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Fundamental Principles Underlying the Hierarchy of Matter: 
A Comprehensive Experimental Study 

 
• Organization 

This project is being carried out as a collaboration involving eight participating laboratories, in which we 

treat the hierarchy of matter from hadrons to biomolecules with three underlying and interconnected key 

concepts: interaction, excitation, and heterogeneity. The project consists of experimental research conducted 

using cutting-edge technologies, including lasers, signal processing and data acquisition, and particle beams 

at RIKEN RI Beam Factory (RIBF) and RIKEN Rutherford Appleton Laboratory (RAL). 

• Physical and chemical views of matter lead to major discoveries 

Although this project is based on the physics and chemistry of non-living systems, we constantly keep all 

types of matter, including living matter, in our mind. The importance of analyzing matter from physical and 

chemical points of view was demonstrated in the case of DNA. The Watson-Crick model of DNA was 

developed based on the X-ray diffraction, which is a physical measurement. The key feature of this model is 

the hydrogen bonding that occurs between DNA base pairs. Watson and Crick learned about hydrogen 

bonding in the renowned book “The Nature of the Chemical Bond,” written by their competitor, L. Pauling, 

who was a leading authority on chemical bonding. This important lesson in history teaches us that viewing 

matter from physical and chemical perspectives can lead to dramatic advances in science. 
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• Hierarchy of Matter: Universality vs. Diversity 

We believe that the behavior of matter, including biological systems, can be understood through physical 

laws. P. Dirac, a great physicist, stated this universality as follows: “once we know the underlying physical 

laws, the rest is chemistry.” On the other hand, P. W. Anderson, another great physicist, claimed that the 

interactions among multiple components in complex systems create entirely new properties in each layer of 

the hierarchy, with his famous phrase “More is different”. This means that the science governing each layer 

is different, and it is not until we understand this diversity that we understand the universal principles 

completely. Therefore, we have selected “interaction” as the first key concept of this project. In addition, we 

selected “excitation” and “heterogeneity” as the other important key concepts to understand diversity in the 

hierarchy.  

• Three Key Concepts: Interaction, Excitation, and Heterogeneity 

The importance of these three key concepts is well illustrated by the photochemical reaction system, 

involved in photosynthesis. First, the photosynthesis proceeds in the thylakoid membrane, which has a 

heterogeneous structure. This heterogeneity is essential for the emergence of the functionality of the 

membrane. Excitation by light is the most important step in photosynthesis. Finally, important processes, 

including electron transport and ATP synthesis, are controlled by various interactions.  
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• Three Key Concepts and Sub-projects 

The three key concepts are associated with three sub-projects: “Interaction in matter” lead by Dr. Ueno, 

“Excitation in matter” lead by Dr. Azuma, and “Heterogeneity in matter” lead by Dr. Kim. As mentioned, 

the “Interaction” sub-project is the core of this project. To comprehensively understand the nature of 

interactions that take place in each layer, it is essential to collaborate with theory groups. The knowledge 

obtained by the “Interaction” sub-group will be applied toward the basic science of excitation. The 

“Interaction” sub-project investigates the ground state of systems, and the “Excitation” sub-project focuses 

on the excited states of systems. The results obtained by these two sub-projects will be expanded towards the 

development of functional materials by the “Heterogeneity” sub-group. A unique point of this project is that 

almost all members participate in more than two sub-projects, which enhances comprehensive understanding 

of these concepts. 

 

• Interaction in Matter 

The “Interaction” sub-group investigates the diversity of phenomena caused by interactions that occur in 

each level in the hierarchy of matter. The strong interaction and the electromagnetic interaction give rise to a 

variety of phenomena depending on many-body effects, geometry, dimensionality, external conditions and so 

on. The interactions studied by each team range from the strong interaction between quarks to the van der 

Waals interaction between single-stranded DNA molecules, with a focus on how interactions in systems with 

multiple degrees of freedom lead to a diversity of phenomena. This means that many-body effects and 

multiple degrees of freedom are key issues in every layer of the hierarchy.  

 

• Excitation in Matter 

Excitation is a key step for the emergence of functionality, but knowledge on this topic is surprisingly 

limited. Thus, in this sub-group, we carry out three types of research on excitation, “Exploration of 

undetected excited states” in deformed nuclei, “Verification of fundamental principles through excited 

states” in kaonic nuclei, and “Observation of excited state dynamics” in excited molecules in liquids, on 

surfaces, and in vacuum. We study excitation over a wide range of energies, sizes, and time scales. At the 

same time, we study universality as indicated by the large-scale deformations observed in both excited-state 
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nuclei and proteins. 

 

• Heterogeneity in Matter 

Heterogeneity is an important spatial property for the emergence of functionality as well as a challenging 

research target that drives the development of cutting-edge measurement technologies. This sub-group will 

apply the results of the “Interaction” and “Excitation” sub-groups toward the development of functional 

materials. In this sense, the “Heterogeneity” sub-group is closely tied to practical applications. The main 

topics investigated are superconducting doped diamond (as “Heterogeneity by Atomic Scale Doping”), 

electrical double layers in the field effect transistors (as “Heterogeneity at Molecular Interfaces”), and lipid 

membranes in solution (as “Heterogeneity in Biological Systems”), which are tackled through a wide range 

of collaborations.  

 

• Goal of the Project 

The most important goal of the project is the construction of a new cross-disciplinary research network 

based on the bottom-up style research activities at RIKEN, which will drive a dramatic evolution of science 

and lead to unpredictable by-products. This network includes ExpRes Dojo where we share, learn, and report 

information on cutting-edge experimental technologies, primarily laser and signal processing and data 

acquisition technologies. This consists of school-type meetings and workshops. An important output of the 

ExpRes Dojo is the application of new technologies developed thorough the physics and chemistry research 

to biological systems. At the same time, we nurture young researchers with wider and deeper views of matter. 

We believe that the scientific community is one where innovative discoveries are frequently achieved by 

newcomers in different research fields. The present project will maintain the diversity of science at RIKEN 

and ensure an environment in which young researchers with high ambitions can easily cross over the 

boundaries between disciplines. 

 

 

Lead researcher 

Dr. Reizo Kato 
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Heterogeneity at Materials Interfaces 

 

 

Goal of the project 

 

This project aims at understanding and controlling structures and functions originated in heterogeneity at a 

variety of interfaces that encompass (A) interaction of a single dopant with surroundings in solid and liquid 

materials, (B) structures, functions and reactions of molecular interfaces and (C) development of new 

functional devices by controlling interface charge carries.  

 

Organization 

 

  The corresponding three sub-projects, such as (A) Atomic-scale interfaces, (B) Molecular interfaces 

and (C) Device interfaces, make it realized by entanglement of research concepts and research resources 

among world-leading laboratories in RIKEN Cluster for Pioneering Research (CPR) and top-level research 

infrastructures in RIKEN Nishina Center (RNC).  
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Heterogeneity at the interfaces 

 

Heterogeneity at the interface between two different materials plays pivotal roles in transport of charge, 

matter, and energy across the interfaces, chemical reactions and interactions, functions of materials and 

devices, and biological activities in living systems. The heterogeneity is frequently associated with functions 

of the materials systems. For example, the doping that effectively modulates electrical properties of various 

solids (semiconductor, metal, and superconductor) induces heterogeneous distribution of atoms/molecules. 

The heterogeneity is also a key concept in the evolution of matter from non-living matter to life. Field effect 

transistor and biological membrane are artificial and natural examples of functional heterogeneous systems, 

respectively. The heterogeneity, where the periodicity is missing to reveal gradients, is a challenging 

research target of the cutting-edge measurement technology, mainly due to its structural and phenomenal 

complexity. Especially, we focus on the heterogeneity at interfaces in various kinds of materials systems, 

regarding how it affects the functions accompanying with the peculiar chemical/physical properties.  

 

 

 

 

Lead researcher 

Dr. Yousoo Kim 
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1. Superconducting Gap Symmetry in Organic Superconductor λ-(BETS)2GaCl4 studied by μSR and DFT  
Dita Puspitasari   
2018 7 27  

 
RNC  

1. Si/CdTe MeV   
      

2018 9 27  
2.  

       
2019 1 24  
 

 
1. Test of Quantum Electrodynamics and Fundamental Physics with Stored Highly Charged Ions  

Prof. Paul Indelicato Director of  Research CNRS, Laboratoire Kastler Brossel  
2018 5 14  

2. Chemical Dynamics Studies by State-Resolved Particle Imaging: Photochemistry of Transition-Metal 
Complexes and Amines  

 
2018 11 16  

 
 

1. Injecting electrons into dendritic networks of acceptors: Fast vs slow and hot vs cold  
Piotr Piotrowiak (Professor, Rutgers Univ., Newark, U.S.A) 
2018 5 15  

2. Ultrafast electrons and molecular dynamics induced by short wavelength novel free-electron laser  
 (JSPS Special Postdoctoral Fellow, RIKEN, Japan) 

2018 6 22  
3. Large Spontaneous Emission Enhancement by a Plasmonic Nanocone Antenna  

 (Special Postdoctoral Researcher, RIKEN, Japan) 
2018 7 2  

4. Amyloid oligomers: membrane interactions and its dependence on membrane properties  
Mr. Ankur Gupta (Tata Institute of Fundamental Research, Mumbai, India) 
2018 9 4  

5. Application of Raman Spectroscopy from Condense Matter to Biology  
Chandrabhas Narayana  (Professor, Jawaharlal Nehru Centre for Advanced Scientific Research, 
India) 
2018 9 14  

6. Jones-Ray effect can be explained by charged impurities  
 (JSPS Research Fellow, Kyushu Univ., Japan) 

2018 9 26  
7. Trajectory based on-the-fly nonadiabatic ab initio molecular dynamics with Zhu-Nakamura surface 

hopping algorithms  
Le YU  (JSPS Foreign postdoctoral fellow, Tohoku Univ., Japan) 
2018 10 3  

8. Finding an intrinsic reaction coordinate in excited state by nuclear wave packet spectroscopy and 
molecular dynamics simulation  
Wooseok Heo (Postdoctoral fellow, Postech, Korea) 
2018 10 4  

9. Water mediated ion pairing at aqueous surfaces  
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Heather Allen (Professor The Ohio State University, USA) 
2018 10 25  

10. Life, decoded a few photons at a time  
Steve Press (Associate Professor, Arizona State University, USA) 
2018 11 2  
 
Kim  

1. Multilayered Opportunities in Defective Nanocarbons  
 Prof. Byeong-Su Kim Department of Chemistry, Ulsan National Institute of Science and Technology 

(UNIST), Korea  
 2018 6 18  
2. Visualization of Acoustic Vibration of Plasmonic Single Nanorods in Real Space and Time  
 Prof. Oh-Hoon Kwon (Department of Chemistry, Ulsan National Institute of Science and Technology 

(UNIST), Korea) 
 2018 6 18  
3. Scanning Tunneling Microscopy as a Magnetic Probe  
 Dr. Soo-hyon Phark (Center for Quantum Nanoscience (QNS), Institute for Basic Science (IBS), Korea) 
 2018 10 26   
4. Ab initio approach based on the Mulitpole Hamitonian toward optical responses beyond the dipole 

approximation  
 Prof. Takeshi Iwasa (Department of Chemistry, Faculty of Science, Hokkaido University, Japan) 
 2018 12 18  
5. Nanoscale Surface Chemistry Studied by SPM – Single-Molecule Tautomerization and Near-Field 

Chemistry/Physics  
 Dr. Takashi Kumagai (Department of Physical Chemistry, Fritz-Haber Institute, Germany) 
 2018 12 21 . 
6. Introduction of pulsed laser deposition system and its applications  
 Dr. Seungran Lee (Max Planck POSTECH/Korea Research Initiative, Korea) 
 2019 1 28  
7. Quantum simulation of semiconductor-based materials for THz and power device applications  
 Prof. Mary Clare Escaño (Research Center for Development of Far-Infrared Region, University of Fukui, 

Japan) 
 2019 2 22  
 

 
1. The Quest for Molecular Spin-Ladders  

R. A. L. Silva Postdoctoral Researcher, Universidade de Lisboa, Portugal  
2018 5 22  

2. Kitaev Honeycomb Model and New Quantum Liquid Material H3LiIr2O6 as a Candidate  
  

2018 6 5  
3. NH···S [Pd(dmit)2]2  

  
2018 6 15  

4. Signatures of Quantum Dipole Liquid in an Organic Mott Insulator  
Natalia Drichko Associate Research Professor, Department of Physics and Astronomy, Johns 
Hopkins University, USA  
2018 12 11  

5. Exciton Condensation: History and Recent Progress  
  

2019 2 12  
6. Counterion Polarity-Induced Novel Electronic States in Organic Conductors  
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2019 2 19  
  

 

 
 II  

1.  
I  

2018 6 18  
2. Thermophilic cytochrome c oxidases ba3 and caa3  

Dr. Tewfik Soulimane (Professor, Univ. Limerick, Ireland) 
2018 9 10  

 
 

1.    
2018 11 7  

•  
 

• h-BN  
 

• h-BN  
 

•  
 

•  
  

•  
 

2. Sub-wavelength modifications in silicon-on-insulator microring resonators for enhanced sensing  
Armandas Balcytis (Ph.D. Student, Center for Micro-Photonics, Swinburne University of Technology  
2018 11 14  

3. Determination of the position of a single nuclear spin from free nuclear precessions detected by a 
solid-state quantum sensor  

 
2019 1 29  

4.  
  

2019 1 31  
5. Q  

 
2019 2 19  

6. IgAs/GaAs  
 

2019 2 19  
 

 
1. Chiral Molecules and the Electron's Spin- From Spintronics to Enantio-Separation  

Ron Naaman 2018 8 3  
2. Organic Magnonics Based Upon Thin Films of the Room Temperature V(TCNE)x Organic-based 

Magnet  
Joel S. Miller  
2018 8 8  

3. Chiral molecular materials with conducting and optical properties  
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Narcis Avarvari  
2018 10 29  

 
 

1. Multi-Model Molecular Modeling Methods  
Dr. Jer-Lai Kuo (Institute of Atomic and Molecular Science, Academia Sinica, Taiwan) 
2018 8 7  

2. Geometric and Electronic Structure of Flavin  
Prof. Otto Dopfer (TU Berlin, Germany) 
2018 9 25  

3. Chirality studies at the molecular level  
Prof. Anne Zehnacker-Rentien (U. Paris-Sud, France) 
2019 1 15  

4. Spectroscopy of aromatic ions and their solvated clusters: Recent results on hydration, protonation, and 
charge resonance  
Prof. Otto Dopfer (TU Berlin, Germany) 
2019 3 1  

5. Frequency and time-domain study on the structure and dynamics of supersonically cooled molecules and 
complexes  
Prof. Takayuki Ebata (Hiroshima University, Japan) 
2019 3 1  

 
J-PARC  

1. Secrets of PRL  
Prof. Robert Garisto (American Physical Society) 
2018 9 19  
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[1]: S. Kanda et al., “Development of an intense mid-infrared coherent light source for muonic hydrogen 
spectroscopy”, RIKEN Accelerator Progress Report 51 214 (2018). 
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S. Wada, M. Yumoto, Y. Oishi, M. Sato, S. Aikawa, K.S. Tanaka and Y. Matsuda, "Measurement of the 
proton Zemach radius from the hyperfine splitting in muonic hydrogen atom", J. Phys.: Conf. Ser. 1138, 
012009 (2018).
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Interaction: Merged-beam experiments of ions and neutrals at RICE 
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The low energy (less than eV) collisions of charge ions with neutral atoms play an important role in the 

chemical evolution of matters in space. This type of collisions is also very interesting from the view point of 

dynamical behavior and resonance processes in fundamental quantum physics. Nevertheless, related experimental 
studies have been long unfeasible because of technical difficulties in the low energy collisions at cryogenic 

temperatures. Recently this situation has been overcome by the emergence of cryogenic ion traps and ion storage 

rings. The RIKEN Cryogenic Electrostatic Ion Storage ring (RICE) operating at cryogenic temperatures down to 

4.2 K is an ideal tool for this purpose, and a program of the ion-neutral merging experiments are currently running 

at RICE. A critical part of this experiment is development of the neutral beam sources with the sufficient intensity 

and of a good quality. Neutral beams will be introduced to RICE to be merged with the stored ion beam at the 
straight section of RICE. The neutral beamline was constructed and off-line tests with negative ion sources and a 

photo-detachment laser were performed at Rikkyo University. 

