3 0 JAN 2007 ENHANCED SPI N- VALVE SENSOR W TH ENG NEERED OVERLAYER
~BACKGROUND OF THE I NVENTION 1. Field of the Invention The present 3AvgRtign

rel ates to nagnetoresistive sensors for reading nmagnetically recorded

information fromdata storage nedia, and particularly to spin-vatve read

sensors for direct access storage device (DASD) systens. wption of
the Prior Art By way of background, spin valve sensors,mﬁﬂ\aﬂmﬁﬁ@“ﬁm\as gi ant
magnet oresi stive (GWR) sensors, are commonly used inr or
magnet i ¢ medi a- based DASD systens, such as disk drives. A 3% valve

Sensor | - el L ey C -varkabl e vol tage
outputEN@HﬁﬂggggﬁggLﬁéﬁﬁééﬁgﬁﬁgﬂ#%g?gjﬁﬁﬁbgﬁgggﬁﬁ§§gﬁlﬁﬁﬁggjacent magneti c
storage nedium As illustrated in Fig. 1, a conventional spin valve device
is formed 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, in a

cr oss- BnekGROAGH I THaNS NG Tt the |ayer planes of the stack are

perpendi cul ar to the disk surface. The magnetic nmonent (M) of the pinned

| ayer |s otient t an angle 01 that is.perpendicular to the disk surface
(i.e.,101 :%§%¥9§%?%P’ng8ﬂetines referred to as the "transverse" magnetic

nonent of the sensor. The magnetic noment M is substantially pinned so
that it w | FThegresent iventipnlaelatepdoimagngtaresstie sepeordi fok Teading magheticabyrai ns.
-1 recorded information from data storage media, and particularly to spin valve read sensors for
direct access storage device (DASD) systems.
2. Description of the Prior Art
By way of background, spin valve sensors, also known as giant magnetoresistive (GMR)
sensors, are commonly used in read heads for magnetic media-based DASD systems, such as disk
drives. A spin valve sensor is a magneto-electrical device that produces a variable voltage output
in response to magnetic field fluctuations on an adjacent magnetic storage medium. As illustrated
in Fig. 1, a conventional spin valve device is formed by first and second ferromagnetic layers,
‘hereinafter referred to as a “pinned” layer and a “free” layer, separated by an electrically
conductive spacer layer. In a disk drive, these layers are oriented so that one edge of the layer
stack faces an adjacent disk surface, in a cross-track direction, and so that the layer planes of the
stack are perpendicular to the disk surface. The magnetic moment (M) of the pinned layer is
oriented at an angle 0, that is perpendicular to the disk surface (i.e., 8; = 90°). It is sometimes

referred to as the “transverse” magnetic moment of the sensor. The magnetic moment M, is

substantially pinned so that it will not rotate under the influence of the disk’s magnetic domains.
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3 0 JAN 2007 Pinning is typically achieved by way of exchange coupling
*using an adjacent antiferromagnetic pinning layer. The nmagnetic gy 2007
(M2) of the free layer has a zero bias point orientation 02 that i

parallel to the disk surface (i.e., 02 =0). It is sonetines referred to as
the "longitudinal” magnetic nonent of the sensor. The magnetic nonent M
is free to rotate in positive and negative directions relative to the zero
bi as point position when influenced by positive and negative nagnetic
domai ns recorded on the disk surface. In a digital recording scheme, the

e zor g Bnas RTALY SHIRBREY LR Ree Phls TR SR 1) oot BriebOmelllie o

when the sensor is in a quiescent state and no external magnetic fields
are pr ddwHng laypie cHhe magnetis sepment éMphef the e lryeohaseasre bias peint aienddiondbt
with the pinned, free and spacer layers. In a CIP (Current-1n-Plane) spin

val ve IRi1SOparaldd t6 tHRWIsK surfabdi.cl 0, He) | Raddnifited Fran@Pd as 8@ “idakitudinal”
el ectrical current passes through the sensor stack in a cross-track

directi t y f t t. . n, a sense _current
IS applﬁ%ggéﬂi"zéqt é)gé}g,] S S!rngazh%gﬁa%gﬁgcnﬁloﬁegg%égg}égtt}é%gtlatne 'tnhpeosglrvaaéld
processing.circuitry which is a fupction of the resistance changes that
resul t neﬁ/%é‘f? difretippg Eelatiyeato the F8Ex Pids ReHE mositipn ryres; wdluenced by\rosttye tand

pi nned | ayer magnetic noment ML under the influence of the recorded
magnet incgaoreainagnetit osminsescedahoe thhdisgesrfacee Hua digital ravordias sheniectheases
in the spin-dependent scattering of electrons at the interfaces of the

