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(57) Abstract

A spin valve sensor (70) is disclosed, comprising a ferromagnetic free layer (76), a ferromagnetic pinned layer (80), a layer of
non-ferromagnetic material (78) positioned between the free layer (76) and the pmned layer (80), and an antiferromagnetic pinning layer
(82) positioned adjacent to the pinned layer (80) such that the pinning layer (82) is in direct contact with the pinned layer (80). The
free layer (76) comprises a multi-layer stack including a non-magnetic insulating spacer (96) positioned between a first and a second
ferromagnetic sublayer (94 and 98). The non-magnetic insulating spacer (96) provides a specular electron scattermg effect. The first and
the second ferromagnetic sublayers (94 and 98) each have passive end regions separated by a central active region. The spm valve sensor
(70) further includes bias means (86 and 88) positioned between the first and the second ferromagnetic sublayers (94 and 98) in the passive
end regions. The bias means (86 and 88) produces a longitudinal bias in the passive end regions of a level sufficient to maintain the active
central region of the ferromagnetic sublayers (94 and 98) in a single domain state.




[err] [err] [err] A sprn val ve sensor’ (70)

. i s di scl osed, conpri si ngdaﬁ SEP 2003
“ferromagnetic free |ayer (76), «,.'

a ferromagnetic pi nned Iayer (80), a ayer
of non-ferromagnetic material (78) positioned between the free Iayer (76)"
and the pinned layer (80), and an antiferromagnetic pinning layer (82)
positioned adjacent to the pinned |ayer (80) such that the pinning |ayer
(82) is in direct contact with the pinned |ayer (80). The free |ayer (76)
conprises a nulti-layer stack including a non-magnetic insulating spacer
(96) positioned between a first and a second ferronagnetic sublayer (94
and 98). The non-magnetic insul ati ng spacer (96) provides a specul ar

el ectron scattering effect. The first and the second ferromagnetic

subl ayers (94 and 98) each have passive end regions separated by a central
active region. The spin valve sensor (70) further includes bias neans (86
and 88) positioned between the first and the second ferromagnetic subl ayers
(94 and 98) in the passive end regions. The bias neans (86 and 88)
produces a longitudinal bias in the passive end regions of a |evel
sufficient to nmaintain the active central region of the ferromagnetic

subl ayers (94 and 98) in a single domain state. [err] WO 00/ 63715

PCT/ US99/ 20151 SPI'N VALVE SENSOR W TH SPECULAR ELECTRON SCATTERI NG I N FREE
LAYER BACKGROUND OF THE | NVENTI ON The present invention relates generally
to a 5 magnetoresistive (MR) sensor based on the spin valve effect for
sensing magnetic fields, and nore particularly, to such a sensor having a
| am nated, ferromagnetically coupled free |ayer with specul ar el ectron
scattering and an inproved | ongitudinal bias for crosstal k noi se
.suppression. 10 A nagnetic read head retrieves nagnetical |l y-encoded
~information that is stored on a magnetic nediumor disc. The magnetic read
head is typically formed of several layers that include a top shield, a
bottom shield, and a read sensor positioned between the top and bottom
shields. The read sensor is generally a type of magnetoresistive
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15-sensor, such as a gi ant magnetoresistive (GWR) read sensor. The 1'8‘SEPFﬂm3
resistance of a GWR read sensor fluctuates in response to a magnetic field -
emanating froma magnetic nmedi um when the GVR read sensor -is‘used in-a - -
magneti c read head and positioned near the magnetic nedium By providing a
sense current through the GWR read sensor, 20 the resistance of the GWR
read sensor can be neasured and used by external circuitry to deci pher the
i nf or mat i o6& on the magnetic medium A conmon GYRTAEEMISEnsor
configuration is the spin valve configuration in which the GWR read sensor
is a multi-layered 25 structure forned of a ferromagnetic free | ayer, a
ferromagnetic pinned |ayer and a nonmagneti c spacer |ayer positioned
between the free layer and the pinned | ayer. The magnetization direction
of the pinned | ayer SPINVAEVE SENSORMUTH'SPECULAREt i on, general |y
normal to an air beglEUTRON 'St¢ ERIN@WWREE_%L?%OL while a

a

magneti zation direction of the 30 free yer 0ScCi freely in response
to an external nmagnetic BAEGKGROQUND & sTHBRAINYENTIONIe free | ayer is generally

set normal to the magnetizat] Lrecl]o t he pinned, |layer. The

resi stance of the spi nq_{\?gl \?%Hergééhédqm%%%‘?%gesz ﬁﬁ’ﬁ)‘?’éfg’ggfozofm sensor

vari es as A f MSPpEresitiveMRIsgneorbeseren the spieealve éftect fwagmmsingzat i on

di rection of EficRebayShd Afe : et i Lrection of the pinned
| ayer. This rruwlﬂagln [ayer ed sdpl_n vz):g\eg[]%gg'ffogé’?égt ?ggr?qg%;rl ond™ for a nore
pronounced malfifbedegemagnaticallycoupled freedaysn with sbeculdrtdiect®nani sot r opi ¢

magnet or esi St sutekiftyMlnd @AdinASRAT BnglidihA by fof RfosTRANGEIZal i on of the

pinned layer is fixed in the predetermned direction by exchange coupling
an antif er r onBEEIL™ pi nni ng I ayer to the pinned layer. The _
antiferrormgnetic pi nniAnGab@etRr reall heB@ Sbire0ELe thagRORtalNEnddlaoMagnet i ¢
pi nned | ayer seklﬂ%% .ha&vghe plcﬁped 10 | z%%/er_ and'the free layer formdistal
edges of the GHPINGLP Slored pred magReligmegiuim or diss, Bygmagnedic' 590 pat ent )
di scl oses a read head is typically formed of several layers that include a top shield,
a bottom shield, and a read sensor positioned between the top and
bottom shields. The read sensor is generally a type of magnetoresistive
15 sensor, such as a giant magnetoresistive (GMR) read sensor. The
resistance of a GMR read sensor fluctuates in response to a magnetic
field emanating from a magnetic medium when the GMR read sensor
is used in a magnetic read head and positioned near the magnetic
medium. By providing a sense current through the GMR read sensor,
20 the resistance of the GMR read sensor can be measured and used by
external circuitry to decipher the information stored on the magnetic

