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; e3ebUPPQ S@ Sl T6UTbUbl < ENHANCED SPI N- VALVE SENSOR W TH ENG NEERED
OVERLAYER BACKGROUND OF THE I NVENTION 1. Field of the Invention The present
invention relates to magnetoresistive sensors for reading nagnetically
recorded information fromdata storage nedia, and particularly to spin

val ve read sensors for direct access storage device (DAS

Description of the Prior Art By way of background, spin ammmmlmmwm al so
known as gi ant nagnetoresistive (GWR) sensors, are commonly ug&gei N read
heads for magnetic medi a- based DASD systens, such as disk drives. A spin
val ve s Il -.el ' ' [ ces_a variable

vol tagee%ﬁﬁﬁ\\ﬁé@lﬁS?@?g@%&ﬁ%&hﬂfﬁmgﬁngﬁ an adj acent
magneti c storage nmedium As illustrated in Fig. 1, a conventional spin

val ve device is forned by first and second ferromagnetic |ayers,
hereinafter referred to as a "pinned" |layer and a "free" |ayer, separated
by an electrically conductive spacer layer. In a disk drive, these |ayers
are oriented so that one edge of the |layer stack faces an adjacent disk
surface,p} gﬁ‘ﬁ | @4, and so that the |layer planes of the
stack ar%AgIé?}ggfr)\ |cu?g?q¥%wgﬁ2?§¥ surface. The magnetic nonment (ML) of
the pinned | aver, | iented at an angle 8, that is perpendicular to the
di sk sur 'acea%glfié).f,%heg{fv@t%). It is sonetimes referred to as the
"transverse" magnetic nonent of the sensor. The magnetic nonent M1 is
subst ant i al | yTlisi pigsent sioventign tefatesi tol magnetomssisties serders fdrereadiff unagmetiadilyt he
di sk's magnetic domains. -1 Pinning is typically achieved by way of
exchangerecordéd infigimiation Jronn davdseraitt madib, il FRHRNAH] 1oCspih DRVE JeddéRlors Fite
magneti c nonent (MZ) of the free layer has a zero 'bias point orientation 62
that is I f i. e, 62 =0). It is sonetines
referrecfg%gﬁléclg@tsﬁéoqaéergﬁéﬁeﬁgﬁﬁy)'sgﬁgﬁéeti c nonent of the sensor. The
magneti G, no t Me.is ee to,rotate in positive and negative directions
relativet onﬁﬂeé%%tﬂ%’ ‘b‘{tégs’ﬂﬁ'i‘ﬁ{t posi tion when influenced by positive and
negati ve magneti c domai ns recorded on the disk surface. In a digital
recordi ng scHinway efhackgrohnd, spinyatyesensats, elso kngwehs giastomagnetoresistive §GRIR) t 0
digital "1 s" and "Gs." The zero bias point is the position of the free

layer megnsets, aretomemtinMieifiertad heads & 9fignétic hbdid baed THESIN systdrRd, Sudnd e
external magnetic fields are present. Electrical |eads are positioned to

make el } : I i e rSq.ln | P
(Qurrent e e PR Elnstih o clital AR ErREESH varBHE Ruaetodipll
arranged_so thai el ecE.ri cgl Cﬁxr r.ent passes throu%h t he sensor stack in a
cross- t PAIRPYISE K mpgietip Gpid fluctuationsiqnean adiacent magpelic sigragaraedipne lAs iljwsiated
sense cyrrent is applied by the | eads, a readback signal is generated in
the dri vl Fig deasenyegtiena spintvajvedevias is formefl ydirsiomdaseceriveferrosiagnaticdayers,
changes that result when the free | ayer nmagnetic nonment M2 rotates relative
to the piereneficl agferredragretd Cpimmedniaydvhandng efret’heayen)f depened & ah Medh@sayded
magneti ¢ domai ns. These resi stance changes are due to increases/decreases
in the sBhd . - 31N G f : ' t
pacer o ey ah AR, YRR ST AR Mierkdibed MLAULANEE of lelfr
nmonment .el atkve to the magneti.c nonent of the pinned | ayer.
Resi st a%é"f( ?éscg% %iv%s}?ceﬁi@ﬁk ?‘Hga"?’rlaé 051‘%8' £ ﬂ'é%ct’loayaé’i’xl. Sﬁﬁé‘ﬁé}t“i lysraiangs J%P e
par al | el tg each other (i.e., 6z = 90%r and hi ghest when the magnetic
moment s SHCK aEgRarpendiquiasito the disk surface. Thoynagmetic memientc@Bi)@fited pinnehalyémisi s
as follows: -2 DR oc cos (8, - AZ) oc sin (Z. The OR resi stance changes
cause paoriented at amarfdle6 ethaes peipendianler forthe dskedriace (1.826, SI90PRIT8 s doinetifnes
inportant that a spin valve sensor exhibits high GWR effect ratio (i.e., a
hi gh ratg 8l b [ cay,of . Sensor .a
FUnCt] o o B e TIBRER ool B8 sBhE" I8 mdglB R 78 8
onstruct the free layer so that

itivigy, It is |ikew s i rapl
e B bdensifiy pBprt eg el o RitrainSt (e Gtlistos ot ik seraentad dqmains.
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As the areal density in magnetic recording increases, it is necessary to
reduce the magnetic thickness of both the recordi ng nmedium and the free

| ayer of the sensor. The magnetic thickness of a material is given by the
product of the remanent magnetic nonment density (M) and physical thickness
(t) of the material, and is comonly expressed as M*t. The conventi onal
approach to decreasing the free |layer magnetic thickness in a spin valve
sensor is to decrease the free layer's physical thickness, e.g., from30 ~
to 25 ~ or below Unfortunately, reducing the free |layer's physical

t hi ckness. tends, t o (ecrease sensor_sensitivity by reducing its GWR ratio
and caus 'ﬁ‘@‘nﬁr‘%@m%ﬂﬁ PRIy R G fex rlamee sowpling Hsingnadinsentiantiferropyagnetic
approach to inproving the performance of spin valve sensors with thin free
| ayer s ipinaingdpien Thé maghetiasoment (M) vithe lfirea 14yt had B3e@6 btk poir®lbti¥ntation 6,

el ectrically conductive and non-magnetic material, typically copper (Cu),
i's inser 3 f Jd@yer ; I s I xi.de).. cap
ayer, WEHePRAER AQRSERRRRE (2. 9 S P Tl Pt BRI e Rbhiitine?
undesi r abl lecreases. ccordinq%g, a need exists for a GWR sensor

conf i gur BAENHC XReRt P fhe senser 4 The magnelicmomegh Mo is frasi tokiotate i positive anded
in order to acconmpdate increased areal data densities while nmaintaining

hi gh sengegetiGvirections relative tonthe cete Hian ggirtt i positioa gridnosifluended by positivecarfd ee
| ayer. -3 What is required in particular is a GVWR sensor having a free

| ayer Wi fidgatles rRasalt doMRS teeotddll GHNAS YiskN\rfabDr ﬁi’@Qﬁ??a'i‘%écto?dih%&H@:ﬁ R
havi ng to decrease free | ayer physical thickness and thereby negatively

i t ' . f . 0St i Gl iGN~ S RY OF TH
| ENT! RO B oot theBlc doffirs e EgSARTU AL € e T dehe s poi
i or nat e BT Secrag draaBehc/mPmEBg e ROEN A SaTQHY Ieieseentetaound

therefor. The sensor includes a ferromagnetic free layer and a
f er r omagheesternph magngtic figkls ageaprdseinthi ng an el ectrically conductive spacer
| ayer. An engi neered overlayer is formed on the free |layer to decrease free

| ayer magnet i EletthicslKais Srefdsiioubd foarlalel dMbudaY Shiftadt withi (R PRR&d, ﬂ@g'{’f@ séﬁlk&ows

hi gh sensor GVR rati o and nore negative magnetostriction in the ayer.