$spacer pokitiye tndickatiembgragic @ochafistbaekpoay & dgitd “i heantireg” |T%Qéfo%i:f§ﬁﬁ»'i}ﬁt ic
monment M2 rotates relative to the nmagnetic nonment M of the pinned |ayer.
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gls)n?g]tls ar ?en? tn'a g%[;:tafclz hgllds g}e.per.es,en%?Z = -90). The applicable relationship is

Electrical leads are positioned to make electrical contact with the pinned, free and spacer
layers. In a CIP (Current-In-Plane) spin valve sensor, as shown in Fig. 1, the leads are arranged
so that electrical current passes through the sensor stack in a cross-track direction paraliel 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 relétive 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., 0, = 90°) and highest when the magnetic
moments are antiparallel (1.e., 8, =-90°). The applicable relationship is as follows:

2-



J 0 JAN 2007 AR oc cos (01 - 02) oc sin 02. The AR resistance changesjAN 2007
- cause potential differences that are processed as read signals. It is
inportant that a spin valve sensor exhibits high GWR effect ratio (i.e., a
high ratio of change in resistance to the resistance of the sensor as a
function of an applied nmagnetic field) in order to provide maxi num
sensitivity. It is |ikewi se desirable to construct the free | ayer so that

it exhibits controlled negative magnetostriction for high stability. As the
areal density in magnetic recording increases, it is necessary to reduce

t he magnetic thi ckness of .bgth_the recordi ng medi um and t.he.free | ayer of
the sencor . Mt e Ry 1 BknBROAR sFoisaibe OpTEES RS gPaHA)ERECSS Wuct

of the remanent nagnetic nonent density (M) and physical thickness (t) of
t he maarrpratessaat read sigmalonl y expressed as M*t. The conventi onal approach
to decreasing the free |layer magnetic thickness in a spin valve sensor is

t o decrease Itif@npsemt LAY £Epif valRB¥&is6PexhitlisHiFHESMR €&t ratibi(Rél) BRigrdtid o5 A
or below. Unfortunately, reducing the free layer's physical thickness

tends ?:Ra &G FARE %Ep?éﬁre rés?ﬂﬁ‘{c%'opl}eysep%rraggﬂﬁ{cﬂg? hf & éﬁ(\éﬁeﬁ%'éﬂet% 1@6}}{5' ng
free lay magnet ostriction to beconme nore positive. € approac 0

i nprovi ng the perfornance of. spin valve sensors wwth thin free layers is a
"spin Prqgef&rproggfgi%muw FRFIENID, tpg bkqudsadesypblp fqyrnsiragtdag fr%lawrﬁo that
conductive and non-magnetic material, typically copper (Cu), is inserted
bet weeit exhiits enswelldd negati veyrepagretatriation for gk stabilyy.oxi de) cap layer. Wth
this design, however, the spin valve sheet resistance undesirably

decreases. AGaR¢ sheil3eMsitydn ARGHetRXESIrdint @icrasdsMRisR0SR4ry EPRtIUR efnlaSittic
" wherein decreased free layer magnetic thickness is achieved in order to

acco m‘ﬁg@i&ﬁsé Wo%ﬁl%qfc%l}cﬂﬂg rrg:ﬁ}u?n Qfﬁﬂ%‘t‘: tﬁieg ?aly\é{n&l tfie sé?@é)rn tﬁ]ie %%ggtliq tﬂﬂkﬁé‘s@ SO

r
GWR rati1 o and control [ed négative nagnetostriction in the ayer. -3

of a material is given by the product of the remanent magnetic 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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3 0 JAN 1007 What is required in particular is a GWR sensor havigﬁ a free
»layer with decreased nagnetic thickness and inproved sensitivity AN 07
having to decrease free | ayer physical thickness and thereby negatively

i npact sensor GVR ratio and free |ayer magnetostriction. SUMVARY According
to a first aspect of the invention, there is provided a nethod of nmaking a

GWR sensor with reduced free l.ayer. net hi ckness W thout re ed free
Cayer physi cal |t nRheeetiEg i FRGTRP AR GEpt eSS BN b Rg et &b fGemed T
pi nned | ayer mhgn/dtiuaghialqsesbsﬁcamﬁﬂrlabé@/seﬁsugedy Wﬁﬁgﬂl}a@idgﬁﬁ'ﬂeérbasefﬁbfeﬂhﬁggﬁﬁical

el ectrically_ conductive spacer | ayer above sai erromagneti c pinned |

| ayer; form heekaessand hatghoiceativeldimpag) ssnsaalyR mtio gnd fiss d3ver Blagyetostriction.
conductive spacer |ayer such that said free | ayer has a physical thickness
(t) and a magneti SSUYMMKRYs (M *t) representing the product of a remanent

