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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).
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* 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.

e The rest is chemistry

. The underlying physical laws necessary for the mathematical

. theory of a large part of physics and the whole of chemistry are
thus completely known, and the difficulty is only that the exact
application of these laws leads to equations much too

| complicated to be soluble.

The behavior of matter including biological systems
can be understood through physical laws.

e More is different

The behavior of large and complex aggregates of elementary
particles is not to be understood in terms of a simple
extrapolation of the properties of a few particles. Instead, at
each level of complexity entirely new properties appear.

EZ-1ed |

The interactions among multiple components in
complex systems create entirely new properties in
each layer of the hierarchy.

P. W. Anderson

» 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.

Photochemical reaction system CGY&RDBE/RIG)

Stroma

Excitation

Light Light

NADP*+H* NADRH

. ..7. ﬂwl'llm mml’m‘wﬂwmmmp
Thylakoid W -~ \ '14 N ,
membrane ™| [ : 7 ] ‘ :,»Heterogenelty

“" M~ oLRO) @/’(_1_\.1_\-1x.n.\.:.\.n.w;\.x\_;.\.;.{\_

reductase

H,0 30,+2H"

PO Cytochrome
PQH;

Important functions, including electron transport and ATP synthesis,
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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.
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* 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 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



Heterogeneity at the interface

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.
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In this project, we investigate the heterogeneity at three kinds of interface systems by three sub-projects. At
atomic-scale interfaces, isolated impurities are introduced to solid (single-crystal diamond) and to liquid (He
II) to understand the quantum-level interactions between each dopant with surrounding atoms. We challenge
to realize superconducting diamond by high-concentration doping of nitrogen (n-type) for the first time,
although superconductivity of boron-doped (p-type) diamond has been reported. It is still unknown how the
quantum interaction occurs among the dopants and surrounding atoms to evolve unprecedented phenomena,
which is a crucial issue to understand and utilize heterogeneity at atomic-scale interfaces in matters. At
molecular interfaces, our knowledge and ability to control the molecular interfaces at the molecular-level are

very immature, compared to those for the molecules in the bulk, although the molecular interfaces play
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essential roles in various phenomena such as wetting, adhesion, biocompatibility, tribology, electrical
properties as well as complex reactions in living things. Therefore, a concerted spectroscopic and microscopic
study is highly desired for elucidating structural and functions of molecular interfaces. At device interfaces,
the heterogeneity of electric field at the electrode interface largely influences on the various kinds of charge
carrier dynamics, such as electron/hole injection, trapping, recombination and transport, which play a central
role in device performance. We will evolve novel functions of organic transistor devices, such as
superconductivity and light emission, by controlling charge carriers at the interface between electrodes and
materials, based on the atomic/molecular-level understanding of charge carrier distribution and dynamics at
the device interface.

As a strong novelty of this project, we propose a comprehensive solution for long-standing issues regarding
influence of atomic/molecular level structures and charge carrier dynamics resulting from the heterogeneity at
interfaces on macroscopic properties and functions of a variety of materials systems by cutting-edge

spectroscopic and microscopic techniques in RIKEN.

Project Leader

Dr. Yousoo Kim
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Room-temperature single photon emission from carbon nanotubes

Single-walled carbon nanotubes are a promising material as quantum light sources at
room temperature and as nanoscale light sources for integrated photonic circuits on silicon.
Here we discuss the use of carbon nanotubes as room-temperature single photon emitters
from two different approaches. The first is where efficient exciton-exciton annihilation
process [1] is used to reduce the number of mobile excitons. We investigate photon
statistics in as-grown individual air-suspended carbon nanotubes and perform theoretical
analysis to show that diffusion-driven annihilation of mobile excitons can produce high-
purity single photons [2]. In the second approach where exciton trapping sites are created
to localize excitons [3], we demonstrate integration of carbon nanotube dopant states to
silicon photonic crystal microcavities [4]. The coupling of the dopant emission to the
microcavity results in an increase of photoluminescence by a factor of ~100, corresponding
to a single-photon emission rate of 1.7 x 107 Hz which is the highest reported for room-
temperature operation of nanotube single photon sources. Our results show that both
diffusive (1D) and localized (0D) excitons in carbon nanotubes can produce high quality
single photons at room temperature, opening up a pathway to quantum light sources with
additional functionality and flexibility.
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Laminar flow dendritic amplification-assisted microRNA detection on a
power-free microfluidic chip

