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【Purpose and Background of the Research】 
Metamaterials, locally-resonant materials not found in 

nature that contain artificial sub-wavelength structure, offer 
new opportunities in physics, materials science and 
technology. Electromagnetic varieties consist of split rings, 
giving negative permeability, or I-shaped wire elements, 
giving negative permittivity, for example. Acoustic 
varieties often show negative bulk modulus and density. 
Single-negative acoustic metamaterials (one negative 
parameter) can be used for damping, with applications in 
vibration isolation. Double-negative versions can focus 
acoustic waves into tiny areas below the diffraction limit. 
Enhanced acoustic transmission, either using resonances in 
small sub-wavelength apertures—a phenomenon known as 
extraordinary transmission—or using impedance matched 
miniature meta-atoms placed between highly mismatched 
media, can also be achieved. We propose the development 
and quantitative interpretation of acoustic and phoxonic, i.e. 
simultaneous photonic and phononic, metamaterial devices 
from kHz to GHz frequencies. 
 

【Research Methods】 
We aim to make scanning acoustic microscopes based on 

metamaterial extraordinary transmission in air, as well as 
make a metasurface for efficient acoustic transmission 
between highly mismatched media, in particular from 
water to air and vice versa. We also aim to create simple 
lightweight single-component acoustic metamaterials based 
on pillars or beams engraved with cavities or slits that can 
stop all modes of vibration over a wide band of frequencies 
or support plate flexural modes with double-negative 
behaviour (see Fig. 1). In addition, we aim to make 
phoxonic metamaterials (see Fig. 2) based on silicon or 
metallodielectric nanostructures, and to characterize their 
behaviour through optical and acoustic spectroscopy. 

 

 
Figure 1 Veselago diagram (elastic modulus M vs density 
ρ) and our proposed experiments on GHz DNG 
(double-negative) metamaterials. ρ-NG: negative density, 
M-NG: negative modulus, DPS: double positive. 
 

 
Figure 2 Phoxonic metasurfaces with optical and 
GHz-acoustic metamaterial bandgaps and “quadruple 
negative” metamaterials. 

 
【Expected Research Achievements and 

Scientific Significance】 
Metamaterial-scanning acoustic microscopes should lead 

to deeply-sub-wavelength resolution imaging of textiles or 
skin texture, with broad application in industry and 
biomedicine. New metasurfaces should lead to 
wide-band response and applications in efficient 
acoustic transduction. We should also be able to 
develop multiple-resonator-frequency kHz- down to 
Hz-frequency metapillars and metabeams for total 
vibration absorption, and acoustic metaplates with 
double-negative behaviour. In addition, the creation of 
phoxonic metamaterials should lead to novel 
“quadruple-negative” metamaterials with application to 
acoustic-optic modulation and co-focused 
sub-diffraction-limit acoustic and optic beams. 
 

【Publications Relevant to the Project】 
・Q. Xie, S. Mezil, P. H. Otsuka, M. Tomoda, J. Laurent, 

O. Matsuda, Z. Shen and O. B. Wright, 'Imaging GHz 
zero-group-velocity Lamb waves', Nat. Comm. 10, 
2228, 2019. 

・ E. Bok, J. J. Park, H. Choi, C. K. Han, O. B.Wright 
and S. H. Lee, 'Metasurface for Water-to-Air Sound 
Transmission', Phys. Rev. Lett. 120, 044302, 2018. 
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【Purpose and Background of the Research】 
 In the Internet of Things (IoT) era, in which devices and 
appliances are now connected to the Internet, the number 
of information and communication technology (ICT) 
devices is expected to rapidly increase. To accommodate 
the transmission of large amounts of information at high 
speeds, the frequency band will be shifted from the current 
ultra-high frequency band to the higher super-high 
frequency band (0.7–6.0 GHz), which is called the early 
5G band. However, as the noise emitted from many ICT 
devices affects communications using this band, reduction 
of this noise is vital. 
 Although electromagnetic wave absorbers absorb noise 
and are used to mitigate against this problem, conventional 
electromagnetic wave absorbers using soft magnetic 
materials, such as spinel ferrite and Fe-based materials, are 
not used in this frequency range because of the decrease in 
the imaginary part of their relative permeability (μr”). In 
addition, because ICT devices emit noise at many different 
frequencies, electromagnetic wave absorbers should 
function over a wide frequency range. 
 Therefore, in this research, modified dual-phase powders 
consisting of hard magnetic and soft magnetic phases will 
be prepared. The hard magnetic phase will increase the 
frequency range because of its high magnetic anisotropy 
and the soft magnetic phase will generate high permeability. 
By controlling the microstructure of the modified 
dual-phase powder, we will develop broadband 
electromagnetic wave absorbers that can function in the 
early 5G band. 
 

