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yearly delivered capacity 
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magnetic head industry 
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magnetic recording hard disk drive 
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Ansiotropic Magnetoresistance1 
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1T.R. McGuire, et al., IEEE Trans. Mag. 11, 1018 (1975). 
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AMR Recording Sensor2 

fiaure 6. Air bearing surface view of a S micrometer track 
width MR bead with combined pole/shield layer. Read gap
to-trailin1 pole dimension is 3 micrometers. 

(c) 

Fig. 10. (a) Conceptual sketch of a shielded magnetoresistive head. 
(b) Close-up of the magnetoresisrive sensor: A is the ferrite substrate. 
B is the initial Si02 pp (2,000 A). C iJ the permanent mapet bias 
layer containing 75 A Ti, 150 A Fe (then oxidiud, 250 A Ni-Fe and 
75 A Ti. D is a spacer layer of SiO, (1,000 A). E ii the mapoto
resistive film (200 A). F is a SiO:z pp (3,500 A). G is the pcrm
illoy shield, part of the write head [23). (c) Shunt biased mapeto
rcsistance sensor. Bwing is obtained by pasain& a portion of the 
excitatJon cunent th.rough a conductive nonmaptic layu in 
intimate contact with the magnetoresistance element. The element 
is ofbet in the gap so that the coupling with one shield is enbancec! 
[27]. 

(b) 

Fig. 8. (a) The effect of demagnetization due to strip width on t 
anisotropic magn«orcsistance ratio. The solid curves are calculate 
The data for ill stripe widths (3 to 100 µm) and film thickness (' 
or 200 A) fa.II within the error bars of the sincle set of data poin 
This is because the horizontal acale has been normali.z.ed using t 
demagnetizing field Hd • (tM)/(µow). This scalin1 differs by 
factor of twenty among different samples. (b) Mapetoresisti 
curve showing biased operating point P. The dashed curve sho· 
the ideal quadratic shape that would apply in the absence of dem; 
netizing effects. 
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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 /in 2 Head 3 Gbits/in2 Head 5 Gbits/in2 Head 

Total Read Gap 0.25 µm 0.20 µm 0.20 µm 

Sensor /Shield Spacing < 1200 $. < 1000 $. < 1000 ~ 
Read Trackwidth 2µm l.l µm 0.7µm 

MR Film 150 l20A 90A 

Sensor Height l.Oµm 0.5µm 0.5µm 

Flying Height 1.5 µ-in 1.5 µ-in 1.0 µ-in 

TAA (Signal Amp.) 300 µV/µm 600µV/µm 900 µV/µm 
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Some MR Head Biasing Techniques 

Technology Advocate Advantages 

Ni Fe 
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Fujitsu 
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Headway 

Sony 

Over l OOM heads in 
operation 

3 Gbit/sq.in. demo 

Simple, high yield 
process 

Large output 

Thermal spike 
protection 

Thermal spike 
protection 

Constant output 
with trackwidth 
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Write Wide /·Read Narrow 

Write Wide/Read Narrow Recording Process 

l Write Current 

Readicurrent! · ·l·· · · i 
i Shield 2 
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High Density Fabrication2 

TABLE I 
L1th0graphy Comparisons • ORAM[ 4) vs Film Head(3] 

(volume production) 

YEAR Minimum Feature-DRAM Minimum Feature-Film Head 

1980 
1984 
1988 
1990 
1993 
1996 
199X 
200X 

(a) 

3.00µm 
1.50µm 
0.90µm 
0.60µm 
0.50µm 
0.35µm 
0.25µm 
0.18µm 

•-mr layer 

!SJ-resist 

64 Kb1t 23.0µm 12 MbiUin2 

256 Kb1t 16.0µm 24 MbiUtn1 

1 Mb1t 11.0ffm 50 MbiUm2 

,4 Mblt 6.0µm 150 MbiU1n2 

16 Mblt 4.0µm 350 MbiUln2 

64 Mblt 3.0µm 800 MbiUin2 

256 Mbit 1.0µm S GbiVin1 

1 Gbit 0.7µm 10 GbiVtn2 

-bn mll , 
-form junction 

m-1ea.:1s 

Cl-longltudlnol bb$ 

Fig. 2. Process Sequence for Contiguous Junction Structures 

Nv' = 0.5 µ 

SH:;=0.5µ 

Fig. 3. SEM PhOtomicrograph of Submicron Contiguous Junction 
<\ens ors 

Fig. 4. Transfer Curve of Subm1cron, 0.5 µm x 0.5 µm, Cont1guou~ 
Junction Sensors (horizontal scale 50 Oeld1v1son) 

2 R.E. Fontana, Jr., et al., IEEE Trans. Mag. 32, 3440 {1996) 
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High Density Longitudinal Stabilization3 
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Fig. 4 Microtrack profiles of shielded MR sensors (a) overlaid wi1h a 
Ni-Mn film in tail regions and (b) abutted with a Co-Pt-Cr film. 

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 magnetoreslstlve heads 

G. Choe, S. Funada, A. Tsoukatos, and S. Gupta 
Maieria/s Ruearch Corporo1io11, Route 303. Ora11gtburg, New York 10962 

> O.i 

2000 
o.s 

(Oe) 

1500 
0.7 

0.6 

We repon. for the first time, coercivity values greater than 2000 Oe with Mrt values of 3.0 
memu/cm2 for Cr/CoPt 12Crll and Cr/CoPt20 bilayer films deposited by de mqnctron sputtering at 
room temperature. CoPtCr films sputtered at a deposition rate of 98 Ala and high bias voltage 
showed H, of 1965 Oe with M rt of 3 mcmu/cm2, while CoPt films sputtered at 99 Jvs and moderate 
substrate bias showed H, of 2350 Oe with M rt of 3 mcmu/cm2• X-ray diffraction studies indicated 
that Co(IO.O} and (I LO} texture leading 10 in-plane orientation of c axis arc promoted in the films 
spunered at high deposition rate and bias conditions. Furthennore, the grain-to-grain epitaxy 
between the Cr underlayer and the Co alloy layer as well as the dense Co grains growing in a 
columnar shape without voids resulted in higher H, and M rt without degradation of coercive 
squareness. Plots of H, vs M rt for films deposited under the optimum bias conditions offer a wide 
range of useful H, and M rt combinations for hard bias applications in magnctorcsistive heads. 
«:! 1997 American institute of Physics. [S0021-8979(97)16008-X] 
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FIG. 2. Variation of H.,, S, ands• for CoPt12Cr1i films sputtered at varying 
substrate bias (depos1t10n rate at O V bias= 140 AJs). 

2500 

2250 

(Ot) 

2000 

1750 

s• 

Dep. Rate @ 0 V bias: 108 J.Jsu 
Mn •4.0 memulcm2 

t 500 '-'-'-'-'-'-'-'-W...W...w...J....Lw...'-'-.1..J....W....W 

0.1} 

0.8 

0.7 

0.6 

0.5 
0 100 200 300 400 600 

Substrate Bias (· V) 

FlG. 3. Variation of He. S, ands• for CoPt2ll films sputtered at varying 
substrate bias {deposition rate at O V bias= 108 Ns). 

J. Appl. Phys., Vol. 81, No. 8, 15 April 1997 
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FIG. I. Variation of H,, S, ands• for CoPt12Cr13 films sputtered at varying 
deposition rate (substrate bias= -100 V). 
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" 

FIG. 5. Cross-sectional TEM view of CoPt12Cr13 films sputtered at 127 Als, 
-400 V bias onto a Cr undcrlayer: (a) bright field image and (b) dark field 
image. 

Choe et al. 4895 
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Role of atomic mass of underlayer material in the transition noise 
of longitudinal media (abstract) 

Tadashi Yogi.al Thao Nguyen,•> Steven E. Lambert.a> 
Grace L Gorman, Michael A. Kakatec,bl and Gil Castillo 
IBM Research Division. Almaden Research Center. 650 Harry Road, San Jose, California 95120-6099 
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4749 J. Appl. Phys. 69 (8). 15 April 1991 
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f'l&ure 2. Normalized media transition noise as a function oflincar density for Cr, Mo 
and W underlayen for 6 mTorr sputtering pressure. Cr data from Ref.Sand W data 
from Rer. 6. 
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FIG. 8. Change of local resistivity for overlay MR head. 

Perturbation From The Write Head5 
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FIG. 7. Biasing state of overlay MR sensor. The vertical lines represent the lead/hard-bias contact locations. 
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FIG. 2. Cross-sectional schematic view of MR sensors. 
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FIG. 6. Biasing state of contiguous junction MR sensor. 

5s. Yuan, et. al, IEEE Trans. Mag. 32, 3461 (1996) 
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materials requirements for magnetic 
recording heads 

Table I: Materials Requirements for Magnetic Recording Heads. 

Property 

large saturation magnetization 

High permeablllty at all frequencies 

Small coerclvity with low hysteresis 
losses 

Small but nonzero unlaxlaf .USOtropy 

Low magnetostrictlon (negative )..) 

High resistivity 

Wear resistant 
Corrosion resistant 
Good thermal and time stability 
Low forming effect 

Reason 

Large gap field 
Easier fabrication process 
HJgh 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). 
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M-H loop definitions 

Mr{)= 1.61 memu/cm"2 ----------
Ho =16580e 
s =0.78 
S* =0.83 

-800 -

Ms 

{) =300A 
Mr= 537 emu/an-a 

-5000 -4000-3000 -2000 -1000 0 1000 2000 3000 4000 5000 
H(Oe) 
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magnetization 
• magnetic moment quantized: µB = e'/i/2mc 0.92 x 

10-10 erg/G 

• orbital contribution quenched by crystal field: electron spin 
dominates. 

• example: generalized Slater Pauling curve:2 

FIG. I Generalized Slater-Pauling curve. Magnetization 
per alloy atom versus average magnetic valence. 
Magnetic valence (Zm•2Nd-Z) is an integer for 
each column or the periodic table; it is the nega
tive of the valence charge z. except for the Fe. 
Co and Ni columns, for which 2Nd • 10 gives 
Zm = 2, I and 0 respectively. The 45° line cor
responds to a fixed number (0.3) of sp up-spin 
electrons. The experimental data were taken 
from Refs. 2 and 8. 

total momentµ= (nr + n!)µB 

valence N = n! + nr 
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band structure n ! = nd! + nsp! A VEAAGE MAGt..f:TIC VAL.ENCE 

for Ni, Fe, Co: ndT ~ 5, nspf ~ 0.3 

so 

µ = (2(2ndi + nspT) - N)µB = (10.6 - N)µB 

(Fe:Z=8, µ=2.6µ B(2.22 meas) (Co:Z=9, µ=1.6µ B(l.72) (Ni:Z=l0,µ=0.6µ B(0.60) 

2 A.R. Williams, et al., IEEE Trans. Magn. MAG-19 {1993) 
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~: :;;'f~ Almaden Research Center Bruce A. Gurney 

1.6 2.0 



vibrating sample magnetometer 

VSM 3 

sensitivity rv 2 X 10-5 emu for T ~ 1 sec 

or about 1 ML x 1 cm2 of Fe 

3s. Foner, Rev. Sci. lnstrum. 30, 548 {1959). 

----
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alternating gradient magnetometer 

AGM 4 

(c) 

ELECTR'.X>ES 

AC FIELD 
GRADIENT -

z 

( 0) 
z 

CLAMP 

Bl MORPH 

EXTENSION 

SAMPLE 

(b) 

--

(d) 

SIG 

IN 

GRADIENT 
COlt.S 

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

sensitivity rv 1 x 10-s emu for r ~ 1 sec 

or about 0.1 ML X 0.1 cm2 of Fe 

4 P.J. Flanders, J. Appl. Phys. 63, 3940 {1988). 
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FeN 
Giant magnetic moment and other magnetic properties of epitaxially 
grown Fe16N2 single-crystal films (Invited) 

Y. &.lglta, IJ K. Mltsuoka. M. Komuro, H. Hoshlya, Y. Kozono, and M. Hanazono 
Hil4di! Ra«U'Cli Laboratory. HilacJU. .lJmiud, 4016 Kll}klta. HilacJU. lbaraJ:i J 19-12. Japan 
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(2.84µ.s) FeI 
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(2.31µ. 8 ) 

N 

FIG. 12. Three sites of Fe atoms and their znainet.ic moments of 
Fe1oN2 after Sakuma.. 13 
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f'IQ. IO. Toniue curves for (a) Fe1.,N2( 110) ( 1000 ..\.) film powu on 
Fe(OOI} (100 J.)/InOaAs(OOI) (Ref. 10) and (b) Fe1.,Nl(001) (SOO 
Al film grown on InOaAJ(OOI). 

J:: :~"f~ Almaden Research Center 

5981 J. Appl. Phys., Vol. 70, No. 10, 15 November 1991 
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Epitaxial Fe16N2 films grown by sputtering 
F1G. 3. Magnetization curve from wnple with the epitaxial martensite 
phases [Fig. l(a)]. 

p 

"" :; 
:o 
~ 
Cl. 

E 
~ 

C. Ortiz 
IBM Research Division, Almaden Research Center, San Jose, California 95120 

G. Dumpich 
Exp. 1ieftem~raturphysik, Duisburg University, D-47048 Duisburg, Germany 

A H. Morrish 
Department of Physics, University of Maniu>ba, WUUli~g, Maniu>ba, Canada R312N2 

(Received 13 July 1994; ac.c.epted for publication 21 September 1994) 

We have been able to obtain cl-Fe1~2 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. Furthennore, 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 bee iron. Conversion electron MOssbauer spectroscopy gives three hyperfine fields 
corresponding to three different iron sites, as expected for this structure. C 1994American Institute 
of Physics. 
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TABLE L MOssbauer parameters for the d' Fe12N2 • Here, .5 is the isomer 
shift with respect lO a-Fe, € is the quadrupole splitting, H bi is the hyperfine 
field, and S is the relative area for the three patterns. 

Fe I 
Fe ll 
Fe Ill 

8(mm/s) 

0.02 
0.12 
0.11 

€ (mm/s) 

-0.28 
0.11 

-0.13 

Bruce A. Gurney 

289 
313 

. 397 

s (%) 

16.7 
38.4 
17.l 
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8taken from B.D. Cullity, Introduction to Magnetic Materials, Addison-Wesley, Reading 
MA, (1972). 
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torque magnetometry: apparatus 

x 

9from Chikazumi, op. cit. 
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torque magnetometry: curves 

E -M H cos(o: - ()) + K 1 sin2 () + · · · 
* L -aE / ao 

MHsin(o: - ()) - Ki sin 20 + · · · 

E 

o~.JL~J__~L---l'--~"'-

45· 90° 135" 180" 0 

8 

-Ki 

• anisotropy from 5 Oe (NiFe) to 2 X 104 Oe 

• magnetic moment 

• rotationa I 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 
Depamne111 of Maierials Science and Engineering, Sumford University, S1a11ford, California 94305 

We have found that the soft magnetic properties of FcNJAlN laminated films do not degrade on 
sloping surfaces. The easy axis coercivities of FcN/A!N multilllyer films arc approximately 1.5 Oe 
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 FcN 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 fields 
in the single layer FeN films can be ascribed to a change in the (l 10) texture of the films. © 1997 
Amenwn Institute of Physics. (S002l-8979(97)91208-I) 
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Effects of Nitrogen Content on the Microstructure 
a1:1d Magnetic Properties of FeTaN Films 

fl&lli-Chlli& Lin, Lih-Juami Chen 
Department ofMatcriAls Scicoec: and~ National Tsing Hua University, Taiwan, ROC 
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FeSiN Films for a Narrow Track Head 

M. K.sdono, T. Yamamoto, M. Michijima. M. Kyoho, T. Matsuda. T. MUllllllllUU 
~sioo Techooloe}' Development Center, Produciioo TochnoloiY Development Group. Slwp Cocporation 

261.3-1, lchinomolO, T enri, Nara 632. Japan 

ELECTROCHEMICAL CORROSION STUDY OF IDGH MOMENT THIN 
FILM HEAD MATERIALS. 

