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1-1.  

1908 H. Kamerlingh Onnes
[1] − 4.2 K

1911 “ [2] − −

Critical Temperature Tc “ Tc 20 K
1986 “ Tc “

 

’ “ −

Table1.1
°

NMR
MRI

Superconducting Magnetic Energy Storage SMES ∇

[3] ±

“  
 

 
 
 

Table 1.1 [4]  

   (LTS) (HTS) 

   ( )   

SMES ( )   

±    

  ( ° )   

 ° MRI ( ° )   

  ( ° )   

NMR ( ° )   

   (SQUID)   

   

 MEG (SQUID)   

MCG (SQUID)   

    

 (SFQ)   

    

   

   ( ° )   

   ( )   
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1-2. [5] 

 
 

1-2-1.  

Fig.1-2 Tc

Tc
onset

Tc
zero

°

±

 

 
j E Ohm  

 

 

 
s r s r . 0

s . j ∇  
 

 

 
Maxwell  

 

 

 

r = 0
∇  

j = σE

E = 0

∂B
∂t

= − ∇ × E = 0

Fig.1-2  
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Tc ∇ Zero Field Cooling ZFC
∇

Tc Field Cooling FC ∇

∇

’ Fig.1-3
1

 

 
 

1-2-2.  
1933 F. W. Meissner R. Ochsenfeld Tc

∇

“ [6] 1
“ Meissner Meissner ZFC

flux exclusion FC flux expulsion
Fig.1-4 Fig.1-5  

Meissner 1-2-1 B = ( )  
 

 

 

Meissner Meissner
“ T H

1

B = 0

Fig.1-3 ’  

H = H0 H = H0

FC

H = 0

ZFC

H = 0 H = 0 H = H0 H = 0
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Meissner “ …

1932 Ehrenfest Rutgers Gorter
[7]  

 
 

 

 

 
 
 
  

-1.5

-1.0

-0.5

0.0

1 2 3 4 5 6 7 8

4p
c

Temperature [K]

Pb

H = H0

FC

ZFC

H = 0

H = 0 H = H0

Fig.1-4 ∇
 

Fig.1-5 Pb ZFC FC
 

 

ZFC 
 

FC 
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1-2-3.  
Meissner 1-2-1 1-2-2

≠

Ic

Hc

Jc Jc Hc

1  
2 1 Hc

2

∇ Hc1 ∇ Hc2

Fig.1-6
Hc 102 Oe

−

Hc1 ∇

Hc2

Hc2 104 ~ 106 Oe
Hc

 

 
 
 
1-2-4. Josephson  

Fermi Pauli −

Fermi 1-3-3 2
Bose Pauli

 

Type-I Superconductor

Magnetic Field
H

Superconducting
Magnetization signal

M

Hc

Magnetic Flux Density
in Superconductor

B

Magnetic Field
H

Superconducting
Magnetization signal

M

Hc2

Magnetic Flux Density
in Superconductor

B

Hc1

Type-II Superconductor

Fig.1-6 H ∇ B
M  
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Josephson 1962 B. D. Josephson [8] Bell P. W. 
Anderson J. M. Rowell [9] 2

2 ∇ 2
↑ 2 1

2

Fig.1-7
 

 

 

 
I Ic q 1, q 2

’ … Josephson  

… Josephson V
’

V  
 

 

 
e ћ

Josephson Josephson

→ Josephson
Josephson

“ 2 nm 10 nm −

∇

↑

Josephson  
  

I = Ic sin (θ1 − θ2)

I = Ic sin {(θ1 − θ2) + 2e
ℏ V}

Electron pair�

Superconductor� Superconductor�Insulator�

Fig.1-7 Josephson  
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1-3.  

London
Pippard → “ Ginzburg 

-Landau BCS

 
 
 
1-3-1. London Pippard [5] 

1935 F. W. London H. London [10]
“

Meissner London
 

 

 

 
j c B lL London

n e* m* London
Maxwell Ampère  

 

              

 

x B x = 0
∇

lL

 lL 10 ~ 100 
nm lL Tc “ Tc ∇

London −

1-2-3
∇ Hc1  

1953 A. B. Pippard Sn In London lL

[11] In l
lL Sn London

lL n n Tc Hc

London Pippard
x r

r A(r) x r' 
A(r')  r 

London x lL

∇ × j = − c
4π

1
λ2L

B , λL = m*c2

4π ne*2

∇2 B = B
λ2L

∴ B(x) = B(0) exp (− x
λL )
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Pippard l
x l x 

 
 

 

 
x0

lL ≫	x  x 
Pippard

 
 

 

 
London l 

l Pippard

2 l x 

l >	x x >	l 
 

 
 
1-3-2. Ginzburg-Landau [5] 

1
1950 V. L. Ginzburg L. D. Landau

[12]

Landau Y  = 0
Y  0 order parameter Y  

London
Ginzburg Landau y  

 

j(r) = − 3
4πξ0cλL ∫ d r′� ρ ⋅ A(r′�)

ρ4 ρ exp (− ρ
ξ ) , ρ = r − r′�

1
ξ

= 1
ξ0

+ 1
l

A(r′�) ≃ A(r)

j(r) = − c
4π

1
λ2L ( ξ

ξ0 ) A(r)

∇ × j = − c
4π

1
λ2 B , λ ≡ λL

ξ0
ξ

= λL 1 + ξ0
l
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ns  Helmholtz
FS FN  

 

 

 
Landau a, b ∇ H0 (< Hc) 

 
 

 

 

 
A  

 

 

 
m*, e* FS

Y, Y * A  
 

 

 

 
2  

 

 

 
Ginzburg-Landau GL  

∇ A = 0 Y0

GL  
 

 

 

Ψ (r) = f (r) eiθ(r)

Ψ 2

Ψ

FS = FN + α Ψ 2 + β
2 Ψ 4

Ψ ∇Ψ 2

FS = FN + α Ψ 2 + β
2 Ψ 4 + ∇Ψ 2 + ∫

0

H0

M dH

∇Ψ 2

FS = FN + α Ψ 2 + β
2 Ψ 4 + 1

2m* (−iℏ∇ − e*
c

A) Ψ
2

+ H 2
0

8π

rotrotA = 4π
c

JS

[ 1
2m* (−iℏ∇ − e*

c
A)

2
+ α + β Ψ 2] Ψ = 0

JS = ie*ℏ
2m* {Ψ* (∇Ψ ) + (∇Ψ*) Ψ } − e*2

mc
Ψ 2 A

∇Ψ0 = 0

αΨ0 + βΨ 3
0 = 0
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T > Tc Y0 = 0 T < Tc Y0 ≠ 0
T = Tc Y0 = 0  a Tc Taylor

Landau  
 

 

 
 

 
 

 

 

 
GL Y0 Y = Y0 f   

 

 
 

 
Y0  

 

 

 
x Y0

∇ x x 
T = Tc “ x T ≪ Tc Pippard

x0  
Y = Y * = 0 GL

 
 

   
 

 

Ψ 2
0 = 0, − α

β

α(T ) ≃ α′�(Tc)(T − Tc) = α′�(Tc)Tc ( T − Tc
Tc )

≡ α0 ( T − Tc
Tc )

β(T ) ≃ β > 0 ; const .

