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TAKAKI Koichi  
(Iwate University, Faculty of Science and Engineering, Professor) 

Research Project Number：19H05611 Researcher Number：00216615 
Keyword：pulsed power, plasma, plant, food 

【Purpose and Background of the Research】 
Pulse-electric field and electrostatic effects have been 

used in agriculture and food processing as electro-spray, 
electroporation. Recently, pulse voltage and plasma are 
newly used in agriculture and food processing as seed 
germination promotion, seedling growth enhancement and 
inactivation of bacteria. Objective of the study is 
development of novel function control of plant and marine 
products based on pulsed power technologies and its 
scientifically deepening for contribution in agriculture and 
food science. Multi-reaction field of plasma and intense 
electric field are produced and controlled spatially and 
temporally with micro-meter and nano-second range using 
highly optimized pulsed power generators. The novel 
control of plant activity and marine product functional 
content are produced using the multi-reaction field.  
 

【Research Methods】 
 Key issue of the project is production of multi-reaction 
field of plasma and intense electric field with spatially and 
temporally control to adapt whole bio-scale as shown in 
Fig. 1. Especially, pulse width of the intense electric field 
is deigned to match relaxation time (nano-second or lower 
scale) of water molecule and protein. The pulsed power 
generator is also designed to match temporally changed 
impedance of bio-specimen by choosing optimum system 
(pulse forming line, inductive and capacitive energy 
storage circuit, H-bridge circuit) and semiconductor 
switching devise such as SiC-FET. In the plant activity 
control, seed germination, effect of the multi-reaction on 
seedling growth enhancement, resistance for pathogenic 
bacteria and photosynthesis are evaluated through redox, 
metabolism, phytohormone and gene expression analysis.     

In the food safety issue, the effect on qualities (freshness) 
of agricultural and marine products are evaluated by 
k-value, bacteria number density, color index for ripening, 
enzyme activity and protein conformational change. In the 
functional food issue, the effect on functional group 
content in processed food from agricultural and marine 
products is evaluated by enzyme activity analysis, 
nutritional analysis, fermentability of yeast, SDS-PAGE, 
LC and GC analysis and conformational change of protein 
which is analyzed by UV absorption spectra. 
 

【Expected Research Achievements and 
Scientific Significance】 
This project focus on pulsed power based multi-reaction 

field effect on plant activity and food function in science 
based on not only relaxation time of each bio-scale but 
also bio-activity of each growth phase as shown in Fig. 2. 
This approach is highly motivated challenge and has 
possibility to contribute the cutting-edge science. 
 
 
 
 
 
 
 
 
 
 
 
 
 

【Publications Relevant to the Project】 
・Ｋ . Takaki et al, “Topical Review; High-voltage 

technologies for agriculture and food processing”, J. 
Phys. D: Appl. Phys. (accepted) (42pp). 

・Ｋ. Takaki et al, “High-Voltage Methods for Mushroom 
Fruit-Body Developments”, in “Plant and Mushroom 
Development” (IntechOpen Limited, London, 2018.9) 

 
【Term of Project】FY2019-2023 

 
【Budget Allocation】153,100 Thousand Yen 

 
【Homepage Address and Other Contact  

 Information】 
 http://www.se.iwate-u.ac.jp/en/teacher/takaki-koichi 
 takaki@iwate-u.ac.jp 
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Fig. 2 Multi-reaction fields for each growth phase.

Fig. 1 Relation between bio-scale and relaxation time. 

- 76 -



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

  Broad Section C 
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SAKUMA Akimasa  
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【Purpose and Background of the Research】 
The sales unit of world-wide x-EV (electric vehicles) is 

predicted to rise to 100 million across 50% of whole car 
unit in 2035. In addition, the rapid spread of robots and 
wind power generation are predicted, and the huge demand 
expansion of the permanent magnet necessary for a motor 
or generator constituting them is anticipated. There are 
only two kinds of permanent magnets now, one is ferrite 
which has low price and low magnetic properties, and the 
other is NdFeB magnet which has high price and high 
magnetic properties. Therefor it has been desired that the 
magnets where the cost performance is located between 
NdFeB and ferrite. In addition, as for the rare-earth 
elements such as Nd used for NdFeB alloy exist mostly in 
China, we can not wipe out the uncertainty of constant 
supply. Therefor the development of rare-earth-free magnet 
materials is necessary. Recently China raises a production 
technology of the NdFeB magnet and has come to already 
occupy two thirds of the worldwide production as showed 

