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1

1.1

YBa2Cu3O7 (=YBCO)

( )

(”US”=Unconventional Superconductor)

sensitive

( ZBCP = Zero Bias Conductance

Peak)



2 1

d-wave

” -junction”

( )

1.2

( )

sensitive

1

YBCO Bi2Sr2CaCu2O8+ (=Bi-2212)

La2 xSrxCuO4(=LSCO) Nd2 xCexCuO4(=NCCO)

1

1
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1

2

BCS

3

3

BdG

4

4

5

5

2 (

) ( )

Bi-2212
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6

6

(YBCO/Bi-2212 )

3

7

/

Bi-2212 LSCO NCCO

3

3

8

8
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2

2.1

2.1.1

100 1911

Kamerlingh Onnes Hg TC = 4.2K

0 TC [1]

= 0 (2.1)

Onnes

JC
HC

1933 Meissner

Ochsenfeld Sn Pb [2] TC
TC

B = 0 (2.2)

= 0 = 0

2.1.2 1 2

H

2 1

HC

1 Pb Sn Al

HC HC1

HC HC2
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2

Nb V Tc

2

” -junction” SSM

2

2.1.3

IS(jS)

= LIS L

0 1950

London London

[3] [4]

1961

0 2.07×10 15Wb Planck h e

h/e h/2e

0 =
h

2e
= 2.07× 10 15Wb (2.3)

e 2e

0

2

0 SQUID

[5] [6] 0

2.1.4

2

2

V 1 2 T = 0

1 k1 2 k2
the Golden rule

w(1 2) =
2

h̄
|h2|HT |1i|2N2(E) (2.4)



2.1. 7

HT N2(E) 2

E = E2 EF = E1 EF + eV h2|HT |1i = T21
1 2 A

J =
2 e

h̄A
|T21|2N2(E) (2.5)

1 2

F12 =
4

h̄

Z
|T21|2N1(E eV )N2(E)f(E eV )[1 f(E)]dE (2.6)

2 1

F21 =
4

h̄

Z
|T12|2N1(E eV )N2(E)f(E)[1 f(E eV )]dE (2.7)

2 |T21|2 = |T12|2† = |T |2
2 1

I =
4 e

h̄
|T |2

Z
N1(E eV )N2(E)[f(E eV ) f(E)]dE (2.8)

- - s-wave

s-wave, dx2 y2-wave

dx2 y2-wave

ZBCP

Josephson e ect [7] 1962

Josephson

(1)

1 1 2 2 0
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Cooper JS

2 = 2 1

(2)

V V

Josephson equation 2

JS = JC sin (2.9)

t
=

2eV

h̄
(2.10)

JS V

V = 0 = 0 |JC | |JC |
|JC | < J < |JC |

2

V =const.

JS = JC sin
μ
2eV

h̄
t+ 0

¶
= JC sin (2 fJt+ 0) (2.11)

fJ =
2eV

h̄
= 483.60MHz/ V (2.12)

fJ
V - I-V

f Shapiro

step [8]

VShapiro = n
hf

2e
= n 0f n (2.13)



2.2. BCS 9

2.2 BCS

BCS BCS

BCS

BCS

k

2.2.1 Cooper

Cooper Fermi 2

Fermi

Fermi 2

2

[9]

[10] 3He

Cooper

Cooper |r1 r2| 1 m

T ¿ TC n 10nm 3 = 1010 m 3 1

1010

[11]

2.2.2 BCS

BCS [12]

k

k
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singlet

k

p-wave triplet

(k)

V (k,k0) 0

H = H0 +H0 (2.14)

=
X
k

(k)a†k ak +
1

2

X
kk0 0

V (k,k0)a†k a
†
k 0a k0 0ak0 (2.15)

a†, a
(S = 0 : singlet )

2

H0 =
X
kk0
V (k,k0)a†k a

†
k a k0 ak0 (2.16)

2

a†a†aa ha†aia†a

H0
MF =

X
kk0
V (k,k0)

h
ha†k a

†
k i+

n
a†k a

†
k ha†k a

†
k i
oi

×
h
ha k0 ak0 i+

n
a k0 ak0 ha k0 ak0 i

oi

'
X
k

h
(k)a†k a

†
k + (k)a k ak

i
+
X
k

(k)ha†k a
†
k i (2.17)

singlet V (k,k0) = V (k0,k)
1 { }

(k)
X
k0
V (k,k0)ha k0 ak0 i (2.18)
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haai, ha†a†i
0

H0
MF

haai, ha†a†i 0 0

H = HMF N
=

X
k

[ (k) ] a†k ak
X
k

h
(k)a†k a

†
k + (k)a k ak

i
+
X
k

(k)ha†k a
†
k i

=
X
k

³
a†k a k

´Ã (k) (k)

