
resonance in the visible regime compared to coinage metals.*
Indeed, the TERS intensity on Pt(111) is very weak in the
tunneling regime (Figure 3c). However, for all these surfaces
the intense Raman signals appear abruptly upon MPC
formation. We evaluated the enhancement factor pypc for
the A,(2) peak on each substrate, which is defined as the ratio
between the intensity at 1 A above and below the MPC:
Pmpcagiin) = 154 & 0.4, pypcaninn) = 275 15, pvpc,cuinn) =
29.3 + 2.6, pupcpeiin) = 78.8 + 6.4. The exact enhancement
factors are affected by the LSPR properties of the junction, the
excitation wavelength, and possibly the adsorption geometry of
Cgo on the tip. However, these results indicate that the
exceptional sensitivity of MPC-TERS can be commonly
obtained for different metal substrates.
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In order to further examine the impact of the contact surface
on the TERS enhancement at the MPC, we measured a
double-Cy, junction on Ag(111) (Figure 4a). As can be seen in
Figure 4b, both jyry—Az curve and TERS intensity do not
exhibit an abrupt change. The jsp\—Az curve is in agreement
with previous experiments on Cu(111).”” The absence of a
jump-to-contact behavior in the contact regime is explained by
a gradual transition of the interaction between two Cg
molecules from the attractive (van der Waals) to repulsive
(Pauli) range.28 This result shows that chemical interactions at
the MPC play a critical role in the enhancement mechanism.

The enhancement in SERS/TERS can be generally classified
into electromagnetic (EM) and chemical effects. The former is
determined by the plasmonic properties of metallic nanostruc-
tures. Theoretically, the chemical effects can be further
classified into (1) chemical interactions (orbital hybridization)
in a molecule—metal system at the electronic ground state,
which changes the static polarizability, (2) charge transfer
resonance including excited states of a hybrid molecule—metal
system (CT), or (3) resonant transition within molecular
orbitals (resonance Raman, RR).® The continuous increase of
the TERS intensity in the tunneling regime will be dominated
by the EM enhancement.

The MPC-induced enhancement will be explained by
chemical effects rather than EM enhancement because an
abrupt increase of the gap plasmon is unlikely.”**’ We first
considered a change in the static polarizability whose square is
proportional to the Raman intensity. To this end, we simulated
the static polarizability tensor using a generalized-gradient
density functional approximation (see Section 9 in Supporting
Information). Although the computed value of the zz
component of the polarizability tensor depends on the tip—
Cg geometry (see Table SS in Supporting Information) and
the magnitude of the lateral lattice vectors of the simulation
cell (see Table S6 and Figure S8 in Supporting Information),
its change before and after MPC formation does not rationalize
the observed enhancement factors. Therefore, we believe that
the abrupt Raman enhancement at the MPC is explained by an
additional charge-transfer contribution. This mechanism is
associated with the local electronic structure of the system.
Scanning tunneling spectroscopy (STS) shows that a
significant change of the local electronic structure occurs
upon the MPC formation. As can be seen in Figure Sa, the STS
intensity exhibits a peak around zero-bias at the MPC, which is

https://doi.org/10.1021/acs.nanolett.1c02626
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Figure S. (a) Scanning tunneling spectra obtained for a Cgo-tip in the
tunneling and MPC (black: set-point of Vi, = =300 mV, jory = S nA,
Vinod = S mV at 883 Hz, red: set-point of V},, = =300 mV, jyry = 27
UA, Voq = S mV at 883 Hz). (b) Models of Cg-tip and MPC used in
the DFT calculations. (c,d) Calculated projected density of states for
Cgo-tip and MPC. The arrows show possible resonance paths in the
system (blue arrow: CT, red/green arrows: molecular resonance).
The gray areas represent the molecular unoccupied states that can be
reached with 4., = 532 nm.

