;e3e@r6Tx]~ 5 ~a N 200 G ANT MAGNETORESI STI VE SENSCR W TH AN $ﬁlﬁ%F2
LOW Hk FREE LAYER BACKGROUND OF THE | NVENTION 1. Field of the 904
This invention relates in general to giant nmagnetoresistive (GWR) sensors

for readi rrANT (MR@NEDORREIBMIES ERNSBRTRENME! nf Kf,dlcgg?i%g I%B&h | cuI ar,

to a spin val ve sensor having an antiparallel coupl € g a
| ow i ntrinsic uniaxial anisotropy, an magneti c storage systens that
i ncorporate such sensors. 2. Descripti Rel ated Art Conputers often

i nclude auxiliary nmenory storage devices having nmedia on which data can be
witten and fromwhich data can be read for later use. A direct access
storage device (disk drive) incorporating rotating magnetic disks is
commonly used for storing data in nmagnetic formon the dis ta
is recorded on concentric, radially spaced tracks on the dﬁWﬂNMﬂMWEﬂMMﬁH '
Magnetic heads including read -1 15 JA N 200g tracks on the gisk.
surfaces. Magnetic heads including read sensors are then used to read data
fromthe tracks on the disk Surfaces. In high capacity di sk“m‘w“mmmw,m ”m
magnet oresi stive (MR) read sensors, comonly referred to as are
the prevailing read sensors because of their capability to read+dgdata froma
surface of a disk at greater track and linear densities than thin film

i nducti ve heads. An MR sensor detects a nagnetic field through the change
in the resistance of its MR sensing |layer (also referred to as an "M

el ement”) as a function of the strength and direction of the magnetic

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relgpes in general to glant
magnetoresistiﬁ%_YGMR) sensors for reading lnformatlon élgnéls
from a magnetic medium and, in particular, to a spin valve
sensor having an antiparallel coupled free layer having a low

intrinsic uniaxial anisotropy, and to magnetic storage systems

that incorporate such sensors.

2. Description of Related Art

| Computers often include auxiliary memory stogage
devices having media on which data can be written and from
which data can be read for later use. A direct access storage
device (disk drive) 1ncorporat1ng rotating magnetlc disks is
commonly used for storing data in magnetic form on the disk
surfaces. Data is recorded on concentric, radially spaced

tracks on the disk surfaces. Magnetic heads including read
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flux being sensed by the MR | ayer. The conventional MR sensor gperates on
t he basis of the ani sotropic magnetoresistive(AMR) effect in MHi hJAHV&BO#
el enent resistance varies as the square of the cosine of the angl e between
t he magrief3¢ksion thet déskRsurémers .antaghe tdicr deaiden iofclamtisey crradnt
flowi ng through the MR el enent. Recorded data can be read from a .magnetic
medi um beeRseEst Akeekhennakedngretriead idelttd ffrom tthe remarkde bragretd sk
medi um (the signal field) causes a change in the direction of magneti zation
in the Muefageat, which in turn causes a change in resistance in the MR
el ement and a correspondi ng change in the sensed current or voltage.
Anot her type Dh MRybensapaciisyt des@i alnti viesgnelaeimesiostewica i(VAVRMSENSOLd
mani festing the GWR effect. In GWR sensors, the resistance of the M
sensi ng sewyeoryar tesmanly trefelrired @b hkeMRpisendependente tyransm ssion of
t he conduction el ectrons between magnetic | ayers separated by a
non- magnetécaiayny redd seh3old Nbp2QQ@isespIEC@heiane@ alid iAGASTRAN iU
spi n-dependent scattering which takes place at the-interface of the
magnet i cdabd foomnagbBatrifackaydr 8 AR kWatthigh elafte 1MeanReid GrldaYsfes OVR
sensors using only two |ayers of ferromagnetic material (e. g., N -Fe)
separ at efleiyigibayehanf tROR- FAJRCH nAuRESe Alead®. JAn SBPRRINsGF € general ly
referred to as spin valve (SV) sensors manifesting the SV effect. Fig 1
shows a @etectarh h¥gnenser £i0dCempoughnghendnaegicons, kk and 106 nce
separated by a central region 102. A first ferromagnetic layer; referred to
as a pinogditayER 328sihgs layermaanel zalfieetcldy Riccald Yarf imegd JRinRd)) by
exchange coupling with an antiferromagnetic (AFM |ayer 125. The
magnet i zasi anfahcaisacemd ther sereadeh ankavaiedtabdy 8 the dmdhdige | ayer
110, is not fixed and is free to rotate in response to the magnetic field
from t hefrerobdedgnmagnekidc byedhenmvit haysirgnal field). The.free layer 110 is
separated fromthe pinned |layer 120 by a non-nagnetic, electrically
conducti ng sp@her cbayentidhall 8Rdsehdd rangeld fsomed Hen Haig ek ragi ons
104 and 106, respectively, provide electrical connections for sensing the
resi st anerisbtBvpsenmegne@orelsBbitsvid. IAMRAt eftfeld. i, -2068.39Qrgnanted to
Dieny et al., incorporated herein by reference, discloses a SV sensor
oper at i nglemenherpasstaotet ver@yR efsf débke. simairecoft e afosSWeSSAhd S an
antiparallel (AP)-pinned SV sensor. In AP-pinned SV sensors, the pinned
| ayer isanglanbaévednsthecmagaetfizawg oherinomhgn®Ri e lemeaits asepatat ed by a
non- magneti c coupling layer such that the nagnetizations of °

direction of sense current flowing through the MR element.

Recorded data can be read from a magnetic medium because the
external magnetic field from the recorded magnetic medium (the
signal field) causes a change in the direction of
magnetization in the MR element, which in turn causes a change
in resistance in the MR element and .a corresponding change in
the sensed current or voltage.

Another type of MR sensor is the giant magnetoresistance
(6MR) sensor manifesting the GMR effect. In GMR sensors, the
resistance of the MR.sensing layer varies as a function of the
spin-dependent transmission of the conduction electrons

between magnetic layers separated by a non-magnetic layer
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-3' 15 JA N 200g the two ferromagnetic |ayers are strongly cou d
together antiferromagnetically in an .antiparallel orientation. ?LS dﬁbNdHl&#

SV sensor provides |nproved exchange coupli of the antiferromagnetic
(AFM) | dy Q?Fkrﬁ?#gﬁ?%aﬁ%ﬂoﬁPﬂﬂﬁgnFa§@£n§agBEP9?BttﬁSﬁtF§ré@Hi@%&?hMtt1
the pinned |ayer structure of the SV sensor of -Fig. 1. This inproved
exchangé IRIRF§ et ctlResinkerteasi Pft {her mpgBeRPSpARAROBYISEREHA Cat -
hi gh tenperatures_ which allows the use of corrosion resistant and

el ectri dAYSFT rad ¥} Halanthe cppghabhet L1aY8Eferials such as N O for the AFM
| ayer. Referring to Fig. 2, an AP-pinned_SV sensor 200 conprises a free

| ayer 210 se t TN B WSiagi pRiBdtrP- ppriAsE PAyéersomagneitd c220 by a
nonmagnetic, electrically-conducting spacer |ayer 2I5. The nmagnetization of
t he | animfdiaioiaP- 06 mied NayBe) sseparated2Ry aslayredofynan-ABNmledjer 230.
The | am nated AP- pinned | ayer structure 220 conprises a first
ferromagretécidhyée. 226 andparseavadgénerobbynetiferrageto232 separ at ed by
an antiparallel coupling (APC) |ayer.224 of nonnmagnetic nmaterial (usually
rut heni oml(\Ru) )SVTheehwor § enanimbgsatling thyesy 226GecR22 FEY 1artiom¥®h in the
| ami nat ed AP-pi nned | ayer-~structure 220 have their nmagnetization directions

ori ent ek parel $el seAsokndooatspbysife anHOWeg23hs 283 L@k Q¥ Poi nting

out of and into the plane of the paper reSpectively). As magnetic storage
density d L or Lhe mangs [ r.ag pacity

di sk dri%'s, itg?sby-g gggt%gﬁg?ﬁpﬁégglﬁgére§SF25F3 ?%ﬁg%ﬁ3§%%§§%increase
the GWR 59%£f10}eﬁ1 of .SV sensors.in arger tolkgprgve the sensitivity and
si gnal - tohor set chat hetetPstfce BIRPRE LRYRAI 1P8adBack i§st em and to
decrease the thickpess of the free |ayer to nmeet the higher areal density
requi r efeHRetS2akEoRuFYRAFAShUnE i h§dal BhRBCEhe PYpaEENANgRe£ORRd ii9e pi nned
| ayer and, spacer | ayer interfaces with the spacer layer results in reduces
GVR coeffiich et dnhtéerberagprethe PN dép¥RderlSscalber magngitiizagicinse to
the GWR effect occurs in this region. The free layer of SV.sensors usually
consi st £bfa GeFerdnfeRroradnayéfslayne, cseferirgdusedasoaobrgien lavieirgh GWR
coefficient, and the Ni.-Fe is added to achieve a free lLayer with soft :
magnet i c1}? opeftPek. ftHEREvaRd fRefKpeFEohastateodnelresppheal toeshstivity
whi ch contributes to sense current shunting resulting in a decrease of the
G\R coeffagnehtc Regldt fopmothehserpedefapapneliickmeds uiion thiegls ignedl
density applications results in degradation of magnetic properties and a
reduced GVl dbef f ToeefireeThavaseldP am ampepated éromotipkepistedctiaye rf or
the free layer is a nethod to reduce the free | ayer nmagnetic thickness

wi t hout H2Qrigdi agnbhemaggeeticc pleperticadlgndoniacBiRgcephticti ealeHovnever,
the intrinsic uniaxial anisotropy Hk of the free | ayer increases by
antiparaiisl codpbikngavakhagilbi $oshbHCHHI @nenahtr aekhvast 9baf LEQ --h?%?r

application. Therefore, there is a need for an inproved antiparalle

coupl ed feegebayee1l0 pedusgef keBckaYER1t BLEKREES onkCFUEE sSERTE (LCHRRENT
shunting and to increase the GWR coefficient of -5 15 JANZ ra spin

val ve sepsoiswhhke BRi BuakBhAgrai1very hew wabue obatknt no. 5,206, 590
| granted to Dieny et al., incorporated herein by reference,
discloses a SV sensor operating on the basis of the GMR

effect.