 

1. Negative ion sources 

The neutral beams are to be generated by a laser-induced electron detachment of negative ion beams. The 

beamline was constructed with duoplasmatron and Cs sputter ion sources for the off-line testing. The cesium 
sputter ion sources (SNICS II, National Electronics Corp.) was prepared for solid targets, such as carbon, silicon, 

and sulfur, and tested with 12C at different extraction energies from 5 to 20 kV. Figure 1 shows the beam line 

constructed for testing the neutralization of negative carbon (C-) beam extracted from the Cs sputter source. The 

beam is mass-analyzed by a dipole magnet and transported to the photo-detachment chamber through the XY slit, 

steerer, and quadrupole triplet lenses. The horizontal (X) and vertical (Y) profiles of the beam are shown in Figure 

1. By increasing the Cs sputtering energy to 8 keV, the maximum C- beam current was obtained to be 2.0 μA at 
the Faraday cup installed at the end of the beamline. The initial test of photodetachment was successfully 

performed by a single-pass configuration of the laser described below. At the maximum laser power of 3 kW in 

 

 Figure 1 A schematic view of the neutral beamline with the Cs sputter ion source. The graphs show horizontal (X) and 
vertical (Y) profile of the 10 keV C- beam measured using the beam profile monitor. 
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the test, we achieved the neutralization efficiency of 3.7x10-4, which is in a good agreement with an estimated 

value of 4.1x10-4. The rate neutralization by collisions with residual gas was measured at different pressures of the 

beam line. The neutralization cross section determined by this pressure dependence reasonably agreed with the 

charge-transfer cross sections from literatures.  

The duoplasmatron ion 
source (High Voltage 

Engineering Model 358) was 

also set up as an injector for 

gaseous targets like hydrogen, 

deuterium, and oxygen. The 

source was mounted on a 
high voltage platform with 

driving power supplies 

controllable via a wireless network, and connected to a 100-mT dipole magnet followed by an XY slit and a 

Faraday cup for mass analysis. The filament for the arc discharge was made with a Pt mesh coated by Br, Sr, and 

Ca carbonates (Fig. 2 left). The source operation was tested with He, Ne, Ar and their mixtures as source gas at 

different discharge voltages. Figure 2 (right) shows a typical example of mass spectrum obtained from the 
duoplasmatron source with Ar gas.  

 

2. Photo-detachment laser 

An 808 nm high-power diode laser array was utilized to neutralize the negative ion beam by photo-detachment. 

The laser head is a stack of 60 diode bars with a 

continuous output power of 5 kW in total. A 15 
kW DC power supply and deionized water 

circulating system with a cooling power of 7 kW 

were installed to drive the laser. The power supply 

is securely interlocked by water flow and 

temperature monitors. The output power of the 

laser was calibrated with respect to the electric 
current to the diode bar using a plano-convex lens 

and high-power laser power meter.  Although the 

diode array has a large emission area of 100 mm2 mm and a large angular divergence of 40 and 5 degrees in the 

fast and slow axes, use of a micro lens array and additional convex cylindrical lenses allows to collimate the laser 

beam to around 1 mm x 10 mm. The neutralization of the 10 keV C- beam by a single-path laser irradiation was 

tested at different laser powers, and the neutralization efficiency of 3.7x10-4 at the laser power of 3 kW was 
attained, as already described above. In order to increase the neutralization efficiency, we designed a new optical 

cavity system. Figure 3 (left) shows a sketch of laser cavity (multi-pass system) consisting of three rectangular 

mirrors in a triangle configuration. The negative ion beam passes through the cavity along the center axis. A 

ray-tracing simulation using a Zemax Optic Studio (Zemax, LLC) showed that an amplification factor of ~ 8 

would be realized using a triple lens system to focus the laser beam into the input slit. A special care to avoid 

heating of the mirrors were taken. We designed a water-cooled mirror mount system for the cavity. The whole 
setup was installed in the detachment chamber, and the alignment of the cavity is underway and the measurement 

of the thermal response of the cavity with the laser is scheduled.  

Figure 2 (Left) A photograph of the Pt mesh filament made for the duoplasmatron 
source. (Right) Mass spectrum from the duoplasmatron source operated with Ar gas. 

Multi-path amplification factor ~ 8.0  
Figure 3 A prototype laser cavity (left) and the result of the 
ray-tracing simulation (right). 

－43－

57



[Category 1,4] 

Self-Assembly of Triptycene-Based Tripod Molecules on Ag(111) 
Songpol Chaunchaiyakul1, Hiroshi Imada1, Emiko Kazuma1, Fumitaka Ishiwari2, Yoshiaki 

Shoji2, Takanori Fukushima2, Yousoo Kim1 
1Surface and Interface Science Laboratory, RIKEN, Saitama, Japan 

2Laboratory for Chemistry and Life Science, Tokyo Institute of Technology, Tokyo, Japan 
 

              The self-assembly of thiol molecules has been widely researched for its potential applicability to 
molecular electronics and interfacial functionalities, but suffers from lack of control over adsorption 
orientation. A trithiol approach, which chemisorbs to surfaces via three contact points, is a reliable way to 
achieve upright orientation [1]. Utilizing the trithiol ‘tripod’ approach along with a well-defined intermolecular 
interaction, we demonstrate a long-range self-assembly comprising purely of upright oriented molecules. In 
this work, trimethylthiol-triptycene (Trp-(CH2SH)3) adsorbed on Ag(111) was investigated by using a scanning 
tunneling microscope (STM) under ultrahigh vacuum conditions at 4.8 K. The chirality of Trp-(CH2SH)3 
molecules adsorbed on the silver surface leads to the formation highly-ordered two dimensional self-
assemblies consisting of chiral and racemic domains. By analyzing the STM images an adsorption model is 
postulated revealing the self-assembly to be stabilized by the balance between S-S and π-π interactions 
between neighboring molecules. 

Figure 1(a) shows the chemical structure of a 
trimethylthiol-triptycene (Trp-(CH2SH)3) molecule. The 
three thiol anchors were added to three equivalent positions 
to enable uniform adsorption of the molecule. The methyl 
groups were added to account for lattice mismatches with 
the substrate. Triptycenes are highly stable three 
dimensional π-electron systems which facilitates uniform 
tight packing via π-π interactions [2, 3]. Figure 1(b) shows 
an STM image of the self-assembled Trp-(CH2SH)3 

molecules at a monatomic step edge of Ag(111). For all observations, freestanding islands or isolated 
molecules were not observed. From Figure 1(b) it can be seen that there are two distinguishable domains, both 
of which are commensurate with the underlying Ag(111) lattice. Figure 1(c) shows an enlarged STM image of 
the area encircled in Figure 1(b), showing high resolution within the molecular islands. By analyzing the 
observed periodic patterns and taking into account the shape and size of the Trp-(CH2SH)3 molecule, we find 
that the smallest repeating unit is of a trigonal shape, which can be ascribed to the upright molecule owing to 
its three-fold symmetry. The assignment of molecules and the two different types of domains are indicated in 

Figure 1(c). The rectangular domain, indicated by dotted 
lines, consists of alternating rows of molecules with opposite 

orientations, and has a unit cell of . In contrary, the 

hexagonal domain, indicated by dashed lines, consists of 
molecules with similar orientation, and exhibits a unit cell of 

. Upon closer inspection, it is found that the 

appearance of the individual units of adjacent rows in the 
rectangular domain are mirror images of one another (Figure 2(a)). Also, a chiral triboomerang shape is 
observed in the hexagonal domains (Figure 2(b)). These observations clearly indicate the existence of 
chiralityin the self-assembled structure despite the molecule itself being achiral.  

Figure. 1 (a) Chemical structure of trimethylthiol-triptycene (Trp-
(CH2SH)3). (b) STM image of Trp-(CH2SH)3 on Ag(111) (0.1 V, 100 
pA) and (c) area in dashed lines with assignment of trigonal units 
and unit cells of hexagonal and rectangular domains (10 mV, 100 

Figure. 2 (a) Asymmetry within rectangular domain. (b) Chiral 
patterns formed by hexagonal domain. 
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Figure 3(a) shows an atomically 
resolved STM image of Ag(111) with the 
Trp-(CH2SH)3 island acquired by changing the 
tunneling conditions while scanning. Trigonal 
shapes were assigned in a similar way with 
Figure 1(c). By overlaying the Ag lattice onto 
the whole STM image, the center of the 
trigonal shapes is revealed to be located at the 
top sites. By superimposing the Trp-(CH2SH)3 

model onto the Ag lattice with the triptycene centered on top of the surface atom, the simplest adsorption model 
would bring the S atoms to be located at bridge sites. However, although this adsorption model explains the 
existence of hexagonal and rectangular domains, it does not explain the observed chirality, since the isolated 
Trp-(CH2SH)3 molecule is achiral, and there is no chiral organization of the self-assembly [1]. Thus, given that the 
triptycene structure is not distorted upon adsorption, we can infer that the molecule is slightly rotated from the 

 direction, which would result in the emergence of chirality. This brings the S atoms to be located between 
the hollow and bridge sites. However, taking into account the steric hindrance between the aromatic ring and the 
methylthiol group, it is more likely that the latter is slightly rotated. This brings the S atoms to be bonded to 
bridge sites, while the triptycene unit is slightly tilted from the  direction. The adsorption models of the two 
enantiomers are shown in Figure 3(b), referred to as A and A’. From its homogeneous appearance, it can be 
inferred that the hexagonal domain is enantiopure, consisting entirely of either A or A’ enantiomers. The 
rectangular domain, in contrary, consists of alternating enantiopure rows, as evident from The mirror-image 
appearance of neighbouring rows in Figure 2(a). 
 Adsorption models of the (A)-hexagonal and rectangular domains are shown in Figure 3(c) and (d) 
respectively. In both cases this brings the S atoms or neighbouring molecules to within one lattice constant (2.89 
Å of each other. This results in a strong interaction between S atoms, which has been shown to be attractive, [1, 4] 
and is evident by STM imaging as elongation of the molecule along the S-S interaction direction. As highlighted 
in Figure 3(c), the slight rotation of each molecule brings three S atoms closer at every alternating triple point. 
The three-way S-S interaction thus results in the chiral triboomerang shape observed in the STM image (Figure 
2(b)). Similarly, in the rectangular domain, there is S-S interaction between molecules in neighbouring rows, as 
highlighted in Figure 3(d). Due to their slight rotation, there is also S-S interaction between molecules in the same 
enantiopure row, as evident from the asymmetric appearance observed in STM (Figure 2(a)). Due to close 
proximity between the aromatic groups, substantial π-π interaction can be expected. In fact, a threefold aromatic 
molecule without chemical binding groups has been shown to exhibit a tight-packing configuration similar to the 
rectangular domain [3]. In this study, the balance between S-S and π-π interactions are thus the underlying reasons 
stabilizing the molecular assembly. A side view of the adsorption model, highlighting the intermolecular 
interaction forces is shown in Figure 3(e). 
 To summarize, by STM imaging, we can conclude that the Trp-(CH2SH)3 molecules are chemisorbed 
upright onto Ag(111). The absence of isolated islands or individual molecules indicates that upon adsorption the 
molecules have sufficient mobility to diffuse along the surface, which is highly plausible since the substrate was 
maintained at room temperature during molecule evaporation. As the diffusing molecules reach an existing island, 
they are stabilized by S-S and π-π interactions. These results show that by designing the molecule to have three 
equivalent anchor points attached to a strong rigid body, we can create highly uniform self-assembled monolayers 
with high controllability over the adsorption orientation and lateral intermolecular interaction. 
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[3] S. Kawai, et al., Sci. Adv. 3, e1603258 (2017). [4] M. Ohara, et al., Chem. Phys. Lett. 426, 357 (2006). 

Figure. 3 (a). Trp-(CH2SH)3 island overlaid with trigonal shapes and Ag lattice (10 mV, 1 
nA), (2 mV, 100 nA for Ag lattice). Adsorption models for (b) enantiomers A and A’ (c) 
(A)-hexagonal and (d) rectangular domain. Dotted lines indicate S-S interactions. (e) 
Side-view of area in dashed square in (d) denoting S-S and π-π interactions. 
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J = 200 - 300 K -1/2 (QSL)

[1-4]

tS tB tr (tS ~ tB = t tr = t': 2) [1]

t'/t (AFLO) QSL

(CO) (t'/t)

QSL EtMe3Sb

(t'/t = 0.91 )

QSL EtMe3Sb

[5-6] QSL

QSL

tS tB tr QSL

QSL EtMe3Sb AFLO

Me4Sb , Et2Me2As , Me4As (TN = 12 - 35 K)

X 5 K

[7]  
 

3 EtMe3Sb tS tB tr

tS tB tr

5 K t'/t 15%

QSL

t'/t ( 4) TA 2

W TA/W

TA W 5 K TA 5%

W 17% 5 TA/W

10% Pd(dmit)2

S···S S···S

1. Pd(dmit)2  

2.  

－46－

60



 

TA/W

β'-Pd(dmit)2

 

HOMO

5 K HOMO-HOMO

partial DOS (PDOS) S p

EtMe3Sb C 0.015 /eV PDOS

S···HC

Pd(dmit)2

  

 

【参考文献】 

[1] R. Kato, Bull. Chem. Soc. Jpn., 87, 355 (2014). [2] S. Yamashita, T. Yamamoto, Y. Nakazawa, M. Tamura and 

R. Kato, Nature Commun., 2, 275 (2011). [3] M. Yamashita, N. Nakata, Y. Senshu Y, M. Nagata, HM, Yamamoto 

and R. Kato, T. Shibauchi, Y. Matsuda, Science, 328,1246 (2010). [4] T. Itou, A. Oyamada, S. Maegawa and R. 

Kato, Nature Phys., 6, 673 (2010). [5] Y. Shimizu, K. Miyagawa, K. Kanoda, M. Maesato, G. Saito, Phys. Rev. Lett., 

91, 107001 (2003). [6] T. Isono, H. Kamo, A. Ueda, K. Takahashi, M. Kimata, H. Tajima, S. Tsuchiya, T. 

Terashima, S. Uji, H. Mori, Phys. Rev. Lett., 112, 177201 (2014). [7] K. Ueda, T. Tsumuraya and R. Kato, Crystals, 

8, 138 (2018). 

