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Epitaxial Co/Cr multilayers have been grown by MBE,
and their crystal structure has been determined by
RHEED and X-ray diffraction. Co/Cr multilayers have per-
pendicular magnetic anisotropy when the Co layer is very
thin. In a Co/Cr system, oscillatory exchange coupling is
observed. The MR ratio of a Co/Cr system is 2% at most,
much smaller than that of a Fe/Cr system. The spin-flip
phenomenon observed in [Co(8 A)/Cr(9 A)l is explained
by taking account of the total magnetic energy of the film
and the antiferromagnetic exchange coupling constant is
estimated.
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FAE, NIRRT B L U7 OFE, YHRIEEOH#ESIC X
b, EFEHGTHELHAL LSBALEBTORANRAKL
FbhTws, #ic, Fe/Cr RicB\V TERKBKIEI SR
RAIHAY, SO THEBHOREEADOEREBRZ IcHT
ZERBBESMARABEI Y. EABJEBRYRIEMHTD» 5
THEVWAAEENRETHY, EBATHBFHAO—OK
XN F-—2EHoTWS, Fh, AIBRTEIES v » VEK
EX¥2s, ARRLBI BN/ EERBEL IR 2HETE
ERBEE LOPEABE I LHNTE, EHoBar 5 b
FrOANARBRZEN,

XC, Coid» Ny TORRBEI hep BETH 5. THIE
ICbec-Cr2RBY, 20tk Cokxb s d v v VIR EHET
Ba, TogREd Bt oE{bicBEkSb NG, £
2, Fe/Cr ALBFREABSIERAMREERTRELTEL
OHEMSBENTVEH, BEEEZ CoicEA L FOBIH
HIBSERDENEDL S EMICOAKMEL NS,
Co/Cr ATHFic 2o\ T3 Zabel &35 hsiiE & Btk O F %
T-THY, BOURBHEEAZHZAL TV 50, BRUES
BAGEIRT->TWwWIEL, 41, Ni/CrFk& Co/Cr RO
LHRERYRESDVTTITREBEL TWAYY, XHAT
i1, TE¥%* v Co/bee-Cr AT TFOBIEHE L HIUK
PR oMz WTHE T 2.

AAGHEBESSSE Vol 22, No. 4-2, 1998

2. HE{EMLERBA®

AFER BT 2RI TXCMBEEE (EEVGHB) i
& o> THEETEIR2X 107! Torr, FRBEEZERS5X107!
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MBI - BT » YA—NICEELZEAL, & SICEER
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SIFRAFT - 1. BN Cr 8y 7 7 — B2 ERERE 500°C T
100 A s ¥, 2oLk [Co (XA)/Cr(YA)] 2B HKEE
90°C TH®VEL 20 BHRES E, BRicCr¥ vy 7TEZ
50 ABEE 87/, X=8A L LTY %5~30A ofifTEAL
XEhskE, Y=9A, 18A L LT X % 4~40A OfifiTE
b g1 AN EERL .

ATHFoXEBE L, insitu TRHEED (KHEEHRETF
HEP 2AEVWTHREL, EEEEAROBE RS ERRIC
X HmlirEE (Cu-K,) RV TEHML 72, B{LAIEIREBHIC
HEHRERM NI (VSM: BKHUNBER 13 kOe) ZEA L,
42K TOREC 3B YR T T (SQUID) 2RV /e,
BIERDEORME FEAHMES 17k0e) i3, BEFEME
FHEMERELL. 28, MRELROEHR,