Anpther type of SV sensor is an antiparallel (AP)-pinned
SV sensor. In AP-pinned sV sensors, the pinned layer is a
laminated structure of two ferromagnétic layers separated by a

non-magnetic coupling layer such that the magnetizations of
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for the free layer. SUWARY OF THE | NVENTI ON Accordingly, it is i
of the present invention to disclose a spin valve sensor having1gﬂuﬁghfﬁﬁ04
antiparallel (AP)-coupled free |layer with low intrinsic uniaxial anisotropy
Hx. It isP@nbYhefebrpBRgnetichbapessearei asangdy coupiled togetheni n val ve
sensor having a free |ayer of high electrical resistivity, soft

f erronaghet} Eehpevagneticaliy yut annanhépaobjlédefl ofrieh¢apienent Tihavent.i on
to disclose a spin valve sensor having an inproved GP~2 coefficient due to
reduced FiRrRedt S¥Ehaensoy byovhdes impeovedngrehangkr eeupayel. ot the a
further object of the present invention to disclose a spin valve sensor
havi ng eniaPfepnphednétie (AFH) teppri sbngha fLhinidatedr pangeat 1gyayer of
Co-Fe and a fourth ferromagnetic | ayer of Co-Fe-H -O separated by an -
anti f er robeigeeere thapl isgathyevedf withheheupifRa), 1abBraseepdansge Wd h the
principles of the present invention, there is disclosed a spin valve (SV)
sensor haveé ngv aseAPepi ofesligayer, @hlanmimnptededPegeHrhgd EBEE Layer and a
non- magneti c electrically conductive spacer |ayer sandw che %et en the

AP- i nnethd sggeanehe hec b eei L9 6E. 0eAAEHPRARATSLNEN GOMRET Re8,f TSt and

second ferromagnetic | ayers separated by anti para coupl ﬁgh(APC)

& 15 AR S e P kB (PR USE 0T, EPLF A Bh PIBRRRREE RU°T ©

ferromagiedd€rl @yely of n&Q1 Fes il - .t Lrd ferromagnetic
| ayer by an aﬂtipar%ll%l coﬁ%ﬁ%ngn?%£€§§%§§gﬁgeggrﬁ%SEPE%QiFﬁPﬁﬁnggl
process Ni®pr®f the ARMSPhyefhe easy axis of the Co-Fe |ayer becones

transverse while the easy axis of the Co-Fe-Hf-O remai ns | ongitudinal due

degr oe angl e bet seen The-acy hts o FRETRRERLA akbOERaRbRe The casy

axis of Il vises a free layer 210 separated from a laminated
AP-pinned layer structure 220 by a nonmagnetic,
electrically—dSﬁdﬁéting ééaéér layéf 215. fﬁe'magﬁetizétioﬁ
of the laminated AP-pinned layer structure 220 is fixed by an
AFM layer 230. The laminated AP- pinned layer structure 220
comprises a first ferromagnetic layer 226 and a second
ferrémégnetic layer 222 separated by an antiparallel coupling
(APC) layer_224 of nonmagnetic material (usually ruthenium
(Ru)). The two ferromagnetic layers 226, 222 (FM1 and FM2) in
the laminated AP-pinned layer structure 220 have their
magnetization directions oriented antiparallel, as indicated
.by the arrows é27, 223 (arrows pointing out. of and into the

plane of the paper respectively).

As magnetic storage density increases in order to meet
the demands of high storage capacity disk drives, it is

1
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Co-Fe-Hf -O naterial results in a very low Hk for the AP-coupl f r.
The Co-Fe-Hf -O nmaterial of the fourth ferromagnetic |ayer hasﬁgi QJ%?N QWF

istivig L.ti N d t] h f .
| ndai { FONTeERE Ao R a e AR E s, T S ol e R 8 ¢
k to i | tteri . l.ectr cee T duced
curr ont  SPORPERG Bnd ke SpeddPHR V8o TP R ar ALt Pthe both contri but e
to i I he GWR coefficient aof the S . T b | |
addi (| oAl I0BEEOS I S8 (RE SEF T eads T PO LAY e |

beconme apparent in the foll ow ng detail ed itten description. BRIEF
DESCRI PTROR &0 HRETERAR NBS HoRSkmesd & hitfe ea?ng'ia}yge’bftq H%eer?hﬁih% and

advantages . of the _present invention, as wel] as the preferred node of -
use, refBigREE SKEAd BB SHiYe REAHHETERYSonwi mFEHR HHEEHesTHPti¥h read in
conjunction with the acconpanying drawings. In the follow ng draw ngs, |ike
r ef er enc@rRukeEr &he $Psicefatle ekens Qﬁ%%%}ne&aﬁ@?$r%h?ﬁﬁcﬁme14ﬂ%m ngs.
15 JA N 2004 Fig. 1 is an air bearing surface view, not to scale, of a
prior arfinterdagssr wigihy the jspagerailaWdamiaipldt fat F8AEs R to scal e,
of a prior art AP-pinned 8V sensor; Fig. 3 is a sinplified diagramof a
magnet i ¢ creddidiingtdissingg imgs sy dhauSig t@%‘kﬁﬁ?@aﬁ%?ﬁ’w sIB¥1IR&nsor
of the present invention, Fig. 4 is a vertical cross-section view, not to
scal e, ofrige figfsa RR rafdfdafr e Wegridt it e dtf I /Ty, Phe Brerriaver
cross-section view, not to scale, of a "nerged" read/wite magnetic head,
and Fi g. of iSY &ersar heYalg B aEdes s &f C?beF% PRt e FoflaveehbodT hent
of the spin valve sensor of the present invention. DETAILED DESCRLPTI ON OF
'THE PREFERRE®S ENBUadENe obtain a high GMR coefficient, and the Ni-Fe

is added to achieve a free layer with soft magnetic

~ properties. However, the Ni-Fe has a low electrical
resistivity which contributes to sense current. shunting.
resulting in a decrease of the GMR coefficient. Reduction of
the free layer thickness for high areal density applications
results in degradation of magnetic properties and a reduced
GMR coefficient. The use of an antiparallel coupled structure
for the free layer is a method to reducé the free layer
magnetic thickness without degrading the magnetic properties
and the GMR coefficient. However, the intrinsic uniaxial
anisotropy H, of the free layer increases by antiparallel
coupling making this structure unattractive for free layer
application.

Therefore, there is a need for an improved antiparallel

coupled free layer to reduce free layer thickness, reduce

sense current shunting and to increase the GMR coefficient of



The follow ng description is the best enbodi ment presently cont I
carrying out the present invention. This description is mde fo?q?hzh$?2bﬁz

pur pose of il trating the ner al LDel S_0 e esent_invention and
is not ife 143&?1%$tS?ﬂ%°¥ngﬁﬁi?v@agéﬁggéﬁéscFa&ﬁég %@&é?ﬁ&uﬁepérﬁkng now
to Figﬁﬁ? t erefis s?omn a disk drive 300 enbodying the present invention.
As showt9h Hig. f5eeta¥8hst g | ~ 5 J~ N 200g one rotatabl e magnetic
disk 312 is supported on a spindle 314 | and rotated by a disk drive notor
318. ThHe magnetic recording nmedia on each disk is in the formof an annul ar
pattern of concentric data tracks (not. shown n the disk 312. At | east
one slider 313 is positi oned WHARYe O i3 £V Eé‘gfcIﬁ)I\EI i der 313 supporting
one or nore nagnetic read/wite heads 321 where the head 321 incorporates .
the SV sensorPSFOFRENBLEseht LAvaRt PBASCEsOthEDEi BEESEotat@Vertd ogl itger 313
is noved radially in and out over the_ disk surface 322 so that the heads
321 may Gbvekesei #f EPeRt VASVEI 6ABSEF hAN1RPsRPwWABFePA&silded data is
recorded. Each slider 313 is attached to an actuator arm 3|9 by nmeans of a
suspensi OWP B1GoumhedsfispensryRr3WEthr doHdaBta 1 nSLrgniagaailngnifseteepshi ch
bia' s'es. the slider 313 .against the disk surface 322 Each actuator arm 319
is attadhed to an actuator 327. The actuator as shown in Fig. 3 may be a
voice coil motor (VCM. The VCM conprises a coil novable within a fixed
magnetic fiel 8t iheaBPEBeri 6h18RE SpebBeoPrERENE o NVIERdMENTtS Bdissgose
controlled by the notor current signals supplied by a controller 329.

Duri ng opefBinoVadret Rengpskhavépgdge £yseedpYete ofotddtoslectieadi sk 312
generates, an air bearing between the slider 313 (the surface of the slider
313 whi cheFhEFLHetYy hé0ﬁgaée??ﬂ?méﬁﬁeF&Geglattﬁélél&r-f ace of the disk 312 is
referred to-as an air bearing surface (ABS)) and the di sk surface 322 which
exerts an upwaEdifol&& srRother SRIERE Sfi §be. PTRSeaRY ByENtien: fgs
counter-bal ances the slight spring force of the suspension 315 g 15 JA

: slig
N 200 andi&tppérts FRéNSVRINE S8358fF PANATPY| PFhEfPraysde e di sk surface

by a small; substantially constant spaci ng during nornmal operation: , The
vari ous E%ﬁﬁéﬁ@ﬁFQtoﬁgﬁh£9dF?Eu§98h&§§r§9gtéPP§angbﬁﬁﬁ5mﬁed in-operation..

by contrgl siﬂnals gen rateﬂ gy'the control unit 329; such as access
control SPHRSMEIRAHI Nt Erfat-2d®Eck signals. Typically, the control unit 329

[ | ogi | _Ci its, hi d.a_mecr. . Th
Cont ol uni ¢ 359%3aier 4t ELFofPISE s PgnaT'S 5 eaNtr dP UANGts Gystom
operati ogg_syeheas dulye mauor contioh signals, an ling, 323 and fead .

position and seek ¢ rol" "Si'gnal's~on l'iné e contro sFﬁh

ol i dor sianphtpadBaa FRaRY Rk ROHeTS MR B T R N e
The Tecordi g RARRAr J98 Tabdo e Ehahal AYE ey o o par ti 4l T esponse
ol omonE Bt TR or BOT N ehantere A% AT Khovn T tRa A drid To per Sone

skilled in thgpahkbeolahle Nidhehed RABRAIITRAL o RFRY diNg hannel 325

invention, there is disclosed a spin .valve (SV) sensor having
an AP-pinned layer, a laminated AP-coupled free layer and a
non-magnetic électrically conductive spacer layer sandwiched
betweeq the AP-pinned layer and the free layer. The AP-pinned
layer comprises first and second ferromagnetic layers
separated by an antiparallel coﬁpling (AéC) layer. The

AP-coupled free layer comprises a third ferromagnetic layer of
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is a PMRZ channel. The above description of a typical magnetic isk Mrﬁf
system and the .acconpanying illustration of Fig. 3 are for reprie e‘P’ i If

) . ; | b f.. t i tai

B B ge SanES; 60 5t S PR AR e X A R e ™
t &, f [ - ~10- ~+.D. . ~d.=  F.FLg, 4 ] sid

ilrjgg gr seg?ygg?&elegV?te:—%?fa gﬁ%’&r aétedpifgrgo%gccl}(e, %"ﬁ%t#%?%@ﬂ%‘fé ﬁead
400, which i d At ti 40 d d d, [ 404,
he read REEH Par Elod PrHEraAIng = Cepi U v R P, 06 A chhar B o
the present igvention. Tg:% SV sensor_ 406 is ,sandw ched between nonmagnetic
i nsul at i PBPPRrsPIETE "Se SHTER roeigmfapselrhiferr's @U% Sty AL ‘\é\lﬁd&%ec?é & gap
| ayers are_sandw ched hetween ferromagnetic first and second shield |ayers:
413 and H8HCT] RECOMSSdE AMSVEESE M g 199 TY G ShePesteTERTRE T ¢ he

SV sensor 406 changes. sense, current IS cqnducted t hrough the sensor
causes t hETEPSsi g 5%3%%#@5‘?%0’:}%\%’:%} ehtd L thangks.

