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[err] [err] [err] [err] [err] [err] [err] [err] [err] [err] -Abst ract .
[err] [err] [err] A spin valve sensor (70) i s disclosed, conprising a
ferromagnetic free layer (76), a ferromagnetic pinned |ayer (80), a |ayer
of ' non-ferromagnetic material (78) positioned between the free | ayer (76)

i and an antiferromagnetic pinning | ayer
and the Pl gagHaAyer (50) e P

SPIN VALVE SENSOR WITH SPECULAR
ELECTRON SCATTERING IN FREE LAYER

BACKGROUND OF THE INVENTION
The present invention relates generally to a
5 magnetoresistive (MR) sensor based on the spin valve effect for sensing
magnetic fields, and more particularly, to such a sensor having a
laminated, ferromagnetically coupled free layer with specular electron
scattering and an improved longitudinal bias for crosstalk noise
suppression.

10 A magnetic read head retrieves magnetically-encoded
information that is stored on a magnetic medium or 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

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



(82) posi tioned adjacent to the pinned Iayer (80) such. that the pi i ﬁ]gSEP 2903:
llayer (82) is in direct contact wth the pinned I ayer (80). The  free’ Iayer :
(76) comprises a nulti-layer stack incl udi ng a non-magnetic +insulating ‘
spacer (96) positioned between a first and a second ferronmagnetic subl ayer
(94 and 98). The non-magnetic insulating spacer (96) provides a specul ar

el ectron S%gé&ﬁ&b g effect. The first and the second fgéroma netic

~subl ayers ( 98) each have passive end regions sep 'B a central
active region. The spin valve sensor (70) further includes bias means (86
and 88) positioned between the first and the second ferromagnetic subl ayers
(94 and 98) in the passive end reg2zons. The bias neans (86 and 88)

produces a |ongitudinal bias in the passive end regions of a |evel

sufficient to FRIISAL Mafes s & tfincdion cefntanabngle gloomedf bdtweerd ehe onagnet i ¢

subl ayers (94 00/ 63715
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sensi ng magnetl c fields, and nore particular 16 SUch a"'sensor havi ng a

| ani nat ed, f er3tSAYGRISITadnetafesigivp (AMR) Faad qe&?@!ﬁ with specul ar el ectron

scattering and an lrrprWﬁﬁhaklpmgéﬁwughé@budﬂﬁ%éﬂﬁn&dlg ﬁéd"r?' Se
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head i s typi calitning layeretd tiod pinesElagér. | TeedriifdrivaiagnBid Mﬁﬁin? Idy8pP 3 hi g' ?t a
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such as al@i argyemagd#tedfresslagdriforen ﬂ:%dgee&dtmeemezrsmeme resi stance of a

GWR read sensor f1Uct ug@sphial REPOIIEID (Re BTSN liSld emanating from
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a magnetic medi um when read sénso P¥édhetic read head
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st ored on t he indsieseftee layeqwithp ”W“(E‘Gﬁﬁmrﬁh@vm@@feﬁﬂ) ‘s@(&d’meé@ﬁfl guration is
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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

5 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



25 structure formed of “a ferromagnetic free lLayer, a ferromagneti qmsgmcgrqg:; S
J1ayer and a nonmagnetic. spacer |ayer positioned between the free layer ahd -
“the pinned | ayer. The magneti zation direction of the pinned layer  is fixed
in a predetermned direction, generally normal to an air bearing surface

of the spin valve head, while a magnetization direction of the 30 free

| ayer osci I“L(?‘;o%,n%reel y in response to an external nagr}%xri/d‘s?mogld. An easy
axis of the Tree Tayer is generally set normal to the nmagnéetizati on .

direction of the pinned |layer. The resistance of the spin valve read WO
00/ 63715 2 PCT/ US99/ 20151 sensor varies as a function of an angle forned
between the magnetization directign of the free | ayer and the

magneti zation direction of the pinned layer. This nulti-layered spin valve
confi gur at i on layer gorprigesra multidayer stadniodndied amegedgnetisinsulateg ef f ect than is

possi bl e W th spacéposifiblddtctw Lihaslss cjjr?élg)e/ééwlﬁéne%ﬁggg%gf n:so: ﬁe

Typical ly, the magnetization of the pinned I'xe
pr edet er ni ned Tder Be-Magnefic insulatingy Sracsipprovigesia spedularr elegtsamet i ¢ pi nni ng

layer to the Riamafglefyar Théﬁh&aaemefsﬂeeamgaﬁggﬁeteisnahwsla prois

posi tioned_upon the ferromagnetic pinned |ayer such that the pinned 10
|l ayer and 1 he Meve@assiVeend rsoiangiseparatesdpea cantral msti@umaion: nTheal ve. U. S.

