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Fig. 1. Schematic illustrations of the spin structure,
the density of states, and the carrier electron
scattering in (a) ferromagnetic state, and (b) anti-
ferromagnetic state of multilayer.
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Fig. 2. Variation of the MR ratio as a function of the
thickness of Cu for Col5 A /Cu multilayers
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Fig. 3. Magnetic hysteresis loops for [Fe(30 A) /Si
(15 A)]50 at a) 298 K and b) 10 K.
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Fig. 4. Kerr loops for an [Fe(30 A) /FeSi(17 A)]20
superlattice : a) shows the loop at room temperature
with no pump-laser power ; b)shows the loop at 53 K
also with no pump power ; c¢) shows the loop at 53 K
with 100 mW of pump power,
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Fig. 5. Schematic illustrations of magnetic hysteresis
and magnetoresistance curves of strong antiferro-
magnetically coupled multilayers,

Table 1. MR ratio, measuring temperature, and
switching field of various types of GMR multilayers

Multilayers MR(%) T(K)  aH(Qe)
Strongly Coupled type
Fe30/Cr9 92 4 20K
Cr100 /(Feld /Cr8)s, 150 4 20K
Feb0 /(Co8 /Cu9)q, /Fe 115 4 13K
Cob /Agl0 41 7 10K
CoFe4 / Agl5 100 4 3K
Weakly Coupled type
NiFeCol5 /Cu22 15 RT 80
CoFe20 /Cu2l 24 RT 50
NiFe20 /Agl0 12 RT 100
Uncoupled type
NiFe /Cu/Co /Cu 14 RT 80
NiFeCo /Cu/Co /Cu 16 RT 50
Exchange Biased type
FeMn /FeNi /Cu /FeNi 5 RT 2
FeMn /Ni /Cu /Ni 2.5 RT 6
FeMn /Co/Cu/Co 9.5 RT 15
FeMn /Fe /Cu /FeNi 2.5 RT 15
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Fig. 6. Schematic illustrations of magnetic hysteresis
and magnetoresistance curves of weakly coupled
multilayers. The interlayer coupling is weakly anti-
ferromagnetic an antiparallel alignment is realized
associated with the domain wall formation.
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Fig. 7. Schematic illustrations of magnetic hysteresis
and magnetoresistance curves of non-coupled mul-
tilayers. Non-coupled type multilayer including two
magnetic component with different anisotropy field
(coercive force).
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Fig. 8. Schematic illustrations of magnetic hysteresis
and magnetoresistance curves of exchange-biased
multilayers. Non-coupled type multilayer including
one magnetic component coupled with exchange ani-
sotropy of antiferromagnetic material.
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5ol AFsm et A2ollA Cu-CoAloll A+ 2= dA
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) aghgntute) 27| A gulo] mlAE g9qlo g A
A A Z|AelA A=Az HFAFHEIL Aol
A A= Aol 4 47 SDS7) o] FolAoksle ®] A
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3 AARYAE F83] EIAASF oug 27| g
+ 7Y}, ey 2L x 0} Aol 9|2 xHA ] A
gE 7Afole dAte] A7 WUF ztow 23474 4
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Fig. 9. Calculated magnetoresistance and its ratio as a
function of the granule radius r,, for a constant size
distribution, The field is fixed at 20 kOe and the
temperatures are 4.2 K(upper curve), 10 K(middle
curve), and 50 K(lower curve).
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ofgtth &3 Aol Hxr} stuleiol AlHelle]
SDS7} 2t} o] g31¢ tiEdputel|A s F3] Fgdh
thzutubel Aol A slabElel EgEo] EAshd ur}
A4 A ge] a9l v] AFoE At Frhalo] 271
gro] Zra e} [41]