magneti c nonment degsity: Ld, r b ofr [
physi cal thicknessﬂg¥§%ng§%3pg%ﬁ%%ﬁgﬁggfﬁv%ﬁéﬁ’?@ﬁﬂ?pﬁﬁg%gffﬁgp%ﬁ%ﬁﬁgggg%y
form ng a prGMRsdmer eitlecidncaidideyaym magoeticthaknesy watheut redeceddreedayed physéeal

| ayer using a.deposition.process ip which said overlayer is deposited
directly on @%%ﬂgFr%ﬁnWEW&$&FﬁmPﬁ89presence of an oxi di zi ng at nosphere that

is controlled to fopdlge fé@bﬂaéﬂeﬁ@rmy@raymmgh@uﬁsmnﬁmnseﬁ;sedtr@agﬁe@@ﬁbﬁ@ﬁ;
| evel without reducing said free |ayer physical thickness. Disclosed

herein is a novel laRngeasAectriepllyscondieitycripasratlaxeanbyve widfaeaagnptiopimaed on
on a data stgp&ge medi um together with fabrication nethods therefor. The
sensor includes’ a ferromagnetic free layer and a ferromagnetic pinned |ayer
sandwi chi ng an forming a ferromagnetic free layer above said electrically conductive spacer layer

such that said free layer has a physical thickness (t) and a magnetic thickness (Mr*t)
representing the product of a remanent magnetic moment density (Mr) of said free layer and
said free layer physical thickness (t); and

reducing said free layer magnetic thickness by forming a protective electrically non-
conducting overlayer on said free layer using a deposition process in which said overlayer is
deposited directly on said free layer in the presence of an oxidizing atmosphere that is
controlled to reduce said free layer magnetic thickness to a desired level without reducing

~ said free layer physical thickness.

Disclosed herein is a novel GMR sensor for sensing magnetically recorded
information on a data storage medium, together with fabrication methods therefor. The
sensor includes a ferromagnetic free layer and a ferromagnetic pinned layer sandwiching an
electrically conductive spacer 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
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el ectrically conductive spacer |ayer. An engineered overlayer is formed on
“the free layer to decrease free |ayer magnetic thickness without J0eddcigmg
physi cal thickness, which allows high sensor GVWR ratio and nore negative
magnet ostriction in the free | ayer. In exenplary enbodi nents of the
invention, the overlayer is a protecti ve non- el ectrically conducting
structure th fl £

or oot es- el aler etk s frebAkPagRdh of Wk RE Tl bt MG e
el ectrons w canmn&Efther]nmrrbbmtg@mferméd @Rdﬂfgftedbsngmpﬂfmrmm Tlesfredmeee
current shuntlgl? \t/fromthe fiﬁglgo 8net| (and spacer) layers. The
overl ayer pr®&¢ EA‘S}A@ Kssp Flay ddngg APPIGXIRALClY such as  a material sel ected
fromthe group consisting of alum num oxi de, tantal um oxide or other
transition metal oxides such as zirconium oxide, titanium oxide, hafnium
oxi de, etc., and nmagnesium oxide. The overlayer can be fornmed by any

sui tabl e physical vapor deposition -4 [R\LIBQ 2722.doc:MC 3 0 JAN 2007
process, such as ion beam deposition or nagnetron sputtering, with

oxi dation of the nmetal conponent of the overlayer being perforned
according to design preferences. The free |layer magnetic thickness may
range from approximately 1 -4a- R\ LIBQ2722.doc 3 0 JAN 2007 35 - 26 A
or below. The desired magnetl c thickness is preferably achieved while

mai ntai ning the sensor's GVR ratio in a range of approximtely 13-15% and
the free layer's magnetostriction in
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a range of approximately zero to -2 x 10-6. The invention further

» cont'enpl ates nmethods for fabricating GVR sensors with an engi neergpg AN 2007
overlayer formed on the free layer, as well as nagnetic heads and Ii
drives incorporating such sensors. BRI EF DESCRI PTI ON OF THE DRAW NG The
foregoi ng and other features and advantages of the invention will be
apparent from the followi ng nore particular description of preferred
enbodi ments of the invention, as illustrated in the acconpanying Draw ng,
in which: Fig. 1 is a perspective view showing a conventional GVR spin

val ve sens Side el evational. the interior of a
di sk dr ?({‘?1‘ 5?’%8?":1{[:}’%16‘ siredppenstic l‘i}‘&?‘i?és Bré%é"g’i ‘ﬁ:ﬁ%"gg%‘ﬂl@&‘qlﬂm&@é&f‘dance
with the present invention, Fig. 3 is a plan view of the disk drive of Fig.
2; Fi g.sensqrs GMR oy avange ofaprirexingedy bﬁlﬁ%aednﬂ\xhd free layerfrodagretosfristiomse i n
the disk drive of Fig. 2; Fig. 5is a side elevational view of the