in Figure 1. So it comes urgent issues that “How does our 
country face with the huge demand of magnet by the rapid 
popularization of x-EV, wind power generation and  
robots and also the technical catch up by China ? ". We aim 
at continuing to be the world leader in the field of magnets 
by creating of rare-earth-free magnet materials having 
magnetic properties between NdFeB and ferrite magnet as 
showed in Figure 2. 

 
 

【Research Methods】 
As a candidate of rare-earth-free magnet materials 

having magnetic properties between NdFeB and ferrite 
magnets, we will investigate the Fe alloy including the 
light element (H, C, O and N) interstitially. Theory group 
will try to predict the magnetism of these Fe alloys by 
the first principal calculation. On the other hand, 
experiment group will make efforts to introduce H, C, O, 
and N into Fe. In other words, we focus on the materials 
creation of the rare-earth-free magnet including the light 
element by combining a theoretical calculation and 
processing technique. 

 
【Expected Research Achievements and 

Scientific Significance】 
We will try to establish a new category by the 

development of the rare-earth-free magnet having a 
middle performance of NdFeB and the ferrite. It is 
significant strategy to win international competition 
through technical superiority of motor design technology 
of our country. If rare-earth-free magnet showing superior 
cost performance will be created, the market of magnets 
will change drastically. 
 

【Publications Relevant to the Project】 
・Y. Kota, A. Sakuma, Degree of Order Dependence on 

Magnetocrystalline Anisotropy in Body-Centered 
Tetragonal Eco Alloys, Appl. Phys. Express, 5, 113002 
(2012)  

・M. Tobise, S. Saito, M. Doi, Challenge to the synthesis 
of α”-(Fe,Co)16N2 nanoparticles obtained by hydrogen 
reduction and subsequent nitrogenation starting from 
α-(Fe,Co)OOH, AIP Advances JMI2019, 035233 
(2019) 

 
【Term of Project】FY2019-2023 

 
【Budget Allocation】146,400 Thousand Yen 

 
【Homepage Address and Other Contact  

 Information】 
 http://sakuma.apph.tohoku.ac.jp 

Fig. 1 Worldwide production of 
NdFeB magnet. 

Fig. 3 Crystal structure of 
Fe-Co alloy including light 
element. 

Fig. 2  Rare-earth-free 
magnet materials which 
is aimed in this research. 
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 Title of Project： Innovative CFD simulation for multiphase flows including 
free surfaces 

AOKI Takayuki 
(Tokyo Institute of Technology, Global Scientific Information and Computing 
Center, Professor) 

Research Project Number：19H05613 Researcher Number：00184036 
Keyword：multiphase flow, free-surface flow, non-Newtonian fluid, fluid film, AMR 

【Purpose and Background of the Research】 
Whereas the field of fluid dynamics has matured, and 

computational fluid dynamics (CFD) has been 
well-developed, however the study has been behind with 
simulations for multiphase flows including free surfaces 
for a long time. It is especially difficult to describe 
gas-liquid interfaces because of their large density jumps 
and dynamic deformations. These difficulties come from 
computational method, modeling and implementation on 
supercomputers. 

For incompressible (low Mach number) multiphase flows 
including free surfaces, we introduce a weakly 
compressible fluid computational method and many 
techniques of high-performance computing, adaptive mesh 
refinement (AMR), dynamics load balance, GPU 
computing and so on. In this project, we study the 
following three topics over an extremely wide range from 
nanometers to kilometers, (1) natural disasters of flows 
including a lot of floating debris, (2) dynamics of liquid 
film and formation-collapse of foams, and (3) motions of 
low water-containing slurry in a solid-liquid-gas dispersed 
system. We reveal macroscopic features of the flows 
directly solving the detailed models and obtain new 
findings in the fluid dynamics of multiphase flows. 

 
Figure 1  Gas-liquid two-phase flow simulation using a 

weakly compressible computational method. 
 