Ψ 2
0 =

0 (T > Tc)
− α(T )

β = − α0
β ( T − Tc

Tc ) (T < Tc)

Ψ0 (− ℏ2

2m*α(T ) ∇2f + f − f 3) = 0

ξ2(T ) ≡ ℏ2

2m* α(T )
= ℏ2

2m*α0 ( Tc
Tc − T )

JS = − e*2nS

m*c
A = − c

4π
1

λ 2L (T ) A
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rot London  lL London
 

 

 

 
 

’ “ GL 1-3-1 London
Pippard London lL x0 2

2 T Tc T 
= Tc “ k  
 

 

 
k GL GL k 

k  
 
 
1-3-3. BCS [5] 

“ Hg
Tc 1950 E. Maxwell  C. A. Reynolds

[13,14] × ’

Isotope effect “

 
… −

A
B 2 A,B

Fermi
2 A B

Coulomb 2
2  

Fermi Pauli
Fermi

Fermi eF eF

− eF

Fermi
eF ∇ eF ∇

×

× Cooper Cooper Fermi
Bose Cooper Bose-

Einstein Fermi
× Bose

λ 2
L (T ) = m*c2

4πe*2nS(T ) = m*c2β
4πe*2α0 ( Tc

Tc − T )

κ = λ (T )
ξ (T ) = m*c

e*ℏ
β

2π
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Cooper
 

−

Cooper
2Dk(T) Fig.1-8

Fermi
D (T) ∇

D(T) … …

D (T) T = 
0 D (0) T = 
Tc Cooper 2

2D kBT ~ 2D(0)
∇ Cooper Cooper

D Cooper
D

Tc  
×

1957 J. Bardeen, L. Cooper, J. R. Schrieffer 3
[15] 3 BCS

BCS Tc Hc

GL BCS
Tc 40 K

Tc 50 K
“ BCS
Cooper

  

 

  

Fig.1-8
 

E

N(E)/N(0)

D

-D

eF
1
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1-4. “  

“ “

℃ Fig.1-9 “ Tc

−

“ 200 K Tc

Tc  

 
1-4-1. −  

1911 H. Kamerlingh Onnes “ Hg Tc 4.2 K
−

Fig.1-10
50 “  

0

50

100

1900 1920 1940 1960 1980 2000 2020

T c [K
]

Year

Hg
Pb NbC

NbN Nb
3
Sn Nb

3
Ge

(La,Ba)
2
CuO

4

(La,Sr)
2
CuO

4 MgB
2

Y 123

Bi 1112

Tl 2223

Hg 1223

LaFePO

LaFeAs(O,F)

NdFeAs(O,F)
(Gd.Th)FeAsO

SmFeAs(O,F)

Bi
4
O

4
S

3

La(O,F)BiS
2

200

250

300

H
3
S

LaH
x

Liquid Nitrogen

Liquid Helium

Dry Ice

Iced Water

Fig.1-9 Tc “
4.2 K 77 K 195 K 273 K

 

Fig.1-10
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1930 −

− Tc Nb Tc 9.3 K
Nb3Sn 10 K Tc 1970

Nb3Ge Tc 23 K Nb3X X Sn, Ge
A15 Fig.1-11

A15 B. T. Matthias [16]  

− − Nb-Ti NbTi Tc 9.5 K
4.2 K Hc2 11.5 T
“ 10 T °

10T ° Nb3Sn Nb3Sn Tc 18 K
4.2 K Hc2 28 T Nb-Ti

 
 
 
 
1-4-2. [18] 

1986 (La,Ba)2CuO4 30 K Tc J. G. 
Bednorz K. A. Müller [19] −

“ “

(La, Ba)2CuO4 CuO2

Tc

 
Cu O Fig.1-

12 (a) (b) (c) 3
“ RE2CuO4 RE T K2NiF4 T

Nd2CuO4 T* 3 Cu O T
T T*  

Fig.1-11 A15 Nb3Sn  
 VESTA(Ver. 3.4.3) [17]  

：Nb�

：Sn�
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T T RE2O2 T
NaCl T CaF2

La3+ T T* ’

2 T
(La,Sr)2CuO4 La3+ Sr2+ x

Mott x = 0 0.05 < x < 0.15
x = 0.15 ~ 0.16 0.16 < x < 0.30
− 0.30 < x ’

“ [20,21] T* (Nd,Ce, 
Sr)2CuO4[22] (La,Sm,Sr)2CuO4[23] T Nd2CuO4

[24] [25] 2 “  
YBa2Cu3O7-d Y-123 1987 Tc

M. K. Wu [26]
Y CuO2 CuO ∞ Ba-Cu-O Fig.1-13

Fig.1-12 . (a) (b) (c)  
         VESTA(Ver. 3.4.3) [17]  

(a)� (b)� (c)�

Fig.1-13 (a) (La,Ba)2CuO4  (b) YBa2Cu3O7-d 
VESTA(Ver. 3.4.3) [17]  

 

(a) (b) 
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0 ≤ d ≤ 1 d
90 K

d > 0.6
Y-123

Y
Y-123 90 K

 
Bi Bi2Sr2Ca(n-1)CunOy n = 1, 2, 3, Bi22(n-1)n

Fig.1-14 n = 1 ~ 3 Bi Y-123 “ 1987
Bi-2201 “ [27,28]

Tc 20 K “ 1988 H. 
Maeda 2 − Bi-2212 Tc 75 K Bi-2223 Tc

105 K “ [29] Tc Bi-2223 100 K
 

Bi “ Tc Tl
“ [30] Tl Tl-O 1

TlBa2Can-1CunOy Tl-12(n-1)n Tl-O 2 Tl2Ba2Can-1CunOy Tl-22(n-1)n 2
Tl-1223 Tl-2223 Fig.1-15(a) Tl Ca

Ba Cu RE2CuO4 Y-123
Tl+ Tl3+

Cu
 

 Hg 1993 S. N. Putilin HgBa2CuO4+d Hg-1201 Tc = 95 
K [31] A. Schilling HgBa2Ca2Cu3O8+d Hg-1223 Tc = 135 K [32]

Hg ≠ Tc Tc

Fig.1-15(b)
Hg d d n

0.05 ~ 0.25   

Fig.1-14 Bi Bi2Sr2Ca(n-1)CunOy n = 1, 2, 3
VESTA(Ver. 3.4.3) [17]  

 

n = 1 

BiO layer�
�

CuO2 layer�
�

BiO layer�

n = 2 

BiO layer�
�

CuO2 layer�
�

CuO2 layer�
�

BiO layer�

n = 3 

BiO layer�
 

CuO2 layer� 
CuO2 layer� 
CuO2 layer� 
BiO layer�



17 

 
1-4-3. ° [18] 

° MgB2 1950 2001
− 39 K Tc Akimitsu°
“ [33] MgB2 BCS

→ BCS Tc

Tc

. 
MgB2 Mg B Fig.1-16 B

Mg B Mg B
Mg2+ B B 6

C B 2s 1 2p
2p 3 2s 2px 2py 3 sp

3 s 120
s [34] s B °

B s 
Mg2+ B s p s 
p ∇ s p 
s B

[35] s ’ ab
B 2pz …

B 2pz p p s 
p s 

ab s p p 
MgB2 2

s B °

Tc   

Tl-1223�

TlO layer�
CuO2 layer�
TlO layer �

Tl-2223�

CuO2 layer�
TlO layer�
CuO2 layer�
TlO layer�
CuO2 layer �

(a)�

Hg-1201�

CuO2 layer�
HgOd layer�

Hg-1223�

CuO2 layer 
�

HgOd layer�

(b)�

Fig.1-15 (a) Tl (b) Hg
VESTA(Ver. 3.4.3) [17]  
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1-4-4.  

Hosono ° LaTMPnO TM − Pn P, As
2006 LaFePO 4 K

[36] Tc 2008 O F
LaFeAs(O,F) “ Tc

onset

30 K [37] Tc 40 K
[38] Tc

Fe

“

 
 “ Fig.1-17

4 Tc SmFeAs(O,F) [39]
STO FeSe 100 K Tc

[40]   

(a)� (b)�

Fig.1-16 MgB2 (a) Mg B c (b) ab
B B Mg

VESTA(Ver. 3.4.3) [17]  
 

1111-type�
RE FeAs(O,F)�

111-type�
A FeAs�

122-type 
A Fe2Se2�

11-type�
FeSe�

Fig.1-17
VESTA(Ver. 3.4.3) [17]  
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1-4-5.  