S. Gangopadhyay, V. R. Inturif, J. A. Barnardt, M. R. P.arkor*, 
H. M. s..ff&ri&n t and G. W. W&rre11 I 

J:: :~\·~Almaden ResearcH Center 

--0.6 

Fig. 4. Effect of !he third clcmcnl dopant (Xj on the anodic 
polariowloa ofM:XN (NlzlO seem) thin films in 
0.5M NaQ at pH 6. 
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FeN/Al203 head 
Magnetic and structural characterization of sputtered FeN 
multilayer films 

Michael A. Rus.~k. Christopher V. Jahnes, Erik Klokholm. Jo-Won Lee, Mark E. Re 
and Bucknell C. Webb 
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Writing Perfonnance of Narrow Oap Heads Made with Sputtered Laminated FeN Materials on 
3800 Oe Coercivity Media 
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X-ray Dlffradlon and Magnetic Properties of Rapid Thennal Annealed Sendust 
Films. ' 

M.I. UIWi, K.R. Colrc7, M.A. P...._ ud J. Keat lloward 
IBM - Storacc S,..tem om.loa, Su J-, CA.95193 
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Magnetic 
Parameters 

Easy-axis: 
Br ,/Os, 
He, 
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RT/\ 
Anneal 

(S00°C/ I Omin) 

0.81 
0.22 Oe 

0.50 
0.14 Oe 
> 4000 
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Anneal 

(S00°Cfl8hr1) 

0.43 
0.12 Oe 
>4000 

Table I. Comparison or sofi magnetic parameten for RTA 
and conventionally annealed sendust films. (µ1 and µ, 
measured at 10 llz). 

fig.5. SEM image or a cross section or RTJ\ scndusl film 
showing columnar grain morphology. 
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Fig.6. ArM images showing, a) cross section or a RTJ\ 
scndust film while b) and c) compares the surface 
morphologies of long arincalcd and rapid annealed sendusl 
films, respectively. 
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a) cnlumnar slrU<.:lUrc and 111111-adhcrcn<.:c of lilms gniwn in 
( Ar+ 0.4 % N2 ) ulmosphcrc. 

Thick and Stress-Free Sendust Films on Silicon for Recording Head Cores. 

h) fine slructurc and adhcrcnL'c of lilms grown in 
(Ar+ 1.5 % N2) alm. 
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FeMO soft films 
High resistive nanocrystalline Fe-M-0 (M=Hf, Zr, rare-earth metals) soft 
magnetic films for high-frequency applications (Invited) 

Y. Hayakawa and A. Makino 
Ce111ral Research Labora10ry, Alps Elec1ric Co .. l.Jd .• 1-3-5 Higashi-Taknmi, Nogaoka 940. Japo11 

H. Fujimori and A. Inoue 
/lwi1u1< for Ma1trials Research. Tohoku U11il'trsity. 2-1·1 Ko1a/iira. St11d1Ji 980-77, Japan 

Microstructure. soft magnetic properties, and applications of high resistive Fe-M-0 (M=Hf, Zr. 
rare-earth metals) were stu<lied. 1bc Fe-M-0 films are composed of bee nanograins and amorphous 
phases with larger amounts of M and 0 clements which chemically combine each other. 
Consequently. the amorphous phases have high elecuical resistivity. 1bc compositional dependence 
of magnetic properties, elecuical 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 µ.fl m are simultaneously obtained for as-deposited Fe62Hf11 0 27 nanostruc1ured 
film fabricated by rf reactive sputtering in a static magnetic field. Furthermore. Co addition to 
Fe-M-0 films improves the frequency characteristics mainly by the increase in the crystalline 
anisotropy of the nanograins. Tiie Co4uFe19.tHf14.sOn.1 film exhibits the quality factor ( Q 
=µ'/µ")of 61 and theµ.' of 170 at 100 MHz as well as the high ls of I.IT. TI1is frequency 
characteristics is considered to be 5uperior to the olhct 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 ind1 · TABLE I. Magnetic properties, electrical resistivity (p), and film structure 
microswitching converters and ultrahigh-density recording heads. C 
pi .. ";"' re-""~, OA-MM'-'-0" -· for as-deposited Fc-M-0 films. 
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Fe/Co and Fe/CoFe 
Magnetic properties of Ion-beam-sputtered Fe/Co and Fe/CoFe multilayer 
films 

Masakatsu Senda and Yasuhlro Nagai 
672 Aool. Phys. Len 52 (8). 22 Febl~ry 1981 

N1T AppliM Eltt:tf'Ollia Lllbonltorla. MIUIUitilfO. Tok,_, /II(), Japan 

FIG. 1. Fe layer thickness dependence of coercivity. Circles represent a 2· 
nrn-rhicl.; Co layer. and 1riangles represen1 a 0.5-nm-thick Co layer. 
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FIG. 4. Hard-a xi' w.:rci\'ity and magnelostriction as a function of anneal
ing tempera1ure. Circles represent Fe/Co films consisting of20/2 nm. and 
triangks represent Fe/Co consisting of 1010.S nm. Squares are the Fe/ 
CoFe films consisting of 10/0.5 nm. 
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FIG. 5. Magnetic domain structure of Fe/Co multilayer films. (a) is the 
practical and (b) is the model domain patterns for films with negative mag· 
netostriction. The thickness of the Fe layer is 14 nm, and the thickness orthe 
Co layer is 0.5 nm. The 14 nm Fe layer is located on the top surface. The 
magnetostriction is + 6 x 10-'. and the film stress is compressive. 
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magnetostriction (A) 

- -ongin: spin orbit coupling (L • S) 
definition: 
>. == Di.L / L usually defined from the demagnetized state to a 
saturated state. 

L 
[IQOJ 

H 

cubic:.As == .A100 + 3(.A111 - A1oo)(aia~ + a~a~ + a~o:i) 
ai are direction cosines 

isotropic:.A 8 == (3/2).A0(cos20 - 1) 
() is angle from magnetization direction 
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cantilever measurement of A 

cantilever deflection 10 can measure .A < 10-7 for t < 300 A 

Direct Measurement 

H 
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A-Signal Lock-in 
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He Ne • 
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~)·, 
lO A. 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 
Departme/l/ of Physics, University of Alberta, Edmonton, Canada T6G 211 

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. 
[S002 l -8979(97)23608-X] 
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FIG. 4. "Spol" measurements of the time-dependent magnetic response on 
P2 near the gap (close to the peak of the magnetization) for three different 
cu1Ten1 levels on each of two different recording heads. (a) 0.5 µm gap 
permalloy head. councsy IBM Corp. (b) 0.25 µ.m gap permalloy head, cour
tesy Hewle11 Packard Co. 
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FIG. 5. Stro!>os.:opic scanned Kerr images showing dynamic domain behav
ior on the head of Fig. 4(b) at lhe 0 dB level of current, (a) 1.6 ns and (b) 
1.85 ns, after the onset of current reversal. The imaged areas are 7.5 µm on 
a side. Light and dark shadings reflect opposite polarities of the magnetiza
tion. 
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'fastest' switching time 

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

so 

II 

... 

i 
H 

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

then - - - - -dM/dt rv iwM = -,M x H rv -,MH 

w rv 'YH == 1.8 x 1010 s-1 

T rv 27r / w rv 0.4 ns 

----
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MA(.;Nl'.:TICS ANO MICROSTRUCTURE Of SPUlTERED Ni,.,Fem/SiO, 
MULTILAYER FILMS 

M ichacl II. Russak., Christopher V. Jahnes, Mark E. Re, 
fluckncll C. Webb and S. Mohamaad Mirzamaani 
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types of domain walls 
Domains reduce the total energy of magnetostatic fields. 

Bloch wall 

ZLX 
t t I / --0-.- ~ \ f 

,L. ~---6 /_Film 
surface 

Sil/ - -....... 
'\ N 

0 ~ 0 

Neel wall 
M, s 1\, / N M, ...... _ __ .,.,. 

"'· 

Cross-tie wall 
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domain wall width 

exchange energy in a wall: 

2 2 2 -2JS cos</>~ 2JS </> 

anisotropy energy in a wall: 

minimize the total energy to find equillibrium: 

1 

0 

K8 + 2n2 A/a8 

K - 2An2 /a8 2 

nJ2A/aK 

</>~n/N 
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N1icromagnetics of Laminated Permalloy Films 
JOHN C SLONCZEWSKJ, BOJAN PETEK, AND BERNELL E. ARGYLE 
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spin valve vs AMR head 
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AMR vs GMR 
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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 
Deparrme111 of Applied Physics, Nagoya University, Nagoya 464-01. Japan ( GMR(%)Clll. ) 
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FIG. I. Concentration dependence of the GMR ratio at the second peak at 
4.2 K in (IS A Fe-Co-Ni/Cu)30 multilaveti. 
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FIG. 6. Concentration dependence of the GMR ratio calculated by taking 
account of the spin-dependent inlerfacc and bulk scattering as well as the 
spin·indcpenden1 scattering. 
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FIG. 4. Concentration dependence of the AMR ratio at RT in Fe-Co-Ni 
tcnwy alloy films. . . 
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Exchange Anisotropy 

Exchange anisotropy9 lO is the shift in magnetization loop of a ferromagnetic 
layer in contact with an antiferromagnet: 
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9w.H. Meiklejohn, et al. Phys. Rev. 105, 904 (1957) 
10w.H. Meiklejohn, J. Appl. Phys. 33, 1328 {1962) 
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exchange anisotropy systems 

A variety of systems exhibit exchange anisotropy, including 

couple structure Ks t temp. 
erg/cm2 OK 

NiFe/ FeMn poly 0.1 300 

NiFe/a. - Fe203 poly 0.04 300 
NiFeMo/a. - TbFe poly/amorph 0.25 300 
NiO/Ni single 1.75 300 

Co/CoO single 1.4 98 
CoxNii-xO/NiFe poly 0.1 300 
NiOCoO/NiFe multilayer 0.1 300 

NiMn/NiFe poly 0.25 300 

t cf. Eex ,..., 8A/a2 = 133 erg/cm2 for Fe. 

11 R.D. Hempstead et al., IEEE Trans. Magn. MAG-14, 5fl (1978) 
12 F. Hellman, et. al. {1987) 
13 A.E. Berkowitz, et al. 1965 
140. Paccard et al., Phys. Stat. Solidi 16, 301 (1966) 
15M.J. Carey et al., Appl. Phys. Lett. 60, 3060 (1992) 
16M.J. 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 magnetization 18 19 20 with Hex ~ 0 at Tb < TN. 
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Figure 1. B-H Loop of an Exchange-Biased Film 
"O 150 
~ 
ii: 

0 •• 

.; 
2 

<( 

:i 
I 

30 

20 

10 

400A NiFe/500A FeMn 

a: initial values (n-1) 

b: final values (n>t05) 
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18c. Tsang, et al., J. Appl. Phys. 53, 2605 (1982) 
19Y. Endoh, et al., J. Phys. Soc. Jpn. 30, 1614 (1971) 
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20v.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.21 
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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 I 

Formation of a domain wall · ' the antiferromagnet parallel to 
h ' f 22 t e rnter ace. 

energy wall energy interface energy 

£ = 2Vif.K(l - cos a) + Ai2/ e [1 - cos( a - /3)] 
+ H Mt(l - cos /3) 2 + K 1tcos f3 

'- 'V ,,f 

ferro anisotropy 

MtHex == 

l 

Zeeman energy 

Ai2/2~~ << 1 
A12/2e~>> 1 

Bulk AF----11-~~1-t-1 

FIG. l. 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 
magnetic field is applied opposite to z and in which the exchange coupling 
across the interface with thickness sis positive. The spins of only one sublat
tice of the antiferromagnet are shown. 

220. Mauri, et al. J. Appl. Phys. 62, 3047 (1987) 
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interdiffusion at the interface 

Annealed FeMn/NiFe couples show increased exchange 
and a blocking temperature above the Neel temperature of bulk 
FeMn due to the formation of a NiFeMn alloy at the 
interface.23 
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FIG. I. Temperature dependence of the exchange-bias field, H v.c( T). (a) 
Typical 8-H loop for NiFc/FcMn. (b) As-deposited NiFc/FeMn films. 
( c) NiFc/FeMn film annealed at 24S •c for seven cycles and 260 •c for 
five cycles. (d) NiFc/FcMn film annealed at 24S •c for seven cycles and 
19 hours at 270 •c. (c) NiFc/FcMn film annealed 40 hours at 270 "c. (0 
NiFc/FcMn film annealed 60 hours at 270 •c. 
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FIG. 2. Crater edge depth profiles of FcMn/NiFe region of samples. Ni is 
shown by the solid lines, Fe by the dashed lines, and Mn by the dot. 
dashed lines. The crater edge depth profile data arc normalized so the Ni 
signal in the NiFc is the same for all the films. Any differences in signals 
from Fe and Mn result because the data arc recorded in N(E) (integral) 
mode, so slight spectrometer misalignment will change the magnitude of 
signal. (a) As deposited. (b) Annealed at 245 •c for seven cycles. (c) 
Annealed at 24S •c for s.evcn cycles and 260 ·c for five cycles. ( d) Con
tinuously annealed at 270 ·c for 40 hours. 

23 M. Toney, et al., J. Appl. Phys. 70 6228 (1991) 
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models of exchange anisotropy 11 

Formation of domain walls in the antiferromagnet perpendicular 
to the interface that arise from random averaging of steps.24 
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This model considers an interface whose exchange energy Ji ~ 
f J is a fraction f of the exchange in the bulk J f"',.J A/ a. For an 
interfacial area L 2 with N = L 2 /a atoms the average random 
field energy per unit area is 

£ ~ -JJ/a2'1N = -fJ/aL 

The averaging takes place over L about the length of a domain 
wall, i.e. L f"',.J 7ry' A/ K. Thus 

MtHex = 2£ ~ -2JVAJ< 

1.e. the domain wall energy. 

24 A.P. Malozemoff, J. Appl. Phys. 63, 3874 (1988) 
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distribution of blocking temperatures 
Fe Mn 

• In 

Net an isotropy energy is a convolution25 of the density of regions 
with a given blocking temperature p(Tb) with the temperature 
dependence of the energy density f (T; Tb): 

K,(T) ::::::! If (T; Tb) p(Tb) dTb 
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independent 'particles' in FeMn 

Independent-particle model 

• .Distribution of local blocking temperature, Tb, 

--> 

• Net exchange anisotropy, K5 , is vector sum of 
local components: 

local k,. 

r r t i 
i T ~ 
i i 

• Change easy direction D.¢0 by field cooling · 

• If particles are rotating independenlty, Ks and 

D.¢ 0 are uniquely related. 