【Research Methods】 
We simulate multiphase flows by solving compressible 

fluid equations with a fully explicit time integration. The 
numerical method consists of finite volume method (FVM) 
and finite difference method (FDM) to compute the sound 
wave propagation accurately. Since the time step (Δt) is 
determined by the sound speed, we artificially reduce it for 
10-30 times the flow speed (Mach number 0.1-0.03) and 
accept weak compressions. 

We introduce an AMR method adapting fine meshes to 
the region near free surfaces and solid bodies. In addition, 
dynamic domain partitioning for complex AMR mesh 

structures makes their large-scale computation efficient on 
supercomputers. 

 
Figure 2 Recursive mesh refinement based on  

 algorithm of tree data structure. 
 

【Expected Research Achievements and 
Scientific Significance】 

(1) In heavy rain or slope disasters, large-scale simulations 
taking account of the detailed interaction of free-surface 
flow and a lot of floating debris are used to understand 
debris trapping, impact to building structures, damage area 
and so on. We can also expect contributions to disaster 
prevention. 
(2)Very high-resolution gas-liquid two-phase flow 
simulations make it possible to understand the stability of 
liquid films and foams. Furthermore, the heat transfer and 
material transportation through liquid film will be solved. 

 
Figure 3 Liquid film generated by a spoon with AMR. 

(3)We can construct a non-Newtonian macroscopic 
viscoelasticity model for low water-containing slurry by 
directly simulating liquid bridges among solid particles. 
 

【Publications Relevant to the Project】 
 S. Matsushita, T. Aoki: A weakly compressible scheme 
with a diffuse-interface method for low Mach number 
two-phase flows, J. Comput. Phys., 376, pp.838-862, 
2019 

 Y. Sitompul, T. Aoki: A filtered cumulant lattice 
Boltzmann method for violent two-phase flows, J. 
Comput. Phys., 390, pp.93-120, 2019 

 
【Term of Project】FY2019-2023 

 
【Budget Allocation】149,700 Thousand Yen 

 
【Homepage Address and Other Contact  

 Information】 
 http://www.sim.gsic.titech.ac.jp/ 
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 Title of Project： Creation of extremely energy-efficient integrated circuit 
technology beyond the thermodynamic limit based on 
reversible quantum flux circuits 

YOSHIKAWA Nobuyuki  
(Yokohama National University, Graduate school of Engineering, Professor) 

Research Project Number：19H05614 Researcher Number：70202398 
Keyword：Electronics devices, integrated circuits 

【Purpose and Background of the Research】 
 To reduce the recent explosive increase in power 
consumption of information systems, fundamental power 
reduction based on the new device operating principle is 
essential. On the other hand, it is expected that calculation 
with infinitesimal energy can be achieved by using a 
reversible computation, where bi-directional calculation 
from input to output or from output to input is performed. 
 This study investigates the reversible logic circuits using 
adiabatic quantum parametron (AQFP) circuits 
characterized by low energy operation and realizes ultimate 
low energy integrated circuits beyond the thermodynamic 
energy limit. As a result, the energy consumption of logic 
circuits can be reduced by more than six orders of 
magnitude compared with current semiconductor logic 
circuits, which brings about sufficient advantage even in 
consideration of the cooling power. In this research, we 
utilize the reversible AQFP as a core technology, and 
research new processor architecture, a phase shift AQFP 
using magnetic material, a 3D high-density integrated 
circuit technology to establish basic technologies for 
extremely energy-efficient integrated circuits. The goal of 
the project is to realize a low-power reversible AQFP 
processor. 

 

【Research Methods】 
 Conventional logic circuits such as semiconductor 
CMOS circuits perform the irreversible operation as 
shown in Figure 1(a), where the entropy of information 
(the complexity of information) decreases after the logic 
operation. According to Landauer’s prediction, 
thermodynamic energy is consumed at this logic operation, 
which is considered to limit the lower energy limit in 
computation. On the other hand, in the reversible logic 
circuit shown in Figure 1 (b), bi-directional calculation 
from input to output or from output to input is possible. 
Since the entropy of information is conserved in this case, 
the energy consumption in calculation can be made 
infinitesimal. In this research, a reversible logic gate is 
proposed using a superconducting logic gate called 
adiabatic quantum flux parametron (AQFP), by which 
extremely energy efficient logic circuits are realized. In 
addition to clarifying the lower limit of energy 
consumption in the reversible logic circuit, we will 
establish an integrated circuit technology based on the 
proposed reversible circuit. 
 