−

 Ashcroft [41]
400 GPa “

2014 H2S 180 GPa 190 K
[42] Tc = 203.5 K

Meissner [43]
Tc = 164 K Fig.1-18

H2S
H3S

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ashcroft Tc  
[41] 2018 ° LaH10 x

200 GPa 215 K 260 K Tc [44,45]
LaH10 x Fig.1-19

La 32 “

1.1 Å
− [46]   

Cccm�R3m�P1� Im3m�37 GPa� 111 GPa� 180 GPa�

Fig.1-18 H2S VESTA(Ver. 3.4.3) [17]  
 

Fig.1-19 LaHx VESTA(Ver. 3.4.3) [17]  
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1-4-6. [47] 
 

valence-skipper  
P As Sb Bi Sn In Tl

Bi Sb 3 5 4
valence-skipper

2

Tc  
BaBiO3 BaBiO3 ×

Bi 4
6s −

Bi+3 Bi+5 CDW
[48] BaBiO3 Ba K x 

∼	0.10 x ~ 0.37 Fig.1-20 2 1
x >	0.25 CDW

1988 L. F. Mattheiss R. J. Cava [49,50] (Ba,K)BiO3

BCS
30 K Tc  

 
 

LiCoO2 CoO6 c Li
Co Li

[51] −

Li Na NaxCoO2

[52] NaxCoO2 yH2O
x ~ 0.35 y ~ 1.3 4.6 K 2003 Takada “

[53] Fig.1-21 NaxCoO2 H2O

monoclinic�
(I2/m)�

orthorhombic�
(Ibmm)�

cubic�
(Pm3&m)�

Fig.1-20 (Ba,K)BiO3 K
VESTA(Ver. 3.4.3) [17]  
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c 5.5Å 9.8Å
“ 3d  

 
f  

f f

f
RKKY Kondo singlet

Kondo
2

’ Doniach
±

[54] Fig.1-22 Doniach
TK TRKKY

“

∇

 
BCS “

× “

Cooper “

Fig.1-21 NaxCoO2 yH2O VESTA(Ver. 3.4.3) [17]  
 

CoO
2
 layer�

Na�
H
2
O molecular�

H
2
O molecular�

c 
a 
 

b 

T

|Jcf |D(EF)

Magnetic
ordering Fermi liquid

Quantum
critical point

TK TRKKY

Superconductivity

Fig.1-22 Doniach [54]  
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“
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1-5.  

1-5-1. Bi4O4S3 La(O,F)BiS2 
Mizuguchi Bi-O-S Tc ≃	5 K “ [55]

Fig.1-23 (a) (b) −

100% Bi-O-S

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

XRD a = 3.9592(1)Å c = 41.241(1)Å I4/mmm
O

Rietveld
Rwp = 14.41 Fig.1-24(a) Fig.1-

24(b) Bi2S4 Bi2O2 SO4

Bi4O4SO4Bi2S4 Bi6O8S5

SO4 50%
Bi4O4S3 “  

Bi6O8S5 SO4

50% − Fig.1-25 Bi4O4S3 50% SO4

Bi6O8S5 SO4 BiS2

Bi-6p p
px py R

Fermi ° × °

Fermi Cooper
 

Bi4O4S3 Bi4O4(SO4)1-x BiS2

“

’ Fermi
3d Bi4O4S3 6p

“ Bi4O4S3

BiS2 BiS2  

Fig.1-23 Bi4O4S3 (a) (b) [55]. 

(a)     (b)     
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Fig.1-24 Bi4O4S3 (a) XRD Rietveld (b)
[55] Bi S O .

VESTA(Ver. 3.4.3) [17]

(a) 

 

(b) 

Fig.1-25 Bi4O4S3 [55] ( ) Bi4O4S3 px
py ( ) Bi-6p  
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“ “

Tc BiS2

→ Mizuguchi
Bi4O4S3 “ LaOBiS2 LaOBiS2 1996 Tanryverdiev

[56] LaOBiS2 La2O2 BiS2 (Fig.1-26)
Bi6O8S5 La2O2 LaFeAsO

Mizuguchi LaOBiS2 O F
[57] F 50%

F c
F- 1.36Å O2- 1.40Å

F 50%
La(O,F)BiS2 O/F 50%  

Fig.1-26 LaOBiS2 F50% LaO0.5F0.5BiS2 [57]
“

F F
40% 50%  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig.1-26 (a)LaOBiS2  VESTA(Ver. 3.4.3)
[17] (b)LaOBiS2 LaO0.5F0.5BiS2 [58]  
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Fig.1-27 LaO0.5F0.5BiS2 [57] (a) (As-
grown)  (b)As-grown 2 GPa  600, 1 hour
(HP-Annealed) (c)As-grown HP-Annealed (d)La(O,F)BiS2

 

LaO0.5F0.5BiS2 Fig.1-27(a)
LaO0.5F0.5BiS2 Shielding Volume Fraction
13%
Mizuguchi [57] F

La(O,F)BiS2

F

Fig.1-27(b) Fig.1-27(c) LaO0.5F0.5BiS2

Tc 100%
Fig.1-27(d) La(O,F)BiS2

F Tc

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

      SC (HP) 

�

SC (As-grown)�

 (c) 

(a) (b) 

0

2

4

6

8

10

12

14

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Tc_onset
Tc_zero
Tc_mag
Tc_mag_irr

Te
m

pe
ra

tu
re

 [K
]

x (nominal)

LaO
1-x

F
x
BiS

2

(d)
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Fig.1-28 La(O,F)BiS2 [59] (a) LaOBiS2 (b)LaO0.5F0.5BiS2

(c) La BiS2 S lLa-S (d~f) 
LaOBiS2 lLa-S = (d) 4.11 Å (e) 3.92 Å (f) 3.83Å

La(O,F)BiS2 [59] LaOBiS2

Fig.1-28(a) F − Fig.1-28(b) Tc x ~ 
0.5 EF Bi-6p Bi6O8S5

BiS2 2 Bi-6p −

LaO1-xFxBiS2 F
[59] La

BiS2 S lLa-S Fermi
Fig.1-28(c-f) BiS2

→  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

(a)    (b) (c) 

(d) (e) (f) 
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Fig.1-29 Bi4O4S3 LaO0.5F0.5BiS2 [60] (a) Bi4O4S3

(b) (a) (c) Bi4O4S3 Tc	 (d)
LaO0.5F0.5BiS2 (e) (d) (f) 

LaO0.5F0.5BiS2 Tc	  

BiS2

Bi4O4S3 LaO0.5F0.5BiS2

Fig.1-29 [60] Bi4O4S3 −

Tc LaO0.5F0.5BiS2

Tc 1 GPa Tc
onset ~ 10.5 K

− Tc

BiS2 Tc

CDW “  [61]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

(a)                         (d) 
 
 
 
 
 
 
 
(b)                         (e) 
 
 
 
 
 
 
 
 
 
(c)                              (f) 
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1-5-2. BiS2 “ 
BiS2 Table 1-30 ℃

La(O,F)BiS2 BiS2 LaOBiS2 La

La Nd
La LaOBiS2

∇ ’

Demura
Nd(O,F)BiS2 “

[62] Ce(O,F)BiS2

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Family Compounds Blocking layer Reference Crystal structure 

Bi4O4SO4Bi2S4 
Bi4O4S3 Bi4O4(SO4)0.5 [55] 

Fig.1-31(a) 
Bi3O2S3 Bi4O4S2 [63] 

LaOBiS2 

Ln(O,F)BiS2 

(Ln = La,Ce,Pr,Nd,Sm,Yb) 
Ln(O,F) [57,62] 

Fig.1-31(b) (La,M)OBiS2 

(M = Ti,Zr,Hf,Th) 
(La,M)O [64] 

Bi(O,F)BiS2 Bi(O,F) [65] 

SrFBiS2 
(AE,La)FBiS2 

(AE = Sr, Ca) 
(AE,La)F [66] 

Fig.1-31(c) 

EuFBiS2 EuF [67] 

Eu3F4Bi2S4 Eu3F4Bi2S4 Eu3F4 [68] Fig.1-31(d) 

Table 1-30 BiS2

Fig.1-31 BiS2 (a)Bi4O4SO4Bi2S4. 
(b)LaOBiS2. (c)SrFBiS2. (d)Eu3F4Bi2S4. VESTA(Version 3.4.3)

