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Key Sentence :

1. Investigate electronic properties of materials at nano-scale
2. Explore single molecule chemistry

3. Develop local spectroscopy of biomolecular systems

Key Word :
Scanning probe microscopy, single-molecule chemistry, surface and interface, ultrathin metal oxide
films, energy conversion, nanocarbon materials, molecular assembly

Purpose of Research :

Our research focuses on describing details of the energy transport and conversion at solid surfaces and
interfaces in the nanoscale regime. In order to understand their basic mechanisms at the individual
molecule/atom level, we carry out combined study of density functional theory calculation and scanning
probe microscopy/spectroscopy on the well-defined solid surfaces under ultra-high vacuum conditions.
Part of our research is directed toward investigation of single-molecule chemistry by the use of
vibrational and electronic quantum states on metal or metal oxide thin-film surfaces. Another
important part of our research focuses on self-assembled organic thin films aiming at understanding
their microscopic structure and electronic properties, and their use as templates for the development of
molecular-based functional materials. In addition, we have also started working on photon detection
from a single molecule and on atomic scale investigation of energy conversion between electrons and
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photons of nanometer scale materials.

1. Single molecule chemistry at the solid surfaces
@ Dynamics of CO on Ag(110) surface induced by multiple-overtone excitation of metal-molecule

stretching mode (Junepyo Oh, Yousoo Kim)
The excitation of molecular vibrations by the inelastically tunneled electrons from the scanning tunneling microscope
(STM) can lead to various phenomena at surfaces. In this work, we have investigated that the energy-transfer
processes of vibrationally-excited CO molecule by the inelastic tunneling electrons from the Ag(110) surface. In order
to clarify that, we have measured the lateral hopping motion of CO molecule on Ag(110) surface induced by injected
tunneling electrons as a function of sample bias and as a function of tunneling current. So far, the hopping
phenomenon that CO molecules move to neighboring metal atoms in a vibrational energy relaxation process shows a
remarkable probability change near the energy of its internal stretching mode. In this work, the hopping probability
per injected electron shows sudden increases at 70, 105, and 170 meV even though there are no vibrational modes
correspond to these energies. However, the energy spacing between the each threshold is very closing to vibrational
energy of the metal-CO molecule stretching mode (M-C stretching mode, ~32 meV). We also found from the results
of tunneling current (It) dependence of CO hopping rate that hopping motion of CO took place through multiple
excitations process below 170 meV. From these results, we conclude that the origin of hopping motion of CO on
Ag(110) is a overtone excitation of M-C stretching mode.

@ Dynamics of CO on Au(111) surface by vibrational excitation with STM (Norihiko Hayazawa,
Junepyo Oh, Yousoo Kim)

We investigated several fundamental properties of CO on Au(111) by scanning tunneling
microscopy/spectroscopy. STM image revealed that the CO on Au(l111) exhibited on-top site
adsorption and even with low bias voltage (<50mV), hopping behavior has been observed. Such low
bias voltage suggested the possible multiple-overtone excitation of metal-molecule stretching mode
(M-mode) as it is observed on Ag(110) surface in our previous study. STM-IETS revealed lower
vibration energies of ~5meV and ~30meV, which can be assigned to either M-mode or hindered
translational/rotational (T-/R-) mode. Since the hopping is observed even with a 20mV with a high
current ~5nA, there is a possibility to induce the hopping of CO for the first time originated by
T-/R- mode excitations.

@ Surface supermolecular structure and electronic structure of porphyrin and CO-porphyrin on a
copper surface (Takuma Omiya, Yousoo Kim)
Dynamics of CO on porphyrin covered Cu(110) surfaces was studied by means of pump-probe IR-VIS
SFG and STM for the deeper understanding of energy conversion at the interface. In this fiscal year, we
have concentrated on STM works to reveal surface supramolecular structure and electronic structure.
Formation of supramolecular structures are driven by anisotropic interactions. CO adsorption onto
porphyrin induces unique electronic state near Fermi level. Moreover, the quantitative analysis of CO
desorption by STM-AS, indicates that vibrational excitation may be required for desorption.
@ Film thickness dependence of electronic structure of a = -conjugated molecule on an ultrathin
insulating film surface (Miyabi Imai, Hiroshi Imada, Yousoo Kim)
We have investigated thickness dependence of electronic states of a single a n-conjugated molecule, metal-free
Phthalocyanine (H,Pc), on NaCl insulating films on Au(111), by use of STM and STS. Our aim is to understand
how the thickness of NaCl films affects the molecular properties using the well-known and widely studied
molecule. NaCl films are known to weaken the molecular-metal interaction. However we found the electronic
properties of the H,Pc adsorbed on 2 ML and 3 ML-thick NaCl are indeed different, which implies that the effect
of NaCl is not just to decouple metal electronic states, but it indeed affects the electronic states of adsorbed
molecules, which might arise from the metal-insulator interaction such as interfacial dipole.