These potential change re then processed as readback signals by the
processi %gléi P@Giot'ﬂz&(‘ff%c_ r{’fat‘@tl%eré&%d'l ngr['%ai%éfe%%e s?%%h?ilﬂe%w%‘?—n& The
wite head portion 402 of-the magnetic read/wite head 400 includes a coil

| ayer 416P&af@RYcRdgd H&Inddl® G die dieddifll thsdiie i oMY 3%+s afipthed
420. A third insulation layer 522 nay be enpl oyed for planarizing the head
to elin RREESTHIFPeMateRiRd &SRS Adbidatyony I]afS)'éer‘:F(%rcéﬂj‘@ed\PmPOMPée@oi |

| ayer 416. The first, second and third insulation |ayers are referred to in
the art 4$&nlPW&R-at il Goadie Bfv® @teiiffero i antowred first, second
and t hi r%,i-nsul ation layers 418, 420 and 422 are sandw ched between first
and seco 8%58@%1%6& Ian’éer% hesy AFE LSV ¥ T Y ste bt SRE oh petecedece

| ayers 424 and 426 are etically.coupled at a back gap 428 and have
first andeUBCoRAIgSIE (DT A3 a2 T T80 TA NROSAS i e aFes
separ at ed a w.ite |.ayer 4 at_the ABS 440. An inpsujation, |ayer 436
i s |ocat @&%‘& \ﬁé(éﬁ}e[ ﬁ%atts)eer&fﬁd Osfhig)cired fcf‘hr&é} S ARPI R iui%ft'ef)olr% pi ece

| ayer 424. Since the second ield layer. 4l 4 first pole piece |ayer

h t
424 are SESRFatt® Iczf%srgs--sﬁﬁcsﬁraeradsl%q?eer%dp f géj]k%g‘}/e%o%% a-'ﬁb‘? gﬁ%‘é‘bﬁ’@
head. Fig. 5 is._the: . as. Fig. 4 t t d shjeld 514 d
the firsEoPace TSRy AFass fnd FHS ARSE P RR oo S 1YBeoBl read/ write

head i N " h 5Q0. . i | i | 436 of th
pieggyiaZc %&%\e@z}&% %nsaﬁﬁs{ %e ogxst%en?%ﬁ:tee 9 nl-g?%ereol\?r&zrl# ec1rll %2%%3%%6% l%f%‘?% 5‘? TFg.

6 shows amaigy headdlg surface (ABS) view, not to scale, of an antiparallel
(AF) - pi nnec?le spin valve (SV) sensor 600 according to an enbodi ment of the

present inventdin.a e SUSensar £L00 £ORrdSes Legi o a@lﬁ’zeén%b 04

separated from each other by a central region 606. The substrate can be

any sui t alhe R Ance, i QA it ol fh t SO GONAUGE Ofy JBL S ofpa
ceram c material, such as ?Iurri na (A1203). The seed Ian3l/er %‘?L%f‘%%taf? ayer

deposi t edHed FEAIdwA hhIcaste hAGHaRk Gd SXt s€s oK. grain size of the
subsequent | ayers, and may not be needed depending on the nmaterial of the
subsequent | ayer. For the enbodi nent of the SV sensor 600, the seed |ayer
610 conprises a trilayer seed |layer structure deposited on the substrate.

First, second and third sriiyryeise B TdN DR Brdf sugequential |y

depos!'t ed on the substrate 608. An antiferronmagnetic (AFM |ayer 620 is

deposited overrorlz fuller understanding of the nature and advantages
of the present invention, as well as the preferred mode of
use, re_ference should be made to the following detailed
description read in conjunction with the accompanying

drawings. In the following drawings, like reference numerals

designate like or similar parts throughout the drawings.
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15 JA N Z004 the third sublayer 612 to the thickness at which thﬁ dfﬁ& ??
exchange properties are achieved, typically 100-500 A A | am nat 5 ﬂl 004
AP- pi nned | aygh 623 i3S f e AR in the central region
606. The AP-pi nr?gdal é}s/seraq{fsg%'ch;r?paiﬁ?ef %d)%]?ag%g ‘?%%'o%%ﬁe‘f? cSFayer f’%l\/ﬂ)
624, a s Lr netic |layer (FM2) 628 and an antiparallel coupling
(APC) Iaéggggzé%&i%ggggﬁuﬁﬂ%meen the FML | ayer 624 and the FM2 | ayer' 628.
The APC | ayer _i.s fqQrrmed of a nonmagnetic. material, preferably ruthenium
(Ru), that al Fd¥s ?*héSFréiP 3o PEEXA h F WHe EvVie or 28 to Heakes oogl y
coupl ed together antiferromagnetically. A lam nated AP-coupled free |ayer
(free fefrbBiad§hefitd PRy®HNGIL Sthelardiony a third ferromagnetic |ayer (FMB)
634, a fourth- ferromagnetic |layer (:FM4-y 636 and an APC | ayer 635 -
di sposed betm@ég-tHeishhr¢impiﬁﬂﬂﬂdfdﬁ&gmmmagmeiMQdﬁ%%iéiﬁé%bfﬁ&h&BG is.
separated fromthe AP-pinned | ayer 622 by a nonmagnetic

el ect ri cdlib¥- dansecsiyetexpacdng ayes @y vEhe d18angd iZat d e free
| ayer 632 is preferagly parallg: to fﬁg'ABS in the §E§§%%2Q3%L§%pé%§erna
field asthadpgakedtby nkRetdibrews 633 and 637 representing the
magnet i zations of the AP-coupled third and fourth ferromagnetic | ayers 634
and 636, resp%géiv%l 5 A cap l.,ayer 638, fornmed on the free | ayer 632,

conpl et es the central “r&gi (Ser'fté'(‘fé of TS ~§¢ LeidoViss0. Naf thre grasentof
enbodi nent ,, the cap |ayer 638 is forned of tantalum (Ta). Alternatively,
the cap Pay@?ggggaﬁﬁy & 294 Wiittgy Bagags licap@adior ned of a first subl ayer of
copper (Cu) -13 15 JA N 200g forned on the free layer 632 and a second
subl ayer of of1fanPaf§md( VEX therdedres stisecttiiosn vdeht, ayert dfo Galkhe of
presence_of a Cu |ayer above the free layer is known to enhance the

nmagnet or 8si SEAAEE "o epRE WS teepganetticobghda spidn filter effect. The SV
sensor 600 further conprises bias |ayers 640 and 642 formed on the end

regi ons 60,2 Ehd-6641srespedti behyinjosupifaviedivigwa hengitcudidiale bigs fiel d
to the free layer 632 to ensure a single nagnetic domain state in the free
layer. Lendehbydisefiddodndhedepanevalive depesirt 8¢ @Rt he &RA  egi ons 602
and 604, respectively,-to-provide electrical- connections for the flow of a
sensi ng toverhiohS froma current source 650 to the SV sensor 600. A signal
detector 660 which is electrically connected to | eads 644 and 646 senses
the change in resistance due to changes induced in the free | ayer 632 by
the external magnetic field (e. g., field generated by a data bit stored on
a disk). The external magnetic field acts to rotate the direction of

magneti zation of the free layer 632 relative to the direction of
magnetizati on of the pinned | ayer 622 which is preferably pinned
perpendi cul ar to the ABS. The signal detector 660 preferably conprises a
partial response maxi mum | i kelihood (PRWM.) recordi ng channel for processing
the signal detected by SV sensor 600. Alternatively, a peak detect channel
or a maxi mum | i kelihood channel (e.g., 1,7 M.) nmay be used. The design and
i npl ement at i on GETPHEERF HESFRIEITINY Odh JHife PR EAEEREFOBYROD IMEDEE skil | ed in

the art. -19 15_JA N 200
The fofﬁowgnggdescription is the best embodiment

presently contemplated for carrying out the present invention.
This description is made for the purpose of illustrating the
general principles of the present invention and is not meant
to limit.the inventive concepts claimed herein.

Referring now to Fig. 3, there is shown a disk drive 300

embodying the present invention. As shown in Fig. 3, at least

-8-



I _
‘The signal detector, 660 al so includes other supporting circuitrjes such as
ja preanplifier (electrically placed between the sensor and the c gndaﬁ[g 2@04
;conditi ogi?ﬁgrésg si)rsised resistance changes as is known to those skilled Th
{the art. The $8RdE Meietd o smk A1 i supmmratd oo sPUEHEREDG 8§ gan
ion beam sputtering systemto sequentially deposit the multilayer structure
shown |naFiig.r°G?1tﬁdeb$’pm tckirs kd efrdisiet infyt o QEES '%é%{%@tﬂﬁé’trég t$e
presence of a |ongitudinal nmagnetic field of about 40 ) e seedt afer

610 is foedid on ehehsdislr ate (60 HY RGeS | 'Qﬁggﬁpos“i ng the first
subl ayer 612 of A1203 having a thi ckness of aba?ﬁut AT G SRR rRL subl ayer

614 of Nedh€ehaviiegdathhitelRess . nek - and, the third subl ayer 616
of tantalum (Ta) having a thi ckrggss %?Bg'%‘&uqu‘b@h& OLI:‘LPF A 4 ayer 620 forned
of Pt-NM havigg a i-C S f, ab 2,00 Ais deposited on the third

subl ayer 616 of tﬁéglsteéggl %&ggeélg.ﬁﬁﬁé ROSEtAREEd gyerthg22iigihesspacer

| ayer 63gac}t1h§ 5= Iagi nat-ed AP-coupled free |layer 632 and the cap | ayer 638
‘are ' sequent] ST 42 hds PEBROEE 1 NEE OREMO aper €6 2@ gie tilke reer i deLgi on
606. Th F%I\)%SI a frﬁﬁédf oféhCo- Fe having a thickness of about 17 A s

deposi t tHet ARNErayEhe6R6adTRRLARRChayel 2838 eher wihen i ng a |
t hi ckness of about 8 A is deposited on the FM |ayer 624. ?ﬁelgggl\/gbﬁ ;ka-éer 628
of Co- Fertrsemy antvéntkofss mk 8heUli3RsArbsadePOs|L.ed,on the APC | ayer
626. -15 9 5 JA N ZOO-r The nonnagnetiscrcoﬁguét ?hé g%&@&rr I%él)?erlSGBO i's
formed afoveappedd{£U)yhayi aggach i S f .about 21 A deposited on the FM2
| ayer 628. Alternati vel y, the gpgcglrf‘gfag%(rg g%ﬁgnﬁyr%ECFoP d s6f thialtver

(Ag), gaut ( r o] f Ag and Au. The | am nated AP-coupl ed
free |ayer 6}):%9%%%% s@é§t%§c‘§ifé%ﬁ§£gr%§ﬁ BPLEHORE RAvihg dishi ekeess in

the ran f -20. A . preferably 15 A deposited on the spacer |ayer 630,
the APC as;(}erre]”gséa%”f Jr%tﬁ%‘ﬁ?ffg‘?%avi%@c% %&@Rnegss ofsabbtiacBeA depgsi ted on
"t he Fl\/BaIC er. 634, and the FMA | ayer 636 of Co-Fe-Hf-0O having a thickness
inthe ra?fé"eaté?r DR LY By dreambi9f 16 Fysplenpsson esilHn t'hl@eAE&:s%@MEE.OQBS'
The cap | ayer 638 is fornmed of Ta having a thickness of about 50 A

deposi t dSoPaiE dav. 4 askigle3ssmfindierd rae dayen 325 e & L18L %Bgdggpgﬁgti on. .
of the central portion 606 is conpleted, the sensor is annealed In

pr esenc@defing tregreetdics i i b afe azaul 800408 ori ant£d, jn H]%at [ansverse
direction to the ABS and is then cool ed while sti i 1 e Yhetic field
to set elitaekehange aouddngf dde ARMJ 620 with the |aninated