【Expected Research Achievements and 
Scientific Significance】 

 In this research, we aim to create integrated circuit 
technology that operates with energy consumption more 
than six orders of magnitude lower than current 
semiconductor circuits. As a result, significant power 
reduction of high-performance information processing 
systems such as data centers and supercomputers can be 
achieved. Moreover, application to control circuits for 
quantum computers is also expected. 
 

【Publications Relevant to the Project】 
・N. Takeuchi, Y. Yamanashi, N. Yoshikawa, “Reversible 

logic gate using adiabatic superconducting devices,” 
Scientific Reports, 4, 6354 (2014). 

・T. Yamae, N. Takeuchi, N. Yoshikawa, “A reversible 
full adder using adiabatic superconductor logic,” 
Supercond. Sci., Technol., 32, 035005 (2019). 

 
【Term of Project】FY2019-2023 
 
【Budget Allocation】153,500 Thousand Yen 
 
【Homepage Address and Other Contact  

 Information】 
 http://www.yoshilab.dnj.ynu.ac.jp/jpn/ 
 nyoshi@ynu.ac.jp 

 
Figure 1 (a) Irreversible and (b) reversible circuits. 
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(Nagoya University, Graduate School of Engineering, Associate Professor) 
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【Purpose and Background of the Research】 
Recently, the development of superconducting quantum 

computers becomes extremely active worldwide. A key to 
realize the superconducting quantum computers is whether 
the large-scale quantum circuits with many quantum bits 
(qubits) can be realized or not without degrading their 
performances. One of the important performance indices of 
the qubit is the coherence time which indicates the lifetime 
of the quantum state. However, the coherence time 
becomes smaller due to the increases of noises and/or 
difficulty in the qubit control when the number of the 
qubits increases, and the quantum supremacy has not been 
demonstrated yet. In this research, we develop the 
large-scale quantum computing circuits by introducing the 
superconducting spintronics techniques and aim for the 
demonstration of the quantum supremacy.  
 

【Research Methods】 
In conventional superconducting flux qubits, the external 

magnetic field is required for the operation, and the precise 
control of the field is essential to realize the optimum point 
leading to the longest coherence time. In this research, the 
magnetic Josephson junction (π junction), which is one of 
the superconducting spintronics devices, is implemented to 
the qubit (π qubit). Due to the π junction, the π qubit 
requires no external magnetic field to operate at the 
optimum point. This feature of the π qubit relaxes the 
difficulty of the qubit control and is expected to suppress 
the enlargement of the external noise when the number of 
the qubit increases. In addition, the material option is also 
important to achieve the good coherence time. Here we 
adopt the nitride-based junctions without any oxides which 
degrades the coherence (Fig. 1(a)) to realize the quantum 
circuit with the good coherence time. Fig. 1(b) shows the 
image of the developed π quantum circuit.  

Furthermore, the external noise via the control lines from 
the room temperature environment will increase when the 
number of the qubits increases. In this research, we adopt 
the superconducting logic circuits operated at low 
temperatures to control the quantum states, and aim for 
the ultimate reduction of the external noises. To realize the 
milli-Kelvin operation, we develop a novel half-flux- 
quantum circuit with π junction which is expected to show 
the ultralow power consumption.  

 
【Expected Research Achievements and 

Scientific Significance】 
The realization of the large-scale quantum computing 

circuit with the quantum circuits and the control circuits 
(Fig. 2) and the demonstration of the quantum supremacy 
are expected as well as the clarification of the physical 
origin to limit the coherence time.  

 
 
【Publications Relevant to the Project】 
・T. Yamashita, K. Tanikawa, S. Takahashi, and S. 

Maekawa, “Superconducting π Qubit with a 
Ferromagnetic Josephson Junction,” Physical Review 
Letters, vol. 95, pp. 097001-1-4 (2005). 