(VSS) 

·~~--~~~~~~~~·~~~~~~~~___J 

l: =~-r§: Almaden Research Center Bruce A. Gurney 



independent 'particles' in FeMn 
test of independent ~article picture in FeM n by field cooling 

in different directions2 
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26v.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 Ea kinetics yields 

a ln( ti'me) dependence: 

16 

12 

0 8 s. 
<l 

treMn (A) T (°C) 

e,O 200 81 
T 50 21 
lo. 75 21 

Results27 for FeM n at 300K indicate 
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< 

27 V. S periosu, private communication 
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CoxNi1-xO 
E:xcnange anisotropy In coupled fUms of Nlt1Fe19 with NiO and Co.,Ni1 _x<J 

M. J. Carey and A. E. ~12 
1Npartwu111 of Pfoysia alfll CAlllH p IJ41Mlk ~ ._lri. Uaiwrsity o/0:/ifoniill 54• ~ 
La Jollt;.. O:JiforrUlz 9J09J4'()/ . 

(Received IS July 1991; accepted for p1.1blieatioa ~ Man:b 1992) 

Shifted byiteruis loops were used 10 invatip1c uclu.qe anisoeropy in soo A. C.o,.Ni1 _,,onoo 
A Ni11Fe1, polycryst&lline bilayer ooupks. Bilayers cl Ni11Fe1, with NiO have a 
room-temperature exehanie 6cld, H., ol 30 Oe in the as-depocitcd state. A maximum in the 
exchange field at room temperature was observed near JC •0.4, indieatini an opWnal alloying of 
the properties of the high anisotropy CoO and the hi&h NOel temperature NiO. The bb:kini 
temperatures of the exchange couples vary linearly widi JC , suuestina a linear dcpendenoc of the 
oxide Neel temperalurc wi1h JC. 
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nanostructure of NiO/Co pinned layer 
spin Valves 

Nanostructure, intertaces, and magnetic properties in giant 
rnagnetoresistive NiO-Co-Cu-based spin valves 

Harsh Deep Chopraa> 
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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. Sivertsena> 
The Ct11ter for MicromogMtics ond /nformJJtion T.clu1ologi11 (MINT), Depanment of Electrical 
b1ginttri11g. University of Minnesota. Minneapolis. Mi11nt11010 .S54.S.S 

The effects of uniaxial stress on the exchange coupling field, H .. , cocn:ivity, H,. and uniaxial 
anisotropy field, H x. in NiO/NiFc bilayers were e1pcrimcnlally studied. The NiO/NiFc bilayers 
were deposited onto a Si(IOO) wafer using radio frequency rc.ctive sputtering. Samples of the 
bilayers were externally and c:onatantly uniaxial lltelScd (either tensile or c:ompresscd) using a 
specially designed sample holder with a fixed radius of curvllurc. The bysiuesis loops of the 
stressed NiO/NiFe bilayer samplCli were measured in 1it11 along the easy and lwd IXCli of the NiFe 
films using a vibrating sample magnetometer. The c:omposition of the NiFc film in the NiO/NiFe 
bilayer was characteri~ as Nil0.2Fc1u using x-ray pholOclectron spectrosc:opy. The H, and H 11 of 
the bilayers were significantly affected by the stress, while the Ha 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. Q 1997 America11 Jns1i111tt! of Physics. 
(S002J-8979(97)18108-7} 
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4520 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997 
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stress induced anisotropy 

Hu == 3>..cr / M == 3A.EEb/ M (1 + v} 
where er is stress, E is Young's modulus, Eb is the bending strain, 

and v is Poisson's ratio. 11 
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11 0. Mauri et al., IEEE Trans. Magnetics MAG-26, 1584 (1990) 
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Improved exchange coupling between ferromagnetic Ni-Fe 
and antiferromagnetlc NI-Mn-based films 

Tsann Un, Daniele Mauri, Norbert Staud, Chemgye Hwang, 
and J. Kent Howard . 
IBM Storage Systan.s Division, San J~ California 95193 
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FIG. 1. Easy- and bard-axis bystuesis loops of (a) Ni-Fe (28.S lllll)/Ni-Mn 
(25.2 nm) and (b) Ni-Fe (28.5 nm)/Fe-Mn (8.4 nm) films with 22.0-mn-thick 
Ta underlaycrs after five aimealing cycles. 

100 

----. .... - --....... 

·""'-. 

"' 
'O 

',, 

• 

• 16-1'•/Ni-Ka 
0 N1-1'•/Pe-lila 

\ 
• 

"'· 
100 zoo aoo .oo 

&mble'1t Te:i:>pentun (C) 

0.6 

~ 
t 0 
e .. 
1-o.5 
J 

-1.0 
r.-111n 

---··•i::::::: 
/ 

' 

-1~1..,..J......1..J.J.J.....,L-..J...1..U...,..l.-J..J.1.l-L....1..J.U....J......l....'"""':;~:-'-~1J 
10_. 10... 10-1 1 10 hr ,,-

Curnnt DezudQ', I (>A.A/om1) 

FIG. 4. HuA vs temperature for 50.4 nm thick Ni-Mn and 12..6 nm thick FIG. 5. Potentiodynamic &CaDS of as-Ocpolited 53.3Ni-46.7Mn, 49.SNi
Fe-Mn films dcposil.ed on 28.5 nm-thick Ni-Fe films. 44.1Mn~.4Cr, 50Fe-50Mn, and 81Ni-19Fe films in an aerated 0.1 N sodium 

sulfa1e electrolyte. 

~:=~~Almaden Research Center Bruce A. Gurney 



PdPtMn1 
80 

70 (Pdo.,Pto.J1.,M n. 
60 

50 
; 

40 ~ 
>( 

" :I: 

~ 
>( 

~ 

30 

20 

10 

0 

45 50 SS 60 
Mn composilion (11'1>) 

Fig. I. He dependence on Mn composilion of Ni-Fe 
(20 nm)/Pd-P1-Mn and Pd-Mn (2S nm each) films 
annealed 230"C. 

80 

70 

60 

50 

40 

30 

20 

10 

0 

0 10 20 30 
Pl composilion (a1%i 

Fig. 2. He dependence on Pt composilion of Ni-Fe (20 
nm)/Pd-P1-Mn(25 nm) films annealed 230"C. 

1.5 

1.0 ,. 
c::< 
E 0.5 r ~ 
E 0.0 
E i ..().5 ).J 

·1.0 

-1.5 

·150 -100 -50 0 50 

HCOc) 

100 150 

Fig. 3. Hysleresis loop of Ni-Fe (20 nm)/30Pd-20Pt· 
50Mn (25 nm) film annealed at 230"C. 

• .500 .250 0 
H (Oc) 

250 soo 

FiJ. 8. p ·H loop for spin-valve film structured Ta (5 
nm)/Ni·Fc (9 nm)/Cu (2.S nm)/Ni-Fe (4 nm)/30Pd· 
20P1-SOMn (25 nm)tra (10 nm) annealed at 230'C. 

140 

120 

100 

~ 80 
5M• t....i.po.ill 

~ 60 :r: Pd-Mo 
40 ~ " 20 

0 

0 200 220 240 260 280 
Anneal temp. ("C) 

Fi;. 4. He dependence on anncalin; 1cmpcra1ure or 
Ni-Pe(20 nm)/30Pd·20P1·50Mn, Pd·Mn and Ni-Mn 
(25 nm each) films. 

100 

80 

~60 
Blocking 

~ 40 temp. 

20 

0 

0 100 200 JOO 400 

Tcmpcnuurc ('C) 

Fia.S. He dependence on tempcralurc of Ni-Fe (20 
nm)/JOPd-20P1-SOMn (25nm) films 

1H. Kishi, et al., IEEE Trans. Mag. 32, 3380 (1996) 
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spin valve with lrMn in pinned layer 
Spin-valve giant magnetoreslstive films with antiferromagnetic Ir-Mn layers 

"' Hiromi Niu Fuke, Kazuhlro Saito, Yuzo Kamiguchl, hnoshl Iwasaki, and Masashi Sahashi 
Materi4/s ond Device1 Reuardi ~borataries: RuMJrCh ond DfMIDpl'IWnt ~iuer, Toshiba Corporation, 
n. Horikawa-cha, Saiwai-lM. XawasaJ:i '210, Jopa11 

We succeeded in developing CoFe spin valves with an antifenomagnetic Ir-Mn film. Ir-Mn 
single-layer films and spin valves of Ta(S nm)/lr-Mn(8 or 9 nm)/C~10(.r nm)/Cu(3 nm)/ 
COwfe10(3 nm)INiFe(2 nm)/CoZrNb(IO nm)/(x • 2, 2.3, 2.6 nm), pre~ by the sputtering 
method, showed the crystal structure of a fee (111) preferred orientation. As-deposited CoFc spin 
valves with lr-Mn exhibited an interfacial exchange coupling energy of J • 0.192 erg/cm2 (H .. 
- 640 Oc at 'CoFc • 2 nm), that was the highest ever reponcd for as-deposited antiferromagnetic 
films, such as NiO, NiMn, and FeMn. Funhermore, CoFc spin valves with Ir-Mn exhibited a higher 
blocking temperature of 260 •c, and a higher MR ratio of 6.37'1> than the spin valves with FeMn 
film. After annealing, the MR ratio incn:ascd to 7.82'1>. On the other hand, the H .. dccrcased about 
I 00 Oc after annealing. The H .. -T curve wu, however, improved and the H .. 81 I 00 •c increased 
to 400 Oc. The decrease in H .. wu not observed after second annealing and seems to be stabilized 
by first annealing. C 1997 American ltUtitute of Physics. [S0021-8979(97)68008-I) 

H(Oe) lk 

4004 J. Appl. Phys. 81 (8), 15 April 1997 
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FIG. 3. Magnetiza_tion curve of as-deposited Ta(5 nm)flr-Mn(8 
nm)/C<>wfe10(2 nm)/Cu(3 nm)/C<>wfe10(3 nm)/NiFe(2 nm)/CoZrNb(IO nm) 
film on AIO,-coated Si(IOO) substrate. 
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FIG. 5. Dependence of magnetoresistance (MR) ratio on pinned CoFe film 
thickness for as-deposited and annealed Ta(5 nm)/lr-Mn(9 nm)/Cowofe10(2 
nm)/Cu(3 nm)/C<>wfe 10(3 nm)/NiFe(2 nm)/CoZrNb(IO nm) films on 
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FIG. 6. Temperature dependence of unidirectional anisotropy (H •• ) for as
deposited and annealed Ta(S nm)flr-Mn(8 nm)/Co~e10(2 nm)/Cu(3 
nm)/C<>wfe10(3 nm)/NiFe(2 nm)/CoZrNb(IO nm) films on AIO,-coated 
Si(IOO) substrates and for as-deposited Ta(5 nm)/FeMn(l 5 nm)/Co9<JFc10(2 
nm)/Cu(3 nm)/C<>wfc 10(3 nm)/NiFe(2 nm)/CoZrNb(IO nm) film on 
AIO -coated Si(IOO) substrate. H .. at room temperature of reannealed spm 
valv~ with Ir-Mn film . .&: As-deposited spin valve with Ir-Mn film, ®: 
Annealed spin valve with Ir-Mn film, M: Reanncaled spin valve with Ir-Mn 
film, ~: As-deposited spin valve with Fe-Mn film. 
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Orientational dependence of the exchange biasing in molecular-beam
epitaxy-grown Ni80Fe2ofFe50Mn50 bilayers (invited) 

R. Jungblut, R. Coehoom, M. T. Johnson, J. aan de Stegge, and A Reinders 
Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA Ein.dhoven, The Netherlands 
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FIG. l. Spin structure in the (111/ model for the different orientations. 
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Advanced Materials for 
Magnetoresistive ·Recording 

Readback Sensors 

----

Bruce A. Gurney 
IBM Almaden Research Center 
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Giant Magnetoresistance 

• a little history 

• GMR structures 

• GMR and interlayer coupling 

• models of GMR 

• mean free paths and interfacial scattering 

• distribution of current 

• heads, field sensors, and memories 
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VOl.UMt:61, Nl•MllUll PHYSICAL REVIEW LETTERS 21 No\'£NK& 19'1 

2472 Glut Mape«oreslstuce ol (IOJ)fe/(MUO Mtpdk S•llil'tMdc:a 

M. N. Baibidl, c.> J. M. llOCG, A. fut. f. NpJ!Cll VM Du, _, f. Pwall' 
IAW.uMH M 1'•1~111 tin SoliM1. ~ f'.U-s.J. T4UtJS Or.N,r. F-

F e /Cr multilayers 

First reports1 of a new magnetoresistance phenomenon in layered structures showed 

substantial amplitude in high fields. We laavc atudicd I.be _,llCIOfClillHCC o( (OOl)fc/(OOl>cr 111pcrlaniea prepared lt7 "'*"lat· 
llcam cpilU)". A liu,c a111llCIORSista11C1: it found ia 111pcrla11ica with thia Cr layers: For cumplc. 
wi&la '" -9 A. at T •4.2 K. the rai&tivi17 it lowered by a1mo1t a facw ol 2 ia a 111&&11C1;c 6dd o1 2 T. 
We ucribc UaiJ aiaat 111&&11Clorai&taacc IO ·sp;a«pcaclcal tra-.il&iaa ol Ille -.!uctioa dectn-. be· 
twua Fe lavcn 1hrousla Cr layen. · 

FIG.I. H,.... ..... <Ult_..• ...... WI .... 
111011a • .. ,...,._ ,___. Wt>r..-t>cr ..,...... 
lioCI: l<Fc '° A.>l<Cr '° l>ls. Kfc Jt IJl<Cr Jt lU,.. l<Fc 
JO l>t<o 11 ln .. l<Fc Jt lll<O 12 ln ... l<Fc JO A.>J<er 
'.()J., ............... WicMc ......... .tw.,... 
cadl umplc. n.c -- ....... - ....-. ... ..a-ot Uic 0 .. ,.... 

RIRIH10I 

... ·• ·• .. . . . .. 
Mlagrwlc l•ld lkGI 

. . . 
_.,. Fe 

((rl17H1'2//J/, t:, 
:::+" ,., 

t//ll'~hl'r c,. 
---:--re . 

:;c::: re 
ltlNN/,,/N c, 

4 Fe ,,,,,,,,,,,, c,. 
$"= re. . 

T 
-50% 

l 
FIG. l. Macacioraillaaclc o1 ~ F.JC8 ..,......_et <U It. 1lic mr.- ... die.,,._ Wd - llollc tM - ll IOI &Iii 

in Ille plaDC o/ IJlc layers. 