Patent No. 5, 28/ aBle dehbér fuRifd} inideBblasthésrsPiRRioAed B&ivBel HeVe sensor
referred to a net oresi stive sensor based on  the spin valve effect.
The spin val v@%?é@&&?@ﬁoqdﬁe'i’%ag@gﬁs ¥efg inthepasgiyeendregiops. | ayer with a
thi ckness in (The bizsmyeans brdddcdsSdbngillidithal 5i89inthe paishdlendrdidriases two

Layer. “One-of O RaeiduREn & prldah b sAvl Y ebioshnd SRER ferr onagnet i c
films deposit eddmain state. edges of the free layer. Alternatively, the '590
patent di scl oses that Fﬁ\% SEB\I\%‘@F&Q?%Q%%'%Egre%gpgg\?vgggSfoé’fdgaghe free layer

may be antiferromagnetic e t hi ckness of
the free | ayelargér GMRB ratigiand lasgisemsitvéintomrossiatichaissttian pridgriag spin90 pat ent

results in 2 Le0uCEHdLAThe (TERASKOGAK BN Broed 6 PRMIAL O of a sense

current, which causes a reduced output si ve sensor
accordi ng to SRecYRi electen sealtesing efiggk in Mg &rgsclayererdddt theraby t o crosstal k

noi se from adjqaming élE@FIRS withRGOSHRSh STth&rdBE{dHRhere 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
5 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.



BRI EF SUNNARY CF THE | NVENTI ON A spl n vaI ve sensor is di scl osed com‘[trg 58EF92003
a free layer," a pi nned -l ayer  nade of ferronagnetlc material, a Iayer -of
non-- 30 ferromagnetic material positioned between the free Iayer and the
pi nned | ayer, and a pinning |ayer positioned adjacent to the pinned |ayer
such that the pinning layer is in direct contact with the pinned | ayer.
The free WD 00/ 63715 PCT/ US"/ 20151 3 | ayer conprises a st ack

i ncl udi ng d”ﬂgwpﬁﬁgnetic i nsul ating spacer positioned gg?&%@%ﬁg first and
a second ferromagnetic sublayer. The non-magnetic insulating spacer

provi des a specul ar electron scattering effect. The first and the second
ferromagneti c subl ayers each 5 havegpassive end regions separated by a
central active region. The spin valve sensor further includes bias nmeans
posi ti oned between the FIG.Gsshowsch griaph sbcaenclvifyesfrineregd edgichssafbl ayers in the

passive end re uces a itudinal bias in the
passi ve end reglleg%zom%%‘@ C? %Xquﬁﬂﬁ?g ﬂatyef\bermtﬁtc ReFSORleS8nt ral active
region in a sisyllayerst0 domai n state. The spin val ve sensor of the present
invention provides a | f%\@ S YRV 0 crosstal k
noi se than prior art spﬂlcgefs ve sgéljagh%l? h@a}%ﬁcra@h%\é%t&atl ois
provi ded by i nbetvaen ihg aatiferpmeanetic bidsingiayers anddbe emd negiops bttbe in the free
layer, and thefeBiabfedc0Siidyerd8r the GlobOaferldriid! ifaiREL Ifinef the free

| ayer where a probability of spin-dependent scattering is maxi num A
reduction in sBfa¥erity to crosstalk noise is provided by posi ti oni ng

means for producing a |ongi petianadp bEgaerefiRen end regi ons of thin
ferromagnetic sublayers_ of the free |ayer stack. 20 BRI EF DESCRI PTI ON OF

THE DRAWNGS FI G | shofordo deperibingihs fifeYalvessensop pf e riesepi n val ve

sensor. FlG 2ingérioR, s@n@s@g&m@embocﬁmeﬂtsde@waﬂ@a@m$§|aé§&fsbrhgml|n a prior art
ude versus Co | ayer

tsﬁ: gkxgg\éel ﬁegs‘%@ﬁf\%ﬁé’fa&( 1'@)0\)1 5&? s§f‘§‘?fkd‘sql‘?m t'ﬂ Yfows a preferred
enbodi ment of Ratept Mo. \mwgmewmmramudcm@est@nmhmypf f5@el of nvention. FIG