Incn)n-e)é Fggl%?‘fr%'aﬁq;éﬁj ﬂ@l‘i’xteﬁt-ﬂlf-Pltaﬂa sb{ﬁvxgarﬂx;é Rhsor! DSn8YETA Y, g 18P zrlr%ta?r%}lée\ée’
so that electrical current passes through the sensor stack in a cross-track direction parallel to the
layer planes of the stack. When a sense current is applied by the leads, a readback signal is
generated in the drive processing circuitry which is a function of the resistance changes that result
when the free layer magnetic moment M rotates relative to the pinned layer magnetic moment
M, under the influence of the recorded magnetic domains. These resistance changes are due to
increases/decreases in the spin-dependent scattering of electrons at the interfaces of the spacer
layer and the free and pinned layers as the free layer’s magnetic moment M, rotates relative to the
magnetic moment M, of the pinned layer. Resistance is lowest when the free and pinned layer
magnetic moments are parallel to each other (i.e., 8, = 90°) and highest when the magnetic

moments are antiparallel (i.e., 62 =-90°). The applicable relationship is as follows:
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conducting structure that defines a sharp non-diffuse interface with the
free layer, pronotes elastic scattering or spin-dependent reflection of
sense current electrons with consequent nai ntenance of GWR effect, and

m nim zes sense current shunting away fromthe ferromagnetic (and spacer)

| ayers. The overl ayer preferably conprises a netal oxide, such as a
material selected fromthe group consisting of alum num oxide, tantal um
oxide or other transition nmetal oxides such as zirconium oxide, titanium
oxi de, hafnium oxide, etc., and nmagnesi um oxi de. The overl ayer can be
formed by any suitable 8hychaI vapor deposition process, such as ion beam
deposi ti on orARsgyeRstPonYasusindei Ahe ARjresistonsecrinngss cansetpotentiat diffecamagscthaint
of the overlayer being perfornmed according to design preferences. The free
| ayer negoptdcesseliascioagsignaiBy range from approximately -4 35 - 26 ~ or

bel ow. The desired magnetic thickness is preferably achieved while

mai ntai ning t . '  ratd. Q. . iLately. 13115% and
the free Iayé@ﬁgﬁﬁggﬁggﬁgtr 8??%?%Pﬁﬁég?gﬁ§§ﬁ%?&%§g?@%ﬁﬁa éﬁ?’%éﬁ@rig)&g X
10-6. The inventi.on further .contenpl ates netgﬁgs_for fabrjcating GVR .
sensors YARE° BicYARGTde F@deﬁﬁfé‘i‘qeéi}gbe 8598 2 dnating of ppappligdapagngtic figdd) ings
magneti ¢ heads and disk drives incorporating such sensors. BRI EF

DESCRI PTOrdet topravifie mRavniacsensisivitsr Bgslikeyvissdesirablerto termtructahe fiecl layevsarthatges
of the invention will be apparent fromthe follow ng nore particul ar

descri ptit exhibits Un@btied ReadvdAMERROSISCtUN foPRighBMBNHty.0n, as illustrated in
t he acconpanying Drawing, in ich: Fig. 1 1s a perspective view showi ng a

. I . . RS o e . . .
hovi ng the i at B PReldoHRV R ERSE oot iferkBelicH AEeBuRNE PRl Hellitic o
constructed i noggg rdance with the&% sent i nvegéi on;, Fig. 3 is a_plan view

of the dfikngsofRotiihasegordhg ngdium edreglaysr ¢ W@Fo%m'ﬂ]eﬁf‘@’ﬁ’d? Byckness

read/wite transducer for use in the disk drive of Fig. 2; Fig. 5 is a side

el evat i o¥fa materalingiverny the araslicioditheoerm@inent maignetic moment density (Mr) and physical
thickness (t) of the material, and is commonly expressed as Mr*t. The conventional approach to
decreasing the free layer magnetic thickness in a spin valve sensor is to decrease the free layer’s

physical thickness, e.g., from 30 A to 25 A or below. Unfortunately, reducing the free layer’s

physical thickness tends to decrease sensor sensitivity by reducing its GMR ratio and causing free

layer magnetostriction to become more positive.
One approach to improving the performance of spin valve sensors with thin free layers is
a “spin filter” design, in which a thin layer of highly electrically conductive and non-magnetic
material, typically copper (Cu), is inserted between the sensor free layer and its (preferably oxide)
cap layer. With this design, however, the spin valve sheet resistance undesirably decreases.
Accordingly, a need exists for a GMR sensor configuration wherein decreased free layer
magnetic thickness is achieved in order to accommodate increased areal data densities while

maintaining high sensor GMR ratio and controlled negative magnetostriction in the free layer.
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Fig. 6 is a cross-sectional view taken along line 6-6 in Fig. 4, Fig. 7 1is
an ABS view of the transducer of Fig. 3 taken in the direction of arrows
7-7 in Fig. 6, -5 Fig. 8 is a detailed ABS view of an exenpl ary

enbodi ment of a GWR spin val ve sensor constructed in accordance with the
invention; Fig. 9 is a flow diagram show ng an exenplary method for
fabricating GWR spin val ve sensors in accordance with the invention; Fig.
10 is a graph showing free |layer nagnetic thickness as a function of

oxi dati on used during overlayer formation; Fig. 11 is a graph showi ng GWR
rati o as functiqn of free |ayer nagnetic thicknpess; and Fig. 12 is a

gr aph shoWhAyS FegHtedde particilag s QQMRst’h’-’(S’F ihaving froeclayerayith deergased magnetic

t hi ckness. DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS Turni ng now to the
fi gures thidkneds aad émpwived esity withotithavirgd te)decreher feserlaydriphysief] ehiehess and
nunerals represent |ike elements in all of the several views, Figs. 2 and 3

111 ust r%@re%?n@@‘a‘ﬁ%ﬂyﬁﬁ%a&'séx'fsogm r&id Al frdeNGRr §ﬁ£t%§m@ @E/R spin val ve

sensor having an engi neered overl ayer I n accordan W th e invention.

Note that the n greatly sinplified schematic form

with only thogmﬁ&wéﬁtﬁ%mﬁgﬁgkt hat are necessary for an

under st andi ng_of the invention being represented. As to these illustrated
conponent s, | IhsioEgomgEohleEe agsoky é‘? anghan agdyvancgrie thegtis ebiained byiamonet GMR

unl ess ot hervvl se indicated below The disk drive 2 conventionally includes
a base cseasorrfgr gensingendgneticadlly wedondod informutier os widarlBteragainediual, togstlepwath 5
is renovably nounted thereto via a hernetic seal (not shown). The base

casting AbA&HIBA Mcthdds GRAMEN! '
associ ated drive spi rsldl e 8. %@g@%spf\@gﬁggfﬁéﬁﬁoﬁﬁgggicﬁg%eqafb'g\étl&'gf maﬁnetf

for hi gh inR&E ﬁilyérosta w1cﬂ1ntgha%re?ectttiglally-lc-:rcl)gdlgctlvlé spéLc%r layer. An engineered overlayer is

formed on the free layer to decrease free layer magnetic thickness without reducing physical
thickness, which allows high sensor GMR ratio and more negative magnetostriction in the free
layer.

In exemplary embodiments of the invention, the overlayer is a protective, non-electrically
conducting structure that defines a sharp non-diffuse interface with the free layer, promotes elastic
scattering or spin-dependent reflection of sense current electrons with consequent maintenance
of GMR effect, and minimizes sense current shunting away from the ferromagnetic (and spacer)
layers. The overlayer preferably comprises a metal oxide, such as a material selected from the
group consisting of aluminum oxide, tantalum oxide or other transition metal oxides such as
zirconium oxide, titanium oxide, hafnium oxide, etc., and magnesium oxide. The overlayer can
be formed by any suitable physical vapor deposition process, such as ion beam deposition or
magnetron sputtering, with oxidation of the metal component of the overlayer being performed

according to design preferences. The free layer magnetic thickness may range from approximately
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forma spaced vertically stacked disk platter arrangenent. Each disk 10 is
conventionally fornmed -6 froman alum num or glass substrate with
appropriate coatings being applied thereto such that at |east one, and
preferably both, of the upper and | ower surfaces of the disks are
magneti cal |l y encodabl e and aerodynam cally configured for high speed
interaction with a read/ wite transducer (described below). Data access to
the di sk surfaces is achieved with the aid of an actuator 12 that is
nounted for rotation about a stationary pivot shaft 14. The actuator 12

i ncl udes t. of rigigQ actuator arng.16 that respectively carry either one
or two f?ék?@t&eoré’ﬁgob‘g nﬂ?ecff‘? 1re?§n§g@gg§]1%’<pe§)1§ p@&éﬂoq% pcdvicyed wdple mepintainmg the o
slider 20 and a transducer 22 that are positioned to interact with an
associ at &nsell seMRuratiadn a range o spproxinmptelih &34 6 Ured ubefreslayatomagmegpstriation in