 

 
 

3. EtMe3Sb

 

4. t'/t  5. TA/W  

0 100 200 300
20

25

30

35

40

T / K

t /
 m

eV

tr

ts
tB

0 100 200 300
0.5

0.6

0.7

0.8

0.9

1.0

T / K

t' 
/ t

Me4As

Me4Sb

Et2Me2As
EtMe3Sb

0 100 200 300
1.4

1.6

1.8

2.0

T / K

T A
 / 

W

Me4As

Me4Sb

Et2Me2As

EtMe3Sb

－47－

61



 

 
. [Ni(ddds)2] . 
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[Ni(ddds)2] 

(ddds=5,6-dihydro-1,4-dithiin-2,3-diselenolate )

Yeung Hamish2, Coates Chloe2,

Oxford Univ.2

HOMO LUMO

0.5 eV

[1, 2]

DAC

[Ni(ptdt)2] (ptdt = 

propylenedithiotetrathiafulvalenedithiolate) [3]  [Cu(dmdt)2] (dmdt = dimethyltetrathiafulvalene dithiolate) [4]

19.4 GPa 4.7 GPa [Ni(hfdt)2] (hfdt = 

bis(trifluoromethyl)tetrathiafulvalenedithiolate) 8.1 GPa 5.5 K

[5]

[Au(Me-thiazdt)2] (N- Methyl-1,3-thiazoline-2-thione-4,5-dithiolate) [6]

 [Au(Et-thiazdt)2] [7]

 S  Se  [Au(Et-thiazds)2] [8]

[Ni(dmit)2] (dmit = 1,3-dithiole-2-thione- 

4,5-dithiolate) [9] 1.3 GPa 0.6 GPa 15.9 

GPa [Pd(dddt)2] (dddt= 

5,6-dihydro-1,4-dithiin- 2,3-dithiolate)

4.2 GPa

(Ea)

12.6 GPa

 

Ea , 

, 8 GPa

, 

, 
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HOMO LUMO , HOMO-LUMO 

[10] [Pd(dddt)2] dddt Se ddds

 [Ni(ddds)2] DAC X

 
[Ni(ddds)2]  [(n-C4H9)4N][Ni(ddds)2]  (n-C4H9)4N ClO4

 [Ni(ddds)2] Ni-Se 

(2.496Å) a [11] 

1.9 GPa σrt 8 × 10-4 S cm-1 Ea 203 meV

Ea 10.8 GPa σrt 3 S cm-1 Ea 20 meV

σrt Ea 

22.1 GPa σrt Ea 10 S cm-1 19 meV DAC

σrt Ea ~3 GPa Ni-Se Ni-Ni

3  
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DNA G‒C C·C DNA

OT DNA  
 

Carboxylate Latex d = 2 μm 2 Stem-loop

DNA SL-DNA-NH2 Amino linker DNA DNA-MBs

Fig.1 DNA-MBs G‒C C·C

DNA DNA-MBs 5.5 x 106 particles/mL OT

NanoTrackerTM 2, JPK Instruments

2 IR

λ = 1064 nm, DNA-MB

DNA-MB

k Power Spectrum

DNA-MB 100 nm/sec

approach contact

 

Fig.1 Base sequences and preparation procedure of DNA-MBs. 

NH4OH
DMT-MM+

SL-DNA-NH2

Carboxylate 
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DNA-MBs
(SL(GC)-MB, SL(CC)-MB)

MES (pH 7.3)
NaCl

overnight, r.t.

3 h, r.t.

Code Sequence (5’ to 3’)

SL(GC) GAC AGC TGG TTXTT CCA GCT GTC

SL(CC) CAC AGC TGG TTXTT CCA GCT GTC

X =

AminoC6-dT

NH2

C   C

NH2

G   C

T5 loop

9 or 8 bp 
stem 

Amino 
linker
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5 pN retract

x quadrant photodetector 

F = k·x Force-Displacement F-D Displacement contact point 

 
 

 DNA-MBs DNA Cy3 DNA

SL(GC)-MB: 2.2 x 105 strands/particle 57 nm2/strand , SL(CC)-MB: 2.7 x 105 

strands/particle 36 nm2/strand

NaCl 150, 300, 500 mM 0.01 wt% Tween20 Tris-HCl

10 mM, pH 7.4 DNA-MBs IR 1.5 W

k k = 2.0 - 3.0 x 10-4 N/m  

 DNA-MBs F-D 500 mM 

NaCl SL(GC)-MBs Approach F-D Fig.2(a)

NaCl

Fig.2(b) Retract F-D

NaCl SL(CC)-MBs

Approach, Retract NaCl 500 mM

F-D Fig.2(c)

AFM [4] F-D

 [NaCl] = 500 mM DNA-MBs SL(GC)-MB SL(CC)-MBs

 - 35 mV Fig.2(a), (c) F-D

DNA-MBs DNA DNA

Blunt-end stacking  

  
【参考文献】 [1] M. Nakata, G. Zanchetta, B. D. Chapman, C. D. Jones, J. O. Cross, R. Pindak, T. Bellini, N. A. Clark, 
Science 318, 1278 (2007). [2] C. Maffeo, B. Luan, A. Aksimentiev, Nucleic Acids Res., 40, 3812 (2012). [3]  
(a) S. Woo, P. W. K. Rothemund, Nature Chem., 3, 620 (2011). (b) F. Kilchherr, C. Wachauf, B. Pelz, M. Rief, M. 
Zacharias, H. Dietz, Science 235, aaf5508 (2016). [4] N. Kanayama, T. Sekine, K. Ozasa, S. Kishi, T. Nyu, T. Hayashi, 
M. Maeda, Langmuir 32, 13296 (2016). [5] T. Sekine, N. Kanayama, K. Ozasa, T. Nyu, T. Hayashi, M. Maeda, 
Langmuir 34, 15078 (2018). [6] A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, S. Chu, Optics Lett., 11, 288 (1986).  
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Fig.2 (a) Representative F-D curve of SL(GC)-MBs in 10 mM Tris-HCl buffer (pH 7.4) containing 0.01 tw% Tween20 and 
500 mM NaCl on approach process (100 nm/sec). (b) Boxplot of attractive strength observed between SL(GC)-MBs in the 
presence of various concentrations of NaCl on approach process (n = 30). (c) Representative F-D curves of SL(CC)-MBs in 
10 mM Tris-HCl buffer (pH 7.4) containing 0.01 wt % Tween20 and 500 mM NaCl on approach (red) and retract (blue) 
process.  
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PAC cAMP

 

2 LED

cAMP

 

RNA

[5] chloroplast

chloroplast

PAC [2,6]
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1 1 2 3 2 3  
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PefR

MarR DNA

HTH

DNA

DNA wing Arg

DNA

 

 

1. CN-  (A) CO  (B) PefR
His114

(C) CN-

CO
 

 

2. PefR DNA DNA PefR
DNA DNA

DNA
pseudo-palindrom  

－61－

75



 

 

[Category 1] 
  

FixL/FixJ
 

 
1 1 1 1 2 1 

1 2  
 

(TCS)

TCS (sHK) (RR)

Bradyrizhobium 

japonicum FixL/FixJ X NMR

FixL  

 

1. BjFixL X  

B. japonicum FixL sHK

PAS

PASA PASB 1 PASB

PASB X

 

BjFixL PAS-AB

X

FixL 1-275

PAS-AB
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NmqNOR NO  

NmqNOR 
Electron   

Donor 
Activity (s-1) Percentage (%) Km (μM) 

WT 
DTT/UQ1 37 ± 2 100 15 
DTT/MD 45 ± 3 120 7.0 
DTT/PMS 36 ± 2 99 17 

E308A 
DTT/UQ1 3.3 ± 0.4 9.1 40 
DTT/MD 14 ± 1 39 23 
DTT/PMS 31 ± 2 85  

D729A 
DTT/UQ1 0.15 ± 0.02 0.40  
DTT/MD 0.05 ± 0.01 0.14  
DTT/PMS 24 ± 2 66  

H304A 
DTT/UQ1 0.01 ± 0.04 0.27  
DTT/MD 0.5 ± 0.1 1.4  
DTT/PMS 22 ± 1 61  

 
NmqNOR NO  

NmqNOR Donor Inhibitor Type of inhibition Ki (μM) 

WT 
DTT/UQ1 

HQNO Non-competitive  2.2 
BQ Competitive  8.0 

DTT/MD 
HQNO Non-Competitive  2.4 
BQ Competitive  10 

  
E308A 
  

DTT/UQ1 
HQNO Non-Competitive  11 
BQ Non-Competitive  12 

DTT/MD 
HQNO Non-Competitive  24 
BQ Non-Competitive  40 

 
 

 
 

 

CryoEM NmqNOR
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[Category 2] 

 
 52mFe  

1,2, 2, , 1 

1, CNS2 

 RI  ( ) 

Ex = 7 MeV
46 52Fe

(ν1f7/2 ) (π1f7/2)2 Jπ =12+ 

 
RI = Nisomer / (Nisomer + Nground-state) RI

RI  RI
RI

RI
RI  

RI  i) ii) 
iii ) 

58Ni → 52Fe + 2p4n 0 MeV/c
52Fe (12+) 0.3%  [1] 

 
 (HIMAC)

9Be 11−14 mm

Time-of-Flight (ToF)-∆E RI Si

ToF F2−F3
∆E 

Si
F3 Al

γ Ge  RI 
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D1 θ
Δp// Δp

RI  
350A MeV 58Ni 59Co 82Kr 3 58Ni

3 RI 54Co
53Fe RI 52Fe RI 

IR 59Co 58Ni 52Fe RI 
RI 

 
 4 RI 0−1° RI

RI  

RI  

 

[1] K. Minamisono et al., Phys. Rev. Lett.171, 252501(1986). 

2 52Fe(12+)  
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Interplay between nuclear shell evolution and shape deformation 
revealed by magnetic moment of 75Cu† 

 
Y. Ichikawa1, H. Nishibata1,2, Y. Tsunoda3, A. Takamine1, K. Imamura1, 4, T. Fujita1,2, T. Sato1,5,  

S. Momiyama6, Y. Shimizu1, D. S. Ahn1, K. Asahi1, 5, H. Baba1, D. L. Balabanski1,7, F. Boulay1,8,9,  

J. M. Daugas1,8, T. Egami10, N. Fukuda1, C. Funayama5, T. Furukawa11, G. Georgiev12,  

A. Gladkov1,13, N. Inabe1, Y. Ishibashi1,14, T. Kawaguchi10, T. Kawamura2, Y. Kobayashi15,  

S. Kojima5, A. Kusoglu7,12,16, I. Mukul17, M. Niikura6, T. Nishizaka10, A. Odahara2, Y. Ohtomo1,5,  

T. Otsuka1,3,6,18, D. Ralet12, G. S. Simpson19, T. Sumikama1, H. Suzuki1, H. Takeda1, L. C. Tao1,20, Y 

. Togano5, D. Tominaga10, H. Ueno1, H. Yamazaki1 and X. F. Yang18 
1NSL/RIKEN Nishina Center, RIKEN, 2Osaka Univ., 3CNS, 4Meiji Univ., 5Tokyo Tech., 

6Univ. of Tokyo, 7ELI-NP, 8CEA, 9GANIL, 10Hosei Univ., 11Tokyo Metropolitan Univ., 12CSNSM,  
13KNU, 14Univ. of Tsukuba, 15UEC, 16Istanbul Univ., 17Weizmann Institute of Science, 18KU Leuven, 19LPSC, 

20Peking Univ. 
†Condensed from a letter in Nature Physics published online (DOI: 10.1038/s41567-018-0410-7) 

 

Exotic nuclei are characterized by a number of neutrons (or protons) in excess relative to stable nuclei. 
Their shell structure, which represents single-particle motion in a nucleus, may vary due to nuclear force and 
excess neutrons, in a phenomenon called shell evolution. This effect could be counterbalanced by collective 
modes causing deformations of the nuclear surface. We studied the interplay between shell evolution and 
shape deformation by focusing on the magnetic moment of an isomeric state of the neutron-rich nucleus 75Cu 
(75mCu), where low-lying states of the Cu isotopes exhibit an intriguing behavior involving the shell 
evolution. 

The magnetic moment measurement was carried out at RIKEN RIBF. The spin alignment as large as 
30% was achieved in 75mCu by the two-step scheme incorporating an angular-momentum selecting proton 
removal from 76Zn. The magnetic moment was determined with the time-differential perturbed angular 
distribution (TDPAD) method. Owing to the high spin alignment realized with the two-step scheme, the 
oscillation for the 66.2 keV γ rays in the TDPAD spectrum was observed with a significance larger than 5 
sigma, as shown in Fig. 1. The magnetic moment of the 66.2-keV isomer with spin parity 3/2- was 
determined for the first time to be μ=1.40(6)μN. 

The magnetic moment, thus obtained, shows a considerable deviation from the Schmidt value, μ=3.05μN, 
for the p3/2 orbital. Figure 2 shows the systematics of magnetic moments of the 3/2- and 5/2- states, where 
deviation from the Schmidt values appears to be maximal at 75Cu. The analysis of the magnetic moment with 
the help of Monte Carlo shell model (MCSM) calculations reveals that the trend of the deviation corresponds 
to the effect of the core excitation, and the low-lying states in 75Cu are of single-particle nature on top of a 
correlated 74Ni core, elucidating the crucial role of the shell evolution even in the presence of the collective 
mode. 
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Fig. 1. TDPAD spectrum for 66.2-keV γ ray. The solid line represents the oscillation function after fitting 
to the experimental R(t) ratio.  

 

 

Fig. 2. Systematics of the magnetic moments for odd-A Cu isotopes. Filled and open circles represent 
experimental data for the 3/2- states and the 5/2- states, respectively. The filled red circle represents the result 
obtained in this work. The solid green and blue lines represent the MCSM calculations for the 3/2- states and 
the 5/2- states, respectively, with the 20 < (N, Z) < 56 model space. μ(πp3/2) and μ(πf5/2) denote the proton 
Schmidt values for p3/2 and f5/2, respectively. 
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[Category 2] 
Excitation: Laser spectroscopy of isolated molecular ions at RICE 

R. Igosawa1,2, Y. Nakano1,3, M. Lindley1, T. Yamaguchi2, S. Kuma1, and T. Azuma1 
1AMO Physics Laboratory, RIKEN, 2Department of Physics, Saitama University, 

3Department of Physics, Rikkyo University 
 

The RIKEN Cryogenic Electrostatic Ion Storage ring (RICE) has been operated at cryogenic temperatures 

down to 4.2 K [1], which enables the storage of the atomic and molecular ions for the long period of the order of 

1000 s or longer. RICE opened a new opportunity to study excitation and de-excitation dynamics of molecular 

ions through observation of the time evolution of the populations at the specific vibrational and rotational levels, 

which is one of the cutting edge topics in the present atomic and molecular physics. Such behaviors of diatomic 

molecular ions of CH+ and OH- have been recently reported at CSR, Heidelberg [2][3] and DESIREE, Stockholm 
[4]. Here we report our first observation of these dynamics of triatomic molecular ions. Our choice is nitrous 

oxide cation (N2O+) as a target ion. N2O+ is an intermediate in the important atmospheric reaction between O+ and 

N2, and it has been extensively studied both experimentally and theoretically over the past decades, leading to 

accumulation of the detailed spectroscopic information. This molecule is known to produce neutral fragments by 

photodissociation via the pre-dissociation process after the bound-bound state transition, and thus, it is ideal for 

action spectroscopy of vibrational and rotational states. The spectral structure of the electronic transition of A2Σ+ - 
X2Π dramatically changes reflecting the populations of the imbedded vibrational and rotational levels, and thus, 

N2O+ is regarded as an excellent thermometer molecule. 

We produced N2O+ ions in an ECR ion source under the low microwave power condition of 5 W. After mass 

selection, we transported and injected the ion beam of about 10 nA to RICE. After the specific period of the ion 

storage, we introduced a visible laser light provided from a narrow-band pulsed (10 Hz or 100 Hz) dye laser 

(Sirah Cobra Stretch) to the straight section of RICE for merging with the stored ion beam.  Laser-induced 

dissociation of molecular ions was identified by detecting the neutral fragments that travel straight to the outside 
of the ring. A dynode surface was prepared to detect them, and a channel electron multiplier (CEM) in front of the 

dynode detects accelerated secondary electrons produced by the energetic neutral fragment bombardment. For 

spectroscopy, we monitored the neutral fragment yields as a function of the laser wavelength, and its storage time 

dependence was measured to study the cooling dynamics. A microchannel plates (MCP) was also used as 

detectors for charged N2O+ particles extracted intentionally from the ring to evaluate the intensities of the stored 

ions. 