transdw:mng@bfzﬁipgoxi#mtelﬁ@o td 2% B¢ross-sectional view taken along line
6-6 in Fig. 4, Fig. 7 is an ABS view of the transducer of Fig. 3 taken in

the directi opdinRhfiVSurflief dofte JJIQ[ n%(?ndetﬁo%s?’foq TeLne é%gg7GMlﬁ ge sSrd Witk an

detail ed ABS view of an exenpl ar ment of a Ve Sensty
constructed i

showi ng™&H" €% grﬁ)‘ie ngﬁf@%ﬁgwo}lgtpé pgﬁ?r {z]%egr? ;[alﬁg‘?e(ljvﬁ g’b’lg%e iFZh‘?Péﬂ; la%W it rives

incorporating such sensors.

BRIEF DESCRIPTION OF THE DRAWING

The foregoing and other features and advantages of the invention will be apparent from
the following more particular description of preferred embodiments of the invention, as illustrated
in the accompanying Drawing, in which:

Fig. 1 is a perspective view showing a conventional GMR spin valve sensor;

Fig. 2 is a side elevational view showing the interior of a disk drive incorporating a GMR
spin valve sensor constructed in accordance with the present invention;

Fig. 3 is a plan view of the disk drive of Fig. 2;

Fig. 4 is a plan view of an integrated read/write transducer for use in the disk drive of Fig.

2;

Fig. 5 is a side elevational view of the transducer of Fig. 4;

Fig. 6 is a cross-sectional view taken along line 6-6 in Fig. 4;

Fig. 7 is an ABS view of the transducer of Fig. 3 taken in the direction of al;rows 7-7 in
Fig. 6,



sensors in accordance with the invention; Fig. 10 is a graph show ng free
* layer magnetic thickness as a function of oxidation used during5¢x§£bﬁ%er
formation; Fig. 11 is a graph showing GVR ratio as a function of “ayer
magneti c thickness; and Fig. 12 is a graph showi ng magnetostriction as a
function of free |ayer magnetic thickness. DETAILED DESCRI PTI ON OF
PREFERRED EMBODI MENTS Turning now to the figures (which are not necessarily
to scale), wherein |ike reference nunerals represent |ike elenents in al
of the several views, Figs. 2 and 3 illustrate an exenplary disk drive 2

aCcor dance whiEH BRSEHSUAT DK EMNGIR SERAD oy o LRt R, BULHONG ponepr

greatly sinplified schematic form wth only those construction details
that arcensfEicédsinmgeqrdancgvithndie inseatiening of the invention being
represented. As to these illustrated conponents, it should be understood
that all ar&igconweidw disgtan shovahg be exdthsias méthed WrSebricatdhe aveRl spighvawe The
di sk drive 2 conventionally includes a base casting 4 made from al um num or

ot her siotahl £:omL& v@i'tl; t}fg_li_ﬁ\gek\ﬁggn.S is renmovably nounted thereto via a

[
. € ; . .
hermetic seal (not shown se casting 4 supports a conventiona

spindl e dri t.or 6 haying an associated drive spindle 8. The drive
spindl e 8 cﬁ?'inlggsﬁg?&h Széf)wg‘fgsﬁgealiberfnbargnﬁ'i“g&“%éﬁ&stagrt‘%ﬁtioar?ff’ﬁ’é]fi%% ¥8%d The
di sks 10  forma spaced vertically stacked disk platter arrangenent. Each
di sk 10urigg euenlayss foswation; formed -6 3 0 JAN 2007 from an al umi num or

gl ass substrate with appropriate coatings being applied thereto such that
at | east oridg. ldnsagraphehabing GMdRvatiohs i Amctigper frexrnaydr avsghetfthickRe&S; 4 t he

di sks are magnetically encodable and aerodynanically configured for high
speed i nt er g6 119Rs ¥MotaBh 3hdvARg mehdtSsthictRASE Y Filction of free layer magnetic thickness.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Turning now to the figures (which are not necessarily to scale), wherein like reference
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

1 being represented. As to these illustrated components, it should be understood that all are
conventional in nature unles‘s otherwise indicated below.