The sliders 20 are aerodynam cally designed so that when the disks 10 are

r ot at ed atmeefap‘;ir@ﬂﬁiat@jb@ﬁd,toaJZx'iiO'ﬁ,beari ng devel ops between each slider
and its associated disk surface. The air bearing is very thin (typically
0.05 wm so t : : c § b} qn cl proximty to
the recordi ngl??réééllt‘ %ﬁtlﬁﬁ ?gﬁgéefnﬁngerﬁ a@%i?%égﬁczdgi *09 %?%?au% @@ﬁzprs%sioﬁseﬂl 1%0?‘“

pi voting the actuator 1?. This pot|on sweeps the actuator arnms 16 and their
sl i der - cEEREeHY VRIBuss fosmed o @érﬁlé‘?f‘alab’?’ RAdvell pS magpefic heads andsdil wdrives
surfaces of the disks 10, allow ng the transducers 22 to be positioned from
one concexerporatiggisuch seasdest o anot her during seek, settle and track

follow ng operations of the drive 2. As described in nore detail bel ow,

each transducBRIRRDESCRIPTION WRTHE Isiexingsd hat i ncl udes a magnetic wite
head and a GVR spin val ve sensor read head constructed in accordance with

the invention J: ]Eﬂg r I he read d portian of
each tr ansducztrlg%egdll?ﬁ% a{l%r flga{sﬂntﬁ)e%1 g%(gé@égta%% Q%Péb@lgg@% %’ﬂgﬁ%?@ab%}“ PBlnaI
anplificati and processing cirguitry (not shown) that i s conventionally
| ocat ed 'jjl‘ﬁ f g’e‘fin%E@EFa%‘iwuéﬁI%P%Ptl%@r nr%f(aa erRbadiyggnts of thy invenien, peillustrated
custoner data or transducer position control information depending on
whet her HHhe aeompanying Praveiag, insvhidadi ng from a customer data region or a
servo region on one of the disks 10. The readback signals are sent to the

drive control Figl 1 25 perspeeive/ eiblvisaoming ao&fiondt G $hih $akes&isded on the
disks 10 by the wite head portion of each transducer 22. This data is

provi ded by it : i g 1 the contraller
during data ﬁ%ﬁ%lsﬁ%a§%%9§ﬁ¥&%ﬁ0%@ %gp‘g&goltrg%g?}sgkéirﬁ Y HECIROEUE at@éﬂ{
whi chever .write head is actjvel gcg\grl ti n%tgat a. The active wite head then
records PR VHSE FESORConRtuGied i Actudangs i the grssentiavenligiesent i ng di gi t al
information to be stored onto the recording nmedium Turning now to Figs.
4-7, an exenpligr§isonelapviennef the disk driepFig22i s shown as including a
transducer wite head portion 26 and a transducer read head portion 28. In
Figs. 4-6, thEigt4 sngdaceew2? an intshisiedroad/ weié ighstiaqep &t usé indBle Uk WALEvAFIgai
bearing surface (ABS) where the transducer nagnetically interacts wththe
adj acentprotating disk surface. The ABS 29 is spaced fromthe disk surface
during drive operations by virtue of the above-described air bearing. Fig.

7 depicts theotransducer, 22. fromthe vantage point of the disk surface,
| ooki ng towa‘rslgfgt L apde gy %I?H%] W‘?’Pgﬂ}é%s‘g‘@e@%‘tﬁ%n@i onal Iy includes a
first insulative [ayer 30 (commpnly referred to as "lI1 ") supporting a
second i nsul abigv@1s &grass-sotionad wiewripken alorg ine6-6dn Hig. 41 2") that carries

plural inductive coil loops 34. A third insulative layer 35 (commonly
referred to akig'7 &'dn ABS vimv of the transducer of Fig. 3 taken in the direction of arrows 7-7 in

Fig. 6,



formed above the coil |oops 34 for planarizing the wite head 26 to
elimnate ripples in the 12 insulative |layer 32 caused by the coil | oops.
The coil loops 34 inductively drive first and second pole pieces 36 and 38
that formthe yoke portion of the wite head 26. The pole pieces 36 and 38
_g_ respectively extend froma back gap 39 to pole tips 36a and 38a

| ocated at the ABS 29. An insulative gap |ayer 40 (commonly referred to as
"G3) is sandwi ched between the pole pieces 36 and 38 to provide a magnetic
wite gap at the pole tips 36a and 38a. Note that the pole piece 36 is

commonly refefrred.to.as.a "P. 1" pole piece. The pol e piece 38 may be
referr eé to as'®a -1q;a2detg}e%--49gs er%gﬁeé&’é‘p@@b@ﬁm(ﬁ@eﬁwfm@%w@e $60501382a
is formed. It is labeled as "P2" in Fig. 5. During data wite operations,
el ect ri cednstruetedin acoarsigncegvitintheugventiomai r of el ectrical leads E 1 and E2 to
the coil |oops 34 generates a magnetic field that induces a magnetic fl ux

in the P 1 anpigPgid @ﬂ@fv&iﬁé’g@mﬁ@ﬂo@ﬁF eaAt%ix%{g 8 hBth6d For Bboriddfing GMR][!s?Id Valdd UX

propagates fromthe yoke to the po a and 38a, where it i nges

across t 4 h 29. This causes nagnetic donains to be
f or med o%ggﬁég%%&%ggﬁfgvgég%ﬂﬁwgﬁgﬁrface of one of the disks 10. The

orientation of each recorded nmagnetic donmain i s dependent on the
magnet i zat i onf'& FRi5t3 Faphshoviae fee layermagnstie thickness a fypetion ofipxidationjuged
determ ned by the direction of the electrical current passing through the
coi | | oofwrigoveRayer faimmgionhe coil's electrical current reverses the
magneti zation direction of the pole tips 36a and 38a, and consequently

reverses the pigl enisaldraph SowhklEGREatib 86 R TRHoNBIREL l.a9er41%%ieﬁ'c thldknSss; and

magneti zati on reversal process is used to encode data” on the recording

di h d i dasul atd ve. I 42 .44
The ABS 200 Wil 12 X% shoF e BElnt AR s Aol 9P sk e RO ickieRhg,
acent di sk surface. The ga | ayers 42 and 44 are commnITy referred to as
"a" and o DEIALERRESCRIPTION QR RREFERBEDEMRARIMENTSst nagnet i ¢ shi el d

| ayer 46 (commonly referred to as an "S 1" shield) and second nmagnetic
shield | ayer T@émimgmwid therfeguessr(adhichera sotameceSatilyshisedld), whereis tike refagsh@gns,
including that of Fig. 5 the -9
numerals represent like elements in all of the several views, Figs. 2 and 3 illustrate an exemplary
disk drive 2 that incorporates a GMR spin valve sensor having an engineered overlayer in
accordance with the invention. Note that the disk drive 2 is shown in greatly simplified schematic
form, with only those construction details that are necessary for an understanding of the invention
being represented. As to these illustrated components, it should be understood that all are
conventional in nature unless otherwise indicated below.
The disk drive 2 conventionally includes a base casting 4 made from aluminum or other
suitable material. A cover S is removably mounted thereto via a hermetic seal (not shown). The
base casting 4 supports a conventional spindle drive motor 6 having an associated drive spindle

8. The drive spindle 8 carries a set of disks 10 for high speed rotation therewith. The disks 10

form a spaced vertically stacked disk platter arrangement. Each disk 10 is conventionally formed
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S2 shield layer 48 also provides the P 1 pole piece 36. The P 1 shield

| ayer 46 is conventionally forned over. the slider 20, which is only
partially shown in Figs. 5 and 6 for clarity. Turning nowto Fig. 8, the
read head 28 is shown to conprise a GWR spin val ve sensor 50 that is
constructed in accordance with a preferred enbodi nent of the invention. As
in the case of Fig. 7, the viewof Fig. 8 is taken on a plane that is
parallel to the ABS 29. The "x" axis in Fig. 8 represents the radial track
width direction of a concentric track on the adjacent disk surface. The "y"
axis in Fig. 8 represents the circunferential centerline direction of a
concent r fremiapadumignmeqsglags sybstraty avithapproprigtecoptings deing appliedihersts suoh that at
poi nting perpendicularly into the disk surface. It will be seen in Fig. 8

that t heleastrnme; arflprefesabiy bbihp be theaippet ahd ldvay sufaded D the BiskaBdnesiRHcally
between the S 1 and GL | ayers 46 and 42 on one side, and the S2 and &

| ayers 4 4 : | g | ] I r s 52
and 54 arisoune el aylonlcohiiElFed forhl epll lefiibh Wi o A Bl ol
according to.a,ClP orientation. The sensor SO is inplenented as a