 
Figure 1 Schematic view of the experimental setup showing the ion beam trajectory and the laser beam under the merging 
configuration 
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First, we observed the cooling 

process of the vibrational states by 

measuring the transitions of the 
different symmetric stretching modes. 

Figure 2 shows a typical example of the 

vibration spectrum measured at the ion 

storage of 8.5 μs, showing a sequence of 

four Δv = +2 transitions for the 

symmetric stretching vibration of v1. By 
tracing the evolution of the relative 

intensities of these yields, as a function 

of the ion storage time, we succeeded in 

observing the remarkable radiative 

cooling behavior of the isolated molecules in vacuum in the time constant of several seconds. It is noted that such 

time-dependence is not easily accessed by the conventional cooling technique using a supersonic jet. 
Secondly, by extending the ion storage time, we also checked the cooling process of the rotational states. We 

measured the high-resolution spectra showing the detailed rotational level population as shown in Fig.3(b). 

The comparison with our 

simulation shows an excellent 

agreement between experimental 

and theoretical spectrum. It was 
concluded that we established the 

experimental approach to the 

information of the temperature of 

isolated molecules; at the storage of 

9 ms, the rotational temperature of 

N2O+ was evaluated to be about 300 
K. We further measured the 

spectrum up to at the 200 s storage, 

however, significant changes were not revealed. This is indeed consistent to our evolution simulation adopting 

molecular constants of N2O+ including its dipole moment. Namely, it is natural that the rotational cooling rate is 

very slow and the cooling requires much more longer time scale than 1000 s in contrast to the diatomic molecular 

ions with large dipole moments. Our strategy for overcoming this difficulty is preparation of pre-cooled ions by 
cryogenic ion traps before introducing them to RICE as well as active control of the level population by the 

additional laser pumping. 

 

References 
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[2] A. P. O’Connor et al., Phys. Rev. Lett. 116, 113002 (2016). 

[3] C. Meyer et al., Phys. Rev. Lett. 119, 023202 (2017).  

[4] H. T. Schmidt et al., Phys. Rev. Lett. 119, 073001 (2017) , Erratum (2018). 

   
Figure 3 (a) Simulated spectrum using the PGOPHER software at the rotational 
temperature of 300 K (b) measured spectrum at the 9 ms storage 

  
Figure 2 Observed sequence of the Δv = +2 transitions for the symmetric 
stretching vibration of v1 at the 8.5 µs storage 
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3  
 

(I) Au(CN)2
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[Au(CN)2
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1 ~0.1 eV

~1 eV

 [1]

 [2,3] , 

2 3
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Et4NCl

 [4] Et4NCl

 

2a [Au(CN)2
-] 0.3 mol/dm3  Et4NCl 1.0 mol/dm3 327 nm

ps

~600 nm

3 ps
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cm-1 3
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Vibrationally-resolved Raman imaging of a single molecule 
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Raman spectroscopy is a powerful spectroscopic technique capable of 
identifying chemical species in a heterogenous system.  However, Raman 
spectroscopy have low spatial resolution owing to the diffraction limit of light 
which restricts the spatial resolution to half the wavelength (~300 nm) making it 
inappropriate for studying nanoscale materials.  To break this restriction, 
Tip-enhanced Raman spectroscopy (TERS) have been invented which combines 
the chemical sensitivity of Raman spectroscopy and the atomic scale spatial 
resolution of a scanning probe microscope1-3.  It has been predicted that TERS 
can provide vibrationally resolved maps of a single molecule down to 
subnanometer spatial resolution.  Although subnanometer scale TERS maps 
have been experimentally demonstrated previously, the results show identical 
Raman maps regardless of the vibrational modes4.   

In this work, we demonstrate single molecule scanning tunneling microscope 
(STM) based TERS (STM-TERS) mapping of a single molecule with 
unprecedented vibrational sensitivity.  All measurements were performed on an 
ultrahigh vacuum (1 x 10-11 torr), low temperature (< 5 K) STM manufactured 
by Scienta Omicron GmbH.  We investigate an isolated copper 
naphthalocyanine (CuNc) molecule supported on a three monolayer (ML) thick 
NaCl film on Ag(111) substrate (Fig 1a and 1b).  Excitation is provided by a 
tunable Ti:sapphire laser operated in continuous wave mode.  The laser is 
focused by an aspheric lens placed about 1.4 cm from the STM junction and the 
Raman signal is collected by an achromatic lens placed about 1.4 cm on the 
other side of the STM junction.  Figure 1c shows the STM image of CuNc 
molecules adsorbed on Ag(111) and 3 ML thick NaCl.  When the CuNc is on 
the NaCl film, it adsorbs on top of the Cl atom with its molecular axis oriented 
45o with respect to the [010] direction. There are two other adsorption geometry 
observed which were unstable especially under illuminated conditions. Thus, we 
focus on the 45o molecule for this study. 

Figure 1f shows STM-TERS spectra measured with 738 nm (1.68 eV) excitation from individual CuNc 
molecules adsorbed on NaCl and on Ag(111).  This excitation wavelength was chosen as it matches with the 
molecular absorption of the molecule as measured from single molecule absorption.  From the figure, we can see 
that when the tip is in the vicinity of a molecule lobe (about 2 nm from molecule centre), several Raman peaks 
appear. These peaks originate from the CuNc molecule as confirmed both by density functional theory (DFT) 
calculations and micro-Raman measurements of purified CuNc powder measured at room temperature.  
Meanwhile, when the tip is placed about 3.5 nm further away from the molecule, all peaks disappear.  The 
absence of peaks when the tip is away from the molecule shows that the tip is free from contaminations and that 
the spatial resolution is comparable to recently reported STM-TERS measurements.  

Next, we performed Raman imaging of the single CuNc molecule on the NaCl surface.  To do this, we 
obtained the full Raman spectrum while moving the tip around the molecule with 1 Å steps.  Three 
representative spectra are shown in figure 2a, namely when the tip is at the center, lobe and in between lobes of 
the molecule (figure 2b).  From the figure, we can observe distinct differences between the spectra, the most 
striking is the absence of any Raman signals from the center of the molecule.  The absence of the signals can be 
understood with the concept of the plasmon-exciton coupling.  Since our STM-TERS experiments are obtained 
with resonance excitation to the molecular absorption, excitons are formed upon illumination. In order to get 
enhanced Raman signals, these excitons must couple to the plasmonic field generated under the tip apex. 

Fig. 1 (a) Schematic of the experimental 
configuration. (b) Wide area scan of the 
sample showing an individual CuNc 
molecule on 3 ML thick NaCl and on 
Ag(111), (Sample bias voltage Vb = 1 V; 
tunnelling current It = 5 pA). (d) STM 
image of the molecule on Ag (Vb = 1 V, It = 
5 pA) (e) High resolution STM image of the 
molecule on NaCl.  The image was 
scanned with Vb = 50 mV, It = 30 pA at the 
NaCl area and Vb = 1 V, It = 5 pA at the 
CuNc area to investigate the adsorption 
geometry.  (f) STM-TERS data collected 
when the tip is placed near a molecule on 
NaCl (red dot) and a molecule on Ag(111) 
(cyan dot) using identical tip conditions. 
Also included is data collected when the tip 
is more than 3.5 nm further away from the 
molecule on NaCl (green dot). Inset shows 
the tip locations during data collection 
(STM tunnelling conditions: Vb = 1 V, It 
=100 pA: exposure time: 30 s, Excitation: 
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Calculations show that the plasmon-exciton coupling goes to zero at 
the center of a centrosymmetric molecule like CuNc4.  This 
therefore explains the absence of the Raman signals at the center of 
the molecule. Next, comparing the Raman spectrum obtained when 
the tip is at the lobes and between two lobes, first, both spectra show 
strong 680 and 688 cm-1 peaks. Meanwhile, the peaks at 735, 1389 
and 1520 cm-1 are only strong when the tip is placed at the lobes, 
while 1182 cm-1 peak is more pronounced when the tip is between 
lobes. All these observations show the high tip position dependency 
of the vibrational signals even within the molecule itself which was 
not observed before at the single molecule scale. 

 In order to gain more insight with the position dependency, we 
made a 2d plot of the signal intensity of a particular Raman peak 
versus the tip position.  We did this for all Raman peaks with high 
signal to noise ratio and three representative images are shown in 
figures 2c-2e.   Three different patterns of the TERS images were 
observed and we identify them as circle for the 680 cm−1 mode 
(Figure 2c), plus for the 1182 cm−1 mode (Figure 2d), and cross for 
the 1389 cm−1 mode (Figure 2e).  First, we note that all patterns 
have a hole at the center which as discussed previously is a 
consequence of the plasmon-exciton coupling.   All the Raman 
images of the different modes exhibit only these three patterns.  We 
then assigned these vibrational modes based on gas-phase DFT 
calculations and found that patterns correspond to the vibrational 
symmetry of the molecules.  That is, a perfect one-to-one 
correspondence of the mode symmetries to the three patterns were 
found, i.e., circle (A1g), plus (B2g) and cross (B1g), as categorized in 
the observed TERS maps. 

The origin of this one to one correspondence between the Raman 
images and the vibrational symmetries understood in the following 
way.  The scattered radiation is produced by an oscillating dipole with dipole moment vector given by:  pρ(ωL± 
ων) = αρσEσ(ωL).  Where Eσ is the vector representing the plasmonic nanocavity and αρσ are Raman tensors.  

Three different Raman tensors correspond to the three different vibrational symmetries for a molecule with D4h 
symmetry such as CuNc.  The position of the tip with respect to the molecule and αρσ for the different mode 
symmetries govern the direction of the induced dipole, pρ, that generates the Raman signal.  Moreover, for the 
Raman signal to be enhanced, the induced dipole has to couple with the plasmonic nanocavity (i.e. pρ has to be 
parallel to the plasmonic nanocavity).  In figure 3, the vector of the plasmonic nanocavity at three different tip 
positions (red dot) is represented by the gray arrow while the dipole moment vector is represented by green arrows.  
From the figure we can see that for A1g symmetric modes, pρ is always parallel to Eσ hence a circular pattern can 
be expected as observed in the experiments.  For B1g and B2g modes, when the tip is placed over one of the 
molecular lobes (figure 3a, 3c), pρ would be perpendicular (parallel) to Eσ for B2g (B1g) modes leading to 
suppression (enhancement) of the Raman signal for B2g (B1g) modes. And the opposite is to be expected when the 
tip is placed in between two lobes (figure 3b).  This could then produce the Raman images observed in the 
experiment.  We therefore attribute the shapes of these patterns to the vibrational symmetries.   

In summary, our study shows that the single molecule Raman images can be understood by considering the 
symmetry of the molecule and its interaction with the axial and radial component of the plasmonic nanocavity.  
Apart from the technical contribution to nanoscale metrology, our study on a well-defined system provides a 
unique platform for understanding the interaction of a molecular system with a plasmonic nanocavity.   

 
References : 1) Stöckle, R. et.al, Chem. Phys. Lett. 2000, 318, 131–136. 2) Hayazawa, N., et.al, Opt. Commun. 2000, 183, 

333–336. 3) Anderson, M. S. Appl. Phys. Lett. 2000, 76, 3130. 4) Zhang, R. et al. Nature 2013, 498, 82–86. Neuman, T. T. et al. 
Nano Lett. 2018, 18, 2358–2364. 

Figure 3.  Direction of the induced dipole moment vector 
represented by the green arrow for different vibrational 
symmetries when the tip is placed at near the lobes (a,c) and 
between two lobes (b).   

Figure 2. (a) Three different STM-TERS spectra at positions 
indicated in (b). (b) STM-topography and (c) - (e) TERS 
images obtained simultaneously under constant current mode 
(Vb = 1 V, It = 50 pA, TERS maps: 40 x 40 pixels, 1 Å /pixel, 
1 s exposure time/pixel).  The TERS images show three 
distinct patterns: circle, plus and cross. 
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Exciton formation by charge injection is an essential process in organic light emitting diodes (OLEDs). The 

injected charges form singlet excitons (S1) and triplet excitons (T1) in a 1:3 ratio according to the spin statistics [1], 

thus effective utilization of T1 is the primary strategy for increasing quantum efficiency of OLEDs. T1 has lower 

energy than S1 due to the exchange interaction. The energy difference, in principle, enables selective formation of 

T1 at low voltage. Such selective T1 formation would realize low driving voltage of OLEDs, which can reduces 

power consumption and improves device lifetime. However, the way to achieve the selective and direct T1 

formation has not been established yet. 

In this work, we demonstrate a simple way for the selective T1 formation which utilizes a charged state of 

molecule by the investigation of a single-molecule electroluminescence using a scanning tunneling microscope 

(STM) [2-5]. We measured scanning tunneling luminescence (STL) and its bias voltage dependence of a 

3,4,9,10-perylenetetracarboxylicdianhydride (PTCDA, Fig. 1A) molecule adsorbed on three atomic layer (3ML) 

thick NaCl film grown on the Ag(111) surface. Only phosphorescence is observed at low applied voltage, which 

shows that T1 is selectively created without forming S1. Based on the differential conductance (dI/dV) measurement 

reported in the previous paper [6], the selective T1 formation is explained by 

spin-selective electron removal from the highest occupied molecular orbital 

(HOMO) of a negatively charged PTCDA. 

Fig. 1B shows an STM image of PTCDA/NaCl(3ML)/Ag(111) that 

appear as double-lobe structure with a nodal plane along the long axis of the 

molecule. The STL spectrum (Fig. 1C) obtained with the tip located on 

PTCDA shows a broad peak spread from 1.5 eV to 3.0 eV and several sharp 

peaks around 1.3, 2.25 and 2.4 eV (Fig. 1C). The broad peak is attributed to 

the radiative decay of the plasmon localized between the STM tip and 

substrate. To reveal the detail structures of the sharp peaks, STL spectra are 

measured with higher energy resolution in the range of 1.25-1.40 eV (Fig. 

1D) and 2.37-2.52 eV (Fig. 1E). In Fig. 1D, main peak is at 1.33 eV and 

smaller peaks are around the main peak. Similarly, main peak is at 2.45 eV 

in Fig. 1E. Based on the good agreement with Time dependent density 

functional theory (TD-DFT) calculation, the observed main peaks at 1.33 

and 2.45 eV are assigned to the phosphorescence and fluorescence, 

respectively.  

Fig. 1  
(A) Molecular structure of PTCDA (brown, C; 
red, O; beige, H). (B) An STM image showing 
two PTCDA molecules on NaCl(3 ML). (25 × 25 
nm2, V = 1.0 V, I = 10 pA). (C) An STL spectrum 
of PTCDA (V = -3.5 V, I = 50 pA, 120 s). (D-E) 
STL spectra (Vs = -3.5 V, It = 50 pA, t = 180 s). 
D: energy range: 1.25-1.40 eV (blue region in C), 
and E: 2.37–2.52 eV (red region in C). 
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Fig. 2 
Sample voltage dependences of the intensities of 
fluorescence (blue circle) and phosphorescence 
(red square).

