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[1] [2]

Mg Ti

Au Pt

JIS 11

[3]

( )

Ni Cr Zn

Ni Cr

(Watt) (Sargent)

1.1.3

[4]

[5] [6] [7]
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[8]

1970

[9]

1.2

1.2.1

2 2

2 2

(1
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1

1

1

1
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+
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(WE) (CE)

(Standard Hydrogen Electrode; SHE)
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( Ag/AgCl)

(Saturated Calomel Electrode; SCE)
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3

E

e
-

e
-

A

Working
Electrode
(WE)

Reference
Electrode

(RE)

Counter
Electrode
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+
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E
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+
+e
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–
I=0

(Eeq)

η=E– Eeq η

M E<Eeq η=E–Eeq <0

(E
0
)

Li Li
+
+e

–
=Li(–3.04 V) Au Au

3+
+3e

–
=Au(+1.52 V) 4.56 V

(aOx) (aRed) (T)

(1.1)

R n

F

aRed =1 2 (n=2)

T=300 K (1.1) 0.013 ln(aOx) [V]
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1-1
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+
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+

exp(–G
*
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1 F η

G
*
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(1.3)

G
*
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+

M
+

M
+

(Butler-Volmer, B-V )

B-V

(1.4)

j0

0< <1
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1-1
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4-3

100% H
+

Cr

1.2.2

1-1 2

Co Cu

Co
2+

+2e
–
=Co(–0.277 V) Cu

2+
+2e

–
=Cu(+0.337 V) 0.614 V

Co Cu Co

ECo Cu ECu

1-3

E<ECu

1-3 Co Cu (

) Co Cu



11

Cu Cu

E<ECo Co Co

ECo<E<ECu Cu

E<ECo Co Cu Cu

Cu Co Cu

Co-Cu

Cu Co

1 Cu Cu

Co

Co/Cu ( )

1

1980

[12] [13] Yahalom 1

1 1 5 nm

Yahalom 1 1987

[14]

1-3 1

( ) Cu Cu

Cu Co

[13] [14]

1-1 3 2

1

1

1
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1 2000

0.1 msec

[15] 1-3

1-2

1

1

Yahalom [14]

1

1

1.2.3

1

[16] [17]

(Giant Magnetoresistive 

effect Giant Magnetoresistance; GMR) GMR
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(HDD)

HDD GMR GMR 1980

Grünberg [18] Fert [19]

2007 GMR

GMR

Co/Pd [20]

GMR

1977 Yang

Au/Ni Cu/Pd [21]

[16] [17]

[22]

Co/Cu Cu/Ni-P Cu/Ni

[23] [24] [25] [26] [27]

[28]

GMR S/N

[29]

[30]
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1

1.3

1

1

2

1

3

4

5

6 Co/Cu

7 Co/Cu



15

8 Co/Cu

9
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2
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2

2.1

1

1

( ,

)

( )

OS

[31]
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( )

2.2

2.2.1

2-1

10
2

10
3

[31] [32]

100 mA/cm
2

1 cm
2

2-1

(σ)

2-1

Current range 100 mA

Minimum current 0.1 mA

Accuracy of quantity of electricity 1 %

Minimum quantity of electricity 0.5 mC

2-1
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0.5 mC/cm
2

0.5 mC 100 mA

5 msec( )

2.2.2

2-2

2-2

Ic Vi V-F

Vr –Vr V-F

V-F Vi V-F

Ic

V-F

V-F q 2-2

Qs N 1

q = Qs/N

QsMIN P V-F

1 q

(2.1)

q Vr

q

(2.2)

P V-F

2-2
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2-2 V-F

( ) 2

2

2-2

Ic

2-2 Ic ( )

Rs Ic Vi 2-2 Vi

100 mA Rs = 10 Ω Vi OP1

SW1 SW4 ADG433

SW1 SW2 (a) (b) (a) SW1

SW3 SW1 SW3

(b) SW2 SW4

R7 R6C2 = R7C3

C2 C3

(a) Va OP4 OP5 (b) Vb

OP6 OP7 –Vr Vr J1 J4

Vr 12 D-A AD7248A

0 10 V –Vr Vr –1

J1 J4 ADG433 AD7248A

2-2 (a) (b)

