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(1) 1986 fEFe/Cr/Fef Ktk R BIE A& W 5 5 2 B FE S 3 by

.

VOLUME 57, NUMBER 19 PHYSICAL REVIEW LETTERS 10 NOVEMBER 1986

REVIEW LETTERS

Layered Magnetic Structures: Evidence for Antiferromagnetic Coupling
of Fe Layers across Cr Interlayers

10 NOVEMBER 1986 P. Grﬁnberg, R. SCh[’ﬁibEl’, and Y. Pang‘“)

d
s

<

2
ti ) o
/ SRR
i 2
_Qr_{_% light

reflected light Kernforschungsanlage Jiilich, 5170 Jillich, West Germany

and

M. B. Brodsky and H. Sowers

Argonne National Laboratory, Argonne, Illinois 60439
(Received 10 June 1986)

scattered

We investigated exchange coupling of Fe layers across Au and Cr interlayers by means of light
scattering from spin waves. For Au interlayers we find a continuous decrease of this coupling to zero as
the Au thickness is increased from 0 to == 20 A. For Cr interlayers of proper thickness we find antifer-
romagnetic coupling of the Fe layers. In small external fields such double layers order antiparallel with
their magnetization perpendicular to the external field, in analogy to the spin-flop phase of antiferro-
magnets.

PACS numbers: 75.30.Ds, 75.70.Dp




(2) 1988 &AM =R EFEEBN(GMR).

MAKFLNERD RIRFTFY

[ Fe/Cr]n
nano-magnetic multilayers

(Fe 30 A/Cr 12“35

(Fe 30 A/Cr9d),
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-4l -1 -2 -1 ] 0 0 3 Ll
Magnetic tield (kG|

FIG. 3 Magnetoresistance of three Fe/Cr superlattices at 4.2 K. The current and the applied field are along the same [110] axis
in the plane of the layers.
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M.N. Baibich and A. Fert etal., PRL 61 (1988)2472.

Fe/Cr/Fe “’
Sandwich structure \

-1500 000 -500 0 , 500 000 1500

— —_
e e
& &
— c—
G P
L Lt
= g
o]
= =

, 15

*|(c)

0 10
5 )
~0 1 3
e as - 05

£ =<

< =
e P

-L00 -300 -200 -100 O W0 300 300 400

B (10°T)

B (10°T)
(d) ®
_ie/zso/k
o) @ 22 2 \o

-B00 -0 -500 a 500 000 500

B (10°T)

FIG. 2. (a)=(b) MOKE hysteresis curves and (c)-(d) magnetoresistance AR/ Ry =(R = Ry)/R: from Fe double layers with anti-

ferromagnetic coupling. Also, (d) displays the anisotropic MR effect of a 250-A-thick Fe film,
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(3) Oscillations in Exchange Coupling in Metallic Superlattice Structure

Si(111)/Ru(10nm)/[Co(2)/Ru(d)]y/Ru(5)
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FIG. 3. (a) Transverse saturation magnetoresistance (4.5
K) and (b} saturation field (300 K) vs Ru layer thickness for
structures of the form Si{111,/(100 A) Ru/[20 A) Co/lrr.
Rul:/(50 AYRu deposited at temperatures of ®, 40°C; O,
125°C; x, 200°C,

S. S. P. Parkin et. al., PRL 64 (1990) 2304

FIG. 1.
[112] direction from the structure, Si(111)/(100 A) Ru/[(18
A) Co/(8 A) Ruly/(50 A} Ru. The sample was deposited at
40°C.

High-resolution micrograph taken along the Si

Si(111)/Cr(10nm)/[Fe(2)/Cr(d)]y/Cr(5

bt
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Saturation Freld (kDe)

Cr thickness (&)

FIG. 4. (a) Transverse saturation magnetoresistance (4.5
K) and (b) saturation field (4.5 K} vs Cr layer thickness for
three series of structures of the form Si(111)/(100 A) Ce/[{20
A) Fefte, Crln/(50 A) Cr, deposited at temperatures of & m,
40°C (N=30); 0. 125°C (N=20),




(4) Adopt RKKY-like theory to explain GMR oscillation effect
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(5) Bruno set up electron-optics model to explain GMR oscillations

€ Theoretical simulation:

€ clectron-optics model given by Bruno for the interlayer AF coupling density of
J in the stacks of FM/NM/FM

R rl 2 k2 2. d h -
T~ I Too EEFEFJ E —9(1— ]_ i T T _Eszh

€ from Fabry-Perot-like interferences of the electron Bloch waves in the
Pt(t)/Co(h)/Ru(d)/Co(h)/Pt(t) stacks

—2
‘_,Tm[' ﬁﬂ } I { ?‘i} i) Qikpd 2 {1—?‘2 ](i_i_i}—ﬂeﬁikpd—kﬁki,h

i — e r
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€ P.Bruno, Europhys. Lett. 23,615 (1993); JMMM 121 (1993) 248 ;
® JJ

. de Vries, et.al., PRL 75 (1995) 4306.