2. Fabrication of low-dimensional molecular interfaces and controlling their structure and
electronic properties

LRk 27 4 | FY2015



@ Superstructures of Bisquaric Acid through Hydrogen Bonding and Molecule-Au Interaction
(Kan Ueji, Junepyo Oh, Yousoo Kim)

Regarding a thin film of an organic acid on Au(111) under ultrahigh-vacuum (UHV) conditions, there
are a few studies related the supramolecular assemblies on which molecule-substrate interactions
influence because hydrogen bonding is a mainly driven force for molecular superstructure. In order to
investigate the effects of molecule-substrate interactions, bisquaric acid molecules (m-extended squaric
acid) were evaporated onto clean Au(111) surface, while molecular resolved images of the deposition
structures were obtained by low-temperature scanning tunneling microscopy (LT-STM). The STM
images indicated three types superstructures (amorphous, row, and carpet phases), originating from
differences between intermolecular interactions, respectively. The facts implies that the molecule-Au
interaction decrease a barrier height of rotation of molecular —O-H group. Our results provide a novel
insight into the formation of supramolecular network comprising hydrogen bonding

@ Atomically-resolved imaging on boron-doped diamond film by using scanning probe microscopy

(Toshu An, Junepyo Oh, Yousoo Kim)

Boron doped diamond (BDD) exhibits high chemical and electrochemical stability, mechanical robustness and
biocompatiblity, and a large potential window and low background current in aqueous solution. Thus, BDD is an
attractive material for electrochemical analysis and various applications. Scanning probe microscopy such as scanning
tunneling microscopy and atomic force microscopy, is powerful tool to gain insight of BDD’s physical and chemical
properties at the atomic level. Atomic and electronic structures of BDD film surfaces grown on the (001) and (111)
diamond crystals were obserevd in a ultra-high vacuum condition, and we found mechanical polishing process is
effective to prepare atomcally flat surfaces.

3. Study of energy transport and conversion at the nano-scale surfaces and interfaces
D Scanning tunneling luminescence spectroscopy of single phthalocyanines: chemical reaction
and luminescence property change (Hiroshi Imada, Miyabi Imai, Yousoo Kim)
From a well-known free-base phthalocyanine HoPc, a new phthalocyanine [HoPc]2 was produced by
means of single molecule chemical reaction using scanning tunneling microscopy (STM). Scanning
tunneling luminescence (STL) spectra of HzPc exhibit intrinsic fluorescence around 1.5-1.8 eV which
agrees well with a previously reported fluorescence spectrum. STL spectra of [HoPc]?> show a
low-energy luminescence peak at 1.33 eV in addition to fluorescence peaks around 1.5-1.8 eV, which
indicates that [HoPc]? has much different luminescence properties from HzPc. Time-dependent density
functional theory calculation of gas-phase [HoPc]? predicts that energy of the first triplet excited state
T_1 is about 1.3 eV, which suggests that the newly discovered low-energy luminescence is due to
phosphorescence of [HoPc]2.
® Single-molecule upconversion luminescence in a tunneling junction (Hiroshi Imada, Kuniyuki
Miwa, Shota Kawahara, Yousoo Kim)
Upconversion luminescence (UCL) is a photon emission process through which photons with larger
energies than that supplied by an excitation source are emitted. UCL was discovered in
photoluminescence experiments, and upconversion electroluminescence (UCEL) has been recently
observed in semiconductor quantum dots and molecular layer systems. Several upconversion
mechanisms in UCEL have been proposed so far, including Auger process, triplet-triplet annihilation
and vibration-assisted process. However, details of UCEL are still not clear. In this study, our aim is to
unveil an upconversion mechanism mediated by a single organic molecule. To this end, we performed
precise measurements of electroluminescence induced by a scanning tunneling microscopy (STM) on a
single free-base phthalocyanine. Bias voltage dependence of fluorescence spectra revealed UCEL from
a single moleule at low bias voltage region. Since the UCEL intensity increases quadrutically with
tunneling current, we conclude that the UCEL occurs mainly through a two-electron process.
® Quantum Many-Body Effects in Sccaning Tunneling Microsocpe-Induced Light Emission:
Effects of Electron Occupancy in Molecular Orbital on Luminescence Spectra (Kuniyuki Miwa,
Hiroshi Imada, Yousoo Kim)
In light emission induced by the tunneling current of an scanning tunneling microscope (STM) from
molecule-covered metal surfaces, the dynamics of molecule and interface plasmons that are localized
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near the tip/vacuum/substrate interface have strong influence on each other. We have revealed the
quantum many-body effects arising the interplay between their dynamics. In this financial year, we
theoretically and experimentally analyzed the dependence of luminescence spectra on electron
occupancy in molecular orbitals, where the electron occupy can be tuned by applying the voltage to the
sample. The results show that the electron occupancy drastically affects the luminescence spectra and
dynamics of the system, which provides novel insight into an energy flow between molecules and metal
nanostructures in the processes of photoelectric conversion.
@ Real-space observation of gap plasmon induced S-S bond dissociation (Emiko Kazuma, Yousoo
Kim)

The localized surface plasmon resonance of metal nanostructres exhibits a strong enhancement of
photoresponses and photochemical reactions. Recently, Raman spectroscopy for a single molecule
has been achieved in the presence of the gap plasmon (GP) excited between a STM tip and a metal
substrate. This indicates that the GP provides a strong optical electric field, which can enhance
photoresponses and induce unprecedented phenomena. In this study, plasmon-induced
dissociation of dimethyl disulfide (DMDS) was investigated on the basis of real-space observation
with a scanning tunneling microscope (STM) in order to clarify the basic mechanism of
plasmon-induced chemical reactions. The dissociation of the S-S bond in DMDS on Cu(111) and
Ag(111) surfaces were induced by light irradiation. In contrast, under the excitation of the GP
between a Ag tip and the substrate, the dissociation was induced preferentially near under the tip.
Furthermore, the probability of the GP-induced reaction is higher and the threshold energy is
lower. These suggest that GP enhances the bond dissociation or makes a novel reaction pathway.
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