MR ratio(%)= ""—;"i X 100

po: BB TOIBHE
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3. RERERLER

3.1 HENIT

Fig. 1 12 [Co/Cr(9 A)lee D/NAI B X Ut X RIEIHT /¥ ¥ —
vAaRYT. MBTREEEEEICLE TSy SE-2, HH
BTRATAPIEZ2Y 734 P E—2BRONBIERD,
BELEZBESERNINLI EHbL 5. hAXREH Y
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Fig.1 Low and high angle X-ray diffraction pat-
terns of [Co/Cr(9 A)l multilayers. A, Cr buffer; C,
main peak; @, satellite peak.
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Fig. 2 Inter planar distances of Co and Cr layer
spaces as a function of Co the thickness. OA, [Co/Cr
(9 A)leo; @A, [Co/Cr(18 A)Lo; M, Co(300 A)/Cr film.
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F LB bDE Fig 2 12RY. Cr ORI ColEEIzL 5
FRIZ—ET, /7 bee-Cr(002) DIEIEWLES & » T L
5. L»L, CoomMRiz Cr omRGIct~xT/ha ¢, Co
BESES 2> TR L, 7912 hep-Co(1120) DffIz
BEL TV, 72, beeCr(001) FICEE & #7: Co BifgR
O RHEED /¥ % — v % 5, ColEEssHINd 5 & (1120) &[]
L7z hep-Co 2R 5 & & AR L 129,

3.2 BEAE

Fig. 3(a)~(d) it VSM ic & 2L o5 R 4 R . B
B L VEEHEESICBIEEEN L THEST- 1. (a), (b)
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Fig. 3 Magnetization curves of [Co/Cr] multilayers
with the magnetic field applied in the parallel (/7))
and perpendicular (L) direction to the film plane.
Magnetization is calculated per unit mass of Co. (a)
[Co(3 A)/Cr(18 A}z, (b) [Co(30 A)/Cr(18 A)leo, (c) [Col8
A)/Cr(9 A)lze, and (d) [Co(8 A)/Cr(25 A)L.

RENRZNCr £ 18A & LERAKT, ZEOBRETH S, Co
REE 2 @< 35 L BEASSSEER AR D S EEEE S
ZALT B Ehbh 5B, (o, (d) 3ZhFhCor8A L L1
BT, TTKOHETHS. CroA TREEBLBES -
VB, RBBIEMELAEL S H=0 1tV TRBBIHEES
LTL3EELONE, £ T, H=85kOe fIETAE ¥ 7
Uy 7RI THRMELGE, —4, Cr25 A oRK 46
U EEBLE TS 2 EE#LSK X S0l ©
HHTLH5, CoEMiIMBMMtREALTVWAEEL NS,

72, (a), (b) LET 2 &, ColELEDT 3 &R
BRELLTOBI L b b, F7:, ColEMREVRETL
fAREL @ v I OB L. chit, REO
mixing KL W ASEBHPER SN AHTORIESAZ DL
1l THBEELONBE,

3.3 BSIENSHE

Fig. 4 1277 K TORENLBSIBIME 2 =4, #igE
HEEAMICHML TWA, MR 2L Cr s 12 A, 25
ADEEBAELE>TVE, MREMKROBKMEIL 77 K ©%
2R BETH - 7.

Fig. 5 12 [Co(8 A)/Cr(YA)l, @ 77 K D BAFIRLAL & 52 SR
LD (M/M) & MR o> Cr BEKEHATT CE6 &b
HR). CrEE£2&ba ¢ 2 L BRIREEAPH 12A 0B
THRET 2 LA S N, MR Lo/ RO EETEHES
LTW3,

F7, Co/CrZD MR HRBHEAWN 2% TH v, Fe/Cr Ric
ExThlspphadtiot, OBV ELOZERY LY
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Fig. 4 Magnetoresistance curves of [Co(8 A)/Crls
multilayers with the magnetic field applied in the
perpendicular direction to the film plane. (a) [Co(8
A)/Cr(9 Ao, (b) [Co(8 A)/Cr(12 A)ls, (c) [Co(8 A)/Cr
(20 A)Lo, and (d) [Co(8 A)/Cr(25 A)Lo.
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Fig. 5 Residual magnetization ratio M;/M, and MR