AP- pi nned | ayer 622 transverse to the ABSQ%%aHﬁL FhyEOB2 4 MaBlG- sBr f ace
whi ch i ntgr bacas wiilde & sur fRRe,,0f ,;dm AFM.| a 620 so that the AFM | ayer
pi ns the magnetic nonent 625 (repr(esent'edhﬂlhne )é%M Cé’“B%/”ter‘eS tRiFoo¥ an arrow
poi nt i ngovabdet d thliane afi e mRARR D Ofe ity F | ay.er 624 in a_direction
per pendi I‘(f:ul ar to and away fromthe ABS. T e%rfag%leeti 79O Bt aHe $ed ayer
624 is pitnhbd critlthm®velnts~b2ing No2QQ it by &xchange coupling
with the AFM | ayer 620: The APC Ihgyer 626 is vtgr}};rjl’thh(%/rq‘oz%é’xfo Feng) which
al | ows amngrahti bappategneli ¢ RX¥eRIRIE GOUBlG Ng between the FML | ayer 624
and the FM2 | ayer 628. Accordingly, the magnetization 629 (represented by

the head of BOrahgOWpRRLRL LAY QUELLAP 4t L ane of the paper) of the FM,
| ayer 628 is di rectgg in an oSposPtgedélg%egfci 01 90 SYRE SHagivéls Zatiadn o625 of

the FMlofayre §24) Bape dicu o_and towards the ABS.
Al ternatively, the mgng¥P§§%?§% ééSE%% E’ﬁ@rﬁ‘ﬁ@ B&fré’r@eG‘ZZPhﬁayﬂlbeleset in an

opposi t®18li [esti o0 ¢ pendicul ar .to and_away fromthe ABS) so | that the -
magneti zati on 625 Eogﬁt&sggu!ttﬁce)f Strtﬁgeﬁl ahd YhlchelpapudesThbemhgaet Bzati on
629 of aypr 628 will then point into the plane of the:.-paper due
to the.%&?aﬁg@ %pgggl PUFTR68pPEnbhacrssk Bhe APCreapere826o Asngyel ifeature
of the present invention is the use of Co-Fe-H -Oto formthe FMA |ayer 636
of the ALY s frce (aD8I) 6324 The @dsKestfrQ-av885i ahyLf ghewp to have
hi gh tr;a-rmal stability due to its nano-crystalline structure Wi h*% the -
resul t &hatbwamdt fanseeosel afbesh PROCSEPHJased $Q. S ..t exchapge coupling
of the AFM | ayer 620 of Pt-Mh with the AP-pinned ?a‘sief ]E%r{’?gnggg?se to

t he ABgﬁMﬁt}emanbéamses the slight spring force of the suspension 315
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rotation of the nmagnetic easy axis of the Co-Fe-Hf-0 nateriél of4 Eh
FMA. | ayer 636 fromits |ongitudinal orientation. However,-.the t1r 5n3A=NsZQU4

anneal Pla@RE SUPBISES eti asy.axis of .the. lower thermal stability
Co- Fe materi al of-the'éﬁg ?ggg?rG%hft%XBe 1ightl¥rabovasther dsult, the

net -17 J 200g jntrinsic uniaxial anisotropy Hk of the FM3 and
FMA | ayeégrﬁﬁ%gﬁlﬂ ﬁgﬁi]eld $iketantial B anstame spduced. ahben
ferronagﬂ%&'cho-~Fe-Hf-O.naterial is knowmn to have a very high'ePectrica
resistiV|tyhf>mﬂ?QﬁﬁﬁﬁQﬁo and to possess soft magnettc properties
(coercivity Hz<5 Ce, and intrinsic uniaxial anisotropy Hk<10 Ce). The soft
magneti ¢ properts ¥aLAQUS mespeantn of |t )i Shesfdeeyd aygs 632,19 rotate
freely in rgs%ﬁgse to an signal magnetic field. The high resistance of the:
FM4 | ayel °B36°reftc ddt Sireya thian dnt ddrow dihrsailgga thi e idib] @ygr, Of f he free
| ayer GSéOéﬁggthggéig@;ﬁ;ncrigif of the sen?e current rovv|nI he %aﬁcer

| ayer 63 § rFetdlc dsayerc® ssntcmfta@ing | | ayer ere
t he spin gepﬁndent scattering processes that resu??k?ﬁt§ﬁgﬁ§iﬁiiggﬁﬁﬁlare
nmost - ef f @¢0f¥esighnladdi thiyeyl daq 1 i resi-stivity,..t Co- Fe-Hf -O mat eri al
is a netal oxide known to}%ghse ggegﬁfa?%PE Pgbp%&§ g?%ﬂ?ﬂﬂﬂﬁﬁﬁﬁs El ectrons

are speclbgitycoatkeat ed by ithe l. _axi mat erj al bhack toward the free
| ayer where they continue té addgﬁg§€ﬁe 6ﬁ§pgf98€t? FHErepasiansd oaf.f ect s of

reduced Rle@s€oRtEbEN R RURLIGN ecular reflection of electrons
scattered into the netal odegeﬁgggieﬁﬁFPn&ﬁgilﬁlgﬁa&ﬁ itRc coaded 1IGVR

coef ficiwntid@s LHS+sRI sensor, 600. The high electrical resistivity
and | ow uni axi al gnis@tgg%ggéﬁopﬁe555bFé§F?EBVﬁBF@FPaICbstdoe sdgaals

nano- gr b CiysSteb4i R4S ture., The conposition range of the desired
material may be expreggeéégé PeoELERR) Ldf Seekzcpnt apdnstgpeleesh, 1wher

900 s X 00, s 25~, 200 s z < 900, -18 15 JA N 200g -20
3%él Tﬁ%)éogtrof signals on line 328 provide the desgred

current profiles to optimal;X move and position the slider 313

to the desired data track on the disk 312. Read and write

Signals are communicated to and from the read/write heads 321

by means of the recording channel 325, Recording channel 325

may be a partial response maximum likelihood (PMRL) channel or

a peak detect channel. The design and implementation of both

channels areIWell known in the art and to persons skilled in

the art. In the preferred embodiment, recording channel 325

is a PMRL channel.

The above description of a typical magnetic disk storage

system, anq the accompanying illustration of Fig. 3 are for

representation purposes only. It should be apbarént that disk

storage systems lmay contain a large number of disks and

act
uator arms, and each actuator arm may support a number of

sliders.
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"CLAIMS 1. A spin valve (SV) magnetoresistive sensor, conpri éi ng: . an
antiferromagnetic (AFM layer; a pinned | ayer adjacent to said AF@ U;&(N’ZOO;
ayer; an '

sai d AFM | ayeFibi.xidng s2 smagnRgt iczxq;g%éggf&;gp'%f%vésﬁ%p‘i(g&ggﬂ%

antiparallel (AP)-coupled fee |ayer conprising ghetic

| ayer; aw Tl tic la of terial having an el ectrical

resisti viéggg&gg%& 8{%% : ﬁ(ﬂ‘?‘?[‘ff/d'fﬁlta?n af a4ﬂ91péﬁ’l?13?¢léli@@hmchﬂgal ayer

di sposed beﬁme n said third and fourth ferromagnetic |ayers; and a spacer

| ayer of"hb ﬁagﬁéfii Pogtdeny 402 1apdc enchestd e avhitperiital ordli 4pS egh bet aggn sai d
pi nned | ayer and said third ferromagnetic layer. 2. A spin valve (SV)

magnet ork&t dt po&tiens empdoyrinics iangpian vahid efgwmegnatd ©a
pi nned | ayer adjacent to said AFM I ayer, said AFM | ayer ffifﬁ%:%3¥§lng

magnet i ziod | @Redpiegkn®n igkes@iGPi N I ; i paralle (AP)-coupIed
free |ayer corrp?i sing. a third fer rc%grﬁ?{:eqsgoyr}e%géa Fourtt i Erhesragnet i ¢

| ayer ofpdy I Leal shesi; st Vi mater i al de of Co-Fe-Hf 0; and 15
JA N 200%&g?e§nﬁgh{“?§gre§ ﬁe@%&‘a‘éﬁ&%‘ﬁ& |feh¥é?t FrSpFE&Pktifesch wat d t hird

and four r g i ayers; ,and a spacer | ayer of nonmagnetic
el ectri cial %/E%o%ggctgﬁéeirlrgi’ Nk t%lesﬁt?é"gd I3t WEYT ESaicd Ppisimstvichyest and

sai d trngék&errﬁgagnetic Iager._3. The .SV magnet or esi stive sensor as
recited Th erarnt IEhABREPARTLSI dithtr and second shield layers 412 and

414. 1In fesponse to external magnetic fields, the resistance

4 of thé SV sensor 406 changes. A sense current Is conducted
through the sensor causes thése resistance changes to be
manifested as potential changes. These potential changes are
then processe@u?s.;eadback_éigngls_by the p;gcessiﬁg Circuitry
of the data reéoraing channei 346 sﬂown in Fig. 3.

The write head portion 402 of the magnetic read/write
head 400 includes a coil layer 416 sandwiched between first
and second insulation layers 418 and 420. A third insulation

. layer 522 may be employed for pPlanarizing the head to
eliminate ripples in the second insulation layer 420 caused by
the coil layer 416. The first, second and third insulation
layers are referred to in the art as an insulation stack. The
coil layer 416 and the first, second and third insulation
layers 418, 420 and 422 are sandwiched between first and
second pole piece layers 424 and 426. The first and second
pole piece layers 424 and 426 are magnetically coupledlat a

back gap 428 and have first and second pole tips 430 and 432
-11-



ferromagnetic layer is made of Co-Fe. 4. The S V nmagnetoresistive sensor as
recited in claim2 wherein said fourth ferromagnetic | ayer of Co éb‘th§2004
has a conposition of (Co90-Fe~o0)~o-Hlo-O30 in atom c percent. 5. The

magnet or es‘l"g%Fbe%@n§§paagtedcbyed whickagap21vberennys Egtﬁguéﬁ 4 :
ferromagnetic | ayer of Co-Fe-Hf O has a conposition of ? a Fe HFQOZ in
atom ¢ per&eninsubeteoA0Yaysrx45679% 1 8% faqy % %5 z < 40% 70% 35
a <_95@@5@6b830@6x+y+zz100§hnda+bz100@@ %ﬁeqhgéﬁﬁé gﬁg?oF8§P§§i§El§éﬁsor

as recitediayes! 844 Fnyh i'pssal.d ird.ferromagnetic layer is nmade of Coa
Fee in atom%‘eper cent wﬁérge?]ig%{gge{l%%%f%%”%_‘l%4< 3bigmcantha + b =
100% 7. T net,or esi stive sensor as recited in claim1l wherein said
APC | ayer slés]-g?rlr%eg%?eiétL%%?ﬁn?l’é._aﬂ%et@/ fgvetprbsistéve BEPSOT48S are
recited in claim1 wherein the magnetic easy axis of said third
ferromagnetTRAT&yeriddera Glbsteead ANrit odigmndi s ubmsword £ng a-tﬁpgg%%ggg "
respect tq the nagnetic easy axis of said fourth ferromagnetic |ayer. 5.