1 see also pg. IV.29, G. Binash, et al., Phys. Rev. B. rapid commun. 39, 4829 
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basic mechanism 

Ferro Cu 

(a) Short circuit byt electrons 
Low R 

J:: :~'f~ Almaden Research Center 

Ferro Cu Ferro 

(b) Both species of electrons 
are strongly scattered 

High R 

Bruce A. Gurney 



spin valves 

SPIN-VALVE EFFECT 
. 
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2e.g. Dieny, et al. J. Appl. Phys. 69, 4774 (1991) 
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some spin valves investigated at IBM 

Fl NM Fl/Fe Mn largest~ Minimum lNM 
atroomT for decoupling 

Co Cu Co 9.5% tcu ~ 16A . 
Niscfc20 Cu NisoFe2o 5% tcu~ ISA 
Ni Cu Ni 2.S% tcu~ 20A 
Fe Cu Nisof'~ · 2.5% tcu~1sA 

Od Cu Nisof'~ • 0%at77K tcu~ 20A 
Nd Cu NisoFe2o 0% at77K tcu ~ 20A 

Co Cu 
. 

tcu ~ t6A NisoFe2o 6.S% 

Co Ag Nisof'~ l.S% tAa~ soA 
Ni80Fe20 Ag NisoFe2o 1.2% tA,~ soA 
Co Au Nisof'C20 4.5% tAu~ IOA • . . 
Nig0Fc20 Pt NigoFC2() 0.3% tpt~ 20A 
Ni80Fc20 ·pd NisofC20 0.2% tpd ~ 20A 

Nig0Fe20 Al Ni~ 0% 'AI~ 20A 
Nig0Fe20 v NigoFe20 0% tv ~ 16 A . 
Nig0Fe20 Cr Nisof'e20 0% tcr~t6A 
NisoFeio Nb Nisof'C20 0% tNb~ 20A 

Nisofeio Ru Nisof'C2() 0% 'Ru~ 15 A 
Ni80Fc20 Ta Nisof'~ 0% tra ~ISA 
Nigofc20 w NigoF~ 0% tw:? is A 

T-;;:;.y 
::i.::::::"Ti: Almaden Research Center Bruce A. Gurney 



some other spin valves investigated 

system 

NiFe/Cu/NiFe 
Ni/Cu/NiFe 
NiFe/Cu/Co 
NiFe/Ag/Co 
NiFe/Au/Co 
NiFe/Co/Cu/Co 
Co/Cu/Co 
Fe/Ag/CoFe 
Fe/Cu/Co 
NiFeCo/Cu/NiFeCo 

t approximate number 

:t representative 

~: :~'f~ Almaden Research Center 

publicationst ~R/ R (% )i 

9 4.3 
1 1.5 
6 6 
1 1.5 
1 2.5 
1 7.6 
2 8.7 

1 
1 3.3 

2 2.2 

Bruce A. Gurney 



multi layers 
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multilayers investigated 

system I publicationst I fl.Rf R (% )t 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 
Ni Fe/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 
Ni Fe/Cr 1 0 

t pp a roxim ate nu m oer 

t representative 

I ;.;:~l'~ Almaden Research Center Bruce A. Gurney 



heterogeneous alloys 
VOLUME 68, NUMBER 25 PHYSICAL REVIEW Li?TTERS 22 JUNE 1992 
--------------------~·-'"--------------

Giaat Ma:aetoreslsta11ee la Jlet~ 0.-Co AUoys 

A. E. Berkowitz, <ll.(2) J. R. Mkdidl. <II.Cl> M. J. Carey, Cd,(l) A. P. Youag. <u.w S. Zhang. ol 
F. E. Spada. (l) F. T. hri:cr,Ol A. H.u.,"' aad G. n-w"'' 

<tlDepartl1Ultl o/ 1'4ysla. Ulll«nllyo/c.tt/onlllM $1111 f)k,o. Ls.lolU. C4lifOl'ai11 9109J 
0101'/u fOI" IJap.ttlc &cori~ RuffTd4, ~of c.JJ/on14 "'Sa Dlqo. IA Jol/11, Clll(/Ol'Aill 9109 J 
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FIG. 2. Field dependence oC-~fp-(pH, -pH-201.<>c)/ 
PH-20'1.0c for the three types of au-vcs obtained. lruct: Details 
of curve c. Curves a and b measured al T-100 K; curve c 
measured at 10 K. Sense aarrcnl parallel lo field. 

t 

Giant magnetoreslstance and mlcrostructural characterlstlcs of epitaxial 
Fe-Ag and Co-Ag granular thin films 