Table 1 
Theoretical analysis for the electron transport 
through an isolated PTCDA molecule

To investigate the exciton formation mechanism, we examine the 

voltage dependence of STL. The photon intensities of phosphorescence and 

fluorescence determined by peak fitting are plotted as a function of the 

sample voltage in Fig. 2, which clearly show the threshold voltages (V) for 

phosphorescence and fluorescence at V = -2.1 and -3.3 V, respectively. The 

threshold voltage difference is 1.2 V, which corresponds to the S1-T1 energy 

difference, 1.12 eV, measured from the STL spectra.  

Based on the previous report [6], PTCDA is expected to be negatively 

charged on NaCl/Ag(111) due to the high electron affinity of the molecule 

and low work function of the substrate [7], thus an electron occupies the 

lowest unoccupied molecular orbital (LUMO). When further voltage is 

applied, the electron occupying HOMO can be pulled out from the 

molecule from -1 charged states. Assume that electron removal occurs from 

the -1 charged state, the two electrons in HOMO have different energies owing to the exchange interaction with the 

electron in LUMO. If we increase the applied voltage under this situation, the electron in HOMO whose spin is 

“anti-parallel” to the spin of the electron in LUMO is first pulled out to exclusively form T1. When further voltage 

is applied and the removal of the other “parallel-spin” electron from HOMO turns into possible, both T1 and S1 are 

formed. This process can reasonably explain the observations of the voltage dependence of STL. 

Theoretical analysis for the electron transport through an isolated PTCDA molecule adsorbed on 

NaCl(3ML)/Ag(111) is conducted with the basis of the many-body state representation of molecule. In our system, 

electron transports accompanying molecular many-body state transitions from the N-electron initial state  to 

the (N ± 1)-electron final states  occur [8]. It was demonstrated that the peak positions in dI/dV spectra 

correspond to the energies for molecular many-body state transitions in the previous report, in which the transition 

energies defined by the difference between the total energies of  and ,  and , were 

evaluated with the aid of DFT/TD-DFT calculations and corrected by considering the image interaction [9]. 

Since a PTCDA molecule is negatively charged on the NaCl(3ML)/Ag(111) surface [6], an electron transfer 

from the molecule to the tip associated by the  transition is considered here. The transition 

energies of  are calculated as shown in Table 1. The Fermi energy of the tip is 

assumed to be given by , where  is the work function of substrate (3.57 eV [7]). According 

to the equation, the threshold voltages for  transitions are calculated as shown in 

Table 1, which are in good agreement with the experimental results (Fig. 2).  

In this work, we demonstrated selective T1 formation by spin-selective electron transport through a single 

molecule. We prepared a charged molecule by tuning the energy level alignment between the LUMO and the Fermi 

level of the substrate. Various combinations of molecules and substrates are thus available for realizing selective T1 

formation, which would propose diverse ways of developing OLEDs with higher energy efficiency. 
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Plasmon-induced chemical reactions on metal nanostructures have been attracting attention because the plasmon 

can promote highly efficient conversion from solar energy to chemical energy. However, the reaction mechanism 

is still controversial (Fig. 1) because the direct observation of the chemical reactions in the plasmonic field is 

difficult due to strong localization of the plasmon near 

the metal surface. Figure 1 illustrates the decay 

process of the plasmon and the excitation 

mechanisms of the molecules.1 The plasmon is 

excited resonantly by light and generates a 

strong electric field localized near the metal 

surfaces (Fig. 1a). Immediately after the 

excitation of the plasmon, hot electrons and 

holes are created in metals through the 

nonradiative decay of the plasmon (Fig. 1b). 

Finally, heat dissipation to surrounding media 

occurs via thermal conduction (Fig. 1c). 

During the excitation and decay processes of 

the plasmon, the strong electric field, 

electron–hole 

pairs, and heat can be used as excitation sources of the molecules. Plasmon-induced chemical reactions have been 

explained mainly by an indirect hot-electron transfer mechanism (Fig. 1e).2, 3. The hot electrons are transferred to 

form a transient negative ion (TNI) state of the adsorbed molecule. In this study, we propose a direct 

intramolecular excitation mechanism (Fig. 1d(i)), on the basis of direct observation of a plasmon-induced 

chemical reaction at the single-molecule level with a scanning tunneling microscope (STM).4  

Dimethyl disulfide, (CH3S)2, was selected as a target molecule. Our previous work revealed that 

visible-light-induced photodissociation of the S−S bond in (CH3S)2 molecules adsorbed on Ag(111) and Cu(111) 

surfaces occurs through direct electronic excitation from highest occupied molecular orbital (HOMO)- to lowest 

unoccupied molecular orbital (LUMO)-derived molecular orbitals (the anti-bonding S-S (σ*SS) orbital).5 

A Ag tip with a curvature radius of ~60 nm was positioned over the metal surface to excite the plasmon 

optically at the STM junction (Fig. 2a). The S-S bond in (CH3S)2 was dissociated by the plasmon preferentially 

under the tip, which was revealed by the spatial distribution of isolated (CH3S)2 molecules before and after the 

excitation of the plasmon (Fig. 2b). From comparison of the simulated electric field intensity, the 

plasmon-induced dissociation has a strong correlation with the electric field intensity of the plasmon. The 

wavelength (λ) dependence of the dissociation yield (Y) was also examined, which indicates the plasmon 

 

Figure 1 (a) Excitation and (b, c) decay processes of the localized 
surface plasmon of a metal nanostructure. (d–f) Excitation 
mechanisms of molecules adsorbed on the metal surfaces during the 
excitation and decay processes of the plasmon. (d) (i) Direct 
intramolecular excitation mechanism and (ii) charge transfer 
mechanism. (e) Indirect hot-electron transfer mechanism. (f) Local 
heating mechanism. (Ref. 1) 
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efficiently induces and enhances the 

dissociation reaction through the same reaction pathway as 

photodissociation (nS  σ*SS). The tails in the Y-λ spectra 

extending to longer wavelengths where photodissociation never 

occurs suggest that the direct intramolecular excitation from the MOs 

in-gap states near the Fermi level to σ*SS (MOin-gap  σ*SS) is also 

available. The density of states of the in-gap states is much smaller 

than that of the frontier electronic states, and thus the excitation of 

MOin-gap  σ*SS is expected to be a much less efficient process. 

However, the electric field of the plasmon would be enough strong to 

enable dissociation even through inefficient excitation pathways. 

Real-time observation with the STM in plasmon-induced 

chemical reactions of single molecules provides insights into the 

elementary reaction pathways. Tunneling current (It) is highly 

sensitive to the change in the gap distance, and thus dissociation of a 

single (CH3S)2 molecule can be detected from change in It when the 

STM tip is positioned over the molecule under light irradiation (Fig. 

3). 

The reaction pathway initiated from the TNI states formed by 

electron transfer from the metal to the molecule via an inelastic 

electron tunneling process should be the same regardless of the 

excitation source: hot electrons or tunneling electrons. Rotation and 

dissociation of (CH3S)2 on Ag(111) were induced through vibrational 

excitation with inelastically-tunneled electrons at higher energy than 

~0.28 eV and ~0.36 eV, respectively. Moreover, dissociation induced 

with tunneling electrons is accompanied by rotation, which results in small changes of It followed by its sudden 

drop even at 2.3 eV, which is almost equal to the light energy at 532 nm. Therefore, we concluded that the energy 

of TNI states is dissipated to the vibrationally-excited states resulting in both rotation and dissociation of (CH3S)2 

and rotation is a precursor for dissociation. On the other hand, the plasmon-induced dissociation proceeds through 

vibrational excitation, current changes due to rotation should appear prior to the dissociation. However, changes in 
It before the sudden drop were not observed (Fig. 3). This excludes indirect hot-electron transfer mechanism for 

the plasmon-induced dissociation of (CH3S)2.  

In conclusion, the plasmon-induced dissociation of the S-S bond in a single (CH3S)2 molecule on Ag(111) and 

Cu(111) surfaces occurs by the direct intramolecular excitation to the LUMO state of the anti-bonding S-S (σ*SS) 

orbital through a decay of the optically-excited LSP in the nanogap between the Ag tip and the metal surface. The 

present results underline that the plasmon-induced chemical reactions of the molecule with the electronic states 
less hybridized with metals are explained by the direct intramolecular excitation mechanism, but not by the 

indirect hot-electron transfer mechanism. 
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Figure 2 (a) Schematic illustration of the 
experiment. (b) Topographic STM images of 
(CH3S)2 molecules on Ag(111) before and after 
irradiation with p-polarized light at 532 nm. The 
tip was positioned at the center of concentric 
rings during light irradiation. (Ref. 4) 

 
Figure 3 Current trace for detecting the 
dissociation event of the target molecule (STM 
images) on Ag(111) induced by the plasmon 
excited with light at 532 nm. (Ref. 4) 
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[Category 3] 
 

Superconducting proximity effects in the heterostructure of Nb(110)/RE(0002) 
(RE=Gd, Tb, Dy and Ho) 

H. Yamazaki 

Nuclear Spectroscopy Laboratory, RIKEN

The properties of artificially fabricated superconductor/ferromagnet (SC/FM) heterostructures have 
been studied intensively during the last two decades, in view of practical applications such as 
superconducting spintronics. The interest of these systems lies in the possibility of mixing 
superconducting and ferromagnetic correlations in a controlled way. In particular, the proximity effect 
allows Cooper pairs to penetrate from SC into FM, where they experience a large exchange field. It is 
predicted that the superconducting order parameter decays in FM and acquires a periodic oscillation (in 
position) originally predicted by Fulde, Ferrel, Larkin, and Ovchinnikov in the context of bulk 
ferromagnetic SCs [1, 2]. Predictions that Fulde-Ferrel-Larkin-Ovchinnikov (FFLO) oscillations, or rather 
FFLO-like oscillations, occur in the superconducting order parameter [1, 2] were confirmed spectacularly 
by experiments on SC/FM/SC trilayers, in which the superconducting proximity effect drives a 
superconducting order with oscillating (0-π) phase within the FM layer [3, 4]. For SC/FM bilayers, though 
the transitions between 0 and π phases are impossible, the order parameter oscillations in FM induce a 
nonmonotonic dependence of the superconducting transition temperature (Tc) on the thickness of the FM 
layer. This is due to the commensurability effect between the FFLO-like oscillation period and the 
thickness of the FM layer [3].  

We present a systematic study of Nb/RE bilayers for 10≤tRE≤20 nm (tRE: the RE-layer thickness), 
where RE stands for Gd, Tb, Dy and Ho, i.e. the first four heavy rare-earth (RE) elements in the periodic 
table. The thickness of the Nb layer (40.0 nm) was chosen to be of the same order as the superconducting 
coherence length ~41 nm in bulk Nb at 0 K [5]. The element Nb is a superconducting metal with Tc=9.2 K 
in bulk, while the heavy rare-earths from Gd to Tm, including the above four elements, are known to 
exhibit rich magnetic phases at low temperatures [6]. A particular focus of interest in this work is the 
dependence of Tc on tRE. We investigate the existence of oscillations in Tc(tRE), Tc as a function of tRE, due 
to factors such as the FFLO-like oscillations, the magnetic structures in REs, and the finite-size effects in 
the RE layer. We also expect that the spin-triplet pairing components are generated besides the intrinsic 
spin-singlet pairs in the Nb/RE heterostructures.  

A series of Nb(110)/RE(0002) bilayers (RE=Gd, Tb, Dy and Ho) were prepared using a 
molecular-beam-epitaxy (MBE) machine (Eiko Co., Japan). In order to make a single-crystal layer of the 
RE metal with its c-axis perpendicular to the sample plane, we used the epitaxial growth of the 
Al2O3(11 2 0)/Nb(110)/RE(0002) structure [7-9]. During the sample growth, RHEED patterns were 
measured for the surface of each layer. Ex situ structural characterization was performed at room 
temperature by X-ray diffraction measurements with Cu Kα radiation. We comprehensively characterize 
the structure of the RE layers: when compared with bulk RE, the RE(0002) layers on Nb(110) are 
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compressed by approximately 0.5% in the directions parallel to the c-plane, while their c-axis lattice 
parameter is concomitantly elongated by less than 0.4%, because of a persisting misfit strain at the 
interface. An average-sized single-crystal domain in the RE layer can be approximated as a cylinder that 
has a diameter of the order of 10 nm (parallel to the surface) and a height of tRE (perpendicular to the 
surface). 

Magnetization measurements were carried out 
to confirm the magnetic phases of the RE layers and 
measure the Tc of each bilayer using 
superconducting quantum interference device 
magnetometer (Quantum Design MPMSXL). 
Typical temperature dependence of the normalized 
magnetic susceptibility χn=χ/|χ(1.8 K)| is shown for 
each Nb/RE in the insets of Fig. 1(a)-(d), where χ(1.8 

K) is the susceptibility at 1.8 K. For all the samples, 
a clear indication of superconductivity can be seen 
in the diamagnetic response below the onset 
temperature Tc

on. In this report, Tc
50% is defined as 

the temperature at which χ has a 50% value of χ(1.8 

K). The dependence of Tcs (Tc
on and Tc

50%) on tRE is 
summarized in Fig. 1(a)-(d). The Nb/Gd [Fig. 1(a)] 
and Nb/Tb [Fig. 1(b)] bilayers show an overall 
decrease in Tc as tRE increases. The fitting results of the expression Tc=Tc

0 exp(-tRE/ξ) to the experimental 
data are indicated by solid and dotted curves. The long-range variations in Tc shown in Fig. 1 are not only 
due to the fluctuations induced by experimental errors, but also to the superposition of a set of oscillations 
having different periods, which are specific to each RE. Similar types of long-range multiple oscillations 
in Tc were observed in Nb/Ho/Cu trilayers [10] as a function of the Ho layer thickness, and the results 
were explained by the presence of both singlet and triplet pair correlations in a clean system. 
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[Category 3] 
 

Periodicity analysis of the superconducting proximity effects in the 
Nb(110)/RE(0002) heterostructures (RE=Gd, Tb, Dy and Ho) 

H. Yamazaki 

Nuclear Spectroscopy Laboratory, RIKEN

We present the results of periodicity analysis on the Tc(tRE) data obtained for Nb/RE (RE=Gd, Tb, Dy 
and Ho) heterostructures, where Tc is the superconducting transition temperature and tRE the thickness of 
the RE layer. We carried out the analysis using a quantitative fast Fourier transform (FFT) method. The 
maximum entropy method (MEM) was also applied to the Tc(tRE) data, and the reliability and validity of 
the FFT analysis are examined. 

The calculation results of the FFT analysis are 
shown in Fig. 1. The interval in tRE is 0.4 nm(=ΔtRE), 
and the horizontal scaling in Fig. 1 represents n/(NΔtRE), 
where N is the number of data. White and black bars are 
for Tc

on(tRE) and Tc
50%(tRE), respectively. The results of 

the FFT analysis are summarized in Fig. 2. A peak at 
n=n′ in the power spectrum (Fig. 1) corresponds to an 
oscillation period of λ=(NΔtRE)/n′ in Fig. 2. Except for 
the longest period (~3.5 nm) of Gd, two types of 
variations are identified in Fig. 2. We refer to the longer 
periods as λL (λL>1 nm) and the shorter ones as λS 
(λS∼1 nm). The results of the MEM analysis (for a lag 
of 40% of N) are also shown in Fig. 2. The MEM 
calculations were carried out in a frequency range up to 
the Nyquist frequency fN=1/(2ΔtRE). The results of the 
FFT analysis (bars), especially λLs and λSs, are well 
reproduced by those of MEM (circles and triangles). 
Taking the characteristics of FFT and MEM into 
consideration, we come to a conclusion that the results of 
FFT are confirmed by those of MEM. 