2. TSR0l OfR|= 221

wlAld A gaabete vt Az FAe] chaututuct
|ol3lti= ol o] glovt EAH o g z3AA7l art
Z w|Al)Agrgatute] 248 A2 vl A Aol Bakel
2R A ARES] A9 o] o] FojAnz %
b7 Aol F Futel gich w3 wAA EA] 7|x]ol] £
Al AR QIAbEe] 27 BEE AllEr]o) SoldhA] &
ot & 2424 dAIZ7|(D,) ©13HY] 4~ nme| whalo
Al Al nm 27174 B BXE 2 F deuz 2
Agt 9l Z3pA o] Alo]r} foldkA] Yt mlAIYA F
ol A o] ZEAAE 2AaA]7]7] A% A7 A
MA ALl o] FAA A e Aefolch whALTE YApe] A
AslAe 28 AshibAd 7|77t FAHm QI 27182
7} W& A foll= whd] AR Y AAsME 53 AAA
Z1o1%A o] Fhaste 2 5 Z3kaHA Zhiol] & &3
£ 710 g 4 dch

o|Ald A gEubatol 4 Z3A7) A mlHE F2 o8
Q52 AA A AAA oY A AL YA
a7 oAl A AAE W= F iRz rof ut=
= 2R AL £ 4 Ut ZHAA == A
A7 oA gl thaibatoll M 22 F3E 7| At
A& (uniaxial) o4& Ze whAbFY o|9AAMAIE
Hy, = 2K/ Mo\ G8kg w7 Q=] #l3huldke] 5
wal wid (random orientation) S+ HFHoz
0.64K/ M, 2. BAIE 4 rh(42]. 3714 K& AA A7
oA A, M+ E3RIEgelt. PR oA ol
o8k ok RAlE H,, = (N,— N) M2 3457 [42]
o714 N, Nt a % ¢ Fo29 gxelx(demagn-
etizing factor) olt}. A RS =77} olwd QA =]
(D,) olstoll A& AAdAll =p7|o|atAol iz (KV) B}
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Aol (kT) 7} ARA szl J=-Eo| =sutdtol
Zulsl wjd-S slAlE] = 2AMAMA (superparamagnet)
E4g Zow] olnf oj2idt YAEE YFAA Yo
AR A7) edlE AR oA AR, HAaEaLr o)A
o vix] olglell Aellviz]E FHaoksts FrhHal ol
=7} g 7Eh olwle] ojubyzbAle AARI] ot ol
o8 H, & 71% &3 H,, = H,[1— (25kT/KV)'/?]
= zasid{42],

Table 2% 2 7}x AAdUd49) 39 zax3izh, A
APz ol vbA] Ak, g RE AAbd Hy, 24244 A
27 D, % A ¢ /a vlE veldich |7)4 gizke] =
ofo] o) Bl viehd ¢ /av]mch AR AtolubAlel
2}t oA RIA 7} AAAL7 o] ubAd o] 27k oA A A B
o} A&} Fig. 11a)& 3 71| Zxidsle] 3 AdowA
ol &gl o|ubA A Al o] HEE BoJFEch A &
5 c/avlof| wAEA F71Hs BoFEoth PAboutA
of &gt olkAdRAIZL 100 Oe oldk7l =z =y e
Agol w7l 1.04 v|uteloiof stz A4 3ixpe

Table 2. Saturation magnetizations, magnetocrysta-
lline anisotropy constants, calculated anisotropy
fields, calculated critical diameters for superpa-
ramagnet at room temperature, and calculated c/a
ratios for various ferromagnetic matetials,

M, K H, D, Shape
(emu/cc) (ergs/cc)  (Oe) (nm) (c/a)
Cohcp 1,422 45x10° 2,016 7.6 1.345
Cofcc 1547 1.0x10° 414 125 1.055
Febcc 1714 48x10° 179 16 1.022

Materials

Ni fec 484 —5x10' 66 72.8 1.028
(1.04)
NigFe, 8% —-2Xx10° 15 212 1.000
(1.02)

a2 A ol /A PAdslolokshs Algke] vt
ot D& 24745 vehle dAlZrlelv o] 27] B
o} ztowd dofluf Aol o7t oA AHAS] 277} AA A
ZotAol &g A vt AA & =7e] "t Fig. 11b)
£ AR 2716l wha e oA ApAle] S B
Zc}, ol Az} 09l &3 whbe gYRkar| A 2 A
8.9 Dyoll siwd=le] 2wt 22 27) o o AA=p7)e)
WAl elgh oubAd ApA|lwet g1tz el 23t AeiiizA]
E 53] A7 oA AL FE8A st
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2
hep Co
NiFe fce Co
-6 S T S S —
30 120 210 300
Particle Diameter (A)

(b)

