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[7 ]
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/ 

 
 
 

33.2  

3.2.1  
 

Ni

0 nm

 
 

DMI
DMI

DMI
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/ [23- 25, 50 ] DMI
Co-Ni/ Pt Co-Ni/ Pt

Co-Ni/ Pt DMI
Pt( 0.5 nm)/ Co-Ni( 0.5 nm)/ Pt( 0.5 nm)/ Co-Ni( 0.5 nm)/ Pt( 1.0 

nm)
DMI

 
 
 

 
 

 3.1  (a) (b)
 

 
 

. 3.1 Pt( 0.5 nm)/ Co-Ni( 0.5 nm)/ Pt( 0.5 
nm)/ Co-Ni( 0.5 nm)/ Pt( 1.0 nm) x
20 μm

VG Pt / Co-Ni ITO  (a)
x 20 μm

x= 0 μm 0 nm x= 20 μm
3 nm (b)
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0 
nm (x= 0 μm) ℓ  
 

 
 

 3.2 CAD Ni (a)
(b) (c) ITO
 

 

 
 3.3  
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CAD

 
3.2 3
26.0 26.0 mm  (a)

(b)
(c) VG ITO

ITO

. 3.3

3~ 10 μm
 

 
20 μm

70 mm Ta(3 nm)/ 
Cu(100 nm)/ Ta(10 nm)/ Ti(1 nm)

Ti
Cu
Cu

Cu Ta  
 

DC
Pt(0.5 nm)/ Co-Ni(0.5 nm)/ Pt(0.5 nm)/ Co-

Ni(0.5 nm)/ Pt(1.0 nm) 0.35 Pa Ar DC
5*10-

5 Pa 3~10 μm 300 μm
500 nm AZ5200

500 
μm 500 μm
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100 nm SiO2

0.2 Pa Ar 10 % O2 RF
5 

nm ITO 0.4 Pa Ar DC
SiO2  

 
 3.4 (a)

VG (b)
 

 

 
 

 3.4 (a) VG

(b) VG  
 

 
 

 3.5 (AFM)
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 3.5

0.5 μm

Ni

(AFM)

0 3 nm

70 μm
20 μm Ni

 
 
 

0 50 100 150 200
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 

 

T
hi

ck
ne

ss
 (n

m
)

Distance from edge ( m)
 

 3.6 Co-Ni/ Pt  
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 3.6 ℓ
0 nm ℓ= 20 μm

2.5 nm  ℓ > 40 μm
3.0 nm

ℓ= 20 μm
x 20 μm

ℓ= 20 μm 2.5 nm ℓ= 
0 μm 0 nm  
 

AFM

20 μm 0~ 3 nm

Ni

1 nm

 
 

33.2.2  
 

532 nm 50
400 nm

[Pt(0.5 
nm)/ Co-Ni(0.5 nm)/ Pt(0.5 nm)/ Co-Ni(0.5 nm)/ Pt(1.0 nm)]

0 nm 3 nm 200 μm
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(MOKE)

100 W
0.3 μm 50

MOKE
 

 
 

33.3  
 

Co-Ni/ Pt
Co-Ni/ Pt

DMI
Co-Ni/ Pt

DMI

 
 

 3.7
Pt

HC MR HK

/ 

(b) Pt 0.2 nm
(c)

(d) (e) (f)

Pt 1 nm

Pt
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(a)
ITO Tab. 3.1

ITO DC Ar
3 W 25 

Pt 60 SiO2 RF
15 W 2 

ITO 12 W 3 
5 10-5 Pa  

 

 
 