(k) (k)

!Ã
ak
a† k

!
+ ES (ES = const.) (2.19)

(k)

(k) = (k) (2.20)

F

Bogoliubov

(a†k , ak )

Ã
(k) (k)

(k) (k)

!
7

Ã
E(k) 0

0 E(k)

!
(2.21)

E(k)
q
(k)2 + | (k)|2 (2.22)

u(k)

vuutE(k) + (k)

2E(k)
, v(k)

vuutE(k) (k)

2E(k)
(2.23)
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Ã
ak
a† k

!
7

Ã
k
†
k

!
=

Ã
u(k) v(k)eiarg (k)

v(k)e iarg (k) u(k)

!Ã
ak
a† k

!

Ã
a†k
a k

!
7

Ã †
k

k

!
=

Ã
u(k) v(k)e iarg (k)

v(k)eiarg (k) u(k)

!Ã
a†k
a k

! (2.24)

Bogoliubov , †

q(k) = |u(k)|2 · e+ |v(k)|2 · ( e) (2.25)

Bogoliubov

H = ES +
X
k

³ †
k k

´Ã E(k) 0

0 E(k)

!Ã
k
†
k

!

= ES +
X
k

E(k)
³ †

k k +
†
k k

´
(2.26)

ES

E(k)

2.1

2.2.3

(k)

s-wave
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2.1: a) b)

(k) Bogoliubov

(k) =
X
k0
V (k,k0)

h
u(k)v(k)eiarg (k)

n
h k0

†
k0 i h †

k0 k0 i
o

+u(k)2h k0 k0 i v(k)2e2iarg (k)h †
k0

†
k0 i

i
(2.27)

h † i
0 0

(k) =
X
k0
V (k,k0)

(k0)
2E(k0)

[1 2f(E(k0))]

=
X
k0
V (k,k0)

(k0)
2E(k0)

tanh
μ
1

2
E(k0)

¶
(2.28)

f f(x) = 1/(e x + 1)

0 BCS

s-wave

2.2

[13]
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T/T C

T

0 .2 0 .4 0 .6 0 .8 10

0 .5

1

2.2:

2.2.4 BCS

BCS

E(k)

| gi
k | gi = k | gi = 0

[u(k)ak v(k)eiarg (k)a†k ]| gi = 0 , [u(k)a k + v(k)e
iarg (k)a†k ]| gi = 0

(2.29)

0 |0i
| gi

| gi =
Y
k

³
u(k) + eiarg (k)v(k)a†k a

†
k

´
|0i (2.30)

BCS

| gi BCS

1

†
k | gi = a†k

Y
l6=k

³
u(l) + eiarg (l)v(l)a†l a

†
l

´
|0i (2.31)
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†
k BCS

³
u(k) + eiarg (k)v(k)a†k a

†
k

´
a†k (2.32)

(i) (k) > h̄ D Fermi Fermi u(k) = 1, v(k) =

0

1 a†k (2.33)

BCS (k ) 1

(ii) (k) < h̄ D Fermi Fermi u(k) =

0, v(k) = 1

eiarg (k)a†k a
†
k a†k (2.34)

BCS ( k ) 1 (k ) 1

(iii) k Fermi u(k), v(k) > 0 †
k (k )

( k ) (k )

k

X
k

'
Z
d D( + ) ' D0

Z
dE

d

dE
(2.35)

D0 Nk(E)

Nk(E)

¯̄̄
¯̄ d
dE

¯̄̄
¯̄ = |E|q

E2 | (k)|2
(2.36)

(k) k s-wave N(E) 3.9 (k) k

STM

ZBCP
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3

3.1

3.1.1 Conventional Superconductor ( )

1911 Onnes Hg TC
1973 Nb3Ge TC=23K

TC

2001 Akimitsu MgB2 TC=39K

TC [1] TC
NMR

s [2] [3] [4] s

s-wave

”Conventional

Superconductor” s-wave

phase sensitive s-wave

3.1.2 Unconventional Superconductor ( )

SrTiO3 TC 0.3K BaPb1 xBixO3 TC 12K

[5]

1986 Bednorz Müller 30K La-Ba-Cu-O

[6] 11 Tanaka

(La1 xBax)2CuO4
[7]

1987 TC 90K

YBa2Cu3O7 Chu
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[8] 1988

Bi Bi2Sr2Ca2Cu3O10+ TC 110K

Tl Tl2Sr2Ca2Cu3O10+ TC 125K

TC [9] [10] TC
Hg2Ba2Ca2Cu3O9 TC 134K

CuO2 Cu

+2

1988 Cu +2

[11] CuO2

-

3.2

[12]