Fig. 11. Calculated anisotropy field according to a)
particle shapes and b) particle sizes for the several
ferromagnetic materials.

o] 48] 372 gololA] BAF uie} gho] 22 2 3hA}
AZ duzrsts FAAolA v NiFeol 713 f2lsie},
Azt 27| el FAeAAE 71A] =AY 2
44, Adelxe] AA AR & 1T o AV
] 27]6l glelAE 3o w4 gleh. o) el A & v}
o} zFo] mlAIlA fHatute] 23kl vl g9lE
Z qzte] FA 9 2717} wl-$ DAl Aels]ofof 3
o] o] Ho| chuputrte ohf WA} ok T ol £
Ao},

Aol 2719t 22 J5s] Aol wpet A =2
< 2t Yok ar)sh FL P e Aofdrke AL
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olgict. uhebA o)-F A7) H3led AlgkH F} wbHe
24 cpzubnl(discontinuous multilayers) el 2 |
Zshe Aolet, chEulnbg Alzshy upal S wigko
o] A71E YA A 5 ok dH 25 F3le] =
Az2g Ed%3} A7l Holx °le-9] A5 FAl whek
o2 Al & & glx wel dAbar] 225 B4 A
£8stn 2 LIRAIE Folei uhyolch[43]. A4
Ao ApstubA-2 98] Aed oal o] Foix| o] A
71g Al aclgel o8 FHdoh A4 A2 A=ste} g
2L 27| E-Z Alo] o]9o] ohE Wby A4 QiAo A3
HAS EoFe Zloz iz @A) os) =4
A4 B2t ol Eabsl zRx4s) ] 3| A& So)siA
3 upfolch[44]. o] 5 W& v]AIglA FHEbutell
A ZIAAE ZaAA 5 e THed e 2T gl
w oz o g2 Jd7r e 7H)

N. & of

GMR$ Zt+ A g9 842 o9 1 9sie] 24 A
Fokz wEE 4 glek ARE A7) A =24 2000
d 22| 10 Gbits /in® o} 48] L& A47)7] 5 7)ol 4]
L5 EAAR Asolt, BAle ookt o] &
2ZE A7 Bolole], A= A 3E A7) g
o) =2 (MRAM) Hefolcl, GMRA| &5 283 7|4
A A AFL oln] A 7129 AMRA B HH
Zolof] wjdte] 3~20u) ojde g AFTFEH7} 21 ALR
2x Aol YA o) dHetA s 243 How W
253 gleh, MRAM chipe] 7ol 16 Kbits &2
A Al Eo] HF =Y Mbits 714-8-3e] MRAMe| gt
A77F AP Folct. GMRE AL AR A 2 7 d wto|
=7 gokert GMRA7| 414+ microchip el oe]
Aoz EEgden At 2 g AR sl 2
kR Aoz JlEE 5 oS wE S5 AR
3} A7} AP =2 9},

GMR&EA ] AL A g ool A7 1wl 28 9]
o] AHEL A& wteislgon] 53] A o) FH Abe]
AAE FokzA 49 “Magnetoelectronics” eb=[45]
AZE mle7Iee] Aol d2am 98-S delx gt |
2} e] microelectronics 7|EolAE Axle} AxlETI-L
0|83 7|4zl magnetoelectronics 7ol 4=
201 8l A3 ] o £ FFHe AR o] &31A et =
AAet 2l A2 29 EAR 28w xpAIH 9} b
=AE 383 23 -polarized FET(field effect tran-
sistor) 5-2] 2} 2% s0d 2] magnetoelectronics 4 =}2]

et e

g2} 718 3] 2] Volume 5, Number 3, June 1995

#Zo] ZId= 2 g}

Atdez 2w =gl AT Al Y& GMRE] =
710]%(magneto-transport) HAME wlz ) ) 3}y
=] HEL Esled 49 magneto-electronics,
magneto-opticss-2] clodt M2 714 FFo] 7=
o} wteb] Zzlel s BAbe] 7)x AT, Ay Zwle) AT
o d=, 44, MRAME9} §-87|4d77 2ol &
3tA] o] FolA 21417] A 2$ 7|4 aHEo] 7= & &}
Ale) A4 A =Hmagnetoelectronics) A& £-8ol wu)
Blod o & Aole},
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