 3.7: (a) [Pt(0.5 nm)/ Co-Ni(0.5 nm)/ 
Pt(0.5 nm)/ Co-Ni(0.5 nm)/ Pt(1.0 nm)] (b) [Pt(0.2 nm)/ Co-Ni(0.5 nm)/ Pt(0.5 
nm)/ Co-Ni(0.5 nm)/ Pt(1.0 nm)] (c) [[Pt(0.5 nm)/ Co-Ni(0.5 nm)]×6/ Pt(1.0 
nm) ] (d) [Pt(1.0 nm)/ Co-Ni(0.5 nm)/ Pt(0.5 nm)/ Co-Ni(0.5 nm)/ Pt(0.8 nm)/ 
Co-Ni(0.5 nm)/ Pt(0.5 nm)/ Co-Ni(0.5 nm)/ Pt(1.0 nm) ] (e) [Pt(1.0 nm)/ Co-
Ni(0.5 nm)/ Pt(0.5 nm)/ Co-Ni(0.5 nm)/ Pt(1.0 nm)/ Co-Ni(0.5 nm)/ Pt(0.5 nm)/ 
Co-Ni(0.5 nm)/ Pt(1.0 nm) ] (f) [ Pt(1.0 nm)/ Co-Ni(0.5 nm)/ Pt(0.5 nm)/ Co-
Ni(0.5 nm)/ Pt(1.2 nm)/ Co-Ni(0.5 nm)/ Pt(0.5 nm)/ Co-Ni(0.5 nm)/ Pt(1.0 nm)]  

 
 
 

Table 3.1  
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PPt/CoNi/Pt/CoNi/Pt  SSiO22 IITO  

 DC  

 

RF  

 

DC  

 

 Ar Ar,O2 Ar 

 5.0×10-5 Pa  

 3 w 15 w 12 w 

 25s/ 25s/ 25s/ 25s/ 60s 2 hour 3 min 

 
 

33.4  
 

3.4.1  
 

 
 

. 3.8

ℓ
ℓ= 10 μm ℓ

30 μm
. 3.9 ℓ MR / MS

ℓ 0 25 μm 25 μm
1 . 3.10 ℓ

HC HC ℓ
. 3.11

2.5 nm
0.2 mT 2.5 nm 3.0 nm

HC 0.3 mT 3.5 mT
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400 nm
 

 
 

 
 

 3.8  
 

 
 

 3.9  
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0 50 100 150 200
0

1

2

3

4

 

 

H
C
 (m

T
)

Distance from edge ( m)
 

 3.10  
 

 
 

 3.11  
 
 

MR

MR/ MS ℓ ℓ > 25 μm

 3.11
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PMA: perpendicular magnetic anisotropy

[23- 25 ]

 
 
 

33.4.2 VG  
 

VG Co-Ni/ Pt
Pt Pt

VG

VG

 
 

. 3.12 VG ℓ= 30 μm

VG 0.2 mT
VG= -4 V
0.17 mT VG= -10 V

MR

0.1 mT VG
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 3.12 ℓ= 30 μm VG  
 
 

 
 

 3.13 ℓ = 30 μm VG MR / 
MS  
 
 

. 3.13 VG MR / MS

VG VG= +4 V VG= -4 V
MR / MS

-8 V <VG < -6 V
VG Pt/ SiO2 VG
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HC

MR VG

VG VG= -10 V
MR

 
 
 

 
 

 3.14 VG MR/ MS  
 
 

. 3.14 ℓ
MR / MS VG

ℓ= 15 μm 20 μm 25 μm 60 μm
VG

ℓ

VG 0 V ℓ

 
 

ℓ 15 μm VG

ℓ 20 μm 25 μm
VG ℓ = 25 μm
VG= -8 V 1 0.3
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ℓ 60 μm VG

1
VG

ℓ = 25 μm
VG VG

ℓ > 25 μm

 
 
 

 

 
 3.15 ℓ = 25 μm VG

 
 

. 3.15 VG

ℓ = 25 μm
VG HC MR

VG < -6 V
Pt/ SiO2

VG Pt
Co-Ni
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 3.16 ℓ= 40 μm

VG VG

VG > |10 V| 0.1 mT  
 
 

 
 

 3.16 ℓ = 40 μm VG HC  
 

 
 

 3.17 ℓ = 40 μm VG

VG MR / MS (a) ℓ = 40 μm VG

(b) VG MR / MS  
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. 3.17 ℓ= 40 μm VG

VG (a)
ℓ= 40 μm

VG= +10 V +4 V 0 V -4 V -10 V
VG

VG

(b)
VG MR / MS

VG > |6 V|
(a) VG

VG

Co-Ni/ Pt

VG

VG |VG| < 10 V
 

 
 