The SV nagﬁﬁi Tesistive sensor as recited in claiml1l wherein said AFM | ayer
is made of Pt- M, 5 JA N 200g -22 10. The SV nagnetoresistive sensor as
recited in claifa- vhek i thesad ameiamert d ayerefdagham S WmdReSH A Fd 1 st
ferromagnetic | ayer adjacent to said AFM | ayer; a second ferromagnetic

| ayer adj déeiar tiléaintl specefidsaygialand @ ankidal4 el coupl i ng (APC)
| ayer di sposed between said first ferroryr%agneti Iay?"eyr‘:l -garfc? saaicé’ngng’@ond

f err omagndiiyed.ayarhisV typel okl .rehig 12Y iR resistive sensqr as recited
in claim10 wherein said third 'ferronag%le%ﬁdgl%aylfe PWls dfade GRICEFe. 12.

The SV nagealdo5@i St iR SERSALAS Y GGk ed 4 l-aim 10 wherein said third
{f orr omagnetic layer is made of Coa- F%B’E?n‘lg{%o%fgt &r PEHOYPRISE: dendosis a <

95% 5% SrhgS A0%s apd = 0% .13. spin valve (SV) nmagnetoresistive

sensor, corrgri sing: an tgcr?tal ggr g%’%efnefﬂﬁf-ﬁ?ﬁﬁeaopa?& Fagj-abent to said AFM

| ayer, said APn.pin | ayer _conprising; a first ferromagnetic |ayer

adj acent to saiF&@AFl\r}heI%%? s §ggohﬁaffépgoﬁﬁgﬁéﬁﬁc(Raﬁéaryiawd a0t to

anti par al oupling (APC) |ayer di sposed between said first ferromagnetic

| ayer andgggllg’sggoﬁg %&Er%ﬁﬁ@%é?il‘c (j{*gﬁ/epgtnagdAﬁpinuphEQef (8%) | a¥8Eo:
_ana < ird feriomunatic [ave: ). r

ConprISIngooaagcb&gingr%8nggngm£gdi§g§£,of the present invention. The

SV sensor 600 comprises end regions 602 and 604 separated

from each other by a central region 606. The substrate 608

can be any suitable substahce, including glass, semiconductor

material, or a ceramic material, such as alumina (Al,0;) The

seed layer 610 is a layer deposited to modify the
crystallographic texture or grain size of the subsequent
layers,

and may not be needed depending on the material of the

subsequent layer. For the embodiment of the SV sensor 600
. - . ,

the seed layer 610 comprises a trilayer seed layer structure

deposited on the substrate. First, second and third sublayers

612, 614 and 616 are sequentially deposited on the substrate

608. An antiferromagnetic (AFM) layer 620 is deposited over

12~



a fourth ferromagnetic |ayer of high resistivity material made gf
(CQOgp- Fel O) 60- Hf ~p-030i and ~ 5 JA N ZOO-r -23 14. an APC Iages JAN)QQ@G}
between said third and fourth ferronmagnetic |ayers; and a spacer |ayer o

nonmagnet i thel eeirdcatbyagendecs i ¥ £BL efj L SPO, bet ween sai d, second
ferromagnetic |ayer and said third fer ron%g#\]él?%%l%gg'?'hl‘ipsﬁwl' afvEedsy)

magnet or esds&du rising:. an antiferronagnetic (AF | ayer; "an
ant i par al Fée}?élké,&r%ésgﬁﬁé%rfg%raﬁﬁj %‘E}é’n‘?"?% SEYRLGEM Y al,/QaQ—,S&@:Y’N. APRi nned

| ayer conpri.sing; first ferromagnetic |ayer adjacent to said AFM | ayer; a
second fﬁ%ﬁbﬁ%ﬁ‘?&?%&%@e%nﬁw A3 peg af dished curpl titng XAPQa @y €620
di sposed between said first ferromagnetic | ayer and said secon

f erromagnéf dheyranteml ARegionpl 606 f r exhd ayers GaEY Ilﬁ;@i ' .
ferromagnetic layer; a fourth ferromagnetic Ipay'er of hig G?Zeésimscixigpﬁlt?es

mat eri al rBRdE it (foardmeeynetdy 1@ dN ' rcent, where 40% S x S 70%
5% <y S 25% 20% < z <40% 70<_a 95%@%%% %;%+f$£9f6’80)7%1?of£ﬂwﬂmﬁxbc and

an APC | ayereti spessd @8 eRD S2i.dtihird .and fourth ferromagnetic |ayers;
and 15 JAIQI’ ZOO~r -24"a spacea;?h Iagly}:él a&ralﬂrc?ﬂmfé’r\’é’t]ilélgel@ﬁcr)id@me;r 626

conducti vg;nafarial CHS Qs bet ween sai d second ferronmagnetic | ayer and
said third %grrgﬁgé)ﬁew ché %WS?LaYﬁé 8¢ 9nagde thce FMEt lageseB2®. aThe
recited iﬂpel fal_i me10 .vvheéoei n the fourth ferromagnetic |ayer has the sane
thi ckness™as” tRe Thit™d Toehednét penmagaetitonatheisy, mpgaeeenediyst i ve
sensor as rgﬁi ted in_claim210 wherein said AFM | ayer is nade of Pt-M. 17.
A spin valV (Eg\}'fmng&ﬁ’ét/ort@é‘ﬂ:sﬁil&éw%hh@r FMEodpyesi Bg4 andaphif gppomagneti c
(AFM layer; an antiparallel (AP)-pinned |ayer adjacent to said AFM | ayer,
{?ﬁd APpi hAZ&L| §28r teomer issirnggly coupled together

antiferromagnetically. A laminated AP—coupied free layer

(free ferromagnetic layer) 632 including a third ferromagnetic

layer (FM3) §§ﬁi i_foqrtb'fﬁrromagnetic layer (FM4Y) 636 ‘and"an

APC layer 635 disposed between the third and fourth

ferromagnetic-layérs 634 and 636 is separated from the

AP-pinned layer 622 by a nopmagnetic.electrically-conduecting

Spacer layer 630. The magnetization of the free layer 632 is

preferably parallel to the ABS in the absence of an external

-~ field as indicated by the arrows 633 and 637 representing the

magnetiza_tions of the AP-coupled third and fourth.
ferromagnetic layers 634 and 636, respectively. A cap layer
638, formed on the free layer 632, completes the central

region 606 of the SV sensor 600.
In the present embodiment, the cap layer 638 is formed of
tantalum (Ta)i Alternatively, the cap layer 638 may be a

bilayer cap layer formed of a first sublayer of copper (Cu)

-13~



a first ferromagnetic |ayer adjacent to said AFM | ayer; a second
ferromagnetic |ayer; and an antiparallel coupling (APC) | ayer dl‘]sgoﬂg 04
between said first ferromagnetic |ayer and said second ferronmagneticC y%q

an AP- coupfeumédeen| ajer fee8PLAGERT538 Lhi' ic layer; a fourth
ferromagnetic | ayer of materi al§havi ng an e?e%fgééxggﬁgg%%?g?ﬂg?yoﬁr eater

t han 400 podvit£Ihmapd; an redls ed between said third and fourth
ferromagnetic |ayer 2; agng-gﬁ%(ga%ﬁ Rﬂéogg%gz%‘?bjgf%%c%f tayer The '

nonmagnet igroded&i Sl LYo GO [ terial disposed between said second
ferrorragnéﬁc layer gn%l Cslgti iﬁ?ﬁrdﬁ?‘gr% T cff’}}é‘iﬂ”erl.s 1%novinsedn val ve

(SV) magneifiAstStiNg : rising: . antiferromagnetic (AFM | ayer;
an antiparal | el (AP%{- p@ﬁi@%?%%%ﬁ%ﬁ%%eﬁ %'tr}be saf FAFIY afferoughai al $Pphnned
layer compriiidyd;epeddfst ferromagnetic |ayer adjacent to said AFM layer; a
second ferromagnetic Tayer; and an antiparallel coupling (APC) |ayer

di sposed betwe i.d first ferro netic |ayer and said second
ferromagnetic ﬁ%/%?é;\gﬁewrco% eﬁ}i her |ciT issftiisingiaetdhiead ang

fer romagnet izﬁgé Z%/I}er' a fourth ferromagnetic |ayer of high electrical
resistivi t? fodmed i der S ferch aerilen <06 02n éreh 68RG lraysgre diisposed Mgt ween
said third and fourth ferr.6magnetic | ayers; and a spacer |ayer Of
nonmagnet P& ¥HEENY @allongidndlictaly dinet efiledld @ics RORE st \ﬁg{%hlsegggv%eocond
ferromagnetic layer and said third ferromagnetic |ayer. 19. e

magnet or eSPStirge as evisyl camagerittied domaGnaisiat?d Waek ien fz%i dthird o
ferr.omagngti c layer is made of Co-Fe. 15 JA'N 2009 - 20! & sy lead
magnet or esf¥eirge 6ddnaoid @4 6r aglet ad sioh dehal -whetein idthird
{ffdrromagnetic layer is made of Coa Feb P%Lsg]t%% \gﬁpg?geﬁ?{% \%ﬁgrlé’n’f’o%og a <_

Y 0 0 — 0, .
95% 5Aﬁ;bﬂg3@WﬂanQ@t@e%%géély, to provide electrical connections for

the flow of a sensing current I; from a current source 650 to
the SV sensor 600. A signal~detector 660 which is
electrically ééﬁn;éted fo 1ééds—644-and 646-seése€’the change
in resistance due to changes induced in the free layer 632 by
the external magnetic field (e.g., field generated by a data
bit stored on a disk). The external magnetic field acts to
rotate the direction of magnetization of the free layer 632
relative to the direction of magnetization of the pinned layer
622 which is preferably pinned perpendicular to the ABS. The
signal detector 660 preferably comprises a partial response
maximum likelihood (PRML) recording channel for processing the

| signal detected by SV sensor 600. Alternatively, a peak
detect channel or a maximum likelihood channel (e.g., 1,7 ML)
may Be used. The design and implementation of thé

aforementioned channels are known to those skilled in the art

—-14-



21. The SV magnetoresistive sensor as recited in claim 18 wherein said
fourth ferromagnetic | ayer of Co-Fe-Hf O has a conposition of 1 5 JAN 2004
(Co90- Fel 0) 60-Hf ir0-030 in atomi c percent. 22. The SV nmamgnetoresistive

sensor as Thecitigthah ddeéotdiS §¢ErLidb Sﬁ{cdln.;c%%t ferramagnetic |ayer

of Co-Fe-Hf O has a conposition of (Coa-Fee)X- {kﬂifi%#gﬁ%#ﬁ%ﬁ&mwcent,
wher e 40%c3 peudt % AWK oy 2 ieS Z 0% 70% < a |