・T. Yamashita, A. Kawakami, and H. Terai, “NbN-Based 
Ferromagnetic 0 and π Josephson Junctions,” Physical 
Review Applied, vol. 8, no. 5, pp. 054028-1-5 (2017). 

 
【Term of Project】FY2019-2023 
 
【Budget Allocation】156,600 Thousand Yen 
 
【Homepage Address and Other Contact  

 Information】 
 http://www.super.nuee.nagoya-u.ac.jp/ 
 yamashita@nuee.nagoya-u.ac.jp 
 

 
Figure 2 Schematics of large-scale quantum computing 
circuit in the research.  

Figure 1 (a) Transmission electron microscope (TEM) 
image of a nitride-based magnetic Josephson junction. (b) 
Photograph of the π quantum circuit with the π qubits.
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HAMAYA Kohei  
(Osaka University, Graduate School of Engineering Science, Professor) 

Research Project Number：19H05616 Researcher Number：90401281 
Keyword：Semiconductor spintronics, Germanium 

【Purpose and Background of the Research】 
 Semiconductor electronics has brought us technological 
innovation in the field of information industries. From now 
on, the further developments of semiconductor 
technologies will become the core of the industries in 
artificial intelligence, IoT devices, and some related 
technologies. In recent years, for high speed operation and 
low power dissipation, novel semiconductor devices are 
strongly required. One of the key devices is the spin 
MOSFET, which was proposed by Sugahara and Tanaka, 
as schematically shown in Fig.1. If one can realize the 
high-performance spin MOSFET on the Si platform, the 
nonvolatile memory devices can be integrated into the 
CMOS transistors. By using Ge channel and S/D contacts 
without using insulator tunnel barriers, scalable spin 
MOSFETs with ultra-low power consumption, reducing the 
parasitic resistance between S/D contacts, will be 
developed.  
 For that reason, we have so far developed a new spin 
injection technology for Ge (SiGe) with using 
ferromagnetic Heusler alloy and without using insulator 
tunnel barriers at the S/D contacts, as shown in Fig. 1. In 
this project, we will further enhance the spin injection 
efficiency without using insulator tunnel barriers. Also, we 
will develop some of important Ge technologies for 
channel and gate-stack structures. As a result, we would 
like to develop a Ge-MOSFET device with nonvolatile 
memory effect (high MR ratio) and low-power current 
switching (on/off operation) at room temperature. 
 

 
 

【Research Methods】 
 In this research project, we focus on the following four 
experiments. First, we study high-quality formation 
technologies of ferromagnetic Heusler alloy/Ge 
heterointerfaces for enhancing spin injection efficiency at 

room temperature. Second, we study new Ge (SiGe) 
channel structures for suppressing spin relaxation at room 
temperature even on a Si platform. Third, we have to 
develop low-temperature gate-stack fabrication processes 
for Ge spin MOSFET with a top-gate structure. Finally, 
we will develop a specialized microfabrication process for 
integration of the above technologies for operation of Ge 
spin MOSFET.  
 

【Expected Research Achievements and 
Scientific Significance】 
From the above research and developments, we will 

simultaneously perform a highly-enhanced MR ratio and 
low-power current switching (on/off operation) at room 
temperature in Ge-MOSFET structures. This project will 
demonstrate an integration of nonvolatile memory effect 
with high-performance semiconductor devices. The 
developed Ge spin MOSFET will contribute to some of 
novel technologies with high speed operation and low 
power consumption for artificial intelligence, IoT devices, 
and some related technologies in future. 
 

【Publications Relevant to the Project】 
・M. Yamada, M. Tsukahara, Y. Fujita, T. Naito, S. 

Yamada, K. Sawano, and K. Hamaya, 
“Room-temperature spin transport in n-Ge probed by 
four-terminal nonlocal measurements”, Appl. Phys. 
Express 10, 093001 (2017). 

・K. Hamaya, Y. Fujita, M. Yamada, M. Kawano, S. 
Yamada, and K. Sawano, “Spin transport and 
relaxation in germanium (Topical Review)”, J. Phys. 
D: Appl. Phys. 51, 393001 (2018).  