"bot t om ﬁ%megg%W“galve sensor. It thus begins with a ferromagnetic pinned
(P) layer 56 whose nagneti zation direction is fixed perpendicular to the

pl ane of Fi g.D&a apgeshiputhbrdisk surficanis dchiexedrwitithe aidl of abactmatof 1 thahsdnounted
exanple, by formng it with very high positive nagnetostriction and very

| ar ge cofeprastionabostd £aRNLPoL shatdl 4! OTIRXdchiaton 32 iRAIHRE 8 5& BF righi Adtua®r BRAKNS
an i npl enentation wherein the pinned |ayer 56 is externally pinned by an

opt i onal | @fh xfegﬂeﬁf?‘f%g i tﬁh& 190r B8 RENBIE! sBYRhsioRs 18T€§e @%gﬁl} Mch %ﬁ%ns?ozl I s

[
deposited to a ‘sul ness on one or "‘nore conven al~"see ayers

that are, fornmed on.fop.of the | ayer 42. The pinning |ayer 58 can be
mde ©r b BIPEOTHARIdRA0 Gt Bopeiodap (e Apor Tioaribablemal Wb an irjorisiy! Aok

i ridiummanganese (Ir-M), or any other suitable antiferronmagnetic nateri al
t hat is ©ulsadlreprgsenting angansdiieesismecordiog nmadiwna Jhetsliders@0are atrodynaniieally

pi nned | ayer 56. The pinned | ayer 56 can be inplenented in conventi onal
fashi on dsignedisoghs Winethe idibkal10Yard 20th1d@ 20 BFraBGIEspdd! bR Rirdidafifg deVblol as
plural sub-layers ideally having parallel and anti-parallel magnetization
directi of\Swedd : : I . f. | . W he
pi nned |aye?§%%”%§P%g% oﬁﬁgﬁﬁggﬁgfgﬂﬁﬁﬁ&ggf?@i%ﬁéﬁﬁﬁgﬁg?Hgg%hgﬁmg%%gpéﬁiron
(CoFe), a_secan ubl ayer 5 of rutheni.um (Ru), .and a fhird subl ayer 56c
o cobal F7 56 T4 i Byio05tsus 02 40 PAYGtEd i S10s6 AREEGRY (@ e excoris I nd

| ayer 58 at suitable thicknesses. The magnetic nmoment of the first sublayer
56a is straxentipnal veiceeaibinotos 2t isprayidash faripiyasingtthe aotuator He Phianmtioh sWeeps 8.
The magnetic nonment of the third sublayer 56¢c is shown by the arrowhead
60b, whithb gotiatdrsarmt160find Heipslates catyihg gusp%nsia'llfbelxr?ﬁ@hl'ljz ridiABN b&rof theand

e

60b are thus antiparallel to each other and orient general ly
per pendi eideafivd Quititds DEMR: ARKS 40 AfRyih BR tﬁﬁsd?@&s ?9”(%056 ?Qsitfi@tﬁdslfré’lhe e Lhe
pi nned | ayer 56 will have its magnetic nonent fixed by Intertacial exchange

coupl i ng. w . i.nnjn aver .58. .The .magneti.zation direction f. the
o ned Peafiebtet 86t BOF o oudY lrintties AR o Bl ecing b S8 s ng
| ayer 58 to prevent rotation thereof in the presence of relatively small
ext er nal magn@s fescriped ip gore detail balow rach fransdecep 22 isnadategipteddgries thef inendésns
recorded on the adjacent disk surface. A spacer |layer 62 is fornmed on top
of the pimaguktic awrae héad aad a&sMRispmblalvetstnsokredé hexli donstfucaad in accordance with the
invention. Data is read from the disks 10 by the read head portion of each transducer 22. This

data is processed into readback signals by signal amplification and processing circuitry (not

shown) that is conventionally located on each actuator arm 16. The readback signals carry either
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el ectrically conductive, non-ferromagnetic material, such as Cu. The
sensor's free layer 64 is forned above the spacer |ayer 62. The free |ayer
64 can be made by covering the spacer |layer 62 with a single |layer of Co,
Co-Fe, Ni-Fe or other suitable -11 ferromagnetic material grown to a

sui tabl e thickness. In an alternative configuration, the free | ayer 64 can
be formed frommultiple |ayers, such as a bilayer structure conprising a
bott om subl ayer of Co-Fe and a top sublayer of Ni-Fe, or a trilayer
structure conprising a bottom subl ayer of Co-Fe, a mddle sublayer of N -Fe
and a top sublayer of Co-Fe. The arrow 66 in Fig. 8 shows the preferred
zero bi axistoyiasdateeyiansduger pasitiinreoptrpbinfasmatiore dé¢neading mpevheasier wheeactivh ecad
sensor SOis in a quiescent state with no magnetic field incursions from
the adj amadtis eadlingsfismac eustoher dmpRgidnZat 4 sdtvelirégied bR Gfithe @lskE 20ALIMS
stabilized in suitable fashion, as by incorporating hard biasing regions

(not sh [Rape: i

et on agtebE pipadls W 3EncRo U Saurflf 28 of o o BrioBlee” b R
be conventjonall ored .of ferromagnetic materi ith relatively high
magnet i corb%’g :&5[1(‘3?(9 iby(ﬂF?v‘j"f’ estlf’éﬁ pgeiop i gpgh Wé‘l’ﬁe{l -p%&sidr‘}t?fﬁ proyedadiby Wi

al l oys thereof. An engineered, protective, electrically non-conducting
over | ayetatisggnals thet ane genarateth by sherdoatrellaf2Stdueing deta writy eper@donsn Tirederitetdata
reduce free |l ayer magnetic thickness while preserving high GWR ratio and

negat i vesigriabeart dylBerdting MHichobéri virite BBad i3 BEHVRIAK HENEdatd STheSachy € lveitiRlaY tifon
nmetal oxide | ayer conprising alum num oxi de, tantal um oxide or other

transitiQp Aeka! LO8SH S [k ARLMAA OX] i reonit [, de, L_Lm
ot do, - & eord iR porti R Ritalh (hableh BbEE ik Ron e B AR 1o HERGHY;
t he overl| r 68 range fromapproximately 10 - 80 ~. As so constructed,
t he oveﬁpﬁ§§Pr§§”5@%f?éhéhﬂ |y stable and will forma sharp non-diffuse
interface with the free |ayer 64 that pronotes elastic scattering or

spi n- dependenturnmg|negt fodigo #-% ensxenplaryeme of thedtanstmersi 22hs sloovereepianiuding

mai nt enance of GWR effect and with m nimal shunting of sense current away

from thea fransdosergnetel ead PotichP26 8hd a ltA¥SuSeOfead MBad F@ﬁi@h-z& 1% Figdhgse, the
overl ayer 68 can be forned using a suitable physical vapor deposition

techniq ' . i{] r ron.. ri i

1 ust rarmeRUEr 28 T uRARARAERBRLS MR Bl oR ARG REHRE AL AR Mk fs o
this nethod, the free layer 64 is formed in a process st 8Q_ usi ng

convent i t&?ﬁ@“%ﬁﬁﬁ‘?e&ﬁ&?’ X’%ﬁa& %{Hﬁél? adj ar‘f@ntdﬁ?@FngQ@ SEiaaces %ﬁé}ﬁ%ﬁu £2u sereedop

of the free layer 64 using the desired physical vapor deposition technique.
By way dfomthmgislesurfasn dyargridepensiatioonbyruirtusef theebovg-tiescribebair boteingatFigrs t o
bonmbard at | ow pressure (e.g., 0.1 mlorr) a netal target conprising the
desi r ed hedpidts tife ttaneduree?? &yerthe Santdgeepdintrofgied digk OReical lookinpkdwarbehe ABS
performed in the presence of a suitable oxidizing mxture introduced at a
sui tabl ggrass flow rate to oxidize the netal target. An exenplary oxidizing
m xture is 80% argon/ 20% oxygen. An exenplary mass flow rate of this