5 shows a di agm%r?gmgﬂeﬂc %98%”& Wd 1% g})érg{ dbg n'onqm%gnetlc 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



.30 portron of the sprn valve sensor of the present |nvent|on ‘SEP 2@b5 SE? &ml
00/ 63715 4 PCT/U899/20151 FIG .6 shows a graph of . coerC|V|ty of -t he ‘end
regi ons of ' the ferromagnetic sublayers ofthe free | ayer versus t hickness
of these sublayers. FIG 7 shows a graph of exchange coupling strength 5
between the antiferromagnetic biasing |ayers and the end regions of the
ferromagneti c subl ayers of the free | ayer versus thickness of the

subl ayers. wadoMdstlsD DESCRI PTI ON Prior to descri bi ng t hepspusyrasive sensor
of the present 10 invention, sone specific enbodinents of prior art spin
val ve sensors will be discussed. FIG 1 shows a spin valve sensor
disclosed in U S. Patent No. 5,206,590. The spin valve includes a

mul tilayer formed of two ferronagnétlc | ayers 12 and 16 separ at ed by

nonmagnetic ne L et i Ia is free to
oscillate in ré@lﬁoén@gs@gﬁgégg}%e 8 én%gggg?%‘d% gfaertrreotﬁﬁgnet ic |layer
16 i s pinned b9ffe@:w{agleetnccbamgﬂétan¢thedWhomlﬂferTrbmagr&%lqyetsmt di scl oses two

| ongi tudi nal bias SChe&%th‘%’e@BPJgts dn%brgg?p ?%fQB?‘tC{é%H?”grOf free | ayer

12. One of the schenes iIs on an a on romagnetrc
films 26 depossettedngaf Qlﬁféroeagregntﬁerwme@natuagibrrcoualed/semamgnerme| y, the '590

patent 20 di SCI'a?érQSTﬁé‘é’éattEhrlrd@s&ﬁdgﬁé/néeﬁt@éyayé%bﬂ g@gg@@@@g@te“ al . The

thi ckness of free layer 12 i's in the ran shows a
di agr am of spi ?Faﬁérﬁgrﬂj@{?“@ctﬁﬁ’ﬁ éPWh‘djp'F‘r?'%Ptfop?r Hranayp-spipiefectran ve sensor 40.

Spi n val ve 40 émplbi@rsa fepionfigRemahyér with G #hwaAY fagftiza00R thegnet i c spacer
| ayer 44 and f er 46. To inprove the sensitivity and

rrona tic free 25 | ay
t her mal st abi |§F<§;ro(5\fwg”[?ﬁ§el3é5e ﬁcatt?é%éesaaﬁmgf"r Eéeq%ﬁélme% feg nefitle of two

ferromagnetic érmyﬁr;r%aé& fRltdnde. CHUBB oftfer Gahdl iFthe dspih ERGfrocONt act with
each ot her As sho t certain conditions, the

magnet | zatons® &P '\é\{% Xﬁ%’F%*}P&&ﬁ%mef W%@Pé’pﬁ’?r‘gﬁﬁgﬁﬁ'zéﬁﬁﬂ 8@ ant i paral | el .
Due 'to their |poabil8P dfhsctadss is freducetragmetthe resistance 43 lewst. 46 provi de a

hi gh nmean fre ?M_I S 24 mi eh resul t |l ow GVR rati o.
The nean f reeW% , :[153% i gFecﬁ’gh gre more requen ] scashered gy 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



5 PCT/ US99/ 20151 path is nost:ly I|mted by the pr esence of boundary 16 SEP 20&3
scattering at .the top of ferromagnetic layer 42 and the bottom of )
‘ ferrorragnetlc | ayer 50. G ant magnetore5| stance i's a product -of - i
spi n-dependent scattering of electrons in antiferromagnetically coupl ed
ferromagnetic 5 layers. The scattering is spin-dependent because up-spin

el ectrons tered differently than down-spin ele an up-spin
el ectron gﬁ’?%’?ﬁ%?éers a ferromagnetic layer with a dom%l’r&gﬁgl%nsget i zation,

the electron will likely be scattered, resulting in a reduced nean free
path and increased resistance. On the other hand, if the up-spin electron
10 encounters a ferromagnetic |ayer6 wth an upward nmagneti zation, the
probability of scattering is reduced and the resistance is |ower.