N. Thlngattj. C. ea., w Kanrwt IL ~ 
~-~:-......,~--·~ 
......... ~HTlll 

~~~~~~.., .. "",_,c+W'11-

GQOO J. NlPt 'Phys. 71 (10). 11 May 11194 
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heterogeneous alloys investigated 

system publicati~nst ~R/ R (% )t 
·Co-Ag 

Fe-Ag 
Co Fe-Ag 
Ni Fe-Ag 
NiFeCo-Ag 
Co-Fe Cu 
CoMn-Cu 
Fe-Cu 
Co-Cu 
Co-Au 
Fe-Au 

t approximate number 

t representative 

! : :;"f~ Almaden Research Center 

33 25 
16 25 

4 14 
8 7 

1 11 

5 3 
1 
1 

15 20 
1 
3 
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PHYSICAL REVIEW B VOLUME 48, NUMBER lU 

Exchange coupling in magnetic heterostructures 

M. D. Stiles 
National Irutitute of Standard.I and Tec:Anologu, Gaither1burg, Marvland t0899 48 7238 

mechansim of coupling 
spin t spin ~ 

-------------- .. 

+ 
~ 

~ 
t:: 
O' ., ., 
0 g 
II> 

1111 

= It 
::: 
() 

FIG. 5. Quantum wells for exchange couplliig. Tbe iGp 
left (right) quantum well shows the potential seen by apia.11p 
(-down) electrons in a ferromagnetically aligned qua:Dtum-'ftl 
structure. The bottom left (right) quantum well ah01n llit 
potential seen by spin-up (-down) electro111 in an antiftm. 
magnetically aligned quantum-well structure. 

J~(t) =-[2: 2Ki;vF•;] [1J412 +IRJl2 -2jJ4RI!] 

x ~ sin(2kpt + ¢). (13) 

::Ji ~(100) II c:(110) C 
> 012340123401234 
~ 

~ Ag(100) 

~ 0.2Lo 

~ 'al 0.0 
E 0 1 2 3 4 
g 

<.!i Cr(100) 

0·2 Jt. I~ 
o.ol.iLL__ 

c~ 
0123401234 

0123401234 

Period (nm) 

FIG. 8. Comparison between periods measured on 1&111' 

pl es grown by MBE and calculated extremal spanning~ 
The experimental data a.re shown as circles with an arbitral1 
y coordinate. 
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0 2 4 6 8 10 
Thickness 

FIG. 6. Integration over parallel momentum. The inte
grand (20 thin lines) and result (heavy line) in Eq. (8) illus
trate the c.aneellation of the the multiple oscillations in the 
integrand leaving only the oscillation due to the extrema. 
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FIG. 10. Extremal spanning vectors for fcc(lOO) interfaces. 
Slices though the Fermi surface (heavy lines) in the i.nterlw 
adapted bulk Brillouin zone are 1hown for the noble met&ls 
and Al. Selected extremal spanning vectors (arrows) are la
beled by the period in nm that would arise from the couplin: 
of these pa.rt. of the Fermi surface. 
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biquadratic coupling 

coupling exhibits3 higher order terms: 
coupling biaxial biquadra tic 

B*J0fflEfi~$~lt 16, 313-318 (1992) 

Giant Magnetoresistance in (Co,Fe 1_,/Cu). Multilayers 

*a~~·~* ~·-~~~-~~~-M·~~~-M 
Uttfii!ff',ffi, !ll*lffi"•1&1J'i<iJJIZ:EJ' I Z-Jtt! (02101 

Y. Saito, S. Hashimoto, S. N. Okuno, K. Yusu and K. lnomata 

Toshiba Research and Development U:nler. J. Komukai Toshiba-cho. Saiwai·ku. Kawasaki 210 

lo) H.IM90 [100] 

5 IQ 
K llOe I 

!bl H.IMi;iO Ci IOJ 
M 

ICQIOA/CulOAI" 

Fig. 3 In-plane magnetization versus field. at 
room temperature for the samples (l} and (2) in 
Fig 2 Magnetic field was applied to (a) the 
eas\· axis and (b) the hard axis of the films. 

~ 
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Fig. 4 Resistance 1·ersus magnetic field curves 
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. 

315 

3for modeling see J. Slonczewski, J. Appl. Phys. 73, 5957 (1993). 
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Nonoscillatory magnetoresistance in Co/Cu/Co layered structures with oscillatory coupling 

5358 

40 

Ol -40 
c 
0. 
::J 

c3 -BO 

Y. S. Speriosu, B. Dieny,* P. Humbert, t B. A. Gurney, and H. Lefakis 
I BM Research Dfrision. Almaden Research Centu, 650 Harry Road. San Jose, California 95120-6099 

no oscillation ·-in GMR amplitude 

J 

1<4 

- 12 
';/.. ...... 

10 • u 
c s 8 ., 
fj 
e 6 
s ., • c 
Cl 
lll ::e 2 

0 
0 1 2 3 4 

Cu thickness (nm) 

5 

2 

Fig. I. Magnetoresistance of bottom and top spin valves as a function of Cu 
spacer layer lhiclcncss. Data series connected by lines were collected from 
samples from the same graded Cu thickness deposition. 

20 30 40 
Cu thickness (A) 

FIG. 4. (a) Coupling field and (b) magnetoresistance vs Cu· 
layer thickness. The two sets of points correspond to different 
u nderlayer thicknesses, giving different shunting. Oscillations in 
coupling are observed, but the slow, monotonic decrease of mag
netoresistance demonstrates that the two phenomena arc not 
fundamentally linked. 

IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVEMBER 1994 
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g. ·10 
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0 

..,2() 

-30 
Cu thickness (nm) 

Fig. 2. Dependence of interlayer coupling field in bottom spin valves on Cu 
spacer thickness. Data series connected by lines were col !ected from samples 
from the same graded Cu thickness deposition. 

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 

e One Electron Model 
x x 

x x x 

)( 

conductivity 
mean free poth 

a =[mn:.J~ J I 
, ii I,-.~ 

(e.g. 200.l in cu) ~~C:::?=· ==:-
t ::: th!ckneu 11_r.----lllll:_llllllfl_-"! 

G = a t Crorl..cto.rceJ 
R = 1;t Cre9starceJ 

• Parabolic Band Model (Including electron spin) 
non-magnetic magnetic 

s-d scattering 

sp-bandll h v 
d holes: mo for one 

states In ases 
of scotte ng. 

e Two Current Picture 
spin up 

---AM/v- = 
totol 

111pln down 
G =G 7G tot up down . 

r: :~~Almaden Research Center Bruce A. Gurney 



spin dependent impurity scattering 

----

SPIN DEPENDENT SCATTERING 
l.N DILUTE ALLOYS 

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

< l@--; 
Cr 

From binary and ternary alloys were able 
to obatJ the co.trlbutlon to resistivity, 

p and p per X of Impurity 

e.g. 

pt pt Q 

Cr In Fe 2.8 12.5 .16 

NI In Fe 2.4 12 .2 

Fe 

e What about spin dependent MEAN FREE PATHS? 

e WHot about spin dependent scattering In PURE ELEMENTS? 

e What about spin dependent scattering In CONCENTRATED 

ALLOYS? 

~: :~"f§: Almaden Research Center Bruce A. Gurney 



shared electrons lead to GM R 

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. 

F1 

L "h .. II h f - " +he: re$'T10k ! OW MG"4.' 9o ow jCl f"" 

parallel k.W 

~ 

F2 

anti-parallel 

I 
f 1 

. 
' 
I 
!spint , M1 

! ,i 
I . 
' 

' ' 

F2 

spinf M 1 
I 

M2 l spint M2 

t 

l: :i\'i Almaden Research Center ---·-

ti 
i 

t. 
I 
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GMR models 

• spin dependent interface scattering 
basics: essential! 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 
example: Barnas, et al., Phys. Rev. B 42, 8110 (1990) 

• 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 
example: H. ltoh, et al. Phys. Rev. B 47, 5809 (1993). 

• Kubo formalism 
basisc: 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. 
examples: 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. 
examples: 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). 

==-=-
J. !=ijfl Almaden Research Center Bruce A. Gurney 



----

fundamental observable: tlG 

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

o !1R/R, llR, or llG? 

c.. From the relaxation time Boltzmann equation 

og11(z,v) g0 (z.v) eE afo(v) 
---+ =---oz t'o Vz mVz OVx 

\' f .3 f tlgcr(vz, z) 
=> 6G = L_; v,..a v E dz 

o=it 

o /1G is directly connected to the changes in the 
Fermi surface that results from the scattering 
leading to GMR 

o !1R/R and llR are partially determined by the. 
scattering leading to GMR, but also include all 
other scattering 

AppL Phys. Lett. 61, 2111 (1992). 
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Di.G in experiments 
The relative change in sheet resistance from antiparallel 
to parallel alignment of the magnetizations. 

To/ t Ni70FeJOl'23Cu/50Ni70Fe3()1'110FeMn/To 
5 ....--..-~.-----..---.~...---.-~...--...~ 

........... 4 
~ ...._ 

3 (a) 

a:::: ll.R ll.G • 
'-.... 2 
a:::: 
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I 0.12 
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...._0.08 
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I 
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classical model basics 

PATH INTEGRAL SOLUTION (relaxation time) 

CURRENT DENSITY oc LOCAL MEAN FREE PATH 

f ...... - 2 s ...... di< .... s ~ _.. s _. ne s ...... lJU. = - e -3 V(k )g (r . k ) = ri E = E -.-£ti 
-=- 4rr m Vr -=-

I dk ...... s _. _. s ...... ...... s s 
= - e - 3 V(k )15g (r . k ) where g (r . k ) = g0 + {;g 

4rr 

SPECIALIZE TO LAYERED GEOMETRY (path integral} 

J 

f_ 

s...... II og (r) = P5(t, t') V • eE dt' where P5 = probability unscattered 

-00 

f CY"l{ [ 0 ]} 
e of -~ _. df' 

= - (- ) V • E. exp f -· . dv' 
Vr cir. )'5(f') 

/ 

-(.f' 

0 
2 

.s( ...... ) E ne Jr= --
V M• F 

f ~· f di' 
ex --

p ). 5(/'l 
r 

I \ 
total current density total flux: 
at r integrate over will arrive at r 

all r' unscattered 
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1-D model 

An Example: 1 Dimension 

'--a. 
1 L -· r ~ ~ ~ r ~. 

--------------- l .... _,1 \ 

,l~ 2[ (1 - e - L_ 2/.l: 2>] x ~(L_ ~;s_ 1: x e( - x/).~) 

IL 2 e_ ~ arriving at x from layer -2 

Add from all layers to obtain l(x) 

/(x) = ~[ 2 - e< - x/).~) - e - (Lo - x)/).~ J 
( - x/)s) + e 0 [A_ 1 + e_ 1/\_ 2 + e_ 1e_ 2/\_ 3 + ···] 
+ e( - (Lo - xJ/J~)[t\1 + e1/\2 + e1e2A3 + ... ] 

Conductance: } Gf = J0'J•(x) dx 

1 

= 2A.~[L: - J\n ~· A:[A: _ 1 + '\1 (A:+ I - 1 i'! •: + ,l +A:+, + "\1 (Af +I +1 n •i + ,)] 
~ •~o ~ k-o 
J•l /•I . 

For a spin valve with two ferro layers (F1 and F2): 

ft t! 2[ + - ][ + - ] ~G = G - G = 2e5pex AF1 - AF1 t\F2 - t\F2 

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}. 

~:=~~Almaden Research Center Bruce A. Gurney 



GM R amplitude vs number of periods 

classical solution to transport shows how multilayers compare to 
spin valves for the same interface and bulk properties:5 

C. OS I 

I 
~ 0 041 

16 
8 
I 

"' 0. 03 ~ 
Cl I 

4 
2 

n = 1 

l:J 

<J 0.01 

0 --- --'--- - - __ ! . -·· - ! 
_!__ __ j 

0 

c:;_ 

C.8 

(\ (-., 
v v 

0 

2 

0 L_ 

100 200 300 400 

(bl I 
___, __ __.__ ___ __j_____...l_j 

0 100 200 300 400 

tr \.Al 

Figure S. M;ignetorcsis!ance (;ibso!ute ch<Jnge of 
sheet cond uc!a nee 6 (,' per period) versus thickness 
of tile magnetic layer of a finite multilayer ii 

(FIF/NM IO A!FtF/NM lO A) for diITerenl values 

of the number of periods ii. 

;i..J, = l ~4 A, >-f. !2 A, ANM = 205 A, T 1 = 
Tl = l (only bulk spin-dependent scattcnng). 

0 <A) 200 

I"'>...,. 

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

F1 s ra.. 

MECHANISMS OF' SPIN DEPENDENT SCA TIERING 
v S. Maetmm et al. 
-------------------------Ef PRB 47, 5809 (93 

--~+ /; P. Levy at aL 
l,ffT / JMMt.4121,357(93) 

Q = p'/P' 

POTENTIAL 

INTERFACIAL , I n .... ___ _,~.___-
IMPURITY _ 

A. Fa"t at al. 
PRB 43., 13124 (91) 

8. J ohlron at o.L 
PRB 44, 9997 (91) 

~I ______ i _1_ B. !l:my et al. 
Europhys. Let. 17, 

261 (92) 

BULK 
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methods of probing scattering 

Probing The Nature and Location of Scaffering 
Leading lo GMR In Nixf flt-x /Cu Spin Valves 

Sfrucfurt1 

Co 

Fs/Jn NI, Fs1_, Cu ~ 
_....,. ~ f 

I Fe/Jn NI, Fe1_, Cu ~ 
I 

Fs/Jn Nl8{82o *Cu ~ N!Mf•20 

_....,. f ~ 

leads fo 

minority parrier 
penefrafton depth 

maiorily parrier 
peflefraf1on depth 

maiorify and minority 
mean free paths ' 

lnterml~ing re_r:;f on 
mean tre~ pa1h 
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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,a> V. S. Speriosu, B. A Gurney, and H. Lefakis 
IBM RewJrr:h Di'uision. Alnuulen Rtstarr:h Ctnter, 6SO Harry Road, San Jose, California 95120-6099 

TABLE II. lnteri'~ widths (A.) of spin-valve samples. 

Annealing 

Intcrfa« No. 240·c 320"C 360"C 

Ta20~air 10.2 11.2 10.1 11.3 
Ta/Ta20> 6.1 7.1 8.7 9.0 

. FcMn/Ta JO.I 11.0 11.5 10.9 
NiFc/FeMn 7.1 9.7 14.7 16.5 
Cu/Ni Fe 6.8 9.9 12.1 20.8 
Ni Fe'/ Cu 6.7 9.3 11.6 24.3 
Ta/NiFe 4.6 7.4 10.8 16.3 

TaSiifTa 6.3 6.3 7.2 14.5 

1.0 2.0 3.0 4.0 

~:=~~~Almaden Research Center Bruce A. Gurney 



• • • • non-manget1c 1nterm1x1ng 

a Some Ni and Fe atoms at the Interface are 
non-magnetic at room temperature in sputtered 
Ta/Ni.F~_./Cu sandwiches. 

a The lost moment. when expressed as a thickness (.... 
of Ni.Fe1 _ ., is in agreement with about half the width 
of the intermixed region determined by x-ray 
reflectance measurements on samples whose 
intermix~ regions were Increased by annealing, 
suggesting the origin of t,,,,, Is alloying (Appl. Phys. Lett. 
00, 1573 (1992), Appl. Phys. Lett March 29 (1993)). 

a Magnetotransport Is reduced by(....: for x=m we find 
40 - 4Go exR: - t,,,,,/(6.1 ± o.6 A)]. 

0.12 

,......, 0.08 
.D 
~ 
c: -....,.., 

Ill 

CD 0.04 

0 

........ l.im=O 
--.--- Cu/Ni/Cu 
-tr- Ta/Ni/Cu 
-- Ta/Ni/Ta 

20 40 f 60 80 
tf"1 (A) 
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interfacial • • NiFe/Cu/NiFe scattering In 

Si/SOATa/t NiFe/22.5ACu/50ANiFe/11 OAFeMn/SOATa 

... 
I °' f"I I' 
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• As-deposited 

!;t I 
A· 2.0C 

i • 280C 
3 

0 320C ..... - ~ 
~ • 360C .s - E Q.) a: (J Q 
........ 2 c: § a: !! a <I 

II) .... 
~~ ~ ... e~ 

0 :I a:: ...... (.")~ 
~ ~l 

~ ~ e ~ " ~ ...... -g t' p.J ; 0 Q;l ~~ 
0 200 -'00 600 ~ '6h g~ Nif'e Loyer Thickness (A) .s 'i:3 ~ i-: ClD ~ &: ... = 6 ~ 

.M. ~~ 5 .... 
...; ~ Nlf'e II Cu II NIF'e 3 e 4· 

t t 0 -; = 2 
> .... -~ ~ ,....... 3 Tnm Tnm 

(J ·c: ~ - ~ ~i I c 2 Q.) ...... 
vi ..§ 

"" 
c: It) .... 

·~ I 

~ 
.... > . 0 0 a:: .,... 
Q.) .~ 

x ~ - .~ , Q ·= ......., 
~ Q 

..l ~ - ~ 0 

5 
., 

(.!) .... 
<J 

ll.G1at = (AG0ea1)[exp(-2Tnmf12.2±2 A)] ~ " ~ g.. 
~ 

0 4 8 12 

Tnm (NiFe/Cu) [A] 
Bruce A. Gurney ! : :~'f~ Almaden Research Center 



interfaces of Fe/Cr I 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 
Physia /kpartmtnt, 0319, Uni1~rslty of California, San Ditgo. La Jolla, California 91093--0319 

Y. Bruynscracde 
Uiboratorium 1'00r Vastt Stof Fysika tn M'!gnttlsm~. Katholitlct U,,nic~rslttlt uuc~n. B-JOOI uuc~n. Btlgium 

2 3 4 5 6 7 8 

15 
20 (deg) 

-&-4mTorr 

--12mTorr 

a: a: 
<J 5 

(b) 

0 

-10 -5 0 5 10 

H (kG) 
FIG. I. (a) Low-imglc 8-28 x-ray-diffraction spectra and (b) 

t:.R/ R vs 11pplicd field at 4 K for selected representative (Fe(JO 
A)/Cr(l8 A>l10 superlatticcs sputtered at various Ar pressures. 
X-ray spectra arc offset by two decades for clarity. Saturation 
resistivitics arc 26 and 23 µ o cm for the 4- and 12-mTorr sam
ples. respectively. 
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FIG. 2. Dependence of AR/Ron the first superlatti<X Bragg 
peak intensity t,. for Amplcs with N -40. Ir is a qu.alitat~vc 
measure of the interfacial roughness (the background intensity 
has been subtracted). '~. [Fe(30 A)/Cr(l3 A)J; •. [FeOO 
A,)/Cr(IS A.)); a, (Fe(JO A)/Cr(l6 ·A));•. [Fe(JO A)/Cr(l8 
A.)); o, [Fe(JO A,)/Cr(20 A.)); a. [Fe(JO /..)/Cr(25 A>J. 
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interfacial scattering in Fe/ X/Cr / X/ Fe 
The role of spin-dependent Impurity scattering in Fe/Cr giant 
magnetoresistance multUavers 

Peter Baumgart. Bruce A. Gurney, OeMis R. Wilhoit. Thao Nguyen. Bematd Oieny, 
and Vtrgil S. Speriosu 
l.llJI ~ /JWisi4lt. A./,,..,./a R.-.udi c-w. 6JO 114"7 /t.OtMI. .sa. J-. Cll.li/"""4 9JJ»«>99 

Giant magnetoreslstance of Fe/Cr muftilayers: Impurity scattering model 
