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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
photons of nanometer scale materials.

1. Single molecule chemistry at the solid surfaces

(D Adsorption structures of dinitrobenzoic acid on the Ag(111) surface (Emiko Kazuma, Yousoo

Kim)

The formation of a molecular film on a metal surface is strongly influenced by intermolecular
interactions and the interaction between the adsorbed molecules and the metal substrate. Especially,
a hydrogen bond is useful to form the molecular assembly. We found that the monomolecular film of
3,5-dinitrobenzoic acid was uniformly formed on the Ag(111) surface by vapor deposition under the
room temperature from the observation by a low temperature scanning tunneling microscope. Under
the low deposition density, the monomers of DNBA and the non-uniform aggregates were observed. In
contrast, under the higher density, the isolated trimers were formed based on the hydrogen bonds
between the carboxyl groups of DNBAs and, in addition, the uniform molecular film consisting of the
trimers was formed based on van der waals interactions. We found the differences in electronic
structures of each molecular assembly on the basis of scanning tunneling spectroscopy.

@ Surface supermolecular structure and electronic structure of porphyrin and CO-porphyrin on a
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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 m-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

O Emergence of novel diastereomerism in chiral molecular assembly on metal surface (Jaehoon

Jung, Ju-Hyung Kim, Yousoo Kim)

Chirality at surface is one of the central and ubiquitous concepts not only in fundamental research fields but also in
the wide range of applications, such as heterogeneous catalysts and bio-interfacial materials. We performed a
hierarchical study on coverage-dependent phase transition of supramolecular network composed of DBA
(dehydrobenzo[12]annulene) molecules on Ag(111) surface. Novel lemniscate, i.e., infinity symbol, type of
diastercomerism was found at the surface coverage of 1 ML, due to (1) substrate-molecule interaction and (2)
symmetry breaking to achieve molecular arrangement with efficient intermolecular van der Waals interaction. Our
results provide a novel insight into the formation of 2-dimensional organization chirality of supramolecular network
form on solid surface.

@ 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

@ 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 HzPc, a new phthalocyanine [HoPc]? was produced by
means of single molecule chemical reaction using scanning tunneling microscopy (STM). Scanning
tunneling luminescence (STL) spectra of HaPc exhibit intrinsic fluorescence around 1.5-1.8 eV which
agrees well with a previously reported fluorescence spectrum. STL spectra of [HoPc]2 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
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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
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.

@ Development of a Nanoscale Scanning Magnetic Field Sensor by Using Nitrogen-Vacancy

Center in Diamond (Toshu An, Yousoo Kim)
Single spin state existing in a combination of a carbon defect and nitrogen in diamond called as
nitrogen-vacancy center (NV center) has been demonstrated as optically detectable. Since then,
utilizing NV center as a magnetometer to sense and image the dynamics of spin system around the NV
center, is attracting much attention. We developed a scanning NV center probe for nanoscale magnetic
field sensing. Optical confocal microscopy and atomic force microscopy (AFM) based on quartz force
sensor has been combined. A diamond probe, fabricated from the bulk diamond by using laser cutting
method in a rod shape with a few hundred micrometer size, attached at the end of the tuning fork type
of quartz AFM. Spin in the NV center is controlled at the tip apex by focused ion beam milling.
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