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magnetic head industry
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magnetic recording hard disk drive

Hard Disk Drive Basics
Rotating Thin Film Disk

Suspended
MR Head

ey

Track width

| Track Densi

'L A Recording Track
' (rrccks/in.)ty{
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\— —
Linear Density (Bits/in.) "
Slider/MR Head
Areal Density = Linear Density x Track Density
(bits/in?) (bits/in) (Tracks/in)
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magnetic recording

) Mdghétic Reéording Prbcéss |
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TWrite Current

Read Current l

Shield 2
MR Sensor

Track Width Shield 1

R

Magnetoresist Inductive

Magnetization Read Element Write Element

Recording medium
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magnetic recording

Magnetoresistive Head Technology

e

R.A. Scranton
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head/media spacing

Magnetic/Physical Spacing Perspective
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Ansiotropic Magnetoresistance!

AR
* R

— AAMR X COS [Omagnetzzation - gcurrent]
e origin: spin - orbit interaction
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Fig. 21. A plot of the anisotropic magnctoresistivity ratio as a functio®

of alloy composition for Fey_,Vy (Sueda and Fujiwara |67]).

1T R. McGuire, et al., IEEE Trans. Mag. 11, 1018 (1975).
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AMR Recording Sensor?

e £+ G
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Figure 6. Air bearing surface view of a 5 micrometer track

h // width MR head with combined pole/shield layer. Read gap-
Vi to-trailing pole dimension is 3 micrometers.
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CONDUCTOR ELEMENT (c)

Fig. 10. (a) Conceptual sketch of a shielded magnetoresistive head.
(b) Close-up of the magnetoresistive sensor: A is the ferrite substrate.
B is the initial SiO, gap (2,000 A). Cis the permanent magnet bias
layer containing 75 A Ti, 150 A Fe (then oxidized, 250 A Ni-Fe and
75 A Ti. D is a spacer layer of SiO; (1,000 A). E is the magneto-
resistive film (200 A). F is a SiO5 gap (3,500 A). G is the perm-
alloy shield, part of the write head [23]. (c) Shunt biased magneto-
resistance sensor. Biasing is obtained by passing a portion of the
excitation current through a conductive nonmagnetic layer in
intimate contact with the magnetoresistance element. The element
is offset in the gap so that the coupling with one shield is enhanced
[27]). .. Hy /Ky +Hg)

(b)

Fig. 8. (a) The effect of demagnetization due to strip width on t VOLTAGE
anisotropic magnetoresistance ratio. The solid curves are calculatc g
The data for all stripe widths (3 to 100 um) and film thickness ('
or 200 A) fall within the error bars of the single set of data poin
This is because the horizontal scale has been normalized using ¢
demagnetizing field Hy = (tM)/(uow). This scaling differs by
factor of twenty among different samples. (b) Magnetoresisti
curve showing biased operating point P. The dashed curve sho
the ideal quadratic shape that would apply in the absence of dem:
netizing effects.

-H

2D.A. Thompson, et al., IEEE Trans. Mag 11, 1039 (1975), F.B. Shelledy,
et al., IEE Trans. Mag. 28, 2283 (1992).
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1 Gbit/in2Head

W, e A A P

3 Gbits/in2 Head

Total Read Gap

0.25 um

0.20 um

Sensor/Shield Spacing

<1200 A

<1000 A

Read Trackwidth

1.1 um

MR Film

150 A

Sensor Height

Flying Height

TAA (Signal Amp.)




AMR Head Basics
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Some MR Head Biasing Techniques

Mcgnetor.,es?lsﬂVé;He_c’d‘%Biqsing“-

Alternatives. - -

o al
P

ﬁt Vertical MR

Technology Advocate Advantages )
IBM Over 100M heads in
Quantum operation
Seagate i ;
| HiTochi. 3 Gbit/sg.in. demo
| RogBias Soft Adi Lover  Hard Bios ES,?S% Rite Simple, high yield
1 Am Fiim TDJK process
Soft Ad|. Layer, Hard or Exchange Blas AMC
Headway Large output
Thermal spike
protection
Sony Thermal spike

protection

Constant output
with frackwidth
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MR heads

Magnetoresistive Head Blasing Alternatives
Technology A

Disadvantages
Over 40M heads in
JRMM operation
: —— 1 Gbit/sq.In. demo
B L fsa
Hard Blas .Layer  Hord Blas imple process
Him Him FUJITSU Pep
Soft Adj. Layer, Hard or Exchange Blas
.35 Complex structure
EP/ Large output 2 MR films
: eadway Thermal spike %-2 o?\diﬂonclﬂco?tccts ;
exchange structures
7 protection Interstripe shorts
4 Matched., aligned MR'’s f
Unproven ’
Barkhausen nolse '
seagate Simple structure sensiivity :
y _— L, Single level MR fim Rotates | notM :
WRT easy oxis
NiFe
MR Fim Unproven
Barberpole/Bottieneck shape fim

IBM Advanced Technology
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High Density Fabrication?

TABLE |
Lithography Comparisons - DRAM[4] vs Film Head[3]
(volume production)

YEAR Minimum Feature-DRAM Minimum Feature-Film Head

1980 3.00um 84 Kbit 23.0um 12 Mbit/in?

1984 1.50um 256 Kbit 16.0um 24 Mbit/in? TW=05p
1988 0.90um 1 Mbit 11.0um 50 Mbitin? SH=05
1990 0.60um 4 Mbit 6.0um 150 Mbivin? =UoH
1993 0.50um 16 Mbit 4.0um 350 Mbit/in? '

1996 0.35um 64 Mbit 3.0um 800 Mbit/in?

199X 0.25um 256 Mbit 1.0um 5 Gbivin?

200X 0.18um 1 Gbit 0.7um 10 Gbit/in?

Fig. 3. SEM Photomicrograph of Submicron Contiguous Junction
Sensors

© Jonmll - .
=form junction 286pU

f,/.-{m&;zm::-;%:’

7

E244-51174

sh e emremn

Hftoff materals
Andl frackwidih formed

W - kayer —leads
Bl —resist d-longitudinal bias

: Fig. 4. Transfer Curve of Submicron, 0.5 um x 0.5 um, Contigucus
Fig. 2. Process Sequence for Contiguous Junction Structures Junction Sensors (horizontal scale 50 Oe/divison)

2R.E. Fontana, Jr., et al., IEEE Trans. Mag. 32, 3440 (1996)

[l
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High Density Longitudinal Stabilization’

600 r v T T -
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[ e 1 Fig. 3 MR responses of unshielded MR sensors (a) overlaid with o Ni-Mn
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—. 200 reg
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e . . - .
0 e S ;50 Flg‘ 4  Microtrack profiles of shielded MR sensors (a) overlaid with o
0 10 20 30 40 Ni-Mn film in tail regions and (b) abutted with a Co-Pt-Cr filim.

Co-Pt-Cr Film Thickness (nm)

2 a) M0 und (b) He of anncaled Co-Pi-Cr, Ni-Fe(12 nmyCo-Pi-Cr
(e Ni-Fe(12 amy films vs Co-Pi-Cr film thickness.

3T Lin, et al., IEEE Trans. Mag. 32, 3443 (1996)
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CoPt and CoPtCr for longitudinal bias

High coercivity CoPtCr, CoPt films deposited at high power and high bias
conditions for hard bias applications in magnetoresistive heads

2500 FTTTTTOUT | BLANLARNL SN B San S i

G. Choe, S. Funada, A. Tsoukatos, and S. Gupta E
Marerials Research Corporation, Route 303. Orangeburg, New York 10962 . 0
We repont, for the first time, coercivity values greater than 2000 Oe with Mr: values of 3.0 2000 £
memu/cm? for Cr/CoPt,,Cr,5 and Cr/CoPty, bilayer films deposited by dc magnetron sputtering at F 0.8
room temperature. CoPtCr films sputtered at a deposition rate of 98 Ass and high bias voltage (Oe) £
showed H, of 1965 Oe with M rr of 3 memu/cm?, while CoPt films sputtered at 99 A/s and moderate £ 07
substrate bias showed H . of 2350 Oe with M r1 of 3 memwcm?, X-ray diffraction studies indicated 1500 & )
that Co(10.0) and (11.0) texture leading to in-plane orientation of ¢ axis are promoted in the films £ Mrt ~ 3 memwem 2 3 06
sputtered at high deposition rate and bias conditions. Furthermore, the grain-to-grain epitaxy F Substrate bias = -100 V
between the Cr underlayer and the Co alloy layer as well as the dense Co grains growing in a 1000 L_A T SE N EF N SR

0 50 100 150 200

columnar shape without voids resulted in higher H_ and Mr: without degradation of coercive

Deposition Rate (f{/sec)

squareness. Plots of A, vs M r¢ for films deposited under the optimum bias conditions offer a wide
range of useful H. and Mri combinations for hard bias applications in magnetoresistive heads.

© 1997 American Institute of Physics. [S0021-8979(97)16008-X]
FIG. 1. Variation of H,, S, and S* for CoPt;,Cry5
deposition rate (substrate bias=— 100 V).

films sputtered at varying

2250 e ey 2800 prrrrprrrrprrrrprrerprrer R
* B .
: S E v QGOOE Substrate bias: 400 V
L ! f 1 F
2000 - L— s : 200k
0 Hc q 98 3 a2
(00 | : 322005
< 3 © 2000 |
1750 |- 3% = 5
i . 1800
[ Dep. Rate @ 0V bias : 140 Ajsec 7 °¢ 1600 | O COPICr (140 A/sec)
b Mrt = 3.0 memuw/cm : - —e— CoPt(99 A/sec)
1500 L b b Lo b gy g 15 05 1400 Sdn b Loyl by il
05 1 15 2 25 3 35 4 45

0 100 200 300 400 500 600 700
Substrate Bias (-V) Mrt (memu/cm ? )

FIG. 2. Vaniation of H_, S, and §* for CoPt;,Cr4 films sputtered at varying F;G' 4. He vs Mrt for CoPuzCry and CoPry films sputtered at ~400 V

substrate bias (deposition rate at 0 V bias= 140 .i./s). bia

2500 ey
2250 3%
(Oe) 3 0.8

2000 3
407

1750 ]
Dep. Rate @ 0V bias : 108 Alsec J %°

Mrt = 4.0 memw/cm?

1500 I W WY NN 0.5

0 100 200 300 400 500

Substrate Bias (-V)

FIG. 5. Cr.oss-scctional TEM view of CoPt;,Cr,; films sputtered at 127 Ass,
‘—400 V bias onto a Cr underlayer: (a) bright field image and (b) dark field
image.

FIG. 3. Variation of H,, S, and S* for CoPty, films sputtered at varying
substrate bias (deposition rate at 0 V bias= 108 AJs).
Choe et al. 4895

) Bruce A. Gurney

J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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Role of atomic mass of underlayer material in the transition noise
of longitudinal media (abstract)

Tadashi Yogi,® Thao Nguyen,® Steven E. Lambert,®
Grace L. Gorman, Michael A. Kakalec,? and Gil Castillo
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099

- grain isolation and underlayer

600
—_ 4743 J. Appl. Phys. 69 (8). 15 April 1991
(3]
QA0E e ;
£ o Yo
\: 200F  TT=~T :_ 0.08 T T T T
=
0 L " , N —e W
o 5 10 15 20 25 006 = |=—= Mo — T
1.0 T - v v e—e Cr R
. 7
i : g
0.8 1 \ - } 0.04 - /’ L] -~
- M - z + ./
(7¢] \’\
0.6t T g 002 // -
T - /' ./. i
0.4 2 " s " /:/./
0 5 10 15 20 25 -
2000 T v T — 0.00 ! 1 1 1
0 1 2 3 4 S
m Lot x10°
3 1500 7T Unear Denslty (fc/mm)
;’ 000 .\"-~- _‘;::.'__—-—-———l
1 r ptd 4
l—-l/
Figure 2. Normalized media transition noise as a function of lincar density for Cr, Mo
500 ~L ! = + and W underlayers for 6 mTorr sputtering pressure. Cr data from Ref. 5 and W data
0 5 10 15 20 25 from Ref. 6.
Py (mTorr)
0.06 T T T T
[} —s W
(ﬁ \ L Mo
= 004 F ‘ -
E . @ — Cr
E .
N
8 .
S 1N\
g "
& 0.02 \ \ .
—_—
0.00 | 1 1 |
0 S 10 15 20 25

Py (mTorr)

Figure 3. Media transition noise at 2000 fc/mm‘normahzcd to the basc-to-pea
isghtcd pulse amplitude as & function of sputtering pressurc for Cr, Mo and W
underlayers of 100 nm in thickness. Cr data from Rel. 5.
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FIG. 8. Change of local resistivity for overlay MR head.
P i i 5
erturbation From The Write Head
. wlolelrlplotritobrms N
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R
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FIG. 7. Biasing state of overlay MR sensor. The vertical lines represent the lead/hard-bias contact locations.
T - ' Z
E Z
Lead Overlay MR Lead Z {:H
PRecomns5e .. "
T R LR S22
D000 TN 3

Contiguous Junction MR

SAL

Hard Bias Tri-layer Hard Bias

o 80 160 N
FIG. 2. Cross-sectional schematic view of MR sensors.

FIG. 6. Biasing state of contiguous junction MR sensor.

°S. Yuan, et. al, IEEE Trans. Mag. 32, 3461 (1996)

==237% Almaden Research Center Bruce A. Gurney
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materials requirements for magnetic
recording heads

Table I: Materlals Requirements for Magnetic Recording Heads.

Property

Reason

Large saturation magnetization

High permeabillity at all frequencies

Small coercivity with low hysteresis
losses

Small but nonzero uniaxial anisotropy

Low magnetostriction (negative A,)

High resistivity

Wear resistant

Corrosion resistant

Good thermal and time stability
Low forming effect

Large gap field

Easier fabrication process

High efficiency over wide
frequency range

Low thermal noise

Control of domain structure and
permeability at high frequency

Low media contact noise and
anisotropy control

Minimize eddy current losses
and improve high frequency
permeability

Long life

Long life

Reliability

Easy and reliable manufacturing
process

8T, Jagielinski, Materials Research Society Bulletin 15, 36 (1990).

=357 Almaden Research Center

Bruce A. Gurney



M-H loop definitions

800 Mrd =1.61 memuwcm*2

600,

3

:

Hc =1658 Oe
S =078
S* =0.83

Magnetization (emwcm**3)
‘ =]

3

-600+

S=MrMs

Mr\

o =300A
Mr =537 emuwcm™3

-8m T T T v
-5000 -4000 -3000 -2000 -1000 0
H (Oe)

1000 2000 3000 4000 5000

Bruce A. Gurney



magnetization

e magnetic moment quantized: up = eh/2mc = 0.92 X
107 erg/G
e orbital contribution quenched by crystal field: electron spin
dominates.
2

e example: generalized Slater Pauling curve:

3.0 T T T T T
© Fe-V
FIG. 1 Generalized Slater-Pauling curve. Magnetization g :
per alloy atom versus average magnetic valence. e 28,
Magnetic valence (ZmEZN’—-Z) is an integer for g x
each column of the periodic table; it is the nega- 3 *
tive of the valence charge Z, except for the Fe, g 20 f
Co and Ni columns, for which 2N; = 10 gives 2 o
Z,, = 2, 1 and O respectively. The 45° line cor- 3 .
responds to a fixed number (0.3) of sp up-spin < sk v
electrons. The experimental data were taken g ’
from Refs. 2 and 8. £ :
§ 10F
Q L]
!
0.5 -
total moment u = (nt + n|)pp g
valence N = n| + nq 0.0
-1.0 -0.5 0.0 0.5 1.0 1.8 2.0
= AVERAGE MAGNETIC VALENCE
band structure n| = ng| + ngp| :

for Ni, Fe, Co: mgr & 5, ngpr = 0.3

SO

p=(2(2ngy + ngpr) — N)pp = (10.6 — N)up

(Fe:Z=8, p=2.64 g(2.22 meas) (Co:Z=9, p=1.6p g(1.72) (Ni:Z=10,1=0.62 5(0.60)
2AR. Williams, et al., IEEE Trans. Magn. MAG-19 (1993)

£ =552 Almaden Research Center Bruce A. Gurney



vibrating sample magnetometer

N

VSMm3

sensitivity ~ 2 X 107° emu for 7 &~ 1 sec
or about 1 ML X 1 cm? of Fe

35. Foner, Rev. Sci. Instrum. 30, 548 (1959).

TEIs Bruce A. Gurney



alternating gradient magnetometer

hl
AGM* P "
. Fy:m‘ 3y
b4
(c)
(d)
CLAMP LOCK-IN A o€ SIG
ELECTROOES —é'ooul' -pode N 6 .
—€t° REF IN
BIMORPH
0sC A:B
GRADIENT
EXTENSION COILS
AC FIELD
GRADIENT SAMPLE
y 0sC

FIG. 1. Configuration of the magnetizing and gradient ﬁ?lds (a) and (b);
the bimorph, extension, and sample (c); and the overall system (d).

sensitivity ~ 1 X 107% emu for 7 & 1 sec

or about 0.1 ML X 0.1 em? of Fe

4P J. FLanders, J. Appl. Phys. 63, 3940 (1988).
Bruce A. Gurney

Almaden Research Center



FeN

Giant magnetic moment and other magnetic properties of epitaxially
grown Fey¢N, single-crystal films (Invited)

Y. Sugita,¥ K. Mitsuoka, M. Komuro, H.

Hoshlya, Y. Kozono, and M. Hanazono

Hitachi Research Laboratory, Hitachi, Limited, 4026 Kyji<cho, Hisachl, Ibaraki 319-12, Japan

5981

(2.31pus)

(2-8411'5) Fel

Felll

FIG. 12. Three sites of Fe atoms and their magnetic moments of
FCION2 after Slkumu

K =-584x10%rg/cc
easy axis : <111>

5c
‘”‘{m) (o) (viT) (ogT) 1) (o) (1)
1 1

| {
' \ H
¢ H ' '

! f

(x10°dyn cm/ce)
[o=)

J. Appl. Phys., Vol. 70, No. 10, 15 November 1891
3.0 O
3 o o,/é
o
4
e
’/
F L
- 2_5" //’ (o] 0O O
@ PR
L //
/,,
?’r (o} o] Fe“NI
M S S PR B
2'OO 5 10

Nitrogen concentration (at.%)

FIG. 6. B, as a function of N concentration in the epitaxially grown

Fe,N;(001) film on InGaAs(001).