Figure 3 shows the summary of the periodic analysis 
and the literature data. The results of FFT are the same as 
those in Fig. 2. The open square indicates an oscillation 
period (1.35 nm) for Nb/Gd multilayers [1], and the 
hatched rectangle shows a range of “the ferromagnetic 
coherence length ξM” (2.1-3.2 nm) for Nb/Ho/Cu structure 
[2]. When the helical spin-modulation period (3.4 nm; 
closed square in Fig. 3) in Ho is taken into account, we 
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can explain the broad distribution of λL for Nb/Ho as an 
overlapping profile of the two peaks. According to the 
picture of the RKKY interaction, the local exchange 
interaction between the conduction electrons and the 4f 
moments of the RE ions scales linearly with the 4f spin 
moment. The spatial period of the FFLO-like oscillation, 
λFFLO, is therefore expected to show an increase from Gd to 
Ho, as long as the relation λFFLO∝vF/Eex holds (the 
quasiclassical result in the case of clean FMs [3]). In Fig. 3, 
we actually recognize an increase of λL from Gd to Dy. A 
least-squares straight-line fitting (shown as a broken line) is 
applied to the data, the line successfully reproduces the 
element dependence of λL from Gd to Dy. We notice that the 
extrapolated value (2.45 nm) at Ho is close to the periods of 
2.73 and 2.67 nm obtained by MEM on the Tc(tHo) data (see Fig. 2). The values of the period λFFLO, which 
were estimated from the broken line, are 1.42, 1.76 and 2.11 nm for Gd, Tb and Dy, respectively. The 
extrapolated value at Ho gives 2.45 nm.  

A possible explanation for λS would be found in the formation of the quantum well states (QWSs). In 
general, resonance of QWS occurs when a film thickness fits to an integer multiple of λF/2 (λF: Fermi 
wavelength). We emphasize that there is little information on the experimental λF values for REs. We tried 
calculating λF/2 from the experimentally estimated λFFLO (the broken line in Fig. 3) and the literature data 
of the effective exchange energy Eex [4], using λFFLO=π  vF/2Eex [eq. (1)], where vF=2π  /mλF (m: electron 
mass). Using eq. (1), the Fermi velocities vF are calculated; and for m=9.11×10-31 kg (=me; bare electron 
mass), the resulting λF/2 values are 0.291 (Gd), 0.251 (Tb), 0.273 (Dy) and 0.268 (Ho) nm. In our 
experiments, however, because of the discrete sampling for tRE every 0.4 nm, these values should be 
modified due to the effect of aliasing. In Fig.3, the apparent values created by aliasing are indicated as 
open circles, which show good coincidence with the shorter oscillation-periods λS obtained in the FFT 
analysis. A possible simple explanation of λS is consequently the formation of QWSs in the RE layers, but 
it is still an open question why we can use the bare electron mass me for the electrons in REs. The effective 
mass of electrons in condensed matter is typically different from me due to the electron-phonon coupling 
and/or to the interaction with the spin waves.  

In summary, two kinds of oscillation periods: λFFLO and λF/2, were identified in Tc(tRE). The former is 
due to the superconducting order-parameter oscillations and the latter most likely to the quantum well 
states, in the RE layers.  
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[Category 3, 1] 
Heterogeneity: Molecular ions in superfluid helium droplets 

A. Iguchi1,2, S. Kuma1, T Azuma1 

1AMO Physics Laboratory, RIKEN, 
2School of Science, Kitasato University 

 
Helium droplets are nano-scale, superfluid clusters of liquid helium at a temperature of 0.4 K. Their 

capability of capturing atomic and molecular impurities enables us to study the atomic/molecular scale 

interactions of matter and superfluid. Since helium droplets are produced in a molecular beam, various established 
experimental techniques of laser spectroscopy and mass spectrometry are applicable to this system. The impurity 

captured by the droplet is rapidly cooled to the droplet temperature of 0.4 K in the time sale of microseconds. At 

this low temperature, the impurity molecule is in the ground state of their vibrational motions and a very limited 

number of the rotational states are populated. Due to superfluidity of helium droplets, the impurity molecule 

behaves as a free rotator like in the gas phase, but with modified moments of inertia for the rotational motion. The 

perturbation to the impurity by superfluid helium is thus observed most clearly in the rotational spectra. In this 
study, we apply the helium droplet technique to molecular ions to explore the microscopic interface between the 

impurity and the superfluid in this highly heterogenetic system. The control of a helium droplet beam by 

electrostatic fields allows the slow temperature change of the droplet over seconds by injecting into our cryogenic 

ion storage ring RICE. Our droplet source is operating with the optimized setup for this study, and the 

photoionization experiment of pre-captured neutral molecules is being performed. 

1. Helium droplet source 

The helium droplet beam was produced by expanding a high-pressure, low-temperature He gas into vacuum 

through a pulsed nozzle. The pulsed nozzle was a commercially available solenoid valve (Series 9, General Valve) 

operated by a pulse driver (IOTA-ONE). Its low temperature operation was optimized by modifying the channel 

shape [1] . The droplet beam thus produced passed through a skimmer into the main chamber where the pick-up 
cell and ionization/detection setup are equipped as shown in Fig. 1 (a). We prepared a vapor of phthalocyanine in 

the pick-up cell by a heater system. The phthalocyanine molecule captured by the droplet was successfully 

detected by laser induced fluorescence (LIF), that is, laser excitation of its electronic transition and detection of 

the following fluorescence. The embedded phthalocyanine was confirmed to be cooled down vibrationally to the 

ground state and rotational temperature was also below 1 K . The droplet beam was monitored by a quadrupole 

mass spectrometer at the downstream. In the study described here, we controlled the droplet nozzle temperature to 
13 K at a stagnation pressure of 2 MPa, which corresponds to an average droplet size of 106 He atoms/droplet and 

a dimeter of 50 nm (Fig. 1 (b)). 

Figure 1 (a) Schematic of the helium droplet setup (a, left) and the droplet size depending the valve temperature. 
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2. Photoionization 

For ion preparation in helium droplet, we adopted photoionization of pre-captured neutral molecules, because the 

direct pick up of molecular ions has a difficulty to prepare a large number of bare ions in the pick-up stage. 

Photoionization requires the photon energy larger than the ionization potential. To improve the photoionization 
efficiency, we utilized the resonance-enhanced two-photon ionization (R2PI) method. The first (resonant) photon 

was produced by a tunable nanosecond OPO laser in the visible range (Sunlite EX OPO, Continuum) whose 

wavelength was set to 663 nm of the S1←S0 electronic transition. The second (ionization) photon at 266 nm was 

generated by a BBO crystal as SHG of a 532-nm output of a nanosecond Nd:YAG laser (GCR, Spectra-Physics). 

By optimizing the SHG setup, we achieved a high conversion efficiency of 40%. The two laser lines were 

combined by a dispersion prism to introduce them into the photoionization region of the chamber with the same 
timing. Stray lights were minimized by placing light baffles in the laser path. The photoionization was analyzed 

by a secondary electron multiplier (channeltron) (Fig. 2). The input aperture of the channeltron was aligned to the 

droplet beam perpendicularly. The photoionization process in the droplet generates a photoelectron flying away 

and a molecular cation in the droplet. Due to the large mass of the droplet containing the ion, the efficiency of 

secondary electrons is quite low in the channeltron. Therefore, we added a Daly dynode, which efficiently emits 

secondary electrons even for large masses. This ion detection setup is under test with a feedback from ion optics 
simulations. 
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Figure 2 Main chamber equipped with laser ports and a channeltron. 
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[Category 4] 
Molecular mechanism of charge inversion revealed by polar orientation of 

interfacial water molecules: A heterodyne-detected vibrational sum frequency 
generation study.  

Matthew M. Sartin, Woongmo Sung, Satoshi Nihonyanagi and Tahei Tahara 
Molecular spectroscopy laboratory, RIKEN 

 

“Charge inversion” is a phenomenon in which multivalent counter ions overcompensate for interfacial charges 

and invert the sign of the net charge near a surface. This phenomenon is believed to be relevant to biologically 

important processes such as DNA condensation, and hence it has attracted much attention. Although prior 

experimental and theoretical studies provided important information about the ion distribution near charged 

interfaces, there is almost no information about the hydration structure at the interface and the orientations of 

interfacial water molecules upon charge inversion. For this pupose, heterodyne-detected vibrational sum 

frequency generation (HD-VSFG) spectroscopy, which we developed previously, is ideally useful because it can 

directly determine the up/down orientation as well as hydrogen-bond strength of interfacial water molecules [1-2].  

In the present work, we use HD-VSFG to 

determine the structure and orientation of water at 

negatively-charged interfaces in the presence of 

trivalent La3+ ions, as well as that of monovalent Na+ 

ions which serve as a control [3]. Two different 

monolayers of lipid and surfactant, namely, DMPA 

(Figure 1a) and SOS (Figure 1b) were used to clarify 

the effect of headgroup specificity on charge 

inversion. DMPA is a prototypical phospholipid with 

a phosphatidate headgroup, which is abundant in 

biological membranes. SOS is a surfactant with a 

sulfate headgroup, which is a common headgroup in synthetic detergents.   
We first measured second order nonlinear susceptibility (χ(2)) spectra of each interfaces using HD-VSFG 

spectroscopy. Then the intensities of the imaginary part of χ(2) signals (Imχ(2)) are integrated between 3100 and 

3300 cm-1, which corresponds to OH stretch vibration of hydrogen bonded water. The integrated OH-band 

intensities are plotted against the ionic strengths of the aqueous NaCl and LaCl3 sub-phases for the DMPA and 

SOS interfaces as shown in Figure 2. For all the interfaces, the OH band intensity is largest at the lowest salt 

concentration examined. For charged interfaces, water molecules not only at the interface but also in the electric 

double layer (EDL) can be oriented along the electric field and this orientation of water makes χ(2) signal large [4]. 

For NaCl solutions, the integrated OH-band intensity shows the same concentration-dependence for SOS and 

DMPA. This simple and non-headgroup-specific decrease in the OH band intensity in mM concentration range 

can be attributed to the screening of surface electric field, which reduces the number/degree of oriented water in 

EDL. However, the response to LaCl3 is clearly different for the two monolayer interfaces. The OH-band intensity 

at the DMPA monolayer / H2O solution interface changes its sign at concentrations above 5 µM La3+ (= 30 mM in 

ionic strength). This sign inversion indicates that orientation of water changes from H-up to H-down, which is 

 
Figure 1 Chemical structures of (a) DMPA:  
1,2-dimiristoyl-sn-glycero-3-phosphatidic acid and (b) SOS:  
sodium octadecylsulfate. 
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considered the signature of charge inversion at the interface. For SOS, although the integrated OH-band intensity 

does not become negative, it decreases with increasing LaCl3 concentration and approaches 0 at much lower ionic 

strength than it does for NaCl. Further experiments with isotopically diluted water indicated that at the SOS/HOD 

interface the OH band in the lower frequency side becomes negative while the higher frequency side remains 

positive. This implies that a part of interfacial water 

change the orientation from H-up to H-down but the 

other part of interfacial water remains H-up 

orientation. 
 Based on these observations described above, 

we derived interfacial model as depicted in Figure 3. 

For the DMPA monolayer (Figure 3a), the phosphate 

moiety forms a contact ion pair with La3+ ions, and 

the adsorbed La3+ ions overcompensate for the 

negative surface charge, creating a net positive 

electric field below the La3+ layer. The water 

molecules under the DMPA / La3+ interface are 

H-down oriented in average due to the net positive 

electric field, which gives rise to the negative OH 

band of the H-bonded water. For the SOS monolayer 

(Figure 3b), on the other hand, the sulfate headgroup 

is strongly hydrated and does not form a contact ion 

pair with the La3+ ion. In this case, the water 

molecules near the sulfate headgroup are still H-up 

oriented. Nevertheless, the water molecules below 

the adsorbed La3+ layer seems slightly H-down 

oriented.  
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Figure 2 Ionic strength dependence of the integrated intensity 
of the Imχ(2) signal in the OH stretch region of 3100-3300 cm-1 

at the surfactant/H2O solution interface. (green: DMPA/NaCl; 
dark yellow: SOS/NaCl, blue: DMPA/ LaCl3; red: SOS/LaCl3.)  

 
Figure 3 Sketches of (a) DMPA / La3+ and (b) SOS / La3+ 
interfaces. Possible variations of electro-chemical potential (φ) 
of these interfaces are shown in the right-hand side. 
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Fabrication of sharp gold tips by three-electrode electrochemical etching 

Bo Yang, Emiko Kazuma, Yasuyuki Yokota, and Yousoo Kim 
Surface and Interface Science Laboratory, RIKEN 

 
Au tips have been used for a variety of local spectroscopies such as scanning tunneling microscopy (STM), 

tip-enhanced Raman spectroscopy (TERS), electrochemical STM, because Au exhibits strong localized surface 

plasmon resonance (LSPR). In addition, Au has higher chemical stability than other metals exhibiting LSPR such 

as alkali metals, silver, and copper in air or an aqueous environment. 

Several methods to fabricate Au tips have 

been developed over decades. Electrochemical 

etching, in which a metal wire is anodically 

dissolved in an electrolyte, is widely used1, 2 

because of its low cost and easy operation. In 

previous studies, a two-electrode 

electrochemical system consisting of a 

working electrode (WE) and a counter 

electrode (CE) has been applied to produce Au 

tips (Fig. 1a). 

However, etching conditions vary largely according to the electrochemical systems. In addition, although the 

plasmon resonance wavelength and intensity strongly depend on the tip shape, the relationship between the tip 

shape and etching parameters has not yet been well clarified. In other words, the conventional methods using the 

two-electrode electrochemical etching system have problems in terms of controllability and reproducibility. 

   In this study, we applied a three-electrode electrochemical etching system consisting of a WE, CE, and a 

reference electrode (RE) to fabricate Au tips for the first time (Fig. 1b).3 The Au tips were prepared in a KCl 

solution by etching the Au wires at a constant anodic potential, which was precisely controlled against the 

potential of the RE. The sharpness of the tips was well controlled and reproduced by controlling the applied 

potential. 

   Electrochemical reactions on the Au wire were analyzed 

using the CV measurements (Fig. 2). The onset potential of 

oxidation was 0.83 V and the anodic current increased nearly 

linearly until 1.3 V. The onset potential nearly corresponds to 

the reported value of the reaction: Au + 4Cl-  AuCl + 3e-.4 

Therefore, the Au wire is dissolved in the KCl solution in the 

anodic potential range between 0.83 and 1.3 V (Figs. a−c). 

In contrast, the decrease in the anodic current at >1.34 V (Fig. 

2d) resulted from competitive reactions between the dissolution 

of Au and the formation of Au oxides which act as a passivation 

layer to inhibit the dissolution process. In addition, a sudden 

drop observed at 1.45 V (Fig. 2e) was attributed to the surface 

 

Figure 1 Schematic illustrations of (a) two- and (b) three-electrode 
electrochemical etching systems for fabricating Au tips. (Ref. 3) 

 
Figure 2 CV curves of an Au wire of 0.25 mm 
in diameter obtained in the 2.79 mol/L KCl 
aqueous solution in the potential region between 
−0.4 and (a) 1.1, (b) 1.2, (c) 1.3, (d) 1.4, and (e) 
1.5 V, respectively. The CV curves were 
successively obtained from (a−e) with the same 
Au wire. The sweep rate was 1 V/s. (Ref. 3) 
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of the Au wire being fully covered with the oxide film. 