Li kewi se, dowvOsipelddes substrates/ 2aiseedriayer 74,dguamadnetis dabtlayeedeby up-

magneti zati on r yegS. t&hst fr ent catitered by

down- rragnetlza'{()?'o'?]' #Wé! nd)car?gf‘l ?'@3[ a{/er ,l@%%g p?rgrgeéf)eln er§1t %tg(batterl ng is
mostly | ocali zaé'dfei"ﬁ"tilgf‘@w P"Pﬁﬁﬂ)‘law@rzscaﬂpiftgieya?éﬁ.ramtéﬁymag@etuayers 42 and 46

adj acent to tRgps BE'INANERIRES AR tepr f nmagneti c
| ayer 44. The Isar%ern the s |?\’l‘depengéea:ls:g(gg!’;{{ts‘tgg|'fr::‘ﬁaeﬁsIa‘ﬁqyt Ga?ég;er the GWR

ratio. TheS pro®am fYQV‘UWf'aﬁﬁét@?ﬂJW-'ﬂ@ﬂ@ﬂ@fﬁﬁl@"@gaﬂ@qbﬁﬁyem GMVR decr ease

with the 20 lama@saéﬁarefﬁedbpﬁommé@ﬁa.&ﬁsmétﬁg c%&%géee :Fhs'tn% Cknguc F'( Sor?» 225\215 a
| SS | Z

D) in a (CIHDPECIan) SBmathertads i Neesor, Coe. MRaGe. CAZH G 3, the
maxi mum of t heisgwantas GBaneintilae Sokt MageetiRCRdteRaR!  bhpidiss of about
thi ckness. | n THRRETSN EGorROREE a{ﬁ%v%?iafdmre%q%ﬁf%%%%ﬁdééﬁ; e free
| ayer al so0r esublageri98 ia CdEer Eesanaéndtxbeuﬂxyéiaamy@sw&ddﬁgnsfelae| dwth a
The deor ease TTIRE SinuRiE BRI Pk orrert e Rt s PR Fher cace 30 of
the free | ayerCaleFe, ®¢/N3FetC@ m@elée/dlﬂeCnm Isesuch qased, dhe @b enbodi ment of a
R R A
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



70 |ncI udes substrate 72 seed Iayer 74, ferromagnetr C. free Iayer 7(’] 5 SEP 2003
non- nagnetr C 'spacer 78, ferromagnetr ¢ pinned. layer 80, anti ferromagnetr c
pi nning l'ayer 82, capping |ayer 84, antrferronagnetrc ‘tabs 86 and 88 ‘and
conductor |eads 90 and 92. Free layer 76 is 5 preferably a nulti-|ayer
structure including ferromagnetic sublayers 94 and 98 separated by
non- magnetic insul ati ng spacer 96. Ferromagnetic subl ayers 94 and 98 may
be made frdoMmI¥®8% Co, CoFe, NiFeCo, Cozr as well as o'%/ YN ar soft
magnetic materials. In a preferred enbodinent, ferrorragnetr c subl ayer 94
is NiFe and ferromagnetic 10 sublayer 98 is CoFe. Ferromagnetic sublayer 98
may al so conprise a nultilayer structure including two ferronagnetic
| ayers, such as Co/N Fe, CoFe/N Fe, Co/N FeCo or CoFe/Ni FeCo. In such
cases, the Co asthe @MReefleglielosthTheenorphalagas cticaliblobtatinddHarge pr ef er abl y

posi 1 oned  adigRefl AR e AR BB B TBYL RS BRCST 78 i <

preferably 15 Cu, A 0 marntarn fentation in the
pi nned | ayer W“ﬁ&?ﬁéﬁ@@%&l ar to the ABS, the pi nned | ayer 80 is exchange

coupled with the anti faﬁrr@moatége,eoprbwtﬂeaarsé R fven2 Y nd L aver 82,

preferably made of Ta, 1S deposit over pi Nnni ng ayer "and protects 20
the multil éyer°°§Y9‘19€t‘i‘Jrs§‘9tﬁ'a¥%FrP§&°/N'ﬁetbl‘W sixuciereiaithe Gemidver or | eads 90

and 92 are proylxdsrdcé& tfyoramlé\'nﬁbfeﬁu'sfru&@kh ceerpwsﬁg Ethq’ea?], ngRr 70, current
source and s Seed 4 1s deposited prior to