Torque

1
wm

(a)

K,=48x10%rg/cc
easy axis: <100>

(100) (170) (010) (770) (T00) (T10) (0i0)
| | : 1 ] I '

(x10° dyn cm/ec)

Torque

4 H=10kOe
(b)

FIG. 10. Torque curves for () Fe;¢N;(110) (1000 A) film grown on
Fe(001) (100 A)/InGaAs(001) (Ref. 10) and (b) Fe;(N;(001) (500
A) film grown on InGaAs(001).
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the epitaxial martensite

We have been able to obtain a-Fe,¢N, films using an underlayer template to induce the epitaxial
growth of this metastable phase. They are epitaxial in the (001) direction and show single
crystallinity in plane. Furthermore, they are deposited by simple reactive nitrogen sputtering. They
have an average magnetic moment of 250 emu/g, considerably larger than the moment (217 emu/g)
for pure bec iron. Conversion electron Mossbauer spectroscopy gives three hyperfine fields
corresponding to three different iron sites, as expected for this structure. © 1994 American Institute

of Physics.
K. H. JACK
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E Fe ¥ é The % e 2738 Appl. Phys. Lett., Vol. 65, No. 21, 21 November 1994
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400 . é % 2 TABLE I. Mossbauer parameters for the @ Fey;N,. Here, & is the isomer
HARTEMS(TES % / ? shift with respect to a-Fe, € is the quadrupole splitting, H is the hyperfine
i!&;; % /ﬁ ficld, and S is the relative area for the three patterns.
jand i
300 - ioge i
e+l s Hy(Oe) S (%
1 3 5 7 9 Y (mm/s) € (mmys) u (kO¢) (%)
L S e e +—r— Ay Fel 0.02 -0.28 289 16.7
5 15 25 35 % Fell 0.12 0.11 313 38.4
Upper scale: weight % Nitrogen Fe lII 0.11 -0.13 .397 17.1

Lower scale: Nitrogen atoms per 100 lron Atorms
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crystalline anisotropy

origin: spin-orbit coupling (E : §)
depends on crystal symmetry: cubic, uniaxial, hexagonal, . ..

Fe | Ni
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torque magnetometry: apparatus
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torque magnetometry: curves

E = —MHcos(a—9)+Klsin29+---
= L = —8E/89
= MHsin(a —6) — K;sin 260 + - - -

Hard
L axis

Easy
oL s ™

. anisotropy from 5 Oe (NiFe) to 2 X 10* Oe

® magnetic moment

e rotational hysteresis
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effect of topography on FeN and FeN/AIN
magnetic properties

Effects of lamination on soft magnetic properties of FeN films

on sloping surfaces

Kyusik Sin, Chuei-Tang Wang, Shan X. Wang, and Bruce M. Clemens

Department of Materials Science and Engineering, Stanford University, Sianford, California 94305

We have found that the soft magnetic properties of FeN/AIN laminated films do not degrade on
sloping surfaces. The easy axis coercivities of FeN/AIN multilayer films are approximately 1.5 0c
and have little variation with slope angle, a. The anisotropy fields slightly vary from 13 to 17 Oe

when the slope angles (a) change from 0° to 60°. In contrast, single layer FeN films show a

significant degradation of soft magnetic properties with the slope angle. Residual stress does not
have a significant correlation with magnetic properties. The large coercivities and saturation ficlds
in the single layer FeN films can be ascribed to a change in the (110) texture of the films. © 1997

American Institute of Physics. [S0021-8979(97)91208-1]

4508 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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FeXN

3912 IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994

Effects of Nitrogen Content on the Microstructure
and Magnetic Properties of FeTaN Films

Jiang-Ching Lin, Lih-Juana Chen
Department of Materials Science and Engineering, National Tsing Hua University, Taiwan, ROC
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Fig. 4 Magnetostriction and coercive force versus annealing tempera-

twre at N, 12 scem and at 43K FeSiN Films for a Narrow Track Head

M. Kadono, T. Yamamoto, M. Michijima, M. Kyoho, T. Matsuda, T. Muramatsu .
Precision Technology Developmeat Ceater, Production Technology Development Group, Sharp Corporation
2613-1, Ichinomoto, Teari, Nara 632, Japan
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FeN/Al,O3 head

Magnetic and structural characterization of sputtered FeN

multilayer films

Michacl A. Russak, Christopher V. Jahnes, Erik Klokholm. Jo-Won Lee, Mark E. Re

and Buckncll C. Webb

T8M Rescarch Dicision, T, Watson Research Cener, Yorktown Heights, NY 10598, USA
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Fig. I. 4w M_ and nitrogen content determined by RBS. clec-
tron microprobe analysis and SIMS of ferromagnetic FeN
films as a function of nitrogen flow rate in the sputtering
chamber. Argon flow rate was constant at 75 scem. Sputtering
power was 16 W /cm? and M, ==10V.

Journal of Magnetism and Magnetic Materials 104-107 (1992) 18511854
North-Holland
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Fig. 2. A_ as a function of nitrogen flow m the sputtering
chamber and film thickness for ferromagnetic FeN films.

3870 IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994

Writing Performance of Narrow Gap Heads Made with Sputtered Laminated FeN Materials on
3800 Oe Coercivity Media

(Ben) HL. Hu, L. Vo, and Thao Nguyen
IBM Almaden Research Center, 650 Harry Road, San Jose, CA 95120
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Fig.4. Overwrite (1000/1 fc/mm) as a function of write currents for
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X-ray Diffraction and Magnetic Properties of Rapid Thermal Am}ealed Sendust
Films.

M.1. Ullah, K.R. Collcy, M.A. Parker and J. Kent lHoward

IBM - Storage System Division, San Jose, CA.95193 17
,6.0.8 L
sendust 8os |
. . 04|
Magnetic RTA Conventional 202
Parameters Anneal Anncal { |
(500°C/10min) (500°C/18hrs) o5} {
Easy-axis: g 0.84 . l ég.? )
Br./Bs, 0.81 i = 0. _ A
He. 0.22 Oe 0.24 Oe FegsS19Alg o8 vy
Hard-axis: 0.50 0.43 460 480 500 520 540
Br,/Bs . :
Hey 0.14 Oe . 020 RTA TEMPERATURE (°C)
; (initial) > 4000 > 4000 . .
#i ( Fig. 1. Effect of annealing temperatures on film coercivity
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Fig.6. AT'M images showing, a) cross scction of a RTA
sendust film while b) and c¢) compares the surface
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films, respectively.

Fig.2 - SEM cross-sections of annealed 6 gm thick Sendust films
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FeMO soft films

High resistive nanocrystalline Fe-M-O (M=Hf, Zr, rare-earth metals) soft
magnetic films for high-frequency applications (invited)

Y. Hayakawa and A. Makino .
Ceniral Research Laboratory, Alps Electric Co., Lid., 1-3-5 Higashi-Takami, Nagaoka 940, Japan

H. Fujimori and A. Inoue

Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Sendai 980-77, Japan

Microstructure, soft magnetic properties, and applications of high resistive Fe-M-O (M=Hf, Zr,
rare-earth metals) were studied. The Fe-M-O films are composed of bce nanograins and amorphous
phases with larger amounts of M and O elements which chemically combine each other.
Consequently, the amorphous phases have high electrical resistivity. The compositional dependence
of magnetic properties, electrical resistivity, and structure have been almost clarified. For example,
the high magnetization of 1.3 T, high permeability of 1400 at 100 MHz and the high electrical
resistivity of 4.1 u0} m are simultancously obtained for as-deposited Feg,Hf};Oy; nanostructured
film fabricated by rf reactive sputtering in a static magnetic field. Furthermore, Co addition to
Fe-M-O films improves the frequency characteristics mainly by the increase in the crystalline
anisotropy of the nanograins. The Coy3Feio Hf 14502, film exhibits the quality factor (Q
= u'l/u") of 61 and the u' of 170 at 100 MHz as well as the high Is of 1.1 T. This frequency
characteristics is considered to be superior to the other films already reported. The films also exhibit
high corrosion resistance in an isotonic sodium chloride solution. Therefore, these films enable us
to realize the high-frequency magnetic devices, such as thin-film indi . . . L
microswitching converters a):/xd ultrahigh-density recording heads. © EABLB L Magncuc propertics, electrical resistivity (o), and film structure

< or as-deposited Fe-M-O films.
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Fe/Co and Fe/CoFe

?lagnetic properties of ion-beam-sputtered Fe/Co and Fe/CoFe multilayer
ilms

Masakatsu Senda and Yasuhiro Nagai 672 Appl. Phys. Lett. 52 (8). 22 February 1988
NTT Applied Electronics Laboratories. Musashino, Tokyo 180, Japan
- i -6+ T T T T T \ .
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magnetostriction ()

origin: spin orbit coupling (E ° §)
definition:
A = AL/L usually defined from the demagnetized state to a
saturated state.

L=
r r- to1ol
1 | 1 I I
Ly L
. {1001
L=—1
al
} ! =
e
H
———

Ly 2 2 2 2 2 2
cubic: Ay = A1o0 + 3(A111 — A100) (@] + ajo; + oo
«; are direction cosines

isotropic:As = (3/2)Ao(cos®d — 1)

6 is angle from magnetization direction
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cantilever measurement of )\

cantilever deflection!® can measure A < 1077 for ¢ < 300 A
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10A. Tam and H. Schroeder, IEEE Trans. Magnetics MAG-25, 2629 (1989)
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rise time of write head reversal

Current dependence of the magnetization rise time in thin film heads

M. R. Freeman, A. Y. Elezzabi, and J. A. H. Stotz
Department of Physics, University of Alberta, Edmonton, Canada T6G 2J!

Time-domain optical measurements of magnetization dynamics can now be performed with
sufficient resolution to reveal the intrinsic speed of many structures relevant to magnetic recording.
Here we describe the behavior of the magnetization rise time at the air-bearing surface of a thin film
recording head, as a function of the amplitude of current pulses in the write coil. The spatial profile
of the magnetization on both sides of the gap is also examined through time-resolved, current
dependent measurements. Spatial resolution enhancement via a solid immersion lens allows domain
features to be discerned in the data. © 1997 American Institute of Physics.
[S0021-8979(97)23608-X]
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o 08¢} = FIG. 5. Stroboscopic scanned Kerr images showing dynamic domain behav-
- 8 ior on the head of Fig. 4(b) at the 0 dB level of current, (a) 1.6 ns and (b)
2 g4l / 25 © 1.85 ns, after the onset of current reversal. The imaged areas are 7.5 um on
3 ' | -oo a side. Light and dark shadings reflect opposite polarities of the magnetiza-
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FIG. 4. “*Spot"" measurements of the time-dependent magnetic response on
P2 near the gap (close to the peak of the magnetization) for three different
current levels on each of two different recording heads. (a) 0.5 um gap
permalloy head, courtesy IBM Corp. (b) 0.25 um gap permalloy head, cour-
tesy Hewleu Packard Co.
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'fastest’ switching time

Following an instantaneous application of a 1 kOe field the
magnetization precesses and rotates about H

Estimate the time of reversal from Landau-Lifshitz eq. with

—

M, et
0]

M (t)

then
dM /dt ~ iwM = —yM x H ~ —yMH
SO
we~vH =1.8 x 101 57!
T~ 27 /w ~ 0.4 ns
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MACGNETICS AND MICROSTRUCTURE OF SPUTTERED NigFey/SiO
MULTILAYER FILMS

Michacl A. Russak, Christopher V. Jahnes, Mark L. Re,
Bucknell . Webb and S. Mohamaad Mirzamaani
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S°A| types of domain walls

Bloch wall

Neel wall

W

ettotteffott

nggk\

Cross-tie wall x
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domain wall width
Lt s i
b s}

exchange energy in a wall:

Eew = —2JS’cosd ~2J5°¢° ¢~ /N
v = EwuN/a® = 27°JS’N/a® ~ 1 A/ba

anisotropy energy in a wall:

ngK(S

minimize the total energy to find equillibrium:

~ Kbé+2n°A/aé
0 ~ K -—2An"/ab’

— 6 = wy2A/aK
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Micromagnetics of Laminated Permalloy Films

JOHN C. SLONCZEWSKI, BOJAN PETEK, ano BERNELL E. ARGYLE
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spin valve vs AMR head
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AMR vs GMR

MR Head Basics
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GMR vs AMR in Ni-Fe-Co ternary alloys

Comparison between giant magnetoresistance in Fe—Co-Ni/Cu multilayers
and anisotropic magnetoresistance in the ternary alloys

T. Miyazaki, J. Kondo, and H. Kubota

Department of Applied Physics, Faculty of Engineering, Tohoku University, Sendai 980-77, Japan

J. Inoue

Depariment of Applied Physics, Nagoya University, Nagoya 464-01, Japan

100 B 0

GMR (%) at 4.2K

- Fe (at %)

FIG. 1. Concentration dependence of the GMR ratio at the second peak at
4.2 K in (15 A Fe-Co-Ni/Cu)y, multilayers.

100 8 0

- Fe (at %)
3

FIG. 2. Concentration dependence of the GMR ratio at the second peak at
RT in (15 A Fe-Co-Ni/Cu)y, multilayers.

]

100
AMR (%) at 4.2 K )
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FIG. 3. Concentration dependence of the AMR ratio at 4.2 K in Fe-Co~Ni
ternary alloy films.

5188  J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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FIG. 6. Concentration dependence of the GMR ratio calculated by taking
account of the spin-dependent interface and bulk scattering as well as the
spin-independent scattering.
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FIG. 4. Concentration dependence of the AMR ratio at RT in Fe~Co-Ni
temnary alloy films.
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FIG. S. Concentration dependence of the AMR ratio at RT in Fe-Co-Ni
ternary alloy ribbons.
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Exchange anisotropy

Exchange Anisotropy

layer in contact with an antiferromagnet:

Her =

J

//

4
T2 4 6 8

H{MULTIPLY BY 103}

(]

g Fic, 1. Hysteresis loops at 77°K of axide-coated cobalt particles.
:"hd line curve results from cooling the material in a 10000
rsted field. The dashed line curve shows the loop when cooled in

zero field.

9105 the shift in magnetization loop of a ferromagnetic

sl

Fra, b Hvsteresis loops measured at 427K for 14,9 atamic ',
Foein (NiFenMu, Specimbn cooled in 43 koc tield (solid curves)

or in zero fickd (dushad curve) (after Kouvel),

PW.H. Meiklejohn, et al. Phys. Rev. 105, 904 (1957)
10\ H. Meiklejohn, J. Appl. Phys. 33, 1328 (1962)

!l

[
It
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exchange anisotropy systems

A variety of systems exhibit exchange anisotropy, including

couple structure K | temp. | ref.
erg/cm? | °K
NiFe/FeMn poly 0.1 300 6
NiFe/a — FeqO3 poly 0.04 300 6
NiFeMo/a — TbFe | poly/amorph | 0.25 300 7
NiO/N+ single 1.75 300 8
Co/CoO single 1.4 98 9
CozNii_,O/NiFe poly 0.1 300 10
NiOCoO/NiFe multilayer 0.1 300 11
Ni:Mn/NiFe poly 0.25 300 12

Tt Eegr ~ 8A/a2 = 133 erg/c'm2 for Fe.

IR D. Hempstead et al., IEEE Trans. Magn. MAG-14, 521 (1978)

12p. Hellman, et. al. (1987)
13 A E. Berkowitz, et al. 1965

14D, Paccard et al., Phys. Stat. Solidi 16, 301 (1966)
15M.J. Carey et al., Appl. Phys. Lett. 60, 3060 (1992)
16014, Carey et al., J. Appl. Phys. 73, 6892 (1993)
17T Lin, et al,, Appl. Phys. Lett. 65, 1183 (1994)
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temperature dependence

Typically a linear behavior is observed, very different from the expected
sublattice magnetiza’cion18 19 20 ith Hep — 0at Ty < Ty

400A NiFe -50V/250A FeMn OV
on Quaru

Heg® 4500¢

Hew® 0.6 oe _)’,’//aofi" G /{04‘ M’Fo/ tac Fe Mn/ l00h Cu

Hya® 23.250¢

‘ ‘ S, 7 T T T
.50(,‘,V ) .‘;Ooe HA - ‘..
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Figure 1. B-H Loop of an Exchange-Biased Film K] ° %
(v o *
o .
S N 400A NiFe/500A FeMn 2 ° ¢
\\ a a: initial values (n~1) o 100} o .. -
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Figure 2. Hy;,(T) for the standard permalloy/FeMn film

18C. Tsang, et al., J. Appl. Phys. 53, 2605 (1982)
19y, Endoh, et al., J. Phys. Soc. Jpn. 30, 1614 (1971)
20y s, Speriosu, et al. IBM J. of Research and Deleopment 34, 884 (1990)
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thickness dependence

Typically exchange persists to thicknesses of a few nanometers,
then drops to zero.?1

T 1 1 | T | | T Y T
500 Independent AF particles
KapVap ~ 25kgTg with Kap ~ [B,(T/T\ )¢

400 |- == ® €

Finite-size scaling

300 |- bulk
/ Taltap)—Tg>™ 1

, bulk
TB .

tAF
200

Tg. Blocking Temperature (K)

0 100 200 300 400 500
FeMn Layer Thickness (A)

21S.S.P. Parkin and V.S. Speriosu, 'Magnetic Properties of Low Dimensional Systems II,
Springer Proceedings in Physics vol. 50, L.M. Falicov, Ed. Springer-Verlag, Berlin (1990)
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models of exchange anisotropy |
the interface.