【Research Methods】 
 The modified dual-phase powder will be based on a 
composite powder consisting of hard and soft magnetic 
phases (Table 1). This design is based on the difference in 
resonannce frequencies between the two phases. The 
powder will be prepared by heat treatment (e.g., hydrogen 

reduction), followed by mixing using a mechanofusion 
reaction or a coating method (e.g., arc plasma deposition). 
Furthermore, to obtain 
electromagnetic wave 
absorption over a wide 
frequency range, μr’ 
and μr” must be within 
a certain range 
(matching region), as 
shown in Fig. 1. To 
achieve this, the 
two-phase 
microstructure will be 
controlled by methods 
including the 
distribution of the two 
phases in the powders 
and the volume 
fraction of the powders 
in resin composites. 
 

【Expected Research Achievements and  
Scientific Significance】 

 In this research, a new type of microwave absorption 
material will be developed for use in microwave 
absorbers. The material will be based on a modified 
powder composed of a hard and soft magnetic phase. The 
results will contribute to the development of ICT devices 
and to the establishment of IoT and sustainable societies. 
 

【Publications Relevant to the Project】 
・ S. Sugimoto, S. Kondo, K. Okayama, et al., “M-type 

ferrite composite as a microwave absorber with wide 
bandwidth in the GHz range”, IEEE. Trans. Magn., 
35(5), 3154-3156, (1999).  

・ T. Maeda, S. Sugimoto, T. Kagotani, et al., “Effect of 
the soft/hard exchange interaction on natural resonance 
frequency and electromagnetic wave absorption of the 
rare earth-iron-boron compounds”, J. Magn. Magn. 
Mater., 281, 195-205, (2004). 
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 http://www.material.tohoku.ac.jp/~jisei/index.html 
 sugimots@material.tohoku.ac.jp 

Table 1 Schematic illustration of modified dual-phase 
powders.  

Method Hard Magnetic
Particles

Soft Magnetic 
Particles

Modified Dual Phase
Particles

Mixing Coprecipi-
tation

Hydrogen 
Reduction

Hydrogen
Plasma Metal 

Reaction
（HPMR)

Mechanofusion

Coating
－ －

Metal Organic 
Decomposition 

Coprecipi-
tation － －

Arc Plasma 
Deposition（APD)

Heat 
Treat.

Coprecipi-
tation － －

Hydrogen Reduction
（Partial reduction）

Fig. 1 Matching regions and 
reflection loss (RL). 
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【Purpose and Background of the Research】 
The development of the quantum computing (QC) attracts 

much attention, which is expected to play the crucial role 
in the quantum information process. Compared to the rapid 
progress of the software, the construction of the hardware 
faces technical difficulties.  

In the QC system, the element of the information is called 
quantum bit (qubit) and the superposition of the assembly 
of the qubits is the core of QC. It is required to tune the 
interaction between qubits with a high precision, which is 
one of the technical barriers for the hardware construction. 
In terms of the precise placement of the qubit, the use of 
the molecule spin as the qubit has a large advantage due to 
the precision of the molecule structure. Combined with the 
use of the high-resolution spin detection system of 
ESR/NMR, the assembly of the molecules served as the 
platform of the Shor algorithm in the early stage of the QC 
development. However, ESR/NMR techniques require a 
large amount of molecules due to the sensitivity. This 
suggests that a new spin detection system for the 
nano-device composed of a small number of molecules has 
to be developed. In addition such a system can be used for 
the analysis of each qubit to judge whether it can be 
qualified for the qubit. 

 
【Research Methods】 

This project is dedicated to the development of the spin 
microscope, which can detect a spin of an atom/molecule 
with the atomic-scale space resolution. In addition, 
combined with the pulse RF application, the time evolution 
of the spin can be examined.  

We pay special attentions for molecules, which is 
partially because the qubit with multiple states, which is 
called a qudit, is studied extensively to reduce the number 

of qubits. This can be realized with using 
bis(phthalocyaninato)terbium(III) complex (TbPc2). The 
4f spin of this molecule possesses a large magnetic 
anisotropy, the class of the molecules is called single 
molecule magnet (SMM). 

We employ the tunneling magnetic resistance (TMR) to 
detect the spin direction of the molecule. (see Fig. 1) The 
4f electron of the TbPc2 molecule has a large spin of J=6. 
Depending on whether the spins of the tunneling 
electrons and the 4f spins are parallel or anti-parallel, we 
see the increase/decrease of the tunneling conductance 
due to the TMR and the information of the nuclear spin 
state appears as the hyper structure in the conductance 
change of the TMR. In addition to the detection of the 
spin state of the electron/nucleus, we place coils to 
generate pulse magnet to manipulate the spin direction 
and observe it time-evolution to examine the dynamic. 

 
【Expected Research Achievements and 

Scientific Significance】 
The techniques that will be developed in this project 

enable the detection of a single spin together with the 
analysis of its dynamics and coherence. The new spin 
microscope can provide a similar chemical analysis 
currently produced by ESR/NMR techniques for a nano 
system which will play an important role in the 
characterization of the qubit and qudit of the quantum 
computer. 