Si %rﬁ not S OWI’Q
deposi tion ?rf 39"53 ?”b aygrs Hand 98 spparates W@t'ﬂiﬁﬁﬁﬁﬁaﬁ'ﬂﬂﬁlm@@de of Ta,
Ni FeCr, Ru or pasv\amgereadmagﬁettoaaoebnr@%a@wérereﬂrbw RaR stibRlE ggesi stivity to
mnrmzeashuntrgggTEE E @ se of seedla er /4 is to optimze a
texture, grai A"SP7e AREMINAERIES BY acFWé’"‘é’d%Q\?cﬁﬁ%?ﬂ"t inYoRo8. For exanpl e,
it is desil®ablpeeferablytéen geraeslitsiiubtucegr ee/w,m.esrgm@é M@tistape interface
between ferr ti l? . 8 d_spacer nd be n ferromagnetic
| ayer 30 76 a?@%gi’c gﬁe g‘.\’/'%{f"rﬁﬁ?‘o d?t?leas]sapf’écf’ ”P eteké‘fee%m{%gﬁgefsér of electrons
from spacer T3allaw thedwé éarrcomagatit fils|9dyendD876 barferr@fagnstieslly spi n- dependent
scattering ocg V&lother N 4 Lﬂz?rerﬂg 00 rough WO
00/ 63715 PCT/ U%gﬁ?%go% %{oor t ﬁe @\e/gnfe?%gﬁ)[oﬁlﬁtgerﬁ ?J?S m? phol ogy is
critical in ozl A@dilm qfaﬁ@féxm‘@m%‘ﬂﬂ thicks i Thednsulatipgispates 96he use of very
thin frees ayean tRerdBslelyBE mEBYBELS kifin ARAGLFe/S;, Fe,0,, 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



In'the spin valve sensor 70 of the present |nvent|o'n the 5 convent 1cﬁ168EP 20{];1
"single layer ‘or Co/ N Fe bllayer structure of the free l'ayer is repl aced by -
~a lam nated structure conprising at |east two ferronagnetlc subl ayers 94
and 98 separated by a thin insulating film96 providing ferromagnetic
coupl i ng between ferromagnetic sublayers 94 and 98. The | am nated free
| ayer 76 awe@bedixd to the present invention 10 preferablyussgos: gener al
structure of Co/ MXx/ N Fe, where MO, is an insulator. The insulating film
96 is of an appropriate type and thickness to allow the two ferronmagnetic
films 94 and 98 to be ferronagnetigally coupled to one another. In a
preferred enbodinent, insulating ffim96 1is an A1203 film of approxi mately

2- 10A t hi ck. | cat paser a veI be made of a
thin film of %@&Jbﬁ%‘g%&&gﬁé @%al'%g%dg E@ f’\lé{B or ot her

i nsul ati ng mam@gnelizatien @ieeclia'mf tl‘EﬁVamuﬁferrtothham IaﬁredElsctmnst ur e has | ower
coer ci vity anqog oPdkafdcAh and 4R gortich! Srifde fafer P forfheldl byAHS! OF

single-layer structure due to a ferronmagnetic coup I NQ
f erromagnet i cfearomagnetic fim@8gaijaceot ithewetallic nonenagnetinapaser €8.r uct ure of free

layer 76 vt hwhéf’ésél|p?65aBmty5mﬁ8rspﬁﬁdéd§H6&%E‘s%a&Qﬁ\ C?A/Fé ﬁ?(a}(r?r‘ﬁfm' n spin valve
sensor 70. Insu ati n%es pacer 96 initiates a sp ecu ar ectron scattering

effect at itslosaiging elstony 199 'F@Wﬁ&?f'ﬁ‘%&?&‘ﬂ"s%a“m*ar el ectron

scattering inof &Rl ﬁpmby@ﬁaehs séétﬁﬁlblgsé?d ﬂh@ ghtnl AYhgridteasisncds J. Strijkers,
Kool s, Specular Reflection in

R HJ.N 25 Bjtte WJ. M

Spi n Val ves Eﬁﬂﬁé@% Sp3ceti %8 \f’a@féf;gaebw EEﬁt'qff%ﬁ’ngaﬁ Qe Biterfaeneti cs, v. 34,
No. 4, pp. 988w2B8 rfchon8ynetiByspacac |mganmsudr@hamtnsna9@r 986bobet ween
ferromagngti c. subl a¥ers 94 an

d 98 th of electrons in free
layer 76 1% cOFS358 n‘i’"t?eed’ueﬁﬁsebé)i %8 1J§)t§f? Bﬁﬂl‘—? 89 O30 FIG 5 shows
a portion of bghrspmadepen@mhscatte?ﬁg Famd:maignegc file98 seefeedhbiycinpi nned | ayer