[17]  
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0

2

4

6

8

10

12

0 1 2 3

T c [K
]

Pressure [GPa]

La (HP Annealed)

LnO0.5F0.5BiS2

Sr0.5La0.5

La
Pr

Ce
Nd

“ SrFBiS2 ” LaOBiS2

LaOBiS2 O2- F- SrFBiS2 Sr2+ 3 La3+

“ [66]
Yazici LaOBiS2

La 4 Ti4+, Zr4+, Hf4+, Th4+ 2 (Sr2+)
4

2 [64]
LaOBiS2

 
La ∇ Tc Fig.1-

32 LnO0.5F0.5BiS2 Tc [69] Tc

’ ∇ Tc  
Tomita DAC X LaO0.5F0.5BiS2

X Tc [70]
0.85 GPa XRD ∇

1.5 GPa
P4/nmm P21/m

 a 2 BiS2

Fig.1-33(a)(b) 2 Bi-Bi
∇ 4.4 Å 3.5 Å 6.5 GPa

Bi-Bi Bi 7
As-Fe-As Tc

BiS2 Tc  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  

Fig.1-32 LnO0.5F0.5BiS2 Tc

[69]
Fig.1-33 LaO0.5F0.5BiS2 [70] (a) 

( ) (b) ( )
VESTA(Version 

3.4.3) [17]

(a)                 (b) 
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“ ∇ Tc

BiS2 S Se 100%
LaO0.5F0.5BiSe2[71] Se 50% LaO0.5F0.5BiSSe [72] 2

Tc
mag ~ 2.6 K 3.7 K

“ Tc

BiS2 BiSe2 “ 2
BiCh2

Hiroi Se LaO0.5F0.5Bi(S1-xSex) Tc

Se x [73] Fig.1-34
 

Tanaka CsCl flux La(O,F)BiSe2 La(O,F)BiSSe
La(O,F)BiSe2

La(O,F)BiS2

[74] S Se La(O,F)BiSSe Tc
onset ~ 4.2 K Tc

zero ~ 3.7 K end 
member La(O,F)BiS2 La(O,F)BiSe2 Tc [75]

[76] Fig.1-35 S Se BiCh5

Ch1 Se Ch2 Se
S Fermi

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Bi 

(Ch2) 
S 

Se (Ch1) 

Fig.1-35 La(O,F)BiSSe
[76]. 

VESTA(Version 3.4.3)
[17]. 

Fig.1-34 LaO0.5F0.5Bi(S1-xSex) [72]. 
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Ln(O,F)BiCh2

BiCh2

6 Table 1-36

[77] BiCh2 “

∇

 
Mizuguchi (Ce1-xNdx)O0.5F0.5BiS2 LaO0.5F0.5Bi(S1-ySey)2

In-Plane Chemical Pressure
LaO0.5F0.5BiCh2 Fig.1-37(a) [79] (Ce1-

xNdx)O0.5F0.5BiS2 Nd
BiS2 ab BiS2 ∇

LaO0.5F0.5Bi(S1-ySey)2 Se BiCh2 ab
La(O,F) BiCh2 ab

BiCh2

ab in-plane chemical pressure
 

 
 

       In-Plane Chemical Pressure  

 
 
RBi LaO0.54F0.46BiS2 [80] 6 Bi S 1.0419 Å

LaO0.5F0.5BiS2 1
BiCh2

(Ce1-xNdx)O0.5F0.5BiS2 LaO0.5F0.5Bi(S1-ySey)2 Fig.1-37(b)
1.011

LnO0.5F0.5BiCh2

Bi-6p Ch-p
−  

Fig.1-37(c) Tc

LnO0.5F0.5BiS2 1 Tc

 
 

= RBi − RCh1
Bi ∼ Ch1 (In-Plain )

Cation Ionic radius [Å] Anion Ionic radii [Å] 

Sr2+ 1.18 F- 1.33 
Eu2+ 1.17 O2- 1.40 
Bi3+ 1.03 S2- 1.84 
La3+ 1.03 Se2- 1.98 

Ce3+ 1.01  

Pr3+ 0.99 
Nd3+ 0.98 
Sm3+ 0.96 
Eu3+ 0.95 
Yb3+ 0.89 

Table 1-36 6 [78]  

RBi : Bi  
RCh1  : Ch1  

Bi~Ch1  : Bi Ch1  
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Fig. 1-37 BiS2 [79] (a)
(b)LnO0.5F0.5BiCh2 [79]

1.011 . (c)
BiCh2 Tc [79]. 

(a) (b) (c) 
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1-5-3. Ce(O,F)BiS2 

1976 LnOBiS2 (Ln = La,Ce,Pr) [81] La(O,F)BiS2

CeOBiS2 O F Ce(O,F)BiS2 F
“ [82] Demura

F CeO1-xFxBiS2 0.0 ≤ x ≤ 1.0
[82]1 CeO1-xFxBiS2 As-grown

Fig.1-38 As-grown x = 
0.45 x = 0.6 Tc x ≥ 0.7 Bi2S3

Tc Tc

Tc x = 0.45 4.5 K
F

x = 0.6 4.5 K 7.5 K
x ≥ 0.7 7.5 K

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                        
1 [82] F x F  

Fig.1-38 (a)(b) CeO1-xFxBiS2(As-grown) [82]. 
 (c)(d) CeO1-xFxBiS2(As-grown) [82]. 

(c) (d) 

(a) (b) 
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Demura 3 GPa 600℃ 1
Fig.1-39 [82] La(O,F)BiS2 Ce(O,F)BiS2 F

Tc As-grown
As-grown x = 0.6 Tc x = 0.7

Tc x ≥ 0.7
FC

As-grown
F

 
  

Fig.1-39 (a)(b) CeO1-xFxBiS2(High Pressure Annealing) ∇
[82]. (c)(d) CeO1-xFxBiS2(High Pressure Annealing)

[82]. 
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CeO1-xFxBiS2 F Ce
Sugimoto Ce-L3  X XAS [83] ×

Fig.1-40(a)(b) Ce Fig.1-40(c) CeOBiS2 XAS
× Ce3+ 4f 1 Ce4+ 4f 0 2

F Ce4+

x > 0.4 F F
Ce-Bi CeOBiS2 S Ce-Bi

Ce3+ / Ce4+ BiS2

Fig.1-40(d-e) F S Ce-4f Bi-6p Ce
BiS2 CeO1-xFx

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Eu BiS2 EuFBiS2 Eu3F4Bi2S4 [67,68]
“

Eu 2 3
Eu BiS2  

CeOBiS2 Ce 3 4 [83]
Eu CeOBiS2 “

Nagao ROBiS2 R = La, Ce, Pr CeOBiS2

[84] Fig.1-41(a) ROBiS2 R = La, Ce, Pr
LaOBiS2 PrOBiS2 0.13 K ’

CeOBiS2 1.9 K 1.3 K

Fig.1-40 CeO1-xFxBiS2 XAS [83]. (a) As-grown XAS × . (b)High Pressure 
Annealing XAS × . (c)XAS × Ce4+

. (d)(e) CeO1-xFxBiS2 . x > 0.4 Bi
S Ce S . 

