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FINAL REPORT 
For Japan-Korea Joint Research Project 

 AREA

v1. Mathematics & Physics 
2. Chemistry & Material Science 
3. Biology 
4. Informatics & Mechatronics 
5. Geo-Science & Space Science 
6. Medical Science 
7. Humanities & Social Sciences 

 
1. Research Title: 
Magnetic resonance in phosphorus-doped silicon at ultra-low temperatures and high magnetic 

fields for application to solid state quantum computer                                                      

 

2. Term of Research: From        July 1st, 2011          To       June 30th, 2013          

 

3.  Total Budget 
 

a. Financial Support by JSPS: Total amount:          2,400      thousand yen        
 
    1st Year      900    thousand yen      2nd Year     1,200  thousand yen   
 

3rd Year      300    thousand yen     
 
    b. Other Financial Support : Total amount:                  0   thousand yen       
 

4.  Project Organization   

a. Japanese Principal Researcher

Name Yutaka Fujii 

Institution / 
Department 
 
Position 

University of Fukui / Research Center for Development of Far-Infrared Region
 
 
Associate professor 

b. Korean Principal Researcher 

Name SangGap Lee 

Institution / 
Department 
 
Position 
 

Korea Basic Science Institute (KBSI) / Division of Materials Science 
 
 
Senior researcher 

 

 

 

(Form4-2) 
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 c. List of Japanese-side Participants (Except for Principal Researcher) 

Name Institution/Department Position 
Seitaro Mitsudo 

 

Akira Matsubara 

 

Akira Fukuda 

Tomohiro Ueno 

Takao Mizusaki 

 

 

Takeo Takagi 

 

Toshio Tanaka 

 

Kazuya Morimoto 

University of Fukui / Research Center for 

Development of Far-Infrared Region 

Kyoto University / Research Center for Low 

Temperature and Materials Sciences 

Hyogo College of Medicine / Physics Department 

Kyoto University / Graduate School of Medicine 

Kyoto University / Faculty of Science; and 

University of Fukui / Research Center for 

Development of Far-Infrared Region 

University of Fukui / Department of Applied 

Physics 

University of Fukui / Graduate School of 

Engineering, Department of Applied Physics 

University of Fukui / Graduate School of 

Engineering, Department of Applied Physics 

 

 

 

 

 

 

 

 

 

Professor 

 

Associate professor 

 

Associate professor 

Assistant professor 

Professor emeritus;  

Research coordinator 

 

Professor 

 

Graduate student (2nd 

year) 

Graduate student (1st 

year) 

 

d. List of Korean-side Participants (Except for Principal Researcher) 

Name Institution/Department Position 
Soonchil Lee 
 
Minchan Gwak 
 
Hae Jin Kim 
 
Seung-Bo Saun 

Korea Advanced Institute of Science and 
Technology / Department of Physics 
Seoul National University / Department of 
Physics and Astronomy 
Korea Basic Science Institute / Division of 
Materials Science 
Korea Advanced Institute of Science and 
Technology / Department of Physics 
 
 
 
 
 
 
 
 
 
 
 

Professor 
 
PhD Student 
 
Professor 
 
PhD Student 
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5.  Number of Exchanges during the Final Fiscal Year* 
  a. from Japan to Korea                        *Japanese fiscal year begins April 1. 

Name Home Institution Duration Host Institution 
Yutaka Fujii 
 
 
 
 
 
 
 
 
 
 

University of Fukui May 26th, 2013 
–May 31st, 2013 

Korea Basic Science 
Institute 

For Final Fiscal Year(FY2013) 

Total:       1       persons 

For Final Fiscal Year(FY2013) 

Total:         6        man-days 

Numbers of Exchanges during the Past Fiscal Years 

FY2011: Total        4     persons 
FY2012: Total        4     persons 

  
b. from Korea to Japan 

Name Home Institution Duration Host Institution 
 
 
 
 
 
 
 
 
 
 
 
 

   

For Final Fiscal Year(FY2013) 

Total:       0       persons 

For Final Fiscal Year(FY2013) 

Total:          0       man-days 

Numbers of Exchanges during the Past Fiscal Years 

FY2011: Total         2   persons 
FY2012: Total         0    persons 
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6. Objective of Research 