S95% 5% bS30% x+y+z:100%1F1&l a+%‘—%%‘(%%@&frﬁ{e Orlesidaad sensor as

reci ted i pedhiedR kh Bl | qurth ferro netic |ayer has the sane
thi ckness as the thir fef$5§§5ﬂ§%55 Hgygpl)zg%%Tﬁ€Q§hﬁ%ﬁﬁﬂmﬂdﬂésistive

sensor as skeeGded d i rein. t.he magnetic easy axis of said third
fmrmmmwﬂcIa&?ﬁﬂ?ﬁ%ﬁ&%ﬁﬁgﬁﬁ%&%’ itOuIthO 6+ iskdddEcon nvittite
respect t@rthe magnetic easy axis of said fourth ferromagnetic |ayer. 25.
The SV magnetoresistive sensor as recited in claim17 wherein said AFM

| ayer is nmade . . SV netoresi stive sensor as recited in
claim17 mhere?%eggwgg§%§%g}gg§yéF gg%ﬁ&&étSﬂ é8pBeragueyron7 spatiegrielg ¢
read/mwitgrh d.conEJisin :-a wite head including: at |east one coil |ayer
and an i nsul at'i $RsPEER Sg’ff,étééﬂpm gyetepetagsenbedtedliy tbpoknsulali on
st ack; %5 %AQ 200 -27 fiTst and second pol e piece |layers connected at a
back gap ZHUHAGYRY SorEctuss wheWnedgeEifor fi ngThepeptit @8r 0eBBsakt on
bearing surface (ABS); the insulation stack being sandw ched between the
first and®5BCBRA p8l Eapréed pupels; thadpaewente gapal ayegicaadiched
between the pole tips of the first and second pole piece |ayers and formng

_porti or"¥FNEhecABSeld péadbhutd4dnokudi Tige se6@i DayalverdSV) ¢ rined
agnet oresi stive sensor di sposed between first and second shi ed ?ayers, t he

sV nagnet%ﬁe%m%t$ubs;eaterGoanpyi§¢@@én@ﬂa§ﬂ§iéﬁﬁé@f@?ﬂ?tiﬁe(ff%QBJay?r; an
antiparrallel (AP)-pinned |ayer adjacent to said AFM [ ayer, sal P- pi nned
| ayer congukbd ygi Gﬂii6§tAi§LrHQ§QH§tgctﬁfgﬁﬁeggjgfegéoﬁg gngIAEELIayeH
éecond sublaye; 614 of NiMnQ,having_a thickness of about 30mA.
and the third éubiayef 6i6 of tantaium (Ta) having a tﬁickness
| of about 35 A. The AFM layer 620 formed of Pt-Mn having a
thickness of about ZOO.A is deposited on the third sublayer.-
616 of the seed layer 610. |
The AP—pinned‘layg; 622, the spacér layer 630, the
laminated AP-coupled free layer 632 and the cap layer 638 are
sequentially deposited on the AFM layer 620 in the central
region §96{ The FM1l layer 624 of Co;Fe having a thickness of
. about 17 A 1is deposited on the AFM layer 620. The APC layer
626 of r?thenium having a thickness of abéut 8 A is deposited

- on the FM1 .layer 624. The FM2 layer 628 of Co-Fe having a

thickness of about 26 A is deposited on the APC layer 626.
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a second ferromagnetic |ayer; and an antiparallel coupling (APC) Igy r

di sposed between said first ferromagnetic |ayer and said second 1 :ZQA12004
ferromagnetic E yer; an AP-coupled free layer conprising;, a third
ferromagnetic IFayePOrRUBGtie fcondytigimg ispacayrerl agferadsy i Mg &9 .
electrical resistivity greater than 400 pohmcm and an APC | ayer di sposed

bet ween s@pppehi fGuanthafaiunigt-B eyl ARV S &N o JA N ZOO-r
-28 a spacer .l ayer of nonnagnetic electricaﬁ]y co%&uc:aﬁ?9ﬁ§t94iﬂncﬁ@%osed

bet ween spigd $ggapd rrom .G . r d third ferromagnetic |ayer; and
an insul ation IgyerGg?spogggggéﬁ%éQ%MShe%ggc59&°§ﬁi P&eﬁa%ép saw e read

head and Ny e piece. layer of the wite head. 28. A magnetic
read/mmitggﬁ%é é%n%?hgfﬁg?'g)mﬁﬁpédhé§ﬂ)iHEIGéiﬁéloaﬁ odas, ong aoid | ayer

and an iQQEIat&gg itaCké tge coil |ayer being enbedded in the insulation
stack; fiTst and setBhHepERePpreeuPiladefsesohnrercd38t canpadkegaphangms
having pole tips wwth edges formng a portion of an air bearing surface
(ABS); theaY®%ufddi o Spakk bewmggsandhﬁehﬁdsbeimeenetbsngér6E agd 5e?pnd
pol e piece layers; and a wite gap | ayer sandw ched between the poFe i'ps

of the fipiséfanabsecpndapo, [ | ayer.s and_formng a portion of the ABS;
a read head includ?ng: apsggﬁesgﬁgg ?év?ﬁﬁagﬁéfoFglﬁgFFvgngn§8€ 6P§posed_

betmeen_fﬂg§grag§ $$ o$d shied |ayers, the SV magnetoresistive sensor
conpri si ng Y & Gt TEr %E%@%%chh¥¥$ﬂ@ ¢a§@¢§kg@san@fp@boatl&IA(AP)-plnned
ayer adj(ﬁacpeonstiégd SOaIi‘l dtl'ﬁl,:MFl\l/I??yleaber 634, and th "
. ' e FM4 layer 636 of
(i)' Co-Fe-Hf-0O having a thiCkness in.the range of 10-20 A,
preferably 15 A, deposited on the APC layer 635. The éap
layer 638 is formed of Ta having a thickness of about 50 A
deposited on thé EM4.layé£ 558 of ihé free igye} ééé.
After the deposition of the central portion 606 is
completed, the sensor is annealed in the presence of a
magnetic field of about 800 Oe oriented in the transverse
direction to the ABS and is then cooled while still in the.
. magnetic field to set the exchange coupling of the AFM layer
620 with the laminated AP-pinned layer 622 transverse to the
ABS. The FMl layer 624 has a surface which interfaces with a
surface of the AFM layer 626 so that the AFM layer pins the
magnetic moment'625 (represented in Fig. 6 by the tail of an
arrow po}nting into the plane of the paper) of the FM1 layer

624 in a direction perpendicular to and away from the ARS.

The magnetization of the EMI layer 624 is pinned in this

-16-



said AP-pi nned |layer conprising;, a first ferromagnetic | ayer adjfgen 0
said AFM | ayer; a second ferronagnetic |ayer; and 15 JA N ZOOQ‘PS‘;JAN 2004.
antiparallel coupling (APC) |ayer disposed between said first ferronagnetic

| ayer andiiaédtienobg éﬁl‘:h@ﬁ@@n@bh?lliﬁ?gew;itﬁntﬁg' A@Mphsggir e?ol_- aygl o
conprising; a third ferromagnetic layer; a fourth ferrofmagnetic |ayer of

hi gh el e b C SESEI Vit tertal 0 - Fe-, O..and - an APC | ayer
di sposedq{‘)%qt:mg%%éga%sg%t#r’gea dgpgﬁrt(ggggﬂéwggng&lg IQQ&P&";S &Fd a spacer

| ayer of ,non netic electrically .conductive material disposed between said
second feﬁ%ﬂﬁgﬁa?megvs if ehENERPRICPEPLdRaghetVeenayhe ; FiMhdlapernsakat i on
| ayer di sposed between the second shield | ayer of the read head and the
first polddpitee FMyelapert 628w i hechedingRP, The magnetigatesd/ gpbte head
as recited in claim27 wherein said third ferromagnetic |ayer is made of ,
Co- Fe. 30(rephiee segbed by rthel/ head eofead aﬁréﬁcﬂ)&:eﬂtiﬂg%@i:%37t}‘i\Qe%f5H sai d
third ferromagnetic |ayer is nade of Coa-Fee in atom C percent, where 70% <

a <_ 95%0fS%hd<p808t) avtatihne 10096 1 3der To MRING@L £ £6Q0{ YW it € 83
recited in claim28 wherein said 'foﬁﬁh ferromagnet'ci:c I a{/%\{é%fogglg—%gﬁﬁ O

has a corgiasddtfén of o (£990s f%%%ﬁgéﬂéﬁ_%fnégsﬁmﬁe-r Jrgfésg?egtﬁ%‘sz The

magnetic read/ wite ‘head as ted 1n c tth
ferromagngii& -fe- S composi tion of (Coa-Fee)X-Hy-QZ in
atom c per cents,L i\%\ﬁel?éeﬁ%g@giair ﬁ%ﬁg%%%fg% é‘% }E@% hernatsiveby,; 700 <
oo LRSI T a4 Gl R
f erromag i c l.ayer. has the sane thjckness as the third ferromagnetic
(ayer. 32’%&5‘&‘%9 "f%tlr%}bd(?%lﬂieélche”éﬂlaa% YA RWEY cf ramn the vikRS i so sai d
AFM | ayer, ist' de of Pt-M1. 35. The magnetic read/wite head as recited in
cl ai m 27 Shher St SR AL ™R RAS RO TRide Bt opdre (ane 365 thai sk drive
system c&an%(r?;qsi n :@2 nagr?ﬁjét.i ct;iecoréjaiiggg di sk; a magnetic read/ wite head
f or magnét 1y FAHTRF ikt Bh afadiet iRMZ dooredi 6@ adivakl 1anch dror
sensing magnetically recorded data on the nmagnetic recording disk, said
magnet i ¢ PPEad Wittt teadleawprdfsitig: paper due to the.antiparallel
coupling across the APC laYer 626.
A novel feature of the present invention is the use of

Co-Fe-Hf-0O to form the FMA4 léyer 636 of the AP-coupled free
layer 632. The Co-Fe-Hf-O material is known to have high
thermal stability due to its nano-crystalline structure with
;h' the result that the transverse anneal process used to set the
exchange coupling of the AFM layer 620 of Pt-Mn with tﬁe
AP-pinned layer 622 transverse to the ABS will not cause-
rotation of the magnetic easy axis of the Co-Fe-Hf-0 material
of the FM4 layer 636 from its longitudinal orientation.
However,mthe_transverse anneai process causes the magnetic
easy axis of the lower thermal stability Co-Fe materiai of the

FM3 layer 634 to become transverse. As a result, the net
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a wite head including: at |east one coil layer and an insulafionkzigﬁﬁ
the coil |ayer being enbedded in the insulation stack; first and A12004 '

pol e piece |ayers connected at a back gap and having pole tips with edges
formng alpbFinsacoinapxapl Beasphyopyr Racet (HABS)EM3 hend rind ataysr statk
bei ng sandw ched between the first and second pole piece layers and a wite
gap | ayertRendRi-ehuplbdt feea Lhgepob82twpslobet hedficedt amdesecond pol e

pi ece layers and formng a portion of the ABS; a read head including: a

spin va|vﬁeffh@agagﬂﬁtocesFaLHyeosmaa@fidi899szﬁobﬁFﬂ@eﬂabérétVQEg ggggﬂd
shield | ayers, the SV magnetoresistive sensor conprising: 15 JA |

-31 an asnléderieamnonebist{vEd) [3¥60; n8AnaBhH) PARA! LE! 5D | ayer
adj acent to said AFM | ayer, sg%d(AP-pi%ned Iaber co%%r?éggé?gaggﬁgst

f er r omagngd éﬁek@&?ﬁréﬁ{a@‘é@@& Qeoéﬁ&ﬂvﬁ% HRLGe 2 3RF gg%:{)ig{s\r’j\gd;ﬁiﬂgig%%f?} st

| ayer; and an antiparallel coupling (A ﬁayer di spo

ferr omagneii ot aysy ARAGH) Seaund I GERARRIC ARy & d aromgnet i c

free layer conprising: a third ferromagnetic | aye ourt rromagnetic

| ayer of ymASEE&ht hayi leawiﬁ%eewg%erf%éﬂ y34 V0T paLSE Al 100,

Rohmcm and an APC | ayer di-sposed betweerr sai hrrd an
netic electricall

f j . and.; | f

conduct 1ve T arraf SR B Gens EYE] U dond For P LA ghet FEERRSRT Ofin
id thi ti . and_an_insul ation_| di d_bet

he seoond s ey e Fgbr (3 Yute ERce At SHEETHG. T494: ChoPablp: debe | ayer  of

the wite head; an actuator for noving said nagnetic read/wite head across
the magnet#layek b thatrfier lawey w32 ety brecesincidder enf tlegi ons
{of the magnetic recording disk; and

v sense current flow in the spacer layer 630 and the

ferromagnetic layers interfacing the spacer layer where the
spin dependent scattering processes that result in the GMR
effect are mostmeffectiVél “;n ‘addition toiﬁigh résisti&it§,
the Co-Fe-Hf-0 material is a metal oxide known to cause
specular reflection of electrons. Electrons are specularly
reflected by the metal oxide material back towafd thé free
layer where they continue to add to the GMR effect. The
combined effects of reduced sénse current'shunting and

- specular refléction of electrons scattered into the metal

oxide layer will result in an increased GMR coefficient fo;
the spin valve sensor 600.