 
【Term of Project】FY2019-2023 

 
【Budget Allocation】155,500 Thousand Yen 

 
【Homepage Address and Other Contact  

 Information】 
 http://www.semi.ee.es.osaka-u.ac.jp/hamayalab/ 
 hamaya@ee.es.osaka-u.ac.jp 

 

Fig.1. Schematic of spin MOSFET (right) and TEM 
image of a ferromagnetic Heusler alloy/Ge interface
(left).  
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 Title of Project： Systematization of characterization technologies for high- 
temperature superconducting wires, conductors and coil 
windings, and their development to highly reliable magnets

KISS Takanobu  
(Kyushu University, Graduate School of Information Science and Electrical 
Engineering, Professor) 

Research Project Number：19H05617 Researcher Number：00221911 
Keyword：High temperature superconducting wires, Conductors, Coils, Magnets, Electrical materials engineering 

【Purpose and Background of the Research】 
High temperature superconductors allows us to develop 

ultra-high-field magnets and superconducting applications 
using simple cooling systems. However, local 
non-uniformity of the long wire and instability of magnet 
winding have become obvious, and establishment of 
designability, stability and reliability are urgent issues. 

While the superconducting wire itself has a long length of 
km class as a practical material, its electromagnetic 
performance strongly depends on how the quantized flux 
behavior in the mesoscopic scale can be controlled by 
controlling nano-sized defects (introduction of artificial 
pinning centers), and essentially, multi-scale control of the 
microstructure is required in the wire development. 

The purpose of this study is to systematize 
characterization technologies of superconducting wires, 
conductors, and coils developed by the authors. Based on 
that, we will integrate the development of wires, 
conductors, and coils that have been independently 
developed so far, in order to dramatically improve the 
robustness and reduce the cost of the wires, and lead to 
highly reliable magnets and coiling technologies. 
 

【Research Methods】 
(1) Innovation of Characterization Technology for 
Superconducting Wire, Conductor and Coil: With the 
integration of AI technology, we will further enhance the 
advanced characterization method including the reel-to-reel 
high speed magnetic microscope shown in Fig. 1. This 
leads to improvement of wire uniformity and establishment 
of winding technology. In addition, high precision 
modeling of current transport characteristics will be 
developed as a base for conductor and magnet design 
method in consideration of the spatial critical current 
distribution of the wire. 
(2) Improvement of Robustness by Proposing a New 
Conductor Architecture: A new conductor architecture for 
realizing robustness and reduction of cost is established. In 
parallel, a manufacturing process for making a conductor is 
examined, and the effectiveness of the proposed conductor 
architecture is verified by prototyping. 
(3) Establishment of Elemental Technology for Coiling: 
Based on the new conductor design,  electromagnetic 
characteristics of the coil windings are analyzed, and are 
evaluated using the advanced diagnostic technique 
developed in (1), and the coiling technique is established. 
(4) Prototype Evaluation of Small Magnets: On the basis of 
the results mentioned above, small magnets are prototyped 
to demonstrate the improvement of reliability, stability and  

low loss of high temperature superconducting magnets. 
 

【Expected Research Achievements and 
Scientific Significance】 
The realization of a magnet that maximizes the 

potential of a high temperature superconducting wire 
makes it possible to use a high magnetic field and a high 
speed varying magnetic field, which is difficult in the 
conventional technology, and contributes to the 
development of innovative equipment and academic 
fields related to electrical energy applications such as 
high field magnets for accelerators, contactless power 
feeding (application to high-Q coils handling large 
electric power), and superconducting rotating machines 
(compact, light-weight, high-power). 
 

【Publications Relevant to the Project】 
 Takanobu Kiss, OYO BUTURI (in Japanese), Vol. 85, 
No. 5, pp. 377-388, 2016.05. 

 K. Higashikawa et al., IEEE Tran. Appl. Supercond., 
Vol. 27, No. 4, 6603004, 2017.06.  

 
【Term of Project】FY2019-2023 
 
【Budget Allocation】153,800 Thousand Yen 
 
【Homepage Address and Other Contact  

 Information】 
 http://super.ees.kyushu-u.ac.jp/ 
 kiss@sc.kyushu-u.ac.jp  

 
Fig. 1 Reel-to-reel scanning Hall probe microscope. 