Formation of a domain wall i+ the antiferromagnet parallel to
energy

wall energy
E =

2/ AK(1l — cos ai

inter face energy
+A12/€ 1 — cos(a — B)]
+Kftcos2ﬂ + HMt(1 - cos 3)
N ~—
ferroanisotropy Zeeman energy
= MtHez = —[A12/€], A12/28VAK <1
—2vVAK, A12/26VAK >1
z
AT
W7

el
RYRgRgn i

Bulk AF————

-

-+ —

FIG. 1. Magnetic model for the interface of a thin ferromagnetic film on a
thick antiferromagnetic substrate. The uniaxial anisotropy of the antiferro-
magnet is along the z axis. The figure depicts a situation in which an external

across the interface with thickness £ is positive. The spins of only one sublat-
tice of the antiferromagnet are shown.

magnetic field is applied opposite to z and in which the exchange coupling

22D Mauri, et al. J. Appl. Phys. 62, 3047 (1987)

Almaden Research Center
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interdiffusion at the interface

Annealed FFeMn/NiFe couples show increased exchange
and a blocking temperature above the Neel temperature of bulk
FeMn due to the formation of a NtFeMn alloy at the

25 T ¥
m -
S s .
t * S0} 1
-50 Oe 50 0e H e
5[ @ ]
. N Ny
i (o 0 TR T i 200
HuA Temperature (deg)
25 v v 30 v v v v
[~
20 :\ 4
é sl ] é 20} -
< <
10 -
r £ 10 4
5T (@) ] (@
0 R s N 0 4 L "
0 S0 100 150 200 Q0 'S0 100 15 200 250
Temperature (deg) Temperature (deg)
40y . 50 T v
30 “«f ]
< S o} 1
<20 \ 1 sl N
b4 X
10+ -
10} (e) - 0 \
\ 0 "

n " .
0 100 200 300 ] 100 200 300
Temperature (deg) Temperature (deg)

FIG. 1. Temperature dependence of the exchange-bias field, Hy (7). (a)
Typical B-H loop for NiFe/FeMn. (b) As-deposited NiFe/FeMn films.
(c) NiFe/FeMn film annealed at 245 °C for seven cycles and 260 °C for
five cycles. (d) NiFe/FeMn film annealed at 245 °C for seven cycles and
19 hours at 270 °C. (¢) NiFe/FeMn film annealed 40 hours at 270 °C. (f)
NiFe/FeMn film annealed 60 hours at 270 °C.

E N(E) Peak Height

NWw s

-

E N(E) Peak Height

FIG. 2. Crater edge depth profiles of FeMn/NiFe region of samples. Nj is
shown by the solid lines, Fe by the dashed lines, and Mn by the dot-
dashed lines. The crater edge depth profile data are normalized so the Nj
signal in the NiFe is the same for all the films. Any differences in signals
from Fe and Mn result because the data are recorded in N(E) (integral)
mode, so slight spectrometer misalignment will change the magnitude of
signal. (a) As deposited. (b) Anncaled at 245 °C for seven cycles. (c)
Annealed at 245 °C for seven cycles and 260 °C for five cycles. (d) Con-
tinuously annealed at 270 °C for 40 hours.

23M. Toney, et al., J. Appl. Phys. 70 6228 (1991)
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models of exchange anisotropy Il

Formation of domain walls in the antiferromagnet perpendicular
to the interface that arise from random averaging of steps.24

This model considers an interface whose exchange energy J; =
fJ is a fraction f of the exchange in the bulk J ~ A/a. For an
interfacial area L? with N = L?/a atoms the average random

field energy per unit area is
Erx—fJ/a*/N = —fJ/aL

The averaging takes place over L about the length of a domain

wall, i.e. L ~ 7y/A/K. Thus
MtH,, = 26 =~ —2fVAK

i.e. the domain wall energy.

247 P. Malozemoff, J. Appl. Phys. 63, 3874 (1988)
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distribution of blocking temperatures in
FeMn

Net anisotropy energy is a convolution?® of the density of regions
with a given blocking temperature p(T}) with the temperature
dependence of the energy density f(T'; Tp):

K,(T) ~ /f(T;Tb) o(T}) dT}

Field Cooling Along Hard Direction

b Tm = T

[ 22
*eey. ]
A < .\.\ ©.
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independent ’'particles’ in FeMn

Independent-particle model

¢ Distribution of local blocking temperature, T,,

¢ Net exchange anisotropy, K., is vector sum of
local components:

local k; K, = Tk
et .,

Tk,
11 [

¢ Change easy direction A¢, by field cooling

¢ |f particles are rotating independenlty, K, and
A¢, are uniquely related. -

(VSS)

£ =55 Almaden Research Center Bruce A. Gurney



independent ’'particles’ in FeMn

test of independent garticle picture in F'eMn by field cooling
in different directions?

0.8}
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0.2 [ A | ! gl 1 paald I
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K IK°
[
field cooling at (a) 150° and (b) 75° to the initial easy direction.

Comparison between measured (solid circles) and calculated li
of exchange anisotropy versus the change in easy direction

A¢0 (deg.)

26y s, Speriosu et al., Technical Digest, Magnetic Recording Conference,
|IEEE (1990)
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distribution of local anisotropy

For a broad distribution of activation energies E, kinetics yields
a In(ttme) dependence:

WkBT
Ap = const.+——InT
2Ema:z:
a
K
max max max S
B = VPSR -
ta
1] 'I‘I ITYI( i lli[ 1 ll)‘ 1 ITII T
I 161 1I"cMn (A) T (OC) ./ 7
R‘ ‘\N't.; | e,0 2g8 311 004, |
,/ ' NIt Brec
v 7 12 F
//’ ﬁ A¢° ./. —1
- » Fetia /§ o/ o s0A ]
~ o ’
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20y Speriosu, private communication
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Exchange anisotropy in coupled films of Nig;Fe o with NiO and Co,Ni,_,0

M. J. Carey and A. E. Berkowitz

Department of Physics and Center for Magnetic Recording Research, Uuwtmt] of California San Dicgo.
La Jolla, California 92093-0401

(Received 15 July 1991; accepted for publication 29 March 1992)

Shifted hysteresis loops were used to investigate exchange anisotropy in 500 A Co,Ni, _,0/300
A NijFe,, polycrystalline bilayer couples. Bilayers of NigFejy with NiO have a
room-temperature exchange field, H,. of 30 Oc in the as-deposited state. A maximum in the
exchange field at room temperature was observed near x =0.4, indicating an optimal alloying of
the properties of the high anisotropy CoO and the high Néel temperature NiO. The blocking
temperatures of the exchange couples vary linearly with x , suggesting a linear dependence of the
oxide Néel temperature with x.
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FIG. |. Exchange fickd, /. as a fuaction of tempersture for 300 A  FIG. 3. Blocking temperature, T, as a fuaction of the CoO concentration
NigFe,s 0n 300 A aatiferromagnetic oxides: CoO, CoyyNigqO. sad  im Co,Ni; . ,O/Nig,Fee couples. The best linear ¢ is shows
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FIG. 2. Room-temperature exchange Sicld, M. for samples in the as-
deposited and fickd-cooled states and coercive force, H,, for samples in the
Seld<cooled state. Data arc shown for Co,Ni,_ ,0/Nig Feo couples as a FIG. 4. Cakulated dependence of l‘h¢ raom-temperature exchange feid
function of x. on the CoO ation. Model d d in text.

3061 Appi. Phys. Lett., Vol. 60, No. 24, 15 June 1992 M. J. Carey and A. E. Berkowitz 3061
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Stress and NiO/NiFe

Stress effects on exchange coupling field, coercivity, and uniaxial
anisotropy field of NiO/NiFe bilayer thin film for spin valves

De-Hua Han, Jian-Gang Zhu, Jack H. Judy, and John M. Sivertsen®
The Center for Micromagnetics and Information Technologies (MINT), Department of Electrical
Engineering, University of Minnesota, Minneapolis, Minnesoia 55455

The effects of uniaxial stress on the exchange coupling field, H,,, coercivity, H., and uniaxial
anisotropy field, H, in NiO/NiFe bilayers were experimentally studied. The NiO/NiFe bilayers
were deposited onto a Si(100) wafer using radio frequency reactive sputtering. Samples of the
bilayers were externally and constantly uniaxial stressed (cither tensile or compressed) using a
specially designed sample holder with a fixed radius of curvature. The hysteresis loops of the
stressed NiO/NiFe bilayer samples were measured in situ along the easy and hard axes of the NiFe
films using a vibrating sample magnetometer. The composition of the NiFe film in the NiO/NiFe
bilayer was characterized as Nig, ;Fe g g using x-ray photoelectron spectroscopy. The H, and H of
the bilayers were significantly affected by the stress, while the H,, was apparently not changed by
the same stress. The large changes in the coercivity in the stressed NiO/NiFe bilayer were produced
by the change of the effective uniaxial anisotropy field of the bilayer. We conclude that the control
and reduction of both intrinsic and external stress are very important in the fabrication of spin-valve
giant magnetoresonance heads and sensors. © 1997 American Institute of Physics.
[S0021-8979(97)18108-7]

T T T T T
1.0—- il
(@)
0.5} 4
b
< 00
Fi2 =
a
(a) Compress 085k Tepsle ]
i ‘ No'stress
1.0 | il " "Compress. . |
45 -30 -15 0 15 3JO 4l5
T T
1.0 ‘ | ‘
o)
0.5 b i A
) . ‘
3
s 0.0 J
FI2 0.5 et [} qmpress
I Nostress.
NiFe 1.0 Tensile
1 1 1

Si (100)

A1
-45 -30 -15 0 15 30 45
H (Oe)

FIG. 2. Typical results of the easy- (a) and hard-axis (b) hysteresis loops of

NiO/NiFe bilayers measured at compressive-stressed, nonstressed, and

oo o ' lcnsile-sl'rcssc'd states, and the dircction of the stress parallel o the easy axis
. I. Schematic of the externally and constantly stressed samples. The of the NiO/NiFe bilayer.

NiO/NiFe bilayer can be (a) compressive stressed, (b) nonstressed, or (c)

tensile stressed (c). In the compressive-stressed state, stress o~<0; in the

nonsiressed state, 0=0; in the tensile-stressed state, 0>0. 4520 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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stress induced anisotropy

H, =3Xo/M = 3\Ee,/M(1+v)
where o is stress, E is Young's modulus, € is the bending strain,

. . 11
and v is Poisson's ratio.
250A c/2825A Co/250A Cr/Polycarbonate
€,= 0, +, = 2.55x1073
VSN
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sl
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1D Mauri et al., [EEE Trans. Magnetics MAG-26, 1584 (1990)
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Improved exchange coupling between ferromagnetic Ni-Fe
and antiferromagnetic Ni-Mn-based films
Tsann Lin, Daniele Mauri, Norbert Staud, Cherngye Hwang,

and J. Kent Howard
IBM Storage Systems Division, San Jose, California 95193
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S E— Appl. Phys. Lett. 65 (9), 29 August 1994 1185
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FIG. 1. Easy- and hard-axis hysteresis loops of (a) Ni-Fe (28.5 nm)/Ni-Mn
(25.2 nm) and (b) Ni-Fe (28.5 nm)/Fe-Mn (8.4 nm) films with 22.0-nm-thick
Ta underlayers after five annealing cycles.

150 T T T T T T 1 v I 1.0 LIS % R I B SR B I BN B N B0 SR NN N RS BN AR AR
® Ni-Fe/Ni-Mn s b
8 © Ni-Fe/Fo—Mn | - ~Mn-
-'/.’.,.—0\.\ o5k i Ni-Mn~-Cr
. . —
1o} . . E
- \ P of
é . J e
mg B \ - -
. 3-os} 7
5o} 1 4
\0 g - i
o, g R
i ° ] -1.0} .....':::::::;:"" h
~0 b
\\c‘ i .
0 L I A 1 1 ’e 'l L L -1.5 I T T BRI R 1 EEE ST S WS RS S S R S A
[ 100 200 300 400 600 10-9 10-8 10~} 1 10 10 10?
Ambient Temperature ('C) Current Density, § (ud/cm?)

FIG. 4. Hy, vs temperature for 50.4 nm thick Ni-Mn and 12.6 om thick FIG. S. Potentiodynamic scans of as-deposited 53.3Ni-46.7Mn, 49.5.Ni~
Fe-Mn films deposited on 28.5 nm-thick Ni-Fe films. 44.1Mn-6.4CY, SO0Fc-50Mn, and 81Ni-19Fe films in an acrated 0.1 N sodium
sulfate electrolyte.
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Fig. 1. He dependence on Mn composition of Ni-Fe
(20 nm)/Pd-Pi-Mn and Pd-Mn (25 nm each) films
annealed 230T.
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Fig. 2. He dependence on Pt composition of Ni-Fe (20
nm)/Pd-Pi-Mn(25 nm) films annecaled 230TC.
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Fig. 3. Hysteresis loop of Ni-Fe (20 nm)/30Pd-20Pt-
50Mn (25 nm) film anncaled at 230T.
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Fig.5. He dependence on temperature of Ni-Fe (20
nm)/30Pd-20Pt-50Mn (25nm) films

1. Kishi, et al., IEEE Trans. Mag. 32, 3380 (1996)
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spin valve with IrMn in pinned layer

Spin-valve giant magnetoresistive films with antiferromagnetic Ir-Mn layers

Hiromi Niu Fuke, Kazuhiro Saito, Yuzo Kamiguchi, Fioshi Iwasaki, and Masashi Sahashi
Materials and Devices Research Laboratories; Research and Development Center, Toshiba Corporation,
72, Horikawa-cho, Saiwai-ku, Kawasaki 210, Japan

We succeeded in developing CoFe spin valves with an antiferromagnetic Ir-Mn film. Ir-Mn
single-layer films and spin valves of Ta(5 nm)/Ir-Ma(8 or 9 nm)/CogoFeo(x nm)/Cu(3 nm)/
CogoFe;o(3 nm)/NiFe(2 nm)/CoZrNb(10 nm)/ (x = 2, 2.3, 2.6 nm), prepared by the sputtering
method, showed the crystal structure of a fec (111) preferred orientation. As-deposited CoFe spin
valves with Ir-Mn exhibited an interfacial exchange coupling energy of J = 0.192 erg/cm? (Hy
~ 640 Oc at 1cr, = 2 nm), that was the highest ever reported for as-deposited antiferromagnetic
films, such as NiQ, NiMn, and FeMn. Furthermore, CoFe spin valves with Ir-Mn exhibited a higher
blocking temperature of 260 °C, and a higher MR ratio of 6.37% than the spin valves with FeMn
film. After annealing, the MR ratio increased to 7.82%. On the other hand, the 4, decreased about
100 Oe after annealing. The H,,-T curve was, however, improved and the 4, at 100 °C increased
to 400 Oc. The decrease in H,, was not observed after second annealing and seems to be stabilized
by first annealing. © 1997 American Institute of Physics. [S0021-8979(97)68008-1]

4004 J. Appl. Phys. 81 (8), 15 April 1997

FIG. 3. Magnetization curve of as-deposited Ta(5 nm)/Ir-Mn(8
nm)/CogoFe o(2 nm)/Cu(3 nm)/CogoFe,o(3 nm)/NiFe(2 nm)/CoZrNb(10 nm)
film on AlQ,-coated Si(100) substrate.
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i ‘ |
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; e
.6.5 T/ Temperature (C)

'8 20 22 24 26 28 FIG. 6. Temperature dependence of unidirectional anisotropy (H,) for as-

Pinned CoFe film thickness (nm) deposited and annealed Ta(5 nm)/Ir-Mn(8 nm)/CogFe o(2 nm)/Cu(3
nm)/CogoFe o(3 nm)/NiFe(2 nm)/CoZrNb(10 nm) films on AlO,-coated
Si(100) substrates and for as-deposited Ta(5 nm)/FeMn(1S nm)/CoyFe (2
nm)/Cu(3 nm)/CogFe,o(3 nm)/NiFe(2 nm)/CoZrNb(10 nm) film on
AlO,-coated Si(100) substrate. H,, at room temperature of reannealed spin
valves with Ir-Mn film. A: As-deposited spin valve with Ir-Mn film, ®:
Annealed spin valve with Ir-Mn film, »¢: Reannealed spin valve with Ir-Mn
film, ®: As-deposited spin valve with Fe-Mn film.

MR ratio (%)

N
o
I

FIG. 5. Dependence of magnetoresistance (MR) ratio on pinned CoFe film
thickness for as-deposited and annealed Ta(5 nm)/Ir-Mn(9 nm)/CoggFe,o(2
nm)/Cu(3 nm)/CoggFe o(3 nm)/NiFe(2 nm)/CoZrNb(10 nm) films on
AlO,-coated Si(100) substrates.

Bruce A. Gurney

.- Almaden Research Center



Orfentationa! dependence of the exchange biasing in molecular-beam-
epitaxy-grown NigoFe,o/FesoMns, bilayers (invited)

R. Jungblut, R. Coehoorn, M. T. Johnson, J. aan de Stegge, and A. Reinders
Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands

crystallographic effects

6662  J.Appl. Phys., Vol. 75, No. 10, 15 May 1994
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Advanced Materials for
Magnetoresistive Recording
Readback Sensors

Bruce A. Gurney
IBM Almaden Research Center
gurney@almaden.ibm.com
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Giant Magnetoresistance

e a little history

o GMR structures

e GMR and interlayer coupling

e models of GMR

e mean free paths and interfacial scattering
e distribution of current

e heads, field sensors, and memories
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VOLUME 61, NUMBER 21 PHYSICAL REVIEW LETTERS 21 NOVEMBER 1988

24N Giant Magnetoresistance of (001) Fe/(001)Cr Maguetic Superiattices

M. N. Baibich,%’ J. M. Broto, A. Fert, F. Nguyea Vaa Dau, sad F. Petroll
Laoboraioire de Physique des Solides, Universisé Peris-Sud, F-91405 Orsay, Freace

Fe/Cr multilayers

First repor'cs1 of a new magnetoresistance phenomenon in layered structures showed
We have studied the istance of (001)Fe/(001)Cr superlatiices prepared by mokecular-

SUbSta ntlal amphtUde in hlgh ﬁeIdS. beam cpitaxy. A huge magnctoresistance is found in superlattices with thin Cr layers: For example,
with 1¢, =9 A, at T=4.2 K, the resistivity is lowered by almost a factor of 2 in a magnctic Seld of 2 T.
We ascribe this giant mag istance 10 spin-dependent tr ission of the conduction ciectroas be-
tween Fe lavers through Cr layers.