medium.
A common GMR read sensor configuration is the spin
valve configuration in which the GMR read sensor is a multi-layered
25  structure formed of a ferromagnetic free layer, a ferromagnetic pinned
layer and a nonmagnetic spacer layer positioned between the free layer
and the pinned layer. The magnetization direction of the pinned layer
is fixed in a predetermined direction, generally normal to an air bearing
surface of the spin valve head, while a magnetization direction of the
30  freelayer oscillates freely in response to an external magnetic field. An
easy axis of the free layer is generally set normal to the magnetization

direction of the pinned layer. The resistance of the spin valve read



spi n valve sensor referred to as a nagnetoresistive sensor. based on1~§ﬁ§332MB,
spin val ve effect. The spin valve disclosed in the '590 patent includes a
free layer with a thickness in the range of 50-150A.- The '590 15 patent -

di scl oses two | ongitudi nal bias schenes for stabilizing a domain structure

of the free layer. One of the schemes is based on an application of,hard

f erromagnet | | deposited on the edges of the free er .
~Alternati ve"lv§/?J’%3k§B' 590 patent discloses that the fil mspéﬁé%’%’%qlfled on the

edges of the free layer may be antiferromagnetic 20 material. The
relatively large thickness of the free |layer of the spin valve sensor
disclosed in the '590 patent results in a reduced gi ant nagnetoresistance
due to shunting of a sense current, which causes a reduced output signal.
The spin val veS&EAL ¢ange o @ fignction t ¢fe apr angle aform@® betweehahei Ncr eased

itivity t aYan ' . rded on a medi um
BRI BF SUMMARY D AR N Ot e P o Wt o0 compr 1 51 g

a free |ayer, °fghepinAed layayethisuli-layerpd spinivalyssonfigunatioaraliaws a | ayer of

non- 30 f 1 rorBeashare srahelncall nRighblol il BRLUARLY I odklbfufyer and the
pi nned | ay«gr, and a ﬁl nni ngqu ayer positioned adjacent to he pi nned | ayer
such t hat >t hePaRPIcgNaanpiaresidive (AMR) eaad sepseract with the pinned | ayer.

The free WO 00/ 63715 PChydidaly, 206l v j ; = | ayer stack
Typidaly ég}gﬁet“zaﬂ&{d@wah&ﬁ%ﬁ'%ie%e\%nen a first and

i ncluding a ngp-magnetic insulating spacer position _

a second ferrgtﬁﬁﬁ??g?{%ém@ﬁﬁgﬁ?@'f’f‘Lyg’ff@aﬁﬂﬁ'\@% nantfeEamagnetiy spacer
provi des a speuuiing lagéretotthepinnad Ry ée rTHetartifdrRpiagnditEpihhihg layand t he second
ferromagnetic have i ons Separated by a

central acti veig Egid%%.rd%?ﬁﬁ&%sfgfrﬁmeg?@g%%\égﬁggﬁ%@t heRiPIRMLs bi as” means
posi ti onedObetlayegand tre frdd lager fanddistabedges aif thef GMRMPROVANG.C Ssubl ayers in the
Passive end rogions of s 2@l NECRE0ESAEHRT Sol el drGomRcint ral act i ve
region in a sisnigl@lve sensor referred to as a magnetoresistive sensor based on
the spin valve effect. The spin valve disclosed in the ‘590 patent
includes a free layer with a thickness in the range of 50-150A. The ‘590
15 patent discloses two longitudinal bias schemes for stabilizing a domain
structure of the free layer. One of the schemes is based on an
application of ‘hard ferromagnetic films deposited on the edges of the
free layer. Alternatively, the ‘590 patent discloses that the fiims
deposited on the edges of the free layer may be antiferromagnetic
20 material.
The relatively large thickness of the free layer of the spin

valve sensor disclosed in the ‘590 patent results in a reduced giant

- magnetoresistance due to shunting of a sense current, which causes a

reduced output signal. The spin valve sensor according to the prior art

25 also has increased sensitivity to crosstalk noise from adjacent tracks
recorded on a medium.

BRIEF SUMMARY OF THE INVENTION

A spin valve sensor is disclosed, comprising a free layer,

a pinned layer made of ferromagnetic material, a layer of non-

30  ferromagnetic material positioned between the free layer and the pinned

layer, and a pinning layer positioned adjacent to the pinned layer such

that the pinning layer is in direct contact with the pinned layer. The free



10 dormain state. The spin val ve sensor of the present invention p\qgi»@‘"mm S
Jarger GWR ratio and |less sensitivity to crosstalk noise than prior-art = =
“spin valve sensors. The increased GWVR ratio is provided by initiating a*
specul ar electron scattering effect in the free |ayer, and thereby 15

| ocal i zing el ectrons within a portion of the free |ayer where a probability
of spin-de scattering is a maxi num A reductionlj /U%?J)Z?)istx' vity to
crosstalk nolse 1S provided by positioning neans for producCing a ..

| ongi tudi nal bias between end regions of thin ferronmagnetic subl ayers of
the free layer stack. 20 BRI EF DESCRI PTI ON OF THE DRAWNGS FIG | shows a -
first enbodi ment of a prior art spian valve sensor. FIG 2 shows a diagram
of spin dependent scattering in a prior art spin valve sensor. 25 FIG 3
shows a gr aph lafer cnrenisega mutidayeestedsinGoding peon-ridgrelinimsslating a

(Co(t)/ Cu( 19A)s})3£€r%§ﬁi% ' éétfacfﬁstﬁghg‘seéom%mg%rﬁtigfﬁsﬁléf% embodi ment  of

a spin valve _sensor according to t resent inve 5 shows a
di agr am of spilhedBpREARERStics iNgtlptng 3gaces proviges ospeéayaroglecthan spin val ve

sensor of the s@é@eﬁ@bﬁéaymﬁr@trand%&%e%@ﬁééé}&é?geéﬁ’%w%9/ 20151 FI G

6 shows a graph of coercivity of the end regiohs 0 f rromagnetic
subl ayers of thR¥e PREdve eRdredings SeRaratadcivne sentel achvestegiogubTheyers. FIG 7

shows a graph sgin KeRASE: fGRRlindNiies biRHBbdhs posRBhILERWEES the .
ant i ferromagn?t i, C ®a3| ng Irfal¥ers and the end regions of the ferromagnetic

subl ayers of tFEaPqHE SPERNGTeUPAgnett fHRIaYGESA therPaspive erd 1s0Rper <.