of the Influence of third elements deposited at the lnterf aces 

Bruoe A. Gl.mey, Peter ~ Oemis R. Wilhoit, Bernard Oieny, 
and Virgil S. $pe(ioslJ 
/IJJJ Jt-m. DWUi1M. A.~ .I~ C-W. 6JO B4n7 1.-'. Sa 1-c. c...tifonU4 9JJJ0.6099 

GOALS 

0 Demonstrate Spin Dependent Impurity Scattering (SDI S) 
is viable mechanism In giant MR films 

0 Demonstrate SDIS is responsible for giant MR in Fe/Cr 

STRATEGY 

test structure 
Cr Fe Cr 

add third element with known scattering in alloys 

-.. =pH p-t >> 1 for Al, Ir, Ge 

<< 1 for Cr, V, Mn 

0 minimal perturbation of physical structure 

0 no variation of Fe or Cr thickness 

0 high absolute impurity resistivity 

~::;--rt Almaden Kesearch Center Bruce A. Gurney 



results for Fe/X/Cr/X/Fe 

The role of spin-dependent impurity scattering in Fe/Cr giant 
magnetoresistance multllayers 

TABLE I. Spin-dependent rcsistivities and a of Cr, V, Mn, Al, Ir, and Ge 

Peter Baumgart, Bruce A Gurney, Dennis R. Wilhoit, Thao Nguyen, Bernard Dieny, 
and Virgil S. Speriosu 
IBM Research Division. Almad<n Reuarch Center, 650 Harry Road. San Jou, California 95110--0099 

4792 J. Appl. Phys. 69 (8), 15 April 1991 

when alloyed with Fe (from Ref. 10). 

Cr v 

p! (µn cm) 2.8±0.2 1.3±0.3 
pl (µfl cm) 12.5±6 I0.5 ± 3 

a== p!lpl 0.17-0.37 0.12-0.13 

Mn Al Ir 

1.7±0.2 48 20 
13±5 5.6 2.2 

0.09-0.!7 8.6 9 

Giant magnetoreslstance of Fe/Cr multllayers: Impurity scattering model 
of the influence of third elements deposited at the Interfaces 16 .--.--r----.----,--......--r---.-----r--, 

Bruce A. Gurney, Peter Baumgart. Dennis R. Wilhoit, Barnard Dleny, 
and Virgil S. Speriosu 
IBM ReS£an:h Division, Almaden Reuarch Center, 650 Harry Road. San lost. California 95110-6099 

5867 J. Appl. Phys. 70 (10), 15 November 1991 5867 

FIG. !. Giant magnetoresistancc vs thickness of deposited third-clement 
X per Fe/Cr multilayer period (points, from Ref. S) and best model fit 
(lines) for X = Mn(O-), V(L~-). Cr(X same line as V). Ir(O-·-), 
Al ( 9-}, and Ge ( X · · · ) ; the best fit is obtained with an equivalent thick
ness of Fe/Cr scattering centers tar = 2.25 A and 11 = !. Inset: Quality of 
fit F vs T 0 for 11 = l (substitution of third-element scattering centers for 
Fe/Cr centers) and 11=0 (addition of third-element scat~ring centers to 
existing Fe/Cr centers). 

pfH'SlCAL REVIEW F VOLUME 44, NUMBER IS I NOVEMBER 1991-il 

Theory of giant magnetoresistance effects in Fe/Cr multilayers: 
Spin-dependent scattering from impurities 

B. L. Johnson 
Dtpartm<nt of Phpia, Unlvcnity of C<i/cmu/o, Bou/dtr, C<ilor<Uio 80J09.0J90 

R. E. Cantley 
Depart men/ a/ Physics, l{niuenlty of C<iiorodo, Colorado Spring<, Colorado 8093J-7150 

FIG. 2. Tne percent change in the magnetorcsistance as a 
function of thickness per period of added impurity. The upper 
i.:et 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 AI, both tak
en from Ref. I 0. 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 Nm =O. 117, the dotted line for N,.. =O. 281, and the 
1-0lid tine 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 Canier Penetration Depth 0-

o Using a structure introduced by Parkin et al., 0-
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 
.t~10A for x=0.8 at 4K. 

o We find at RT, 0- = 4.1 + 0.5A, Independent of 
x. Co 

40 60 80 100 

x (% Nt) 
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majority carrier penetration depth 
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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 

I BM Research Dil'ision. Almaden Rese<!rch Center, 650 l_!a~ry_ (?oad. 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, + Aao [l+e-PtJlt{1- e-P[Ctd-tJr)/l+J} 
~zO 

_ 1- .e::::Jtil.t," { 1 _ 8 -M<td - tJr)11· l}) 

·----
magnetoconductance depends on 
from filter layer b-layer material 

and filter, etc. 

.. 
~L-i-~~--~~~~--

tx "=d 

p~1 (i<n> S-v2<~('<>·1) 
(average over 
solid angle) 

depends on 
/J/l+ only 

ho.ck /ayer ·#Juckness 

~: :~'f~ Almaden Research Center Bruce A. Gurney 



backed spin valve results 
- A.+ directly measured 
-A.- inferred from i~ and bulk resistivity 

I 
c 

t") 

I 
0 

5 
4 
3 
2 
1 

b=Cu 

A +=A-= 192±22 A 
...... --+--+----+--l+-2.-' _fr«..,._c/fC---t > (3~1 

0 (b) 
2 f";n JT' ' • • b=AuCu 

1 A +=A.-=22±4 A 
10 /Mc c/td,.,, 0 ....., __ ...,. __ .,._-+---+---...--mt 

4 
3 
2 

b=Co 

A+=55±4 A 
A.-<10 A. x 1 

1-....1 0 ....... --+--+----t---+---+----t 

3 
2 
1 

b=NiFe 

A+=46±3 A 
A-<6 A 

0 

o....., __ ,.._ __ ._.-+---+---...---t 
(e) 2r 

1 

b=Fe 

A+= 15±2 A 
A.-=21±5A 0 ________ ,,__ __________ ....... 

0 200 400 600 
thickness td-tx [A] 

~: :~'f~ Almaden Research Center Bruce A. Gurney 



CIP vs CPP transport 

Current perpendicular to the plane (CPP) yields 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, NUMBER 23 

W. P. Pratt, Jr., S.·F. Lcic. J.M. Slaughter, '°1 R, Lolocc. P.A. Schroeder, and J. Bau 
/Xp•m-111 o/ l'ltysks •ttl Ast,_y twl Cal,,, for F11ttl.,,.,,lfllll MGl,,ri.Js R,,1<tt11elt. 

Miclr,i1011 Stou Utli1-,,rsi1y. £411 /.Aiui111. /tlicltitt111 4UU 
(ROC"Cived 22 Jaawary lt91; ~ ..... IClipl r..;...i II Afril lt911 
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Perpendicular giant magnetoreslstance of mlcrostructures 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 Ruurr:Ji IAbortUOriu, Pro{. Holstl.a4n 4, 56$6 M £"""-, 1M Naltul.oN:ls 

J, Appl. Phys. 75 (10). 15 May 1894 6709 

bl 

FIG. 1. Schematic diagram of different processing steps in the pillar struc
turing and contact fabrication. 
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spin accumulation 
Perpendicular magnetoreslstance In magnetic multllayers: Theoretical 
model and discussion (Invited) 

Albert Fert 
Laboratoire ~ Physiqiu des Solidu, o/ Unlvcrmi Paris-Swl, 9U05 Orsay, France J. Appl. Phya. 75 (10). 15 May 1994 689ll 
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FIG. L Illustration of spin accumulation effecu at the interlace z•O be
tween two semi·infinitc fcrromapctic rcaM>m with opposite mpclizatioaa 
The arrows indicate the majority spin diR<:Uoa ill uda n:poa.. Tiic cloCltoaa 
flow from left- lo riibt·lwld aide, and the spin + clearoaa an: ~ lo 
be weakly sca!tercd at the left-lwld side and atroqly at lbe riabl·band side. 
The change Aµ of the chemical poleotlal of the spin + clocUoGs (p<opor
tional to lhe out of equilibrium spin polarization), the absolllle valuca of the 
current densities for spin + and apin - electrooa, J + and J _ , n:speclively, 
and the absolute valuea of the eledric field E an: plotted vs:. See allO Ref's. 
14 and 15. 
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How to Isolate effects of spin-flip scattering on giant magnetoreslstance 
in magnetic multllayers (Invited) 

J. Bass, Q. Yang, S. F. Lee, P. Holody, A. Loloee, P. A Schroeder, and W. P. Pratt, Jr. 
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bipolar spin switch 
Spin polarization of gold films via transported (invited) 

Mark Johnson 
Bel/core, 331 Newman Springs Rd., Red Bank, New Jersey 07701 

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

(b) 
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t E "L F.P 

M 

FIG. 1. (a} Pedagogical model of three-terminal device. Arrows in Fl 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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H 
j 

implications of j(x) 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 I 
i 2 M5 tP 1TmA] 

H d = n h H; Hi = Q 2n: h[Jim] 
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:::: 40 Oe 
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current distribution j ( x) in a spin valve 

----

LOCAL CURRENT DENSITY 
NiFe/Cu/NiFe spin valve using previously measured ,lf 

40 }-

SOATa/ 45ANIFe/22.5ACu/ 45ANTFe/110AFeMn/50ATo 
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1·1. 

I \ 
spiil dow;: 
spin up 

-·-· totol 

-

-

/ '· -/.· ----r--- ~"' 
20 : - - I ' . 

" l -
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~ ------- ·-·--. 

60 , : 1 I .. l I ..; 
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NiFe / 
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200 
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FeMn 
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-

300 

6 illustrates how SOS leads to resistance change 
6 shows that current density change is in ferro layers 
6 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 
0 
0 
v ,....... 
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current bias: experimental results 

MODEL PREDICTS BIAS POINT SHIFT 

v-\\)\).\\\ 

The transfer curve of a 10µm x 3.8JLm stripe 
was measured vs sense current, and compared 
with the model prediction of bias point shift. 
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6 model accurately predicts Q = 0.52 for this structure 
t::i implies higher current (more heating, electromigration) 

to achieve optimal bias than more simplistic current 
distributions. 
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recording constraints on MR heads 

i'nterplay oft, g, h, Hk 
order of magnitude estimates 1 for: 

t film thickness 

g gap 

h stripe height 

H k sensor film anisotropy 

sensor moment - matched to flux from media: 

M media c ......, M t r C.I ,,...., IJ 

=:;. t ~ ioo A 

gap - follows from density 

-/2g FWHM of read back pulse, from transition 
density ......, 1 [Gbit/in2 ] = L6 x 108 [bit/cm2 ] 

= 1/(3 x 10-4 [cm] · 2 x 10-5 [cm]) 

::::;. g ~ 1.4 x 10-5 [cm] 

1see, e.g. N. Bertram, Theory of Magnetic Recording. Cambridge. 1994 
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recording constraints on MR heads 

interplay of t, g, h, H k 

order of magnitude estimates for: 

t film thickness 

g gap 
h stripe height 

H k sensor film anisotropy 

h and Hk 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 /"-.I ..\ characteristic length of flux 
propagation. (tradeoff of hand Hk) 

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

~ = ( V8ig ) 2 = (176.pJ W) 2 = 112 J 2phWt (6.p) 2 

N Vnoise 4 kT R 6.f 4kT 6.f p . 

practical compromise - h ~ lµ,m 

27l' Mtg 
==?- Hk ~ h2 ~ 10 [Oe] 
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sensor materials: low field multilayers 
3837 

Highly Sensitive Giant Magnetoresistimce In NiFe/(Ni/Fe/Cu)n/NiFe Thin Films 

Antrwct·.GMR oro to '35,_ lw been round In ridds oro to 
50 Oe at room temperatare la N1Fe(Snm)/{Nl(l.58Dm)/ 
Fe(O.•lam)/Cu(1.tnm)WN!Fc('7aa) tllhl ll1ms prepared by 
DC magnetron rputterilq wltk ~1J'~ thlclaless 
(OCltrOl. The full width It Ult'au:lal- (FWHMJ ot the GMR 
aaTt ms 10.4 Oe. The top pd~ NFe laJ'Cl"S had anti· 
lcrromqnetk ooupllnc to ildjKalt MIFc llf«S across the Cu 
byers and also malntalned lnapetk_all1 Mft dl.anc:terlstks. 
The NIFc/(NVFe/Cu)t'N!Fe ~ 1l'ilidl ..,. 40tua thkk, 3.5 
µ m wide and 15 p, m long showed a Wie Mtptlt ~ times as 
l.srge as NlFe/A!l03/NIFe sensors. 
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sensor materials: discontinuous 

multi layers 
7058 J. Appl. Phys. 7& (10). 15 Ma)' 1111M 

Low field giant magnetoreslstance In discontinuous magnetic multllayers 
T. L Hyllon. K. R. Coffey, M. A. Pal1<ar, Wld J. K. Howard 
/BJ/ A.Imai; 5411 JON, ~ 9Sl93 

Gi.ant ~ of ordct 4~~ bas been obsuvcd in fields of 5-10 Ck at room 
lcmpenlure la wiealcd mllltllayas of ~Ag prepmd by mapelrOll sputtering. For a wide 
range of N!Fe &ad Ag lhicbesses, ao pm~ wu obsuvcd in lhe IUWlllUled films. 
We attn'butc lhe appearance of pm~ IO a mag:neCosUt!c Interlayer interaction that 
promo!e$ antipuallcl OC'du of lhe moments hi adja«at layers fostered by a breakup of the NiFe 
layers. We disi:ua the e&cu of vari&llom hi the llOdcrlaycrs, spacer thk:kncss, and the sputtering 
process on !he ~ Out results sug&CSI that muiml.tillg magnctoicsi.stancc and 
·winimiring ltys&ucsis rcqllln: samplc:s w!lll COIUinUOlll Ag layers I.hat prevent contact between the 
N!Fe layers aDd NiFc !&ye.rs !hat arc discoatilluous but DOt IOO scvcrly disrupted. 

F!G. 1. ARIR, vs H foi a s.ampie n(lOO J.41~'11J '°'J(N&fe(20 ..\)1Ag(40 
A)1/NiFc(20 J...)/Ag{20 .1.)lra(.W A';tsic')JJOO Awl. Tiie field is In lhe 
plane of the sample and pcrpendicubt to ltle ClllTCllL "1:r<lwl indicate lhc 
ramping dire<:tion of the field. UllUIOe&Jc4 ~ ._. ooly a small AMR 
effect, but for annealing temperatures aboYc 300 "<::. a b.rJe OMR effect is 
evident. Large scnsitivitica of order 0.81'.()e IR achkvcd in the w:aple 
annealed at 315 •c (inset). 

GIANT w.GNeTOOESIST.At<Ct: AHO STRUCTURAi. STUDY OF 
PERLIAU.OYIStLVER NUt.TIU.YERS OUIUNQ.RAl'IO THEru.tAl. ANNE>.UlG 

F. ROOZEBOOM, l GIDEONSE", J.P.W.B. OOCHATEN.1, O.G. NEE.RINCK Af¥J 
H.T. MUNSTERS 
Philps Reselltch, P1o!estor ~ -4. ff..-6656 M EindboYOn, The NefleiWldf. 
• Unlverclty of C3rotlhgen. The Nelheriancls. · 
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sensor materials: spin valve 
IEEE TRANSACTlONS ON MAGNETICS, VOL. 30, NO. 6. NOVEMBEll 1994 3813 

Application of Giant r.tai:netoresistive Elements in Thin Film Tape Heads 

W. Folkerts, J.C.S. Kooli, Tb.G.S.M. Rijb, R. Cochooni. M.C. de Nooijer, 
OJfJ. SOlllCl'I, JJ.M. Rulgrok md L Postma 

Philips Research, Prof. Holsllun 4, S6S6 AA EiDdhoven, The Netherlands 
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Magnetoresistance of Symmetric Spia Valve Structures 

Thomas C. Aatbony and James A. Brug 
Hcwldl-Padcwd I~ 1501 Pip MDI Rold, No Allo. CA 9-4304 

Sbufeng Zlwlg 
Department oCl'bysics, New Yoct Uaiwnily, .C WabJactoia Pia«. New York, NY 10003 
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Micromagnetics of GMR Multilayer Sensors at High Current DellSities 

Neil Smith 
Imagi1_1g Research and Development, Sm Diego Laboratoriea, Eastman Kodak Company, San Diego CA 92121 

implications of j(x) for sensors: 

multi layers 
reduced signal at high {but necessary) current density 

Fig. I. Pictoril.lization of • GMR multilayer stripe in aatiferrollll&llClic lfOl&Dd· 
state. Clear (shaded) are magnetic (nonmqnetic) conductinc layen. 
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f"i&- 3. Comparison of expcrimcmal (solid) Mod l.heorctical l>R (HYR c:w-ves at 

c:urreat deasily, J, illdic:atcd. For lbcory, Hbqc • 0 (doucd), or H•qc • Htl(c 
(dubed). Cw-vu for each J are shifted vCl1ically by 3'Ki l>RIR. 
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Size and Self-Field Effects in Giant Magnetoresistive Thin-Film Devices 

. R .. Will..iam Cross, S. E. Russek, and S. C. Sanders, <d.(,j,,(, 
Electromagnetic Technology Division, National Institute of Standards and Technology 

Boulder, Colorado 80303 

6 

6 -. ';/!. 4 -0::: 
3 '2 

<3 
2 

Fig. 4. Plocs A R/R a.s a function of temperature for 1 NiCoFe/Cu device with 
a 6 x 6 µm active aru. The difference between lhc curves is lhc self-field 1 
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temperature effects in spin valves 
Temperature dependence of magnetoresistance in spin valves 
with different thicknesses of NiO 

Chih-Huang Lai, Thomas J. Regan,8> and Robert L. White 
Deparrment of Materials Science and Engineering, Stanford University, Stanford, California 94305 

Thomas C. Anthony 
Hewie// Packard Research laboratories, 1501 Page Mill Road, Palo Alto, California 94304 
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FIG. l. Temperature dependence of /:i.R/ R and /:i.R for spin valves with 