— Fe

ZZZ:-Z-/Z/.Z//ZA Ce
Fe

(S Cr

—<— _ Fe¢
TI7T77777777 ¢e
FIG. 1. Hysteresis loops ot 4.2 K with aa applicd cid aloag . Fe
(110} ia the layer ploane for several €00( Wre/ 001 )Cr superiat- 200707080700 ¢,
tices: [(Fe 60 A)/(Cr 60 A)ls. K(Fe 30 A)ACr 30 A)) . [(Fe < fe

|

30 A)/(Cr 18 A)]sa, [(Fe 30 A)XCr 12 A)ua. ((Fe 30 A)/(Cr :

9 K)lu. where the subscripts isdicate the aumber of bilayers ia
each sample. The aumber beside each curve represeats the
thickness of the Cr layers.

)

Mognetc fweld (kG)

FIG. 1 Magnetoresistance of three Fe/Cr superiattices st 4.2 K. The curreat aad the applied ficid are aloag the same [110] axis
in the planc of the layers. .

1see also pg. IV.29, G. Binash, et al., Phys. Rev. B. rapid commun. 39, 4829
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an expanding field

Publications on Giant Magnetoresistance and Spin Valves
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basic mechanism

Ferro Cu Ferro Ferro | Cu Ferro

A L\

) O -

(a) Short circuit by4 electrons (b) Both species of electrons

Low R are strongly scattered
High R

===7= Almaden Research Center Bruce A. Gurney



spin valves

SPIN-VALVE EFFECT

Cap

FeMn 79A
NiFe 40A
Cu 22A
NiFe 62A
Underlayer
Si substrate

£ =558 Almaden Research Center Bruce A. Gurney



some spin valves investigated at IBM

Fl NM F2/FeMn largest AR/R | Minimum typy

atroom T for decoupling

Co Cu Co 9.5% tcy 2 16A
NiggFeqq Cu NiggFesy 5% oy 2 18A
Ni Cu Ni | 25% tcy 2 20A
Fe Cu NiggFeqq 2.5% oy 2 18A
Gd Cu NigoFesg |- 0% at77K tcy 2 20A
Nd Cu NiggFeaq 0% at 77K tcy 2 20A
Co Cu NiggFey 6.5% oy 2 16A
Co Ag NigoFezq 1.5% tag 2 SOA
NigoFeqo Ag NigoFeqo 1.2% tag 2 SOA
Co Au NiggFes 4.5% ta2 10A
NiggFeqo Pt NiggFeaq 0.3% tp 2 20A
NiggFeo 'Pd NiggFegg 0.2% tpg 2 20A
NigoFeqq A NiggFeqq 0% ta 2 20A
NiggFeqg Vv NiggFeaq 0% ty216 A
NiggFeqg Cr NiggFeap 0% 216 A
NigoFeaq Nb NiggFego 0% tap 2 20A
NiggFey Ru NiggFeap 0% tRy2 15 A
NigoFeqq Ta NigoFegg 0% tra2 15A
NigoFea W NiggFeao 0% w2 15A

::Eii{ Almaden Research Center

Bruce A. Gurney



some other spin valves investigated

system publicationst | AR/R (% )1
NiFe/Cu/NiFe 9 4.3
Ni/Cu/NiFe 1 1.5
NiFe/Cu/Co 6 6
NiFe/Ag/Co 1 1.5
NiFe/Au/Co 1 2.5
NiFe/Co/Cu/Co 1 7.6
Co/Cu/Co 2 8.7
Fe/Ag/CoFe 1

Fe/Cu/Co 1 3.3
NiFeCo/Cu/NiFeCo 2 2.2

T approximate number
T representative

£ =55 Almaden Research Center Bruce A. Gurney



multilayers
Giant magnetoresistance in antiferromagnetic Co/Cu muitilayers

S. S. P. Parkin

IBM Resssrch Disision, Almaden Ressorch Censer, €50 Horry Read, San Jose; California 95120-6099
Z. G. Ui and Devid J. Smith®

Censer for Selid Siate Science, Arizons Siese University, Tempe, Avizona 85280

(Received 20 February 1991; accepted for publication 22 March 1991)

We report giant values of saturation magnetocesistance im sputtered antiferromagnetic Ca/Cy
multilayers containing thin Co and Cu layers $-10 A thick. We discuss the key

importance of the buffer layer in coatrolling the growth of flat Co and Cu layers. As shown
by cross-section transmission electron microscopy high-quality structures are found for
growth on Fe buffer layers. Such structures display saturation magnetoresistance at 300 K of
more than 65% with saturation fields of e 10 kOe. These values are several times

larger than previously found for any magnetic material st room temperature.

2710 Appl. Phws. Lett. §8 (23). 10 Juns 1991 0003-8051/91/232710-04302.00 © 1901 Amaerican instiute of Piyeics

657 s>
at ©
295k |

Compare with
27, ansotopc ol
m qgnc{»orrsukuce
n N:ao Feso

ARR (%)

1201

e
M o)

FIG. 4. Resistance vs fickd curves for two mekileyers, $i(100)/30 A
Fe/{8 A Co/83 A Culy/30 A Cu and $i(100)/%0 A Rast9 A Cat3 A
Culy/15 A Ru ot (3) 300 snd (V) 2K

Almaden Research Center : Bruce A. Gurney



multilayers investigated

system publicationst | AR/R (% )i
Co/Cu 52 72
CoFe/Cu 6 40
Co/Ag 16 41
NiFe/Co/Cu 1 17
Ni/Ag 1 28
NiCo/Cu 5 16
CoNiFe/Cu 6 35
NiFe/Cu 6 20
NiFe/Au 1

NiFe/Ag 3 17
Ni80Co20/Cu 3 18
NiFe/Cu/Co 1 7
NiFeCo/Cu/Co 1 15
Fe/Cr 43 150 (4K)
Fe/Cu 5

Fe/Pd 1

NiFe/Cr 1 0

T approximate number

I representative

Bruce A. Gurney



heterogeneous alloys

VOLUME 68, NUMBER 25 PHYSICAL REVIEW LETTERS 22 JUNE 1992
Giant Magnetoresistance ia Heterogeneous Cu-Co _Alloys

A. E. Berkowitz, “*@ J_ R_ Mitchell, 4%@ M J, Carey, 9@ A_P. Youag “*@'S, Zhang, @
F. E Spada, @ F. T. Parker,® A. Huttea, %’ and G. Thomas“

W Department of Physics, Unlversity of California at San Dicgo, La Jolla, Callforaia 92093
GCenter for Magnetic Recording Researck, Unlversity of Californla et San Diego, La Jolla, California 92093
°’D¢parxmau of Physles, New York University, 4 Washington Place, New York, New York 10003
“Department of Materials Science and Mineral Exgineering and National Center for Electron Micrascopy.
Lawrence Berkeley Laboratory, Unlversity of Callfornia at Berkeley, Berkeley, California 94720

(Reccived 20 February 1992) ’

We bave observed giaal magnetoresi ia heterog thia film Cu-Co alloys coasisting of
ultrafine Co-rich precipitaie particies is s Cu-rich matrix. The magactoresistance scales iaversely with
the average particic diameter. This bebavior is modeled by including spin-depeadeat scatiering at the
interfaces betweea the particles and the matrix, as well as the spia-dependeat scatteriag ia the Co-rich
particles.

@3

20

vtlll'ltlliivlllivsltlvil”‘ull':'liﬁ—v

T

——+——15Ca, 1§ mis @44C
'I\ ~—O—19Ca, ss-deposited
———dr— 2Ca, as-beposited

Aplp (%)
o

T

Iy
0
v

P W N WKW AW

LARJLINL AN S P B B R B S B (S A B B B 2 2

4

0 -
-20 -15 -10 -5 0 S 10_15 20

Field (kOe)

FIG. 2. Ficld dependence of —Ap/p-(pn,"pu =20k0¢)/
pH=2r0c for the three types of curves obtained. Inset: Details
of curve ¢. Curves a and b measured at T=100 K; curve ¢
mecasured at 10 K. Sense curreat parallel to ficld.

Glant magnetoresistance and microstructural characteristics of epitaxial

Fe-Ag and Co-Ag granular thin films

N. Thangars), C. Echec, and Kannan M. Krishnan
Matarials Sclences Division, Laserencs Berkeicy Loberatery, Univarsity of Californis,
Baridqy, Colifornia 94720

R F. C. Facrow, R. F. Marks, and 8. 8. P. Paridn
181 Resoarch Division, Almaden Resesrch Cantes, €50 Marry Rosd, San Jose, Colifornia $5120-6099

6900 J. Appl.-Phys. 78 (10), 156 May 1894

_____ Almaden Research Center Bruce A. Gurney



heterogeneous alloys investigated

system publicationst | AR/R (% )i
Co-Ag 33 25
Fe-Ag 16 25
CoFe-Ag 4 14
NiFe-Ag 8 7
NiFeCo-Ag 1 11
Co-Fe Cu 5 3
CoMn-Cu 1
Fe-Cu 1
Co-Cu 15 20
Co-Au 1
Fe-Au 3

T approximate number

T representative

=72 Almaden Research Center » Bruce A. Gurney









PHYSICAL REVIEW B

VOLUME 48, NUMBER 10

Exchange coupling in magnetic heterostructures

M D. Stiles
National Immute of Standards and Technology, Gaithersburg, Maryland 20899

48 7238

mechansim of coupling
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FIG. 5. Quantum wells for exchange coupling. The top
left (right) quantum well shows the potential seen by spin-gp
(-down) electrons in a ferromagnetically aligned quantum-wg
structure. The bottom left (right) quantum well shows the
potential seen by spin-up (-down) electrons in an antiferro
magnetically aligned quantum-well structure.
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coupling exhibits® higher order terms:
biaa:z'al

coupling

~ =
']12 -

gAGHEIFSE 16, 313-318 (1992)

biquadratic coupling

bzquadratzc

Ja cos(91 — 6;) + Jb cos’ (6 — 92) +

(Co,Fe,_,/Cu), ATRFEOERESIERNE

Giant Magnetoresistance in (Co,Fe,_,/Cu), Multilayers

AW - R ff - REER - EE—40 - HRE

WZRETNF. NGTEXNGRZE | §i (8210)

Y. Saito, S. Hashimoto, S. N. Okuno, K. Yusu and K. Inomata
Toshiba Research and Development Center, I, Komukai Toshibacho, Saiwai-ku, Kawasaki 210
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Fig. 3 In-plane magnetization versus field at
room temperature for the samples (1) and (2) in
Fig. 2. Magnetic field was applied to (a) the

easy axis and (b) the hard axis of the films.
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in Fig. 2. Magnetic field was applied to (a) the
easy axis and (b) the hard axis of the films.
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PHYSICAL REVIEW B VOLUME 44, NUMBER 10 1 SEPTEMBER 1991-11

Nonoscillatory magnetoresistance in Co/Cu/Co layered structures with oscillatory coupling

4 5358 . . '
V. S. Speriosu, B. Dieny,* P. Humbert,' B. A. Gurney, and H. Lefakis
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099
no oscillation in GMR amplitude
ol : T T : v ]
-, @
0 "'u. o® —
g of i "\o 0,/0 * )
A , . | ; 14
= ®
-40 } 4
E .h 1 ;{ 12 ¢ Bottom spin vaive
S @ 10}
§ -0} : g
¢ 8 8t
r . . -3 Top spin vaive
-120 L A L . 1 2 G o
20 30 40 2
6 . . . - . g 4t
)
- ® £ 2}
NI : ‘
\.~.° A i ! 2 i
;E 4 - :!Ql = ‘:-ot. A 0 1 2 3 4 5
: i Ll \o\ ' Cu thickness (nm)
E —~ Fig. 1. Magnectoresistance of bottom and top spin valves as a function of Cu
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FI1G. 4. (a) Coupling field and (b) magnetoresistance vs Cu-
layer thickness. The two sets of points correspond to different
underlayer thicknesses, giving different shunting. Oscillations in
coupling are observed, but the slow, monotonic decrease of mag-
netoresistance demonstrates that the two phenomena are not
fundamentally linked.
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Fig. 2. Dependence of interlayer coupling field in bottom spin valves on Cu
spacer thickness. Data series connected by lines were collected from samples
from the same graded Cu thickness deposition.

IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 19%4 3819

Magnetoresistance of Symmetric Spin Valve Structures

Thomas C. Anthony and James A. Brug
Hewlett-Packard Laboratories, 1501 Page Mill Road, Palo Alto, CA 94304
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electrical conductivity in metals

ELECTRICAL CONDUCTIVITY IN A METAL
@® One Electron Model

conductivity

(e.g. 2004 in Cu)

t = thickness

i%==o t (conductance)

=16 (regstance)
@ Parabollc Band Model (Including electron spin)
non—magnetic magnetic
s—d scattering
N(E) N(E)
sp sp
d d
Ef Ef
{ y AR
sp—bands hgvp /high mobliity .
d holes: ma yfvcﬂablo final for one spin: *;wszgcg:: Into
states Ingleases probabllity .
of scattering.
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spin dependent impurity scattering

SPIN DEPENDENT SCATTERING
IN DILUTE ALLOYS

N

® Campbell and Fert, Ferromagnetic Mater. 3, 747 (1982)

Cr

Fe

From binary and ternary alloys were able
to obatln the contribution to resistivity,
P and p

per X of Iimpurity
e.g.

'

P p‘ Q
Cr in Fe 2.8 12.5
Nl In Fe 2.4

.16
12

@ What obouf spin dependent MEAN FREE PATHS?

@ WHat about spin dependent scattering In PURE ELEMENTS?

@ What about spin dependent scattering in CONCENTRATED

ALLOYS?

8. Gurney 6/83
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shared electrons lead to GMR
Spin Valve Magnetoresistance

Electrons shared by ferromagnetic layers across a
non-magnetic conducting layer. |

Spin valve magnetoresistance depends on the distance of
penetration before scattering of spin-up and spin-down
electrons emanating from one ferromagnetic layer into the
other ferromagnetic layer.

+he 3ues~hou3 "how mang " go ~how far”

parallel anti~parallel

how
mMan

U
R

F1

F2

W
A\
~

.;;f;;.

Spm* M1

AWM
ALRARAANY
ALARARAT(RARY

—p S

A. Gurne
I =% Almaden Research Center Bruce urney



GMR models

¢ spin dependent interface scattering
basics: essentiall phenomenological, a spin dependent transmission /reflection
coefficient is ascribed to each interface. Can include spin dependent bulk
mean free paths.
limitations: no bands, no potentials
ezample: Barnas, et al., Phys. Rev. B 42, 8110 (1990)

e random potential scattering
basics: due to intermixing the potential barrier seen by electrons at the
interface is random leading to scartering that is spin dependent just like
the potentials.
limitations does not include bulk scattering
ezample: H. Itoh, et al. Phys. Rev. B 47, 5809 (1993).

¢ Kubo formalism
bastsc: quantum statistical solution of the linear response to electrons
whose energies are given by a model Hamiltonian that includes potentials
and spin dependent scattering.
limitations: does not include band structure.
ezamples: P. Levy, Solid State Physics.

¢ (semi-)classical transport
basics:relaxation time approximation (i.e. spin dependent local mean free
path) withing each of the layers to solve Boltzmann eq. -
limitations: includes no quantum effects , bands, or potentials.
ezamples: R. Hood et al, Phys. Rev. B 46, 8287 (1992); B. Dieny,
Europhys. Lett. 17, 261 (1992); A. Barthelemy et al., Phys. Rev. B 43,
13124 (1991).
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fundamental observable: AG

Absolute Change in the SHEET CONDUCTANCE
is the Fundamental Measure of Spin Valve MR

o AR/R, AR, or AG?

s From the relaxation time Boltzmann equation

0g°zy)  §"@v) _ eE 06
0z v, T omvz o B,

Ag° (v, 2
= AG= Zj.vxd3 VJ‘L(E-Z—)— dz
o=1}

o AG is directly connected to the changes in the
Fermi surface that results from the scattering
leading to GMR

o AR/R and AR are partially determined by the.
scattering leading to GMR, but also include all
other scattering

Appl. Phys. Left. 61, 2111 (1992).
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AG in experiments

The relative change in sheet resistance from antlparallel
to parallel alignment of the magnetizations.
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classical model basics

PATH INTEGRAL SOLUTION (relaxation time)

ro_
)= —e|Z

b VK)g* 7 K)=a*E=E
4n

CURRENT DENSITY oc LOCAL MEAN FREE PATH

2
r

ne s
——A()
. 73
41:3
o

V(;):Sgs(r. ;) where g°(r . ;) = g: +d¢°

SPECIALIZE TO LAYERED GEOMETRY (path integral)

8g°(r) = J

oD

lm

Pt t') V e e dt' where PS = probability unscattered
o

0
of )" - d/’
— |V e E av’
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E
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.s(*) £ ne® Jp" dar’
Jr)= exp
Vem® 257
/s
total current density total flux: probability that flux
atr integrate over
all 7'

will arrive at r
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1-D model

An Example: 1 Dimension
ﬁ

—

l . o |
L., L. ‘ L’ Lo
i
« N = ”P:
v~ -~ J
A8 2[(1 —e - 212 2)] x et- 0 e(—x“f’)
L—— D g
o
A,

€_1

arriving at x from layer -2
Add from all layers to obtain j*(x)

S S
js(x) _ &{2 _ e( - x[dy) _ e Ly — x)/,lo}

S,
+ e("x/)"’)[/\w (te A_,+e_je_A_3+]
( Conductance:

S
+ e( - (Lo - X)/)o)[/\1 + =2 /\2 + 6132/\3 + o ]
Gt = |J*(x) dx

—ar

: : i
=207 - AT+ Al Al + (A,’“--:He,-'u)ﬂ\fu‘r

j
Z(A:+}+ 1 n °j.+ )
k=0
J=1
For a spin valve with two ferro layers (F1 and F2):

k=0
J=1

86 =G - 6" = 2e ][ Al — AR [ A — AR

product of number of electrons emanating from one layer
times the distance they travel in the second, reduced by
scattering in spacer (sp) and intermixed interfaces (x).
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0G0 per period

per period

G

GMR amplitude vs number of periods

classical solution to transport shows how multilayers compare to
spin valves for the same interface and bulk proper’cies:5
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Figure 5. Magnetoresistance (absolute change of
sheet conductance A G per period) versus thickness
of the magnetic layer of a finite multilayer n
(FteNm 10 A/Ftpmm 10 A) for different values
of the number of periods n.