The high electrical resistivity and low uniaxial
anisotropy of the Co-Fe-Hf-O material is.due to a nano-grain
crystalline structure. The composition range of the desired

material may be expressed as (Co,~Fe,),-Hf,~0, in atomic

percent, where 40% < x < 70%, 5% < y < 25%, 20% < z < 40%,
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a recordi ng channel coupled electrically to the wite head for magnetically
recordi ng data on the magnetic recording disk and to the SV sens‘b% JA@\?M
2DO-r -32 of the read head for detecting changes in resistance of the
sensor caused by rotation of the magnetization axis of the AP-coupled free
| ayer relative to the fixed nmagnetizations of the first and second pi nned
“layers in T@¥panse 2% magweki & fdebos fromt e+rr§gn_et'hgsl,l y recorded data. -
. : R - ’ ) = % ‘a —
37. A dlsklgé%veﬁggstengconprlS|ng. a wite ‘head i.ncludrng: 3 edsP dne
coi | Iayer and an'f mRiFLe¥ bR sEaBROsi hkonoib (Gyey- Hegh ng -afrbedded in the
insulation stack; y ._ first and second pole piece |ayers connected at a
back gap and hahengm30lig e | td¥ agge rLIg ortion of _an air
beari ng surface (ABS); trillteelﬁioflssglljgl é{fl on s?ggﬁr@eﬁgaﬁé%edv&% wee i3 e

first andgy$ee@ngheaPel iece layers.,and a wite gap |ayer sandw ched between
the pol e £i ps o?et ﬁg%fil%rgst% gﬁg%gg&&r}d’np&a@gﬁ nefRads agnEdoFei ngna

portion o ABS:. a read head_i ncluding: a spin valve (.SV)
magnet oreélté{alﬁ\(/:e SEGEBE ' dPEFESed WernBes PSPt 58nd ‘tecondishiaziad 4 ay ey

t he SV maggﬁgor e&gsti ve sensor conprising: an antiferronagnetic (AFM
| ayer; an‘ahfrparafl BFefapyegi seaposiydonadsacens-Reg, sai d AFM | ayer, said
AP-pi nned | ayer conprising;, a first ferromagnetic |ayer adjacent to said
WE .
AFM | ayer; a sttoldliebponppasent taythpsendkillbd)AnNtRe0art33hak the
anti par ah}\gl cougl [ ng ‘(APC) | ayer disposed between said first ferromagnetic
| ayer and*5afaUBLednareerlawagneti theapeesent ARveaupbadmbieBel a%8H as
comprising, a_third ferromagnetic |ayer; :
ghe free 1 i 1 j
/ ayer 1n a magnetic tunnel jupction (MTJ) sensor
magnetoresistive device to obtain the-advaﬁtages of reduced
free -layer magnetiq thickness derived from AP-coupling and the
increased sensitivity due to the present free layer materials
and structure.

While the. present invention has been Particularly shown
and described with reference to the preferred embodiment, it
wil; be understood by those skilled in the art that various
changes in form and detail may be made without departing from

the spirit, scope and teaching of the invention. Accordingly,
the disclosed invention is to be considered merely as

illustrative and limited in scope only as specified in the

apprended claims.
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a fourth ferromagnetic |ayer of high electrical resistivity material_nade
of Co-Fe-Hf O and _ an APC | ayer di sposed between said third and ilcﬁerAlenoé,
ferromagnetic | ayers; and a spacer |ayer of nonmagnetic electrically
conductive material disposed between sait2&econd ferronagnetic |ayer and
said third ferromagnetic |ayer; and an insul ation |ayer disposed between
the second i h\g | ayer of the read head and the first pole piece | ayer of
the wite h AMS  The disk drive systemas recited in claim36 wherein
said third ferromagnetic |ayer is nade of Co-Fe. 39. The SV

magnet or esi stive sensor as recited in claim36 wherein said third

f erromagnet ile | ay @y sHis valsel €S BF magnetqresistive sensnyi omuisiegit, where 70% S a <_
95% 5% < b < 30% and a + b = 100% 40. The disk drive systemas recited
in claim37 wherein said fourth ferromagnetic | ayer of Co-Fe-Hf O has a
conposi tion of (Co90- FehnhstfeHbmaghidic (AFMY lapére percent. 41. The disk drive
systemas recited in claim37 wherein said fourth ferromagnetic | ayer of

Co- Fe-Hf O has a conposition of (Coa-Fee)x-Hfy-QZ in atom c percent,

wher e40%6x570% 5%<_y525% RS2 Qa1 4Q9% 95 % id 39K : =
100%and a + b = 100% | %%@Aﬁﬁé%&di&@ﬁ@%% RER 5 22 1 el e &
recited in clai nenagactigatioridivection of seidipinfeddaysiagneti ¢ | ayer has the sane

t hi ckness as the third ferronagnetic |ayer. 43. The nagnetic read/wite
head as recited in claim36 wherein said AFM | ayer is nade of Pt-M. 44.
The magnetic read/ w it eahentibagslel eAP)-edupled fdedayer 36mptisingj n sai d spacer

| ayer is nmade of copper (Cu). . AT ACA 9 A A9r. A{Fr. AQU. A&. . A

AL.ASU . A . A A . AAY. A% A I Y. AL% A A . A A AU An@. AAL. ASUL. Ah, 9. A _.A AAA
@A R JPQRng-S a third ferromagnetic layer;

P2p} xsni d_ZU] ca] ca] ca] ca] ca] ca] ca]gga] cal calca]c(a] ca] ca] ca]ca] ca] ca] c”a]ca]

ca] ca] ca]ca]ca] c”a]ca] c”a] c<a]c<al]cal] ca]c<a! EQany}t u ?@2 Y
a fourth ferromagnetic layer of material having an electrical resistivity

greater than 400 pohm-cm; and

an antiparallel coupling layer disposed between said third and fourth

ferromagnetic layers; and

a spacer layer of nonmagnetic electrically conductive material disposed

between said pinned layer and said third ferromagnetic layer.

~,

2. A spin valve (SV) magnetoresistive sensor comprising:

an antiferromagnetic (AFM) layer;

a pinned layer adjacent to said AFM layer, said AFM layer fixing a

magnetization direction of said pinned layer;

an antiparallel (AP)-coupled free layer comprising;

a third ferromagnetic layer;

a fourth ferromagnetic layer of high electrical resistivity material made
of Co-Fe-Hf-0; and
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] ca] ca] c(a] ca] ca] &%]fch]Sc’é)]’/ca]xda]w‘cla%d@p&’ca] ca)]ca]ca]ca]ca]c(a]ca]ca]ca]ca]ca]l
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an antiparallel coupling (APC) layer disposed between said first

ferromagnetic layer and said second ferromagnetic layer.

11. The SV magnetoresistive sensor as recited in claim 10 wherein said third

ferromagnetic layer is made of Co-Fe.

12. The SV magnetoresistive sensor as recited in claim 10 wherein said third
ferromagnetic layer is made of Co,-Fe, in atomic percent, where 70% < a < 95%,
5% <b <30%, and a + b = 100%.

13. A spin valve (SV) magnetoresistive sensor, comprising:

an antiparallel (AP)-pinned layer adjacent to said AFM layer, said AP-

pinned layer comprising;
a first ferromagnetic layer adjacent to said AFM layer;
a second ferromagnetic layer; and

an antiparallel coupling (APC) layer disposed between said first

ferromagnetic layer and said second ferromagnetic layer;
an AP-coupled free layer comprising;
a third ferromagnetic layer;

a fourth ferromagnetic layer of high resistivity material made of
(Cogo-Fei0)s0-Hf19-O30; and
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14. A spin valve (SV) magnetoresistive sensor, comprising:
.~ an antiferromagnetic (AFM) layer;

an antiparallel (AP)-pinned layer adjacent to said AFM layer, said AP-

pinned layer comprising;
a first ferromagnetic layer adjacent to said AFM layer;
a second ferromagnetic layer; and

an antiparallel coupling (APC) layer disposed between said first

ferromagnetic layer and said second ferromagnetic layer;
an AP-coupled free layer comprising;

a third ferromagnetic layer;

a fourth ferromagnetic layer of high resistivity material made of
(Coa-Fey)-Hfy-0, in atomic percent, where 40% < x < 70%, 5% <y £25%, 20%
£2<40%, 70 <a<95%, 5% <b<30%, x +y+z=100% and a + b = 100%;

and

an APC layer disposed between said third and fourth

ferromagnetic layers; and
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%O ()-!6 15. The SV magnetoresistive sensor as recited in claim 10 wherein the fourth

ferromagnetic layer has the same thickness as the third ferromagnetic layer.

16. The SV magnetoresistive sensor as recited in claim 10 wherein said AFM layer
is made of Pt-Mn.

17. A spin valve (SV) magnetoresistive sensor, comprising:

A

an antiferromagnetic (AFM) layer;

an antiparallel (AP)-pinned layer adjacent to said AFM layer, said AP-

pinned layer comprising;

a first ferromagnetic layer adjacent to said AFM layer;

a second ferromagnetic layer; and

an antiparallel coupling (APC) layer disposed between said first

e,

ferromagnetic layer and said second ferromagnetic layer;

an AP-coupled free layer comprising;

a third ferromagnetic layer;
a fourth ferromagnetic layer of material having an electrical

resistivity greater than 400 pohm-cm; and

an APC layer disposed between said third and fourth
ferromagnetic layers; and
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18. A spin valve (SV) magnetoresistive sensor, comprising:

an antiferromagnetic (AFM) layer;

an antiparallel (AP)-pinned layer adjacent to said AFM layer, said AP-

pinned layer comprising;
a first ferromagnetic layer adjacent to said AFM layer;
a second ferromagnetic layer; and

an antiparallel coupling (APC) layer disposed between said first

ferromagnetic layer and said second ferromagnetic layer;
an AP-coupled free layer comprising;

a third ferromagnetic layer;

e,

a fourth ferromagnetic layer of high electrical resistivity material
made of Co-Fe-Hf-O; and

an APC layer disposed between said third and fourth

ferromagnetic layers; and

a spacer layer of nonmagnetic electrically conductive material
disposed between said second ferromagnetic layer and said third ferromagnetic

layer.