J CuO2 Cu

J t2/

J

Cooper

dx2 y2-wave

(k) = d(cos kx cos ky) (3.1)

k k

3.1 dx2 y2-wave

dx2 y2-wave

YBCO
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3.1:

3.3 Bogoliubov-de Gennes BdG

Bogoliubov-de Gennes

Bogoliubov-de Gennes

dx2 y2-wave

ZES

ZBCP

BCS

H = HMF N
=

X
k

(k)a†k ak
X
k

h
(k)a†k a

†
k + (k)a k ak

i
+ const. (3.2)

BCS

H =
XZ

dr † (r, t)
½
1

2m
( ih̄ ± eA)2 + U(r) EF

¾
(r, t)

Z
dr

n
(r) †(r, t) †(r, t) + (r) (r, t) (r, t)

o
+ const. (3.3)

(r) g(r)h (r, t) (r, t)i (3.4)
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± (+) ( ) Heisenburg

ih̄ ˙ = [ ,H]

ih̄
t

(r, t) = [ (r, t),H]

=
½
1

2m
( ih̄ + eA)2 + U(r) EF

¾
(r, t) + (r) †(r, t)

(3.5)

ih̄
t

†(r, t) = [ †(r, t),H]

=
½
1

2m
( ih̄ eA)2 + U(r) EF

¾
†(r, t) + (r) (r, t)

(3.6)

n n (t) = n e
iEnt/h̄ †

n
†
n (t) = n e

iEnt/h̄

Bogoliubov

(r, t) =
X
n

h
n un(r)e

iEnt/h̄ †
n vn(r)e

iEnt/h̄
i

(3.7)

(r, t) =
X
n

h
n vn(r)e

iEnt/h̄ + †
n vn(r)e

iEnt/h̄
i

(3.8)

†(r, t) =
X
n

h †
n un(r)e

iEnt/h̄
n vn(r)e

iEnt/h̄
i

(3.9)

(r, t) =
X
n

h †
n vn(r)e

iEnt/h̄ + n un(r)e
iEnt/h̄

i
(3.10)

Enun(r) =
½

1

2m
( ih̄ eA)2 + U(r) EF

¾
un(r) + (r)vn(r)

Envn(r) =
½

1

2m
( ih̄ + eA)2 + U(r) EF

¾
vn(r) (r)un(r)

(3.11)

ĥ0 ĥ0
Bogoliubov-de Gennes BdG

Ã
ĥ0 (r)

(r) ĥ0

!Ã
un(r)

vn(r)

!
= En

Ã
u(r)

v(r)

!
(3.12)

ĥ0 = ĥ0 ĥ0

BdG
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3.4 Andreev

ZES

Probe

[13]

3.4.1

dx2 y2

2

(i) Phase insensitive node

(ii) Phase sensitive

(i) node

[14] [15] s-wave

(ii) s d

-junction

1 [16] [17] [18]
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3.4.2 2 SN BdG

Andreev

Andreev 1964 [19]

Andreev BdG

Tanaka Kashiwaya

[20] [21]

1 (N) (S)

(N/S ) Andreev

BdG

N/S x x = 0

2

( , r) = ( ) (x)

=

(
( ) (x > 0 )

0 (x < 0 )
(3.13)

( (x) )

3.2

N/S

h̄vF/ | |

( ) k

(

(E, | ( )|¿EF ) k kF fix

) m m

BdG u( , r), v( , r)

Ã
h0(r) ( ) (x)

( ) (x) h0(r)

!Ã
u( , r)

v( , r)

!
= E

Ã
u( , r)

v( , r)

!
(3.14)

h0 = h̄2 2/2m EF
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3.2:

3.4.3 BdG

(x < 0) Schrödinger

u(r) =
X
i

ai e
i

2m(EF+E)

h̄ i·r
X
i

ai e
ik+N i·r (3.15)

v(r) =
X
i

bi e
i

2m(EF E)

h̄ i·r
X
i

bi e
ikN i·r (3.16)

(x > 0)

u(r) =
X
i

h
Ai ( i)e

ik+S i i·r + Bi ( i)e
ikS i i·r

i
(3.17)

v(r) =
X
i

e iarg ( i)
h
Ai ( i)e

ik+S i i·r + Bi ( i)e
ikS i i·r

i
(3.18)

k±S i

p
2m(EF ± ( i))

h̄
(3.19)

( ) =

s
E + ( )

2E
, ( ) =

s
E ( )

2E
(3.20)

(3.21)

± ( ) ±
q
E2 | ( )|2

i

k



24 3

k±S i ' k±S (r)