Ao=114 A2 A A =205 AT =
7'l = 1 (only bulk spin-dependent scatiering).

—R/R (%)

~ A

Dieny, J. Phys. Condens. Matter 4, 8009 (1992), and B. Dieny, private commun.
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spin dependendent scattering likely
everywhere

LOCATION OF SCATTERING IN LAYERED STRUCTURES

MECHANISMS OF SPIN DEPENDENT SCATTERING
v
POTENTIAL

S. Maekava et al.
Ef PRB 47, 5809 (93)
f— P. Levy at al.
! ¢ JMMM 121, 357 (93)
o= g/t
A Fert at al.
, A PRB 43, 13124 (91)
INTERFACIAL 1
IMPURITY B. Johnson at al.
PRB 44, 9997 (91)
Q
BULK \ / B. Deny et al.
1 ' Europhys. Let. 17,
261 (92)
B Gurrey 5/50
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methods of probing scattering

Probing The Nafure and Location of Scatfering
Leading to GMR in NiFe -y /Cu Spin Valves
Structure Leads fo
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interfaces of NiFe/Cu/NiFe

Effect of annealing on the interfaces of giant-magnetoresistance
spin-valve structures

T. C. Huang, J.-P. Nozieres,¥ V. S. Speriosu, B. A. Gurney, and H. Lefakis
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099

TABLE IL Interfacial widths (&) of spin-valve samples.

~
- Pre—Annealed Annealing
b Interface No. 240°C 320°C 360°C

= Ts,04/air 102 1.2 10.1 1.3

> Ta/Ta,0;4 6.1 7.1 8.7 9.0

> . FeMn/Ta 10.1 11.0 115 109

5 NiFe/FeMn 7.1 9.1 14.7 16.5

9 Cw/NiFe 6.8 9.9 12.1 208

% NiFe/Cu 6.7 9.3 11.6 243

0% Ta/NiFe 4.6 74 10.8 16.3
TaSiy/Ta 6.3 6.3 72 14.5

===7= Almaden Research Center Bruce A. Gurney



non-mangetic intermixing

Non-Magnetic Layers in Ta/Ni,Fe, _,/Cu
Sandwiches

O Some Ni and Fe atoms at the interface are
non-magnetic at room temperature in sputtered
Ta/Ni,Fe,_,/Cu sandwiches.

o The lost moment, when expressed as a thickness t..
of NiFe,_,, is in agreement with about half the width
of the intermixed region determined by x-ray
reflectance measurements on samples whose
intermixed regions were increased by annealing,
suggesting the origin of ., is alloying (Appl. Phys. Lett.
60, 1573 (1992), Appl. Phys. Lett. March 29 (1993)).

O Magnetotransport is reduced by t.,: for x=80 we find
AG ~ AGy exp[ — /(6.1 £ 0.6 A)].
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interfacial scattering in NiFe/Cu/NiFe

Si/50ATart NiFe/22.5ACu/50ANiFe/110AFeMn/50ATa
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Role of interfacial mixing in giant magnetoresistance

V. S. Speriosu, J. P. Nozieres, and B. A. Gurney
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interfaces of Fe/Cr/Fe

VOLUME 68, NUMBER 6 PHYSICAL REVIEW LETTERS 10 FEBRUARY 1992
Roughness and Giant Magnetoresistance in Fe/Cr Superlattices

Eric E. Fullerton, David M. Kelly, J. Guimpcl.(') and Ivan K. Schuller
Physics Depariment, 0319, University of California, San Diego, La Jolla, California 92093-0319

Y. Bruynseracde
Laboratorium voor Vaste Stof Fysika en Magnetisme, Katholieke Universiteit Leuven, B-3001 Leuven, Belgium
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< FIG. 2. Dcpendence of AR/R on the first superlattice .Bra.gg
0<]: peak intensity [, for samples with N=40. I, is a qu.ahlau'vc

° measure of the interfacial roughness (the background intensity
has been subtracted). ‘&, [Fe(30 A)/Cr(13 A)l; ¢, [Fe(30
A)/Ce(15 A o, [Fe(30 A)/Cr(16 A)); @, [Fe(30 A)/Cr(18
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FIG. 1. (a) Low-angle 6-26 x-ray-diffraction spectra and (b)
BR/R vs applicd ficld at 4 K for selected representative [Fe(30
A)/Cr(18 A)}io superlattices sputtered at various Ar pressures.
X-ray spectra are offset by two decades for clarity. Saturation
resistivities are 26 and 23 g cm for the 4- and 12-mTorr sam-
ples, respectively.
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The role of spin-dependent impurity scattering in Fe/Cr giant
magnetoresistance multilayers

Interfacial scattering in Fe/X/Cr/X/Fe
E%WAJW'WRWMMWWM.

4792

ch Center, 630 Harry Road, San Jose, California 95120-6099
J. Aopl. Phyys. 68 (8), 15 April 1991

0021-8979/91/084792-03$03.00

© 1991 Amecican institte of Physics

4782
Glant magnetoresistance of Fe/Cr multilayers: Impurity scattering model

of the influence of third elements deposited at the interfaces
Bruce A. Gumney, Peter Baumgart, Dennis R. Witholt, Bernard Dieny,
and Virgil S. Speriosu
IBM R ch Division, Almaden Ressarch Censer, 650 Harry Road, San Jose, California 95120-6099
5867 J. Appl. Pys. 70 (10}, 15 November 1991
GOALS

0021-8978/91/105867-03303.00  © 1991 American institute of Physics S867

[ Demonstrate Spin Dependent Impurity Scattering (SDIS)
is viable mechanism in giant MR films

[ Demonstrate SDIS is responsible for giant MR in Fe/Cr
STRATEGY

test structure

Cr

Cr Fe

Cr

add third element with known scattering in alloys
~=p¥/ pr>>1 forAllr Ge

<<1 forCr, V, Mn

O minimal perturbation of physical structure

O no variation of Fe or Cr thickness

O high absolute impurity resistivity
Almaden Kesearch Center

Bruce A. Gurney



Peter Baumgart, Bruce A. Gurney, Dennis R. Wilhoit, Thao Nguyen, Bemard Dieny,

results for Fe/X/Cr/X/Fe

The role of spin-dependent impurity scattering in Fe/Cr g'ant TABLE L. Spin-dependent resistivities and a of Cr, V, Mn, Al, Ir, and Ge
magnetoresistance multilayers

and Virgil S. Speriosu

IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099

4782

J. Appl. Phys. 69 (8), 15 April 1891 4792

when alloyed with Fe (from Ref. 10).

Giant magnetoresistance of Fe/Cr multilayers: Impurity scattering model

of the influence of third elements deposited at the Interfaces

Bruce A. Gurney, Peter Baumgart, Dennis R. Wilhoit, Bernard Dieny,
and Virgil S. Speriosu

IBM Research Division, Almaden Research Center, 650 Harry Road, San Jase, California 95120-6099

5867

Jonu]

J. Appl. Phys. 70 (10), 15 November 1891 5867

FIG. 1. Giant magnetoresistance vs thickness of deposited third-clement
X per Fe/Cr multilayer period (points, from Ref. 5) and best model fit
(lines) for X = Mn(O—), V(A—), Cr(X same line as V), Ir(O---),
Al(V—), and Ge( X ***); the best fit is obtained with an equivalent thick-
ness of Fe/Cr scattering centers f, = 2.25 A and 7 = 1. Inset: Quality of
fit Fvs T, for 7 =1 (substitution of third-clement scattering centers for
Fe/Cr centers) and 77 = 0 (addition of third-element scattering centers to
existing Fe/Cr centers).

PHYSICALREVIEWB  VOLUME 44, NUMBER 18 1 NOVEMBER 1991-11
Theory of giant magnetoresistance effects in Fe/Cr multilayers:

Spin-dependent scattering from impurities

B. L. Johnson
Department of Physics, University of Colorado, Boulder, Colorado 80309-0390

R. E. Camley
Department of Physics, University of Colorado, Colorado Springs, Colorado 80933-7150

FIG. 2. The percent change in the magnetoresistance as a
function of thickness per period of added impurity. The upper
set of curves is for Mn impurities and the lower set is for Al im-
purities. The heavy squares are the experimental data for Mn,
while the heavy dots are the experimental data for Al, both tak-
en from Ref. 10. For Mn, the solid curve is calculated using the
value for bulk scattering asymmetry N,, =4, while the dashed
curved is calculated using N,, =6.5. For Al, the dashed line is
obtained for N,, =0.117, the dotted line for N,, =0.281, and the
solid line for N, =0.468. Note that 0.468 is a smaller asym-
metry than 0.117, as explained in the text.
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minority carrier penetration depth

Minority Carrier Penetration Depth D

o Using a structure introduced by Parkin et al., D
can be obtained from the change in transport as
one varies the distance between the interface
and an ultrathin scattering layer.

o Using a bulk scattering model Dieny et al. find
A~10A for x=0.8 at 4K.

o We find at RT, D" = 4.1 + 0.5A, independent of
X. Co
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majority carrier penetration depth

o AG rises with a characteristic length D¢ to a saturation
value AG,,,, i.e.

AG=AG,[1 — exp( - (te1 — t.m)/Dag)]
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NigFei_5/Cu/NiyzFei_, spin valves

Ta/t NixFer-x/23Cu/50 Ni'x Fe,.v [lt0f Mn [T
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Direct Measurement of Spin-Dependent Conduction-Electron Mean Free Paths

in Ferromagnetic Metals

Bruce A. Gurney, Virgil S. Speriosu, Jean-Pierre Nozieres, Harry Lefakis, Dennis R. Wilhoit,

and Omar U. Need

IBM Research Division, Almaden Research Center, 650 Harry Road. San Jose, California 95120-6099
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backed spin theory

DIRECT MEASUREMENT OF MAJORITY CARRIER MEAN
FREE PATH

Approximate solution to Boltzmann transport equation for
backed spin valve with filter layer ‘f" predicts

AG=AG; + Ag, [A*e"’"“f {1 — oMt~ t.)ll*]}
=0
— Py — oMl W]

+
~AG + AGy| 1 — o ALl — W/ ]] (A <Bt)
magnetooénddctance depends on B=1 (xeT) B2 (He-q)
from filter layer b-layer material  (average over

and filter, etc. solid angle)

AG depends on
T B/A* only
AGb «—> 1’//3
t ‘{:d

back layer thickness
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backed spin valve results

— A* directly measured
— A~ inferred from A* and bulk resistivity
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11 b=Cu
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CIP vs CPP transport

Current perpendicular to the plane (CPP) vyields a GMR
amplitude two or more times larger than current in the plane (CIP),
and can be used to measure spin dependent scattering.

PHYSICAL REVIEW LETTERS 10 JUNE 1991 VOLUME 66, NUMDER 23
Perpendicular Giant Magnetoresistances of Ag/Co Multilayers 50 ]
—r—r— v T T
W. P. Pratt, Jr., S.-F. Lee, J. M. Slaughler.“) R, Loloce, P. A. Schroeder, and J. Bass i CO/Cu
Depariment of Physics and Asironomy and Center for Fundamenial Maierials Research, & 40 - o
Michigan State University, East Lansing. Mickigan 48824 E L o ¢ -]
(Received 22 Jaauary 1991; revised manuscript reccived 11 Apeil 1991) c 8
~ s .
~ 30} 3
(R RP)RA gt _ el 4 2yrem mE
te+iy . < 20F} -
ll- [ ]
' e 10f :
Figere 10. Pt of ARup - ARp( vi M o (Co = 1.5 am and 6 am. The solid line represcats [ ]
‘F*"mmﬁ’bﬂc.ﬂu: mu&unma-g,;: e valos < L ]
rom Nite Warksop o« Magmetiin i fiduod Dimanstans, Cavgzre (1492 ol 1L .
0 20 40 60

Bilayer No. M

Perpendicular giant magnetoresistance of microstructures in Fe/Cr
and Co/Cu multilayers (invited) : '

M. A. M. Gijs, J. B. Giesbers, M. T. Johnson, J. B. F. aan de Stegge,
and H. H. J. M. Janssen '
Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands

1. Appl. Phys. 75 (10), 15 May 1994 6709
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spin accumulation

Perpendicular magnetoresistance in magnetic multilayers: Theoretical
model and discussion (invited)

Albert Fert
Laboratoire de Physique des Solides," Université Paris-Sud, 91405 Orsay, France J. Appl. Phys. 75 (10), 15 May 1994 gaog
[@) ' T 1
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3 l
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lnl 'l‘ - Y
H 4 Brr(L/2)
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M=L/2t
FIG. 3. J(Rm’—ﬁm)lim; is plotted as a function of the number of bi-
T hMthMWWLMWWMVMW!Q:
l the ferromagnetic and normal layer, ty=ty=¢=L/(2M). The solid line is
| (8) the lincar variation expected from Eq. (14) for the limit 1</, or M <L/l
| i For M<L/l, Eq. (14) is no loager valid 20d y{R7— RM)R™drops as
exp(— /41, J~exp(—L/2M 1) (sec thin solid line).
sy e
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' 0 [ | ’ e
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FIG. 1. Hlustration of spin accumulation effects at the interface z=0 be-
tween two semi-infinite ferromagnetic regions with opposite magnetizations.
The arrows indicate the majority spin direction in each region. The clectrons
flow from left- to right-hand side, and the spin + electrons are supposed to
be weakly scattered at the left-hand side and strongly at the right-hand side.
The change Au of the chemical potential of the spin + clectrons (propor-
tional to the out of equilibrium spin polarization), the absolute values of the
current densitics for spin + and spin — electrons, J, and J_ , respectively,
and the absolute values of the electric ficld E are plotted vs 2. See also Refs.
14 and 15.
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How to isolate effects of spin-flip scattering on glant magnetoresistance
in magnetic muitilayers (invited) :

J. Bass, Q. Yang, S. F. Lee, P. Holody, R. Loloee, P. A. Schroeder, and W. P. Pratt, Jr.
Department of Physics and Astronomy and Center for Fundamenial Materials Research, Michigan J. Appl. Phys., Vol. 75, No. 10, 15 May 1994
State University, East Lansing, Michigan 48824-1116
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bipolar spin switch

Spin polarization of gold films via transported (invited)

Mark Johnson
Bellcore, 331 Newman Springs Rd., Red Bank, New Jersey 07701

6714  J. Appl. Phys. 75 (10), 15 May 1994

(b)

P F2, parallel F2, anii-

parallel

N*(E) N’(E)

FIG. 1. (a) Pedagogical model of three-terminal device. Arrows in F1 and
F2 refer to magnetization orientation as determined by majority spin sub-
band. (b) Diagrams of the densities of state N(E) as functions of energy E
of the ferromagnet-paramagnet-ferromagnet system depicted in (a).
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implications of j(z) for sensors:
spin valves

DISTRIBUTION OF CURRENT INFLUENCES THE
BIAS POINT

three contributions to bias point
pinned layer interlayer coupling current flow
demag field l

{mA]
h[um]

H=Q 2n

BIAS POINT 1.0

50ATa/60ANIFs/10ACo,/23ACu/ 10ACo/30ANIFs/110AF skin,/50ATa

o 0.4} L ] 0.8 r

s | % - '

g 0.2 + Hols=—17 Oe 7/ J 0.6 +

S I 1 o i

g o0 0.4}

-6 - r

§—0.2 b C.2t e

(e} h - .