The bias means produces a longitudinal bias in the passive end regions
of a level sufficient to maintain the central active region in a single
10  domain state.
The spin valve sensor of the present invention provides a
larger GMR ratio and less sensitivity to crosstalk noise than prior art spin
valve sensors. The increased GMR ratio is provided by initiating a
specular electron scattering effect in the free layer, and thereby
15 localizing electrons within a portion of the free layer where a probability
of spin-dependent scattering is a maximum. A reduction in sensitivity
to crosstalk noise is provided by positioning means for producing a
longitudinal bias between end regions of thin ferromagnetic sublayers
of the free layer stack.
20 BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows a first embodiment of a prior art spin valve
sensor.
FIG. 2 shows a diagram of spin dependent scattering in a
prior art spin valve sensor.
25 FIG. 3 shows a graph of GMR magnitude versus Co layer
thickness in a (Co(t)/Cu(19A)),, multilayer stack.
FIG. 4 shows a preferred embodiment of a spin valve
sensor according to the present invention.
FIG. 5 shows a diagram of spin dependent scattering in a

30  portion of the spin valve sensor of the present invention.



DETAI LED DESCRI PTI ON Pri or to descrl b| ng the spl n vaI ve sensor of thQ (] SEP 2993
present - 10.i'nvention, sonme specific enbodiments of prior art spin vakve =~
sensors will be discussed. FIG 1 shows a spi'n val ve sensor disclosed in
U S. Patent No. 5, 206,590. The spin valve includes a nultilayer forned of
two ferromagnetic |ayers 12 and 16 separated by nonmagnetic metallic

spacer 14. Ferromagnetlc |l ayer 12 is free to oscillate ;se to a 15
magneti c fﬂ@Pa“ % er eas ferrorragnetl c layer 16 is pi nneb@@sﬁ@m?
antiferromagnetic layer 18. The '590 patent discloses two | ongitudinal

bi as schenes for stabilizing a domain structure of free |ayer 12. One of
the schenes is based on an applicatigon of hard ferromagnetic filns 26
deposited on the edges of free layer 12. Alternatively, the '590 patent 20
di scl oses that filns 26Fi@6 dommragrbpmbbcrmwﬁtyiafm@tem retfionsldie  t hi ckness

f f I 2 di f
dependent - scar et TohRarelE s(ufiFs & e lted BGrydrunRedr SR rRegi 1 val vo 40

i ncl udes ferrosuigyers.c  pi nned | ayer 42, non- rragnetl c spacer |ayer 44 and

ferromagnetic free 25 | g gﬁ%ws'l'%r%rgm%\feex%ﬁ% ng;gyggrgn d t hermnal

stability of the spin I'ayer ferromagnetic
| ayers 48 and B@Wee%i'j'@ﬁnafgrwmﬁglhqi@blasmgdhylemnddmlemtnegwnshftbach other. As

shown by the @romigndtt Eltfayefs ofling HebalallerCnidid 1ilhes ' sRBINCLI zal i ons

of the ferromagnetic |layers 42 and 46 cah be antipara e to their
| arge 30 thick €% erromagnetic | ayers 42 and 46 provide a high nean free

path for electrons 52, whi chDIEqNLEgj;DEgCQpﬂWNGVR ratio.. The nmean free WO
00/ 63715 5 PCT/ US99/ 20151 path is nostly limted by the presence of

boundary scattering at THY P(S’ﬁscr!ﬂ‘“Q'@Pr%’fPa\ﬁ‘n‘&?Q!‘spé%ﬁheﬁe%ﬁ%l t he bottom of
f er r omagnetoi ¢ hderion Es@me@paatxc @mmﬁw@meaf srioRBE Spih Falde SErREkGAN OF

Forromgnet | ¢ PG IRAYEFE: e SRabet HIG Ve SBF GUBSTREND bécause up- Spi n
el ectrons are Patent No. 5 206 590. The spin valve includes a multilayer formed of
two ferromagnetic layers 12 and 16 separated by nonmagnetic metallic
spacer 14. Ferromagnetic layer 12 is free to oscillate in response to a
15 magnetic field, whereas ferromagnetic layer 16 is pinned by
antiferromagnetic layer 18. The '590 patent discloses two longitudinal
bias schemes for stabilizing a domain structure of free layer 12. One of
the schemes is based on an application of hard ferromagnetic films 26
deposited on the edges of free layer 12. Alternatively, the ‘590 patent
20  discloses that films 26 may be antiferromagnetic material. The
thickness of free layer 12 is in the range of 50-150A.

FIG. 2 shows a diagram of spin dependent scatteringin a
prior art spin valve sensor 40. Spin valve 40 includes ferromagnetic
pinned layer 42, non-magnetic spacer layer 44 and ferromagnetic free

25 layer 46. To improve the sensitivity and thermal stability of the spin
valve 40, free layer 46 is made of two ferromagnetic layers 48 and 50,
such as Co/NiFe, in direct contact with each other. As shown by the
arrows in FIG. 2, at certain conditions, the magnetizations of the
ferromagnetic layers 42 and 46 can be antiparaliel. Due to their large

30 thickness, ferromagnetic layers 42 and 46 provide a high mean free
path for electrons 52, which results in a low GMR ratio. The mean free



vscattered dlfferently than douh spin. electrons | f an up spln electﬂbﬁ SEP &ml
‘encounters a ferromagnetic layer with a ‘downwar d- nagnetlzatlon “the

el ectron wil'l 1ikely be scat t er ed, resulting in a reduced nean free: path
and increased resistance. On the other hand, if the up-spin electron 10
encounters a ferromagnetic |ayer with an upmard magneti zation, the.
probability of scattering is reduced and the resistance is |ower.