33.5  
 

DMI
 

 
 3.18  3.7

 3.18 (a) (b) (c) (d)
 7 (a) (b) (c) (d) (a) (b)

DMI  3.7(c) (d)  
3.18(c) (d)

Dzyaloshinskii-Moriya

 3.7(e) (f)
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(e) (f) (g) (h)

 
 

DMI
(a) DMI

VG  
 
 

 
 

 3.18 (a) (b) (c) (d)
(e) (f) (g) (h)  3.7(e) (f)

 
 
 

33.6 Dzyaloshinskii-Moriya DMI  
 

Co-Ni  / Pt
Dzyaloshinskii-Moriya DMI

Pt/ Co−Ni
Dzyaloshinskii-Moriya

DMI
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[52, 53 ]  
 

 3.19  3.20 Pt 0.75 nm HDMI

0.75 nm
Dzyaloshinskii-Moriya HZ= 
0.6 mT HX  3.19

(a)
-x

-x 40 mT
0 μm/s (b)  (c)

Hx= +40 mT
(c)

 
 

 3.20(b)
 3.20(a) +x

HDMI  
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 3.19 Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.7 nm)
(a)Hx= -40 mT (b)Hx= 0 mT (c)Hx= 

+40 mT  
 

 
 

 3.20 Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.7 nm)
(a) 

(b)  
 
 
 

H
z
= 0.6 mT H

z
= 0.6 mT H

z
= 0.6 mT100 m 100 m 100 m

(a) (b) (c)H
x
 = -40 mT H

x
 = 0 mT H

x
 = +40 mT
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 3.21 Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.8 nm) 
(a)Hx= -40 mT (b)Hx= 0 mT (c)Hx= 

+40 mT  
 
 

 
 

 3.22 Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.8 nm) 
(a)

(b)  
 

 

H
x
 = 0 mTH

x
 = -40 mT H

x
 = +40 mT

H
z
= 3.5 mT H

z
= 3.5 mT H

z
= 3.5 mT

100 m 100 m 100 m

(a) (b) (c)
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 3.23 Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(1.0 nm) 
(a)Hx= -40 mT (b)Hx= 0 mT (c)Hx= 

+40 mT  
 
 

 
 

 3.24 Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(1.0 nm) 
(a)

(b)  
 

 

H
x
 = -35 mT(a) (b) (c)H

x
 = 0 mT H

x
 = +35 mT

H
z
= 6 mT H

z
= 6 mT H

z
= 6 mT100 m 100 m 100 m
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 3.25 Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(1.5 nm) 
(a)Hx= -25 mT (b)Hx= 0 mT (c)Hx= 

+25 mT  
 
 

 
 

 3.26 Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(1.5 nm) 
(a)

(b)  
 
 
 
 
 
 
 
 
 

(a) (b) (c)H
x
 = -25 mT H

x
 = 0 mT H

x
 = +25 mT

100 m 100 m 100 mH
z
= 6 mT H

z
= 6 mT H

z
= 6 mT



55 
 

 
 3.21  3.22
Pt 0.8 nm HDMI

0.8 nm
HZ 3.5 mT

HX  3.21
(a) (c)

Hx= -40 mT +40 mT 
 (b)  

 3.22(a)
HDMI

HDMI  
 

 3.23  3.24
Pt 1.0 nm HDMI

1.0 nm
HZ 6 mT

 3.23
(a) (c) Hx= -40 mT +40 mT

 (b)

 3.24
HX (a)

xy
(a)

-45 mT DMI
 

 
 3.25  3.26
Pt 1.5 nm HDMI

 3.26(b)
1.5 nm  3.23

HZ 6 mT  3.25
(a) (c)
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Hx= -25 mT +25 mT 
xy

(b)

Dzyaloshinskii- Moriya
 3.26 HX

(a)
xy

(a) HDMI

-25 mT DMI  
 

Pt 1.0 nm
Dzyaloshinskii-Moriya HDMI -45 

mT
Dzyaloshinskii-Moriya DMI

. 3.27
(a) (c)

Hx= -40 mT Hx= +40 mT

(b)
(b)