C*O<4 j==20 mA 7 C — L L 1 L 1 !
40 0 7 0 50 '100 150A 20C
applied fleld (05 layer thickness (A)
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current distribution j(x) in a spin valve

LOCAL CURRENT DENSITY
NiFe/Cu/NiFe spin valve using previously measured A7

50ATa/45ANIFe/22.5ACu/45ANIFe/110AFeMn/50ATa

60 : 1 i 1 1 1 i
| antiparallel soin down
DT OWn -
40 F / N T spin up
= : : —-— total i
N - -/' \. -]
< e
20 “(' / \‘ ' -
Lany Iy 1
< - N N
Pl Seeo ) —_—
<  80F : : ; ; : m—
> i Cu .
- EaaN —-— antiparallal 1
W o~Hlr NiFe \NiFe — parcllsl -
L < // J
[ <Y S - . -l
v} - ~
N— ’< Zn L I;' . ‘.‘
/ v -
U /
M L 1s u FeMn Ta i
1‘&. H 1 ! i i
N O | i T ' | : I:
X 4 ._

(#)]

N

A (R)

| S SR N BN WSS W B

(@) _—

O*"'T““I‘T [ S S R |
—
-
R

100 29C 300
posiiion (A)
illustrates how SDS leads to resistance change
~» shows that current density change is in ferro layers
s current density much more uniform than parallel
resistor model

>
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path integral vs parallel resistor models

path integral vs parallel resistor models

o
g T T T T T !
<
= i Cu path integral i
D parallel resistor
F et
< ™ —_
= +H <
- E
£ I S
o o o 's E
O+
g < s
4~ =
c - K]
§ 2
o
E gL 1
— -~
° . .
g | NlFe NIFe . hn 8
n To M Ta 42
o E-i—-'ﬁ 1l - m _ Fe;g < °
0o 100 200 © 300

position [A]
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current bias: experimental results

MODEL PREDICTS BIAS POINT SHIFT

The transfer curve of a 10um x 3.8um stripe

\:,\Q W\

was measured vs sense current, and compared
with the model prediction of bias point shift.

normalized AR/R

A blas point (Oe)

50ATa/60ANIFe/10ACo/23ACu/10ACo /S0OANIF e/ 1 1 OAF ebin /SOATG

0.4} 1
i 4
0.2 + j
ol 4
0.2 )
0.4 | jm ~20-+ 10 mA -
-100 -50 0 50 100
applied fleld (Oe)
30 T T B d
s
o // / 7
A4 4
20 s
// ‘ i
,’ . ]
10 /,"/ . experiment
—— modsl E
_____ Cu layer only
0 . —— pcrlunol rolslsfor_ .
0 10 20 30

A current (mA)

& model accurately predicts Q=0.52 for this structure

& implies higher current (more heating, electromigration)
to achieve optimal bias than more simplistic current
distributions.
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o
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recording constraints on MR heads

interplay of ¢, g, h, Hy

order of magnitude estimates ! for:

t film thickness

gap
h stripe height

g
H,, sensor film anisotropy

Mmedia,é ~
T ~
10 3[emu/ecm?] =~ 800[G]125[4]

sensor moment — matched to flux from media:
M,t

=t~ 100 A

gap — follows from density

~ V29 FWHM of read back pulse, from transition
density ~ 1 [Gbit/in?] = 1.6 x 108 [bit/cm?
=1/(3%x 1074 [em]-2 x 107° [cm))

PWsg
= g~ 1.4 x107° [cm)

Bruce A. Gurney

1see, e.g. N. Bertram, Theory of Magnetic Recording. Cambridge. 1994

Almaden Research Center
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recording constraints on MR heads

interplay of ¢, g, h, Hk

order of magnitude estimates for:

t film thickness
g gap

h stripe height

H}. sensor film anisotropy

h and Hj can be estimated from t, g, and considereations of maximum
efficiency of flux propagation into the head, and maximizing the signal to noise

maximum efficiency — h ~ A characteristic length of flux
propagation. (tradeoff of h and Hy)
2
b X & 2w Mgt g~ Hy
Hy

2 M
signal to noise power (want large h for large signal)

gz( Viig )2= (nApJ W)?
N :

_ 02 J2phWt (Ap>2
Vioise 4kTRAf =~ 4kTASf p /)
practical compromise — h =~ 1lum

27 Mtg
= .IEI';; ~ b) ~ ].() [(::) ]

]|

»-II

Bruce A. Gurney



sensor materials: low field multllayers

IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. &, NOVEMBER 1954
Highly Seasitive Giant Magnetorecistance in NiFe/(Ni/Fe/Cu)a/NiFe Thin Films

Akira Kouchiyama, Telichi Miyauchi and Kenjiro Watanabe

3837

Corporate Research Labocatodies , Soay Cupo::ﬂou,6-7-35 Kitashinagawa, Shinagawa-ku, Tokyo, 141, Japan

= 5: Almaden Research Center

Abstract - GMR of 0 to 6.95% has been found in fields of 0 to
§0 Oc¢ at room temperature in NiFe(Sam)/[Ni(1.58nm)/
Fe(0.42am)/Cu(2.1nm)}¢/NiFe(7Tam) thin films prepared by

rec&e thickness

coatrol. The full width at half maxiciem of the GMR

curve was 104 Oc, The top and bottom NiFe layers bad anti-

Ni/Fe layers across the Cu
soft characterist]

y
¢ NIF¢/(NVFe/Cu)¢/NIFe sensor whick was 40am thick , 3.5
umwidemduumbngshwedlhlzeu(puuﬁms:s

DC magunetron sputiering with extremely

faromagnetic coupling to adfacent
Tgers and also malnwned

large &s NiFe/A1203/NIFe sensors.

ARRs (%)

H (0¢)

Fig. 2 MR curves for 2 NiRe(Ni/Fe/Cu)/NiFe multilayer.
Bruce A. Gurney
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sensor materials: discontinuous
multilayers

7058  J.Appl Phys. 76 (10), 15 May 1994
Low fleld glant magnetoresistance in discontinuous magnetic multilayers

T. L Hytton, K. R. Coffey, M. A. Parker, and J. K. Howard

BM AdSuar; San Jose, California 95193

Giant magnetoresistance of order 4%—6% has been observed in ficlds of 5-10 Oc at room
tempenature in annealed multilayers of NigFey/Ag prepared by magnetroa sputtering. For a wide
range of NiFe and Ag thicknesses, no glant magnetoresistance was observed in the unannealed films.
We attribute the appearance of giant magnetoresistance o a magnetostatic interlayer interaction that
promotes antiparallel order of the momeats in adjaccat layers fostered by a breakup of the NiFe
layers. We discuss the effects of variations in the underiayers, spacer thickness, and the sputtering
process oa the magnetoresistance. Our results suggest that maximizing magnelosesistance and
‘minimizing hysteresis require samples with coatinuous Ag layers that prevent contact between the
NiFe layers and NiFe layers that are discoatinuous but not 100 severly disrupted.

FIG. 1. AR/R, vs H for 2 sampic Ta(100 A)/Ag(20 AM{NiFe(20 AVAg(40
AL/NiFe(20 A)/Ag(20 AYTa(40 AWSiO2(700 AYSi. The field is in the
planc of the sample and perpendicular 0 the cumeat. Arrows indicate the
ramping direction of the ficld. Unanncaled sampies show oaly a small AMR
effect, but for anncaling temperatures above 300 °C, a large GMR effect is
evident. Large sensitivities of order 0.8%/Oc arc achicved jn the sample
anncaled at 315 *C (inset).

GIANT MAGNETORESISTANCE AND STRUCTURAL STUDY OF
PERHALLOY/SILVER MULTILAYERS DURING RAPID THERMAL ANNEALING

F. ROOZEBOOM, L GIDEONSE®, J.P.W.8. DUCHATEAU, D.G. NEERINCK ANO
HT. MUNSTERS
Phlips Research, Professar Holstlaan 4, NL-5658 AA Eindhoven, The Nethertands
* Universtty of Gronlngen, The Netherdands. '
”
Ml Rec. Soc. Symp. Prec. Vol. 342, *1994 Shateciats Mocssrch Society

Almaden Research Center Bruce A. Gurney




sensor materials: spin valve

IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994 3813
Application of Giant Magnetoresistive Elements in Thin Film Tape Heads
W. Folkerts, J.C.S. Kools, Th.G.SM. Rijks, R. Cochoorn, M.C. de Nooijer,

GHJ. Somers, JJM. Ruigrok and L. Postma
Philips Research, Prof, Holstlaan 4, 5656 AA Eindhoven, The Netherlands

2185

ar -+ 18 %/(kA/m)

Resistance (Ohm)

R R 0 1 2
Magnetic Field (kA/m)

[EEE TRANSACTIONS ON MAGNETICS, YOL. 30, NO. 6, NOVEMBER 1994

- Magnetoresistance of Symmetric Spin‘ Valve Structures

3819 Thomas C. Anthony and James A. Brug -
Hewictt-Packard [ aboratorics, 1501 Page Mill Road, Pdlo Alto, CA 94304

Shufeng Zhang
Department of Physics, New Yock Uaiversity, 4 Washingtoa Place, New York, NY 10003

10
E .
(73
:

5 iy
S -
ol ,

b2 100 200

< MAGNETIC FIELD (Oe)

" Fig 5. Rt curve from NIO(TSYNIFe(30YCoQOMOWB YCoZ0VNIFe(2SY
CoQ0pOu24¥CoOYNIFE(0Y MaFe(| SOYNIFe204) symmetric spln valve
with fickd applicd paralicl 1o easy axis.
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3822 IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994

Micromagnetics of GMR Multilayer Sensors at High Current Densities

) Neil Smith ’
Imaging Research and Development, San Diego Laboratories, Eastman Kodak Company, San Diego CA 92121

implications of j(z) for sensors:
multilayers

reduced signal at high (but necessary) current density

R
_dau 7N\
tN :theory P

15

K R
B B Ry R N J = 5x10°
3 ] A\ N

N 53 A 1 B BN N

7N \ :
Htel B R .
glet® [ P
o] PR 7
i BS A
2 eeeres N1 N
X

Fig. 1. Pictorialization of &« GMR multilayer stripe in antiferromagnetic ground-
state. Clear (shaded) are magnetic (nonmagnetic) conducting layers. -100 0 H (0e)
Fig. 3. Comparison of experimental (solid) und theoretical SR(HYR curves at
current deasity, J, indicated. For theory, ”ch = 0 (dotted), or ”bq: = H‘#
(dashed). Curves for each J are shifted vertically by 3% 8R/R.

IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994 3825

Size and Self-Field Effects in Giant Magnetoresistive Thin-Film Devices

~ R.'William Cross, S. E. Russek, and S. C. Sanders, ¢fa (.
Electromagnetic Technology Division, National Institute of Standards and Technology

Boulder, Colorado 80303
6
. -]
- Thermal
>
N’
m ) \A\\‘\A
E Current
< L, with thermal
Fig. 4. Plots AR/R as a function of temperature for a NiCoFe/Cu device with 1 \ | | ( | | |

af? X 6 um active area. The difference between the curves is the self-ficld 300 320 340 360 380 400 420 440 460
etiect..

Temperature K
Almaden Research Center Bruce A. Gurney




temperature effects in spin valves

Temperature dependence of magnetoresistance in spin valves
with different thicknesses of NiO

Chih-Huang Lai, Thomas J. Regan,® and Robert L. White
Depariment of Materials Science and Engineering, Stanford Universiry, Stanford, California 94305

Thomas C. Anthony
Hewlett Packard Research Laboratories, 1501 Page Mill Road, Palo Alro, California 94304

T T T T T =
— 120
-
- 100
_%r Hso &
—_ >
g > ‘ H
3 5 60 5
'3 < 2k 1 3
<Q ~ ";
- 40
1+
- 20
0 | 1 1 I 1 ! | 0
20 40 60 BO 100 120 140 160 180

40 80 120 160 200 Sel temperature Tg (°C)

Temperature ( qC)
FIG. 3. Temperature dependence of AR/R and H, rp40m for the 340 A NiO
sample, measured at room temperature after the samples were cooled in a

FIG. 1. Temperawre dependence of AR/R and AR for spin valves with .
perpendicular ac field from set temperatures T, .

structure 340 and 790 A NiO/60 A NiFe/30 A Cw80 A NiFe/S0 A Ta.

3990  J. Appl. Phys., Vol. 81, No. 8, 15 April 1957

H, (Oe)
0 (Tpi)
°
T

‘J ZL—
OLLIJAI | SENS S R " 0

20 40 60 80 100 120 140 160 180 200 0 40 80 120 160 200

Tempaerature (°C) Temperature (°C)
FIG. 4. The exchange path distribution, D(T},;), of the 340 and 790 A Ni0

FIG. 2. Temperature dependence of the exchange field H, for various thick-
samples.

nesses of NiO.

Bruce A. Gurney
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can spin valves be reliably deposited?

Can spin valves be reliably deposited for magnetic recording applications?
(invited) .

Bruce A. Gurney, Virgil S. Speriosu, Dennis R. Wilhoit, Harry Lefakis,

Robert E. Fontana, Jr., David E. Heim,® and Moris Dovek
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120

The tolerance of the expected read-back signal of spin valve giant magnetoresistance based
structures to varying deposition and process conditions are described. We determine if spin valves
can be produced reliably, and evaluate which thicknesses and properties are most critical. First, the
dependence of spin valve properties on layer thickness are experimentally determined. Next, the
variation of read-back signal and transfer curve characteristics with spin valve properties is
calculated from micromagnetic modeling. Finally, these are convolved with the expected
reproducibility of layer thickness to obtain an effective ‘‘yield”’ of structures within 10% of the
mean amplitude. We find that spin valves can be reliably deposited, with ‘‘yields’’ well in excess
of 90% likely. © 1997 American Institute of Physics. [S0021-8979(97)67908-6]
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FIG. 3. Dependence of the magnetoresistance, sheet resistance, coupling FIG. 4. Dependence of the magnetoresistance, coupling field, and exchange
field, and sawration flux on the free layer thickness for a 50 A Ta/t NiFes25 field on the pinned layer thickness for a SO A Ta/60 A NiFe/25 A Cu/r
A Cu24 A Co/150 A FeMn/50 A Ta spin valve. Co/150 A FeMn/50 A Ta spin valve.

3998  J. Appl. Phys. 81 (8), 15 April 1997
Bruce A. Gurney
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can spin valves be reliably deposited?

!
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e A pa . 5.00 _‘_wﬂ DISK DRIVE
— 125} . T7R% s @ (normalized to M$=8x10 ~* emu/cm?)
() | PN o
E)_‘ ] d". I e 450 g
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FIQ. 5. Dependence of the magnetoresistance, coupling field, and sheet e !
resistance on the spacer layer thickness for 1 50 A Ta/60 A NiFe/r Cuw/24 A
Co/150 A FeMn/SO A Ta spin valve. DISK DRIVE
(normalized to M,6=8x10 ~* emu/cm?)
/ / (5\) 2
. A&V FIG. 7. Transfer curves calculated for different ratios of the pinned to free
o(oV)= \ 2 ( — | (o1))? layer moment,

o1,

TABLE 1. Process sensitivity 104 and signal sensitivity S for a spin valve. na=not applicable. T depends on

strain in head.

Process sensitivity ,
(1o8d) ..
0 Signal Sensitivity
pinned  FeMn (S) design criterion

Property P free spacer
Magnetostriction 8 na na na 0t 0<A,<—-2X107¢
Magnetoresistance -30 =33 33 -25 1 >3.5%
Resistance =25 =25 =62 =33 1 =15 /0
Free layer moment 10 na na na =1 50 A
pinned layer moment na na 10 na 0.25 50 A
Coupling field —14 —15 33 na -0.15 9<H;<I13 Oe
Exchange bias field na na -29 30 0.2 >200 Oe
Uniaxial anisotropy field  —20 na na na -0.05 <5 Oe _ -
1084=(10T)
a(6V)=0.0331. (12)

Taking as a quality criterion that a 10% or larger deviation
from the mean signal amplitude would be considered an un-
successful deposition these results suggest that over many
runs 99.7% (corresponding to 3.00) of the spin valve depo-

sitions will yield high signal spin valve sensor materials.
Bruce A. Gurney

Almaden Research Center




recovery of spin valves from
thermal destabilization

Improvement of thermal stability and magnetoresistance recovery
of Tb,sCo5 biased spin-valve heads
N. J. Oliveira,® J. L. Ferreira,? J. Pinheiro,2 A. M. Fernandes, O. Redon, S. X. Li,

P. ten Berge,”’ T. S. Plaskett, and P. P. Freitas®
INESC, R. Alves Redol 9-1, 1000 Lisboa, Portugal
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Passivation ————, FIG. 3. Transfer curve of 6X2 um?® sensor during anneal/field recovery
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4904 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997 Qe tape. Inset shows the output voltage at 20 kfci.

Bruce A. Gurne
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electrostatic discharge and spin valves

Electrostatic discharge sensitivity of giant magnetoresistive
recording heads

Albert J. Wallash® -[ r j
Quantn Corporation, S00 McCarthy Boulevard, Milpitas, California 95035 l —I |

Young K. Kim®
Quanwun Corporation, 1450 Infinite Drive, Louisville, Colorado 80028

In this article electrostatic discharge (ESD) damage to giant magnetoresistive (GMR) recording
heads is studicd for the first time. The ESD failure threshold was measured using an extremely short
duration (1 ns) metal contact ESD transient. The failure energy required to melt the GMR recording
head was 2.3 nJ, about half of the 5 nJ of energy needed to melt a conventional anisotropic
magnetoresistive (AMR) head design. Scanning electron microscope scans of ESD damaged AMR
and GMR heads show localized melting of the sensors. It is concluded that recording heads with 7
GMR sensors, planned for use in the near future, will have significantly lower ESD failure ] ’
thresholds than AMR recording heads in use today. Finally, scaling arguments show that an AMR

heud design with the same reduced cross-sectional area of the GMR head has a comparable ESD Time 1 ns/div)
failure threshold.  © 1997 American Institute of Physics. [S0021-8979(97)33108-9]

Current (100 mA/div)
/t‘

FIG. 2. ESD current transient when an MR input was grounded with a plate
voltage of 150 V.
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FIG. 5. SEM pictures of field-induced metal contact ESD damage to MR
FIG. 4. Fuilure voltage as a function of inverse initial resistance. Note linear heads: (a) AMR head: (b)-(¢) GMR heads.
relutionship between voltage and Iresistance as predicted by Eq. (1). 38
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. =] L
o 4
o
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FIG. 1. Schematic representation of setup used to produce metal contact FIG. 3. Typical resistance behavior as a function of plate voltage for AMR
ESD wansients. and GMR heads.
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corrosion and spin valves

Effect of corrosion on magnetic properties for FeMn and NiO spin valves
S. L. Burkett,® S. Kora, J. L. Bresowar,? J. C. Lusth, B. H. Pirkle, and M. R. Parker?

The Center for Materials for Information Technology, The University of Alabama, Tuscaloosa

Normalized MR Ratio

FIG. |

n

Alabama 35487-0209

stored in a Tenney environmental

chamber set at 60 °C and 90% relative humidity.

12 14

; o 50?“ O 50ATa

O 40ATa O 40ATa

1 12_-._
O‘QS 4529040 4 20ATa A 20ATs

| Oopta, ® 10ATa N ® 10ATe

AAA
. 10 40ge ©

08 & 4, O 8 2 A

T A £ s 85 g o

| & &’ e b4 [¢)

| ay -+ A

3 . A g e ¢ o
06 + N 3 )

S
-go.e + a
04 s . &
04 4+
* o
e
) A .
0z + I
‘ o 0.2 + .
.
cv. ?

0.0 4—— ~——+ f ettt 0.0 ettt} —t—t it

o 5 10 15 20 25 0 5 10 15 20 25

Time (Days) Time (Days)

Normualized MR ratio vs time in chamber for FeMn spin valves.