 
【Publications Relevant to the Project】 

 Observation and electric current control of a local spin 
in a single-molecule magnet, T. Komeda, H. Isshiki, J. 
Liu, Y.-F. Zhang, N. S. Lorente, K. Katoh, B. K. 
Breedlove, M. Yamashita: Nat. Comm. 2, (2011) 217. 
 Spatially Resolved Magnetic Anisotropy of Cobalt 
Nanostructures on the Au(111) Surface, P. Mishra, Z. K. 
Qi, H. Oka, K. Nakamura, T. Komeda: Nano Lett. 17, 
(2017) 5843-5847. 
 

【Term of Project】FY2019-2023 
 
【Budget Allocation】147,100 Thousand Yen 
 
【Homepage Address and Other Contact  

 Information】 
http://db.tagen.tohoku.ac.jp/php/forweb/outline.php?lang=ja&no=1020  

- 86 -



【Grant-in-Aid for Scientific Research (S)】 

  Broad Section D 
  

 Title of Project： Non-collinear spintronics 

FUKAMI Shunsuke 
(Tohoku University, Research Institute of Electrical Communication, Associate 
Professor) 

Research Project Number：19H05622 Researcher Number：60704492 
Keyword：Spintronics, Non-collinear magnetic structure 

【Purpose and Background of the Research】 
Spintronics, where two characters of electron – charge 

and spin – are utilized simultaneously, allows electrical 
control of collective magnetic ordering of magnetic 
materials. This has been a central topic of the spintronics 
research for the past two decades and various opportunities 
that classical magnetic engineering cannot achieve has 
been unraveled. Direct electrical manipulation of 
magnetization through the spin-transfer torque (STT) was 
demonstrated in 1999 and is utilized nowadays in 
STT-MRAM, a nonvolatile magnetic memory utilizing the 
STT-induced magnetization switching. In 2011, spin-orbit 
torque (SOT) was found as an alternative driving force to 
control the magnetization of ferromagnets and high-speed 
magnetization switching, which is not readily achieved by 
the STT, has been demonstrated. In addition, in 2016, SOT 
was found to allow electrical control of Néel vector of 
collinear antiferromagnets, which has not been considered 
to offer technological benefits, gathering great attentions 
recently. As described above, new horizons have been 
opened by appearance of new magnetic ordering and 
driving force. 
 

 
Figure 1 Electrical control of magnetic ordering 

 
Figure 1 shows an overview of the electrical control of 

collective magnetic ordering described above. In this 
project, we aim to offer a new opportunity in the electrical 
control of magnetic ordering and to this end we focus on 
non-collinear magnetic structures which have not been 
explored in this field so far. 
 

【Research Methods】 
This field has mainly dealt with collinear magnetic 

ordering till now. Our project will explore a new paradigm 
“non-collinear spintronics” that should be spread beyond 
the conventional “collinear spintronics” paradigm. Several 
recent studies have revealed various interesting 
phenomena observed in non-collinear magnetic structures, 
which are realized as a consequence of frustration of 
several magnetic interactions. We will carry out 
experimental investigation where advanced stack-structure 
deposition, microfabrication, and measurement technique 
will be utilized, together with theoretical studies, and 
clarify the capability and functionality of the novel 
physical properties of the non-collinear magnetic 
structures. 
 

【Expected Research Achievements and 
 Scientific Significance】 
The electrical control of magnetic ordering is not only a 

critical building block of nonvolatile magnetic memory, 
but also a promising ingredient for unconventional, e.g., 
neuromorphic, computing. “Non-collinear spintronics” 
explored in this project is expected to push out the frontier 
of spintronics, as well as forming a new basis for such 
low-power, intelligent integrated circuits and information 
devices. 
 

【Publications Relevant to the Project】 
 S. Fukami et al., “Magnetization switching by 

spin–orbit torque in an antiferromagnet– ferromagnet 
bilayer system,” Nature Materials, vol. 15, pp. 535-541 
(2016). 

 S. Fukami et al., “A spin–orbit torque switching scheme 
with collinear magnetic easy axis and current 
configuration,” Nature Nanotechnology, vol. 11, pp. 
621-625 (2016). 
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【Purpose and Background of the Research】 
Titanium is an attractive metal because of its abundance 

and excellent properties such as high specific strength and 
corrosion resistance. However, no process can produce Ti 
from its ore at a low cost. Furthermore, during the 
fabrication of Ti, a large amount of scrap is generated due 
to its poor workability (Fig. 1). Therefore, Ti products are 
expensive and not used widely.  

The oxygen concentration in Ti scrap is high and the price 
of such scraps is between one-tenth and half of that of 
virgin metal (Ti sponge). In this study, we developed a 
novel method to directly remove oxygen from Ti scrap to 
use it for producing high-purity Ti ingots. With this new 
“upgrade recycling method,” we aim to establish a new 
recycling scheme for Ti scrap to decrease the cost of Ti 
products. 