- 82 -



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

  Broad Section C 
  

 Title of Project： Establishment of evaluation methods for the physical 
properties of ferroelectrics using coherent state of the 
elementary excitation and the device applications 

FUJIMURA Norifumi  
(Osaka Prefecture University, Graduate School of Engineering, Professor) 

Research Project Number：19H05618 Researcher Number：50199361 
Keyword：Ferroelectrics, Elementary excitation, Steep slope transistors, Solid-state thermal diode 

【Purpose and Background of the Research】 
Ferroelectrics are used in various forms all around us, 

including in ultra-small capacitors that use large dielectric 
constants and actuators that use piezoelectricity. The need 
for sensors and memory devices has increased in the IoT 
society, and the use of energy harvesters has been also 
considered. These devices have been developed with the 
phenomenological theory of ferroelectric phase transition 
as support. However, it became clear that the electrical 
polarization of ferroelectrics originated from the 
geometrical phase of the wave function, and theoretical 
understanding of this has progressed dramatically in the 
last 25 years. New physical properties have been found 
experimentally in response to the progress of theory, and 
device applications are expected. This project elucidate 
the high-speed operation mechanism of two such 
innovative devices: a steep slope field-effect transistor 
(FET) that operates with ultra-low power and a thermal 
management device that cools electronic equipment with 
high efficiency. In addition, the principles of device 
design will be established using evaluation methods built 
on the coherence states of elementary excitation. 

 
【Research Methods】 

The final goals of this project are to elucidate an 
operation model of these new devices using the coherent 
states of elementary excitation in ferroelectrics and to 
construct the guiding principles that will enable device 
design. This project will be configured as shown below. 
We focus on a steep slope FET that uses negative 
capacitance and on a 
thermal management 
device that exploits 
electrocaloric effects. 
The phonon, magnon, 
and thermal solitons 
(waves) are used as 
the elementary 
excitations across the 
five-year research 
period. In the steep 
slope FET, we 
evaluate phonon modulation and differences in potential 
change at the semiconductor surface during ferroelectric 
polarization switching with a time constant of nsec order 
by using the coherence states of elementary excitation. 
Regarding the thermal management device, data on heat 
transport, absorption, and generation caused by the 
electrocaloric effect inside the ferroelectrics are collected 

through real-time measurement and simulation of 
polarization entropy using elementary excitation, and 
guiding principles for the design of a solid state heat 
pump is established. 
 

【Expected Research Achievements and 
 Scientific Significance】 

Because various effects are superimposed on the 
electrically measured device properties, it becomes 
difficult to clarify the physical picture of the operation 
mechanism. The use of elementary excitation is an 
effective method of model verification because the 
physical phenomenon of coherence in elementary 
excitation is unique to a device, and the method can be 
applied to measuring the dynamic behavior of device 
operation in a specific time domain. In addition, a theory 
of the quantum mechanical phase interface of 
ferroelectrics can be constructed based on these results. 
This research develops not only methods for evaluating 
device performance but also the science of elucidating 
the physical picture of operation mechanisms that is 
important for designing optimized devices. It is now 
possible to provide physical models of various devices, 
and the potential ripple effect on society is significant. 
 

【Publications Relevant to the Project】 
- Time-resolved simulation of the negative capacitance 
stage emerging at the ferroelectric/semiconductor 
hetero-junction, AIP Advance, 9 (2019) 025037 
- Ferroelectric Thin Films-Basic Properties and Device 
Physics for Memory Applications, Topics in Applied 
Physics vol.98, (2005) Springer 
- Second Sound in SrTiO3, Phys. Rev. Lett., 99 (2007) 
265502 
- Light Scattering in a Phonon Gas, Phys. Rev. B, 80 
(2009) 165104 
- Writing and reading of an arbitrary optical polarization 
state in an antiferromagnet, Nature Photonics, 9(2015) 25 
・Directional control of spin wave emission by spatially 
shaped light, Nature Photonics, 6 (2012) 662 
 

【Term of Project】FY2019-2023 
 
【Budget Allocation】156,200 Thousand Yen 
 
【Homepage Address and Other Contact  

Information】 
 http://www.pe.osakafu-u.ac.jp/device7/ 
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