(a)

Va = 0 V t = 0 SW1 SW4

(a) (b)

(a) t = 0 Vi t = t1 (a) Va = –Vr

Vr J1 J2 SW1 SW4

(a) (b)

(b) t = 0 t1 (b) t = t1
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Vb = 0 V t = t1 (b) Vi t = t2 Vb = 

–Vr Vr J3 J4 SW1 SW4

t = t1 t2 (a)

t = t2 Va = 0 V 2-2 t = t2 t = 0

t = t2 t = 0 t2

2-2 Vi J1 J4

J1 J4 t = t1, t2, t3

(a) (b) R6C2 = R7C3 = RC

(a) (b) t = tn tn+1 T (2.3)

(2.3)

(2.4)

q Vr t = tn Ic

q t = tn+1 Ic

J1 J4

J1 J3 N+ J2 J4

N– N = N+ N– Ic Qs

(2.5)

(2.5)

Qs N Vr

Ic Qr Qs J1 J4
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N

Vr D-A

Vr

Qs Vr VrMAX

(2.6)

N (2.5) VrMAX ≥ Vr ≥ VrMAX/2 Vr

N Vr Vr

2.2.3

2-3 2-2 2-3 (A) (B)

2-4

2-3 (A) (E)

(G)

(B) (C) PIC16F877

2-3

Current

2-4 (coulomb controller)
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(2.5) (2.6) N Vr 1

(E) (G)

PIC16F877 PIC16F877

20 MHz

2.3

100 mA

( HA-501G) 25.00 � 500.3 � 9.977 k� 559.3 k�

4 6-1/2

( 34411A AT34411A ) AT34411A

AT34411A (10 M�)

AT34411A 19.9524 �sec 0.01 %

AT34411A

0.25 5 V AT34411A

10 V AT34411A

1 250

AT34411A A-D

2-2 Qs N Vr

2-2

Step No. Qs / mC Potential / V

m -1.4     -2.5     

m+1 1.4     2.5     

m+2 -1.4     -2.5     

m+3 1.4     2.5     
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1

AT34411A 1

Qr Qs Qr Qs

(2.7)

(2.7)

2.4

2-5 AT34411A 25.00 Ω

2-2 2-5B

2-5 AT34411A B A
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|Qs| = 1.4 mC EQ 2-6 |Qs| = 

1.4 mC Vr VrMAX ≥ Vr ≥ VrMAX /2 |N| = 2

1 2 1

2-6

EQ 0.01 mA EQ 1 %

100 mA EQ

2-7 100 mA |Qs| EQ EQ | Qs | = 

0.5 mC 0.7 % | Qs | | Qs | > 2 mC 0 %

2.5

2-1 2-6

2-6 1.4 mC
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2-7 |Qs|

1

EQ

OP177F 0.3 V/μsec

2-2 70 μsec

1 % 1 %

2-5

2-7 100 mA

N
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2.6

1 %
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3
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3

3.1

1

1

[33] [31]

1%

(

)

3.2

Co/Cu Co/Cu [23] [31]

[33] 50 nm Co

Cu 5 10 Si

50 nm Cr 200 nm Au

1.5 0.5 cm
2
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3-1

[34]

pH 1.7 Pt

Ag/AgCl (

HA-501G) ( Q1 Q7 Q )

( T1 T7 T ) 14

3-2 Co Cu

Cu 0.00 V vs. Ag/AgCl Co –0.70 V vs. Ag/AgCl

[35] 3-1

3-1

Co(SO3NH2)2 4H2O 0.62 mol dm
-3

CuSO4 5H2O 0.0084 mol dm
-3

Liquid volume 0.3 dm
3

Temperature 25-30 °C

Agitation None

3-2 Co Cu Co Cu

5

Cu layer Co layer

Substrate potential vs. Ag/AgCl –0.55 V –0.95 V

(Q series) Quantity of electricity 0.102 C/layer 0.109 C/layer 

(T series) Deposition time 471 sec/layer 11.0 sec/layer

3-1

( SM-09010) ( S-5200)
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Q

Q 3-2

3-2

0.75 cm
2

100%

T 3-2

3-2

Q1

3-2 Q1 Co Cu

3-2 Co Cu 5

Co Cu

0.00 V vs. Ag/AgCl

10 T

Q

Q Cu

3-2 (coulomb 

controller)

Coulomb

Controller

Coulomb

Controller
Potentiostat

HA-501G

Potentiostat

HA-501G

Cell CEWE

RE

Potential

Multimeter

2000

Multimeter

2000
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Q 0.00 V vs. 