Isolation and separation of cancer cells or RNAs in a peripheral blood sample are clinically
important for development of cancer diagnosis systems. Especially, circulating microRNAs
(miRNAs), which are non-coding RNAs as a cancer marker, have been identified and attracted much
attention because of their key role in cancer metabolism. One of the major challenges in field of
miRNA detection is development of a robust diagnosis tool using patients’ biofluid with high
accuracy, sensitivity and short analysis time. Here, we suggest a power-free microfluidic chip as a new
class of miRNA detection tool that requires no power source for flow generation. The miRNA
detection is carried out on the chip with laminar flow-assisted dendritic amplification (LFDA) on the
capture probe-DNA (CP-DNA) immobilized area on glass surface (Figure). Using this method, we
demonstrated a capability of the power-free microfluidic chip to accurately detect the miRNAs from

human sample within 20 minutes.
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Figure. Photos for a power-free chip and schematic illustrations of chip-based miRNA detection with LFDA.
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Studying Negative Ions in Cryogenic Electrostatic Ion Storage Rings

The recent introduction of cryogenic electrostatic ion storage rings has opened up new
possibilities in the study of atomic and molecular species in general, and negative ions in
particular. In these experiments, ions are stored at temperatures and vacuum conditions
similar to those found in interstellar space, allowing the ions to be stored for tens of minutes
and even hours. Such long storage times allow for the study of long-lived metastable states
of negative ions, as well as allow for manipulation of negative ion state populations through
such techniques as state-selective photodetachment. I will present my work with such
studies from my time at the world’s first cryogenic storage ring, the Double ElectroStatic
Ion Ring ExpEriment (DESIREE) facility at Stockholm University, and how they apply to
my planned work with the world’s newest cryogenic storage ring, the RIKEN Cryogenic
Electrostatic (RICE) ring
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We design high quality factor air-mode nanobeam cavities by finite-difference time-
domain simulations, and utilize the cavities to enhance the emission of air-suspended carbon

N

nanotubes [1]. The cavities are fabricated from silicon-on-insulator wafers, and nanotubes
are synthesized over the cavities by chemical vapor deposition. Photoluminescence
spectroscopy is performed on the devices, where we observe optical coupling when the
nanotube emission energy is close to the cavity resonance. Taking advantage of laser-
heating-induced blueshifts of the nanotube emission, we can reduce the detunings [2]. We
derive and numerically calculate the generalized expression for the spectral overlap, and
good correlation to the enhancement factors is obtained.

[1] R. Miura, S. Imamura, R. Ohta, A. Ishii, X. Liu, T. Shimada, S. Iwamoto, Y. Arakawa, and Y. K. Kato,
Nature Commun. 5, 5580 (2014).

[2] H. Machiya, T. Uda, A. Ishii, and Y. K. Kato, Appl. Phys. Lett. 112, 021101 (2018).
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Molecular screening effects on trion binding energies and electronic

band gaps in air-suspended carbon nanotubes

The quasi-one-dimensional geometry of single-walled carbon nanotubes results in enhanced
Coulombic interactions. The strong electron-hole attractive force leads to a formation of
tightly bound excitons and trions. These optical properties are sensitive to environmental
screening, which causes the reduction of the Coulombic interactions. For air-suspended
nanotubes, the excitons are known to be affected by screening of adsorbed molecules. Here,
we investigate the molecular screening effects on trion binding energies and electronic band

gaps in air-suspended carbon nanotubes within field-effect transistor configuration.
Measurements of gate voltage dependence on photoluminescence from nanotubes before
and after the molecular adsorption show that the molecules significantly modify the trion
binding energies as well as the electronic band gaps. We further observe large influence of
the excitation power on the gate dependence of photoluminescence, which could be a
signature of the band gap renormalization induced by excitonic screening.
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