The disk drive 2 conventionally includes a base casting 4 made from aluminum or other
suitable material. A cover 5 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 § 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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(descri bed below). Data access to the disk surfaces is achieved with the
“aid’of an actuator 12 that is nounted for rotation about a stationary

pi vot shaft 14. The actuator 12 includes a set of rigid actuator S&r i 2066
that respectively carry either one or two flexible suspensions 18 (see Fig.
2). Each suspension 18 supports a slider 20 and a transducer 22 that are
positioned to interact with an associated disk surface, representing the
transducer's recordi ng nedium The sliders 20 are aerodynam cally designed
so that when the disks 10 are rotated at operational speed, an air bearing
devel o bet ween each. slider and. its associated djsk surface. The air

bear i np 8 aja IPWPr?r@laﬁ)f"l'd?éﬁr?tﬁ wthippropylate soatngs bewmg applhgdiheretorsuchy thapate
positioned in close proximty to the recording nedia. A conventional voice
coi | ndtast ope, dnd preBvibdietothopf fiewppenegnd laveastrfatesof 1 difks sremmagneticdlyeeps
the actuator arns 16 and their slider-carrying suspensions 18 generally
radi al | hcadubRsmdlabRdyR@SPABLdovfgied fRGah pled iNRr ALK VithQ re\ SWHAAsduBS

transducers 22 to be positioned fromone concentric data track to anot her

during - and track follow ng operations of the drive 2. As
descri b@gﬁ%ﬁﬁe%ér@vget ail below, each transducer 22 is an integrated device

t hat i ncl udels a magneti(ii W i FL?e head .and a GVR spin val ve sensor read head
const r uct ed P32 desest Qdhceshpurfrcesis achigedyifhothe aldnf an petuptep i thabismavatedi sks
10 by the read head portion of each transducer 22. This data is processed
i nt o r datitstation sboialstatibyarg piyesashafintgl | Thecatuaon 1 2t lydeot s of rigid attuator 4rmg  ( not
shown) that is conventionally |ocated on each actuator ann 16. The readback

- si gnal s|6aRatir¥spREti®y carry €itBerbné AN AéxibIe UapRARENIR! Becig L 1) ABadHGRperRRAI L i ON
~control information dependi ng on whet her the active rea head 1s readi ng

o B R a5 Py R B PP BB S R
Pr ocesssiurrigée, IPéil;[rg‘seirltslngr t %Otrréjnes"cci]ucer’s recording medium. The sliders 20 are aerodynamically
designed so that when the disks 10 are rotated at operational speed, an air bearing develops
between each slider and its associated disk surface. The air bearing is very thin (typically 0.05
pm) so that the transducers 22 are positioned in close proximity to the recording media. A
conventional voice coil motor 24 is provided for pivoting the actuator 12. This motion sweeps
the actuator arms 16 and their slider-carrying suspensions 18 generally radially across the
respective surfaces of the disks 10, allowing the transducers 22 to be positioned from one
concentric data track to another during seek, settle and track following operations of the drive 2.
As described in more detail below, each transducer 22 is an integrated device that includes
a magnetic write head and a GMR spin valve sensor read head constructed in accordance with the
invention. Data is read from the disks 10 by the read head portion of each transducer 22. This
data 1s 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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on the disks 10 by the wite head portion of each transducer 22. This data
“is provided by wite data signals that are generated by the cont¥blANZ0025
during data wite operations. The wite data signals are delivered to

whi chever wite head is actively witing data. The active wite head then
records the positive and negative magnetic domains representing digital
information to be stored onto the recording nmedium Turning now to Figs.
4-7, an exenplary one of the transducers 22 is shown as including a

t ransducer mmite head portion 26 and a transducer read head portion 28. In
Fi gs nsducer 22 is sh wn.as bei t 29 to fonn an air
bear i nG St PBER DB E PSS TiRE SoRral RmABE o ApRRE NG A MPelfet MIERctie fregh ¢ he
adjacent rotatlng dISk surface. The ABS 29 is spaced fromthe disk surface
dur i nghead sereagiag 4tdnp ascuipmer datacregiontdies sepow esgttesen phedf e diskai0.ngheFi g.

7 depicts the transducer 22 fromthe vantage point of the disk surface,

| ooki ngeadbavkrsigriahear &8t toXBe diiinecomtioller 1R caf e plot&BRk! Datdis tdedrda
first insulative Iayer 30 (commonly referred to as "I1") supportlng a

secondoh digikd T’(?by ﬁ?é?fntg%eécgﬁmﬂl ee[c ftRhE 1{ 2% is dgta)iﬁé}%? d68

pl ur al ucti1ve col oops I'nsu ayer

referred to can gve the cojl |oops 34 f

pl anar Q?ﬁ&m?%éhﬂf¥?%’Wﬁﬁﬂj@%ﬂ?GO%T?ﬂ¥2g@B“P$ %P@gn?ﬂP?ﬁ@”@ZThFﬁgﬁ?ﬁﬂﬁve
| ayer 32 caused by the coil |oops. The coil |oops 34 inductively drive

first signalsetdlelivergdtewhichewss wate bead is®tivhlatwritingrdateh Thy akéveporiteihead tient he
wite head 26. The pole pieces 36 and 38 -8 3 0 JAN 2007 respectively

ext endrdconivtie pasitvegmd ndgative nfpnetid d@saidb@pasechtiag didiQrat@thadbn tdwe Abed 29.
An insulative gap layer 40 (commonly referred to as "G3) is sandw ched

betmeeen%nﬁeggbﬁhﬂ%gﬁgﬁn§6 and 38 to provide a magnetic wite gap at the
pole tips 36a and 38a. Note that the pole piece 36

