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Fig. 1 (a) Various nanoscale structures and functions.
(b) Structural and functional analysis of nanoscale
structures by quantum beams.
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Abstract )

Nanoscale materials often reveal fascinating properties
different from bulk materials. This essentially originates
from the lowered symmetry and dimensionality. The
Research Group for Nanoscale Structure and Function of
Advanced Materials aims at development of exotic and
functional nanoscale materials by actively conducting
synthesis of novel nanoscale materials and sophisticated
analysis with advanced quantum beams. The recent
research activities of our group are introduced here.

1. Background )

Nanometer-scale structures include clusters, two-
dimensional materials, quantum dots, impurities, surfaces
and interfaces among others (Fig. 1(a)). These nanoscale
materials often reveal fascinating features as compared
to bulk materials, which essentially originate from the
lowered symmetry and dimensionality. Due to symmetry
breaking, the degeneracy of electronic and vibrational
states degenerated in bulk materials, is lifted, and new
electronic and vibrational states appear. Moreover, the
electronic and atom motion is significantly limited by the
lowered dimensionality. Owing to this, bulk materials
without magnetism or conductivity may show magnetism
or conductivity on their surfaces. Typical examples
are the magnetism at the nanoparticles and surfaces
of nonmagnetic materials, and metallic conductivity
at surfaces of insulating materials. Compared to bulk
materials, atom motion is enhanced at nanoclusters and
solid surfaces, thereby offering stages where catalytic
and electrochemical reactions take place as the interfaces
between gas/liquid and solid phases. As such, nanoclusters
and solid surfaces play important roles in exchanging
energy, materials, and information.

Nanoscale materials can be regarded as different
substances from bulk even though they might have
identical chemical composition. Some bulk materials
contain low-dimensional structures as important building
blocks for the manifestation of materials properties, which
can also be regarded as nanoscale materials. Synthesizing
novel nanoscale structures is indispensable for exploration
of new functional materials.

As manifestation of materials properties originates from
their atomic and electronic structure, understanding the
atoms and electrons of the materials is essential and highly
desired. However, the size of the nanoscale materials is
substantially small compared to bulk materials, we often
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Fig. 2 (a) TRHEPD rocking curve under the one-
beam condition with calculated curves for three
possible structures. (b) Temperature dependence of
sheet resistance in Ca-intercalated graphene and the
structure model obtained from the TRHEPD analysis [1].
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encounter difficulties in analyzing their structures. To
overcome this difficulty, our group employs quantum
beams as shown in Fig. 1(b) such as positron, muon, and
neutron as well as scanning tunneling microscopy (STM)
and photons at THz, infrared, and ultraviolet regions,
which allow us to analyze nanoscale materials in detail
thereby enabling us to explore novel functional materials.

2. Recent research )

The main activity of our group encompasses synthesis
of novel nanoscale materials” and “analysis of materials
functions”. Recent research results are briefly summarized
below. The structures of two-dimensional materials
including graphene consisting of one sheet of carbon
layer and post-graphenes such as silicene, germanene, and
stanene on substrates were precisely analyzed (Fukaya).
High-quality graphene was synthesized on substrates
with an assistance of in-situ observation with the radiation
microscope. In the course of these studies, an efficient
proton transmission property was discovered (Yasuda),
and the optical property of graphene was successfully
tuned by introducing artificial strain (Terasawa). Along
with graphene, transition-metal dichalcogenides having
layered structures have recently acquired much attention.
In these regards, the relation between superconductivity
and f-electrons was analyzed in detail with uSR (Higemoto),
and the presence of magnetic excitation in an Fe-based
superconductor was clearly shown with inelastic neutron
scattering (Shamoto). As for transition-metal oxides, the
effects of hydrogen impurity on the electronic properties
of oxides were clarified with u SR (Ito). Silicon surfaces
often reveal fascinating superstructures, which have
been extensively studied to date. The anisotropic 16 X 2
superstructure that appears on the Si(110) surface offers
a good playground to synthesize nanoscale structures,
where Si quantum dots and graphene nanoribbon were
successfully fabricated by tuning the anisotropy and
domain size by applying strain and oxidation/reduction
reactions (Asaoka, Yano, Machida). In addition to the
synthesis of the nanoscale structures, solid surfaces often
exhibit catalytic activities towards chemical reactions.
The mechanism of spin conversion and energy dissipation
occurring on surfaces and molecular clusters has been
clarified for nuclear-spin isomers of hydrogen, water and
methane molecules (Ueta, Yamakawa). Some of the recent
studies in our group are detailed in the following.