   The Au tips were prepared by applying a constant potential. The etching reaction of Au occurred under 

applied potentials at 1.1−1.4 V. Notably, only the dissolution reaction is induced at ≤1.3 V; however, both the 

dissolution and oxide formation reactions occur at 1.4 V. Figure 3 shows typical FE-SEM images of the fabricated 

Au tips. The whole shape of the Au tips depends on the applied potential. The length of the etched part became 

shorter as the applied potential increased from 1.1 to 1.4 V, and the shape of the wire did not change at 1.5 V. The 

LSPR properties of plasmonic tips are evaluated by the radius of curvature (R) and the cone angle (θ). Figure 4 

shows the applied potential dependence of the average values of R and θ from six Au tips. The average value of R 

of the Au tips is well-controlled by the applied potential and the sharpest tips were prepared at 1.3 V [R = (16 ± 3) 

nm]. On the other hand, the average values of θ are almost constant and thus are not controlled by the applied 

potential. 

 

 

 

 

 
 

 

 

Good controllability of the tip shape is mainly based on the high stability of the etching system, leading to 

good reproducibility of the etching process. The stability of the electrochemical etching conditions was examined 

by linear sweep voltammetry (LSV) measurements, comparing the three-electrode to the conventional 

two-electrode electrochemical etching systems. In the three-electrode electrochemical etching system, the LSV 

curves were nearly identical even after the preparation of nine tips. In contrast, the LSV curves gradually changed 

for the two-electrode electrochemical etching system. Thus, the weak point of the two-electrode system is the 

fluctuation of the electrochemical potential, causing instability in the etching condition. In other words, the 

preparation of the Au tips using the two-electrode electrochemical etching system has a critical problem regarding 

both stability and reproducibility, which diminishes the controllability of the tip shape. In contrast, the 

three-electrode electrochemical etching system exhibits high stability, leading to good reproducibility because the 

electrochemical potential is well-controlled against the RE. 

In conclusion, Au tips fabricated using a three-electrode electrochemical etching system exhibit high 

reproducibility and controllability. The curvature of the radius was controlled by the applied potential. 

Electrochemical analysis showed that the stability of the three-electrode electrochemical etching system is much 

higher than that of the conventional two-electrode electrochemical etching system. The Au tips with the sharpness 

obtained at 1.3 V would be applicable not only as STM tips with high stability but also as probes exhibiting strong 

field enhancement of the LSPR. 
 

References 1) B. Ren et al., Rev. Sci. Instrum. 75, 837−841 (2004). 2) C. Lee et al., Sci. Rep. 7, 40810 (2017). 3) B. Yang, E. 
Kazuma, Y. Yokota, Y. Kim, J. Phys. Chem. C 122, 16950 (2018). 4) S. Ye et al., J. Electrochem. Soc. 145, 1614 (1998). 

 

Figure 3 FE-SEM images of the Au tips fabricated under different applied 
potentials. (a,f) 1.1, (b,g) 1.2, (c,h) 1.3, (d,i) 1.4, and (e) 1.5 V. (a−e) Low- and (f−i) 
high-magnification images. (Ref. 3) 

 

Figure 4 Applied potential dependence of 
the averaged values of R and θ. Each point 
is averaged from six Au tips. (Ref. 3) 
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Development of Electrochemical Tip-Enhanced Raman Spectroscopy: 
Systematic Assessment of Benzenethiol Self-Assembled Monolayers on Au(111) 

as a Standard Sample 
Yasuyuki Yokota, Norihiko Hayazawa, Bo Yang, Emiko Kazuma, Francesca Celine I. Catalan, 

Yousoo Kim 
Surface and Interface Science Laboratory, RIKEN 

 
Microscopic and spectroscopic studies on electrolyte/electrode interfaces provide the most 

fundamental information not only for understanding the data from electrochemical (EC) 
measurements but also for designing novel electrochemical devices.  Various types of in situ 
techniques, performed without taking the electrode out of electrolyte solutions, have become 
indispensable tools.  To realize simultaneous measurements of SPM and vibrational spectroscopy, 
tip-enhanced Raman spectroscopy (TERS) has been carried out under ambient conditions, where 
Au or Ag SPM tips near the sample surface enhance the incident and scattered electric fields, which 
enables the measurement of Raman spectra of molecules underneath the SPM tips.  In this study, 
we developed an original EC-TERS setup with a specially designed cell based on a commercially 
available EC-STM 
system (Figure 1).1  
Prior to the EC-TERS 
measurements of PhSH 
SAMs on Au(111), we 
performed a series of 
cyclic voltammetry 
(CV), EC-STM and 
EC-SERS 
measurements under 
EC environments.   

Figure 2(a) shows the CV results in the double layer region of the PhSH SAMs on Au(111) in 
0.1 M HClO4 using the EC-TERS cell.  The rectangular shapes, whose heights are proportional to 
the potential scan rate, indicate that the PhSH SAMs can be regarded as a static dielectric 
independent of the applied potential.  Figure 2(b) shows the sequence of CV curves beyond the 
double layer region.  The large oxidation peak observed at 0.75 V for the first scan and a lower 
current flow in the following scans indicate the oxidative desorption of PhSH SAMs.  EC-STM 
images revealed that many protrusions and jagged step edges were observed at 0~0.4 V (Figure 
4(c)(d)), while these characteristic features disappeared after the oxidative desorption of PhSH 
molecules (Figure 4(e)).2   

Figure 1. Photographs of the EC-TERS cell in (a) front and (b) perspective views.  
(c) Optical micrographs of the laser spot focused on the gap between the 
paraffin-coated Au tip and Au(111) surface; the left and right images were captured 
using the same configuration with and without external illumination, respectively.   
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Typical EC-TERS spectrum of PhSH 
SAMs is shown Figure 3(i).  The tip was 
then oxidized while being retracted, 
followed by EC-TERS measurements, as 
shown in spectrum (ii).  The almost 
constant spectrum after tip oxidation is 
proof that the EC-TERS signal indeed 
originated from the PhSH molecules 
adsorbed on the Au(111) surface.  As 
expected, the EC-TERS signal derived 
from the PhSH SAMs completely 
disappeared after the oxidation/reduction 
cycle of the sample (spectrum (iii)).   

In summary, we developed an 
EC-TERS system suitable for quantitative 
EC measurements and thoroughly 
characterized PhSH SAMs on Au(111) 
using CV, EC-STM, and EC-TERS 
techniques.  We found that these 
techniques provide consistent results 
regarding the stability within the double 
layer region and oxidative desorption at 
high potentials, which implies that the 
PhSH SAMs can be used as a standard 
sample for EC-TERS measurements, as 
in the cases of SERS and TERS in air.3   

 

 

 

 

 
 

 

[1] Y. Yokota, et al., J. Phys. Chem. C., submitted, (2019).  
[2] A.-A. Dhirani, et al., J. Am. Chem. Soc. 118, 3319 (1996).   
[3] C. Blum, et al., J. Raman Spectrosc. 45, 22 (2014).   

Figure 2. (a) CVs of PhSH SAMs on Au(111) in 0.1 M HClO4 
using the EC-TERS cell.  (b) Sequence of cyclic 
voltammograms for the oxidative desorption of PhSH SAMs 
on Au(111).  The inset shows double layer regions before and 
after oxidative desorption.  (c)−(e) EC-STM images (400 × 
400 nm2) of the PhSH SAMs on Au(111) in 0.1 M HClO4.  
Esample = 0.0 V except that a 0.4 V was applied in the region 
sandwiched by the dotted lines in (d).  Image (e) was taken 
after applying Esample = 0.9 V to desorb the PhSH molecules 
during a tentative tip retraction.  The tunneling current and 
Etip were 0.4 nA and −0.1 V, respectively.   

Figure 3. Sequence of the EC-TERS spectra of PhSH SAMs on 
Au(111) taken in 0.1 M HClO4. .  The Esample and Etip values were 
−0.2 and −0.1 V, respectively.  The tunneling current was 0.4 nA.  
Oxidation of the tip and sample oxidations were performed by a 
potential cycle to 0.9 V, as in the cases of Figures 2(b).  The 
asterisks indicate the bulk Raman signal of ClO4

−.   
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Figure 1. (a) Molecular structure of 11-ferrocenyl-1-undecanethiol used in 
the present study. (b) Schematic representation of the structural changes in 
both oxidized ferrocenium (Fc+) and neutral ferrocene (Fc)  redox states. 
(c) Steady-state Fc SAM Cyclic voltammograms performed in 0.1 M 
NaClO4 at 10, 30 and 50 mV s-1. The vertical dashed lines indicate the 
potentials at which the electrode was polarized for the subsequent 
XPS/UPS characterization. 
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Redox-Dependent Electric Double-Layer Structures Probed in 

Ferrocene-Terminated Self-Assembled Monolayers 
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1Surface and Interface Science Laboratory, RIKEN 

2Graduate School of Engineering, Toyama Prefectural University 
3Clean Energy Research Center, University of Yamanashi 

 
Charge transfer in electrochemistry occurs with the addition (reduction) or removal (oxidation) of electrons 

from electrochemically-active (electroactive) species. This so-called redox, induces electronic and structural 
changes to the electroactive species. Understanding the nature of these electronic and structural dependencies on 

potential and redox state is key to the rational design and optimization of bio(chemical) sensors, micro-mechanical 

redox actuators, molecular electronics and energy storage/conversion devices. Amongst model systems, 

ferrocene-terminated alkanethiol self-assembled monolayers (Fc SAM, Fig 1a-b) on Au are ideally suited for 

fundamental studies of interfacial charge transfer with applicability to numerous practical applications.1,2 The 

ferrocene/ferrrocenium (Fc/Fc+) redox couple of the termini consists of single electron transfer and ion pairing 
reactions with counter anions (FcSAM + X-

sol  Fc+X-
SAM + e-). Therefore, it is clear that within the Fc SAM, a 

change in redox state will invariably change 

the structure of the electric double layer (i.e. 

interactions with the electrolyte, work 

function).2 

In our work, we correlate the Fc SAM 
electrochemistry to the redox-dependent 

electronic and structural changes by 

utilizing a setup that consists of an 

electrochemical cell combined with X-ray 

and ultraviolet photoelectron 

spectroscopy (EC-XPS/UPS).2 This setup 
is essential as oxidized moeities are known to decompose when exposed to the ambient oxygen. Electrochemistry 

of the Fc SAM is performed in an liquid environment inside an Ar-filled chamber which is subsequently 

evacuated and transferred to the XPS/UPS analysis chamber. 

The Fc SAM cyclic voltammograms (Fig. 1c) are consistent with a surface-bound redox reaction as seen by 

the linear dependence of the CV peaks with scan rate. The integral charge transferred from CV show that the Fc 

SAM coverage is 4.6 × 10-10 mol cm-2 which is consistent with the theoretical coverage of 4.5 × 10-10 mol cm-2.1,2 
The subsequent XPS/UPS analysis was performed by polarizing (chronoamperometry) the Fc SAM electrode at 

0.5 and 0.1 V, which corresponds to the oxidized (Fc+) and neutral (Fc) states, respectively.  

The pristine XPS spectra  (Fig. 2) is consistent with existing reports showing only the presence of Fe, C, and 

S.3 The similarity of the pristine and Fc XPS/UPS spectra is consistent with the CV showing that our observations 

are reversible. Upon conversionto Fc+ there is a drastic change in the spectra. There is a change in the Fe 

oxidation state as seen in the shift toward higher binding energy in the Fe 2p3/2 and 2p1/2 peaks at 709.4 and 722.5 
eV. Concomitantly, the Cl 2p and O 1s spectra exhibit pronounced features which clearly indicate that the Fc+ 
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Figure 2 XPS of the Fc SAM in the pristine, Fc+ and Fc states. (a) Fe 
2p. (b) Cl 2p. (c) O 1s. (d) Au 4f. (e) C 1s and (f) S 2p spectra 

Figure 2 XPS of the Fc SAM in the pristine, Fc+ and Fc states. (a) Fe 
2p. (b) Cl 2p. (c) O 1s. (d) Au 4f. (e) C 1s and (f) S 2p spectra 

termini are interacting with the ClO4
- anions. 

Subsequent comparison of the relative atomic 

ratios support the presence of predominatly 1:1 

Fc+-ClO4
- ion pairs. This is consistent with 

existing reports where the presence of weakly 
solvating (hydrophobic) anions results in the 

preferential formation of 1:1 contact ion pairs 

along with the negligble uptake of water.2,4 We 

have also confirmed this with similar 

observations when employing other hydrophobic 

anions including PF6
-. The change in monolayer 

thickness and molecular orientation can be 

observed in the Au 4f and C 1s spectra (Fig. 

2d-e). The attentuation of the Au 4f  in the Fc+ spectrum is caused by inelastic scattering which we interpret as 

an increase in effective thickness caused by the presence of ion pairs, and when coupled with existing reports 

reports can also be attributed to the tilting of the alkyl chain towards a more perpendicular position relative to the 

electrode surface.5 This is reinforced by the Fc+ C 1s spectrum ascribed to the cyclopentadienyl ligands and alkyl 
chain, where the broadening is attributed in part to the reoirentation of the alkyl chain. 

The valence structure from UPS (Fig. 3c) 

has a feature at 1.6 eV in the pristine and Fc 

attributed to the highest occupied molecular 

orbital (HOMO) of Fc.3 Upon oxidation to Fc+ 

the HOMO is expected to shift towards higher 
binding energy with features evident from 2-5 

eV with a pronounced feature at 4.4 eV. The 

higher work function of Fc+ (~5.2 eV) relative 

to Fc (~4.6 eV) is attributed to a reorientation of the molecular dipole owing to the presence of ion pairs and SAM 

reorientation. 

In conclusion, we have sucessfully probed the redox-dependent electronic and interfacial structures of Fc 
SAM by using a setup consisting of an EC cell combined with XPS/UPS. Lastly, the finding that both the Fc and 

Fc+ redox states are stable following removal from the electrolyte and transfer to vacuum potentially opens the 

door to other vacuum based techniques such as scanning probe microscopy.  

 

References [1] Chidsey, C. E.; Bertozzi, C. R.; Putvinski, T.; Mujsce, A., J. Am. Chem. Soc. 1990, 112, 4301-4306. [2] 

Wong, R. A.; Yokota, Y.; Wakisaka, M.; Inukai, J.; Kim, Y., J. Am. Chem. Soc. 2018, 140, 13672-13679. [3] Yokota, 

Y.; Mino, Y.; Kanai, Y.; Utsunomiya, T.; Imanishi, A.; Wolak, M. A.; Schlaf, R.; Fukui, K., J. Phys. Chem. C 2014, 

118, 10936-10943. [4] Valincius, G.; Niaura, G.; Kazakevičienė, B.; Talaikytė, Z.; Kažemėkaitė, M.; Butkus, E.; 

Razumas, V., Langmuir 2004, 20, 6631-6638. [5] Ye, S.; Sato, Y.; Uosaki, K., Langmuir 1997, 13, 3157-3161. 
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Colorimetric sensors based gold nanoparticles (AuNPs) have been fabricated in board areas due to their 

outstanding localized surface plasmon resonance (LSPR) property.1 The plasomon resonance depends on 

interparticles plasmon coupling of AuNPs in addition to particle size, so the tunability between the 

dispersion state (a vivid red in color) and the aggregation one (a purple-blue in color) of AuNPs, resulting in 

the color change observing with the naked eye, is a focusing point in sensor development. Generally, an 

aggregation happens as crooslinking by a chemical reaction between the modified AuNPs, e.g., binding of 

recognition element to target analyse such as sugar and cancerous cells.2,3 Our group reported another 

aggregation behavior, called non-crosslinking aggregation, by the change of physical properties particle 

surface grafted DNA.4,5 

In this work, we interested in G-quadruplex (G4) 6 or plenty 

of guenines (Fig. 1A) sequence as a DNA probe on AuNP 

surface. By a network of Hoogsteen hydrogen bonding and 

stabilization of a monovalent cation inserted between 

G-quatets (Fig. 1B), G4 folds higher-order structures that are 

built around tetrads (Fig. 1C). Regarding quanine-rich 

(G-rich) sequence of G4, a small molecule as antitumor drugs 

can specifically form an adducts with quanines such as 

cisplatin and its delivertives may be a key to effectively 

treating cancer. The formation of cisplatin-DNA adducts 

cause necrotic cell death in high dose of cisplatin while the 

low dose causes cell apoptosis. Because cisplatin is a 

non-selective,7 affecting both cancerous and noncancerous 

cells, its side effect to patient have been well-documented. Hence, the reliable cisplatin sensor is need. 