 (a) 

 
(b) 

(c) 

(d) 
(e) 



37 

CeOBiS2 Fig.1-41(b)
’

 

Tanaka, Nagao CeOBiS2

F CeO0.73F0.27BiS2 X
X XPS [85]

Ce XPS × Fig.1-42
Ce3+

 : Ce4+ = 25 : 6
Ce3.19+ Bond Valence Sum BVS

Ce4+

Ce “

  

Fig.1-42 CeOBiS2 Ce(O0.73F0.27)BiS2 X × [85]. 
Ce3+ Ce4+

 

Fig.1-41 (a) ROBiS2(R = La,Ce,Pr) [84]. (b)
CeOBiS2 [84]

(a)  (b) 
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1-5-4. EuFBiS2 Eu3F4Bi2S4 
La 3

Eu 3 2
Eu2+ Ca Sr −

± Sr Ca
’  

Eu
4f 4f 5p 6s

Fig.1-43 ∇

Eu − Xe 4f 7 6s
2  

 
Eu2+ [Xe] 4f 7 

Eu3+ [Xe] 4f 6 
 

Eu2+ J = 7/2 7µ B Eu3+

J = 0
Sm3+

Eu3+

3 Fig.1-44 [86]
Eu3+ J = 0 J = 1 480 K 41 
meV ∇

Van Vleck Eu3+ 3.40µ B Eu
 

   

Fig.1-43

1s ~ 4f  

 

4f

6s

5d 5p 5s
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Fig.1-44 LnCl3 Ln3+ [86] Dieke 
Diagram 103 cm-1
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BiS2 SrFBiS2 Sr2+ Eu2+

EuFBiS2 Zhai [67] EuFBiS2 BiS2

… P4/nmm a = 4.0508(1) Å c 
= 13.5338(3) Å BiS2

“ EuFBiS2

CDW
CDW

’

CDW
Cooper

CDW
CDW

  
EuFBiS2 Fig.1-45 T*

 ~ 280 
K ’

−

T* ’ CDW
CDW

Fermi

0.3 K
  

EuFBiS2 Fig.1-46(a) 10 K Curie-Weiss c = c0 + 
C/(T  q N) ’ T* ~ 280 K Fig.1-46(b)

° T* ’

CDW Pauli
M-T M-H Eu
M-T Curie-Weiss

 

c = c0	 	P3+
C3+

T
+(1	 	P3+)

C2+

T	+	q	N 

 
C2+ = 7.875 emu K/mol C3+ = 1.45 emu K/mol P3+ Eu
Fig.1-46(d) M-H

EuFBiS2 Fig.1-46(c)
5.58µ B Eu2+ 7µ B 2.2  

EuFBiS2 Eu
EuFBiS2 Eu Table 1-47 2 3

°

“ T * ’ CDW
 

Fig.1-45 EuFBiS2 [67]
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Table 1-47 ’ EuFBiS2 Eu [67]. 

  

Methods Eu-BVS Magnetization Mössbauer Heat capacity Fermi surfice 

Eu valence 

T (K) 

2.14(2) – 2.18(2) 

310 13 

2.17(2) – 2.20(1) 

300 2 

2.24(2); 2.19(3); 2.14(2) 

≤ 200; 273; 388 

2.28 

0.5 20 

2.25(5) 

NA 

Fig.1-46 EuFBiS2 [67] (a)EuFBiS2 Curie-Weiss
°( )  (b)T * °

( )  (c) EuFBiS2 Brillouin °( )  (d)Curie-
Weiss Eu  
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EuFBiS2 Eu BiS2 Eu3F4Bi2S4 Zhai [68]
… I4/nmm BiS2 Eu3F4

LaOBiS2 Eu3F4Bi2S4

c 2 Eu3F4Bi2S4 LaOBiS2 Fig.1-48 Eu3F4

LaO Eu3F4Bi2S4 [68]
−

EuFBiS2 Tc ~ 1.5 K
Eu   

Eu3F4Bi2S4     LaOBiS2 
Fig.1-48 Eu3F4Bi2S4 LaOBiS2 [68]

VESTA(Version 3.4.3) [17]. 
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1-6.  

BiS2 “

∇

CeO0.3F0.7BiS2 Ce-1112
“ EuFBiS2 Eu-1112 2  

Ce-1112 [82] 3 GPa 600, 1
Tc 100%

Eu-1112 “

Eu
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2-1.  

2-1-1. [87] 
−

↑

“

c 1200℃ “

10

 

Table 2-1

−

[88]
V2O5 V5+

V2O3 V3+

↑

“

    

 
LiCoO2 LiCO3, CoCO3 [89] 

BaTiO3 BaCO3, TiO2 [90] 

 
O2

 

YBa2Cu3O8-d Y2O3, BaCO3, CuO [91] 

Bi2Sr2Ca2Cu3O10 Bi2O3, SrCO3, CaCO3, CuO [88] 

 
H2  

V2O3 V2O5 [92] 

Li9V3P8-d O29-d ' LiCO3, V2O3, NH4H2PO4 [93] 

 
FeSe Fe, Se [94] 

SmFeAs(O,F) 
Sm2O3, SmF3, SmFe3As3, 

Sm2Fe3As3 
[39] 

Table 2-1  
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∇

necking
SiO2 1200℃

∇ −

− Li
250℃ −

−  
 
2-1-2. [87] 

360 GPa
6000℃ ∇

HPHT

2 3

“ “ 1930 Bridgeman [95]
1955 GE [96]

  

SiO2 a-Quartz trigonal,  
  

Fig.2-2 SiO2

VESTA(Version 3.4.3) [17]. 
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2.6 g/cm3 Fig.2-2
8 GPa Coesite Stishovite

Si 270 GPa Pyrite cubic, 6.6 g/cm3

2.5 [96]
 

HPHT
1

HPHT “

“

“

“  
Fig.2-3

6 6 “

5 t/min.

3 GPa
“  

“

° °

2000℃ “ 500℃
 

  

 
 

C

 

Mo
 

SUS
° 

+ 

 

BN
 

1 cm 

 
WC  PTFE  

Fig.2-3 180t
∇  



47 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

°

°

°

LaCrO3 − −

 

Al2Si4O10(OH)2

± °

MgO ZrO2 ∇ 1000℃
 

3 GPa “

1000℃ ° °

BN BN
“

∇

 

Fig.2-4
250mg f 5 mm ×

BN BN ×

h-BN f 5 mm × 2 BN×
× BN× BN BN BN×

SUS °

Mo BN ×
BN BN Mo SUS °

SUS ° Mo Mo SUS °

∇ “   

Fig.2-4  

����

1 cm 
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“

1970 …

“ “ [98] 8
6 Fig.2-5

700t
∇ ∇ 3 6 8

8
± Truncation ± ↑

± “ 10 GPa
± 8 mm 15 GPa ± 4 mm  

±

blow out

Bi Ba ZnS
°

“

± 4 mm

 
 
  ���"# 


�	���� 

Mo�� 

�������� 
����� 

����(WC) 

BN�� 

����� 

�!  MgO 
��� 

Fig.2-5 700t
∇  
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± 8 mm
 Fig.2-6 ∇

± 8 mm MgO f 6 mm
MgO

f 2.5 mm f 3.4 mm f 5.8 mm
f 6 mm MgO

“ 850℃ 10
100 mg f 3.8 mm × BN BN

× h-BN f 3.8 mm ×

2 BN × × BN × BN
BN BN ×

× h-BN× BN
MgO  

WC ±

±

 
° ±

×

 C
± × MgO

Glass-Fiber-Reinforced Plastics GFRP 6
GFRP

GFRP 0.08 mm ∇

 
± 4 mm ∇

MgO WC ± 4 mm
13 mg   

1 cm�

Fig.2-6  
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2-1-3. [99] 

2

… Fig.2-7  

↑

↑

“

→

 
3

1

Fig.2-7  

固体�

アモルファス�単結晶� 多結晶�

結晶�

準結晶�
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− Sn In − WO3 MoO3 −

KF LiCl 1000,
“  

Fig.2-8 A B
A B Xi i

T * A
A TF

 
 
 
 
 
 
 
 
  

Fig.2-8 A B i  

Te
m
pe
ra
tu
re

Chemical Composition

A B
（Crystal） （Flux）

TA

TB

A (Solid) + B (Solid)

B (Solid)+Liquid

Liquid

A (Solid)+Liquid
TF

XFXi

i

T ’
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2-2.  