N(r) =
X
i

"
ai

Ã
1

0

!
eik

+
N i·r + bi

Ã
0

1

!
eikN i·r

#
(3.22)

S(r) =
X
i

"
Ai

Ã
( i)

( i) e
iarg ( i)

!
eik

+
S i·r + Bi

Ã
( i)

( i) e
iarg ( i)

!
eikS i·r

#

(3.23)

3.4.4 SN

y

(N) N/S

3.3 4

(a) Andreev

(b) Normal

(c) (ELQ)

(d) (HLQ)

(E, | ( )| ¿ EF ) k±N ' k±S ' kF
k

k±Ny ' k
±
Sy ' kFy 4

4

(retroreflectivity Andreev

Andreev [22]

H (x) 3.4

(r)|x=0+ = (r)|x=0 (3.24)

(r)

x

¯̄̄
¯̄
x=0+

(r)

x

¯̄̄
¯̄
x=0

=
2mH

h̄2
(r)

¯̄̄
¯
x=0

(3.25)
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3.3: N/S 4

N/S

BdG k

N (r) = eikF ·r
Ã
1

0

!
+ aeikF ·r

Ã
0

1

!
+ be ikF

0·r
Ã
1

0

!
(3.26)

S(r) = ceikF ·r
Ã

( )

( ) e iarg ( )

!
+ de ikF

0·r
Ã

( 0)
( 0) e iarg ( 0)

!

(3.27)

= (cos , sin ), 0 = (cos( ), sin( )) = (cos , sin ) (3.28)

a(E, ) =
e iarg ( ) ( 0) ( )

(1 + Z 02) ( ) ( 0) Z 02 ( ) ( 0)eiarg[ ( 0)/ ( )]
(3.29)

b(E, ) =
Z 0(i+ Z 0)[ ( ) ( 0)eiarg [ ( 0)/ ( )] ( ) ( 0)]
(1 + Z 02) ( ) ( 0) Z 02 ( ) ( 0)eiarg [ ( 0)/ ( )]

(3.30)
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3.4:

c(E, ) =
(1 iZ 0) ( 0)

(1 + Z 02) ( ) ( 0) Z 02 ( ) ( 0)eiarg[ ( 0)/ ( )]
(3.31)

d(E, ) =
iZ 0 ( )eiarg[ ( 0)/ ( )]

(1 + Z 02) ( ) ( 0) Z 02 ( ) ( 0)eiarg[ ( 0)/ ( )]
(3.32)

Z 0 =
mH

h̄2kF cos
(3.33)

Z 0

3.4.5 N/S

(i) H = (Z = )

(
b = 1

a, c, d = 0
(3.34)

0
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(ii) H = 0 (Z = 0)

a =
( )

( )
e iarg ( )

c =
1

( )
b, d = 0

(3.35)

Z Andreev

E < | ( )| Andreev E

eh

ZES

1 Andreev
0

1

N/S

k dx2 y2-wave

k

s-wave ZBCP

N/S ZBCP
0 0

( 0) ( )

Z

3.4.6 Zero Energy State (ZES)

N/S

ZES Zero Energy State :

ZES 1994 Hu [23]

ZES MGS Mid Gap State ZES

d-wave

ZES 3.5

SL/N/SR 1

L(R)
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N dN

3.5: SNS

(E < | L(R)|) L

Andreev

Andreev

a(E, ) =
( )

( )
e iarg R( )

=
E i

q
| R( )|2 E2

| R( )|
e iarg R( )

= exp

"
i

(
cos 1

Ã
E

| R( )|

!
+ arg R( )

)#
(3.36)

R eh
R
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eh
R (E, ) = cos 1

Ã
E

| R( )|

!
arg R( ) (3.37)

R Andreev

BdG ã, b̃, c̃, d̃

Z = 0 L Andreev

ã(E, ) =
( )

( )
eiarg L( )

= exp

"
i

(
cos 1

Ã
E

| L( )|

!
arg L( )

)#
(3.38)

he
L

he
L (E, ) = cos 1

Ã
E

| L( )|

!
+ arg L( ) (3.39)

2 N (E, dN) N(E, dN ) E ¿ EF

2 N(E, dN ) = (k+N kN )d

N(E, dN ) ' 2dNE

h̄vF
(3.40)

BdG k+N ' kN ' kF
E k±N(E) ' kF±E/h̄vF

Andreev R Andreev

cos 1

Ã
E

| L( )|

!
cos 1

Ã
E

| R( )|

!
+ {arg L( ) arg R( )}+ 2 N(E, dN)

(3.41)