oxidizing m re.jsg 12-22 sccm (st an d cubi.c nt | met er mnyte).
The for egoi ngﬁ%x‘iv %ﬁeg%Z%gc?rgfﬁB %q{a@y Hg\ﬂgeﬁggﬁt%f%t} Ve lflyﬁli ﬁ@?@@‘%ﬁf&ﬁf&%
the free layer 64 as a result of excessive oxidation while maintaining

suf fi ci 8Atas okl Y §URRoKting? prcond nsulgtivedayer3d (commanty ssferredvigt asr [N, th&toeprics?2
may al so be perfornmed using nmagnetron sputtering. In that case, a netal
target quugal indiictiyetcod logsidded\ thixdahsubitive hgeo3SicoayemloRfaad tbas tiampanded
with argon (Ar) ions in the presence of a magnetic field at relatively | ow

pressur efofriedabové the cdil 1688 84 for PlhrarioR@ RE weike Mdald! 2608 e‘ﬁﬁ{i;ﬁz{%gﬁ?gleg i §He2

presence of a suitable oxidizing mxture (e.g., 80% argon xygen
X

i ntrodu i I s flow rate to idize the al er,. In step
84, the Cig n lﬁvg Ta e g g % r%gusS d 2y hecoyf g‘f?ﬁs 'etrﬁg c%%ﬁ\? 8?1{’ ‘f B’Hﬁ&f‘@‘? g'gcﬁ{hvgﬁrgyﬂéew ent

t he exchange coupling_between the AFM | ayer 58 and the pinned |ayer 56.
Advant agRobuRieses Spand 38 St fsrehe yoksiportianofAbmwriei head 26 oEkesrolepipcesaduand 38n a
reduction reaction in the free layer 64 that -13 drives excess oxygen
(caused by inadvertent oxidation thereofg. into the overlayer 68, thereby
tending to purify the free layer material. This may inprove the quality of
the interface between the netallic free layer 64 and the insulative
overlayer 68 relative to the spin dependent reflection of sense current

el ectrons. Future spin valve sensors will require free |layer magnetic

t hi cknesses of 25 ~ or bel ow. Advantageously, the overlayer 68 permts
controlled reduction of free | ayer magnetic thickness to these |evels

wi t hout reducing free | ayer physical thickness, thus allow ng the sensor 50
to preserve high GWR ratio and achieve controll ed negative free |ayer

. —yr Y v o oy o ~



As shown by the curve 90 in Fig. 10, as the oxidation m xture (80%
argon/ 20% oxygen) flow rate was varied fromapproximtely 12 to 22 sccm
the free layer magnetic thickness was reduced from approximately 35 to 27
~, in substantially linear fashion, without varying the free |ayer physical
t hi ckness. By extrapolation, it will be seen that nagnetic thicknesses of
25 .~ or less could be achieved by using an 80% ar gon/ 20% oxygen flow rate
of 24 sccmor greater. As further shown in Fig. 11, the GWRratio of the
sensors in the first test group did not decrease as free |ayer magnetic

t hi ckness was r.educed._ Instead, as shown by the curve 100 in Fig. 11, as
the fredeppeglivelngyivad ifrom pibaglh g3 39 e pelsdipg 36r ord 38p desatadaatehs 29.26np,
the sensor GVR ratio stayed relatively flat within a range of approximately
14. 5- 15 mmsul@dyvecgapriayeoha(dommorly referkdd tb as S@8)is shmiwitieddetveeearthapge pictess 36

t hi cknesses of 25 ~ or less could al so be achieved wthout significantly

| over i NGarfdMB th kb 3dO% nRERGR Wi Rap bi HE ble tiPSBEa kil FRANNAE Hat &#gerﬁ&%fs%as e

in GVR ratio observed in sensors of the second test group In

reduction of free Layer ma  C.thickngss s achj eved by reducing free
aver - physPemonfireiiie FPATEL ufod Moo ol e Sre et e Gna ke | Sha
relationghip. Fig. 12 shows that a nore desirable negative magnetostriction
was achi @redotopicedenspding pnthew the pele tinndla igfomedt Hais labaledsem R dn iFig. thhe
second test group throughout the desired free |layer thickness range. In
parti cul Buring éata ewite epetatibniselédtcal tarrah pussirgthfough afpakof ERyeicalTegiRe 1i snd

t hi ckness was decreased from approximtely 34 - 27 |~, the free |ayer

magnet osg3 ik il Mops 38 S atkda Hlagnédfrfiéml tohg%dgéeg 4ind feHehhy irgﬁl%rlﬁaa%ﬁﬁ’?;)reom

slightly negative tO approxi mte - By extrapolation, 1t w

seen that fr I r net.ostri.cti on woul d becone eyen re negatiye,at
free la él}’er?rgg%‘ﬁlgg é%l‘("ﬁ'ég Eégs O s JBABRCNS Mrmgatﬁﬁsﬁgny tgg?@?ﬁt? g‘ﬁp‘%&‘ﬁshe
undesirable increase in -15 magnet ostricti on observed in sensors fromthe
second t40%angr 3Rap Whietenit donges acrash #ha gapr lapercihatithe ABS98r Tty saused magnetic

t hi ckness, as shown by the curve 112 in Fig. 12. Accordingly, a GWR spin
val ve sedmsuains ta bedahddemchnadfhcent decokdini surface dD@rtdiehe disksh Omathb oeisnthtisn of
sensor fabrication, have been discl osed. Advantageously, the conbination of

reduced datRfecord@mdpRBIEadihaih N ddpBERRt ofihg IndNRiZagbh Qir@&gn%?ﬁﬁ:tﬂo‘f@ti s 36a
magnetostriction allows the fabrication of high-performance spi'n valve

sensors Wit full. be jt, framthe high excitati.on.offered by.sensor, f.ree
| ayers t%{gtﬁg’r‘ghlﬁ%gnn@ﬁ fégle {e§m & &p %lﬂi’?(gr e Cly erelgcg %puwﬂquysygﬁﬂg%h te
enbodi ments of the invention have been described, it should be apparent
that mar§PIMaPRs:t4- dreversing the ceil s slectricaksnstsal Teserses the magnasizatiomdissation efthen
accordance with the invention. It is understood, therefore, that the

i nvent i grlé ipndha aml IBa, aml comgequeytly revetsedithe vdembtiomofihe megiaecarded taghdtie
spirit of the appended clains and their equivalents. -16 CLAIMS 1. A

magnet i cdohhdiK. Whis\eaghatiZation fevRpiabprddess I WRACEAcodE itk oh MhAeBE I SHARGR! €d
In

The read head 28 lies between insulative gap layers 42 and 44 at the ABS 29, where it is
influenced by magnetic flux emanating from the adjacent disk surface. The gap layers 42 and 44
are commonly referred to as “G1” and “G2” gap areas, and are sandwiched between a first
magnetic shield layer 46 (commonly referred to as an “S1” shield) and second magnetic shield

layer 48 (commonly referred to as an “S2” shield). In some designs, including that of Fig. 5, the



t he housing, a rotary actuator adapted to position a transducer-carrying
slider above a recording surface of the magnetic di sk, and a GVR sensor
formed as part of the transducer, the sensor being adapted to sense
magnetically recorded information on the recording surface, and conpri sing:
a ferromagnetic free |ayer having a substantially free magnetic nonment; a
ferromagneti c pinned | ayer having a substantially fixed nagnetic nonent
oriented generally perpendicular to said free |ayer magnetic nonent; a
nonmagnetic el ectrically conductive spacer |ayer sandw ched between said

pi nned | ayer and said &ee |ayer; and a protective electrically

non- cond®& shield laxee A8 alseproyidesdheiP1 pels piepped6, ThaiPd shield laxget6 issonyentidnallyed
to reduce free | ayer nagnetic thickness w thout reducing free |ayer

physi cal forded knerae slzler 20,dilsikh thronlepartialiycehonaian Figsb bhd Glféd dharktywher ei n sai d
overl ayer conprises a netal oxide material. -17 3. Adisk drive in

accordance W fhnfddad ef 64 héhdoMEE S RYEE &ﬁ@;' . er ]
selected fromthe %ﬁ% %ﬁ%?’éﬁeﬁgho al lgjrsh numtogm g!s@?é(?}lt@[&n%t%?g%@%seénsor
titaniu ide, zirconium oxide, .hafni ym oxi de and nesi um oxi de, 4. A
i sk it Yot ked SRR et wifl relted moaiien I8k Fasaionc Ak et
met al oxide material formed by physical vapor deposition. 5. A disk drive
i n accorefdigd, thervievepaFig 8 isvipkenenra planedhas eparaliebto tho ABSi 29% The “FBaxik inbig.de
material formed by ion beam deposition or nagnetron sputtering in the

pr esences mapredentathg eatiaxaelewidib idedtion Bf geshceitit tick orbthe AdjdenkKdisk su¢ficé. MThe
accordance with Claim1l wherein said overlayer conprises a netal oxide

mat er i al « ok Ed FY 8 18preBeA e SROR fet fal SnRPlREARR S 8FF cM bR HalRbh AR
bei ng provided

disk. The “z” axis represents the direction pointing perpendicularly into the disk surface.