 
 
2-2-1. X X XRD [100] 

10-1 ~ 100 nm
X

X X-Ray Diffraction XRD
X X

’  
XRD Fig.2-9 d
l X q q 

2 X 2dsinq X l 
q X  

 

        

 

Bragg q d
  

2d sin θ = nλ (n = 1, 2, ⋯)

Lattice spacing 
d 

q 

q 

dsinq dsinq 

Lattice plane 

Incident 
X-Ray 

Diffracted 
X-ray 

Atom 

Fig.2-9 X Bragg  

q 
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XRD
d Miller (h, k, l)

 
 

 

 
a, b, c d

Miller  
XRD X “ X

Fig.2-10(a) X X
− X “ − −

°

− “  
X “ X × Fig.2-10(b)

X
X

X × X X
− “

X X

X X
K L Ka K M

Kb
“ X  

X XRD X X Fig.2-10(b)
XRD X “

X − 1
− Kb X
X Ka  

1
d 2 = h 2

a2 + k2

b2 + l2

c2

Fig.2-10 (a)X X [100] (b)X “ X
×  

Kb�
Ka�

X-
Ra
y 
In
te
ns
ity
�

Wavelength l�

Continuous 
X-Ray�

Characteristic 
X-Ray�
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�

2q� q�

�

SS�
（Soller Slit）�

DS�
（Divergence Slit）�

SS�
（Scattering Slit）�

SS�
（Soller Slit）�

RS�
（Receiving slit）�

q rotary table�
（Sample Stage）�

2q rotary table�
Diffractmeter 
Circle�

X-Ray focusing 
Circle�

Sample�

X-Ray Tube�

Fig.2-11 XRD Bragg-Brentano  

XRD Fig.2-11
Bragg-Brentano

X
∇

°

q X “ X
q 2q 

X q /2q 
X q /2q 

X XRD
Mini Flex 600 Rigaku X CuKa l = 1.54054Å
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2-2-2. SEM / X EDX [101] 

“

…

“

2
100 SZ1145CHI 10 1000

VHX 900 2
JSM 6010LA

 

Scanning Electron Microscope SEM
SEM Fig.2-12

“ x, y, z
R T “

SEM ° “

“ …

  

Fig.2-12 SEM  
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10 5 Pa
SEM °

2500℃

“

 

SEM
Table 2-13 SEM

WD Working Distance
WD ↑

10 mm

S/N S/N
 

SS …

SS
SS

Focus
z Focus

Focus

Focus
° x, 

y Focus Wobbler
Focus Stigma

Contrast   

 ∇  

WD  z  

Magnification   

  

SS   

Focus   

Stigma °   

Contrast   

  

Table 2-13  SEM ∇  
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“ Fig.2-14 “

SEM
Secondary Electron Image SEI Back scattering Electron 

Image BEI →  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SEI SEM “

“

“

nm
SEI  

BEI
∇

 nm ~ 1 µm

CD-ROM

50 eV

 

 

Fig.2-14 “  
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“

“

∇

BEI
− °

 
X

“ X
“ X

X Energy Dispersive X-ray Spectroscopy EDX or EDS EDX
X

EDX SEM
SEI BSE

SEM EDX
 

EDX X “

“ X

X
“ X “

1%
10% X

“ SEI BEI
Fig.2-14

“ X “

 
 X “

X 2
’ 20 kV

10 kV “ X
5 kV X “ 10 kV

−

− −
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X X
  

 
 
2-2-3. X XPS [102] 

EDX “ X
X X-ray Photoelectron Spestroscopy XPS X

°

EDX X AXIS-
ULTRA DLD (Kratos) XPS 30 ~ 3000 eV

nm
XPS ×

3

n l
s, p, d, f, ...

j s
j 1/2 j

l = 1
l j 

= l + 1/2 j = l - 1/2 2
2

(l + 1) l Table 2-15
 

XPS Ek EB

EB

XPS

−

Fig.2-16 − Li
Li2O Li 2s Li2O

2s 2p +1
Li2O 1s 2s

Coulomb Li2O Li −
XPS ×

Tl [103] Tl2Ba2Ca2Cu3O10 125 K
Tl

+3
Tl2O Tl +1 Tl2O3 Tl +3 Tl

XPS × Fig.2-17 Tl+ Tl3+

Tl Tl+

Tl3+ Tl Tl+ Tl3+

 

 
 

  
l j 

s 0 1/2 1s  

p 1 
1/2 2p1

2
 1 

3/2 2p3
2
 2 

d 2 
3/2 3d3

2
 2 

5/2 3d5
2
 3 

f 3 
5/2 4f5

2
 3 

7/2 4f7
2
 4 

Table 2-15
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×

 
 
 
2-2-4.  

∇ H

M c 
 

 
 M = χH

Fig.2-16 XPS ×
(a) Li

(b) Li2O (c)

XPS Li 
1s  

O2-

Li+ Li+Li2O

(b)

B. E.

Li 1s

Li metalLi2O

(c)

Li metal

(a)

LiLi Li

Fig.2-17 Tl
XPS × [103]  
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M [emu] 2

c 
c [emu/cm3/Oe]

M-T M-H
 

M-T Tc

Shielding Volume Fraction
B  

 

 

 
∇  

 

 

 
 

 
c 4p

-1 40% 4pc = -0.4

M-T M-H
 

∇ Table 2-18
∇

∇

 

 

∇

Curie
Pauli Pauli

− Curie

                                                        
2 cgs-Gauss

cgs-Gauss  

B = H + 4π M

M
H

= χ = − 1
4π

4πχ = − 1
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Magnetic 
material 

Ordering model of magnetic moment 

Zero field Low field (direction -) High field 
( direction -) Low temp. High temp. Low temp. High temp. 

 
(dia-) 

 
 

 
 

 
(para-) 

 
   

 
(ferro-) 

    
 

 
(antiferro-) 

     

 
Curie-

Weiss  
 

 

 
C Curie T qw Weiss

Curie-Weiss
Curie-Weiss  

Curie “ 1 “

Curie C N J Landé g g
Bohr µB Boltzmann kB   
 

 

 
µeff 1

Bohr Bohr Bohr
g Bohr

“

χ = C
T − θw

C = Ng 2μ2
BJ (J + 1)
3kB

=
Nμ2

Bμ2
ef f

3kB

Table 2-18  

Temperature independent Temperature independent 

Temperature independent 
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Weiss qw 

qw 0
qw > 0 qw < 0

qw  
M-T M-H

Saturation 
magnetization Ms Ms 1

“  
 

 

 

M-H  
M-H

’

Fig.2-19 M-H

Ms

Residual Magnetization
Mr

Coercive 
field Hc Ms

Mr Ms

 

SUperconducting Quantum Interface Device SQUID MPMS-XL
Quantum Design MPMS-XL 1.8 K 50 kOe

“

→  
SQUID ° ∇ Josephson

SQUID Radio Frequency 
SQUID RF-SQUID … Direct Current SQUID DC-SQUID 2 RF-
SQUID ° 1 Josephson DC-SQUID 2
Josephson RF-SQUID DC-SQUID

DC-SQUID  
DC-SQUID Fig.2-20(a) ° 2

Josephson 2 Josephson
DC-SQUID ∇ Ibias 2

Ic Ibias < 2Ic Ibias Josephson
“ Ibias ≥ 2Ic Ic “

Ms = gJ

Fig. 2-19  

Magnetic Field�

Magnetization�

M
s
�

M
r
�

H
c
�
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q 1,q 2 DC-SQUID Josephson I  
 

 

 
Josephson Imax

 
 

 

 
° ∇ F 0 ~ 2.068 10-15 Wb

° N
 

 

 

 
q i i DC-SQUID  

 

 

 
 n = 0 Imax  

 

 

 

DC-SQUID Ibias-Imax “

“ F 0 F 

Fig.2-20(b)  

  

I = Ic (sin θ1 + sin θ2)

Imax = 2Ic cos ( θ1 − θ2
2 )

Φ + Φ0

2π

N

∑
i = 0

θi = n Φ0

Φ0

2π (θ1 − θ2) = Φ + nΦ0

Imax = 2Ic cos (π
Φ
Φ0 )

(n = 0, ± 1, ± 2, ⋯)
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DC-SQUID