Ag/AgCl

(Keithley 2000)

1 Ω 30 msec

1

Co (TQ-Co) Cu

(TQ-Cu)

(Motic, Images Plus)

X (SII, SEA5120) (FP)

1

X 0.1 mm 1 mm 75

1 Cu Co

Co Cu 8.96 g/cm
3

8.90 g/cm
3

Co Cu

1 Cu (TM-Cu) Co

(TM-Cu) 1 Co Cu

Co Cu 5 mass%

TM-Cu TM-Co Co Cu 5 mass% 3-3

Q1

3-3 Q1 3D

X 15 5 ( 1 mm )

1000

400

2

0

800
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3-2 Q

TM-Cu = 0.168 mg TM-Co = 0.167 mg Q

TM-Cu TM-Co

TM-Cu TM-Co

3.3

3-4 Q T TM-Cu TM-Co

Q T 3-5 TM-Cu

TM-Co (σ) 3-5

1 Co Cu Q

T

0.735 cm
2

0.669 cm
2

0.846 cm
2

3-4 1 Cu Co

2

3-5 1 Cu Co

TM-Cu TM-Co

2
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50 nm 3-5 Cu 0.224 mg/cm
3

Co 0.223 mg/cm
3

TM-Cu TM-Co

0.75 cm
2

3-6 Q1

Cu

Q T

Q

3-7 TQ-Cu TM-Cu TQ-Co TM-Co Q

3-6 Q1 Co

Time / msec

3-7 Co Cu T

Q Co

(TQ-Co’)
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3-6 T Co

Cu Q Cu

T Q

Co T

Q

TQ-Co (TQ-Co’) Q TQ-Co’ TM-Co

3-7 T TQ-Co TM-Co

3-3 TQ-Co’

3.4

3.4.1

3-7

3-7 Q

Co

Cu 50 nm

Cu Co

Q

3-3

Layer type Series Current efficiency / %

Cu T 96

Q 97

Co T 92

Q 85

Q’
a)

89

a) TQ-Co’
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3-6 Cu

Q1

Cu 1% Cu

Cu

Cu

1

50 nm

3.4.2

3-4 3-7

3-5 Q

3-4 3-5
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3-5

Q

3.4.3

T

T 3-5

T Co Cu

Cu

3-4 3-5 T

Q

T

3-3 3-7

100%

Q 100%

3-3 Q TM-Cu TM-Co

3-3 Co Cu
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[36]

3.5
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4
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4

4.1

1

[36] 1

1

[32]

1

4.2

4.2.1

Co/Cu

4-1 3-1 3

50 

nm Cr 200 nm Au Si

0.655 cm
2
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Pt Ag/AgCl

4-2

(0.00 V vs. Ag/AgCl) No. 1 40 1 5 nm

Co Cu 20 No. 41 46

1 50 nm Co Cu 3 No. 1

46 No. Co No. Cu

No. 47 (–0.75 V vs. Ag/AgCl)

Co Cu

100% (

HA-501G) 2

( HB-105)

4-1

Co(SO3NH2)2 4H2O 0.62 mol dm
-3

CuSO4 5H2O 0.0084 mol dm
-3

Liquid volume 0.3 dm
3

Temperature 35-38 °C

Agitation None

pH 1.7 (nonadjusted)

4-2

Step No. Q
a)

/mC E
b)

/V Note

- - 0.00 Initial

1, 3, 5, …39 9.537 0.95 Co, 5 nm

2, 4, 6, …40 8.914 0.55 Cu, 5 nm

41, 43, 45 92.25
c)