Turning now to Figs. 4-7, an exemplary one of the transducers 22 is shown as including
a transducer write head portion 26 and a transducer read head portion 28. In Figs. 4-6, the
transducer 22 is shown as being lapped at 29 to form an air bearing surface (ABS) where the
transducer magnetically interacts with the adjacent rotating disk surface. The ABS 29 is spaced
from the disk surface during drive operations by virtue of the above-described air bearing. Fig.
7 depicts the transducer 22 from the vantage point of the disk surface, looking toward the ABS
29.

The write head 26 conventionally includes a first insulative layer 30 (commonly referred
to as “I1”) supporting a second insulative layer 32 (commonly referred to as “I2”) that carries
plural inductive coil loops 34. A third insulative layer 35 (commonly referred to as “I3*) can be
formed above the coil loops 34 for planarizing the write head 26 to eliminate ripples in the I2
insulative layer 32 caused by the coil loops. The coil loops 34 inductively drive first and second

pole pieces 36 and 38 that form the yoke portion of the write head 26. The pole pieces 36 and 38
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is coomonly referred to as a "P1" pole piece. The pole piece 38 mgy( heN 2007
referred to as a "P2" or "P3" pole piece depending on how the pole tip 38a
is formed. It is labeled as "P2" in Fig. 5. During data wite operations,
el ectrical current passing through a pair of electrical leads El and E2 to
the coil |oops 34 generates a magnetic field that induces a magnetic fl ux
inthe P1 and P2 layers 36 and 38. As shown in Fig. 6, this magnetic flux
propagates fromthe yoke to the pole tips 36a and 38a, where it fringes
across the gap layer 40 at the ABS 29. This causes nagnetic domains to be

formed on an adjace recordin rface of one of the disks 10. The

or | ort AFIPSRINSEY LSRR Fiobt s DickieAh it PACABAEOR 8 88 SR (b MBRAS, An
magneti zation direction of the pole tips 36a and 38a, which in turnis
det er nilndptyy gepéaydi 4@eomprondy ref¢reeddb es t'G3 )dakandwiched tbefyass ithegpaldipieceytBot he
coil loops 34. Reversing the coil's electrical current reverses the

nmagnet iaad B8 ad pebividecd in@gnedic virhte gapal tRe ho10%ipS 86a ATAH 838 MNotduhd: G %&%ﬁé&t%y
reverses the orientation of the next recorded nagnetic domain. This

magnet i ' I SS. b S USednt onct he .recorgi.n

o am' B YR o B £ B Ak b R R D8 5 SR PR A
the ABQ 29, where jt i i nfl uenced by magnetic flux emanating fromthe

adj acenf %dpglig %%ﬁefdfeevfﬁ%enéaw apgkes“m?*ﬁadﬁgowd- at s leksisdos ﬁr ar&iged to
as "A" and "@&" gap areas, and are sandwi ched between a first nmagnetic
shi el d Duaipgrdateswiteormerations,reddesmaad durrent passing thisugh s paielod¥lectnidaldeas i and
magnetic shield Ilayer 48 (commonly referred to as an "S2" shield). In sone

desi gnE2 tonied ¢udi ogps Baerhatéy §mabnetichiRld tht iBdbced ARG 192irSthe Pl nli Pger 48
al so provides the Pl pole piece 36. The Pl shield |ayer 46 is

S e ik A e T Y N
SO S AR Y SoPTRE v e G TP Lo
domains to be formed on an adjacent recording surface of one of the disks 10. The orientation of
each recorded magnetic domain is dependent on the magnetization direction of the pole tips 36a
and 38a, which in turn is determined by the direction of the electrical current passing through the

coil loops 34. Reversing the coil’s electrical current reverses the magnetization direction of the

pole tips 36a and 38a, and consequently reverses the orientation of the next recorded magnetic

ey

domain. This magnetization reversal process is used to encode data on the recording medium.
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