B0, non- magnelC SACS UM el A K B8 vidifle RRERHR! b3l 9

ferromagnetic su nsul ati ng s acer 03 WD 00/ 63715

8 PCTI US99/ 20r@xinfusp GMWPWO istE. ayE¢rr<9uagrfehefﬂar94jmraferal§lve 5 represent

the nmagneti zapigpR thlbg ections of the various ferromagnetic |ayers.

El ectrons 100 are localized in the thin portion of free |ayer 76 fornmed by
the ferrbmagnetic fil fetpsringijagaBnto tFdGt e Mmeana (forc PrRSCIREgAet i ¢ spacer 78,

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



5 V\/nere a probabi 1 | ty of the spl n- dependent scatterl ng ‘is a ITHXI rrum' B SEP 2003
Local i zi ng el ectrons 100 in ferromagnetic film98 results in an i ncrease ”
of the spin-dependent scattering and the giant magnet oresi st ance: R

I nsul ating spacer 96 is preferably positioned close to the interface

 between non-nmagnetic spacer 78 and ferromagnetic layer 98 to 10 i ncrease

t he nunber QJ % §s of electrons 100 through the regi on, of ?Sr\

spi n- depende cattering. Ferromagnetic film98 is pref %SPVO t he

range of 10-20A thick, which is the thickness producing the maxi mum GV\R as
shown in FIG 3. Ferromagnetic film94 is preferably 20-60A thick. 15
Referring again to FIG 4, nmeans for producing a |ongitudinal bias are
provided to maintain free layer 76 in a single domain state as indicated

by the arrows OWMprandiferegmaaanptic tath 86heThgeelidf lines nBIGS. eand shown, t he

means 86 and 88erfr@§erﬂﬂﬁt§l#6ﬂmlFéférﬂiﬁﬂidnU@dfﬂﬁ\l94o?b%?m Wnbé? | ayer of
havi ng a hi gh nperature and

antif erromagnet i a
exhibiting a hi2 gﬁ g&%ﬁkh@é" E%ﬂ?‘?'ﬂ@ﬁ’\ﬁf'?ﬁb@ﬁemﬂ%ﬁqr@hﬁa@'ﬁ&ﬂ linesi | ms 94 and

98. The anti feme:fenghagm&cmb@p8£m@1éda88vetﬁéSntﬂéﬁéﬁmb ?E’}a%eé%ﬁe” g”g 8' “Th
an e

di rect cont ns_of the romagnetic

t hi ckness o eg%rh e?? gn@{be%e hiet ferrqmagnstic gl‘i‘(‘j '@Qoﬁé'opmp'%m? the total

t hi ckness of t lastiferremapestiertadl6 consi sting 25 of these filnms and the

insul ating spacer 96. FI sho r (o] he coercivity (HCE) of the

end regions of fer rorragél‘ietsﬁ% 5%95 egﬂ‘%gﬂﬁ getth9é"§lf§‘9FFﬁOER'ﬁ@ss of these

| ayers. FI G 7figlko{id:«p agd agieraityt (i e incivasge witbual ddigeaskrangieh ( HEX)

bet ween the an r e n an h nd regions of 30
EHI% eEQ %? *e?r%gltaggeﬁlc S%b% [i88$ (ggé g? ePriea

ferromagnetic su ayers VerSiY gnetic
subl ayers Y4 afwen®n, mnbmmghetweabsaﬁaﬁd(w aré planetd Hetwe@ﬁfheent data for

a N Fe ferromaaheihdgnblid fih40nd% 39nm.t hi ck WO
00/ 62715 6 PO Rmdanet e M%"an%%"ﬁ‘ﬁ%?r’%ﬁ P§§t§'ge§‘ k9% Tsol i d Iines in