It will be seen in Fig. 8 that the sensor 50 has multiple materials layers that are sandwiched
between the S1 and G1 layers 46 and 42 on one side, and the S2 and G2 layers 48 and 44 on the
other side. A pair of electrical lead structures 52 and 54 are situated to deliver a sense current “I”
to the sensor 50 according to a CIP orientation.

The sensor 50 is implemented as a “bottom-type” spin valve sensor. It thus begins with
a ferromagnetic pinned (P) layer 56 whose magnetization direction is fixed perpendicular to the
plane of Fig. 8. Although the pinned layer 56 could be self pinned, for example, by forming it
with very high positive magnetostriction and very large compressive stress (according to existing
techniques), Fig. 8 shows an implementation wherein the pinned layer 56 is externally pinned by
an optional antiferromagnetic (AFM) pinning layer 58. The pinning layer 58 is deposited to a
suitable thickness on one or more conventional seed layers that are formed on top of the G1 gap

layer 42. The pinning layer 58 can be made from platinum-manganese (Pt-Mn), nickel-manganese
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by an Ar-20%Z gas m xture delivered at a flow rate of approximtely 12-22
sccm 7. A disk drive in accordance with Claim1l wherein said free | ayer
magneti c thickness is in a range of approximtely 26-35 fir. 8. A disk
drive in accordance with Claim 1l wherein said sensor is a bottomtype

spi n-val ve sensor. -18 9. Adisk drive in accordance with Caim1 wherein
said sensor has a GVRratio in a range of approximately 13-15 percent. 10.
A disk drive in accordance with Claim1 wherein said free | ayer has
negative magnetostriction in a range of approxi mately f2 x 10-6 - zero. 15
A met hod of king a GVR sensor. _conprising: formng a ferromagnetic pinne

| ayer ha(iNhjn @GB@@ -manganesy (riMl oFay ether syitablsantifersomegngtia maseriad that dsl | v
conductive spacer |ayer above said ferronmagnetic pinned |ayer; formng a

f er r omagnatable dfreehdngy brasimgtveefesranmgritieahateda lih theqpimebddayey 66 spacer | ayer;
and formng a protective electrically non-conducting overlayer on said free

llayer, said OV bawed | @ﬂsmcaﬁ%ﬁﬁlgtén{eﬁteaeﬂle&ﬁeﬁﬁ&ﬁl faeaﬂ%ﬁ aé@glﬂgfe'wye} meg ess
wi t hout reducing free layer physical thickness. A nmethod n dccordance

A ot noa e ROT Rl fh freeRl ) lus‘iﬂé’ﬁzhxe%%a e i gl

material selected fromthe g rou‘;)? consi sting of alum num oxide, tantalum
oxi de, t MREAFtIZATIeN Aitections.r Bign B shewsamiexample of thelaster qenfigwationgwithithepionedie.

-19
layer 56 being formed by growing a first sublayer 56a of cobalt-iron (CoFe), a second sublayer

56b of ruthenium (Ru), and a third sublayer 56¢ of cobalt-iron (CoFe). These sublayers are
formed on top of the pinning layer 58 at suitable thicknesses. The magnetic moment of the first
sublayer 56a is shown by the arrow tail 60a, which points into the plane of Fig. 8. The magnetic
moment of the third sublayer 56¢ is shown by the arrowhead 60b, which points out of the plane
of Fig. 8. The magnetic moments 60a and 60b are thus antiparallel to each other and oriented
generally perpendicular to the sensing surface (ABS) of the sensor 50.

As stated, the pinned layer 56 will have its magnetic moment fixed By interfacial exchange
coupling with the pinning layer 58. The magnetization direction(s) of the pinned layer 56 will be
sufficiently fixed by the exchange-biasing pinning layer 58 to prevent rotation thereof in the
presence of relatively small external magnetic fields, such as the fields produced by magnetic
domains recorded on the adjacent disk surface.

A spacer layer 62 is formed on top of the pinned layer 56 as a suitably thick deposit of an
electrically conductive, non-ferromagnetic material, such as Cu.

The sensor’s free layer 64 is formed above the spacer layer 62. The free layer 64 can be

made by covering the spacer layer 62 with a single layer of Co, Co-Fe, Ni-Fe or other suitable

-11-



14. A nmethod in accordance with Clairn 11 wherein formation of said
overlayer conprises: deposition of said free layer; deposition of said
overlayer; and annealing said sensor. 15. A nethod in accordance with Caim
14 wherein deposition of said overlayer conprises depositing netal oxide
material by physical vapor deposition in the presence of an oxidation gas
m xture. 16. A method in accordance with Caim 11l wherein deposition of
sai d overlayer conprises depositing netal oxide material by ion beam
deposition or nmagnetron sputtering in the presence of an argon-oxygen

oxi dation gas m xture. 17. A method in accordance with Caim1ll wherein
deposi ti %ﬁomﬁg%eéwdn@iwé&llm‘én te 8 5pitable thickaessodntanralternativg condigieationt theifede by
i on beam deposition using xenon atons with oxidation being provided by an

Ar - 20%Aagassnianthier ferrded froay mdltiple RyérsOsich ak @ um\fﬂzamemwa&ﬁ ﬂ51ﬂ-g23 23ttSHcm
-20 18. A nmethod in accordance with Caim1ll erein said free | ayer

magnet i Csubﬂ&@rlﬂf%SFé shdialo J teoiqih- OBt leﬁwﬁ%ﬁnﬁ%onﬁﬁﬁg rgloedr I n

accordance Wt h Cam1ill i n sai senso ra

her o n e Admd e f&@ﬁ%et Y BRgHIRE B Cothon i n  range of

approximately -2 x 10-6 - zero. 21. A nagnetic head having a GWR read
sensor sit uat Bif aemekin lagp&mowsfth@prg&meg eeto bias point magnetization direction of the

free layer 64 when the sensor 50 is in a quiescent state with no magnetic field incursions from the
adjacent disk surface. The magnetization direction 66 is preferably stabilized in suitable fashion,
as by incorporating hard biasing regions (not shown) in the lead structures 52 and 54 so as to form
a contiguous junction with the sides of the free layer 62. The hard biasing regions can be
conventionally formed of ferromagnetic material with relatively high magnetic coercivity (Ho),
such as cobalt-chromium-platinum (CoCrPt) and alloys thereof.