Li kewi se, dwoneapisn el ectrons are nore frequently scatt pcedssyorsip-

magneti zation ferromagnetic |ayers, and | ess frequently scattered by

down- magneti zation ferromagnetic |ayers. 15 Spin-dependent scattering is
nostly localized in a few nonolayers of the ferromagnetic | ayers 42 and 46
adj acent to the ferronagnetlc/nonnﬁgnetlc interfaces with nonmagnetic

a0, The | or R Rbety iR Rt B R B ria R MERIG R docr ease
with the 20 mfdre@amegmﬁtwtlmrfm anémedyottbrremjfémagrtelnctdyaﬁsm Fl(ﬁi 3 sh?vx/ls a

h of AR GWR r nes or| zont a
aX5) T (Co(1) ol toRS RN BlesitEiniy® o BRGLBS SohURERISE, ("5 “Phe
maxi mum of thescgj’lﬁaﬂftg Oh%lgﬁ@mémegntsfeu@mégrmtlcdty@oaplea femoroagretis of about
10-15A. GVB 2j agcwmemg.gsan dbsau%at%@e&a/gségsg;ﬂﬁageﬁt Srbaver

t hi ckness. In addltlon to producin erromagnetic free
| ayer al so restffigredifiderg rtea%éow'ﬁ-swneel%qt@nang‘@mmm elpctorl d with a

| ongi t udi nal bélﬁﬁ)uﬁl@ﬁdﬂ@ferﬁid@@néﬁc laperiithZBddvhvidi€ magRbtiRabethe (See FIG 1),

The decrease i e coupling field results in an increase 30 of

q the eﬁ$ ang
the free | ayer®'egms wiljkely ?Scﬂe%f%ﬁuﬂ'"ﬁdﬁ 3 geduged maaarfregcPalivbodi ment of a

spin val ve Sermmhnar@asétﬁﬁs@rsthnaé m\ﬁtb%tl’fgr@}%ﬁﬂtuf thav §piu9@|e'c§or$h0"m in FIG
4. Spin vall ve sensotr WD.0 g P PCT/hU899 Eﬂ? i ncl udes substrate 72,
seed | ayer “74,°T@HP 8%@#‘&9”&@? @ 'qvgy with ag upwg "ﬁﬁ@‘?f@ﬁ'@" dbRicer 7

f erromagnet | C pobatdidy | afysratt8fing is reduced and the resistance is lower.
Likewise, down-spin electrons are more frequently scattered by up-
magnetization ferromagnetic layers, and less frequently scattered by
down-magnetization ferromagnetic layers.

15 Spin-dependent scattering is mostly localized in a few
monolayers of the ferromagnetic layers 42 and 46 adjacent to the
ferromagnetic/nonmagnetic interfaces with nonmagnetic layer 44. The
larger the spin-dependent scattering, the larger the GMR ratio. The
probability of the spin-dependent scattering and GMR decrease with the _

20 increase of the pinned or free Iayer thickness.

FIG. 3 shows a graph of aR or GMR (vertical axis) versus

Co layer thickness (horizontal axis) in a (Co(t)/Cu(19A)),, multilayer
stack. As shown in FIG. 3, the maximum of the giant
magnetoresistance occurs at a thickness of about 10-15A. GMR
25 decreases with an increase in ferromagnetic layer thickness.
In addition to producing a low GMR, a thick ferromagnetic
free layer also results in a decrease of the exchange coupling field with
a longitudinal bias means, such as layer 26 in the ‘590 patent (See FIG.
1). The decrease in the exchange coupling field results in an increase
30  of the free layer sensitivity to crosstalk noise.
A preferred embodiment of a spin valve sensor 70

according to the present invention is shown in FIG. 4. Spin valve sensor



-anti ferromagnetl C pl nni ng I ayer 82 capp1 ng I ayer 84 ant I ferrorraglleq SVEP 20ﬁ3
tabs 86 and 88 and conductor |eads 90 and 92. Free" Iayer 76 is 5 preferably
"a nulti-layer structure including ferronagnetlc subl ayers 94 “and- 98
separated by non-nagnetic insulating spacer 96. Ferromagnetic sublayers 94
and 98 may be nade from N Fe, Co, CoFe, N FeCo, CoZr as well as other

simlar so %ﬁ tic materials. In a preferred enbodi romagneti c
subl ayer 9471'S e and ferromagnetic 10 subl ayer 98 |s%§§‘lt§99/m§§rronagnet iC

subl ayer 98 nmay al so conprise a multilayer structure including two
ferromagnetic | ayers, such as Co/N Fe, CoFe/N Fe, Co/N FeCo or

CoFe/ Ni FeCo. In such cases, the Co @r CoFe |ayer of ferromagnetic sublayer
94 is preferably positioned adjacent to spacer 78. Non-magnetic netallic
spacer 78 is plidnherdds substrgte@2, sped tayer\Td, fémomagnetiaifreedayadiget i zat i on
orientation i e r 7880 ul t A t he pi nned

| ayer 80 is e&ghgﬁa égiloaudsfda%g?w t8h tfﬁ%rﬂfé}u%#grrpgﬁn%eéﬁe[alygrp:% hing |ayer 82.
A capping | ayéntl@aromasn@fc@mgﬂam@é? epping layes 8dandifrtomtagmetic  pi nni ng | ayer

82 and prot eCtigh286 G s8bAd 'céb(&fcto"‘ftléék(fjs[ 9fgzseﬁﬁé%r Iaggr 76 @ oxi dati on.