Hx= -40 mT

Hx= +40 mT
Hx= -40 mT

(b)
[52, 53 ]

Dzyaloshinskii-Moriya D= 0.08 0.12 mJ / m2

. 3.27 . 3.28
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 3.27 (a)Hx= -40 mT

(b)Hx= 0 mT (c)Hx= +40 mT
 

 
 

 
 

 3.28  
 
 

Dzyaloshinskii-Moriya
HDMI

HZ 6 mT
HX -60 mT +60 mT

(a) (b) (c)H
x
 = -40 mT H

x
 = 0 mT H

x
 = +40 mT

H
z
= 6 mT H

z
= 6 mT H

z
= 6 mT100 m 100 m 100 m
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. 3.29(a)
HDMI= -28 mT

Dzyaloshinskii-Moriya [54 ]

Dzyaloshinskii-
Moriya HDMI [55, 56 ] Dzyaloshinskii-Moriya

[55- 57 ]  

 
 3.29(b)

M-H ±80 mT

20 mT

800 mT

346 emu / cc(346× 103 A/m2)

1.38 × 105 J/m3 MS= 346 × 103 
A/m2 HK= 800 mT Keff= 1.38 × 105 J/m3 K= 2.14 × 105 J/m3

10 ×10-12 J/m 24 × 10-12 J/m
[Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.4 nm)/ Co-Ni(0.4 nm)/ 

Pt(1.2 nm) ] DMI D = 0.08 0.12 mJ / m 2
 

 
DMI D = 0.08 0.12 mJ / m 2
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 3.29 Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(0.4 nm)/ Co-Ni(0.4 nm)/ Pt(1.2 nm) 
(a) 

(b)  
 
 

33.7  
 

DMI

DMI

1
 

 
DMI
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 3.30 (HZ= -0.2 mT)
(a) VG= -2.0 V (b) (c) 

VG (d) (e) VG

 
 
 

. 3.30 + x < 20 μm
MOKE (a)

Hz = −0.2 mT VG = -2 V
(b) (c) Hz = −0.2 mT

VG (d) (e) Hz = −0.2 mT
VG -9 V

 
 

(a) VG = -2 V
(b) VG = -6.5 V 2

+ x -z
(c) VG

-9 V
10 μm +x

0.5 1 μm
VG

 3.27  3.29 Dzyaloshinskii-Moriya
DMI Co-Ni Pt Pt / Co Ni

[50 ] Co-Ni
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. 3.30(d) VG -9 V -6.5 V
-x

Dzyaloshinskii-Moriya
(e) 

VG= -4.5 V -z

VG OFF

 
 

 3.31
1000 nm× 500 nm× 0.5 nm

x= 0 nm KU= 0 x= 750 nm
KU= 1.0K

VG x=0 nm KU= 0 x= 750 
nm KU= 0.6K (a)

Q (b) (a)

Dzyaloshinskii-Moriya DMI (PMA)
VG
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 3.31 (a)
(b)  

 
 

 
 

 3.32 (a)
(b)  
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 3.32
5000 nm 1 nm

1000 nm
Q= 0

α= 0.2 MS= 346 kA/m K= 0.214 MJ/m3 A= 24 pJ/m D= 0~0.1mJ/m2

MuMax3
Dzyaloshinskii- Moriya

0 -1 D= 0.05 0.10 mJ/m2

Dzyaloshinskii- Moriya

Dzyaloshinskii- Moriya

(a)
xy

Dzyaloshinskii-Moriya
DMI

 
 

 

 
 3.33  
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 3.34 (HZ= +0.2 mT)
 

 
 

 3.33  3.34 Hz= 0 mT Hz= +0.2 mT
 3.30

Hz= 0 mT
Hz= -0.2 mT

Hz= +0.2 mT

Hz= +0.2 mT
-z

 
 
 



65 
 

 
 

 3.35  
 

+z -z
 3.35

−
−

Hz= 
-2.89 mT
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 3.36
(a)+0.2 mT (b) (c) (d)

 
 
 

 3.36 (a)
+z 0.2 mT

10 μm
(b)

1 μm
(c) -z 0.2 mT

-0.2 mT

-z
(d) -z
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VG

VG

DMI
VG

 
 
