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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 investigated local electronic structures of
carbon nanotubes and nano graphenes on metal electrode surfaces and tuning their electronic
properties by chemical modification. Recently, we have also started working on photon detection from a
single molecule and on atomic scale investigation of energy conversion between electrons and photons
of nanometer scale materials.

1. Single molecule chemistry at the solid surfaces
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O STM study of isomerization mechanism for a single azobenzene derivative (Emiko Kazuma,
Junepyo Oh, Yousoo Kim)

The cis-trans isomerization mechanism of azobenzene has still been a controversial issue. The
proposed reaction pathways are (1) the CNN bending (inversion) and (2) the CNNC torsion (rotation).
We visualized the isomerization reaction of a single 4-isopropoxy-3'-methoxyazobenzene (IPO-Az-MeO)
molecule on a Ag(111) surface by scanning tunneling microscopy (STM). The IPO-Az-MeO molecules
deposited on Ag have two stable cis-structures (cis-A, B) and the reversible conformational changes
between cis and trans were achieved by injection of tunneling electrons. We found that the
conformational changes from cis-A were based on the inversion pathway, but on the other hand, the
changes from cis-B were based on the inversion or rotation pathway, which suggests that the
isomerization mechanism is different depending on the initial structure of the molecules.

@ 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.

@ SFG studies of CO on bare and porphyrin covered Cu(110) (Takuma Omiya, Yousoo Kim)
Ultrafast dynamics of CO on bare and porphyrin covered Cu(110) surfaces by means of pump-probe IR-VIS
SFG was studied for the deeper understanding of energy conversion at the interface. Firstly, coverage
dependence hot electron coupling was observed, which is attributed due to the changes in DOS around EF.
Secondly, dynamics of high order vibration was studied by analysing hot band dynamics. This provides
information of anharmonicity, and also the possibility of direct excitation of C-O stretch mode by pump beam.
Thirdly, SFG revealed CO/Porphyrin interacts with pump beam very differently with CO/Cu(110) and indicates
electronic excitation and/or conformation change of porphyrin. Further STM studies are in progress.

@ Interaction between Au(111) and a = -conjugated molecule (Ju-hyung Kim, Jaehoon Jung,

Yousoo Kim)

A detailed study of DBA/Au(111) by combining STM with DFT successfully proved a decisive contribution of
the orbital interaction to weak adsorption of a n-conjugated molecule on the noblest Au surface. When the
molecule comes to the Au(111) surface, local pinning of molecular n-states to Au d states occurs at the initial
adsorption process. The weak orbital interaction being accompanied by the n-state pinning strongly affects not
only the adsorption geometry but also charge transfer at the interface between n-conjugated molecule and the
noblest Au surface. Such orbital interaction promises to play a significant role in the determination of adsorption
geometry, which is effective enough to form highly ordered 2D molecular network combined with lateral
interaction and symmetric stability.

® 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 single metal-free Phthalocyanine (H2Pc) on
NaCl insulating films on Au(111), using scanning tunneling microscopy (STM) and scanning tunneling
spectroscopy (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, but we found the electronic properties of the H2Pc adsorbed on 2 ML and 3 ML-thick NaCl are
indeed different. Isolated H2Pc molecules are adsorbed on both 2 ML and 3 ML thick NaCl islands. Appearances
of H2Pc are similar for both islands, four-lobe or eight-lobe depending on bias voltages. STS spectra acquired at
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the centers of molecules on both islands show one peak in occupied and one in unoccupied states. By visualizing
spatial distribution of density of states at the peak bias, we found that these two peaks corresponded to the
highest occupied molecular orbital (HOMO), and degenerated lowest unoccupied molecular orbitals (LUMO and
LUMO+1). A difference between 2ML and 3 ML is the peak position of degenerated LUMO and LUMO+1
states and thus HOMO-LUMO gap. Our observation 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
@ Imaging of the charge distribution within a single molecule by using sub-nanometer resolution
Kelvin probe force microscopy (Toshu An, Tomoko Shimizu, Hiroshi Imada, Yousoo Kim)
Recently, by using atomically-resolved Kelvin probe force microscopy, detection of not only contact potential
between the tip and the sample but the charge distribution with sub-nanometer resolution has been reported. We have
studied this intramoleculer charge distribution imaging by using a quartz-based non-contact atomic force microscopy
working at low temperature and ultra-high vacuum. First, contact potential on NaCl island formed on Au(111) surface
was successufully mapped in two dimension. And, next, detection of the charge distribution with nanometer scale
resolution has been tried on, CO structures adsorbed on Pt(111) surface, where charge is transferred between on-top
and bridge-site CO molecules, and a phthalocyanine molecule on NaCl island, with nanometer scale resolution.
@ Precise Analysis of Growth Orientation in Epitaxial Graphene on Weakly Interacting Metal
Substrate (Hyunseob Lim, Yousoo Kim)
The understanding growth orientation of epitaxial graphene (EG) synthesized on the metal substrate is
important, since it provides critical information to improve the graphene growth method. We developed
the new method to identify precise atomic orientation of EG on metal substrate by charaterization of
Moiré patterns in EG. The 3D correlation plot made from the relations between lentgh of Moiré unit
vector, Moiré angle and lattice reduction of graphene, rotational angle is used to identify the accurate
atomic orientation of EG on metal substrate. This approach revealed the new informations about the
interaction between graphene and metal substrates.
@ Controlling phase transition of squaric acid monolayers on metal substrate (Kan Ueji, Junepyo
Oh, Yousoo Kim)
Squaric acid molecules (SQA), whose hydrogen bond between molecules is very strong, evaporated to
metal surface and its surface structures were measured using low temperature scanning tunneling
microscope (LT-STM). In Au(111) surface, SQA constructed ribbon structure and its unit cell suggested
weak interaction between substrate and molecules. A ribbon structure was considered to result from
linear structure of molecular dimers by hydrogen bond, distinct from 2D sheet of single crystal. In
Ag(110) surface, SQA constructed dimers or tetramers along [1710] direction, were attributed to fcc(110)
lattice. Further, bias dependence was observed at silver surface unlike gold.

3. Study of energy transport and conversion at the nano-scale surfaces and interfaces
D Scanning tunneling luminescence of a single H2Pc (Hiroshi Imada, Miyabi Imai, Tomoko
Shimizu, Yousoo Kim)

From a well-known free-base phthalocyanine molecule H2Pc, a new phthalocyanine HOPc is produced by means of
single molecule chemical reaction using an STM tip. Optical properties of these two phthalocyanine molecules
adsorbed on an ultrathin NaCl layer are investigated using a low-temperature scanning tunneling microscope (STM)
which is combined with an optical measurement system. Scanning tunneling luminescence (STL) spectra of H2Pc
exhibit intrinsic fluorescence which perfectly matches with previously reported data. The emission peaks are
attributed to electronic transition from the vibrationally ground state of LUMO to vibrationally ground and excited
states of HOMO. STL spectra of HOPc show a new phosphorescence peak at 1.3 eV and different
molecular-vibration-related fluorescence peaks, indicating that HOPc has much different optical and electronic
properties from H2Pc.
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