Conduct or Ieads 90 and 92 are provid orma circart path between the
sensor 70,3 ClB’?fSFﬂb'Ys%G‘P@éa%ét@@H@l 'ﬁﬂucﬂf@%\f%mm@@ﬂe yerssted | ayer 74 is

deposi ted pri @indiog seesrast bi fbn fa Béﬁﬁnéuﬁ’éfﬁ de géSQPéﬁr hiagRbtic4 1S
preferably nmade, of %ﬂﬂ y g ESP ' gjer 74 _preferably has

a high resist ﬁ?PWertsg“ﬁPﬂPﬁf’?é( bg r%?ﬂ?rffqnhﬂ”:@f @@-&OFQTN o6 p8de of seed | ayer
74 is to optirdsz@eld dseathel €imilaF doRt MmiagfotitNMateRBIEP N QO¥reddrrdd1e subsequent
atthe i nter f AEBRHEMRIL R OREBPEIRBHINE ag a8V OB RGBRIS, and bet ween
f erromagneoi c sublager 9B0s T6FanHesqaagnetié Sublaye Qaamnﬁseorﬁ@wela tates transfer
opi - dependent™ it R Ers oS rrRaare et s BrR 5208 ean not be made
t oo rough WO @nFesViie, GeNiRgE@09r20aBd/NiFeCo. In such cases, the Co or
CoFe layer of ferromagnetic sublayer 94 is preferably positioned
adjacent to spacer 78. Non-magnetic metallic spacer 78 is preferably
15  Cu, AgorAu.
To maintain a magnetization orientation in the pinned layer
80 perpendicular to the ABS, the pinned layer 80 is exchange coupled
with the antiferromagnetic pinning layer 82. A capping layer 84,
preferably made of Ta, is deposited over pinning layer 82 and protects
20  the multilayer structure of sensor 70 from oxidation. Conductor leads 90
and 92 are provided to form a circuit path between the sensor 70,
current source and sensing means (not shown).
Seed layer 74 is deposited prior to deposition of free layer
76. Seed layer 74 is preferably made of Ta, NiFeCr, Ru or CrV. Seed
25 layer 74 preferably has a high resistivity to minimize a shunting effect.
The purpose of seed layer 74 is to optimize a texture, grain size and
morphology of the subsequent layers. For example, it is desirable to
have a certain degree of roughness at the interface between
ferromagnetic layer 80 and spacer 78, and between ferromagnetic layer
30 76 and spacer 78. The roughness facilitates transfer of electrons from
spacer 78 to the ferromagnetic layers 76 and 80, where spin-dependent

scattering occurs. However, the interfaces can not be made too rough



or- the GWR effect is Iost The rmrphol ogy |s crltlcal in obta| n| ng 4 ﬁas%%m‘“
GWR effect since it permts the use of very thin free Iayer 76-and non-
magneti c ‘spacer 78. I'n the spin valve sensor 70 of the present |nvent|on
the 5 conventional single |layer or Co/ N Fe bilayer structure of the free
layer is replaced by a |aminated structure conprising at |east two
ferromagnetic sublayers 94 and 98 separated by a thin |nsul atl film96
provi di ng P18 Y neti ¢ coupl i ng between ferrorragnetlc 53 94 and
98. The lam nated free layer 76 according to the present |nvent|on 10
preferably has a general structure of Co/ MX/N Fe, where MO, is an
I nsulator. The insulating film96 is of an appropriate type and thickness
to allow the two ferromagnetic filns 94 and 98 to be ferromagnetically
coupl ed t o onerthedeMBreffettis lwshrTdeenarpbolegyis diitivahit pbt'afrﬂmg alargeg filmo6 is

o tor nat i vel y AR RRESHAEH dorkne It ael P Vit o el RY B bR o0e s oo, "
Si 3N4, CoO, Tintggneli¢ sRRcREr8.i nsul ating material. Free Iayef 76 with the
| am nated structure hasn y¥gsin GAIGE Shidol Yo P theprdiif; Ol n

structure than a bilayer or 'sing ?a er structure ﬁgﬁ@oaferron&gnetlc
coupl i ng bt \Aé@ﬂvef"@Pf‘%ﬁH@l?e‘?YQf WQO/N'FQQ"%M%S%W@MW@QW@VQF the | am nated

structure of fig e:eplkaaé/cerbﬁ@ %Mfﬁate'dn%ﬁbélhfengzoﬁﬁﬁ&% 86 144 Qes the GWR
effect in spin valve nsul ati ng spacer 96 1nitiates a specul ar

el ectron scat ?@F‘?'ﬂ%ﬁ ay&fs%%”d QBﬁPB‘F'\aﬁé’é’Y\ﬁ"Wﬂ'”ﬁE?f'@ﬁﬂ@ﬁ@t ic |ayer 98.

Specul ar eI eCtpf@XHn@%hbﬁfagﬂﬁlddbuplﬁfy BotWEdn/Rromd ﬁéte%%eg@fslga HJ.M
Swagt en, Str M de Jonge, J.C. S. Kool s,

J
Specul ar Ref | &0¢ gg lfﬁ?\E’ﬁb"?fe‘f/é?%ﬁr%é(ﬁ?ﬁ‘argﬂ‘gﬁ?/tw Fd?f_e&‘}/@f’gnt'WEEE
Transact i ofs @mfmgwmas%generﬁlh,trubmre éf CoMD,/NIFE -Wrere MO 98)an By pl aci ng

' | at i t 4 d 98, th
I gk T L R 0 P
seen in FIG @awmewoser@mmem flowstH4amd@B te perfevarhagnetieallyor 70, :

i ncl uding fergaeae&fbeédecare;ﬁwem Rl et R IGahA o TRASE! | 2Yo 1 oo

free |layer rosin erronma tic su ayer g spacer 96
and is an AI20 film of approximately 2 10A thick. The insulating spacer 96

15 can alternatively be made of a thin film of Fe,0,, Fe,O,, NiO, Ta,0,,
SiO,, SizN,, CoO, TiO,, or other insulating material. Free layer 76 with
the laminated structure has lower coercivity and a more stable domain
structure than a bilayer or single-layer structure due to a ferromagnetic
coupling between ferromagnetic films 94 and 98.

