2-1

2-2 -
2-1-1
, (Lorentz force)
) NigoFezo, (MR ratio)
5%~6% ,
(anisotropy magnetoresistance, AMR)

Hunt [1] 1971 AMR ,

1991 IBM AMR

100~300A NigFeyw .

NiFe ,

,2-3



2-1-2

1988

2.1

(RKKY)

(Giant Magnetoresistance Effect)

, Baibich [Fe/Cr]
50%, AMR ,
( glant magnetoresistance, GMR) [2]
42K , [Fe/Cr] , Cr
[2] Ruderman-Kittel-Kasuya-Tosida
[3][4] , [FelCr] Cr
Fe , 2.2(a)
, RKKY JFe
, 2.2(b) ,
[51(



, : , 22
2-1-3 CPP CIP (CPP GMR and CIP GMR)
(GMR) : ,
(current in plane,  CIP) (current perpendicular
toplane,  CPP), 2.3 CPP
, CIP %7 : ,CPP GMR

b

Baibich et al. (1988)

R/RIH=0)

(Fe Snm/Cr 1 8wy,

{Fe 3o Cr 1. 2nm g

S I | B i B | i M w40
Magnetic field (ki)

2.1 (2]



.

S,=-1/2 -1 S,=1/2 -

S=t1/2 -

S~+1/2 7]

(a) (b)

2.2 ,

(a) CPP (current perpendicular to plane) (b) CIP (current in plane)

23: (GMR)



2-1-4 (inverse GMR)

, (inverse GMR)

. 2.4(b)

C065F635/Ag/(C065F635)50Gd50
(amorphous) ,
GdFeCo

(net moment)

, FeCo

(normal GMR)
[6],
[6],GdFeCo
Gd
,Gd 4f )
)



(Co/Dy/Co/Cu/Co/Cu)n
Co Dy Co Dy )
Dy Co , Dy (Ms)
Co , Co/Dy/Co
Mpy-2Mco, ,Dy ,
, Dy Co ,
2.6 , Co/Dy/Co ,
Dy ) , Cu
Co , )
Dy , . Dy Co
; Dy , Cu Co
AResistance A Resistance
i _—*
P p——
—» _— "
— >

(a) normal GMR

2.4:

(b) inverse GMR

(M-H loop)



A R/R

-Hz 'Hl
3 | 2 I 1
N S — —>
< > >
——> Gd moment
mm)> Co or Fe moment
2.5:
= L3
S 10
= 03 '
5 0
E -0.5
E -1.0
= -15
S04 03 2 -1 0 12 4 5
0 g o = q_*;:;._-_,..-l-—I:'l'!_
E [ —
_:? _| _3 i I-‘htu f 1ﬁ_
| e ; / —p
; - "‘_IIIII b .|'f —q.
o . = /|52=
4 e ot e e
S04 03 -2 -1 0 12 4 5

Applied Field (T}

2.6 : Co/Dy/Co/Cu/Co



22 -

2-2-1 RE-TM
- (ferrimagnetism) ,
(heavy rare-earth, : Gd, Dy..., RE)
(transition metal, ™),
[8],
(Kerr effect), - 1990
(magneto-optical recording)
; (He) (Ms) (Teomp)

(Te), ;

2-2-2 -
- (permanent magnets)
, 1960 GdCos (

: Dy Tb) ,

10



(heavy rare-earth, heavy RE),
[8], (light
rare-earth, light RE)

) N SmC05

(Hund’ rule) [9]
1. (Hund’ first rule):

S(spin angular momentum quantum number)

2. (Hund’ second rule):

L(orbital angular momentum quantum number)

3. (Hund’ third rule):
J= L-S
J= L+S

11



L S , )
= L+S L S S J
[8] ; - )
, 2.7(a)
L S J S , -
, , 2.7(b)
RE ™ RE ™
A A
S S
) i
L L
(a) (b)

2.7 : (a) heavy RE (b) light RE

2-2-3 -
- ( : TbFeCo DyCo GdCo... )

(MO recording),

12



[10] - (ferrimagnetism)

M= Mge—Mrum 1)

Mipet ,MRgg ,Mrm

2.8 -
(composition compensation

point),

L (torque) = M (Magnetic moment) X H (field) 2)

(RE) ,
RE
™

TM-rich

13

, RE-rich , RE



RE-rich
300
10
&
S 200 S
: ~N
= =
s 58
= 100
0 0
15
RE atomic content (%0)
2.8 -
2-2-4 -
2.9 RE TM ,
9MRE MTM
; MM ) (Te)
[11] > Mgrg=Mrwm,
(Compensation point, Teomp) Teomp RE-TM

RE-rich

b

Teomp RE-TM RE-rich

14



TM-rich -

RE-rich RE-TM
Teomp RE-rich RE-TM ,
5 Tcomp 5
R Tc (Hc)
. Hc 5 Tcomp ch
, T, TM-rich RE-TM ,
Hc s ’

RE-rich TM-rich

Temperature

uoneznIugew pue AJNANII0)