 

【Research Methods】 
If Mg can be used as a deoxidizing agent for Ti 

deoxidation in molten MgCl2, vacuum separation of Mg 
and MgCl2 and electrolysis of MgCl2 for Mg 
regeneration—employed in the conventional Ti production 
process (the Kroll process)—can be utilized. However, as 
Ti has a high affinity for oxygen, it is considered 
impossible to remove the oxygen dissolved in Ti (O in Ti) by 
forming MgO utilizing Mg deoxidation (O in Ti + Mg   
MgO) due to the low deoxidation ability of Mg. 

In our recent studies, a novel method for decreasing the 
activity of MgO in MgX2 (X: F, Cl) by adding a rare earth 
halide (REX3) was proposed, based on thermodynamic 
assessment. O in Ti reacts with Mg and the REX3 to form a 
rare earth oxyhalide REOX (O in Ti + Mg + REX3   REOX 
+ MgX2). It was found that this novel method decreases the 

oxygen concentration in Ti to levels below 100 ppm O 
(relevant literatures has been cited below). 

However, thermodynamic data available on rare earth 
compounds involve large errors and are unreliable. 
Therefore, in this study, we will experimentally 
investigate the reliability of the thermodynamic data 
available on rare earth compounds. During the course of 
the experiments, we will evaluate the errors in the 
thermodynamic data, investigate the effect of the 
formation of rare earth oxyhalides on the deoxidation of Ti, 
and develop a novel deoxidation method. Furthermore, a 
method for the recovery of rare earth oxyhalides will be 
developed to establish a process with no consumption of 
rare earth. Moreover, new removal techniques or 
mitigation techniques for contaminants in Ti ores, such as 
iron, will also be developed. 
 

【Expected Research Achievements and 
Scientific Significance】 
The material flow of Ti will change when the cost of Ti 
production process using upgraded Ti scrap becomes 
comparable to that of the conventional Ti production 
process from ores (the Kroll process). If it becomes 
possible to export highly valuable Ti products produced 
from imported low-cost Ti scrap, global business 
concerning Ti metal production will face a paradigm 
shift. 

 
【Publications Relevant to the Project】 
・T. H. Okabe, C. Zheng, and Y. Taninouchi: 

'Thermodynamic Considerations of Direct Oxygen 
Removal from Titanium by Utilizing the Deoxidation 
Capability of Rare-Earth Metals', Metall. Mater. Trans. 
B, vol. 49, no. 3, (2018) pp.1056–1066. (DOI: 
10.1007/s11663-018-1172-4) 

・T. H. Okabe, Y. Taninouchi, and C. Zheng: 
'Thermodynamic Analysis of Deoxidation of Titanium 
Through the Formation of Rare-Earth Oxyfluorides', 
Metall. Mater. Trans. B, vol. 49, no. 6, (2018) pp. 
3107–3117. (DOI: 10.1007/s11663-018-1386-5) 

 
【Term of Project】FY2019-2023 

 
【Budget Allocation】155,300 Thousand Yen 

 
【Homepage Address and Other Contact  
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 https://www.okabe.iis.u-tokyo.ac.jp/ 
 okabe@iis.u-tokyo.ac.jp 

Fig. 1 Material flow of Ti scrap and oxygen 
concentration in Ti scraps. 
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【Purpose and Background of the Research】 
We have developed femtoliter reactor (fL reactor) array 

technology and lead the research of single molecule 
digital bioassays. However, conventional fL reactor arrays 
are not capable to actively condense and encapsulate 
target molecules, that is a bottleneck for further expansion 
of the research field and applications of digital bioassay. 
This project aims to develop new key technologies to 
confer "dynamic” functions on fL reactor array: active 
uptake and condensation of molecules, control of solution 
composition, and release of molecules from reactors or 
release of reactors themselves from array devices. Such 
technologies will enable the on-chip integration of 
conventional off-chip processes such as solutions 
exchange and sample condensation. These innovations 
will realize on-site single molecule digital diagnostics. 
These technologies will also pave a way for 
multidimensional digital bioassays that will reveal the 
molecular mechanisms of the polymorphism of activities 
of enzyme molecules and virus particles. 

 
【Research Methods】 

Firstly, we will develop"dynamic" fL reactor technologies 
which allow condensation of solutes, solution exchange, 
volume control, and release of solutes or reactors 
themselves. For this purposes, we will attempt to 
incorpotare unieque solution phenomena (eg, excluded 
volume effect) as well as dielectricphoresis (DEP) and 
digital microfluidic (DMF) with fL reactor array devices.  

Next, based on this technological development, we will 

establish novel single molecule digital counting methods, 
and develop on-chip integrated digital bioassay technology 
(mainly ELISA). Moreover, we will develop 
multidimensional digital bioassay methods that 
quantitatively analyze the activity of individual molecules 
under various conditions in order to characterize their 
activity in multiple parameter space. These 

multidimensional digital bioassays will provide deep 
insights on how polymorphism among enzyme molecule 
or virus particles emerges.  