DC-SQUID

Fig.2-21 DC-SQUID

DC-SQUID “

DC-SQUID DC-SQUID

DC-SQUID

Flux Lock Loop FLL    

(b) (a) 

insulator 

superconductor 

superconductor 

Fig.2-20 (a)DC-SQUID  (b)DC-SQUID F-V  

Input coil�

INPUT�

Feedback 
coil�

Bias Supply�

アンプ� 積分器 OUTPUT�DC-SQUID�

Fig.2-21 DC-SQUID  
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SQUID °

SQUID
FIg.2-22(a)

Fig.2-22(b) 2 d
° “

d 2
“

d 2 “

“  

 
MPMS-XL Fig.2-22(c)
° 2

…

(-1) ~ (+2) ~ (-1) Fig.2-22(c)
°

∇

∇   

(a)             (b)                 (c) 

Position�

Voltage�

Sample�

3 cm
�

Straw�

d�

Fig.2-22 (a)  (b)  (c)
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2-2-5.  
… 2 Fig.2-23

2 ↑

0.1  
1 GW ∇ RV  W Shunt

RI … Ohm
R  

 

 

 
R Rw Rc

 
2 4 ↑

R  
 

 

 
IV ∇

Rs  RV IV

Rw Rc

 
2 −

∇

− f 25 µm × 4922N Dupont
×    

R = Rs + (Rw1 + Rw2 + Rc1 + Rc2 + RI)

R = Rs − (Rs + Rw3 + Rw4 + Rc3 + Rc4)
IV

I

Fig.2-23 Rs Rw

Rc ↑ Rv ∇ RI ∇
 

Two probe method circuit�

Rc1
Rw1

RI

Rw2

Rc2

Rw1

Rw2

RV

V

I

Sample (Rs) 

Four probe method circuit�

Sample (Rs) 
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“

Joule
 

 
Carnot Carnot

Fig.2-24 Carnot ↑

Carnot

↑

GM Gifford-McMahon refrigerator GM GM GM

Fig.2-25(a)

Fig.2-25(b)

4.2 K  
 
 
 
 
  

Fig.2-24 Carnot S-T  

Entropy

Temperature

S H

S L

T L T H

等温圧縮
(低温熱源へ接触)

断熱膨張
(温度低下)

等温膨張
(高温熱源へ接触)

断熱圧縮
(温度上昇)
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77 K

“

“

4.2 K °

 
PPMS Quantum Design

PPMS
Fig.2-26

Sample Chamber
Cooling Annulus
2 Inlet Variable Impedance Inlet

4.2 K

4.2 K
Continuous Inlet Impedance Heater

Chamber Heater
  

Pressure

Volume

P H

P L

V L V H

定積膨張
(温度低下)

定圧過程
(温度低下)

定積圧縮
(温度上昇)

定圧過程
(温度上昇)

(b)
Compressor

Displacer

Cylinder

Low 
Pressure 
Gas Line

Heat
exchanger

High 
Pressure 
Gas Line Coldhead

Low
Temp.

High 
Temp.

(a)

Fig.2-25 (a)GM (b)GM ∇ P-V  
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Fig.2-26 PPMS MPMS  

Liquid 
Helium�

Variable Im
pedance Inlet�

Sam
ple Cham

ber 

Cooling Annulus
�

Continuous Inlet�

Therm
al Insulation (High Vacuum

)�

Vacuum�
Pomp�

Cham
ber Heater�
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PPMS MPMS °

−

“ − Joule
“ 20 kOe °

Joule “ 100 kOe “

“ MPMS -50 kOe ~ 50 kOe PPMS -70 kOe ~ 
70 kOe  

∇ ∇

“

Persistent mode °

Fig.2-27 Fig.2-27 (0)

∇ Persistent Switch Heater P. S. Heater

I0 [Fig.2-27 (1)]

P. S. Heater
[Fig.2-27 (2)]

I0 I1 [Fig.2-27 (3)] I1

P. S. Heater [Fig.2-27 (4)]
[Fig.2-27 (5)] PPMS MPMS

∇

… Fig.2-27 (2)(3)
Persistent mode

Driven mode (PPMS) Hysteresis mode (MPMS)  
° Quench

° ∇

∇ “ Joule
∞ “ °

“ “ ° Quench

° Fig.2-27
Joule “ “

Driven mode

°

“

“

MPMS EverCool Quantum Design PPMS TRG-340DS
“
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(0) � (2) �(1) �

(3)  (4)  (5)  

Fig.2-27 ° / ±
(0) ° I0

 (1) I0  (2)Persistent 
Switch Heater ∇  (3)

I0 I1  (4) Persistent Switch Heater
 (5) I1 0  
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2-2-6. [104] 
“ “

3 “

Fig.2-28  

2
Plug Plug ∇

Stycast 2850FTJ Catalyst 9M = 100 3.5 
( )
Corn

Corn ∇

− ×

Plug
− ×

Cell ∇

Plug Cell
Cylinder Bottom nut
Cylinder ∇ Ceal Ring Piston

Top nut
Top nut

Piston Backup Piston
Cell Cell Cell ∇

Cell
“

Top nut Piston Backup

“   

“ DAC

… ↑ ∇

×

Fluorinert FC-70 FC-77 = 1 1
1 GPa

 

Top Nut (CuBe) 
Piston Backup (WC) 

�

Piston (WC) 
 
�

Cylinder 
 (CuBe+NiCrAl) 

 
�

�

Seal Ring (CuBe) 
 

Cell (PTFE) 
Seal Ring (CuBe)�

Corn (CuBe)�
Plug (CuBe) 

�

Piston Backuup (WC) 
Bottom Nut (CuBe)�

Fig.2-28
∇ . 



74 

∇

“

Pb Tc Pb Tc

7.2 K [105] Pb Tc

Pb
Pb 7 K

[105] P  

 

 

 

Tc(0) Pb
Tc(P) Pb Sn In

Tc Tc

“ 2 GPa
→ CuBe Cylinder ∇ NiCrAl
3 GPa “  

∇

1998 Uwatoko
MPMS
“ [106]

Fig.2-29  
O °

Plug Cylinder ∇ Bottom 
nut Cylinder ∇

4 cm

Cylinder O ° Plug
Cylinder ∇ Piston Piston 
Backup Top nut Top 
nut

Piston Top nut
 

MPMS f 9 mm

P [GPa] = Tc (0) − Tc (P)
0.365

Fig.2-29
∇

[106]. 
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∇

“ 1 GPa
Daphne7373

Fluorinert Daphne7373

MPMS O °

“ Daphne7373
 

MPMS
“ “

°

Fig.2-30 MPMS
°

Sn 3.7 K 3.7 K
Sn ° Fig.2-30

“ 3.7 K
Sn °

° Fig.2-30
 

 
 
 
 
 
 
 
 
 
 

Fig.2-30 MPMS °
Voltage “

5.5 cm
9.5 cm Sn  
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V
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]
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CeO0.3F0.7BiS2  

 

3-1.  

“

×

“

±  

Ce(O,F)BiS2 F

3 GPa 600, Tc 8 K

F 70% CeO0.3F0.7BiS2

 

 

 

3-2.  

As-grown CeO0.3F0.7BiS2

f 10 
mm × 800, 10

“ 3g
 

 
3 Ce2S3 + 1 Bi2S3 + 1.4 BiF3 + 0.6 Bi2O3 + 1.4 Bi . 6 CeO0.3F0.7BiS2. 

 
XRD Fig.3-1 Bi2S3 ≪

a = 4.036(2) Å c 
= 13.359(4) Å EDX

Ce0.97O0.34F0.59Bi1S1.95 Bi 1  
O + F = 1 F 64% Fig.3-2 7.5 K

ZFC FC
F70% F
“
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Fig.3-1 CeO0.3F0.7BiS2 As-grown XRD
≪ Bi2S3

Fig.3-2. CeO0.3F0.7BiS2 As-grown  
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3-3.  