2.1 Structural analysis with total-reflection
high-energy positron diffraction (TRHEPD)

A recent topic of the two-dimensional materials
is superconductivity; due to the interface effect and
tilted stacking effect, they might have a higher critical
temperature for superconductivity and a different
magnetic response than bulk materials. Although the Ca-
intercalated bilayer graphene on a SiC substrate shows
a superconducting behavior, the intercalation structure
was controversial. We have successfully elucidated the
atomic structure of the Ca-intercalated graphene on a
SiC substrate with our original technique of TRHEPD [1].
Since positron undergoes total reflection at the material
surface, TRHEPD allows for extremely surface-sensitive
structure analysis. Figure 2(a) shows a TRHEPD rocking
curve, which exhibits an oscillating feature against the
glancing angle of the positron beam. By comparing with
the theoretical curves on the basis of some structure
models, contrary to a naive expectation that Ca atoms are
intercalated in the interlayer between the two graphene
layers, it has been shown that Ca atoms are intercalated
in the graphene-buffer interlayer as shown in Fig. 2(b).

It is expected that this result leads to further elucidation
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Fig. 3 STM images taken after (a) hydrogen and (b)
deuterium evolution reactions on graphene grown on a
gold substrate in acidic solution [2].
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of the mechanisms of various novel phenomena in two-
dimensional materials as well as superconductivity.

2.2 Synthesis of high-quality graphene and
application to proton transfer control

Synthesis of high-quality and large-scale graphene is
highly desired in view of application to electric devices
owing to its high electron mobility. We have successfully
synthesized high-quality graphene on gold and copper
surfaces. Taking advantage of weak interaction between
the graphene and gold, this graphene/Au stack was
applied to the electrode for an electrochemical reaction.
Figure 3 shows STM images of the electrode surface
taken after the electrochemical hydrogen evolution
reaction [2]. It is found that many nano-sized bubbles are
formed on the surface after the reaction. This is induced
by the reaction of 2H" + 2e" — H, on the electrode surface,
where two protons penetrate graphene and recombine
with each other forming molecular hydrogen by capturing
two electrons from the gold substrate. Since molecular
hydrogen, on the other hand, can't penetrate graphene,
molecular hydrogen is trapped between the Au substrate
and graphene layer. Interestingly, little bubbles were
formed after electrolysis of D,O. This suggests that the
penetration probability of deuteron is substantially smaller
than that of proton implying that graphene has an ability
to distinguish proton from deuteron. By further tuning
the graphene functionality, this is potentially applied to
hydrogen storage and isotope separation.

2.3 Electronic effects of hydrogen on
transition-metal oxides

Transition-metal oxides have acquired considerable
attention due to their fascinating features such as
dielectric, magnetic, and optical properties. SrTiO3 with a
perovskite structure has been extensively studied because
of its quantum paraelectricity and high-quality surface for
the fabrication of oxide heterostructures. A recent hot
topic is the effects of hydrogen on its electronic properties,
which are yet to be elucidated due to the difficulty to
experimentally observe hydrogen in materials. We have
studied the electronic state of hydrogen in SrTiO; with
the uSR method. In the uSR experiment, a spin-polarized
u beam is introduced in the sample, and the rotation
and relaxation of the u spin is measured, which allows us to
analyze the local electronic and magnetic state in the target
sample. Since u has 1/9 of the proton mass, the muonium
(Mu) state formed by capturing an electron in materials
is regarded as an isotope of hydrogen. Therefore, the u
SR method has a unique feature capable of investigating
the electronic state of hydrogen in materials.