R

1

cos 1

Ã
E

| L( )|

!
cos 1

Ã
E

| R( )|

!
{arg L( ) arg R( )}+ 2 N (E, dN)

(3.42)
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2 n n

2

cos 1

Ã
E

| L( )|

!
cos 1

Ã
E

| R( )|

!
± ( ) + 2 N (E, dN) = 2 n (3.43)

( ) arg L( ) arg R( ) = arg

Ã
L( )

R( )

!
(3.44)

± 2

2

E ( )

Eb 0

L( ) = R( ) =

0( )

Eb
| 0( )|

= cos

"
N(Eb, dN)±

( )

2

#
(3.45)

dN 0

dN ' 0 = h̄vF/| 0( )|

Eb
| 0( )|

= cos

"
Eb

| 0( )|
± ( )

2

#
(3.46)

Eb E( )

3.6

( ) Eb

( ) = n 2

( ) = 0,

0

( ) = Eb = 0

Eb = 0 (ZES)

ZES ( ) =
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3.6: Eb

dN dN = 0

ZES

ZES

d-wave d-wave

3.7 S/N/S

ZES

0 ZES ZES

d-wave

3.7: ZES
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?

N/S Z = 0 Andreev k+N ' kN '
kF k±N (E) ' kF ± E/h̄vF

eh(x,E) '
e
i E
h̄vF

x

e
iarg i cos 1 E i E

h̄vF
E

eikFx (3.47)

vF Fermi

k

arg + cos 1 E +
2E

h̄vF
x (3.48)

2Ex/h̄vF eh

E = 0

arg + cos 1(E/ )

retroreflectivity ZES

E 6= 0
E 6= 0

lE
h̄vF
2E

1

retroreflectivity

E 6= 0

N/S

3.8

lT
h̄vF
kBT

3.4.7 2 - (N/S)

N/S 2 N/S

4
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3.8:

E 2

A(E, ) =
2
N | +|2

|1 + ( N 1) + ei( +)|2 (3.49)

Andreev

B(E, ) =
(1 N )|1 + ei( +)|2
|1 + ( N 1) + ei( +)|2 (3.50)

Normal

C(E, ) =
N (1 | +|2)

|1 + ( N 1) + ei( +)|2 (3.51)

D(E, ) =
(1 N ) N | +|2(1 | |2)
|1 + ( N 1) + ei( +)|2 (3.52)

Andreev Normal

± = ±(E, ) =
(E,± )

(E,± )
=
E ±
| (± )| , ± =

q
E2 | (± )|2 (3.53)

N = N ( ) =
1

1 + Z 02( )
=

cos2

cos2 + Z2
, Z =

mH

h̄kF
(3.54)

± = ±( ) = arg (± ) =
(± )

| (± )| (3.55)
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±

| ±| =
¯̄̄
¯̄̄E

q
E2 | (± )|2

E +
q
E2 | (± )|2

¯̄̄
¯̄̄ < 1 E > | (± )|

= 1 E | (± )|
= 0

(3.56)

± = cos 1

Ã
E

| (± )|

!
if E < | (± )| (3.57)

Andrrev N/N

± 0 ± 0

A(E, ) = D(E, ) 0 (3.58)

B(E, ) 1 N (3.59)

C(E, ) N (3.60)

B(E, ) C(E, )

N

N 0 N 1

tunneling limit N 0 N 1

±

ei( +) = e iarg
( )
( )

=

(
1 +

1 +

(3.61)

2 N/S

N/S BTK [24]

eV

f(E eV ) 1 f( E + eV ) f(E)

f

f

f = 1 · f(E eV ) (3.62)

f = A(E, )[1 f( E + eV )] + B(E, )f(E eV ) + C(E, )f(E) +D(E, )f(E)

(3.63)
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BTK S

INS = D0evFS
Z

dE [f f ] (3.64)

2

dx2 y2-wave

INS(V ) = D0evFS
Z /2

/2
d g( )

Z
dE [f f ] (3.65)

g( )

D0 = 2/hvF

INS(V ) =
2e

h
S
Z /2

/2
d g( )

Z
dE [f(E eV ) f(E)][1 + A(E, ) B(E, )]

(3.66)

(V ) =
INS
V
=

2e2

h

Z /2

/2
d g( )

Z
dE

f(E eV )

V
[1 + A(E, ) B(E, )]

(3.67)

T = 0

lim
T 0

(V )
2e2

h

Z /2

/2
d g( )

Z
dE (E eV )[1 + A(E, ) B(E, )]

=
2e2

h

Z /2

/2
d g( )[1 + A(eV, ) B(eV, )]

=
2e2

h

Z /2

/2
d g( )ˆS(V, ) (3.68)

ˆS(V, ) N/S

ˆS(V, )