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 irgﬁt}&p
of a concentric track on the adjacent disk surface. The "y" axis J 0
represents the circunferential centerline direction of a concentric track
on the 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 nultiple nmaterials |ayers that are sandwi ched between the S
1 and G layers 46 and 42 on one side, and the S2 and & | ayers 48 and 44

on the _0 r.sid pair of electrical |lead structures 52 and 54 are
si t uat ¥ Stthbﬁglé‘?ye(/gt; QO PEades the PLpelepiece 36 Thad 1§hw£<b¥ayao46alé@9n‘mnhgnalky a
CIP orientation. The sensor 50 is inplenmented as a "bottomtype" spin valve

sensor .formed ¢nes theedidas2@ivitich & ohéyr pavtialtyrshbiva ipFigseflafd fdrayaity56 whose
magneti zation direction is fixed perpendicular to the r plane of Fig. S

Al t hough t her lﬁ'hﬁ'l%%\\/l @Y8E. Heheorerd Beadd@sS8 oAl NGhprisfh CMRnghpvalpé' séh6M NY

it with very high positive rragnetostrlctlon and very large conpressive

stress chnl ue hows i mpl.epent ati on
wher ei nS(Ofl %q%)?dr%ﬁgﬁ&?ayer %ga&g B aé‘?'rﬁ F@gIBP(ﬁJﬁ%&mb‘Sf ea‘H‘ecF‘ZiP ggpn the case
antiferr i ¢ (AEM pinning Ia er 58, The nning |laver 58 is deposited
to a g Igleﬁm%%%ésgp fekspen @p %l‘@t tsd)m?’élﬁf éﬁ*ﬁaﬁg§@8dﬂha§he’i@ﬂ$méﬁgare

formed on top of the GL gap |ayer 42. The pinning |ayer 58 can be nade
f r om pl&represanisthe el srack Prdiiiyection efkeedonnamngatnaken thelflj@eft dlskNu2f@€ The
(Ni-M), iridiumnanganese (lr-M), or any other suitable antiferronmagnetic

mat er i aty” bkighn Fiz. 8 ¢@Radhe (R cietmiRRABaIRARHRR &&@uéﬁéﬂ’@é&@&%b tralBb el 1N
t he pi nned | ayer 56. The pinned |ayer 56 can be |rrp enented 1 n conventi onal

fashi OQi ﬁbS‘ ngJﬂg réﬁés%gl S tggﬁ r!:é(lon rﬂgmtmg 'peﬁpe H%%Q)rﬁé{%kgﬁlul; a%EtE I on, or

as pIura ayers aV|ng para
magneti zat i 8 shows an exanple of the latter

recti o
confi gurat i 3}11 q(,\?ets&ex% WQFS §| %thgtdhe 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 “T”’
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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| ayer 56 being fornmed by growing a first sublayer 56a of cobalt-iron :
- (CoFe), a second sublayer 56b of ruthenium (Ru), and a third subkgyey Rfc
of cobalt-iron (CoFe). These sublayers are forned on top of the pinning

| ayer 58 at suitable thicknesses. The magnetic nmoment of the first

subl ayer 56a is shown by the arrow tail 60a, which points into the plane of
Fig. 8. The magnetic nonent of the third sublayer 56c is shown by the
arrowhead 60b, which points out of the plane of Fig. 8 The magnetic
nonents 60a and 60b are thus antiparallel to each other and oriented

ener al Ly endi cul ar to ensi n urface, (ABS) of the sensor 50, As
It at ed, (YR AR s S (s RE0R"pie! AGRI AN RrsasneRs RePr) thatis
interfacial exchange coupling with the pinning |ayer 58. The magneti zation
di r ect i eap@ble ofexehnagpbrasiag th@g%@rpn@gnamclrmat@@l isthe pirgied tayley 56.i xed by t he
exchange- bi asing pinning layer 58 to prevent rotation thereof in the

presence of Tkd pinhadlayersstedah beXmplenRhtcdRgoRiveRidnaEtaslion 84/€ fingie 1dyeLidbalg) ds
produced by magnetic domai ns recorded on the adjacent disk surface.

spacer - | oot 22k BE Hir Qs o] - I 1.6 hi ck
deposi ¢ ol Bt ANOE Hroh R 28 ‘.l*%%?‘;‘ﬁ%ﬁ%}?&e%?mgﬁ%%%ﬁlﬁgﬁﬁngf?%ﬁth as
Cu. The_sensor's free layer 64 is forned, a e the spacer. | ayer . e
free | a8 I&até%{hélf)eé%o%d@gbg shayysean eﬁ‘@thILFeOfg%%l?étFr? grragionyivith the pippgd e

| ayer of Co, Co-Fe, N -Fe or other suitable -11 3 0 JAN 2007 _

f er r onelghiestiocheins @red by guwring o fustsublayds S6a ohcatialtesm (Jokepn sabdrel suhtayere
configuration, the free layer 64 can be formed frommultiple | ayers, such

as a bi$6byef nshienivah RE), AR thirdgbRy&6cN cobulbirdl §Cobé). Chhdse sﬁlﬁld%él‘s (128
subl ayer of Ni-Fe, or a trilayer structure conprising a bottom subl ayer of