0.95 Co

42, 44, 46 92.25
c)

0.55 Cu

47 - 0.75 Final

a) b) Ag/AgCl c) 41~46

Co 48.36 nm Cu 51.74 nm
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–0.05 V/min

0.1 msec

1

( SM-09010)

(FE-SEM S-5200)

120 130 

4.2.2

4-1 6-1/2 (

34411A)

(PC)

4-1 (coulomb controller)

PC
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PC

20 μsec

4.2.3

( ) 1

( )

A) B)

A)

B)

A)

10000

B)

10000

A) B) 1

4-2

( )

2
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4.3

4-3 Cu 0.00 V vs. Ag/AgCl

Co –0.70 V vs. Ag/AgCl

4-3 4-2 Cu Cu

4-2

4-3 0.05 V/min
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Co

4-4

4-5

1.5 10
7

0.16%

4-4 FE-SEM

4-5 5 nm Co No. 3
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4-2 0.5%

No. 1 40 5 nm

4-6 Co Cu

4-6 Co

Cu

4-5

4-7 No. 3 Co Co

4-8

No. 4 Cu Cu

4-7 No. 3 (5 nm Co ) 

4-6 No. 1 40 5 nm

Co

Cu
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4-8 24.904 sec

( 4-8 ) 13.6 μC No. 2

40 5 nm Cu

PCu = 13.1 0.8 μC No. 42 44 46 Cu

13.8 14.2 13.9 μC 5 nm

Cu PCu Co 4-7

No. 1

Co 4-7 No. 

1 Co 4-9 4-7

No. 47 4-10

No. 47 Cu Co

4-10 ( 4-10 ) 1496.517 

sec 5.43 μC

4-8 No. 4 (5 nm Cu ) 

4-9 No. 1 ( 5 nm Co ) 
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Co 4-6 4-5

Co 1 4-5 Co

No. 3

Co 4-11 No. 41

Co 4-11

1 sec 30%

Cu Cu

4.4

1

4-10 No. 47 ( ) 

4-11 No. 41 ( 50 nm Co ) 
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4-5 4-6 Co Cu

4-6

Cu Cu Cu

Cu

5 nm Cu

Cu 2 10
–7

mol dm
–3

Cu

1-2

No. 47

No. 47

4-3 No. 47

–0.75 V vs. Ag/AgCl Co

Cu

Co Cu No. 46 No.

47 No. 47

No. 47

(0.20 V) Cd = 27 μF

Co Cu

0.40 V

Pes = 11 μC Cu PCu = 13.1 0.8 μC

Cu Cd = 27 μF
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PCu = 13.1 0.8 μC Pes = 11 μC 4-2 0.1%

4-7

Co 4-8 Cu

Co

No. 1 Pes = 11 μC

4-7 Pes

PCu

4-4 Co Cu

Cu No. 42 44

46 4-4

Cu PCu = 13.1 0.8 μC Pes = 11 

μC

1

Cu Co

Co Co

PCu PCu Pes

Co

Cu

Co

4-9 No. 1

1

Cu

4-4

Co No. 1 4-7

Co
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4-7

4-7 10 msec

4-11

Co

4-3 4-11

0.03 0.05 V

Co

Cu Cu Co Co

Co Co

4-5 4-11

Co 5 nm Co

5 nm Co

Cu Co

Co

Cu

Cu Cu 4-3 Cu

Cu

4.5

Co/Cu

Co/Cu 1 Co

Cu
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Co 1

5 nm
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5
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5

5.1

Co/Cu

5 nm Co

Cu

( )

4

5.2

Co/Cu

50 nm Cr 200 nm Au Si

1.5 0.5 cm
2

(Motic Images Plus)

Pt Ag/AgCl 5-1

( HA-501G)

Co –0.95 V vs. Ag/AgCl Cu –0.55 V vs. Ag/AgCl 1
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5 nm 20 Co 40 Cu

Co ( Q)

( T) 5-1

5-2

Q

5-1

Co(SO3NH2)2 4H2O 0.62 mol dm
-3

CuSO4 5H2O 0.0084 mol dm
-3

Liquid volume 0.3 dm
3

Temperature 35–38 °C

Agitation None

5-1 Q (coulomb controller) 