N( ) ˆR(V, )

ˆR(V, )
ˆS(V, )

N( )
=
1 + N | +|2 + ( N 1)| + |2
|1 + ( N 1) + ei( +)|2 (3.69)

T (V )

T (V ) =

Z /2

/2
d g( ) N( )ˆR(V, )Z /2

/2
d g( ) N( )

(3.70)
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s-wave d-wave T = 0 g( ) =

cos Z, 3.9 3.11

d-wave

d-wave ZES

(ZBCP : Zero Bias Conductance Peak)

N o rm a liz e d  E n e rgy  E / 0

N
or

m
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ed

 C
on

du
ct
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ce

 G
/G

N

s -w a v e
d -w a v e

-1 0 1

0

1

2

3

4

3.9: s-wave dx2 y2-wave Tunneling Limit dx2 y2-wave

0
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3.10: Z (T=0)
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3.11: Z = 0, Z = 1 (T=0)
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4

4.1

4.1.1

PLD

(Ag) (Ag) (Pb)

(Pb-In ratio=9:1) PLD

(a) PLD

(b)

(c)

10 6

10 7Torr

4.1.2 PLD

Bi2Sr2CaCu2O8+ Bi-2212)

SrTiO3 STO Nb Au

LPE [1]

PLD :Pulsed Laser Deposition Method

[2] [3]



4.1. 41

plume

4.1 4.2 2

4.1: PLD YBCO

PLD

(a)

(b)

(c)

(d)

(d)
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4.2: PLD Bi-2212

(b), (c)

PLD

(b)

(c) PLD

PLD

PLD

PLD

(a0)

(b0)

(c0)

5mm×5mm
(b0) (a0)

PLD

1
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KrF LAMBDA PHYSIKS

248nm 220 300mJ

1 2Hz 10Hz

4.3: PLD KrF

4.1.3

4.4

1 m
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SHIPLEY FAR EAST S1400-31

5 500 / 8 / 25

7000 / 120 /

90 100 1

pre-baking

MIKASA

2

405nm 13mW/cm2 45 50

SHIPLEY FAR EAST MF-319 15 30

100 5 post-baking

reflow

(rpm) (s)

1st 500 5

2nd 7000 25

(s)

pre-baking 90 100 60

post-baking 100 300

(s)

developing 45 50

4.1:
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4.4:

post-baking

post-baking

pre-baking

post-baking

4.2:

4.1.4 Ar

1 dry
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etching

wet etching

Ar,Kr,Xe

Ar

Ar Ar

Neutralizer Filament : Ar

Ar 1 etching

rate

[4]

1 Ar

[5] [6]

1

Ar

Ar 3

5 Ar

Bi-2212/Au

2

1 2

1

Ar
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Milling Cleaning

10 7Torr 10 7Torr

Ar 3.0sccm 3.0sccm

Ar 1.4×10 4Torr 1.4×10 4Torr

O2( ) 3.0sccm

O2( ) 0.8×10 4Torr

800V 900V

Beam 40mA 40mA

Beam 250V 150V

1 3min 2 3min

5min 5min

45o 90o 45o

4.3:

IEJ = Interface Engineering Junction

1 [7] [8] Ar

4.1.5

PLD Ar 4.5

”Etching Chamber” PLD ”Deposition Chamber” ”Load-lock

Chamber” in-situ( )

10 8Torr

4.6

1.5kW 900
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Substrate

KrF Laser

Target

Deposition Chamber
Load- lock
 ChamberEtching Chamber

Ar gasIon gun

Substrate

TMP TMP TMP

TMP

Substrate

4.5:

4.6: ( ) ( )
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4.2

4.2.1

4.7 ab

4.7:

4.2.2

YBCO

Bi-2212 NCCO LSCO

( 4.8)

PLD

c PLD

Ar

in-situ PLD

Ar
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4.8:

4.3

4.3.1

He

[9] [10]

He
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4.3.2 R-T

1

2 2

I I = 1 100 A V

R

-

-

-

R-T GPIB PC

4.9 R-T [11]

4.9: R-T Visual Basic 6.0 SP6

R-T
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4.3.3 I-V

I-V

R-T

I V

I-V

10

I-V

I-V

X-Y

GPIB PC

X-Y

I-V

GPIB

I-V

X-Y

I-V

I-V

X-Y

4.3.4 dI/dV -V

lock-in amp

I-V

4.3.5 X

ab

1 c
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X

4.3.6 AFM

Atomic Force Microscope

SEIKO SFA300 AFM

AFM

AFM

(a) : 0.2 0.3nm : 0.01nm

(b)

(c)

(d)

(a0)