ratio of [Co(8 A)/Crl, multilayers as a function of the

Cr thickness.® -

Fe/Cr % Cit down X E v DIZHEBETFH Fe © 7 « )V I TR
LAEFYy+ VECIOT7 2 VIETRUBRF V¥ v U
BIEFE—T 31, down X E YEFOIEINTHY MR I
BERKICHSE Fei2CokERABDE, TOTDODRT VY %
WIZBOHTE, MRS THS. L L, MR Fe/Cr
FRO¥NBEEICR 3 ETHEAATEY, ERER I hICHKXT
I/ EL. Thid, HEMCo & CroRBEL fcc &
BELTOWANER T CoHSEAT hep BT Cr b8 bec 8
BTHBEB—RHELTELLNS.
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Co/Cr AT#Fid Co DIEESHL 155 L BERBLEE L -
7-. BB/ EREE, O3 ATHKRTT, Rmick->THL
ZHSREAHE RKRREZHC CERNNICHHET & 5.

Ka=Kv+2K./tco (3.1)

TTT, K REDREHER, te i CoBOESE, K,
HAABKR Iz x V¥ —, Ky REBREBIRAE 2V
F—7, BHBORBAT A V¥ —PERBIRAHERT.
Koo OMERERNICI, BEE2ETERARS L CEAFRIC
Himl - & xom{tihgiclT h-mBb o Rkdoh 5. Th
5OBEDP D, KelcoZ tco T7 9 v b LIER% te,=0 [h 4§
T3 ticd->TKMB5h 5, Fig. 6 i Co/Cr ATH
FOZRBTOERERTH 3. BN_FLETEHR 7> LT
Ks, Ky B3 s 2hZh, 0.75erg/cm? —9.8X10° erg/
cm® 3B L h, KEXUBHBKRAIHEEZ -, ChoDER
Zabel &5 OHENE FIF—HL TV 3,

3.5 X@ESE
SHFESERAFET 5 p Bt oOR IS WTEL
3. RBEAERORESDBEVCE - TEE LT UEROHB
{LRiBHEZ 5 5219 Co/Cr ATHF TR Fig. 3(c) D &
SIAEY 7Yy 7EREITHRbESBIE S L.
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Fig. 6 Ker tco versus tco of [Co/Cr(18 A)l, multilayers
at room temperature, where K. is effective per-

pendicular magnetic anisotropy constant per Co
volume and ¢, is Co layer thickness.
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Fig. 7 Simulations of M-H curves for multilayers
with perpendicular anisotropy K and antiferromag-
netic coupling J. (a) K> —J/3t, (b) K< —]/3t wheret
is magnetic layer thickness.
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E=—]cos(¢~¢;)— M, tH(cos ¢, +cos ¢,)

—Kt(cos® ¢, +cos? ¢y) (3.2)

ERT. IIT, ¢, ¢ AV AE IS 3B{LOME,
M, BBAHAREY 2 ) ofafniil, J 3BAERE Y 0
HAEYR KIRBEOMNRLED L BARERTH 5.
MG E 3 EEEE AR (BCEBMAE) &L 525
NEBBICH L T2V F—BB/MEER E B LD ¢, 62 %
BABEK L]/t DK/NEFED S Fig. Tmd &H4 25
HoBtHEHE 5N 5. Fig 3(c) 0B BV EERE
HEAEMD D, AFEA» OFH#EAEE I REBEECL
TW2EEZONB, IDEE, REV 7Y 5 74 TR
i3

Heip=—J/M t (3.3)
THEALND. LIh-T, Hyup 2RIET AT &ic&-T T %
RKDBEHBTEB,

ZEEOBE R, NORHBRI - ~oREELES LTV
S51HAEY TNy FRETHEEIR 2 {2273,

Hup=—2J/Mt (3.4)
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DOEEN8A DL EIF553x10%erg/cm® 121, ] &DF/N
BifRs H#d 2L - J/3t=1.00x10% erg/cm® T, K> —]/3t
LB, Thid Fig T(a) OB 2/ T 2R L, EB
T3,

4. ¥ & B

MBE &% HW, €% % ¥+ 1 Co/bee-Cr(001) ATHF
L, ZoHEREE RSBV THE~ L.
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Erd 5T &b,

(2) ConfEE+#M< T4, REBIRIHMIHESH

592

o, BLEHRD SEMRILHARAREREZREG D, KXK
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