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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 
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excited-state 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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Coordination Self-Assembly （配位駆動自己集合）

Molecular self-assembly based on coordination chemistry has made an explosive development in recent 
years.  Over the last >25years, we have been showing that the simple combination of transition-metal’s 
square planer geometry (a 90 degree coordination angle) with pyridine-based bridging ligands gives rise to 
the quantitative self-assembly of nano-sized, discrete organic frameworks.  Representative examples 
include square molecules (1990), linked-ring molecules (1994), cages (1995), capsules (1999), and tubes 
(2004) that are self-assembled from simple and small components. Originated from these earlier works, 
current interests in our group focus on i) molecular confinement effects in coordination cages, ii) solution 
chemistry in crystalline porous complexes (as applied to “crystalline sponge method”),[1] and iii) and giant 
self-assemblies[2] (Figure 1), as disclosed in this lecture.

 

Reference 
[1] Y. Inokuma, S. Yoshioka, J. Ariyoshi, T. Arai, Y. Hitora, K. Takada, S. Matsunaga, K. Rissanen, M. 
Fujita Nature 2013, 495, 461-466. 
[2] D. Fujita, Y. Ueda, S. Sato, N. Mizuno, T. Kumasaka, M. Fujita, Nature 2016, 540, 563.

Figure 1 . X-ray 
structure of M48L96 
complex. 
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