One of the best practical quantum computer designs reported so far is the system consisting of 
phosphorus atoms regularly spaced inside silicon crystal as proposed by B. Kane (Nature 393 (1998) 
133). The hyperfine interaction between the nuclear spin and the electron spin of the donor, and the 
indirect exchange interaction between donor nuclear spins can be controlled by electric field 
realizing one and two-qubit operations, respectively. Experimental demonstration, however, has not 
been done yet, since the technologies required for manufacturing of the device and detection of 
single spin state are not fully developed yet.  
This joint research project is based on the achievements of the last Japan-Korea joint research 
project during Jul. 2006 – Jun. 2008. Three institutes (Kyoto University, University of Fukui and 
KAIST) divided the research targets to investigate basic properties of P-doped silicon (Si:P) system 
for application to quantum computing. At Kyoto University, the first NMR research down to 40 mK 
at 8 T was performed. We found two new discoveries of the nuclear relaxation process of T1 and T2, 
and also found the polarization phonon echoes in an insulating sample with P-concentration n= 6 x 
1017 cm-3. At University of Fukui, the first ESR for relatively low P concentration at high fields and 
low temperatures was performed. Anomalously large and asymmetric ESR signal was found below 
about 15 K, which suggests dynamic nuclear polarization. All samples were prepared at KAIST. 
Electrodes are deposited on the insulating sample. Confirmation of the Stark effect on hyperfine 
resonance frequency is important to apply Si:P for quantum computing by Kane’s model. We have 
not succeeded in applying an electric field large enough to observe reliable Stark effects before 
electric breakdown, which issue will be able to be addressed by preparing for the Si:P sample with 
electrodes using improved design and fabrication in this project. 
The main purpose of this joint project is basic research of Si:P in the insulating regime (low 
concentration of P) for application to quantum computation. In the application form of this project, 
we planned the following subjects: 
1) We plan to get the experimental evidence of the electric control of hyperfine field by NMR. We 
are going to study ensemble of 31P nuclear spins in Si:P instead of detecting a state of single 31P 
nuclear spin like in Kane’s model. In Si:P, the donor electrons are well localized around the donor 
ions if the donor concentration is below the critical doping concentration, nc (= 3.7×1018 cm-3), 
while they are delocalized above nc. The P atoms in lightly doped Si:P is in the similar environment 
with that in Kane’s model. The first part of the experiment is to observe 31P NMR signal in the 
insulating regime. We note that, however, P NMR experiment in this regime has not been reported 
and the information including the frequency shift and relaxation rates is unavailable.  
2) The second part of the experiment is to show that the hyperfine interaction can be controlled by 
external electric field. An external electric field will push away the electron wave function of the 
donor atom from the nucleus position. Then, it is expected that NMR frequency of the donor nucleus 
decreases due to the reduced hyperfine interaction. 
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7. Methodology 

Division of labor for all period: 
  Japanese side: DNP-NMR and ESR experiments at high magnetic fields and at very low 
temperatures including dilution refrigerator (T < 0.1 K), Theoretical calculations of ESR lineshape 
and spin dynamics. 
  Korean side: Sample manipulation, Improving the design of the electrodes on the sample to 
increase the electric field in Si:P, Inspection of Stark effect, Pulsed ESR measurements at T > 2 K. 
 
[Fiscal year 2011] 
- Fabrication of several phosphorus-doped silicon powder samples of different doping concentration 
in the insulating regime by means of ion implantation and milling, and fabrication of 
phosphorus-ion-implanted crystalline silicon in the insulating regime with/without electrodes to 
apply electric voltage across and introduce electric field over 1 V/m inside by improving the design 
of electrodes. (Korean side) 
- Evaluation of the quality of the crystalline Si:P by measuring a depth profile of P-atom 
concentration by secondary ion mass spectrometry. (Korean side) 
- Simulation of ESR lineshape for crystalline Si:P. (Japanese side) 
- Setting up high-frequency ESR/NMR double resonance experimental systems for both a liquid-4He 
cryostat and a dilution refrigerator, and testing the systems. (Japanese side) 
 
- To have a kick-off meeting including discussion on sample fabrication and to plan pulsed ESR 
experiments of Si:P at KBSI. (Japan to Korea) 
- Korean team visits Fukui to join the experiments. (Korea to Japan) 
 
[Fiscal year 2012] 
- Theoretical calculation of spin dynamics for regularly arranged donor spins in silicon which will 
work as a quantum simulator. (Japanese side) 
- Starting to set up a high-frequency ESR/NMR double resonance experimental systems for a 
dilution refrigerator, and testing the systems. (Japanese side) 
- Measurement of P-concentration as a function of depth from the surface of Si:P by second ion 
mass spectrometry in order to evaluate sample quality. 
- Making a new sample with P-ion implantation method. 
- Test to apply electric field with a crystalline Si:P. (Korean side) 
 
[Fiscal year 2013] 
- Summarization of the project 
- Carrying out the preliminary experiments by X-, Q-, and W-band pulsed ESR/ENDOR above T > 2 
K for finding spin relaxation times of the electron spin of phosphorus donors and 31P NMR 
frequency on both the powder and crystalline Si:P prior to 31P DNP-NMR experiments. (Korean 
side) 
- Continuing to set up a high-frequency ESR/NMR double resonance experimental systems for a 
dilution refrigerator, and testing the systems. (Japanese side) 
- Japanese team visits Daejeon, Korea to perform the pulsed ESR experiments and to discuss on 
summarization of the project.  
 
 
  
 