 
【Expected Research Achievements and 

Scientific Significance】 
Digital ELISA is regarded as one of the most promising 

bioassays for next generation clinical diagnosis. However, 
current system requires off-chip processes that hamper the 
realization of on-site high sensitive diagnostic tests. Once 
such off-chip processes are integrated on-chip digital 
ELISA, the total size of the assay system should be 
remarkably downsized, offering an avenue for on-site 
diagnosis that is indispensable for a personal medical care 
in future. In addition, this project will enhance our 
understanding on "molecular individuality", that will also 
bring important implications on how evolutional 
adaptation occurs at molecular level. 

 
【Publications Relevant to the Project】 

 Tabata KV, et al., Antibody-free digital influenza virus 
counting based on neuraminidase activity, Sci Rep. 
31;9(1):1067 (2019) 

 Zhang Y and Noji H, Digital Bioassays: Theory, 
Applications, and Perspectives, Anal Chem., 89, 
92-101 (2017) 

 Rondelez Y, et al., Microfabricated arrays of femtoliter 
chambers allow single molecule enzymology, Nature 
Biotechnology, 23, 361-365 (2005) 
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【Purpose and Background of the Research】 
Thermal expansion arising from anharmonicity of lattice 

vibrations causes serious problems such as: 1. Deviation of 
positioning, 2. Deformation, breakage, deterioration of 
shape accuracy and peeling due to thermal stress. These 
problems are recognized as a pressing issue in advanced 
electronic devices such as power semiconductors and 
three-dimensional integrated circuit devices, and energy 
and environmental technologies such as thermoelectric 
conversion and fuel cells, and thermal expansion control is 
essential for technological innovation. Azuma and 
Takenaka have developed a new generation of negative 
thermal expansion materials, which are expected to be able 
to control the thermal expansion coefficient to an arbitrary 
value by adding to resins. It is the purpose of this research 
to establish thermal expansion control technology using 
giant negative thermal expansion material while 
developing new materials aiming at industrialization. 

 
Figure 1 Image of the project 

 
【Research Methods】 

Reveal the nanoscale local structure, micron scale 
domain structure and material structure and structural and 
mechanical properties of millimeter scale artificial 
structure fabricated by 3D printing using advanced 
quantum beams and numerical calculation based on 
elastic mechanics theory. Furthermore, we will elucidate 
the phase transition dynamics that is the origin of negative 
thermal expansion, making full use of first-principles 
calculations. We will conduct efficient material 
development by feeding back these results to material 
design. In addition, a zero thermal expansion composite 
materials with strong mechanical properties is realized by 
dispersing the negative expansion material developed in 
this way into a resin with numerically optimized 
concentration and arrangement using 3D printing. 

【Expected Research Achievements and 
Scientific Significance】 
First, the understanding of the phase transition behavior 

that influences the negative thermal expansion 
characteristics will progress, and an efficient material 
search method can be established. This provides a 
negative thermal expansion material that can be supplied 
at a realistic price, followed by a negative thermal 
expansion of -100 × 10-6 / °C over a temperature range of 
300°C. In addition, we construct a method to predict the 
thermal expansion coefficient of a composite material in 
which a structural material having positive thermal 
expansion and a negative thermal expansion material are 
mixed at an arbitrary ratio. Furthermore, by optimizing 
the placement of the negative thermal expansion material 
by 3D printing, a structural material with high 
mechanical strength and an arbitrary coefficient of 
thermal expansion is realized. 

By these, the theory of the negative thermal expansion 
material and its usage will be constructed, and the 
problem of the thermal expansion which is socially 
required is solved, contributing to the further 
development of precision processing, energy and 
environmental technology. 
 

【Publications Relevant to the Project】 
・K. Takenaka, Y. Okamoto, T. Shinoda, N. Katayama, 

and Y. Sakai, “Colossal negative thermal expansion in 
reduced layered ruthenate”, Nature Commun., 8, 
14102/1–7 (2017). 

・M. Azuma, W-T Chen, H. Seki, M. Czapsli, S. Olga, K. 
Oka, M. Mizumaki, T. Watanuki, N. Ishimatsu, N. 
Kawamura, S. Ishiwata, M. G. Tucker, Y. Shimakawa, 
and J. P. Attfield, “Colossal negative thermal expansion 
in BiNiO3 induced by intermetallic charge transfer”, 
Nature Commun., 2, 347/1–5 (2011). 
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【Purpose and Background of the Research】 
To establish sustainable society, microbial production of 

chemicals and fuels from bio-resources has attracted great 
attention. It is not easy to systematically improve metabolic 
pathways of microorganisms to optimize productivity of 
the target product because microorganisms involve many 
metabolic reactions with complicated interactions in the 
cells. Development of in silico platform to understand 
metabolic activity at the whole cell level and rational 
design method of metabolic pathway modification are 
highly desired. 