20 Moreover, the laminated structure of free iayer 76 with
insulating spacer 96 improves the GMR effect in spin valve sensor 70.
Insulating spacer 96 initiates a specular electron scattering effect at its

~ interface with ferromagnetic layer 98. Specular electron scattering in
spin valves is discussed in H.J.M. Swagten, G.J. Strijkers, R.H.J.N.

25  Bitter, W.J.M. de Jonge, J.C.S.Kools, Specular Reflection in Spin Valves
Bounded by NiO Layers, IEEE Transactions on Magnetics, v.34, No. 4,
pp. 948-953 (1998). By placing insulating spacer 96 between
ferromagnetic sublayers 94 and 98, the mean free path of electrons in
free layer 76 is considerably reduced, as can be seen in FIG. 5.

30 FIG. 5 shows a portion of spin valve sensor 70, including
ferromagnetic pinned layer 80, non-magnetic spacer layer 78, and free

layer 76 comprising ferromagnetic sublayer 98, insulating spacer 96 and



6 SEP 2003 \\D 00/ 63715 8 PCTI Us99/ 20151 ferromagnetlc subl ayer 94, Tneﬁ SEP 20&1
“arrows in FIG 5 represent the nagnetlzatlon dlrectlons of the various = -

- ferromagnetic Iayers El ectrons 100 are | ocalized in the thin portion of
free layer 76 forned by the ferromagnetic film 98 adjacent to the netallic
non- magneti c spacer 78, 5 where a probability of the spin-dependent
scatt eri ngwb%eériexi mum  Localizing el ectrons 100 in feetwssrgisetic film 98
results in an increase of the spin-dependent scattering and the giant
magnet or esi stance. Insulating spacer 96 is preferably positioned close to
the interface between non-magneti ¢ spacer 78 and ferromagnetic |layer 98 to
10 i ncrease the nunber of passes of electrons 100 through the regi on of

hi gh spi n-dep Ooq FE t I eferably in the
range of 10- Zgéx\%%??gnéﬁémk%k& 94t hﬁ%%ﬁ%eigs':g og]d'ggrr?a ?tﬁg’ maxi num GVR as
shown in FIG "@Qnﬁﬂatlmmem?@fﬂme varigys f%romaeﬁeﬂcabj@'s BReetgins t hi ck. 15
Referring agaifp tape %c?hzeﬁ in TR&WSin éﬁ'tlow F‘gelam If&ﬂ%'dttkigth%al bias are

provided to maintain free |ayer In a sing domain s e as indicated
by the arrowsfesemacsetic Hp&s aﬂ@cenHOﬁm%mgw\@.npnﬁnagmb@mmn?8,shown t he

means 86 and {Redes pFUH&QHiFy' 6\‘§lhé épﬁﬂ@éﬁeHgérﬂaécau@dr%sls%)m%&?nﬁﬁna | ayer of

antiferromagnetic material” having bl ocKi ng tenperature and

exhi biting a hPEHZBQ Elestiens TQS’UM?"W%"PW ﬁ'ﬂb% resyltsdRaginoreasef i | ms 94 and

98. The anti feftwm@mabp@ndeabSc&@nagCbna&heag*laatnﬁﬁgrtét&agétahsé ween and in
i ons the ferromagnetic filnms 94 and 98. The

di rect contac h end re
t hi ckness of L\'ﬁ\,\i’? IRQ SPAIEE JIvelSi v "1‘%{ pesitionad ¢Jase lo theiterfacsn t he t ot al
t hi ckness of bmeénamntmygrenzesmasumt bng feSmagnetibelagerf BB e and t he

i nsul at i n spacer ra h %he ercivity (HCE) of the
end reg| Rl M‘ﬁﬁé‘? ik P?%i‘?ér"?e%& r‘gr??d%é (Pé’pg € BHOGHess of these
| ayers. FI G ﬁlghtspms:lwegdemhcalferm@eFetxmhagr@e'c Glougs isngefetabhnigt h ( HEX)

the range of 10-20A thick, which is the thickness producing the

maximum GMR as shown in FIG. 3. Ferromagnetic film 94 is preferably

20-60A thick.
15 Referring again to FIG. 4, means for producing a

longitudinal bias are provided to maintain free layer 76 in a single

domain state as indicated by the arrows on free layer 76. In the specific

embodiment shown, the means 86 and 88 for producing a longitudinal

bias comprise a layer of antiferromagnetic material having a high
20  blocking temperature and exhibiting a high exchange coupling with the

ferromagnetic films 94 and 98. The antiferromagnetic tabs 86 and 88

are positioned between and in direct contact with end regions of the

ferromagnetic films 94 and 98. The thickness of each ferromagnetic film
94 and 98 is lower than the total thickness of the free layer 76 consisting
25  of these films and the ‘insulating spacer 96.

FIG. 6 shows a graph of the coercivity (H.¢) of the end
regions of ferromagnetic layers 94 and 98 versus thickness of these
layers. FIG. 7 shows a graph of the exchange coupling strength (Hgy)
between the antiferromagnetic tabs 86 and 88 and the end regions of

30  ferromagnetic sublayers 94 and 98 versus thickness of ferromagnetic
sublayers 94 and 98. The broken lines in FIGS. 6 and 7 represent data
for a NiFe ferromagnetic film 98 of varying thickness and a 30nm thick



bet ween the anti ferrorragnetl c tabs 86 and 88 and the end regl ons: of 135 SEP 2003
ferromagnetic subl ayers 94 and 98- versus t hi ckness of ferrorragnetl o ; -
subl ayers 94 and 98. The'broken lines in FIGS. 6 and 7 represent” data for

a NiFe ferromagnetic film 98 of varying thickness and a 30nmthick WO

- 00/ 63715 9 PCT/ US99/ 20151 Ni Mh antiferromagnetic tab 86. The solid lines in
FIGS. 6 and esent data for a NiFe ferromagnetic film 94 of varyi ng

t hi ckness arleé)(m;g%g{)nmthl ck Nivnh antiferromagnetic tab FETURIAS o1 t he

broken lines, the ferromagnetic filmis positioned above the
antiferromagnetic tab, and 5 for the solid lines, the ferromagnetic filmis
positioned below the antiferromagneétic tab. As shown in FIG 6 and FIG 7,