FIG. 3. MR ratio vs
coated edges.

time in chamber for FeMn spin valves with epoxy

8 260
A MR Ralio (%)
e H (Oe) 250
"7 o 240
A L
A‘A . AA‘AA AAM A‘ A
230
6 - 4 i
g - 220
: g
& 54 o ©® 20 &
x . T
= ¢ ® o® F 200
1 % ° k190
L)
[ ] - 180
3 A ) i
2 : - 170
% AV SpotMagn Dot-WD, F————1 20im | 2 . T . : : 160
‘T00kv60 1000x SE 100 Tho Uniersity of Alabama -, 0 10 15 20 25 30
Time (Days)
IFIG. 4. SEM micrograph (spin-valve edge at far right) of FeMn after 4 days
chamber.
valves,

4912

. Almaden Research Center

J. Appl. Phys. 81 (8), 15 April 1997

FIG. 6. MR ratio and H,, vs time in chamber for NiO spin

Bruce A. Gurney



magnetic viscosity in spin valves

Magnetic viscosity effects in the giant magnetoresistance
of NiO/Permalloy/Cu/Permalloy exchange-biased films

J. B. Restorft, M. Wun-Fogle, and S. F. Cheng

Carderock Division, Naval Surface Warfare Center, Code 684, 9500 MacArthur Boulevard, West Bethesda,

Maryland 20817-5700

7500 400 -300 200 -100 0 1
Applied Field (Oc)

FIG. 1. Magneloresistance as a function of field of the spin-valve structures:
(a) NiO/Permalloy (45 A)/Cu (45 A)/Permalloy (45 A) (sample A); (b)
NiO/Permalloy (45 A)/Co (6 A)Cu (45 A)Co (6 A)/Permalioy (45 A)
(sample B). The data were taken by the stepped field method.
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FIG. 2. Magnetoresistance and corresponding stabilization time vs field for
NiO/Permalloy (45 A)/Cu (45 A)/Permalloy (45 A) (sample A) at +10 °C.
In (a) and (c) measurements were taken from +700 to =700 Oe and in (b)
and (d) from —700 to +700 Oe. The data were taken by the stepped field
method.
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FIG. 3. An example of fits of the time dependent MR measurements (o
C+58In(r). Curves a and b are for large AMR and small AMR, respectively.
This data is for sample A; sample B is similar. The open symbols represent
the data points and the solid lines represent the fits.
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FIG. 4. Magnetoresistance vs H and coefficient of magnetic viscosity S vs
H for sample B [NiO/Permalloy (45 A)/Co (6 A)/Cu (45 A)/Co (6 A)
Permalloy (45 A)]. The S's associated with the broad maximum on the left
are denoted by circles; the S's associated with the narrow maximum are
denoted by triangles. The data were taken by the time-dependent method.
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spin valve head

IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994 3801
Design, Fabrication & Testing of Spin-Valve Read Heads for High Density
Recording '
Ching Tsang, Robert E. Fontana, Tsann Lin®, D. E. l:ic.im‘.
Virgil S. Speriosu, Bruce A. Gumey & Mason L. Williams
IBM Research Division, ’
1BM Advanced Magnetic Recording Laboratory,
Almaden Research Center, 650 Harry Road, San Jose, CA 95120-6099
*[BM Storage Systems Division
exchange
layer
. Wz lead

[

free layer pinned layer

Fig. 1. Schematic of a spin-valve sensoc (M: magnetic moment,
6: angle from the longitudinal direction).

3
Y
g

COPPER WRITE COILS

»  Electronics Now, October 1994

MAGNETORESISTIVE

. . . IBM's SPIN VALVE MAGNETORESISTIVE HEAD should permit disk drives with st
Fig. S. Experimental low field (100 Oe) and high field (£350 Oe) densith permht disk drives with storage
transfer curves of spin-valve read head. Y 20 times what ls possible today.
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spin valve head
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Fig. 6. Real-time (a) and Averaged (b) readback waveform of

spin-valve head on CoCrPt disk.
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Normalized output
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GMR field sensors

GMR Materials for Low Field Applications

J. M. Daughton and Y. J. Chen /
Nonvolatile Electronics, Inc.,
Plymouth, MN 55441, USA

IEEE TRANSACTIONS ON MAGNETICS, VOL. 29, NO. 6, NOVEMBER 199’5 O
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Fig. 3. GMR Bridge Ficld Sensor.
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GMR non-volatile memories
IEEE TRANSACTIONS ON MAGNETICS, VOL. 29, NO. 6, NOVEMBER 195
GMR Materials for Low Field Applications

J. M. Daughton and Y. J. Chen
Nonvolatile Electronics, Inc.,

Plymouth, MN 55441, USA
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Fig. 5(b) is an arcal view of a 2x2 array of nanometer
MRAM cells showing a cell arca of 4.84 A2, where A is the
resolution limit of the lithography used to fabricate the
memory cells. This compares with more than 10 A2 for
minimum-size Dynamic Random Access Memory (DRAM)
cells. MRAM potentially can be at least twice as dense,
and will have an even greater density advantage as A
becomes smaller than 200 nm unless there is significant
progress in capacitor technology used for DRAMs. With
GMR materials for sensing, the read access times of
MRAM will be comparable to semiconductor memories.
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What’s Hot: Colossal MR®
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Magnetic field induced properties of manganite perovskites with colossal

colossal magnetoresistance (CMR)

magnetoresistance (invited)

Gang Xiao, G. Q. Gong, and C. L. Canedy

Department of Physics, Brown University, Providence, Rhode Isiand 02912

E. J. McNiff, Jr.

Francis Biner National Magner Laboratory, Massachusens Institute of Technology, Cambridge,
Massachusetts 02139

A. Gupta

1BM T. J. Waison Research Center. Yorktown Heights, New York 10598

We present a systematic study of the magnetotransport and magnetic properties of the half-doped
Lag sCag sMnO;, 5 system. The solid is a metamagnet which undergoes a first-order antiferromagnet
(AFM) to ferromagnet (FM) phase transition under  field or by changing temperature. Associated
with the AFM-FM wansition is an insulator to metal transition. A maximum 10°-fold
magnetoresistance ratio has been observed at 4.2 K between the least and the most conductive states.
Atlow T (=50 K), we have also observed two additional metastable elecironic states in the canted

all,

>
AFM state at certain fields. The resistivity of each state differs from one another by at least one -
order of magnitude. The existence of these multiple states may be related 1o the unique charge- and
spin-ordered state of the half-doped manganite.  © 1997 American Institute of Physics, b
[S0021-8979(97)72008-5) . e w
—_ ., b —
a
5324

J. Appl. Phys. 81 (8), 15 April 1997

brtrd, bb

FIG. 3. The charge and spin ordering structure of Lag (CagsMnOs, 5 (a—b
plane). Only the Mn®* and Mn** ions are marked, O~ jons are located
midway between the shortest Mn®*~Mn** pairs. The highlighted zigzag
chains consist of alternating Mn®* and Mn** jons whose spins are ordered
ferromagnetically. The interchain coupling is of the antiferromagnetic type.
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FIG. 2. Resistivity and magnetization of LagsCayMnOs, s vs magnetic field at T=4.2, 50, and 77 K. For cach run, the sample was cooled in zero field, and
then subjected to a sweeping field sequence (see arrows): 0—19 T—0——19 T—0—19 T.
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colossal magnetoresistance (CMR)
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FIG. 5. Phase diagram of LayCagsMnOs, 5 in the H-T plane. H2~F and
HE™* are critical fields for the AFM—-FM and FM—AFM transitions, respec-
tively. The magnetic transition temperature (T,) was obtained from the
susceptibility measurement.
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FIG. 4. Magnctization curves of LagCigsMnO;, ; measured at different
lemperatures.

Colossal magnetoresistance and charge order in La;_,Ca,MnO; (invited)

A. P. Ramirez and S.-W. Cheong
Bell Laboraiories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974

i 1"\ 2.0 ~ - - ——
=5 S_chlﬁer . ‘ [e} ..u.v.l.-.\ml, ! . | Lag,4Cag3gMn0,
Physics Depariment, Universiry of Notre Dame, Notre Dame, Indiana 46556 £ 15 [pevovovovs "%"3’6'&{5-- {
Double-exchange ferromagnets with their associated large magnetoresistance have recently béen g r 05T §\’\_;4 ToT 1
considered as candidates in magnetic storage applications. We review materials aspects of one g 1.0 ; teeeserescrcerceraga, >./ 1 T':
compound family, La;_,Ca,MnO;. There exist two distinct low temperature regimes; (i) T:) 05k 04T .\ \ ]
ferromagnetic and metallic (x<0.5) and (ii) charge-ordered and semiconducting (x>0.5). We = | ’ AN D_o‘:a, -
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VOLUME 74, NUMBER 16

What’s Hot: Tunneling’

PHYSICAL REVIEW LETTERS

17 APrIL 1995

Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions

TUNNEL CONDUCTANCE (in arbitrary units)

FIG. 1.

J.S. Moodera, Lisa R. Kinder, Terrilyn M. Wong, and R. Meservey

Francis Binter National Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, Mussachusetts 02139
(Received 29 November 1994)

Ferromagnetic-insulator-ferromagnetic tunneling has been mecasured in CoFe/A1,0,/Co or NiFe

junctions.

At 295, 77, and 4.2 K the fractional change in junction resistance with magnetic field,

AR/R, is 11.8%, 20%, and 24%, respectively. The value at 4.2 K is consistent with Julliere’s model
based on the spin polarization of the conduction electrons of the magnetic films. AR/R changes little
with a small voltage bias, whereas it decreases significantly at higher bias (>0.1 V), in qualitative
agreement with Slonczewski's model. These junctions have potential use as low-power field sensors

and memory elements.
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FIG. 2. Resistance of CoFc/Al,0,/Co junction plotied 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).

7J.S. Moodera, et al., Phys. Rev. Lett. 74, 3273 (1995)
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magnetic tunnel junction (MTJ)

Microstructured magnetic tunnel junctions (invited)
W. J. Gallagher

IBM Research Division, T. J. Watson Research Center, Yorkiown Heights, New York 10698

S. S. P. Parkin
IBM Research Division, Almaden Research Center, Almaden, California 95120

Yu Lu
Piysics Department, Brown University, Providence, Rhode Island 02912

X. P. Bian, A. Marley, and K. P. Roche
IBM Research Division, Almaden Research Center, Alinaden, California 95120

R. A. Altman, S. A. Rishton, C. Jahnes, and T. M. Shaw

1BM Research Division, T. J. Watson Research Center, Yorkiown Heights, New York 10698

Gang Xiao

Physics Department, Brown Universirv. Providence, Rhode Island 02912
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FIG. 1. Schematic of the patterning process for magnetic microtunneling
junctions. The left and right panels are cross-sectional and plan
spectively. The bottom optical micrographs show the layout o

devices on a chip and a single tunneling junction with a rectang

where both the bottom and the top leads are visible.
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FIG. 6. Tunneling resistance vs nominal junction area at room temperature
for MTJ devices with Co-free layers. The closed circles are data from
sumples fabricated using electron-beam lithography to define the junction
area. Open circles are from samples patlerned using optical lithography.
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Si

FIG. 3. Cross-sectional transmission electron micrograph of the layered
structure of an MTJ with a Co-free layer. Each of the layers is indicated.
The Pt layer contains an unexpected interface that may be due (o silicide
formation during the microscope sample preparation process.
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FIG. 5. Room-temperature tunneling resistance R, and magnetoresistance
ratio AR/R, , vs magnetic field along the easy axis of two tunnel junctions:
(a) a Co-free layer device with a rectangular 0.25X1.25 um? top electrode,
(b) a permalloy-free layer junction with top electrode dimensions of 2X 128
wm?. The orientation of the applied magnetic field relative to the junction
shape anisotropy is indicated.
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taking care of business
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FIELD OF DREAMS

Giant magnetoresistance may transform sensors and disk drives

Ibert Fert had an inkling that
Ahewasonwsomethingbig.'nu

University of Paris physicist
knew that many metals exhibit a phe-
nomenon magnetoresistance (MR)—
they show slight changes in electrical
resistance when plaoed in a magnetic
field. An expert in magnetism, Fert

skidding—the key to antilock brakes. In
France, in fact, researchers at Thom-
son are testing GMR sensors in such
brakes and to measure engine crank-
shaft speeds to help lower emissions or
raise fuel economy. Startup Nonvolatile
Electronics Inc. (NVE) in Eden Prairie,
Minn., has even begun selling the first

ber” even after a computer’s power is
cut off. In short, GMR “may affect sever-
al billion-dollar businesses,” says James
M. Daughton, president of NVE.
Magnetoresistance was discovered by
British physicist William Thomson, Lord
Kelvin in 1856. But scientists couldn't
explain it until the development of quan-
tum mechanics in the 1920s. It turns out
that holding a magnet near certain met-
als causes their atoms to “tilt"—and that
tilted atoms are larger obstacles than
untilted ones to electrons zipping by as
electric current. The result is higher re-
sistance. The “giant”™ phenomenon stems
from the additional fact that there are
two types of electrons—thaose that spin
“up” or “down." The trick in changing re-
sistance is constructing a material in
which one of these electron types can

thought he could amplify the
effect by designing materials
made up of very thin layers
of metals. In 1988, he tried—
and the results were astonish-

'THE ATTRACTION OF GIANT

MAGNETORESISTANCE

get through more easily—aided
by the external magnetic field.
That's what Fert wanted to do
with his miniature sandwich.

ing. The magnetoresistance in
the material he used—chromi-
um sandwiched between iron—

dubbed “giant™ magnetoresis-
tance (GMR). Instantly, it be-
came “the hot thing in phys-
ics,” says Mark H. Kryder,
director of the Data Storage
Systems Center at Carnegie
Mellon University. Many phys-
icists put it on a par with high
temperature superconductivity,
except for one thing: While
the latter is still struggling to
get out of the lab, in just six
years, GMR has begun to have
“a big impact on technology,”
says James Brug., manager
for recording-head technol-

ogy at Hewlett-Packard
Co. Adds Kryder: "H's
turning out to be use-
ful much faster than

I expected.”

BRAKE KEYS. GMR has
great commercial ap-

more sensitive (diagram). That lets them
detect tiny external magnetic fields, an
ability that's critical to lots of products.
Each bit on a computer disk, for in-
stance, is represented by a tiny mag-
netic field that is “read™ by & magnetic
sensor. Similur sensors are used to tell
when car wheels stop turning and start

LAUREL DAUNES

Discovered only six yeors oga, GMR is rapidly moving from kb
to product development.

was 10 times that of standard | Bl When no exdemal! mognelic
metals. field is present, the mognetic

Along with similar results fields in 0 metal composed of
from Germany, Fert's find was copper [A) sandwiched

between an iron-nickel olloy (B) foce opposite direckions. As
a resuk, the melal's resistance lo current (C) Is high.

W Applying on extemal runs through such a sandwich,
(0] moagnetic field (D] causes both up and down electrons in
the magnetic fields In all the current encounter many
layers 1o line up in the obstacles. Adding the external
some dicedion, 3o electrs magnetic field changes things
col resistance drops dramatically. It forces all the
dramatically. magnetism in the “bread” lay-

M The lower resisiance makes possible detection of very small
external magnetic fields. That opens the door for use of the metal
in designing:

L Automobile sensors that 2. Computer disk drives that

help betier control engines, / \
_ suspensions, brakes,

can hold 17 times the
information

peal, because if the / \.
right metal sandwiches ond s0 on. - w Of current ones.
are used, it can make them e \' e

GMR product, a sensor aimed at every-
thing from autos to hearing aids.

1BM and other disk-drive mukers.
meanwhile, are building GMR prototypes
that promise leaps of up to seventeen-
fold in the amount of information that
can be crammed onto drives. GMR also
may enable memory chips to “remem-

3. Memory chips that
“remember” even when

the power is
turned off.

wich experiences a big change in resis-

Today, the “bread™ typically
is an iron-nickel alloy, the “fill-
ing” nonmagnetic copper. Com-
bined that way, each succes-
sive layer of iron-nickel is
naturally magnenzed in the
opposite much as the
poles of bar magnets will al-
ways line up in opposite direc-
tions when one is held above
the other. When electricity

ers to line up in the same di-
rection. Suddenly, the "down™
clectrons in the current skirt
the obstucles. The result. says
New York University phy;x
N, cist Peter M. Levy, “is a
short-circuit effect™—a
large drop in resis-
tance.
Mount a chunk of
this sandwich on a
piece of silicon, sus-
pend it above a disk
drive, and each time a
bit of magnetically encod-
ed data swirls by, the sand-

e u..\

tunce—which tells the computer to put
the data on your screen. Even before
GMR. in fact. standard magnetoresistance
was being used this way—mainly by 1u.
Though GMR promised better perfor-
mance. Fert's first devices had a flaw:
“The initial material didn't look very
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AMR, GMR/SPIN VALVE READ HEADS
AND

WRITE HEADS

Edgar M. Williams
READ-RITE CORPORATION

Milpitas, California

This short course discusses recording characteristics of AMR and
GMR/Spin Valve reading heads and advanced writing heads for
application in high data rate, high areal density disk drives. Design
considerations and process variances will be discussed to develop an
appreciatior for device impact on disk drive SNR and reliability
issues. The course content is developed for non-specialists in the
recording industry and for professionals wanting to follow recording
head technology developments over the next few years.
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TPl & KBPI

TPl and KBPI vs Areal Density
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Log BER vs Signal/Noise(eff.)

=

Log BER
>

0 3) 10 15
SNR (dB, effective)

20

Read: Yeh & Wachenschwanz, Intermag (1997)
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Lorentzian Pulses:

VIR Output signall
~ 600 r : —
V 3 400 t |
L+@vilPW50)" g2 |
E 500t | ]
-1 0 1 2 3 4
Time (normalized)

Infinite Sum of Alternating Polarity Lorentzians:

Refs: R.Comstock and M. Williams, IEEE Trans. Mag., MAG-9, 342(1973).
R.L. Smith, IEEE Trans. Mag., MAG-27, 4561 (1991).
H. N. Bertram, IEEE Trans. Magn., MAG-31, 2573(1995).

o _ Asihd 4
cosh?4 -1 sinh A

where A = —g—PWSO'DenSity; Isolated Pulse = 1.0

2+f2

PW50 = —”2———+4(a’+a+6/2)2



Normalized Signal
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Amplitude vs Density
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Anisotropic MR (AMR) Layer with Soft Adjacent Layer (SAL) Biasing:
t3 te t, | 1

Ji/
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Trilayer Resistance: He! V! ]A‘.
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L RRR, n-dedin L |
r Along.
Rle +R1R3 +R2R3 W - dicectior
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Y T T otk
MR spacer sal

Film resistivity in (ohm-cm), thickness in (cm), width in (cm), stripe height in (cm).