(b0)

(c0)
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5.1
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(b) JC

(c) ab c

(d)

(a)(b) (d)
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1
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5.1.1 Bi2Sr2CaCu2O8+ (Bi-2212)

Bi-2212 1

PLD Bi-2212

[1]

2

Bi-2212

Bi-2212

LSAO

(nm) ( )

Bi-2212 (110) unit 0.382 -

SrTiO3(100) 0.391 2.36

MgO(100) 0.421 10.21

LSAO(100) 0.376 -1.57

5.1: Bi-2212

MgO STO

STO

MgO

JC STO
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5.2: Bi-2212 - SEM

5.3: Bi-2212 -
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5.4: Bi-2212 -

PLD 400mTorr

40Torr

760Torr 40Torr - 40Torr

40Torr 760Torr

YBCO

YBCO Bi-2212 Bi-2212

Bi-2212
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Bi-2212 5.3

10 6 10 8Torr

800 830

0.4Torr

40Torr

5.3: Bi-2212

STO

5.6 STO c

5.6: STO(100) Bi-2212 XRD

STO Bi-2212 45

CuO2
a b 45 CuO2 STO ’cube

on cube’

STO
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5.1.2 YBa2Cu3O7 (YBCO)

YBCO

PLD

[2] [3] Bi-2212

1

YBCO

YBCO

Bi-2212 STO

(5mm×5mm)

10 6 10 8Torr

800

0.2Torr

40 200Torr

5.4: YBCO

YBCO 5.7

Bi-2212 TC
0 T

YBCO

TC 90K

( T )

T = 4.2K 15 30 m

I-V

JC 10MA/cm2
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5.7: YBCO - TC ' 90K

5.8: YBCO AFM 5 m×5 m
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5.1.3 Nd2 xCexCuO4 (NCCO)

Bi-2212 NCCO PLD [4]

NCCO

Bi-2212 Bi-2212

NCCO

YBCO Bi-

2212 NCCO

[5]

300mTorr

50mTorr

10 6Torr - R-T

5.9

5.10

700 30

1

30

( 5.11) 700 30 30

( 5.12)
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T em p era ture  (K )
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NCCO ( 5.13)

5.13: NCCO
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Ar TC
JC-T BCS

4.2K JC = 2.4MA/cm
2

JC-T BCS



5.1. 69

5.14: NCCO STO

TC

X 5.17 NCCO X

(002l) c-

c- ( 5.5)

peak index 2 (deg) c-axis (nm)

00 4 29.582 1.2069
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0010 79.265 1.2076

NCCO 1.207

5.5: NCCO c- c-
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5.1.4 La2 xSrxCuO4(LSCO)

LSCO ARPES STM

[6] [7] LSCO Bi-2212

LSCO

LSCO (x=0.15) LaSrAlO4(001)
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5.6
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300Torr
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5.6: LSCO
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JC 4×105A/cm2
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1.323nm

5.7: LSCO
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5.2
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5.20: PLD Au ( )
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5.21: PLD Au AFM
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6.1

6.1.1 Bi2Sr2CaCu2O8+

6 Hg Tl Pb Bi

TC Bi

Bi2Sr2CaCu2O8+ (Bi-2212) 2

Rare Earth 123 RE-123 system YBCO

103 104

mc,mab c ab

c, ab

=

s
mc

mab
=

c

ab
(6.1)

Bi-2212
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[1] [2]

YBCO YBCO Ba

2 ab

c

s

d
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” -junction”

Bi-2212

YBCO RE-123

1 Bi-2212

Bi-2212

Bi2Sr2CaCu2O8+
( > 0) ( < 0)

YBCO YBa2Cu3O7
YBCO

Bi-2212

Bi Bi-2212 Bi2Sr2CaCu2O8+
TC 80K

(i) BiO-BiO2 6.1

(ii) BiO-BiO 0.33nm Bi-O

(iii)

(iv) BiO-BiO2 = 0.2 O

4.8

Bi2Sr2CaCu2O8+
YBa2Cu3O7
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6.1: Bi2Sr2CaCu2O8+

6.1.2 YBa2Cu3O7

TC 77K

TC = 90K YBa2Cu3O7 RE123 123

1

(i) ABO3 A Y Ba B Cu

(ii) Y Ba Ba-Y-Ba 3

(iii) b (0, 1/2, 0) b

Cu-O-Cu 1 6= 0
(iv) ( = 0 1)

(v) Y CuO5 CuO2

1
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6.2: YBa2Cu3O7

6.2

IEJ

Current Phase Relation(CPR)

d-wave

d-wave

Grain Boundary YBCO

SQUID

YBCO d-wave

[3] [4]

Grain Boundary

d-wave

JC I1 sin + I2 sin 2
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sin sin 2

CPR 1

Grain Boundary

Il’ichev YBCO sin 2

[5] JC
Ambegaokar-Barato (AB) [6]

[7]

Grain Boundary

[8]

YBCO YBCO

d-wave Bi-2212

d-wave

YBCO

Bi-2212/YBCO

/ 1

6.3 YBCO/Bi-2212

YBCO

Bi-2212

1.