t he exchange COUIBI' in field (HEX) and coercivity (HE) increases with a
decrease in t h&MpARitgERagsptic tRb BB r Theagolist linessinbFISFeres aBd 7and 98. In the
present 10 i nV%ﬁeréhtdbi&%%NlFfa?éﬁdﬁ%@ﬁ‘éﬁlﬁ %@ﬁargﬁ?ﬂﬁ&n §s:§“da placed

bet ween the ferro 8 ?B‘ ayer 76. The
thi ckness of @aCAMAIC M@ﬁ‘étfP@@weﬁ?@Pag4Téwf®8hﬁ@Ok%slmeshan the total

t hi ckness  of ftriesferrd)mygﬂietczﬁlm@lﬂdsduﬁ%aabb@é”thégﬁlférlf'érﬁgé}%ﬁéta‘ﬁf Rfior art free
| ayers. Thys th e ?cllaa@%}s E’é’ rll'ga nd coer ci Vi th anf the end

regi ons 15 of oﬁtheg famadngti ﬂf‘ér‘% Positigped dglowstheuch hi gher
than in the panhferramtgném:tabresul t, the magnetic sensitivity of the end
regions of free layer 7 E t he he ent g ?é‘l on is considerably | ower
than in the prior art, WASCHY ?@s@ 'ﬁ t{e BANGE SOBRINGE crosst al k
noi se. Al t hougfieldhéHgR)y esémOeerun(n-lcg))nmbmsb@WtthSd?édr&%d i the 20 reference
to preferred e e th recogni ze that

AAHCSE Bt e HRLIELRRAB blaer Bt 2 8 2o Hhegyer

changes may be made 1n m an P¥m the spirit
and scope bt t HwentipneeiantiferroG@ERStEASbSIRP dd 88 are placed between the
ferromagnetic films 94 and 98 forming free layer 76. The thickness of
each ferromagnetic sublayer 94 and 98 is less than the total thickness
of free layer 76, and less than the thickness of prior art free layers.
Thus, the exchange coupling Hg, and coercivity He of the end regions
15 of the thin ferromagnetic sublayers 94 and 98 is much higher than in the

prior art. As a result, the magnetic sensitivity of the end regions of free
layer 76 in the present invention is considerably lower than in the prior
art, which results in better suppression of crosstalk noise.
Although the present invention has been described with
20 reference to preferred embodiments, workers skilled in the art will
recognize that changes may be made in form and detail without
3 departing from the spirit and scope of the invention.



a nulti-layered free layer; and neans positioned within the nmulti-I|ayered
free layer for providing a specular electron scattering effect at an
interface within the nulti-layered fr | ayer. 2. The spin val ve sensor of
claiml1 wherein the multi-layered free layer conprises: 10 a nmulti-Iayer
stack i ncIQ}cﬁIMjsh non- magnetic insul ati ng spacer positioned between a
first and a §_€(}p§llginf‘%’l‘t;é)§@%ﬁfcbﬁl p‘.@yer, and wherein the non-magnetic

i nsul ati ng spacer provi des the SSZ%U r electron scattering effect. 15 3.
The spin val ve sensdé Sin valvg stack induding a malddayeredifice Isyerclandonpri ses:  a

pinned layer; a laygh . 9,@ i terl LEl n the
free layer and the p?ér%{nse %{:/12«%& t gp%%/g}digfﬁ#gﬁéf%%?g%%@g%%ﬁﬁégriaI
in diPect contact & specular €légtson seattaringefbict at sndhteréaceofithimether ee | ayer ;
and 20 a pinning | aygh1+PRSLLd Lacent to the pinned | ayer such that

t he pinning |ayer igﬁ?lrgpﬁéégﬂggk a%:'t with the pinned |layer. 4. The spin
val ve sensor of claim2 wherein the first and the second ferromagnetic
sublayers eagh thRupiRIaRERNEALof AR 1w RERM MEh18ydeq HRIAR: aCti Ve
region, the spin vadlve sensor further "‘conprising bias - means posSitioned
bet ween t he ficompaisgst he second ferromagnetic sublayers in the passive
end raggi ons of the fj . t fe J ayers, the bias
rreansqgr oducing a | 8n%l?lgtﬁ'§g%5lste ?kzlgl%ﬁ‘glﬁlngﬁeﬂ%gsm gbgﬁgéﬁg‘&ﬁéﬁgag@ a |l evel
sufficient to rpesiitoglied hetweereatfirat and i seeoBd feregmagnetic sulsiapet, andonai n

state. 1 6 SEP T i.n I r.of claim2 wherein the
first and the gxgl"gegg’ig l&]teg}or%'%aﬁilghc é@ﬁ%ﬁﬁggg égearrpero‘enéfgﬁ tg]ﬁgpg?lﬁﬁlf Fe, Co,
CoFe, Ni FeCo amtbcti©mZscattering effect.

15 3. The spin valve sensor of claim 2 wherein the spin valve stack comprises:

a pinned layer;

a layer of non-ferromagnetic material positioned between the free
layer and the pinned layer, the layer of non-ferromagnetic material in
direct contact with the first ferromagnetic sublayer of the free layer; and

20 a pinning layer positioned adjacent to the pinned layer such that

the pinning layer is in direct contact with the pinned layer.

4. The spin valve sensor of claim 2 wherein the first and the second
ferromagnetic sublayers each have passive end regions separated by a
25 central active region, the spin valve sensor further comprising bias
means positioned between the first and the second ferromagnetic
sublayers in the passive end regions of the first and the second
ferromagnetic sublayers, the bias means producing a longitudinal bias in
the passive end regions of a level sufficient to maintain the central active

30 region in a single domain state.