(6) Electronlc stfucture for Co/Cu/Co and Fe/Cr/Fe
systems from Layer KKR first principles calculation

T'Ir T ] | Ll 6 1 ) é
. Co Cu Co | | Fe Cr Fe | \
S 6f 1 2 sk, i I
o) &) }
+— —
xz ._._._.m,?un-n-n-n-n-n-n-n-c:.‘J_-_'_‘H ] g \ /
S St § | | 1 £ 4t -
= . = | ]
3 " '. o Vs o,
E 4t ' .r :]_1 T E 3F m ~<g-0—0-<g—-0 g -0 7]
i o-O0-0-0-o0-0-0 -O0-0-0-0-0-0 | i
a b
3 i i i i ) 2 1 1
0 3 10 15 20 25 0 5 10 15
Lavyer number Layer number
Co/Cu/Co R %;: Fe/CrIFe R 4::

majority-spin i_i‘_llﬁﬁﬂ, HL - HU 99 5 majority-spin i_i‘_TIT_E@B, HE, ST
minority-spinifliE AVLAC, L FHUR S minority-spind@ g UL, HL 7 55
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(7) 1991F BRI skEL# #L H T MK TS R IRA A5 & B IR

PHYSICAL REVIEW B VOLUME 43, NUMBER 1 1 JANUARY 1991

Giant magnetoresistance in soft ferromagnetic multilayers

B. Di:n}r,"' V. 5. Speriosu, S. 5. P. Parkin, B. A. Gurney, D. . Wilhoit, and D. Mauri'
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 951 20-6000
(Received 25 Tuly 1990; revised manuscript received 21 September 1990)

We show that the in-plane magnetoresisiance of sandwiches of wncoupled lerromagnetic
(Miy Feja, NiggCozm, Ni) layers separated by ultrathin nonmagnetic metallic {Cu, Ag, Au) layers
is strongly increased when the magnetizations of the two ferromagnetic layers are aligned antipar-
allel. Using NiFe layers, we report a relative change of resistance of 5.0% in 10 Oe at room tem-
perature, The comparison between different ferromagnetic materials (alloys or pure elements)
leads us to emphasize the role of bulk rather than interfacial spin-dependent scattering in these
structures, in contrast to Fe/Cr muliilayers,

2.5 i | } } -
F._Eﬂ :_Hinph:lil;r“ EA \."\. {B) B AMF
s 15 "i -
g ! - Spin-valve
08 - \1‘1 '—_
n A B ‘:‘h‘"’“M
200 b 200

H {De]
FIG. 1. Magnetization curve (a) and;elaliv: chanin in rﬁi;'-
tance (b) for Si/(150-A NiFe)/(26-A Cu)/(150-A NiFe)/ ;
(100-A FeMn)/(20-A Ag). The field is applied parallel to the B. Dleny et al" PRB 43 (1991)1297
exchange anisotropy field created by FeMn (EA). The current
is lowing perpendicular to this direction.




Zhang et al.,
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JAP 69 (1991)4786
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FiG. 2. The magnetoresistance ratios Ky  and K,  where
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produce the best fit to the experimental data at T e 4.2 K given in Refi.
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Ap=19 & A =055 (f, + ), and pfp, = 12: (a) az a function of
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W.P. Pratt et al., PRL 66 (1991) 3060.
PHYSICAL REVIEW LETTERS

VOLUME 66, NUMBER 23

Perpendicular Giant Magnetoresistances of Ag/Co Multilayers

W. P. Pratt, Jr., S.-F. Lee, J. M. Slaughter,™ R. Loloee, P. A. Schroeder, and J. Bass
Department of Physics and Astronomy and Center for Fundamental Materials Research,

Michigan State University, East Lansing, Michigan 48824

(Received 22 January 1991; revised manuscript received 11 April 1991)

TOP Nb STRIP—

SAMPLE —

A

BOTTOM Nb STRIP=—

SUBSTRATE—

FIG. 1. The sample shape. The CPP-MR is measured using
the top and bottom crossed Nb strips with the current injected
at e and removed at f and the emf measured between g and A.
The CIP-MR is measured by sending current from A to B and
measuring the emf between 4 and B.
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Fig. 1. Resistance as a function of the magnetic field for 1000 A
Fe/Al,O, /1000 A Fe junction.

T. Miyazaki et al., JIMMM 139(1995)L231
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CoFe/Al-Ox/Co MTJ E 1

t
|

COFe/Aizosft::o i
JUNCTION
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FIG. 2. Resistance of CoFe/Al,0;/Co junction plotted as a
function of H in the film plane, at 295 K. Also shown is
the variation in the CoFe and Co film resistance. The arrows
indicate the direction of M in the two films (see text).