An engineered, protective, electrically non-conducting overlayer 68 is formed on the
surface of the free layer 64 in order to reduce free layer magnetic thickness while preserving high
GMR ratio and negative free layer magnetostriction. The overlayer 68 is preferably a metal oxide
layer comprising aluminum oxide, tantalum oxide or other transition metal oxides such as titanium
oxide, zirconium oxide, hafnium oxide, etc., or other material such as magnesium oxide. The
thickness of the overlayer 68 may range from approximately 10 - 80 A. As so constructed, the
overlayer 68 is thermally stable and will form a sharp non-diffuse interface with the free layer 64
that promotes elastic scattering or spin-dependent reflection of sense current electrons with
consequent maintenance of GMR effect and with minimal shunting of sense current away from

the ferromagnetic (and spacer) layers of the sensor.
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| eads for delivering a sense current through the sensor, the sensor _
conprising: a ferromagnetic &ee layer having a substantially free magnetic
nmonment; a ferromagnetic pinned |ayer having a substantially fixed magnetic
nonent oriented generally perpendicular to said free layer magnetic nonent;
a nonnmegnetic el ectrically conductive spacer |ayer sandw ched between said
pinned | ayer and said free layer; and a protective electrically

non- conducti ng overlayer on said free |ayer, said overlayer being adapted
to reduce free layer nagnetic thickness wthout reducing free layer

physi cal thickness. -21 22. A magnetic head in accordance with Caim21
wherei n sai d bieevergyar 68 sampbe famedusing asuitekle pbysical vapoatepozition fechmique such
head in accordance with Caim2l wherein said overlayer conprises a

mat er i al assiehdetmdddposition be ngfgﬁetporcgpwbﬁh%n@‘@@ AR exériflaryt BGthad Yop

oxi de, titanium oxide, zirconium oxide, hafnium oxide and nagne5|rn1OX|de.
24. A i { C L i j 4 i d.overl aver
corpr | SeanaHgtheFRTlay RC IREORNAp It Moo Bk ke MEH ;643%5?1%* I%ﬁ%gmcs%.stﬁzs. A
magneti cohead in accordance with Caim 21 erej_n sai d overlayer conprises
et a SR ool BRI RLES. oy skn20baRYAERG e depoticammne ot ba o e
sputtering in the presence of an argon-oxygen oxidation gas m xt ure. 26. A
magnet i &ﬁé&&githe devitsdaphysisalvaner Gleppsition teohaigee.n Byivdyoofeedampds, ionrpains es
a metal oxide material formed by ion beam deposition using xenon atons with
oxi dat i odepbsition niydei uded with xeRoN(X HQH6Hs GASonBaxd Wl BwiRkiMRS @ 3.1 FTdr9W
rate of approximtely 12-22 sccm 27. A magnetic head in accordance w'th

G aim Zlmmﬁfa%egc%gbﬁsiﬁé B8R deBY&S mBBPSEhE SviiiyekEESTrd foreddirth orpaepa%")n%ill be

approxi mat el y
performed in the presence of a suitable oxidizing mixture introduced at a suitable mass flow rate
to oxidize the metal target. An exemplary oxidizing mixture is 80% argon/20% oxygen. An
exemplary mass flow rate of this oxidizing mixture is 12-22 sccm (standard cubic centimeters per
minute). The foregoing oxidation parameters have been found to minimize damage to the free
layer 64 as a result of excessive oxidation while maintaining sufficient oxidation to produce an
effective overlayer material.

Step 82 may also be performed using magnetron sputtering. In that case, 2 metal target
comprising the desired metal of the overlayer 68 can be bombarded with argon (Ar) ions in the
presence of a magnetic field at relatively low pressure (e.g., < 1 -5 mTorr). This operation will
be performed in the presence of a suitable oxidizing mixture (e.g., 80% argon/20% oxygen)
introduced at a suitable mass flow rate to oxidize the metal layer.

In step 84, the entire sensor stack structure is conventionally annealed to orient the
exchange coupling between the AFM layer 58 and the pinned layer 56. Advantageously, it is

believed that this annealing process may result in a reduction reaction in the free layer 64 that
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-22 28. A magnetic head in accordance with Caim 21 wherein said sensor
Is a bottomtype spin-val ve sensor. 29. A nagnetic head in accordance with
G aim 21 wherein said sensor has a GMRratio in a range of approximately
13-15 percent. 30. A magnetic head in accordance with Caim 21 wherein said
free layer has negative magnetostriction in a range of approximately -2 Xx
10'6 - zero. 31. A GWR sensor, conprising: a ferromagnetic free |ayer
having a substantially free magnetic nonment; a ferromagnetic pinned | ayer
having a substantially fixed magnetic nmoment oriented generally

perpendi cul ar to said free layer magnetic nonent; a nonmagnetic

el ect ri chivey exessiorydendcansed by inadyentent anidhatioh duirdod) inte thesmvierlayxir 68 etheteby er
and said free layer; and a protective electrically non-conducting overl ayer

on sai d téridigg lopeify tiedred 1y Maaertdl. 1PRis Mthyddippsvedhd Qudli@fé‘f?t‘ﬁ_e it6%ac BT een
magnetic thickness wi thout reducing free | ayer physical thickness. 32. A

sensor i el ] I . | | [ £0 | Se met al
oxi do. e g Ryeh gl anf ldiBOTE TR 2T Rl IR e ea o
overlayer. conprises a material selected fromthe group consisting of

al uri nuRtSEIEUTEREFISHTGRS oxi de, titani um oxide, zirconium oxide, hafnium
oxi de magnesi um oxi de. 34. A sensor in accordance with C aim 31 wherein

sai d over | aydtutuespinivabs sensoes will require free layer magnetic thicknesses of 25 A or below.
Advantageously, the overlayer 68 permits controlled reduction of free layer magnetic thickness
to these levels without reducing free layer physical thickness, thus allowing the sensor 50 to
preserve high GMR ratio and achieve controlled negative free layer magnetostriction. These
benefits are illustrated in Figs. 10, 11 and 12, which show test results for two groups of sensors.
A first group of sensors was built according the invention, with the overlayer 68 being formed
from tantalum oxide deposited using ion beam deposition per the above. The free layer magnetic
thickness of each sample was varied by changing the oxidation level of the overlayer 68 without
altering the sample’s free layer physical thickness. A second group of GMR sensors had tantalum
capped free layers. The free layer magnetic thickness of each sample was varied by altering the
sample’s free layer physical thickness.

In Fig. 10, free layer magnetic thickness in angstroms is plotted for sensors in the first test
group, with each sensor differing by the amount of sccm flow used during overlayer formation
based on an oxidation mixture comprising 80% argon/20% oxygen. The material used for the free
layer of each sensor was CoFe and was deposited to a thickness of 30 A. The overlayer material

(tantalum oxide) was deposited to a thickness of 60 A.
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oxi de material formed by physical vapor deposition. 35. A sensor in
accordance with Cl aim 31 wherein said overlayer conprises a netal oxide
material formed by ion beam deposition or nagnetron sputtering in the
presence of an argon-oxygen oxidation gas m xture. 36. A sensor in
accordance wth C aim 31 wherein said overlayer conprises a netal oxide
material formed by ion beam deposition using xenon atons with oxidation
bei ng provided by an Ar-20%Z gas m xture delivered at a flow rate of _
approximately 12-22 sccm 37. A sensor in accordance with Claim 31 wherein
said flee layer magnetic thickness is in a range of approximately 26-35 A
38. A sensor Apshawnbyithscurvgi 0Hndigilh Sthepxidation mixtere<8096 argon20% oxygen)
bottomtype spin valve sensor. -24 39. A sensor in accordance with Caim

31 wher eflowgatevasansied floasapprédviatedt iDtd I sechBMGLHES 196 RhAHe B it RhedsSwdd
percent. 40. A sensor in accordance with Caim31 wherein said free |ayer

has ne I I Clil i - } |y q-2. % 10-6, -.zero.

125 A AT BTN RhS k9 6 )2, BRGaARIRleR BT Micigh Yarding e &
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: As further shown in Fig. 11, the GMR ratio of the sensors in the first test group did not
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nXoopJ pR#vp Igtayed relatively flat within a range of approximately 14.5-15 A. By extrapolation, it will

be seen that free layer magnetic thicknesses of 25 A or less could also be achieved without
significantly lowering GMR ratio or sensor sensitivity. This is contrary to the decrease in GMR
ratio observed in sensors of the second test group in which reduction of free layer magnetic
thickness was achieved by reducing free layer physical thickness. The curve 102 in Fig. 11 shows
this conventional relationship.

Fig. 12 shows that a more desirable negative magnetostriction was achieved for sensors
in the first test group than for sensors in the second test group throughout the desired free layer
thickness range. In particular, the curve 110 in Fig. 12 shows that as free layer magnetic thickness
was decreased from approximately 34 — 27 A, the free layer magnetostriction of sensors in the first
test group actually decreased from slightly negative to approximately -2 x 10®. By extrapolation,
it will be seen that free layer magnetostriction would become even more negative at free layer

magnetic thicknesses of 25 A or below. This is contrary to the undesirable increase in
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fabrication of high-performance spin valve sensors with full benefit from the high excitation
offered by sensor free layers that are magnetically as thin as 25 A or below. While various
embodiments of the invention have been described, it should be apparent that many variations and
alternative embodiments could be implemented in accordance with the invention. It is understood,

therefore, that the invention is not to be in any way limited except in accordance with the spirit

of the appended claims and their equivalents.
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CLAIMS

1. A magnetic disk drive having a housing, a magnetic disk rotatably supported in
the housing, a rotary actuator adapted to position a transducer-carrying slider above a recording
surface of the magnetic disk, and a GMR sensor formed as part of the transducer, the sensor
being adapted to sense magnetically recorded information on the recording surface, and
comprising:

a ferromagnetic free layer having a substantially free magnetic moment;

a ferromagnetic pinned layer having a substantially fixed magnetic moment oriented
generally perpendicular to said free layer magnetic moment;

a nonmagnetic electrically conductive spacer layer sandwiched between said pinned layer
and said free layer; and

a protective electrically non-conducting overlayer on said free layer, said overlayer being

adapted to reduce free layer magnetic thickness without reducing free layer physical thickness.