19. The SV magnetoresistive sensor as recited in claim 17 wherein said third

ferromagnetic layer is made of Co-Fe.
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ferromagnetic layer is made of Co,-Fe, in atomic percent, where 70% < a < 95%,
5% <b <30%, and a + b = 100%.

21. The SV magnetoresistive sensor as recited in claim 18 wherein said fourth
ferromagnetic layer of Co-Fe-Hf-O has a composition of (Cogg-Feg)so-Hf10-Oso

in atomic percent.

22. The SV magnetoresistive sensor as recited in claim 18 wherein said fourth
ferromagnetic layer of Co-Fe-Hf-O has a composition of (Coqa-Fep)x-Hfy-0O, in
atomic percent, where 40% < x < 70%, 5% < y<25%, 20% <z < 40%, 70% < a
£95%, 5% <b<30%,x +y+2z=100% and a + b = 100%.

23. The SV magnetoresistive sensor as recited in claim 17 wherein said fourth

ferromagnetic layer has the same thickness as the third ferromagnetic layer.

24, The SV magnetoresistive sensor as recited in claim 17 wherein the magnetic
casy axis of said third ferromagnetic layer has a substantially perpendicular
orientation with respect to the magnetic easy axis of said fourth ferromagnetic

layer.

25. The SV magnetoresistive sensor as recited in claim 17 wherein said AFM layer
is made of Pt-Mn.

26. The SV magnetoresistive sensor as recited in claim 17 wherein said spacer layer

is made of copper (Cu).
27. A magnetic read/write head comprising:
a write head including:

at least one coil layer and an insulation stack, the coil layer being

embedded in the insulation stack;
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first and second pole piece layers connected at a back gap and
having pole tips with edges forming a portion of an air bearing surface (ABS);
the insulation stack being sandwiched between the first and second pole piece

layers; and

a write gap layer sandwiched between the pole tips of the first and

second pole piece layers and forming a portion of the ABS;
a read head including:

a spin valve (SV) magnetoresistive sensor disposed between first

—~

and second shied layers, the SV magnetoresistive sensor comprising:

an antiferromagnetic (AFM) layer;

an antiparrallel (AP)-pinned layer adjacent to said AFM layer,

said AP-pinned layer comprising;

a first ferromagnetic layer adjacent to said AFM layer;

a second ferromagnetic layer; and

an antiparallel coupling (APC) layer disposed between said

first ferromagnetic layer and said second ferromagnetic layer;

an AP-coupled free layer comprising;

a third ferromagnetic layer;

a fourth ferromagnetic layer of material having an electrical

resistivity greater than 400 pohm-cm; and

an APC layer disposed between said third and fourth ferromagnetic

layers; and
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between said second ferromagnetic layer and third ferromagnetic layer; and

an insulation layer disposed between the second shield layer of the read

head and the first pole piece layer of the write head.
28. A magnetic read/write head comprising:
a write head including:

at least one coil layer and an insulation stack, the coil layer being

/
A embedded in the insulation stack:
first and second pole piece layers connected at a back gap and
having pole tips with edges forming a portion of an air bearing surface (ABS);
the insulation stack being sandwiched between the first and second pole piece
layers; and
a write gap layer sandwiched between the pole tips of the first and
second pole piece layers and forming a portion of the ABS;
a read head including:
{

a spin valve (SV) magnetoresistive sensor disposed between first

and second shied layers, the SV magnetoresistive sensor comprising:

an antiferromagnetic (AFM) layer;

an antiparrallel (AP)-pinned layer adjacent to said AFM layer,

said AP-pinned layer comprising;

a first ferromagnetic layer adjacent to said AFM layer;

a second ferromagnetic layer; and
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an antiparallel coupling (APC) layer disposed between said

first ferromagnetic layer and said second ferromagnetic layer;
an AP-coupled free layer comprising;
a third ferromagnetic layer;

a fourth ferromagnetic layer of high electrical resistivity material
made of Co-Fe-Hf-O; and

an APC layer disposed between said third and fourth ferromagnetic

—~

layers; and

a spacer layer of nonmagnetic electrically conductive material disposed

between said second ferromagnetic layer and third ferromagnetic layer; and

an insulation layer disposed between the second shield layer of the read

head and the first pole piece layer of the write head.

29. The magnetic read/write head as recited in claim 27 wherein said third

ferromagnetic layer is made of Co-Fe.

30. The magnetic read/write head as recited in claim 27 wherein said third
ferromagnetic layer is made of Co,-Fe, in atomic percent, where 70% < a < 95%,
5% <b<30%, and a + b = 100%.

31. The magnetic read/write head as recited in claim 28 wherein said fourth
ferromagnetic layer of Co-Fe-Hf-O has a composition of (Cogo-Fe19)s0-Hf19-O10

in atomic percent.

32. The magnetic read/write head as recited in claim 28 wherein said fourth
ferromagnetic layer of Co-Fe-Hf-O has a composition of (Coa-Fep)-Hfy-0, in
atomic percent, where 40% < x < 70%, 5% < Y <25%,20% <z2<40%, 70% < a
£95%, 5% <b<30%,x+y+z=100% and a + b = 100%,
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35. The magnetic read/write head as recited in claim 27 wherein said spacer layer is
made of copper (Cu).
36. A disk drive system comprising:

SN

a magnetic recording disk;

a magnetic read/write head for magnetically recording data on the
magnetic recording disk and for sensing magnetically recorded data on the

magnetic recording disk, said magnetic read/write head comprising:

a write head including:

at least one coil layer and an insulation stack, the coil layer

being embedded in the insulation stack;

first and second pole piece layers connected at a back gap and
having pole tips with edges forming a portion of an air bearing surface (ABS);
the insulation stack being sandwiched between the first and second pole piece

layers and

a write gap layer sandwiched between the pole tips of the first

and second pole piece layers and forming a portion of the ABS;

a read head including:

a spin valve (SV) magnetoresistive sensor disposed between first

and second shield layers, the SV magnetoresistive sensor comprising:



910%| & ()-3M : BG}[ 9+1
10vv|wl ) 109 W y()-l @10%4| 4] & ()-!S3. 109%4] 4] & ()-y! (4(10% | & 6 Jad 2004
1006 & ()~ #10%| & () - COERWZGHL 10wf w | CO! 153" 10988 () - 100B& () - 215 |
"109B& ()- s 109B& ()-| Y409 ()- 10w i -30w| W 2Zi } ~2HL 10w W ! Cs| 109B& () -
@" 10988 () - BlO‘%B&'()-'n(lO%BB&'() 31 HI( 1098B& () - 3F109%8& () -1 A~ Xpz[ <HL
10w | 151098 ()2 10988 ()-1 - - 1090 BrBE () o OB () -1 &O(F(109% B

BE ()1 V- 1" L0YPBPBE () - p* bCow|AhaEereumegnstc (ARMREIayST: Foq 00! () -2 108 108
10Bf : 109B& ()-9 109B& ()- *Ri dEbCOW W ! &10%& ()- , L0%& ()-

L 10% () - FY10%&' ()- L10% ()-

S109%& () - 30pDdBbCOW| W] ! | y'S) 109" a1ipaiehelopA) inmiedzla pegidiaoent to said AFM layer,

7% 098! <=>dE:/ 10 10S:
y(1)9/é@(§ ) 9?/3(1)%' (§ ) %’55‘9 %ﬁf%%%ﬁeﬁl%—‘?eiﬁ@)&p‘(‘ﬁmg’31 109&' ()--109%& ()- >?NS/fxY:/

10y nl0% & ()- "10% & ()- yS10% & ()-3MLO% & ()-3& 10% & ()- 3‘%? 10% & ()-m
101 PAE: / 10yS10% & ()-L 10% & ()-4f&10% & () - 10% & ()- | 10% & () -
F 10% & ()- =xdE:/ 10y, f, 10% & L5t exrom%qggc@gyer adjacent to said AFM layer;

a second ferromagnetic layer; and

an antiparallel coupling (APC) layer disposed between said

first ferromagnetic layer and said second ferromagnetic layer;
a ferromagnetic free layer comprising:
a third ferromagnetic layer;

a fourth ferromagnetic layer of material having an electrical

resistivity greater than 400 pohm-cm; and

an APC layer disposed between said third and fourth
ferromagnetic layers; and

a spacer layer of nonmagnetic electrically conductive material
disposed between said second ferromagnetic layer and said third ferromagnetic

layer; and

an insulation layer disposed between the second shield layer of the

read head and the first pole piece layer of the write head,;

an actuator for moving said magnetic read/write head across the
magnetic disk so that the read/write head may access different regions of the

magnetic recording disk; and

a recording channel coupled electrically to the write head for

magnetically recording data on the magnetic recording disk and to the SV sensor
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37. A disk drive system comprising:

a write head including:

at least one coil layer and an insulation stack, the coil layer being

embedded in the insulation stack;

AN
i

first and second pole piece layers connected at a back gap and
having pole tips with edges forming a portion of an air bearing surface (ABS);
the insulation stack being sandwiched between the first and second pole piece

layers and

a write gap layer sandwiched between the pole tips of the first and

second pole piece layers and forming a portion of the ABS;

a read head including:

a spin valve (SV) magnetoresistive sensor disposed between first and

second shield layers, the SV magnetoresistive sensor comprising:

an antiferromagnetic (AFM) layer;

an antiparallel (AP)-pinned layer adjacent to said AFM layer, said

AP-pinned layer comprising;

a first ferromagnetic layer adjacent to said AFM layer;

a second ferromagnetic layer; and
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an AP-coupled free layer comprising;
a third ferromagnetic layer;

a fourth ferromagnetic layer of high electrical resistivity material
made of Co-Fe-Hf-O; and

an APC layer disposed between said third and fourth

ferromagnetic layers; and

a spacer layer of nonmagnetic electrically conductive material
disposed between said second ferromagnetic layer and said third ferromagnetic

layer; and

an insulation layer disposed between the second shield layer of the

read head and the first pole piece layer of the write head.

38. The disk drive system as recited in claim 36 wherein said third ferromagnetic

layer is made of Co-Fe.

39. The SV magnetoresistive sensor as recited in claim 36 wherein said third
ferromagnetic layer is made of Co,-Fey, in atomic percent, where 70% < a < 95%,
5% <b <30%, and a + b = 100%.

40. The disk drive system as recited in claim 37 wherein said fourth ferromagnetic
layer of Co-Fe-Hf-O has a composition of (Cogo-Feyg)so-Hfjg-030 in atomic

percent.

41. The disk drive system as recited in claim 37 wherein said fourth ferromagnetic
layer of Co-Fe-Hf-O has a composition of (Coy-Fep)-Hf,-O, in atomic percent,
where 40% < x < 70%, 5% < Y £25%, 20% <z < 40%, 70% < a < 95%, 5% < b
<30%,x+y+z=100% and a + b = 100%.
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44, The magnetic read/write head as recited in claim 36 wherein said spacer layer is

made of copper (Cu).