structure 340 and 790 A Ni0/60 A NiFe/30 A Cu/80 A NiFe/50 A Ta. 

FIG. 3. Temperature dependence of /:i.R/R and H,,nndom for the 340 A NiO 
sample, measured at room temperature after the samples were cooled in a 
perpendicular ac field from set temperatures T, . 
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can spin valves be reliably deposited? 

Can spin valves be reliably deposited for magnetic recording applications? 
(invited) 
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Bruce A. Gurney, Virgil S. Speriosu, Dennis R. Wilhoit, Harry Lefakis, 
Robert E. Fontana, Jr., David E. Heim,1> and Moris Dovek 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, Califomia 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] 

• - 0.13 

i 0.12 c: 

20 

·- 7A •• 

11~ -........ 110% 

..... 
0.11 ~ = 
0.10 g 

~10% 
-~ 

• 6A 
1i 

500 
Q;' 

450 Q. ,, 
Gi 

400:;: 
C1> 
Cl 

350 i 
... •• 

0.09 !:; 
1U a; 14 £ 

41 to.i=100x(1~4):62 1oti.=100x(7/24}::29 300 ~ .,,ti.=100x(14.5/60):25 __ .l!lti.:100x(6/60):10 

• • 18~ .. ---- •. ··- I ... BA ... 
\ .. .)10% 

10% 

• 
-~ 

1.Q..ti.::1 OOx(B/60)::14 1/~=100x(18/60):30 

0.08 0 

6.0 .... 
'(/!. 

5.5 ...... 
B 

5.0 ~ 
iii 4.5 c;; 
GI 

4.0 0 
a; 

3.5 c 

3.0 ~ 

~ 131--,.--,_., .................. ~--.--1--.~---.~~~~-- w 

6.0 ...... ...... '# C1> 
5.5-; 0 12 BA ~ ... ·-r10% 

..... () ,, 
10·V 5.0 ~ 

Gi 
... ··· SA -:;: 11 en 

Cl 
4.5 c;; 

c C1> 

Q. .·. 4.0 0 
10 -:::J 

3.5 
Q.) 

0 c: 
() 

10ti.:100x(B/24):33 10ti.:100x(8/24)::33 Cl 
3 al 

45 50 55 60 65 70 15 50 55 60 65 70 75 9 
.o E 

15 20 25 30 15 20 25 30 
Ni Fe layer thickness [A] 

FIG. 3. Dependence of the magnetoresislllnce, sheet resistance, coupling 
field. and saturation flux on the free layer thickness for a 50 A Ta/1 NiFe/25 
A Cu/24 A Co/150 A FeMn/50 A Ta spin valve. 

Co layer thickness [AJ 

FJG. 4. Dependence of the magnetoresistance, coupling field. and exchange 
field on the pinned layer thickness for a 50 A Ta/60 A NiFe/25 A Cu/1 
Co/150 A FeMn/50 A T~ spin valve. 

3998 J. Appl. Phys. 81 (B), 15 April 1997 

~: =~~~ Almaden Research Center 
Bruce A. Gurney 



can spin valves be reliably deposited? 
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FIG. 7. Transfer curves calculated for different ratios of the pinned to free 
layer moment. . 

TABLE l. Process sensitivity 1of. and signal sensitivity S for a spin valve. na=not applicable. t depends on 
strain in head. 

Process sensitivity ·. ( ;oll) 
Signal Sensitivity 

Property P free spacer pinned FeMn (S) 

Magnetostriction 8 na na na Ot 
Magnetoresistance -30 -33 33 -25 I 

Resistance -25 -25 -62 -33 
Free layer moment. JO na na na -I 

pinned layer moment na na JO na 0.25 
Coupling field -14 -15 33 na -0.15 

Exchange bias field na na -29 30 0.2 
Uniaxial anisotropy field -20 na na na -0.05 

u( bv) = 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 3.0u) of the spin valve depo
sitions will yield high signal spin valve sensor materials. 

design criterion 
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recovery of spin valves from 
thermal destabilization 

Improvement of thermal stability and magnetoresistance recovery 
of Tb25Co75 biased spin-valve heads 

N. J. Oliveira.al J. L. Ferreira.al J. Pinheiro.al A. M. Fernandes, 0. Redon, S. X. Li, 
P. ten Berge.bl T. S. Plaskett, and P. P. Freitasal 
INESC, R. Alves Redo/ 9-1, 1000 Lisboa, Portugal 
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FIG. I. H" as a function of temperature, (a) TuCo/Co and TuCo/NiFc 
measured at temperature, and (b) TbCo/Co measured at RT after annealing. 
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electrostatic discharge and spin valves 
Electrostatic discharge sensitivity of giant magnetoresistive 
recording heads 

300 
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100 

0 

Albert J. Wallash•I 
Q11t11111u11 Cmporatio11. 500 McCanhy Boulevard, Milpitas, Clllifomia 95035 

Young K. Kimbl 
Quw11w11 Corporation, 1450 Jnfinilt Drive, Louisville, Colorado 80028 

In 1his article electrostatic discharge (ESD) damage 10 giant magnelorcsislive (GMR) recording 
heads is slUdied for the first time. The ESD failure lhrcshold was measured using an extremely shon 
duration (I ns) metal contact ESD transient. The failure energy required lo melt the GMR recording 
head was 2.3 nJ, about half of the 5 nJ of energy needed lo melt a conventional anisotropic 
magnctorcsistivc (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 
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 
he,1d design with the same reduced cross-sectional area of the GMR head has a comparable ESD 
failure threshold. tD 1997 A111erirn11 !11.<1iture of Physics. [S0021-8979(97)33108-9] 
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FIG. 2. ESD current transient when an MR input was grounded with a plate 
voltage of 150 V. 
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FIG. 4. Failure voltage as a function or inverse initial resistance. Nole linear 
relauonsh1p b~tv.ccn voltage and I/resistance as predicted by Eq. (I). 

FIG. 5. SEM pictures of field-induced metal contact ESD damage lo MR 

heads: (a) AMR head: (b)-(e) GMR heads. 
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FIG. I. Schematic representation of setup used to produce metal contact 
ESD transients. 
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corrosion and spin valves 

Effect of corrosion on magnetic properties for FeMn and NiO spin valves 
S. L. Burkett.al S. Kora, J. L. Bresowar,bl J. C. Lusth, 8. H. Pirkle.cl and M. R. Parkefl 
The Center for Materials for Information Technology, The University of Alabama, Tuscaloosa 
Alabama 35487-0209 

_ stored in a Tenney environmental 

chamber set at 60 °C and 90% relative humidity. 
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magnetic viscosity in spin valves 
Magnetic viscosity effects In the giant magnetoresistance 
of NiO/Permalloy/Cu/Permalloy exchange-biased films 

J.B. Restorff, M. Wun-Fogle, and S. F. Cheng 
Carduoclt. Division, Naval Surface Warfare Ctnttr, Codt 684, 9500 MacArthur Boulevard, Wesi Betheida, 
Maryland 20817-5700 
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FIG. l. Magnetoresistance as a function of field of the spin-valve structures: 
(a) NiO/Permalloy (45 A)/Cu (45 AJ/Permalloy (45 Al (sample A); (b) 
NiO/Pennalloy (45 A)/Co (6 A)/Cu (45 A)/Co (6 A)!Pcrmalloy (45 A) 
(sample B). The data were taken by the stepped field method. 
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spin valve head 
IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 6, NOVE.MilER 1994 

Design, Fabrication & Testing of Spin-Valve Read Heads for High Density 
Recording 

Oiing Tsang, Robc:rt E. Fontana. Tsann Un•, D. E. Heim•, 
Virgil S. Speriosu, Bruce A. Gurney & Mason L. Williams 

IBM Reacarch DM1lon. 
IBM Advanced Map:4lc Recordina L.abon1ol'y. 

Almaden Reacarch Cenla', 650 Harry Rold. San Jose. CA 95120-6099 
•IBM SIOrliC Sylleml Dlvilion 

exchange 
layer 

free layer pinned layer 

3801 

lead 

FIJ. I. Scbemalic of a spin-valve lelllOf (M: m.agnctic momen~ 
&: qle from lhc loniilDdlnal dinlctlon). 

C-OPl>ER 'MUTE COILS 

Fig. 5. Experimental low field (:1:100 Oe) and high field (:1:350 Oe) 
transfer curves of spin-valve read head. 

IBM's SPIN VALVE MAGNETO RESISTIVE HEAD should pennlt disk drives with 1lorage 
cMl1altlu nurly 20 !UM• wtuat II possible today. 
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spin valve head 
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Ultra-High Density Head Demonstrated6 
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H. Yoda, et al., IEEE Trans. Mag. 32, 3363 (1996) 

--- -
b ==?~~Almaden Research Center Bruce A. Gurney 



GM R field sensors 
GMR Materials for Low Field· Applications 

J. M. Dau;,hton and Y. J. Chen 
Nonvolatile Electronics, Inc., 
Plymouth, MN 55441, USA 

IEEE 1RANSACllONS ON MAGNETICS, VOL 29, NO. 6, NOVEMBER 19':/:5 
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Fia. S. OMR Briqc Field Sensor. 

Magnetoresistiver Drelnahlsensor -
zuverliissig und preiswert 
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GM R non-volatile memories 
IEEE 'IRANSACI10NS ON MAGNETICS, VOL. 29, NO. 6, NOVEMBER l!:l'i:5 

----

GMR Materials for Low Field· Applications 

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

(b) 

fi&. 5. Dcau MltA.M Olli. 

Fig. S(b) is an area.I view of 1 2xZ a:ray of nanomctt.r 
MR.AM cells showing 1cellareaof4.84 ).2, where 1 is the 
resolution limit of the lllhography used lO rabricate !he 
memory cells. Thls compares with more than 10 12 ror 
minimum·s.ize Dynamic Random Access Merntr)' (DRAM) 
cells. MR.AM potenllally can be at least twice as dense, 
and will have an even greater density advantage as 1 
becomes smaller than 200 nm unless there is significant 
progress in capacitor 11:ehnology used for DRAMs. With 
GMR materials for sensing, the read access times of 
MR.AM will be comparable to stmicooductor merncries. 
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What's Hot: Colossal MR8 
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colossal magnetoresistance (CMR) 
Magnetic field induced properties of manganite perovskites with colossal 
magnetoresistance (invited) D--"""""!E'l1---o--..,_-7t' 
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Gang Xiao, G. Q. Gong, and C. L. Canedy 
Depanment of Physics, 1Jrow11 U1ii\'trsi1y, PrU11idt11c~. Rhode' /J/and 02912 

E. J. McNiff, Jr. 
Francis Bitur Na1io11a/ Mag11et Laboratory, Massaclmuus /Ju1i1ure of T'c/1110/ogy, Cambridxe. 
Massachust/ls 02139 

A. Gupta 
IBM T. J. Watson Reuarc/i Cen/u, Yorl:Jown Heights, New York 10598 

We present a sys1ema1ic s1udy of lhe magnelotranspon and magnetic propcnics of lhe half-doped 
Lao.sCao.sMn03+4 system. The solid is a metamagnc1 which undergoes a first-order antiferromagne1 
(AFM) to fcrromagner (FM) phase transi1ion under a field or by changing temperalure. Associa1ed 
wi1h lhe AFM-FM transi1ion is an insulalor to mclal transition. A maximum 10"-fold 
magne1oresistance ratio has been observed at 4.2 K between the least and the most conductive s1a1es. 
Al low T (.;;SQ K). we have also observed two addi1ional me1as1able electronic Sillies in lhc canled 
AFM stale al cenain fields. The resis1ivi1y of uch slate differs from one ano1her by al le:isr one 
order of magnitude. The exisrence of lhesc mulliplc s1a1es may be related 10 the unique charge- and 
spin-ordered stale of the half-doped manganile. Cl /997 Amerirn11 /11s1iwte of l'hy;"ic.i. 
[S002 l-8979(97)72008-5) 

5324 J. Appl. Phys. 81 (8), 15 April 19117 
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"'.. "' .. 
e, -6--

-6- -<!>--<!>- '" -6--6--6-
FIG. 3. The charge and spin ordering suucture of Lao.,Cao_,MnoJ+, (a-b 
plane). Only lhe Mn)+ and MnH ions are marked, 0-2 ions are located 
midway between lhe shortest MnJ+ -MnH pairs. The highlighted zigzag 
chains consist of alternating Mn3+ and MnH ions whose spins are ordered 
ferromagnetically. The interchain coupling is of lhe antiferromaghetic type. 
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colossal magnetoresistance (CMR) 
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FIG 4. Magnetization curves of L~ iC~ 5 MnO)+o measured at different 
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FI~_}· Ph~~ diagram of lao.5Cao5 Mn03 + 6 in the H-T plane. H:-F and 
H, are cntical fields for the AFM-FM and FM-AFM transitions, respec
tively. The magnetic transition temperature (T,) was obtained from the 
susceptibility measurement. 

Colossal magnetoresistance and charge order in La1 _xCaxMn03 (invited) 

A. P Ramirez and S.-W. Cheong 
Be// Lab,Jrawnes. Luce111 Tech1w/ogies, 600 Mou11tain A\.eHue, Murray Hill, Nell' Jersey 07974 

P Schiffer 
fhys1cs Depanment. U1J11't:r:my of Notre Dame, Not rt! Dame, lndiww 46556 

Double-exchange ferromagnets with their associated large magnetoresistance have recently been 
considered as candidates in magnetic storage applications. We review materials aspects of one 
compound family, La 1 __ ,Ca,Mn03. There exist two distinct low temperature regimes; (i) 
fen-omagne1ic and metallic (; <0.5) and (ii) chaige-ordered and semiconducting (x>0.5). We 
describe transport, magnetic, thermal and acoustic response in each regime. Cl 1997 American 
/1wi1u1e nf Physics. [S0021-8979(97)72208-4] 
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What's Hot: Tunneling7 

VOLUME 74, NUMBER 16 PHYSICAL REVIEW LETTERS 17 APRIL 1995 

Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions 
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J. S. Moodera, Lisa R. Kinder, Terrilyn M. Wong, and R. Meservey 
Fmncis Biller N(lt/onul M(/;;net u1horutory, Massachusetts Institute of Tec/1110/o;;y. Cambridge. Massachusetts 02 J 39 

(Received 29 November 1994) 

12 

FerTOmagnetic-insulator-ferromagnetic tunneling has been measured in CoFe/ Al 20 J/Co or Ni Fe 
junctions. At 295, 77, and 4.2 K the fractional change in junction resistance with magnetic field, 
D.R IR. 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 mugnctic films. D.R/R changes little 
with a smull voltage bias, whereas it decreases significantly at higher bias (>0. l V), in qualitative 
agreement with Slonczcwski's model. These junctions have potential use as low-power field sensors 
and memory elements. 
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FIG. I. Tunnel rnnductance plotted as a function of the 
applied de bias for a CoFc/ Al 20 J/NiFe tunnel junction at 4.2 
and 295 K in zero field. 

H ( Oe) 

FIG. 2. Resistance of CoFe/ Al 20 ,/Co junction plotted as a 
function of H in the film plane, al 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 (sec tot) 

7 J.S. Moodera, et al., Phys. Rev. Lett. 74, 3273 (1995) 
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Yu Lu 
Physics Deparrmen1, Brawn University, Providence, Rhode /s/a11d 01912 

X. P. Bian, A. Marley, and K. P. Roche 
IBM Research Division, Almaden Research Ceutu, Almaden, California 95/ZO 

R. A. Altman, S. A. Rishton, C. Jahnes, and T. M. Shaw 
IBM Rtsearch Divisio11, T. J. Watson Research Cenltr, Yorktown Hrithts, N~u· Yori.; 1069H 

Gang Xiao 
Phv.sics Depanment, Brown Univtrsitv. Providence, Rhode /slund 02912 

FIG. I. Schematic of the patterning process for magnetic microtunnelimz 
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 rectanE 
where both lhe bollom and the lop 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 arc data from 
samples fabricated using electron-beam lithography to define the junction 
area. Open circles are from samples pallemed using optical lithography. 
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FIG. 3. Cross-sectional 1ransm1ss1on electron micrograph of the layered 
stnicture of an MTJ wilh a Co-free layer. Each of the layers is indicated. 
The Pl layer contains an unexpected interface that may be due 10 silicide 
formation during lhe microscope sample preparation process. 
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FIG. 5. Room-temperature tunneling resistance R, and magnetoresistance 
ratio ARI RP, vs magnetic field along the easy axis of two tunnel junctions: 
(a) a Co-free layer device with a rectangular 0.25X1.25 µ.m1 lop el cc erode, 
(b) a permalloy-free layer junction with top electrode dimensions of 2X 128 