 

33.8  
 

 3.37
VG

ℓ= 30 μm
VG  

 
VG -8 V 0 V

VG 7 Hz VG

VG

 3.38 7 Hz VG
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 3.37
VG  

 
 

 
 

 3.38 7 Hz VG  
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 3.39 0.5 Hz 10 Hz VG

 
 
 

0.5 Hz 10 Hz VG

 3.39
VG

 
 

MOKE ℓ= 0 μm

 3.40

 3.40 (a) KU VG

VG x= 0 nm
KU= 0 x= 750 nm KU= 1.0K
VG KU= 0 KU= 0.6K

VG KU= 0 KU= 

0.5 Hz 

1.0 Hz 

2.0 Hz 

3.0 Hz 

5.0 Hz 

7.0 Hz 

10.0 Hz 
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0.55K 1000 nm
(b)HZ= 0 mT

mZ

(mx, my)
+z xy Dzyaloshinskii-Moriya

+x VG

+x
+x

VG

-x
 

 
 

 
 

 3.40 (a)
KU VG (b)HZ= 0 mT
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 3.41
(a)

VG (b) VG

(c-j)  
 
 
 

 
3.41 6 μm 500 μm

Hz= 0 mT
VG 0.1 ms 0.5 V 0 V

-7 V 0 V
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VG 1 V
VG < |2 V|
(a) t VG (b)

VG

50 mm/s VG

VG 1 V

(c-j)
 (c)

VG 0 V -4 V

(d~ f) VG -7 V
(f)

VG= -7 V 20 μm
VG= -6 V VG= -7 V

(g~ j)
VG −7 V −3.5 V

+x

 
 

 3.42
60 fps

5 μm 0.5 V -6 V~ -2.5V
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 3.42 VG

 
 
 

33.9 

 
 

 
 

 3.43
 

3.44
. 

3.45
 3.46

VG

 3.45  3.46
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 3.43
(a)

(b) KU

 
 

 3.43 1000 nm × 500 nm × 0.5 nm

α= 0.2  MS= 550 kA/m  K= 1.0 MJ/m3  A= 22 pJ/m  D= 1.2 mJ/m2

OOMMF [52 ] (a)

(b)
KU= 1.00K KU= 0.96K KU= 0.92K KU= 0.88K KU= 0.72K

KU= 0.60K
x= 0 nm KU= 0 x= 1000 

nm KU= 1.0K
x= 218 nm x= 

1000 nm KU= 0.98K
20 ns

x= 1000 nm KU

0.02K 1.0K 0.6K
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KU KU

 
 

 
 

 3.44
(a)

 (b) KU

 
 
 

 3.44 1000 nm × 200 nm × 0.5 nm
 3.43

(a)

(b)
KU= 1.00K KU= 0.96K KU= 0.92K KU= 0.88K KU= 0.72K KU= 0.60K

x= 0 nm KU= 0 x= 1000 nm KU= 
1.0K x= 220 nm
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 3.45 (a)
(b) x= 1000 nm

KU= 0.75K  
 
 

 3.45 1000 nm × 500 nm × 0.5 nm

α= 0.2 MS= 550 kA/m K= 1.0 MJ/m3 A= 
22 pJ/m D= 1.2 mJ/m2 OOMMF

(a)
x= 0 nm

KU= 0 x= 1000 nm KU= 1.0K
x= 218 nm

x= 1000 nm KU 0.05K 1.0K 0.75K
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VG

20 ns (a)
x > 300 

nm
(b) x= 1000 nm KU= 0.75K

20 nm 20 nm 0.5 nm

 
 

 3.46 1000 nm × 500 nm × 0.5 nm

α= 0.2 MS= 550 kA/ m K= 1.0 MJ/ m3 A= 22 pJ/ m D= 1.2 mJ/ m2

OOMMF (a)
VG

x= 0 nm KU= 0 x= 1000 nm
KU= 1.0K x= 200 
nm VG x= 
1000 nm KU 1.0 K 0.65K 0.05K
0.90K VG