In this study, we plan to develop the integration method of 
in silico metabolic pathway design of growth coupled 
production of target chemicals and adaptive laboratory 
evolution to obtain evolved strains with superior phenotype. 
Rate limiting steps of the metabolic pathways would be 
eliminated in the evolved strain. Based on the elucidation 
information of inherent control mechanism, novel 
metabolic engineering method to rationally optimize target 
productivity is established in this research. 
 

【Research Methods】 
Novel metabolic engineering principle and methods to 

understand microbial metabolism and rationally design 
metabolic pathway modification are established. An 
industrially important microorganism, Escherichia coli, is 
used as a host cell for bio-production in this study.  

 
Fig. Plan of Research 

 
To achieve the objectives, we plan to perform this 

research as following steps. 1) in silico design of metabolic 
pathways as growth coupled production for ten chemicals 
from different substrates, 2) adaptive laboratory evolution 
of the chemical producing strains by independent culture 
series by the automated culture robot, 3) multiple 
chemostat cultures by microfluidic technology, 4) 

elucidation of metabolic transition mechanisms by 
genome and metabolomics analyses, and 5) molecular 
breeding for superior performance cells with high 
productivity. 
 

【Expected Research Achievements and 
Scientific Significance】 

 In this study, we plan to integrate in silico design of 
metabolic pathways and adaptive laboratory evolution 
engineering. By comparative genome and metabolic states 
analyses of the parental and evolved strains, rate limiting 
steps and inherent control mechanisms in metabolism are 
revealed. The final goal of the study is establishment of 
rational modification strategy method to optimize target 
product. The results provide us a novel understanding of 
microorganisms and new discipline of construct high 
performance cell factories in bioprocesses. 
 

【Publications Relevant to the Project】 
・Tokuyama, K, Toya, Y, Horinouchi, T, Furusawa, C, 

Matsuda, F, Shimizu, H. Application of adaptive 
laboratory evolution to overcome a flux limitation in 
an Escherichia coli production strain, Biotechnol 
Bioeng, 115, 1542-1551 (2018) 

・Toya, Y, Shimizu, H. Flux analysis and metabolomics 
for systematic metabolic engineering of 
microorganisms, Biotechnol Adv, 31, 818-826 (2013) 

 
【Term of Project】FY2019-2023 

 
【Budget Allocation】144,200 Thousand Yen 

 
【Homepage Address and Other Contact  

 Information】 
 http://www-shimizu.ist.osaka-u.ac.jp/hp/index.html 
 shimizu@ist.osaka-u.ac.jp 
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 Title of Project： Super-resolution live-cell imaging of cell-attached 
nanointerface using LSPR sheets 

TAMADA Kaoru  
(Kyushu University, Institute for Materials Chemistry and Engineering, 
Professor) 

Research Project Number：19H05627 Researcher Number：80357483 
Keyword：Localized surface plasmon resonance, Self-assembly, Live-cell imaging, Super-resolution  

【Purpose and Background of the Research】 
A breakthrough in image analysis technology using AI is 

causing a paradigm shift in the field of biomedical 
diagnostics. When enormous number of images can be 
processed at high speed, what is needed next is 
cutting-edge, high-quality image information that matches 
advanced information processing technology. Our original 
technique, ‘Localized plasmon resonance (LSPR) sheet’ 
composed of self- assembled metal nanoparticles, realizes 
super-resolution, high-speed imaging of molecular 
dynamics at the buried nanointerface due to the optical 
confinement and fluorescence enhancement effect of  
LSPR. In this study, the LSPR sheet is used to reveal 
complex molecular level of reactions at the cell attached 
nanointerface in super-resolution. We challenge to build up 
new methodology to solve important biomedical issues 
such as differentiation and reprogramming of stem cells 
and canceration by use of the LSPR sheet.  

 
【Research Methods】 

Our previous study revealed that the LSPR sheets 
composed of spherical nanoparticles provide the world 
thinnest fluorescence images in the Z-axis direction due to 
the light confinement effect by LSPR (Figure 1, Figure 2) 
[1, 2]. In this new project, we will fabricate new 
self-assembled sheet composed of different shape of 
particles in order to realize more stable and stronger 
optical electric field for super-resolution high-speed 
‘live-cell’ imaging. We will build up system to process 
large amounts of high-resolution, high-speed images and 
track and analyze the molecular dynamics of living cells in 
real time. We will also develop fast diagnosis methods of 
cell characteristics by use of biochemical and physical 
stimulation. The Z-position of focal adhesion such as 
"push in" or "pull up" on a soft gel will be evaluated in 
nano-sensitivity by the brightness change of focal adhesion 
spots. 

 
【Expected Research Achievements and  

Scientific Significance】 
One of our goal is to bring new discoveries in the life 

science field by use of our unique LSPR sheet. Another 
goal is to complete our LSPR sheet as a global standard 
technology, and contribute to the society by the 
development of "high-throughput diagnostic system of 
cellular activity and tumors”.  