FIGS. 6 and 7 epeplessmaonetiaubiayer ¢4 and<8 rs@ssdwmgmeﬂwtat tmckmas94 of varying
thi ckness and onfdgnyet hBCKnd\UeNQtrﬁarﬁtﬂa&Qﬁ.&l@i@@g%?(&);h&rdérf"greéﬁayeg?us forthe
nea above

broken |i nes, F ferrcg netic Imis positi
ant i f er r omagnef M¢S {2 exchARIECqUpling Hex a§8I°PEfCMtY1@se ofithgendiagipmagnetic filmis

posi ti onedidel ofthé kin ferrotriagnéticsiBRPES 08 ahdB8 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.



coercivity (HIE) increases with a decrease in the thickness of the
ferromagnetic sublayers 94 and 98. In the present 10 invention, the
antiferromagnetic tabs 86 and 88 are pﬂ ed between the ferromagnetic
films 94 and 98 form ng free layer 76. The thickness of each ferronmagnetic
subl ayer dAANHSHS is [ess than the total thickness of free | ayer 76, and

l'ess than the tQigikness ;an&{‘icgﬁlg?{sﬁl}%ree | ayers. Thus, the exchange
coupl i ng HEX and ‘coer ci Vi tY HcE t end regions 15 of the thin

ferromagneti c subl ayespingalvgrtadgindudinga ivdtidaydrnddrderdaydre andri or art. As

a result, the magnetj f%elgéé RV VA ; I 76 in
the present inventi tél?l&? oﬁ%?#e%ﬁb@@n P;lii)l"\‘/evenir%ﬁ ﬁéﬁé}{eﬁqfeﬁgg%%@?pré‘%l &hi ch
result§ in better sdpiesudargieafor peattaringcefinst st anAntdrtacgtwithia theesent
i nventi on has been qﬁﬁﬁf-iﬁ‘?’%ﬁ“{rwhﬁp reference to preferred enbodi nents,

t W r

wor kers skilled in e ar cogni ze that changes nmay be nmade in form
and detail w thout departing fromthe spirit and scope of the invention.

LOSEP2003 1055 161AM Shive shnsdh SPUBY 3! WECARIRR bR GLRecTadly 1. V2L ve

stack including a tr-layered free layer; nean i W t hin
the multi-I| ayercethprises: | ayer for providing a specular electron scattering

effectpat an interf i t I . do=l g ree. 2. The spin
val ve]gensor of cla%%ﬁi‘mv\% regisﬁgﬁlg%qlbgﬁ%goﬁ{e%ga ﬁgé@‘%‘géﬁ S@%Fr?frises: 10
a multi-layer goaitioneddietaeenyadirabandrageeond fémemhghetigssiplager, angosi t i oned
between a firs ferr. .i | aver.. a wher.ein the
non- magnetic i ﬁ%*ﬂ‘ir‘l‘g‘{‘?%%e’@%gg’ea Sﬁlg\gﬁﬁgga?gesf)é%er i ‘e{irdesg‘ﬂ%g??%%agcat tering
effect. 15 3. TFhetom scatieiing effeesor of claim 2 wherein the spin val ve stack
conprises: a pinned |ayer; a |layer of non-ferromagnetic materi al
positioned between the free |layer and the pinned |ayer, the |ayer of
non- f é6r omagdetlhe spim @alvalsensor df clain 2o0ndrant tivd $gintvadvef stask coOmpriseagnet i c
subl ayer of the free l.aver,.and 20 a pinning | ayer positioned adjacent to
t he pinned | ayer su%hpiflﬁg 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.



the pinning layer is in direct contact with the pinned | ayer. 4. Thé 55;55? 2003
val ve sensor of claim2 wherein the first and the second ferronmagnetic
subl ayers each have passive end region eparated by a 25 central active
region, the spin valve sensor further iloﬁrpri sing bias nmeans positioned
bet ween t he Iéi rﬁ}ﬁeand t he second ferrorragneti Cc. sublayers in the passive

f

end regi ons SRR vaivesensph af glalm awhersin the freand thestespas, the bi as

means. produci ndefrohfiptietit @ubflyeld afe ddth dhEoPRFRI ¥'6, EBFe G0 a | evel

sufficient to nmamintain the central active 30 region in a single domain

state. 1 6 SEP 3 11 5. The spin val ve sensor of claim2 wherein the

first and thg. n vfaﬁ)%r&_'il'%Gf‘Sf ¢19nﬁl§|3&;ﬁ&%&x§tﬁé ﬁrs?%lr}oﬁ&%n@{i 'é'hﬁ?arye@,
: of ¢ [