µ.m1. The orientation of the applied magnetic field relative to the junction 
shape anisotropy is indicated. 

Bruce A. Gurney 



----

taking care of business 

MAGNETIC 
FIELD OF DREAMS 

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 witil the development of quan· 
tum mechanics in the ~ It turns out 

r--------------------------------l that holding a magnet near ceru.in metr 

Giant magnetoresistance may transform sensors and disk drives aJs causes their atoms to "tilt"-and that 
tilted atoms are larger obstacles than A lbert Fert had an inkling that lldddinc-the key to anti.lock brakes. In unt.ilted ones to electrons zipping by as 

he was on to something big. Tbe France. In fa.ct. ruearchers at Thom· electric currenL The result is hi&'her re. 
University of Paria physicist aon are testing GMR llCl\801"1 in such sistance. The "giant" phenomenon stems 

knew that many metals exhibit a phe- brakes and to measure engine crank· from the additional fact that there are 
nomenon called ~ (MR)- lhaft speed& to help lower emissions or two types of electrons-those that spin 
they show slight changes In el«irical ra.IM fuel llCOllOlllY· Startup Nonvolatile "up" or "down.· The triclc In changing re. 
resistance when placed in a magnetic Electzoalca Inc. (NYE) in Eden Prairie, sistance is constructing a material in 
field. An expert in magnet.ism, Fert Minn., bu even begun aelling the first which one of l.hese electron types can 
thought he could amplify I.he .---"'---------------------, get through more easily-aided 

effect by designing materials THE •·nualON OF GIANT ty I.he external magnetic field. 
made up of very I.bin layers A 'That's what Fl!rt wanted to do 
of metals. In 1988. he tried- MAGNETORES•rw-•NCE with his miniature sandwich. 
and the results were astonish· WIA Today, the "bread" typically 
ing. The magnet.oresist.anoe in is an iron-nickel alloy, the "fill· 
the material he used-chromi· ing" noomagnet.ic copper. Com· 
um sandwiched between iron- binad that way, each succes· 
was 10 times that of standard sive layer of iron-nickel is 
metals. naturally magnetized in the 

Along with similar results opposite direct.ion. much as the 
from Germany, Fert's find was poles of bar magnets will aJ. 
dubbed "giant• magnet.oresla- ways line up in opposite direc· 
tance (GllR). lnstantJy. it be- tions when one is held above 
came "the hot thing in phys- the other. When electricity 
ics," says Mark H. Kryder, •Applying en -.no! runs through such a sandwich. 
director of the Data Storage (l) ltlOgt>elk: field (DJ couM• bol.h up and down electrons in 

Systems Center ~t Carnegie ltUI~ themogneti<:h.ldt inoU the current encounter many 
Mellon University. Many phys- - lay... lo ~ne up In the obstacles. Adding the external 
icists put it on a par with high· aome di<eclion, ""elecm- magnetic field changes thini:s 
temperature superconductivity, col re.islonce drops drnmutically. It forces all the 
except for one thing: While dromoticolly. mUJ<nctism in the "hrcad" lay· 
the latter is siill struggling to crs to line up in the same di-
get out of the lob. in just six •T1..lowerr..wcnc.mokespoi.s4bledetedionof.,..ry.,.,oll rection. Suddenly, the "tlown" 
years, G~!H has liegun to have exiemol mogn.91ic: h.kU. Thot opens !he door 10< u .. of in. mekll cloctrons in the current skirt 
·a I.Jig impact on technology," In &.signing: U1e ohsl.adcs. The result. says 
says James Brug. mnnager .. ·~~ ~ ,...,..... New York University physi· 
for rccording-·hcad ·tcchnol· - D / "-., cist Peter M. Levy, "is • 
ogy at Hewlelt·Packard / '·, short·circuit cffoct" -u 
Co. Adds Krvder: "!t"s ~- • . ~ laq:e drop in rcsis· 
turning out t'o he use-- \_ / tanc\!. 
ful much faster than ' • - Mount a chunk o! 
! expected." t L ., this sandwich on a 
lltJU<I KlYS. c:.rn has Automol;i,.,.raontliot ._ Computordiudrive>thot 3.Memorychip>thol piece of silicon. sus-
!(rcal commercial ap- helpben.rcontro!engin.0,/1 con hold 17tim .. the "remember even when pend it above a disk 
peal, because if the suipensio<u, broke•,/ \ information the powor is drive. und each tinw a 
right metal sandwiches . "nd "° 00· · ·' of currenl one•. turned oH bit of nmgneti<·~lly cncx-.1-
are used, it can make them -, ' -~"c, '......_ _.,.. ed duta swirls by. the S<Jnd-
morc sensiti,·e 1diagram). Tilat lets them GMR product., a sensor aimed ut ever_,.. wich experiences a big change in rC'.si:;-
dctcct tiny external magnetic fields. an thing from aut.os to hearing aids. t.unce-whkh tells tlw '"mput.cr to put 
abilil)' that"; critical to lots of products. IBM and other disk-drive mukers. lhc dat.i on \·ou1· ,._.r~'<-·1i. Even bdo1·e 
Each bit on u computer disk, for in· meanwhile. are building GMll prototypel' r.~rn. in fod. st;md:ird magnetor~istanee 
stance. is rcprc>ente<l by a tiny mag· that promise leaps of up to seventeen· wus being u.""'i this way-mainly by IBM. 
netic field that is ·read" by a magnetic fold in the amowit of informution thnl Though r.~rn promised I.Jetter pcrfor· 
sensor. Similar s-:>nsol"l! are used to tell can be crarrunOO onto drives. r.Mll also mane~. Fcrt"; firsl devices had u fluw: 
when e<1r \\"heel• stop turning and start may enable memory chips to "rcmom· ~rhe initial mutcriul didn"t look very 
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AMR, GMR/SPIN VAL VE 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 
appreciatio:o.for device impact on disk drive SNR and reliability 
issues. The course content is developeq 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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TPI and KBPI vs Areal Density 
(BPl/TPI = 18.0) 
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Log BER vs Signal/Noise(eff.) 
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Lorentzian Pulses: 

1 +(2vt!PW50)2 

,__ 6JYIR Output signall 
> T I I 
::l 400 ' I ' ' 

""'"' I ;, -1 
c;; 200 f--,L--"J--j 
~ 1.. \. l z 0 "'· ./"I .... I ' '·.. l 
:5 -200 1 
B- -400 . / ! I 

V(t) -

::i 1 T • ::: -600 '----'--'-----'--'----'---'~~__; 

-I 0 I 2 3 4 

Infinite Sum of Alternating Polarity Lorentzians: 
Time (normalized) 

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). 

A sinh A 

cosh2A-1 

A 

sinh A 

where A - ~PW50·Density; Isolated Pulse - 1.0 
2 

PW50 ~ 
G2+t2 

ss +4(d+a+o/2)2 

2 

j 1--:::.1 ·{ •. :.-~.; 'l ~ --- '·. 
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Amplitude vs Density 
(normalized: PWSO = 1.0) 
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Anisotropic I'v1R (AMR) Layer with Soft Adjacent Layer (SAL) Biasing: 

Trilayer Resistance: 

R = PMRW. R = Pspacerw. 

1 h ' 2 ' 
t MR t spacerh 

R =Psa!W 
3 t h sal 

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

Current splitting among the films: 

R. 
l 



BIAS FIELD AND FILM COUPLING 

Field Outside a Thin Conducting Layer: 

re/ 

5h 
[Oe, for /(amp), h(cm)] 

Magnetizing Behavior of a Thin Magnetic Film 

(Hd "" 150 Oe; Hk "" 4 Oe) 

Coupling Equations for Unsaturated SAL and MR Layers 

H Hsal HMR(l ) . a+ + -a sig y y 

- sin0saz = fi(H,a) 

MR sal 
-Hsiga+HY +HY (1-a) 

2aH;al 

(a much smaller than 1.0; terms in a2 ignored.) 

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



Saturation B~havior. of Real Films is Gradual 

Msal 

~ tanh[fi(H,a)]; Y ~ tanhCf;(H,a)] 
Ms al 

s 

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

-~ 

·-MR Bias With Saturated SAL 

Optimal MR bias at eMR ~ 45° with esal - 90°. 
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.:>MITH: ANALYSIS OF SELF-BIASED MAGNETORESISTIVE SENSOR 1 
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Efficiency of Shielded MR Sensor 
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CHANRPS }4 Chart 1 

., ASYMMETRY VS BIAS CURRENT 
:FOR VARIOUS SAL THICKNESSES 

(RPS 968) 

MR THICK= 150 A 

TRILAYER SPACER= 100 A 

STRIPE HT = 0.9 um 

G(S-S) = .18 um 
2.0 

MAG FLY HT= 2.6 u" 
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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 

\VW = 2.2 microns 

MR Width (industry average)= 0.80WW 

therefore MRW = W = 1.8 microns. 

Trilayer Design: 

80/20 NiFe with ~R/R = 0.02 

t MR = 20 nm 

t spacer= 12 nm 

t sal = 14 nm 

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= 14nm 

Stripe Height = 1.2 microns 

Tri-layer sheeet resistance = 10 ohms/square x 1.5 squares = 15 ohms 

.1R/R (MR layer) = 0.02 or .1R = 0.42 ohm 

I~rnllt = 0.69; Mr current= 6.9 ma for total bias of 10 ma 

Shielded MR Sensor Efficiency = 0.48 

MR signal= EMR IMR L1R sech2 {f1(H,a)] 

~ 590 microvolts (p-p) at 27.3 Kbpi (30.8 Kfci) 

~449 " " 82.0 " (82.0 Kfci) 

~ 194 " "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 µm 

Stripe Height = 0.8 µm 

tMR = 12.0 nm 

oR/R = 0.02 

Bias = 7.0 ma ( 4.8 ma in MR layer) 

JMR = 5.0xl07 amp/cm2 

Output Signal (130 Kfci) = 580 µV (p-p) 

" " (260 Kfci) = 240 µV (p-p) 

PW50 = 0.21 µm 

"3-sigma" Case: 

MR Width = 1.1 µm 

Stripe Height = 1.2 µm 

tMR = 13.2 nm 

JMR = 3.lxl07 amp/cm2 

Output Signal (130 Kfci) = 310 µV (p-p) 

" " (260 Kfci) = 110 µV (p-p) 

PW50 = 0.25 µm 



NOISE SOURCES: Johnson Noise of Heads and Preamps 

where k8 = Boltzmann's Constant 

T = temperature (K) of resistance 

BW = bandwidth (Hz) of circuit 

Sample Calculation: 

T = 300 K; BW = 70 MHz; RMR = 30 Q; Rpreamp = 15 Q 

en(MR) = 5.9 µV(rms) or 0.71 nV //Hz 

en(preamp) = 4.2 µV(rms) or 0.50 nV /./Hz 

MR head and preamp are independent sources, 

en(MR+Preamp) = Js.9µ V2+4.2µ V2 = 7.24 µ V(rms) 

MEDIUM NOISE: Transition Jitter 

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

Transition Noise = V0 a i 
1t 

(volt,rms) 
2·B·PW50 

where V0 =Iso-Pulse amplitude; ai= jitter (nm,rms); B=distance 
between transitions ("bit length.") 
Sample Calculation: 400 µV amplitude; 30 A jitter; PW50 = 2500A 
B = 980 A (260 Kfci): 

ei = 9.6 µV (rms) 



RDRTNZ11.XL4 Chart 1 

NOISE DENSITY VS FREQUENCY 
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Signal-to-Noise Estimates: 

Nominal AMR Head at high current Density: 

Electronic + Medium Noise: 12.0 µV(rms) 

Isolated Pulse: 400 µV (0-p) 

Signal at 130 Kfci: 290 µV (0-p) or SNR = 27.7 dB 

" " 260 " : 120 µV (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/Bias Current 

- Temperature Rise of MR Trilayer 

dT = R = 

1-cx L 12R 
KA 0 

1 

L = Thickness of gap material (element-shield) 

KT= Thermal conductivity of gap material [Al 20 3 = 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 10-3 /1t) 

Estimate of Temperature Rise/Watt: 

dT/Watt = 

- Electromigration and Head Longevity: 

Black's Equation 

~ 6,670 CD 
Watt 



Temperature Rise 
(Trilayer Resistance: variable ) 
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Fig. 5. Model predictions for the thermal resistance of heads as a 
function of MR stripe height compared to experimental data. 
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'(2...Jt.--* '. ')A~ r> } 'A.kc. K"; ___....... 
~ ru.d- ~\) ,(:K""e.' 

'1A Mc7J-e.1 .(~" rreAIOl-:i~ 
H«fi ~ 4'~¥Y\12.H~ . 

(-l-u b.e~IA~\r..s:h.a-:<). 



Electrical & Thermal Longevity 
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Aooroximate £ormula 
A. ..... 

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

PW50 ~ ~ G2 I 2 + 4(a + d)(a + d + 8) 

• Following R. Smith's method, one can prove that the PWSO for a . 
DSMR head can be approximately calculated by: 
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DESIGN AND OPERATION OF SPIN VAL VE SENSORS 

D. E. Heim 
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Fig. 5. Experimental transfer curve for the 2 µm high nano-layered 
spin valve sensor for + S mA and -5 mA sense current. The solid lines 

are the computed transfer curves. 

(1) 

where ilR/R =(Ru - Rrr)/Rrr is the intrinsic 
magnetoresistance of the spin valve as measured on infi
nite samples, and Rott 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, h. -
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I 
----;,.. -

lead - M2 
M, -~2 lead 
_40, 

free layer pinned layer 

Fig. 1. Unshielded spin valve sensor. 
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TABLE I. Characteristic MR parameter A and "active" lay
er thickness t0 for three series of samples of structure 

0 0 . 0 0 

&lass/ 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 restP Mr 1 l corresponding to the shunting by the rest of the 
structure. 

0 0 

Ferromagnet A (%) t 0 (A) G restP M< l )(A) 

Co 14.5 72 65 
Ni80Fe20 9.6 72 85 

Ni 5.1 85 65 
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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 
fits a' ·ding to Eq. (7). 
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Signal Estimates for Spin Valve/GMR Sensors: 

Signal = I~R 
~ I ~ R W -<cos~ o1 -02J>-

R 5 h ? 

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; t1R/R = 0.06; Rs = 15 ohms/square; W /h = 1.5 

Signal= 3.38 mV (0-p) 

Shielding reduces the amplitude by roughly 50°10 relative to the 
above number; this arises from flux leakage out of the SPV 
structure to the shields. That is, the effective t1R (averaged over 
the stripe height) is more nearly equal to 3o/o. 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. 

Beyond Spin Valves: Multilayer GMR and Spin Tunneling Devices 

Multilayer GMR Sensors: t1R/R greater than 10°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 (lOK-lOOK ohms) today 
- RC time constant (bandwidth) issues to overcome 



Data Rate vs Areal Density 
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Write Field Risetime lmprovements 

- 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 (Ha), flux density (B) response is 

where 't = _4_·l_0-_9µ_P_z; P(cm); p (ohm-cm) 
rep 

Ref: Bozorth "Ferromagnetism," 784f, Van Nostrand (1951). 
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BIH vs Time 
(Time Constant== 2.0 nsec) 
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MODEL: 

WRITING FIELD IN MEDIA IS SEPARATED INTO 

H(x,y,t) = H0 (t) h(x-vt, y) (1) 

SPATIAL COORDINATE SYSTEM IS ATTACHED TO THE HEAD 

KARLQUSIT HEAD FIELD APPROXIMATION FOR h(x-vt, y' · iS USED TO SOL VE FOR 
LOCATION x(H) AS A FUNCTION OF TIME 

(2) 

g REPRESENTS THE WRITING HEAD GAP, 

y HEAD-MEDIA SEPARATION 

Ho(t) FIELD AT GAP CENTERLINE 

ASSUME HYPERBOLIC TANGENT FORM FOR Ho(t) 

H0 (t) = H(O)+(Hmax - H(O))tanh(J;) (3) 

CONVERT FROM 10-90% RISETIME Tr TO OBTAIN T 

T =~I (tanh-1 0.9- tanh-1 0.1) (4) 
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Fig. 1. Deep Gap Field Ho(t) switching from negative to positive with 7 ns risetime 
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Transition Parameter and Dependence on Head/Medium Properties 

adHx = 

where Her = 
S*+3 

4 

XO 1 
where = 

g 2 
1-(2y/g)2 + 4Y ; (for H0 ~ 

g tan(rr.Hc,JH) 



Williams-Comstock Theory for Transition Parameter 

where ao = 

awe - + 
a 

(-1 )2 + 
2R 4 
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Magnetic and Electrical Writing and Reading.Tests 

- Read Head Signal (LF, MF, HF) 

- Pulsewidth @50o/o (PW50) 

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

- Amplitude Asymmetry of Read Output 

- Amplitude Coefficient of Variation (ACOV) 

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

- Overwrite (OW) 

- Non-linear Transition Shift (NL TS) 

- 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) 