absent in the tunneling regime and indicates the increase of the
density of states (DOS) around the Fermi level. A significant
change in the local DOS may be consistent with the DFT
simulations (Figure Sb—d, see also Section S in Supporting
Information). Figure Sc,d displays the calculated projected
DOS for the Cy-tip and the MPC. The Cy, states at the MPC
are further broadened than those for the Cyy-tip configuration.
In the tunneling regime (Figure Sc), relatively narrow
molecular states may lead to a strong wavelength dependence
for the RR process. Similarly, resonant CT into the excited
states may not be eflicient because the transition is limited
within the reach with the visible excitation. These processes
will be largely affected upon the MPC formation (Figure 5d).
The broadened molecular states may lead to additional RR and
CT channels and the latter involves transition from the
continuum states of both tip and surface to the molecular
states (and vice versa).’®*' The MPC-induced enhancement
occurs for a different excitation wavelength (see Figure S9 in
Supporting Information), which may be consistent with widely
spread resonant channels. The charge-transfer mechanism is
also consistent with the result of the double-C4, junction
because the change of the DOS is less pronounced due to the
weak interaction between two molecules, which results in a
reduced orbital hybridization in the junction and thus hampers
the additional charge-transfer enhancement. The charge-
transfer enhancement at the MPC will be generally operative
for other metallic substrates as orbital hybridization and a
concomitant change of the DOS upon MPC formation is
commonly expected.32’33 Additionally, the chemical enhance-
ment mechanism induced by charge transfer could be further
modified if the applied Vi, results in the redistribution of the
electron density within the molecule in the junction.***®

The selection rule with an extremely confined field is
another important subject in TERS. However, significant
mixing of the normal modes, caused by adsorption of C4, on
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the surface (and/or tip), hampers to clarify the symmetry of
the vibration modes (see Table S3 in Supporting Information).
Additionally, the detailed information on the field distribution
in the junction is also not available. A strong local field-
gradient might break the conventional selection rule that is
based on the dipole approximation.’® In the present case,
however, the quadrupole or magnetic dipole active modes are
not clearly observed. The contribution of the local field
gradient may not be significant for relatively large molecules
physically adsorbed on flat surfaces.”” In order to discuss the
accurate selection rule, it is desirable to perform extended
atomistic first-principles calculations which can provide a
consistent treatment of atomistic structures, orbital hybrid-
ization and charge density responses (polarizability) as well as
propagation of the EM fields in a unified manner, like the
Maxwell—time-dependent DFT scheme.*®

In summary, we investigated TERS of current-carrying
molecular junctions including a single Cqy, and how Raman
scattering evolves as a function of the gap distance. The
transition from the tunneling to MPC regime was continuously
monitored by moving Cgy-tip toward various single-crystal
metal surfaces. By recording simultaneously TERS and the
electric current in STM, we showed that the abrupt Raman
enhancement occurs when the MPC is formed. This
enhancement is commonly observed for different substrates
exhibiting distinct plasmonic properties and the interaction
with Cgo, namely Ag(111), Au(111), Cu(111), and Pt(111).
We deduced that the MPC-induced Raman enhancement is
rationalized by the chemical effects. Among the three distinct
chemical enhancement effects, the DFT calculations predicted
that the electronic charge rearrangement at the ground state
(i.e, change of the static Raman polarizability) cannot account
for the observed enhancement factors. Therefore, we proposed
that the characteristic enhancement at the MPC originates
from additional charge-transfer and resonance Raman channels
in the hybrid tip—Cgy—surface system caused by renormaliza-
tion and broadening of the local electronic states. This
mechanism was further corroborated by examining the double-
Cg junction where the charge transfer enhancement is
significantly reduced due to the weak chemical interaction
between the molecules. The exceptional sensitivity of MPC-
TERS may extend the possibility of TERS to investigate
catalytic and electrode reactions on transition metal surfaces.
Our approach will also pave the way for studying light—matter
coupling in nonequilibrium quantum transport systems’
where Raman scattering can address fundamental physics in
molecular optoelectronics*® and optomechanics.*'
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