RE-rich TM-rich

2.9: -

15



2-2-5 -

- (spin-orbital) (net spin
polarization) - 3d
4f
3d ( 3eV); 4f

( 7~8eV)[12]

4f , -
3d
(Kerr angle)[9], -
) 0.5

[13] .-

3d , 4f

16



, : (polar) (longitudinal)

(transverse), 2.10
(PMOKE):
PMOKE ,
2.10(a)
(LMOKE ):
LMOKE , 2.10(b)
(TMOKE):
TMOKE ,
2.10(c) ,
o 8
M
ﬂ M ::> M
(a) (b) (©)
2.10 ; (a) (PMOKE) (b)
(LMOKE) (c) (PMOKE)

17



2-2-6 -

anisotropy),

1. Pair-ordering anisotropy:

(atomic pairs)
[14][15][16]

2. Single-ion anisotropy:

3. Stress-induce anisotropy:
[13],

magnetostriction effect)[19]

K,=-(3/2) ) o

) (crystal

S| <(non-S state)
, spin-orbital
(preferred orientation),
4f

[17][18]

(inverse

3)

18



ol/1 c

4. Shape anisotropy( [20]):

(columnar growth model),

[21][22]

5. Bond-orientational anisotropy (BOA):

3 3
U = —mREmTM/ (rRE+I'TM) , U =2mREmTM/ (rRE+rTM)

U)
U)

19



RE
™

Do

U = -mREmTM/ (rRE+rTM)3

(2)

2.11:

RE
™

=
&

U = 2mREmTM/ (rRE+rTM)3

(b)

2-3 (MRAM)
2-3-1
SOC(System on Chip)
, (Nonvolatile Memory)
) (Flash Ram)
(MRAM)
2-3-2 MRAM

1980

20

,L1984  Honeywell

AMR



MRAM,

1988 GMR ,MRAM
, DARPA IBM
Motorola MRAM , ,L1995
(TMR) , MRAM 2003
,Motorola 4 Mbit MRAM ,2004
,Altis Semiconductor 16 Mbit MRAM, MRAM
2-3-3 MRAM
MRAM GMR (Giant Magnetoresistance)
TMR (Tunnel Magnetoresistance) GMR

(Diftferential Spin Scattering)
TMR Tunneling Effect
, (R-H loop)
, 2.12 2.12(a)
(spin valve),

b

2.12(b) R-H :

21



FM Layer 1 (free layer)

Spacer

FM Layer 2 (pinned layer)

2.12(a) :
M
A
—» F
—>» P
<=— free layer
—»H
+——F
> p
He
- >
I S— <= pinned layer
R
A
7 Y
_J [
2.12(b) : R-H

22



2-3-4 MRAM

,MRAM
0 1 ,
MRAM 2.13 , 2.12
) 0 1
, Bit Line  Word Line
2.13 MRAM
Word Line  Bit Line ,

) Bit

Line  Wod Line ,

Bit Line  Word Line

Bit Line =~ Word Line
(cell)
Word line  Bit line ,

cell ,

O 1

23



2-3-5
magnetization)
MRAM

MRAM

ratio) 2:1 3:1..

vortex structure

N

Word line

2.13:MRAM

(memory cell)

(vortex structure), 2.14(a),
(irreversible)
(aspect
, (shape anisotropy)

[23], ;

24



vortex structure , 1:1

Nishimura 2002 -
TMR cell, 1:1,
0.5umx0.5pum , )

2.14(b) [24] -
, ALO;
CoFe CoFe -
CoFe (demagnetization field)
[25]

2.14(a) : Vortex structure

2.14(b) : 0.5pmx0.5um GdFe/FeCo

N. Nishimura et al, J. Appl. Phys. 91,(2002)

25



2003,Garcia (perpendicular

media) (Co/Pt) (free
layer) (pinned layer), 2.15 ,
(Co/Pt) (Co/PY)
(Ku) (He)[26][27] ;
(writing field)

(thermally-assisted writing)

(a)
0.2}

GMR (%)

0.0
-0.50

Field (kOe)

2.15 : Pt/(Co/Pt)3/Co/Cu/Co/(PtCo)3/FeMn/Pt

F. Garciaet al., J. Appl. Phys., 93, 10 (2003)

26



2-3-6 (thermally-assisted writing)

(MO), ;

(heating element),

, 2.16
2.17 [29]
(current pulsé) ,
, (current density)

Bit line

MRAM cell

Output of heating «

current
Word line

Heating element

2.16:

27



Bit line

» Pedestal (electrical contact)
» Free electrode

» Oxide
> Hard electrode
» Heat sink
}—-—v Word line
2.17:
2000 ,Beech
[30] 2004 , Jianguo Wang
S R AR
(double barriers)
, %N GIMR (breakdown
voltage), (pinned layer),
MRAM, Pseudo-spin valve
[31][32]
, Prejbeanu (double pinned layer),
blocking temperature
, , blocking temperature ,

blocking temperature

28



[33]

MRAM

29