6. The spin valve sensor of claim3 wherein the first ferromagneti c! 6 SEP 2003
sublayer 5 conprises a nultilayer structure including a first and a second
ferromagnetic layer. 7. The spin valve sensor of claim®6 wherein the first
ferromagnetic layer of the first ferr gnetic sublayer is one of Co and
CoFe and the_segond .10 EerrorraRngngti c layer of the first ferromagnetic

subl ayer is 8n SHppElvgRensRi phelgim Zhiheredn dhe: firstand the secepdomagnet i ¢
layer- of the fifeffomdgdetioBRBISErSafilchyste bONIRRSTHi EBRE Nite@BShia L0 the

| ayer of non- ferromagnetic material. 15 8. The spin valve sensor of claim

2 wherein the rﬁﬁ?:rrragneti c insulating spacer is one of Si02, Fe203, Fe304,

Ni O Ta205, 6128 spthItibe $epiSor 81elaint P¥heRin E%ﬁfggifgrfr\sﬁia\gﬁsgegaafaggie claim

2 wherein the non-nagnetic insulating 20 spacer an —appropri

t hi ckn@ss to alHPHEsMYHlByeEsEyahire iaclugindw drstrand fiseeendind t he second
ferromagneti c seRba@hstic I@erThe spin valve sensor of claim9 wherein the
non- magnetic insulating spacer is about 2-10A thick. 25 11. The spin val ve
sensor of claim2 wherein the first ferromagnetic sublayer is about - 10-12A

thick. 12. The spdspiah¥feSRRSEF ofélafthd WhdrkifisE BER L1286
ferromagnetic 30 sﬂ‘ubl aygr IS agoufgl 20- 60A thick. 13. Thgl%g%ieﬁgxlla Ie\r/gfsensor

of cl ai m 3 whertBf firsthisriomagnesic syblayesis epragheriand GaFfeand|the seems of Cu,

Ag andgAu. 1bS i I Lsing. i | ve

SPack noi udi e 2omentdp Kycf eI onkBnphi SATRYER |4 the S AR VE,

conprising a ng‘{if’ﬁcvam wheseiR the dirsidlertpmagrnietistlayarfdhe fisstond

ferromagnetic ; i : r Hﬁﬂnﬁ [ G 5 subl ayers

each havi ng pagﬁbgﬁgﬁgu‘% gg}){)éxgls%se%ar a{ng%i %@lﬁgl&gte%ﬁlgﬁ act vrﬂeo(il regi on; and
ferromagnetic material.

15 8. The spin valve sensor of claim 2 wherein the non-magnetic insulating
spacer is one of SiOz, FezOs, Fez04, NiO, Taz0s, AloO3, SisN4, CoO, and
TiOa.

9. The spin valve sensor of claim 2 wherein the non-magnetic insulating
20 spacer is of an appropriate thickness to allow ferromagnetic coupling
between the first and the second ferromagnetic sublayers.

10.The spin valve sensor of claim 9 wherein the non-magnetic insulating
spacer is about 2-10A thick.

25
11.The spin valve sensor of claim 2 wherein the first ferromagnetic sublayer
is about 10-12A thick.
12.The spin valve sensor of claim 11 wherein the second ferromagnetic
30 sublayer is about 20-60A thick.

13.The spin valve sensor of claim 3 wherein the layer of non-ferromagnetic
material is one of Cu, Ag and Au.



bi as neans positioned between the first and the second ferronagnetﬂc& SEP ﬂm3
subl ayers in the passive end regions of the first and the second
ferromagnetic subl ayers, the bias: neanggproducing a |ongitudinal 10 bias in

t he passive end regions of a level sufficient to maintain the central

active region,i ' in state. 15. The spin valve sensor of claim
1oL eGP BT

14 wherein t ri ses a spacer subl ayer positioned
between the first amdsgihevabecsiack irclfidingaragiatlhgered fter)ayéar, ithe bhgticent r al

active region the first and th Seco ferr neti ¢ subl ayers. 20

16- The spin Vaﬁ%}éergtgrgrse&la%qr cang?rrlﬁ%g WBM‘EWCEH&%M%& I%‘Ifgﬁ‘n Povi des a
specul ar el ect rsecosd frtemaggetes Sitslayer] the fifst 2570 the\selcyfd $aeagaéti€! ai m 14
whereip the spin ve staﬁk . conprjses:. a pinned Iaég%;y a |l ayer of

|
non-f ePr orragnets’lu(}:)\{‘?a?@f%F?gT AUUERASHNG pdiTrelonssRarat Foesnifrlactiyg t he

pi nned | ayer; anagioa; ahdni ng | ayer positioned adjacent to the pinned | ayer
such that the pinning layer is._jn ntact wth the pinned |ayer. 30 18. A
spin val ve sensor c@ﬁ%ﬁ??%ﬁ@:poﬁl@&ea%? ?/eé’gfeaglf?tiaﬁlglthﬂist‘?ﬁo%gnul ti-layered
}‘ r eeI | ayer ; a:1derrﬁﬁﬁgﬁe@@ﬁi:lbiaQBﬂinVU:hbf}id%fsivh%nm;ﬂegioﬂlsa)ﬂh@%éﬁ &ed tiwyer for
ocalizing electropns within a pqrtion the free | ayer ere a
probability of ng)‘?'?ff?ed"é%ﬁ?ﬁféerﬂc %@%l?lff‘éﬁi ﬁ}j bias means; prAiicing a longitudinal
10 bias in the passive end regions of a level sufficient to maintain the

central active region in a single domain state.

15.The spin valve sensor of claim 14 wherein the free layer further
comprises a spacer sublayer positioned between the first and the second
15 ferromagnetic sublayers in the central active region of the first and the

second ferromagnetic sublayers.

16.The spin valve sensor of claim 15 wherein the spacer sublayer provides a
specular electron scattering effect.
20
17.The spin valve sensor of claim 14 wherein the spin valve stack
comprises:
a pinned layer;
a layer of non-ferromagnetic material positioned between the free
25 layer and the pinned layér; and
a pinning layer positioned adjacent to the pinned layer such that
the pinning layer is in contact with the pinned layer.

18.A spin valve sensor comprising:
30 a spin valve stack including a multi-layered free layer; and
means positioned within the multi-layered free layer for localizing
electrons within a portion of the free layer where a probability of spin-

dependent scattering is a maximum.