T (function generator)

4

5-2 5 nm

Layer type Sample T Sample Q

Co 0.649 sec 14.55 mC/cm
2

Cu 27.2 sec 13.60 mC/cm
2
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100%

5-2 5-2

Q 4

T ( HB-105) 5-2 T

Co Cu Q Q Co

Cu 5-2

4 0.1 msec

Q

4 4

Q

( SM-09010)

(FE-SEM S-5200)

5.3

5-2

T

5-2 Cu Co

Sample QSample T

Substrate (Au)

Multilayers

Cover (Co)
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Q

5-3 T

Co Cu ( 5-2 ) 1

( 5-2 ) 20 Co

Cu T 5-2

5-3

T

5-3 Cu

4 4-6 Q

Q Co

Cu

Cu

Cu Co Co

Cu Cu

5-3 T Co

Cu

Sample T
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5.4

5 nm Co/Cu
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6 CO/CU
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6 Co/Cu

6.1

Co/Cu GMR [37] [38]

[23] [25]

Co-Cu [39]

Co-Cu [40] [41] [42] [43]

Co-Cu

[44] [45] Michaelsen 1 40 nm Co/Cu X

[46] Co Cu

10 nm Co Cu

X

1

Co/Cu

Co/Cu

6.2

6-1 0.3 dm
3

3 (CE) Pt (RE) Ag/AgCl
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(WE)

Zn 35% ( B-51-P07)

5 10 mm
2

Co(SO3NH2)2·4H2O (0.62 mol dm
–3

) CuSO4·5H2O (0.0084 mol dm
–3

) H3BO3 (0.49 

mol dm
–3

) pH 2.3 5 H3BO3(

)

35 40 6-1

Co Cu

Co –0.70 V vs. Ag/AgCl

6-1

6-1 Co Cu

Layer type Substrate potential Charge /nm
–1

Co –0.95 V vs. RE 2.91 mC cm
–2

Cu –0.55 V vs. RE 2.72 mC cm
–2

6-1 (coulomb controller) (CE)

Pt (RE) Ag/AgCl (WE)

Counter
Electrode

(CE)

Reference
Electrode

(RE)

Working
Electrode
(WE)
||

Substrate
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( HA-501G)

1 μm 1 Co Cu 0.2 500 nm

(Tlayer) fcc-Cu(111) 0.2088 nm (PDF 

card #04-0836) Co

Cu X ( RINT-2100)

(FE-SEM ULTRA-Plus)

6.3

6-2 X 6-2(A)

Co/Cu

6-2 X (A) (Tlayer) Co/Cu

1 μm (A’) fcc-Co(111) fcc-Cu(111) (B)

1 μm Cu 1 μm 3 μm

Co Cu-Kα (B)

Co Cu Cu-Kα

Co Cu

2θ / degree

2θ / degree
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Co Cu

6-2(B) Co hcp-Co(100) fcc-Co(111)

Co hcp fcc hcp Co

6-2(A)

hcp-Co(100) Tlayer 25 100 nm

Co Cu fcc 6-2(A)

(A’) 2θ = 44.5 Co

fcc-Co(111) hcp-Co(002) Tlayer 25 100 nm

fcc-Co(200) 2θ = 44.5

fcc-Co(111) 6-2(A’)

Tlayer 10 nm fcc-Co(111) fcc-Cu(111)

( )

fcc

fcc-Co fcc-Cu 6-2(A’)

Tlayer Cu

6-2 Tlayer 1 40 nm

[46]

10 nm Co/Cu

Tlayer = 10 nm fcc-Co(111) fcc-Cu(111) 10 nm

Co Cu 6-2

Tlayer 1 4 nm Tlayer<1 nm

Tlayer Co Cu

1 nm 5

5 2 Co Cu

1 nm Co Cu

6-2 Tlayer<1 nm

Co-Cu

6-2 1 Co Cu
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6-3 FE-SEM Tlayer 25 100 nm

Co Cu

6-2(B)

Tlayer<10 nm Tlayer
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