J. S. Moodera et al., PRL 74 (1995) 3273
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Ir-Mn AFM material, K. Imakita et al., APL 85 (2004) 3812

APPILIED PHYSICS LETTERS

VOLUME 83, NUMEBER 17

25 OCTOEER 2004

Giant exchange anisotropy ohserved in Mn-Ir/Co-Fe bilayers

containing ordered MnsIr phase

Ken-ichi Imakita and Masakiyo Tsunoda®

Department of Electronic Enginesring, Graduate School of Engineering, Tohoku University,

Aoba-yama 05, Sendai 980-8579, Japan
Migaku Takahashi

Department of Electronic Engineering, Graduate School of Engineering, Tohoku University, Aoba-vama 03,
Sendai 950-8579, Japan andNew Industry Creation Hatchery Center, Tohoku University, Aoba-yama

56 100 150 200

Substrate temperature, Ty, (°C)

FIG. 1. Unidirectional anisotropy constant, Ji. of MnTIr/Co—TFe bilayers FIG. 2. In-plane (a) magnetization curves and (b) magnetic torque curve of
annealed at various temperature, T, in the in-plane magnetic field of 1 kOe.
The horizental axis corresponds to the substrate temperatwe, T, during the
deposition of the Mn-—Tr layer.
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Table 4.1. Characteristics of spin valves using various types of antiferromagnets

AF films FeMn IrMn
thickness(nm)
Neel temp. 230 420
°Cy
Blocking 150 250
Temp. (°C)
Exchange 420 450
bias ficld
(Oc)
Corrosion X O
Resistance
Reterences {3] {4]

NiMn

<25

797

370

450~860

O

(5]

PitMn

1O~-15

702

380

500

O

(6]

e e e me e C e e e

N:tO fx—lfc_,():m ’1‘
<500 <500
250 680
200 250
200 4075
O O

(7}

19




GMR/TMR#EX#1 #8940 1L

(1) & B 7eRAL F4RAEA T

FM Ni Co Fe NixFes | CoxFess | CoxFeeBx | Cx0: NiMnSb | LSMO
P(%) | 33 45 14 48 al 89 94 98 95
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Materials
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PHYSICAL REVIEW B VOLUME 59, NUMBER 18 1 MAY 1990-1
Oscillatory interlaver coupling in Fe/Mn/Fe trilayers
Shi-shen Yan

Institut fiir Festkorperforschumg, Forschungszentrum Julich GmbH, D-32425 Julich, Germany
and Department of Physics, Shandong University, Jinan, Shandong 250100, Peaple’s Republic of China

R. Schretber. F. Voges, C. Osthover, a P. Grunberg

Institut fur Festkorperforscinmg, Forschungszentrum Julich Gm T =BebadsMlich, Germany
(Recetved 13 November 1998)

FeMn/'Fe wedged-shape sandwiches were prepared by molecular beam epifaxy under optimal conditions.
The 1nterlaver coupling measvred by magneto-optic Kerr effect 1s very strong for thin Mn layers. The canted
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FIG. 2. The Mn laver thickness Dy, dependence of the satura- _ )
tion field H;. The inset shows the details of the saturation field FIG. 3. The Mn layer thickness D,y dependence of coupling
oscillations. angle f in remanence.
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Direct Evidence of Spin Polarization Oscillations in the Cu Layers
of Fe/Cu Multilayers Observed by NMIR

Q. Y. Jin,* Y. B. Xu, H. R. Zhai, C. Hu, M. Lu, and Q. S. Bie

National Laboratory of Solid State Microstructure, Department of Physics, and the Center of Materials Analysis,

Nanjing University, Nanjing, 210008, China

Y. Zhai
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Evidence of the existence and distribution of an induced spin polarization of the conduction electrons
in the Cu layers of Fe/Cu multilayers has been obtained by nuclear magnetic resonance (NMR). Fine
structure associated with the spin-echo signal of #*Cu and **Cu nuclei shows that the spin polarization
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28 FIG. 1. Low-angle x-ray diffraction pattern of a Fe/Cu mul-

tilayer on a glass substrate.

: in sign, similar to the characteristics of the RKKY interaction.
the period of the oscillations cannot be determined solely from
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Density of states (DOS)

First-Principles Theory of Quantum Well Resonance

in Double Barrier Magnetic Tunnel Junctions
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Nano-Ring MRAM using Spin Polarized Current Switching
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Current-Induced Switching of o
Domains in Magnetic Multilayer L
Devices |

E. B. Myers,' D. C. Ralph,' J. A. Katine,” R. N. Louie,?
R. A. Buhrman?®

39

Cu SigN4Co E‘:u Co

#2

NN

ww.sciencemag.org SCIENCE VOL 285 6 AUGUST 1999 P.867

{Positive current)
VoA

dV/d/ (ohms)

[Hegatlm? current)

il

Electron flow

(Positive current)
(v

B
a0}

30L=

0
—
2

14} u

O
[ T
[= TN §

o




3 APRIL 2000

G PEBIPE MRS QSR S N———— =—-——---

VOLUME 84, NUMBER 14 PHYSICAL REVIEW LETTERS

Current-Driven Magnetization Reversal and Spin-Wave Excitations in Co/Cu/Co Pillars

J.A. Katine, F.J. Albert. and R. A. Buhrman .
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Current-Driven Magnetization Reversal in a Ferromagnetic Semiconductor
(Ga, Mn)As/GaAs /(Ga, Mn)As Tunnel Junction
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Mutual phase-locking of microwave spin torque
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