20ns
x > 300 nm

(b)x= 1000 nm KU

KU 1.00K 0.90K
0.85K 0.80K 0.75K 0.65K (c)x= 1000 nm KU

KU 0.7K 0.80K
0.90K 20 nm 20 nm 0.5 nm
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 3.46 (a)
(b)x= 1000 nm

KU  
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2
 3.47

1000 nm× 500 nm× 0.5 
nm x

x x= 400 nm
x= 0 nm KU= 0 x= 400 nm

Ku=KUmax x > 400 nm Ku=KUmax

 3.47 (a) HZ= -15 mT

VG VG KUmax= K
KUmax = 0.4K  3.47 (a)
KUmax +x

 
 

 3.47 (b) KUmax KUmax = K
VG

 3.47 (c)  3.47 (d) HZ= +2 mT
HZ= -15 mT

 3.30

 3.47 (e) (f)
-z

+x
+z

+x  3.47 
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(f) 2 HZ

Dzyaloshinskii-Moriya

 
 
 

 

 
 3.47 (a) 

HZ= -15 mT (b) 
VG (c) HZ= -2 mT

(d) VG 180°
 (e) (f)  
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 3.48 (a)
VG KU

(b)HZ= 0 mT
(c)HZ= 0 mT  
 
 

 3.48
600 nm 300 nm 0.5 nm

x x= 0 nm x= 450 nm
 

 3.48 (a)
x= 0 nm KU= 0 x= 450 nm KU= K

VG x= 0 nm
Ku= 0 x= 450 nm Ku= 0.6K

VG

VG

x= 0 nm Ku= 0 x= 450 nm Ku= 0.55K
α= 0.2  MS= 400 kA/m  

K= 0.218 MJ/m3  A= 10 pJ/m  D= 0.5 mJ/m2



82 
 

Dzyaloshinskii-Moriya
Dzyaloshinskii-Moriya DMI

[51 ] . 
3.50 Dzyaloshinskii-Moriya

DMI
[40 ]  

 3.48 (b) HZ= 0 mT
+z

xy Dzyaloshinskii-Moriya
+x DMI

 3.49 VG

+x
+x VG

-x

VG

 3.27
[36 ]

KU

 

 3.48 (c) KU

VG

VG KU

KU

KU VG
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VG

VG

 

 

 
 

 3.49 DMI  
 
 

 3.49 DMI
 HZ= 0 mT D= 0.00 mJ/m2 0.01 mJ/m2 0.05 mJ/m2 0.10 

mJ/m2 0.50 mJ/m2 1.00 mJ/m2

x KU= 0 KU= 1.0K
α= 0.2

MS= 346 kA/m K= 0.214 MJ/m3 A= 24 pJ/m D= 0~1.0 mJ/m2 D= 0.0 mJ/m2

+z D 0.0 mJ/m2

Dzyaloshinskii-Moriya
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Dzyaloshinskii-Moriya

 
 
 

 
 

 3.50  
 
 

 3.50
VG

VG

KU  
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33.10  

 
3D

LLG
[58 ]  

 

                (3.1)  

 
M Ms= |M| α t 0

α> 0
 

 

           (3.2)  

 

Heff

Dzyaloshinskii-Moriya  
 

 

                           (3.3)  

 
A Heisenberg KU

D Dzyaloshinskii-Moriya  
d( ) z 0

LLG Thiele
Thiele
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                         (3.4) 
 

Ms

0 Q

Q = -1 α

 
 

                      (3.5) 

 
FF F= (Fx, 0)

3.4
 

 

                   (3.6) 

 
 

 

                             (3.7) 

 
Q

3.6
x

Q  3.44

 3.45
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                         (3.8) 

 

  

3.11   
 

 3.30  
 

 3.50
VG

VG KU OFF

 
 

                (3.9) 
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(r) z x=  cos y=  sin 
 3.51(a)

 
 

                           (3.10) 

 
R  mz= 0

 
 

           (3.11) 

 

3.5 3.11

 
 

                    (3.12) 

 
 3.52(b)

 
 

 

                  (3.13) 

 

 
R

3.5 3.11  
 



89 
 

 

                (3.14) 

 
= 2R 3.12 3.14
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