(a) STO 10 6Torr

(b) PLD YBCO 150 200nm ( )

(c) YBCO

(d) O2 30.0sccm O2 2.0× 10 1Torr

(e) KrF 2Hz 20

STO

(f) 200 500Torr

(g)
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2.

(a)

( )

(b)

(c)

( :45o)

(d)

(e)

3. in-situ

(a)

(b) Cleaning ( )

( )

(c) in-situ

(d)

(e) O2 30.0sccm O2 4.0× 10 1Torr

(f) 2Hz PBCO 30

(g) Bi-2212 ( )

(h) 40Torr

(i)

4.

(a) (

:90o, )

(b)

6.3
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6.3: YBCO/Bi-2212
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6.6: 2 Bi-2212 60K YBCO
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V oltage  [m V ]

C
on

du
ct

an
ce

T = 3 4 .4 K
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-1 0 0 -5 0 0 5 0 1 0 0

6.8: 2
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2

Blonder, Tinkham, Klapwijk BTK
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BCS(E)[f(E eV ) f(E)]dE

=
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|E|q
E2 | |2

[f(E eV ) f(E)]dE

(6.2)

dx2 y2-wave

1 k

( )



6.4. 93
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Z |E eV |q
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[f(E eV ) f(E)]dE

(6.3)

tunneling limit
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= Re
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#
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Z
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(6.5)
L(R) E = 0

tunneling limit V
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L(R)( ) = L(R)( )

6.9

ZBCP

ZBCP N/S

d-wave 0
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L(R)( ) = L(R)( )
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ZBCP

0 ZBCP
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6.9: ˆ(E, ) N(E, )

ZBCP

ZBCP

3 ZBCP

ZBCP 1

L(R)( ) = L(R)( ) tunneling limit ( N)

| 0|
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Ñk( , +, ) = 1 + 2Re
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6.13: YBCO/Bi-2212 T = 4.2K
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7.1

7.1.1 Bi2Sr2CaCu2O8+

7.1.2 Nd2 xCexCuO4

Ln2CuO4(T,T ,T’)

2 CuO2
CuO2 3 7.1

[1]

7.1: Cu-O2

Cu-O

3 (a) (c) CuO2
1 CuO2 ( 7.2)

(a)T Cu Cu-O

(b)T Cu-O

(c)T0 CuO4
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7.2: CuO2 Ln2CuO4(T,T ,T’)

Ln

T La La2CuO4
T La:Dy=1:1 (La,Dy)2CuO4
T’ Nd, Pr, Sm, Eu, Gd Nd2CuO4

T p Sr2+, Ba2+, Ca2+ La2 xSrxCuO4
T p (T T

T’ n Ce4+, Th4+ Nd2 xCexCuO4

7.1:
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NCCO T’ Nd2CuO4 Ce4+

p n

Nd Pr Pr2 xCexCuO4
La2 xCexCuO4

p n

p n

NCCO

1 p n

( 7.3 )

YBCO

dx2 y2-wave

7.3: 1
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7.1.3 La2 xSrxCuO4

phase diagram, 1/8

1

LSCO

STM

YBCO
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YBCO

YBCO/ ZBCP

[2]- [8] YBCO d-wave
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YBCO Bi Cucolo Sinha ZBCP [9]

[10] LSCO LSCO/

NCCO STS ZBCP s-wave

[11] (ARPES) d-wave

Pr2 xCexCuO4(PCCO)

x = 0.15 PCCO/Ag ZBCP
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” -junction”

-junction

d s

-junction 1

2

Sigrist Rice [14] [15]
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-junction
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/Pb [16] [17] YBCO Nb

[18] YBCO Nb

Hilgenkamp [19] SQUID

[20]

7.4: Wollman -junction

7.3 Bi-2212/Au

Bi-2212 US/N

Nb Bi-2212 d-wave

Bi-2212/Au

7.3.1

Ar
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7.3.2 Bi-2212

Bi-2212 TC
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7.6

Bi-2212 R-T
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7.8: Bi-2212interlayer ( )

US/N ( 7.9) Bi-2212

interlayer

interlayer /
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Bi-2212

Bi-2212 interlayer 90
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7.4 Bi-2212/Au
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