CoFe, N FeCo and CoZr. e spin valve sensor aim-3 wherein the
first PerromagrfOriRrisssin Bydtlaysr sigHpture dacluding 2 firshand aseeendir e i ncl udi ng

a first and a gpgeffhgnbaEigmonetic layer. 7. The spin valve sensor of
claim6 wherein the ﬁ rst ferromagnetic |ayer of the first ferromagnetic

subl ayer is one of Co and CoFe and the second 10 ferronagnetic |ayer of the

first ferromgneld ifwahayhsbs oPO8iR’ Mhéferd btk ﬁMtE&?emaggégyi%? lop the

first ferromagnetic |layer of the first ferromagnetic sub
posi ti oned adj dbefirst fsrromeagnefissubiayesis one of GawmnseErie puddhe secoris 8. The

spin vigl ve senspfoffashkat B Fifstt 7 ISel ' cer is
one of Si02, Fe203, Fe304, s S B B ko BRRnEROSRbIT el PhOL! by SRECET 12
spi n val ve send¥Fege. andimnereintibe dirst feeommagnetigdayeriaf thadgstat i ng 20 spacer
is of an approgg i i g%gtnt%t ing between the
first and the sefggﬁﬁlgkgtrlggggg g%%cﬁégdg%(%/(gé@g i 'Ifgll% lgg(#ﬁlﬂva ve sensor of
cl ai m 9 wher ei dexrpmagpatienmpateripk i nsul ating spacer is about 2-10A thi ck.
25 11. The spin val ve sensor of claim2 wherein the first ferromagnetic

subl ayer is about 10-12A thick. 12. The spin valve sensor of claimll
wher eilf t he 8eddedsHinvabrmgnser of clain Suwhereén thenahonagddicddsutatingk. 13. The

spin val ve sensgn of oGl JFSIORNALBL FLRS, MR, RRD SLAQTBIBCLAG
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.



material is one of Cu, Ag and Au. 1bSEP20, 11 12 14. A spin val ve senécﬁ SEP ﬂm3
conprising: a spin valve stack including a nulti-layered free |ayer, the

multi layered free layer conprising ajgulti-layer stack including a first
and a second ferromagnetic sublayer, the first and the second

ferromgnet|§4%§@9ﬁ‘%§g§e ds%glgom%mu%pass!ve end regions separated by a

central active posi tioned between the first and the

second ferrorragnet |ar:slﬂnbzlaage&’tackmdlhe1rg&8ﬁmlﬁ l@j?ei-edtfﬂdeqaﬁexofthé Reaultii r st and
the second ferg}gngg I,c._subl a t he

u
| ongi t ud nal ok 1S DTy Be oSG en Skl e e rean: 1o
mai ntain the csendbmcafermrhagmettmjmayernﬂ@e Ardigiel ﬂemanétf@tremagﬁem? he spin

val ve sensor aim 14 erein the free |layer furth ri.ses a spacer
subl ay@r positi 61??1%}"35%?9@%\{\,&5‘1"95 Raspive e&ﬁdeswﬁssseeame%w FARRVEC
subl ayers in thegloﬁnanal actlve region of the first and the second
ferromagneti c subl a val ve sensor. of claim 15 wherein
the spacer subl ayer ?%me88§ P&Sl%&&@ﬁ%e&?’ ﬁ a'?’Fe?eF?@deffect 17.
The spin val ve f&eﬂﬁﬂgneﬁc §hﬁla§7bﬁe4mvﬁh%rﬁasﬁivkft‘hdsﬂégﬂm\ééﬂf\tﬁe §irSCAnd GTPr i ses:
a pinned | ayer; ‘gﬁ“—d’f rromag etic material positi oned bet ween
the free 25 I§'§‘é‘? qrnggrbqﬁﬁfg,ﬁ) fYRFEr t eaWBSé“eﬁq?rﬂrﬁauF%lﬁé peiuding
adj aceot to theigd nngwk lbaaiéﬁfe éiitpi‘kgldifst of 4 keecliTitiefit tMRlintatn ke cONt act

| ve_sensor conprising: a spin valve

wi th the pinned | 30 18 |nv
stack incl udi né’eﬁgﬁﬁf"‘fﬁ“’q ?ﬁ&”e’&“?g S%Pmﬁ ¥ neans positioned within
the nulti-layered free layer for localizing electrons within a portion of

the free Iay%,l)gnere a robablll ){ of spin- dependent scattering is a
Maxi mum € spin va ve sensor of claim 14 whereln he 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 layer; 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.