When u SR is conducted for pure SrTiO,, it is found that
Mu is formed at the interstitial site of the sample [34].
Figure 4(a) shows the electronic state of the Mu in pure
SrTiO;, obtained from the SR analysis, where Mu exists
as an ionized state in an interstitial site accompanying
an unpaired electron in the neighboring Ti site. It is
furthermore clarified that this paramagnetic complex is
dissociated at a high temperature, which is expected to
contribute to electric conductivity. In an oxygen-deficient
SrTiO4, sample, on the other hand, from the muon spin
relaxation Mu is found to migrate in the interstitial sites
and eventually be trapped at the oxygen vacancy site as
displayed in the inset of Fig. 4(b) [3,4]. The results suggest
that the electronic state of Mu in the oxygen vacancy is
completely different from that at the interstitial site.
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Fig. 4 (a) Structure of Mu and its electronic state in
SrTiO;. (b) Temperature dependence of muon spin
relaxation measured for SrTiO; and SrTiOg,, and the
behavior of Mu in SrTiO3-x [4].
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3. Perspectives )

Nanoscale materials have different properties from bulk
materials, which are expected to play important roles in
the development of novel materials. Since the detailed
understanding of the atomic and electronic structure
of nanoscale materials is indispensable, our group will
continue to conduct synthesis of high-quality novel
nanoscale materials and advanced analysis of nanoscale
materials with our unique experimental methods.

As described in 2.2, graphene is found to possess
an ability to control the proton motion. The detailed
mechanism of the proton transmission and isotope
selectivity will be examined by chemically and physically
modifying graphene and tuning the proton energy. This
will eventually enable us to develop highly functional
materials, which are expected to be applied to isotope
separation, hydrogen energy and catalytic reactions. On
the other hand, hydrogen exerts significant effects on the
electronic properties of transition-metal oxides as detailed
in 2.3. Besides metal oxides, we often encounter situations,
in which hydrogen affects the host material properties. A
longstanding problem is hydrogen embrittlement, where a
trace amount of hydrogen induces fatigue of metals. The
1 SR method is expected to clarify the inter-hydrogen
interaction via the metal lattice, which might contribute to
the understanding of the hydrogen embrittlement. As to
the surface and interface properties, hydrogen is known
to significantly alter the surface structure and passivate
surface/interface states. In recent years, furthermore,
metals containing a large amount of hydrogen are
reported to exhibit high-temperature superconductivity,
metal-insulator transition and photochromic properties
among others. By utilizing hydrogen, it is expected to
explore exotic properties in nanoscale materials [5].

As mentioned above, hydrogen consisting of a proton
and an electron has a dual nature; whereas the proton
transfer and reaction are important on graphene and
solid surfaces, electronic effects due to hydrogen are
of significance in metal oxides and metals, although
the electron and proton motions are not separable and
correlated to each other. As both proton and electron
have spin 1/2, the spin degree of freedom is also
important. Hydrogen, water and methane molecules
among others have nuclear-spin isomers originating from
the Fermi statistics of proton, and the interconversion
between the isomers is usually forbidden. Interacting
with solid surfaces and molecular clusters, however, the
interconversion is considerably promoted. This means that
molecular clusters and solid surfaces are able to catalyze
the spin conversion. As the nuclear-spin isomers have
different energy levels, the spin conversion is accompanied
by energy transfer between the molecules and surfaces/
clusters. This is essentially interesting and important for
the molecule-surface interaction, which is being intensively
investigated.

Hydrogen is most abundant in the universe, and plays
important roles as a future energy source as well as
in astronomical science. Our group aims at exploration
of exotic nanoscale materials with a central focus on
hydrogen functions.
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