 

 
【Publications Relevant to the Project】 

1. Masuda, S.; Yanase, Y.; Usukura, E.; Ryuzaki, S.; 
Wang P.; Okamoto, K.; Kuboki, T.; Kudoaki, S.; 
Tamada, K.*, High-resolution imaging of a cell- attached 
nanointerface using a gold-nanoparticle two dimensional 
sheet, Sci. Rep. 7, 3720 (2017). 
2. Usukura, E.; Yanase, Y.; Ishijima, A.; Kunoki, T.; 
Kidoaki, S.; Okamoto, K.; Tamada, K.*, LSPR mediated 
high axial-resolution fluorescence imaging on a silver 
nanoparticle sheet, PLoS ONE, 12, e0189708 (2017).  

 
【Term of Project】FY2019-2023 
 
【Budget Allocation】149,100 Thousand Yen 
 
【Homepage Address and Other Contact 

 Information】 
 http://www.cm.kyushu-u.ac.jp/ktamada/   
 tamada@ms.ifoc.kyushu-u.ac.jp 

Fig.1 Electric field excited by self-assembled spherical 
metal nanoparticles. 

Fig.2 Image of immobilized cell on LSPR sheet in comparison 
with regular TIRF image. 
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【Grant-in-Aid for Scientific Research (S)】 
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 Title of Project： Attosecond Science in the sub-keV region 

MIDORIKAWA Katsumi  
(RIKEN, Center for Advanced Photonics, Director) 

Research Project Number：19H05628 Researcher Number：40166070 
Keyword：Quantum Electronics, Attosecond Science, Ultrafast Optics, Nonlinear Optics, Laser Engineering 

【Purpose and Background of the Research】 
Attosecond science has carved out one important 

research branch of ultrafast optics for the last two decades. 
The success had given us many important knowledges for 
fundamental science of the interaction between electrons 
and photons. However, an output energy of isolated 
attosecond pulses above 100 eV is still not sufficient, 
though the pulse duration attained is sub-100 as. Thus, 
applications of attosecond pulses has been limited to a 
photon energy region of less than 100 eV and the 
extension of available photon energy of an isolated 
attosecond pulse to the sub-keV region is desired eagerly.  

In this research, in order to bring a breakthrough in 
attosecond science, we will extend the cut-off wavelength 
of an isolated attosecond pulse to the sub-keV region and 
develop a novel method to control polarization of 
attosecond pulses by combining a high energy 
mid-infrared pulse source and a loose focusing method. 
 

【Research Methods】 
(1) Compression of high energy 3μm pulses 
A 2.5 μm idler pulse generated with optical parametric 
amplifier (OPA) pumped by a fs Ti:S laser is introduced to 
a gas cell filled with rare gases to increase the bandwidth to 
1.8 – 4.0 μm by self-phase modulation. This broadband 
pulse is used as a seed of dual-chirped pulse OPA 
(DC-OPA).  Then, the chirp and pulse duration are 
adjusted with a AOPDF to suppress spectral narrowing 
during amplification. After the amplification, the 3 μm 
pulse is compress to a few cycle duration with a 
combination of bulk silica glasses and chip mirrors. 
(2) Generation of sub-keV attosecond high harmonics 
The continuum harmonics having a cutoff energy near keV 
is generated by focusing a few cycle 3 μm high energy 
pulse to a rare gas cell. Although generation efficiency of 
high harmonics is rapidly decreasing with increasing the 
pump wavelength, an efficiency of 10-7 is expected by 
compensating absorption loss and phase mismatch in the 
sub-keV region. 
(3) Observation of sub-femtosecond structural dynamics by 
x-ray transient absorption spectroscopy 
A 50 nm thick graphite on a Al thin film is irradiated with 
25 fs Ti:S pulses to induce its structural change. Then, 
ultrafast transient x-ray absorption spectrum is measured to 
obtain an information of the rearrangement of C atoms 
with attosecond harmonics covering the C K-edge to 700 

eV.  
(4) Generation of circularly polarized high harmonics 
Novel two-stage co-axial pumping geometry which can 
generate circularly polarized high harmonics is 
investigated. The polarization of high harmonics is 
arbitrary controlled by precisely adjusting the delay 
between two orthogonally polarized harmonics with linear 
polarization which are generated two different position 
and propagated colinearly. 
 

【Expected Research Achievements and 
Scientific Significance】 
Since the demonstration of “water window” high 

harmonics generation by using fs 1.6 μm pulses, a 
pumping source of attosecond pulses is being changed to 
from a conventional 800 nm Ti:S laser to mid-infrared 
OPA. An intense attosecond pulse in the sub-keV region 
which is generated with DC-OPA developed in my 
laboratory will provide attosecond temporal resolution in 
x-ray absorption spectroscopy. Circularly polarized 
attosecond pulses also would revolutionize x-ray 
magnetic circular dichroism measurements. Those new 
attosecond pulse technologies are expected to bring the 
remarkable progress in materials and chemical science.  
Furthermore, the advent of fs high-energy mid-infrared 
lasers has a potential to explore the horizon of strong 
field physics as well as attosecond science. 
 