3-1 CeO0.3F0.7BiS2

“

3 GPa 400℃
600℃ 800℃  

XRD Fig.3-3
XRD

2 K As-
grown
400℃ 600℃ 600℃
800℃

Tc 2 K

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig.3-3 3 GPa CeO0.3F0.7BiS2 (a)XRD
(b) ZFC . 
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600℃ “

CeO0.3F0.7BiS2 1 GPa 2 GPa 3 GPa Kawai
6 GPa 10 GPa 15 GPa

XRD Fig.3-4
0.3g

Kawai 0.1g XRD

“  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3-5
Shielding Volume Fraction ZFC 3 GPa

 As-
grown

2 K
Fig.3-6 ZFC 3 GPa

15 GPa FC
3 GPa  

 
 
 
  

Fig.3-4 XRD
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Fig.3-5 600℃,1 CeO0.3F0.7BiS2
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3 GPa 600℃ Fig.3-7(a)
Tc 8.2 K 5.8 K Fig.3-7(b)

Tc Tc

Tc Fig.3-7(c) Tc
onset

95%
∇ Hc2 Werthamer-Helfand-Hohenberg (WHH) [107] Hc2
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Fig.3-7 (a)3 GPa, 600℃ CeO0.3F0.7BiS2
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3-4.  

3-1 3-2 As-grown 3 GPa, 600℃
10 GPa, 600℃ 3

 
Fig.3-8(a) 2 K -50 kOe 5 kOe

1 kOe
50 kOe Fig.3-8(a)

Fig.3-8(b)(c)
Meissner

Table 
3-9   

Fig.3-8 (a) CeO0.3F0.7BiS2 As-grown 3 GPa,600℃ 10 GPa,600℃
2 K . (b) ∇ . (c)

∇ .
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Fig.3-10 1 kOe

80 K c 
2-2-4 Curie-Weiss ° Fig.3-10

°

° Table 3-11 °   

50 kOe
3

Weiss qw

Ce-1112
“

’ “

Spinel AB2O4 A,B - −

’ ’

Ce-1112 Ce
Ce 1

“ Ce-1112
 

M (50 kOe)
Ce 1 0.86µB Ce3+ 4f 1 J = 5/2 gJJ ~ 2µB

M (50 kOe) Ce3+ J = 5/2 Ce4+ J = 0
M(50 kOe) 3.6

3 Curie Ce
Ce3+ gJ(J	(J	+	1) = 2.54µB 3.3

Ce-1112 Ce
 

Mr Hc Table 3-9 3 GPa
Curie-Weiss

Table 3-11 3 GPa Curie Weiss

  

 Mr [µB/f.u.] Hc [Oe] M (50 kOe) [µB/f.u.] Ce valence 

As-grown 0.23 840 0.86 3.57 

3 GPa 0.10 550 0.86 3.57 

10 GPa 0.16 590 0.84 3.58 

Table 3-9
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Table 3-11 Curie-weiss °

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
  

 qw [K] C [emu K/mol] µ eff [µ B/Ce] 

As-grown -17.9 0.66 1.62 

3 GPa -10.1 0.59 1.54 

10 GPa -39.2 0.78 1.77 

Fig. 3-10 CeO0.3F0.7BiS2 As-grown 3 GPa,600℃ 10 GPa,600℃
1 kOe 80 K

Curie-Weiss °…
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3-5.  

CeO0.3F0.7BiS2

Tc 3 GPa 3 GPa
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Eu BiS2

 

 

4-1.  

Eu-1112 [67]

“ BiS2 Eu

BiS2

Eu  

 

 

 

4-2.  

f 8 mm ×

∇ 700℃ 20
 

 
3 EuS + Bi2S3 + BiF3 . 3 EuFBiS2. 

 
[67] 780℃ 20 XRD

780℃ XRD
 

XRD Fig.3-11(a) [67]

00l
c c

XRD Rietveld ° RIETAN-
FP[108] Fig.3-11(b) a = 4.0507(3) Å c 
= 13.527(1) Å Rwp = 17.7 % S (Goodness of fit indicator) = 1.6   

EDX ×

Fig.3-12 Eu1.11F1.03Bi1S1.87 Bi 1
Eu-1112

O Ka 0.53 keV
Eu-1112   



88 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

300 K 2 K
Fig.3-12

mWcm 290 K 230 K
 

Fig.3-13(a) 2 K 50 kOe
5.55µB Eu 2.21

Fig.3-13(b) 1 kOe
2-2-4 Curie-Weiss  Eu3+ Van Vleck c0

c0 = 1.12 ×10-3 [emu/mol] C = 6.55 [emu K/mol] qw  = -6.72 [K]
Curie 7.24µB Eu

2.21  
[67]

−

CDW → ’

Fig.4-1 EuFBiS2 Rietveld XRD

 
 

  EuFBiS2 

Fig.4-2 EDX × F Ka 0.68 keV S Ka 2.31 
keV Eu La 5.85 keV Bi Ma 2.42 keV

C Ka 0.28 keV
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Fig.4-4 EuFBiS2 As-grown  (a)2 K  (b)1 kOe
Curie-Weiss

°  

Fig.4-3 EuFBiS2 As-grown
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4-3.  

Fig.4-
5(a) 4-1 150 K

 
0.3 GPa

2 K
0.7 GPa

− 2 K
Fig.4-5(b)

−

− Tc

1.8 GPa 8.6 K
 

Fig.4-5(c)

Thump Thump

1.3 GPa
Thump 180 K

2.6 GPa  
Tc Thump Fig.4-6

7 K Thump

Tc
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Fig.4-5 (a) EuFBiS2 [109] (b) 
[109] (c) ’

[109] Thump  (d) EuFBiS2 Tc
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Fig.4-6(a) Tc 1.8 GPa
Tc 35 kOe

Tc
onset Tc

zero Fig.4-6(b) Tc
onset

… 95% Tc
onset

Werthamer–Helfand–Hohenberg WHH [107] ∇ Hc2 31.6 
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4-4.  

4-2

 

Fig.4-7(a)(b) 600℃

Tc 3 GPa  
Fig.4-7(c) 3 GPa

600℃ 500℃
700,

Eu-1112 As-grown 700℃
700, 600℃

 
Eu-1112

3 GPa, 600℃
 

  

Fig.4-7 (a) EuFBiS2  (b)(c) 
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Fig.4-8(a)
2 K  300 K

As-grown ’

− Fig.4-8(b) Tc

Fig.4-8(c) 0.2 
GPa Tc 2.3 GPa
Tc

onset 8.5 K
Fig.4-8(d) Tc 40 kOe Tc
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 EuFBiS2 Eu3F4Bi2S4 

Formula weight 444.06 1078.08 

Crystal dimensions (mm) 0.15 × 0.10 × 0.01 0.10 × 0.10 × 0.02 

Crystal shape Platelet Platelet 

Crystal System Tetragonal Tetragonal 

Space Group P4/nmm (No.129) I4/mmm (No. 139) 

Lattice parameters (Å) 
a = 4.0461(17) 

c = 13.495(6) 

a = 4.088(3) 

c = 32.63(3) 

Volume (Å3) 220.93(2) 545.3(9) 

Z 2 2 

dcalc. (g/cm3) 10.013 9.849 

Temperature (deg.C) 293 293 

λ(Å) 0.71073 (MoKa) 0.71073 (MoKa) 

µ (mm-1) 81.904 74.894 

absorption correction empirical empirical 

qmax (deg.) 27.391 32.472 

Index range -5 < h < 5,-5 < k < 5,-17< l < 17 -5 < h < 6,-5 < k < 5,-47< l < 46 

Total reflections 1975 2799 

Unique reflections 194 350 

Observed [I ≥ 2σ (I)] 164 337 

Rint for all reflections 0.1413 0.1462 

No. variables 15 19 

R1/wR2 [I > 2σ(I)] 0.0643/0.1576 0.0833/0.2304 

R1/wR2 (all data) 0.0690/0.1612 0.0843/0.2330 

Goodness-of-fit indicator 1.017 1.212 

max/min residual density (e-/Å3) 4.11/-2.68 6.248/-8.677 

 
  

Table 4-16 EuFBiS2 Eu3F4Bi2S4  
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