Current splitting among the films:
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BIAS FIELD AND FILM COUPLING

Field Outside a Thin Conducting Layer:

H = %1{ [Oe, for I(amp), h(cm)]

Magnetizing Behavior of a Thin Magnetic Film

H 41tMSt
M -—H, = —=>
*  H;+H, h+t

IR

(Hd =~ 150 Oe; Hk =~ 4 Oe)

Coupling Equations for Unsaturated SAL and MR Layers

MMR H.‘(X+Hsal+HMR 1-(1
> - sinbp - fiH,a) - — : M}); S
M 20H,
sal MR sal
Y e, - pHa - sty T 07
M - 2o H

(a much smaller than 1.0; terms in o’ ignored.)

Ref: N. Bertram, "Theory of Magnetic Recording," Chap. 7, Cambridge( 1994).



Saturation Behavior of Real Films is Gradual

MR Msal
Y tanh[f,(H,a)]; —— = tanh[f,(H,o)]
MR sal

M, M;

Ref: S. Middlehoek, "Ferromagnetic Domains in Thin NiFe Films."

e

MR Bias With Saturated S

Optimal MR bias at 0,,, ~ 45° with 6_, - 90°.

H(sial 1 H;WR+ H;al (1 B a)

7Y 2 BR-e)+H

sal sal
H, M, Lo 1

~ ~

Hf,”R MMR - 2

h)




NQN
SMITH: ANALYSIS OF SELF-BIASED MAGNETORESISTIVE SENSOR

TEeE Trams. May, ™G-23 259 ((ag7)

, I T T 1
1.0 —
‘ t, =1.0

NoTE S _______1_____~
+, = SAL ‘hjdrness
“é, —y o.e\
L= strpe ‘/\eajkt :
I Clows in S oc\

M= bv\{\(?, < 0.5 L\ 1/ e

_’ \‘54?—-'\(-& 2
between 7

SAL MR Gilms
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y () |

Fig. 6. Computed MR and SAL bias magnetization dlsmbutlons as functlon of SAL/MR thickness ratio to/t| for ﬁxed Jy
107 A/cm or I, = 0.03 A, L =175 pm, g = 1000 A and ¢, = 400 A. Dotted solxd and dashed curves correspond to
values fo/fx = 0.6, 0.8, and 1.0, rcspectlvcly
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Fig. 7. Computed MR and SAL bias magnetization distributions as func-  Fig. 13. Computed MR magnetization distribution changes in response to
tion of current density J, for fixed thickness ratio o/, = 0.8. L = 7.5 tape-media signal fields for sinewave recorded media (as previously con-
pm, g = 1000 A, and r, = 400 A. Dotted, solid, and dashed curves sidered in Figs. 9-11) for selected wavelengths X as indicated. Shown
correspond to values J, = 0.5, 1.0, and 2.0 x 10’ A/c'mz, respectively..

are approximately maximum positive and negative excursions from bias
distribution (dashed curve) for each wavelength; see text for further de- .
tails. L = 7.5 pum; other parameters as given in Figs. 8 and 9.
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Efficiency of Shielded MR Sensor

_ cosh(Bh)-1
Bhsinh(Bh)’

MAGNETORESISTANCE EFFECT

AP o 050, - 1-sin%,, - 1-tanh’[f,(H,0)] = sech?[f,(H,o)]

p
AN
BVsAUN

MR Signal = E,1,.."ARsech?[f,(H,x)],
where AR = ApW

Cug”
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Output(uV)

Sheet1 Chart 5

Outj)nlrx\t Signals

-30 -20 -10 0
Bias (ma)

Page 1



ASYMMETRY (PCT)

CHANRPS 4 Chart 1

MR THICK = 150 A

. ASYMMETRY VS BIAS CURRENT TRILAYER SPACER = 100 A

FOR VARIOUS SAL THICKNESSES STRIPE HT = 0.9 um
(RPS 96B) G(S-S) = .18 um
20 1 | MAG FLY HT = 2.6 u"
0.0 £ i | F T t——f+——+——+NEDIA MrT = .65 mEMu/cmA2
5 6 10 11 12
2.0 +
-4.0
6.0 + ——— SAL =120 A
-8.0 ‘ ——— SAL =100 A
-10.0 —8— SAL=80A
-12.0 +
-14.0
-16.0 +
-18.0 L

BIAS CURRENT (mA)
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Sample Calculations for 1.5 Gb/sq.in. Case:
If bpi/tpi = 18.0, then Areal Density = (18.0 tpi)x(tpi)

and tpi = 9100; Kbpi = 164.

Write Width (industry average) = 0.80/tpi = 88 microinches
WW = 2.2 microns
MR Width (industry average) = 0.80WW

therefore MRW =W = 1.8 microns.

Trilaver Design:

80/20 NiFe with AR/R = 0.02
tyr =20nm
t opacer = 12 DM

t,y, =14nm

h =1.2 microns



Estimate of Signal for SAL-Biased Shielded AMR Head

A.D. = 1.5 Gb/sq.in.

Read Width = 1.8 microns

MR thickness = 20 nm

Spacer = 12 nm

SAL =14 nm

Stripe Height = 1.2 microns

Tri-layer sheeet resistance = 10 ohms/square x 1.5 squares = 15 ohms
AR/R (MR layer) = 0.02 or AR = 0.42 ohm

Lir/I; = 0.69; Mr current = 6.9 ma for total bias of 10 ma

Shielded MR Seﬁsor Efficiency = 0.48
MR signal = E,; I,z AR sech? [f,(H,a)]
= 590 microvolts (p-p) at 27.3 Kbpi (30.8 Kfci)
449 @« » 82.0 “ (82.0Kfci)
L194  « " 164 “  (184.5 Kfci)

Maximum useful range of MR transfer curve is about 0.4

at low densities (high input field strength from medium.)



AMR HEADS AT 3.0 Gb/sq.in.

Nominal Case (design center):
MR Width = 1.2 um
Stripe Height = 0.8 um
tyg = 12.0 nm
t,,= 8.6 nm
OR/R = 0.02
Bias = 7.0 ma (4.8 ma in MR layer)

Jur = 5.0x10” amp/cm?
Output Signal (130 Kfci) = 580 xV (p-p)

" " (260 Kfci) = 240 uV (p-p)
PW50 = 0.21 um
"3-sigma" Case:
MR Width = 1.1 gm
Stripe Height = 1.2 um
tyr = 13.2 nm
Jur = 3.1x107 amp/cm,
Output Signal (130 Kfci) = 310 4V (p-p)
" " (260 Kfci) = 110 uV (p-p)

PW50 = 0.25 um



NOISE SOURCES: Johnson Noise of Heads and Preamps

e, - \/4kB-T-R-BW volt(rms)

where k; = Boltzmann’s Constant

T = temperature (K) of resistance
BW = bandwidth (Hz) of circuit
Sample Calculation:
T = 300 K; BW = 70 MHz; Ry = 30 Q; R, = 15 Q
e, (MR) = 5.9 4V (rms) or 0.71 nV/vVHz
en(preamp.) = 4.2 uV(rms) or 0.50 nV/VHz

MR head and preamp are independent sources,

e (MR+Preamp) = \/5.9uV2+42uV? - 7.24 uV(rms)

MEDIUM NOISE: Transition Jitter

Refs: Tarnopolsky and Pitts, #EB-07, 3M Conf. (1966)
Xing and Bertram, #AB-08, INTERMAG (1997).

> : T
Transition Noise = V o . (volt,rms)

7\ 2'B-PW50

where V =Iso-Pulse amplitude; o;=jitter (nm,rms); B=distance
between transitions ("bit length.")

Sample Calculation: 400 4V amplitude; 30 A jitter; PW50 = 2500A
B = 980 A (260 Kfci):

€; = 9.6 uV (rms)




NOISE DENSITY (nV/rt Hz)
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Signal—to-Noise Estimates:
Nominal AMR Head at high current Density:
Electronic + Medium Noise: 12.0 gV (rms)
Isolated Pulse: 400 uV (0-p)
Signal at 130 Kfci: 290 uV (0-p) or SNR = 27.7 dB
" " 260 " :120 uV (0-p) or SNR = 20.0 dB

At lower current densities signal drops accordingly, so there
is a motivation for transducers with improved signal output.

SPIN VALVE/GMR Sensors!!



Issues With Increased Sense/Bi rrent

- Temperature Rise of MR Trilayer

R
AT = LR R - °
K 1-a—L1°R
K4 ¢

L = Thickness of gap material (element-shield)
K, = Thermal conductivity of gap material [Al,O, = 1.0 watt/(C meter)]
A = Area of heat dissipation [Stripe Height x (width of leads+trilayer)x2]

a = Temperature coefficient of trilayer sandwich (2.3 x 10 /°C)

Estimate of Temperature Rise/Watt:

7 o
AT/ Watt - 1o _m - 6,670 WC
1.0 gi‘” 1,510 2 att
-m

- Electromigration and Head Longevity:

Black’s Equation

E
Lifetime « AJ "ex a
ife pl kBT]
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Fig. 5. Model predictions for the thermal resistance of heads as a

Stripe height (um)

function of MR stripe height compared to experimental data.
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Fig. 4. Percent change in maximum temperature as thermal con-
ductivities are varied from a standard head design.

p:_&__&' jﬁm—.\ér, )Y\‘LQK_}

® ruy RV cKe

“AModel (ur?ﬂachahrg

C*‘v b.e .PM»)\\'S‘\@(\



/

Electrical & Thermal Longevity
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Dual Stripe MR Head

Thermal Asperity Sensitivity
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Approximate Formula

» R. Smith has shown that the PW50 for a SAL/MR head can be
approximately expressed as follows:

PWS0 %G /2 +4(a+d)(a+d+8)

e Following R. Smith’s method, one can prove that the PWS50 for a -
DSMR head can be approximately calculated by:

P50 ~ \/(G + (D +21)° )/2+4(a+d)(a+d+6)
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DESIGN AND OPERATION OF SPIN VALVE SENSORS

D. E. Heim
IBM Storage Systems Division, 5600 Cottle Rd., San Jose, CA 95193
R. E. Fontana, Jr., C. Tsang, V. S. Speriosu, B. A. Gumey, M. L. Williams
IBM Research Division, Almaden Research Center, 650 Harry Rd., San Jose, CA 95120
15 . - 1.5
' : i ~5'mA A
10 [ e —s=110 A y
-4 0 f - ; 0 é |
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9 -5 |-\ ;~,A‘_:_ _, ..... e i s i P— -0.5 8
4 _10 - R vos SR SV, -1.0 é »
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A
EXCITATION FIELD (Oe)

Fig. 5. Experimental transfer curve for the 2 um high nano-layered
spin valve sensor for +5 mA and -5 mA sense current. The solid lines
are the computed transfer curves.

AR w <cos(@, —0,) >
AR ~ R RDTT p > (1)
where  AR/R= (R, — R;)/R,; is the intrinsic

magnetoresistance of the spin valve as measured on infi-
nite samples, and Rp;, is the sheet resistance measured in
the parallel magnetic state. W is the length of the sensor
active region between the leads, and the notation < - >
denotes averaging over the sensor height, A.

free layer

Fig. 1. Unshielded spin valve sensor.

/

exchange

pinned layer
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IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 2, MARCH 1994



Ra®t , Dieny, Humbert, Speriosy Mehn, Gurny, Bauwm gatt; sl Lefa fe's,

e

Phys.Rav. B, 45 8s6-413, Ta~(1442).

TABLE I. Characteristic MR parameter 4 and “active” lay-
er thickness Lo for three series of samples of structure
glass/M (1)(t A)/Cu (22 A)/NiFe (50 A)/FeMn (80 A)/Cu (15
A), with M (1)=Co, NiFe, or Ni. The third row lists the values

of G,Pm(1) corresponding to the shunting by the rest of the
structure.

Ferromagnet A (%) to(;\) GreszPM(n(‘&)
Co 14.5 72 65
NigoFCzo 96 72 85
Ni 5.1 85 65
ST A A Co 1

AR/R (%)

0 100 200 300 400
Thickness (A)

FIG. 9. Variation of the magnetoresistance versus the thick-
ness of the “free” ferromagnetic layer M (1), with M (1)=Co,
NiFe, or Ni, at room temperature. The lines are two-parameter

fitsa- -ding to Eq. (7)

[1-exp(—tM(1)/t0)]
[14+(tar(1)/ G resiprr(1))]
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Signal Estimates for Spin Valve/GMR Sensors:

AR R W =<€08(U,-0,)”

Signal = IAR = [ *
R *h 2

Useful range of transfer curve is about +/- 0.5, or about half of the
total (+/- 1.0). This preserves signal linearity, reduces amplitude
asymmetry, and pulse broadening (second harmonic distortion.)

Sample calculation (unshielded SPV):
I =5 ma; AR/R = 0.06; R, = 15 ohms/square; W/h = 1.5
Signal = 3.38 mV (0-p)

Shielding reduces the amplitude by roughly 50% relative to the
above number; this arises from flux leakage out of the SPV
structure to the shields. That is, the effective AR (averaged over
the stripe height) is more nearly equal to 3%. Thus, the signal in
a shielded SPV/GMR head would be closer to 1.2 mV (0-p).

Resistance of Spin Valve Sensors is comparable to AMR sensors,
thus electrical noise is about the same. Connection metallurgy and
design may cause greater device resistance (increased electrical
noise), but overall SNR is significantly improved (about7+dB).
This is the gateway to higher areal densities.

Multilayer GMR Sensors: AR/R greater than 10%
- May extend head technolgy beyond 10 Gb/sq.in.
- Significant process control issues (track width, etc.)
- Cip vs Cpp modes (signal vs track width control)
Spin-Dependent Tunneling (SDT) Devices:
- Very high resistances (10K-100K ohms) today
- RC time constant (bandwidth) issues to overcome
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Write Field Risetime Improvements

- Reduce write head inductance
- short yoke length
- narrow yoke width
- reduce number of turns

- reduce head capacitance

- Reduce eddy current damping in head yoke
- laminate yoke with insulating spacers
- increase resistivity of yoke material
- reduce magnetic permeability
- reduce thickness of magnetic layers
For step-input of applied field (H,), flux density (B) response is

oo . 2
B 1"‘8‘2 sin (”“/2)exp(—n2£)
WH 21 n T

a

4-107°uP>
Tp

where T = . P(cm); p (ohm-cm)

Ref: Bozorth “Ferromagnetism,” 784f, Van Nostrand (1951).
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MODEL.:

WRITING FIELD IN MEDIA IS SEPARATED INTO

H(X,y.,1) = Ho() h(x-V1,y) 0

SPATIAL COORDINATE SYSTEM IS ATTACHED TO THE HEAD

KARLQUSIT HEAD FIELD APPROXIMATION FOR h(x-vt, y 1S USED TO SOLVE FOR
LOCATION x(H) AS A FUNCTION OF TIME '

N o 2_ ) gy | 2
X ==Vt + {(/2) Y +tan(7fH/Ho(t))} ;

g REPRESENTS THE WRITING HEAD GAP,

y HEAD-MEDIA SEPARATION

Ho(t) FIELD AT GAP CENTERLINE

ASSUME HYPERBOLIC TANGENT FORM FOR Ho(t)
Hy(t) = H(0)+ (H oy, ~ H(0))tanh( ) o

CONVERT FROM 10-90% RISETIME T, TO OBTAIN T

r=T /(tanh™ 09-tanh ™ 01) @
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Fig. 1. Deep Gap Field Ho(t) switching from negative to positive with 7 ns risetime
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Fig. 2. Location of H=Hcr in the medium as a function of time according to Eq.(2).
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Fig.3. Calculated Transition paraméters for 3000, 4000 and 5000 RPM.

Mr 680 emu/cc, o) 35 nm. Hc 1900 Oe,
d 63 nm. velocity 1819 cm/sec at 4000 RPM.
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Fig.4. Calculated variation of PWS50 for the cases shown in Fig. 3.
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Transition Parzmeter and Dependence on Head/Medium Properties

Ref: N. Bertram,"Theory of Magnetic Recording," Chap. 8

5
A
e e
| fll,-’ 1~ /
He [ oo f =7
) et
[ 1 -
Ay

H .
where H_ - —°; R - 57+3
R 4
2x nH
QB _ 4] 4] Sinz( cr)
ng cr (4}

4y .
g tan(nH_/H)

(for H, >

xo 1 2
where — = ——\J 1-2y/g)” +
g 2



Williams-Comstock Theory for Transition Parameter

a 1-S* 1-8* 2a,a,y,
b T )'ade : \J[( T l'adﬂx]z y —2

R R
2M 5
where a, =
H
C
G, (A, T
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Magnetic and Electrical Writing and Reading Tests

- Read Head Signal (LF, MF, HF)

- Pulsewidth @50% (PW50)

- Amplitude Resolution (HF/LF, HF/MF, MF/LF)

- Amplitude Asymmetry of Read Output

- Amplitude Coefficient of Variation (ACOY)

- Offtrack-induced Amplitude Variation (Side-COV or SCOV)
- Overwrite (OW)

- Non-linear Transition Shift (NLTS)

- Error Rate vs Threshold (Sequenced Amplitude Margin)

- Pos. and Neg. Amplitude vs Bias Current (Bias Curves)

- Error Rate vs Offtrack Position (Bathtub Curve)

- Offtrack Capability vs Adjacent Track Pitch (“747" Curve)
- Read Signal Properties vs Write Current (Saturation Curves)

- Read Amplitude vs Offtrack Position (Track Amplitude Profile)
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