2. A disk drive in accordance with Claim 1 wherein said overlayer comprises a metal

oxide material.
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10968 ()- m 1086& (A-dskrddediac@rdanodith Claim 1 wherein said overlayer comprises a
material selected from the group consisting of aluminum oxide, tantalum oxide, titanium oxide,

zirconium oxide, hafnium oxide and magnesium oxide.

4. A disk drive in accordance with Claim 1 wherein said overlayer comprises a metal

oxide material formed by physical vapor deposition.

S. A disk drive in accordance with Claim 1 wherein said overlayer comprises a metal
oxide material formed by ion beam deposition or magnetron sputtering in the presence of an

argon-oxygen oxidation gas mixture.

6. A disk drive in accordance with Claim 1 wherein said overlayer comprises a metal
oxide material formed by ion beam deposition using xenon atoms with oxidation being provided

by an Ar-20%O0; gas mixture delivered at a flow rate of approximately 12-22 sccm.

7. A disk drive in accordance with Claim 1 wherein said free layer magnetic

thickness is in a range of approximately 26-35 A.

8. A disk drive in accordance with Claim 1 wherein said sensor is a bottom-type

spin-valve sensor.
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9. A disk drive in accordance with Claim 1 wherein said sensor has a GMR ratio in a

range of approximately 13-15 percent.

10. A disk drive in accordance with Claim 1 wherein said free layer has negative

magnetostriction in a range of approximately —2 x 10 — zero.

11. A method of making a GMR sensor comprising:

forming a ferromagnetic pinned layer having a substantially fixed magnetic moment;

forming an electrically conductive spacer layer above said ferromagnetic pinned layer;

forming a ferromagnetic free layer above said electrically conductive spacer layer; and

forming a protective electrically non-conducting overlayer on said free layer, said
overlayer being adapted to reduce free layer magnetic thickness without reducing free layer

physical thickness.

12. A method in accordance with Claim 11 wherein said overlayer comprises a metal

oxide material.

13. A method in accordance with Claim 11 wherein said overlayer comprises a
material selected from the group consisting of aluminum oxide, tantalum oxide, titanium oxide,

zirconium oxide, hafnium oxide and magnesium oxide.
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14. A method in accordance with Claim 11 wherein formation of said overlayer
comprises:
deposition of said free layer;

deposition of said overlayer; and

annealing said sensor.

15. A method in accordance with Claim 14 wherein deposition of said overlayer
comprises depositing metal oxide material by physical vapor deposition in the presence of an

oxidation gas mixture.

16. A method in accordance with Claim 11 wherein deposition of said overlayer
comprises depositing metal oxide material by ion beam deposition or magnetron sputtering in the

presence of an argon-oxygen oxidation gas mixture.

17. A method in accordance with Claim 11 wherein deposition of said overlayer
comprising depositing metal oxide material by ion beam deposition using xenon atoms with
oxidation being provided by an Ar-20%0, gas mixture delivered at a flow rate of approximately

12-22 scem.

-20-



10H 10&3+#10% & () -! P&@10% "& () - &@10% & ()-! PO#10% "& ()-M 9#10% " & ()-M
10H 10H I 1111 4mmbC  10H 10#1096& ()-f 109B& ()- & 1096& () - #109G& ()- 10"
10" 10"8109% & () - mennnXoopdEbC  10H
10#1096& () - &#109B& () - &#109B& () -, #109B& () -
&#10958& () - &#10%& () - pJpOpPpQRpYpp gbC  10H 10L #10%&' ()-9z 10%& ()-L
t 10%&' ()- 105 105 105810%& ()-& 109%& ()- qiqqqrgrrdEbC 10H

18. A method in accordance with Claim 11 wherein said free layer magnetic thickness

is in a range of approximately 26-35 A.

19, A method in accordance with Claim 11 wherein said sensor has a GMR ratio in a

range of approximately 13-15 percent.

20. A method in accordance with Claim 1 wherein said free layer has negative

magnetostriction in a range of approximately —2 x 10 — zero.

21. A magnetic head having a GMR read sensor situated between a pair of electrical
leads for delivering a sense current through the sensor, the sensor comprising:

a ferromagnetic free layer having a substantially free magnetic moment;

a ferromagnetic pinned layer having a substantially fixed magnetic moment oriented
generally perpendicular to said free layer magnetic moment;

a nonmagnetic electrically conductive spacer layer sandwiched between said pinned layer
and said free layer; and

a protective electrically non-conducting overlayer on said free layer, said overlayer being

adapted to reduce free layer magnetic thickness without reducing free layer physical thickness.
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metal oxide material.

23. A magnetic head in accordance with Claim 21 wherein said overlayer comprises a
material selected from the group consisting of aluminum oxide, tantalum oxide, titanium oxide,

zirconium oxide, hafnium oxide and magnesium oxide.

24. A magnetic head in accordance with Claim 21 wherein said overlayer comprises a

metal oxide material formed by physical vapor deposition.

25. A magnetic head in accordance with Claim 21 wherein said overlayer comprises a
metal oxide material formed by ion beam deposition or magnetron sputtering in the presence of

an argon-oxygen oxidation gas mixture.
26. A magnetic head in accordance with Claim 21 wherein said overlayer comprises a
metal oxide material formed by ion beam deposition using xenon atoms with oxidation being

provided by an Ar-20%0; gas mixture delivered at a flow rate of approximately 12-22 sccm.

27. A magnetic head in accordance with Claim 21 wherein said free layer magnetic

thickness is in a range of approximately 26-35 A.
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type spin-valve sensor.

29. A magnetic head in accordance with Claim 21 wherein said sensor has a GMR

ratio in a range of approximately 13-15 percent.

30. A magnetic head in accordance with Claim 21 wherein said free layer has negative

magnetostriction in a range of approximately —2 x 10 — zero.

31. A GMR sensor, comprising:

a ferromagnetic free layer having a substantially free magnetic moment;

a ferromagnetic pinned layer having a substantially fixed magnetic moment oriented
generally perpendicular to said free layer magnetic. moment;

a nonmagnetic electrically conductive spacer layer sandwiched between said pinned layer
and said free layer; and

a protective electrically non-conducting overlayer on said free layer, said overlayer being

adapted to reduce free layer magnetic thickness without reducing free layer physical thickness.

32. A sensor in accordance with Claim 31 wherein said overlayer comprises a metal

oxide material.
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33, A sensor in accordance with Claim 31 wherein said overlayer comprises a
material selected from the group consisting of aluminum oxide, tantalum oxide, titanium oxide,

zirconium oxide, hafnium oxide magnesium oxide.

34. A sensor in accordance with Claim 31 wherein said overlayer comprises a metal

oxide material formed by physical vapor deposition.

35. A sensor in accordance with Claim 31 wherein said overlayer comprises a metal
oxide material formed by ion beam deposition or magnetron sputtering in the presence of an

argon-oxygen oxidation gas mixture.

36. A sensor in accordance with Claim 31 wherein said overlayer comprises a metal
oxide material formed by ion beam deposition using xenon atoms with oxidation being provided

by an Ar-20%0Q, gas mixture delivered at a flow rate of approximately 12-22 sccm.

37. A sensor in accordance with Claim 31 wherein said free layer magnetic thickness

is in a range of approximately 26-35 A.

38. A sensor in accordance with Claim 31 wherein said sensor is a bottom-type spin-

valve sensor.
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39, A sensor in accordance with Claim 31 wherein said sensor has a GMR ratio in a

range of approximately 13-15 percent.

40. A sensor in accordance with Claim 31 wherein said free layer has negative

magnetostriction in a range of approximately —2 x 10 — zero.
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