【Publications Relevant to the Project】 
・Y. Fu, K. Midorikawa, and E. J. Takahashi, “Towards a 

petawatt-class few cycle infrared laser system via 
dual-chirped optical parametric amplification,” Sci. 
Reports. 8, 7629 (2018). 

・E. J. Takahashi, T. Kanai, K. L. Ishikawa, Y. Nabekawa, 
and K. Midorikawa, “Coherent water window x-ray by 
phase-matched high-order harmonics,” Phys. Rev. Lett. 
101, 253901 (2008). 

 
【Term of Project】FY2019-2023 

 
【Budget Allocation】152,400 Thousand Yen 

 
【Homepage Address and Other Contact  

 Information】 
 https://rap.riken.jp/en/labs/eprg/asrt/ 
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  Broad Section D 
  

 Title of Project： Efficient spin current generation based on coherent 
magnetoelastic strong coupling state 

OTANI Yoshichika 
(RIKEN Center for Emergent Matter Science, Professor) 

Research Project Number：19H05629 Researcher Number：60245610 
Keyword：magnon-phonon coupling, acoustic cavities, spin current, strong coupling  

【Purpose and Background of the Research】 
One of the most fundamental forms of magnon-phonon 

interaction is an intrinsic property of magnetic materials, 
i.e. “magnetoelastic coupling”. This particular form of 
magnon-phonon interaction has been known for more 
than a century and has important consequences for 
fundamental descriptions of the physics of magnetic 
materials and applications; where elastic excitation 
produces changes of effective magnetic fields or vice 
versa. More recently, magnon-phonon coupling was 
employed for the generation and investigation of pure 
spin currents (flows of angular momentum) in 
nonmagnetic materials. The proposed research project 
aims to clarify the effect of magnon-phonon interactions 
on spin current generation in both the weak and strong 
magnon-phonon coupling regimes. Enhancement of the 
magnon-phonon interaction, via implementation of 
acoustic wave reflectors, would directly improve the 
efficiency of spin current generation by minimizing 
energy losses, and thus enable us to explore the strong 
coupling regime. 

 
【Research Methods】 

In our experiments, we generate surface acoustic waves 
(SAWs) by injecting AC-voltage to interdigital 
transducers (IDTs). The SAWs then propagate over the 
surface and couple to a magnetic layer. However, this 
method is limited by the bi-directionality of the SAWs, 
which travel in opposite directions from IDTs, therefore 
only imparting half of the total phonon energy into the 
magnetic layer. Thus, it is crucial to minimize the losses 
of phononic energy in our transfer mechanism. However, 
we can completely overcome this limitation by adding 
acoustic reflectors to the ends of our IDTs as shown Fig. 1. 
If the distance between reflectors and IDTs is properly 
engineered, we can obtain constructive wave interference 
and hence increase the phonon coupling to our magnetic 
layer. By collecting the waves travelling in the opposite 
direction to our magnetic film, and directing them back 
towards the film, we can expect enhancements of the 
coupling strength by two to four times. The resulting 
structure is an acoustic analogue of an optical resonator 
formed between adjacent Bragg mirrors, and 
consequently allows us to enter the strong 
magnon-phonon coupling regime. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

【Expected Research Achievements and 
 Scientific Significance】 

The minimization of energy losses in the 
magnon-phonon coupling would directly result in 
enhancement of spin current generation. We plan to 
extend our study and elucidate the level of spin current 
generation we can achieve when we are in the strong 
coupling regime of magnon-phonon interactions. In this 
regime, the spin current generation is predicted to depend 
not only on the minimization of energy losses, but also 
on the ultra-efficient cyclical transfer of energy within 
the magnon-phonon composite quasiparticle state, 
potentially leading to as-yet unknown regimes of spin 
current generation. Furthermore, we may take advantage 
of the strong magnon-phonon coupling regime to explore 
emergent quantum phenomena associated with the 
superposition state. Under the right conditions it could be 
possible to transfer information from the magnon to the 
phonon state and vice versa, in an encrypted system, 
representing a new paradigm of quantum information 
based on magnon-phonon coupling phenomena. 

 
【Publications Relevant to the Project】 

M. Xu, J. Puebla, F. Auvray, B. Rana, K. Kondou, and Y. 
Otani, “Inverse Edelstein effect induced by 
magnon-phonon coupling”, Phys. Rev. B 97, 180301(R) 
(2018). 
 

【Term of Project】FY2019-2023 
 
【Budget Allocation】137,200 Thousand Yen 
 
【Homepage Address and Other Contact 

 Information】 
http://www2.riken.jp/lab-www/nanomag/  

 

Fig. 1 Cavity device structure for strong magnon- 
phonon coupling   
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