Herein, the oligonucleotide of 35B1 Kras was immobilized on the surface of AuNP of diameter 40 nm (1 

O.D. at 520 nm) to form G4-conjugated AuNP (G4-AuNP). 

In the absence of cisplatin, G4-AuNPs stably dispersed in 10 mM K+ phosphate buffer (PB) (pH 5.0) 

including 1.0 M NaNO3, showing a vivid red solution. In the presence of cisplatin, however, the solution 

color gradually changed to purple-blue solution, meaning that the aggregation of G4-AuNPs occurs (Fig. 2A). 

Because the strands with the G4 structure deformed to cisplatin-DNA-intrastand adducts. The corresponding 

UV-vis spectra shifted to longer wavelengths (Fig. 2B). The degree of aggregation depended on the 

concentration of cisplatin. The variation in color was evaluated by the ratio of the absorption at 600 nm to 

that at 529 nm. In this case, the aggregation of G4-AuNP had been considered to occur without 

particle-bridging (non-crosslinking aggregation). 

To get the high performance of the sensor, the involving parameters in preparation steps have been 

 
Figure 1 Structures of guanine (A), G-quartet (B), and 
G-quadruplex (G4) (C). The yellow and green beads represent the 
sugar-phosphate residue and the monovalent cation (K+), 
respectively. In (C), three different G4 structures with three stacks 
of G-quartet are illustrated: the chair-, basket-, and 
propeller-types, which correspond to 21CTA, 22 Ag, and 35B1 
(Kras) investigated in this study. 
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investigated, including effect of particle size, G4-conformation, reaction time, and salt concentration. Under 

the optimum condition of propeller conformation of 35B1 Kras-functionalized AuNPs with 10 min of 

reaction time in 10 mM PB (pH 5.0) containing 1.0 M NaNO3, the result showed a linearity in the range of 

15.0 to 30.0 μM with a correlation coefficient greater than 0.99 (Fig. 2C). The detection limit was 12.9 μM. 

For specificity of cisplatin among its analogues, cisplatin is the most popular; it can be used alone or in 

combination with other derivatives such as carboplatin and oxaliplatin (Fig. 3A). Even they share some 

structural similarities and have the same treatment mechanism, no sensitivity and color change were 

observed (Figs. 3B and 3C). This means that the 

developed sensor can specifically detect cisplatin. This 

must be due to the difference in the kinetics of adduct 

formation. Compared with the formations of carboplatin 

and oxaliplatin, the formation of DNA-cisplatin adduct is 

much faster.9-11 In summary, a simple, rapid and selective 

colorimetric sensor for a hazardous small molecule, 

cisplatin, using non-crosslinking aggregation of 

oligo-DNA-AuNP conjugate material can be applied as a 

new door for the detection of cisplatin in blood serum and 

urine samples of a chemotherapy patient with no need for 

any special instrument.  
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The alignment of the ionization and the affinity levels of a molecule with respect to the adsorbent, i.e., the 

energy level alignment (ELA), at a molecular interface plays a crucial role in understanding the molecular and 

interfacial phenomena, such as the catalytic reactions, molecular luminescence, charge transport, and charge 

exchange through the interface [1,2]. The ELA has been extensively investigated mainly at the molecule/metal and 

molecule/bulk-insulator interfaces. At molecule/metal interfaces, interfacial interactions, such as a charge transfer 

between the molecule and the metal, shift the charge neutrality level of the molecule toward the Fermi level (EF) of 

the metal substrate [3,4]. In contrast, at the molecule/bulk-insulator interface where the ionization and affinity 

levels of the molecules are located in the band-gap of the insulator, no charge transfer can occur. In such a case, the 

energy levels of the molecule are not drastically changed upon the adsorption, and thus the energy differences 

between the molecular energy levels and the vacuum level (Ev) are preserved. 

A different type of molecular interface, namely, a molecule/insulator/metal interface, is prepared by forming 

insulating films of a few atoms in thickness on metal substrates, upon which the molecules are only weakly coupled 

or decoupled with the underlying metal substrates. The molecules at this interface show novel phenomena that have 

not been previously observed on metal surfaces, such as reaction pathway control, molecular luminescence, and a 

manipulation of the charge states of the adsorbates. Molecule/insulator/metal interfaces are classified between two 

extreme systems in terms of the degree of interaction between the molecule and metal, which can be varied 

according to the thickness of the insulating film between them. Thus, to describe the ELA at a 

molecule/insulator/metal interface, it is necessary to know the energies of the molecular levels with respect to both 

EF and Ev of the substrates as a function of the film thickness, which has yet to be quantitatively clarified. 

In this study, we propose a general description of the ELA for an isolated single organic molecule adsorbed on 

a thin insulating film grown on a metal substrate, which is rationalized through a systematic analysis of the dI/dV 

spectra measured on free-base phthalocyanine (H2Pc) adsorbed on NaCl films of various thicknesses using 

scanning tunneling microscopy/spectroscopy (STM/STS) (Figs. 1(a) and 1(b)) [5].   

Figure 2(a) shows the dI/dV spectra of a H2Pc on 1,2,4 

monolayers (MLs) NaCl/Au(111) and on Au(111). The peak 

positions show the thickness dependency. However, these 

positions were found to shift depending on the tip-surface 

distance resulting from a voltage drop within the NaCl films. 

The energy of the ionization level ( ) and the affinity levels 

( ) from EF were deduced by compensating the peak shift 

arising from the voltage-drop effect by modeling the 

Fig. 1 (a) A schematic illustration of the 

sample and the experimental setup. (b) A 
model of free-base phthalocyanine (H2Pc).
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tunneling junction as a parallel capacitor. Furthermore, these levels from Ev ( , ), which are correlated with 

 through , were determined based on the work functions ( ) derived from the measurement of 

the dZ/dV spectroscopy.  

The intrinsic energy levels of the ionization and affinity levels from EF or Ev, and the center of these levels ( ) 

are plotted in Figs. 2(b) and 2(c). These plots show clear tendency. First, the energy gap (  – ) increases with 

the thickness of the NaCl film. Second, the energy of  is constant regardless of the work function of the 

substrates, except for H2Pc/Au(111). The change in gap size can be explained by the screening of the electric field 

around the tentatively ionized molecule from the underlying metal substrates, which reduces the Coulomb potential. 

The screening effect is expected to decrease with the increase in the molecule-metal distance as determined by the 

film thickness. The invariance of  indicates the “vacuum-level alignment” of both the ionization and affinity 

levels, which has been observed when the electronic states of adsorbates are decoupled from the metal substrates. 

In contrast, average of ionization and affinity levels,  of H2Pc/Au(111) are shifted toward EF of the substrate, 

5.31 eV, suggesting a considerable hybridization between the molecular orbitals and the electronic states of the 

Au(111) surface. These results demonstrate that only a few atomic layers of insulating materials are sufficient to 

decouple a molecule, and that the energy levels still receive a long-range screening effect from the metal. 

In conclusion, the ELA at the molecule/insulating film/metal interface is described by a vacuum-level 

alignment combined with the screening effect. When increasing the thickness, the ionization (affinity) level 

originating from a tentative charged state shifts downward (upward) owing to the reduced screening from the metal. 

The center of these levels with respect to Ev remains unchanged from the bulk insulator to the ultrathin limit. Our 

findings allow us to control the charge injection barriers using the energy levels of the molecule in the gas phase, 

the work function of the substrate, and the thickness of the film.  
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Fig. 2 (a) dI/dV spectra of a H2Pc adsorbed on the Au(111) and on the NaCl(1,2,4 MLs)/Au(111).  

(b, c) Plots of intrinsic ionization and affinity levels relative to EF (b), and Ev (c) of the substrate. 
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Single-walled carbon nanotubes (CNTs) have attracted 

considerable attention due to their remarkable physical and 

electronic properties, and much effort has been devoted to 

functionalize CNTs for expanding their capabilities. In particular, 

non-covalent functionalization with organic molecules is a 

powerful strategy for developing CNT based devices such as 

photovoltaics and photodetectors. The interactions between the 

organic molecules and CNTs are considered to be less perturbative 

compared to covalent modification, and therefore the outstanding 

properties of CNTs can be preserved. Organic molecules such as 

porphyrin and phthalocyanine couple to nanotubes through π−π 
interactions to modify the charge density of CNTs, while the 

emission energy is reduced due to the molecular screening. 

Furthermore, there are unique exciton dynamics at the organic 

molecule/CNT interface including energy and charge transfer.  

In the measurements performed for nanotubes in solutions, 

however, the existence of solvent molecules inevitably complicate 

the interpretation by influencing the interactions. Additionally, the 

solvents themselves provide molecular screening, reducing the 

dielectric effects of the organic molecules. Investigation of 

molecular adsorption on air-suspended nanotubes would provide 

invaluable information towards fundamental understanding of the 

adsorption effects, as thermal evaporation techniques allow for 

molecular deposition without introducing other molecules. The use 

of pristine tubes should further enable drastic dielectric 

modification for developing non-covalently functionalized CNT 

devices.  

Here, we demonstrate control over many-body interaction 

energies in air-suspended carbon nanotubes by copper 

phthalocyanine (CuPc) molecule adsorption (Figure 1). The 

 
 
Figure 1 Dielectric screening by organic
molecules can modify the many body
interaction energies significantly. 

 

 
 
Figure 2 (a) A schematic image of the sample.
(b) A scanning electron microscope image of a
CuPc/CNT hybrid. (c), (d), and (e) PL
excitation map, PL image, and laser
polarization angle dependence, respectively,
for  a (9,7) nanotube in the 26~nm sample
before CuPc deposition. (f), (g), and (h) PL
excitation map, PL image, and laser
polarization angle dependence, respectively,
for the same tube after the deposition. (b), (d),
and (g) The scale bars are 1 μm.  
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molecules are deposited on chirality-assigned CNTs by thermal 

evaporation, and we perform photoluminescence (PL) 

spectroscopy of the CuPc/CNT hybrid (Figure 2). From the 

averaged PL and PL excitation (PLE) spectra for various chiralities, 

we find that the E11 and E22 resonances redshift with increasing 

deposition thickness due to the molecular screening (Figure 3 and 

4). Furthermore, a new emission peak is observed at an energy 

below the E11 peak, which is attributed to trion emission (Figure 5). 

The emergence of the trion emission is likely due to charge transfer 

between CuPc molecules and CNTs. The spectra from individual 

tubes show that there is a good correlation between the 

exciton-trion energy separation and the exciton emission energy. 

Data from individual tubes reveal a good correlation between 

exciton-trion energy separation and the E11 energy, suggesting the 

existence of a universal relationship.  We consider a model 

assuming power law scaling of the interaction energies with 

dielectric constant to explain the observed correlation. A model 

assuming power law scaling of the many-body interactions with 

dielectric constant can quantitatively explain the observed 

correlation, which should be able to describe nanotubes with 

different surface conditions in a universal manner. Our findings 

show that organic molecule adsorption significantly affects 

many-body interaction energies of suspended CNTs, which opens 

up a pathway to CNT devices utilizing noncovalent molecular 

functionalization. 
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Figure 3 (a) and (b) Ensemble averaged PL
and PLE spectra, respectively, for (9,7) tubes
of the samples before deposition (black), 3 nm
sample (red), 7 nm sample (green), 16 nm
sample (blue), and 26 nm sample (purple). 
 

 

 
 
Figure 4 Deposition thickness dependence of
the E11 and E22 resonance energies for various
chiralities.  
 
 
 

 
 
Figure 5 (a) A PLE map for a (9,7) tube in the
26 nm sample. (b) and (c) PL images for T and
E11 exciton emission, respectively, for the
same tube. Scale bars are 1 μm.  
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Figure 1: Concept of the streaming DAQ system 

 
Figure 2: In-Beam Setup and Data Flow in the Streaming DAQ system 

 
 

Development of a High-Throughput, Trigger-Less Data Acquisition System for 
the Charm Baryon Spectroscopy Experiment at J-PARC 

 
R. Honda1, Y. Igarashi2, Y. Ma3, T. N. Takahashi4 for the J-PARC E50 Collaboration 

1Tohoku University, 2KEK, 3RIKEN, 4RCNP, Osaka University 
 

As a next generation high luminosity particle 

physics experiment, J-PARC E50 requires 

measurement of multiple reaction channels 

simultaneously with enormous amount of data 

from detectors. Traditional counter experiments 

with hardware event trigger technique cannot 

fulfill such requirements. Therefore, we propose 

to develop a high-throughput trigger-less data 

acquisition system (DAQ) to face this challenge. 

The proposed DAQ has the following features: 1) capability to handle MHz order event rate and a data 

throughput of 10GB/s in average; 2) optimized online filtering and tracking algorithm to select physics event 

effectively with 99% background suppression; 3) entirely implemented with general purpose computing 

devices (CPU and GPU). 

The concept of the proposed DAQ is illustrated in Fig.1. There are four stages in the proposed trigger-less 

DAQ: buffering, packing, tracking and storing. The digitized signals from detectors (TDC and ADC) 

carrying global time stamp are sent to buffer stations first via fast Ethernet connection. Data from different 
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Figure 3: CPU and Memory Consumption among 40 CPUs 

and 256 GB Memories 

detectors are merged and packed into event candidates at packer stations. The packed events are then fed into 

tracker stations as shown in Fig.1, where data filtering and tracking are performed by software. Only charm 

related physics events passed those filtering and tracking are saved into local storage devices for offline data 

analysis. 

We have developed FPGA based streaming TDC modules with synchronization capability. A prototype 

DAQ software was prepared based on FairMQ [1]. We have carried out in-beam test for the idea of 

streaming DAQ in December of 2018, at ELPH of Tohoku University, which clearly demonstrates the 

feasibility of the proposed setup. The schematic setup used for the in-beam test is shown in Fig.2. In total, 

128 channels of scintillation fiber, 14 channels scintillation counter and 30 channels of drift chamber are read 

by six streaming TDC modules without trigger selection. All six streaming TDC modules (HUL [2]) worked 

at their highest throughput (1Gpbs) without obvious data loss. This is an important evidence for the 

transportation capability of TCP/IP technique in near real time condition. 

During the in-beam test, we tested two types 

of online processing algorithm to pack data 

from different TDC modules together and 

suppress random hits from detectors. The first 

method is to employ standard C++ algorithm 

(inplace_merg()) to merge and sort the TDC 

data. The online performance was found that 

one needs ~25GB RAM and ~25 CPU cores to 

handle 6Gbps data throughput. However, the 

performance is also strongly dependent on the 

data segment size: a smaller data segment to be 

processed the better performance can be 

expected. There is still some possibility to optimize this method by fine tuning the data segment. Another 

method we tested is named as fixed time window method. We divide the global TDC data into 1 s wide time 

window, which is mapped to a fixed address in RAM space. By checking the multiplicity information of 

each time window, we will be able to suppress the dark counts from hot channels. The performance of this 

method is given in Fig.3. It is apparent that this method is more economic and allow us to perform further 

online processing such as hit position finding by using pre-built look up table. In any case, we have achieved 

an important goal by demonstrating the data processing capability of modern server machine and established 

the feasibility of streaming DAQ. 
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