Co-Fe, Rritddh ﬁ)psdfl?h@ ﬁ?jngfla)wr 586t idb1e tl]ii91816§slégl @M@ﬁlagﬁet@ﬂﬂﬁgentg??{}e%gtow 66

in Fig. 8 shows the preferred zero bias polnt nagnhetiZation direction of

the 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-



free layer 64 when the sensor 50 is in a quiescent state with ”OBUQQNQQWC

field incursions fromthe adjacent disk surface. The nagneti zation

direction 66 is preferably stabilized in suitable fashion, as by

i ncorporating hard biasing regions (not shown) in the | ead structures 52

and 54 so as to form a contiguous junction with the sides of the free

| ayer 62. The hard biasing regions can be conventionally fornmed of

ferromagnetic material with relatively high magnetic coercivity (He), such

as cobalt-chrom umplatinum (CoCrPt) and all oys thereof. An engi neered,
rotective, electrically non-condycting overlayer 68 is forned on the

g ur f ac etleHme’ﬁ%e%lcr[E‘ge‘i‘%h%?WBﬁo Pﬁ“‘b":ﬂg‘éfh“ﬁ@e?se&ﬂéé ajtegnative geiigvrajioa: the free

t hi ckness while preserving high GVR ratio and negative free | ayer

magnet 08Yari &t dagrbe fpraedftem mybiplcRyérs, pickhepdilayerstmetuad canpridng b dpeom

conpri sing al um num oxi de, tantal um oxide or other transition netal oxides

such assublayevif UF-Feoaiddaop 2ibl£ens I beeerildyaf Mﬁﬂr@éﬂn%sir%[ ottoff suggpéf
materi al such as magnesi um oxi de. The thickness of the overlayer may

range f } roxi . 80 A consirycted, the overlayer 68 is
t her malc{fgfgstﬁg%l@mgﬁ%w%?}%o&rfeaan?haa@% S?\@%%P?Fﬁé%’i nterface with the free

| ayer 64 that pro ées.elastic scattering or spin-dependent reflection of
sense curren eeﬂ”é’(‘,‘fn‘%’) Instig; & thows dhsgisard zeraibins @Rt swspetizatipn dirgation ofithg wi t h
m ni mal shunting of sense current away from the ferromagnetic (and spacer)
| ayer s fisfe layee 64 sihsothe senspr 30 & i ANuRS@Tt stathevithwermhagnetic H8d daourddensffnid
using a suitabl e physical vapor deposition technique, such as ion beam

deposi tddprenrdiskagfate. OheSRatnt@saivg dirkition 68 id preftedblPdtas1iAR I8 ¥ GBI AHYh;sRt hod
for formng the overlayer 68. According to this nmethod, the free layer 64

the overt hyehoRl PETRR BARR rootnt GlhoFATHERG (RS B TR ng 1™ °°

desired physical. vapor d sitjon_techni que. By way of exanple, ion beam
a gon¥lguous junction w1t%pt e smfes of the ll:ll'ee 9ayer 62.y Theyhard biasinrépreglons 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
1 7 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. Asso 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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deposition may be used with xenon (Xe) atons to bonbard at | ow pressure
- (e.qg., 0.1 nforr) a netal target conprising the desired netal of the
overl ayer 68. The foregoing operation will be perfornmed in the BrUerAeNngﬂg] of
a suitable oxidizing m xture introduced at a suitable nass flow rate 0
oxi dize the netal target. An exenplary oxidizing mxture is 80% argon/20%
oxygen. An exenplary nmass flowrate of this oxidizing mxture is 12-22
sccm (standard cubic centinmeters per mnute). The foregoi ng oxidation
paraneters have been found to mnimze damage to the free layer 64 as a
result of exgessiye oxjidation while maintaining sufficient oxidation to
produce an PEELINFROD AB e YrEned Hsing 3 syjtablesplysicgbvapay deposition techinyes urbd
usi ng magnetron sputtering. In that case, a netal target conprising the
desi r eds nen htanyidepdsitimver magmatrofSpoderitge Bignbatdsirhtesi 4nhexngdary (éthod €S i n
the presence of a magnetic field at relatively |ow pressure (e.g., <1 -5

mror r) forkiihg teRsvedhyjep 88 Wakbording 0 8fid REMBE thdsthBy& @S i ' e
oxi di zi %g mgxt ure (ye. g., 80%2) arggon/ 20% oxygen) |ynt rogl%glgegr% ggl%gt&fsgta%hl e

mass fl 0x 1 d] e I ra.0n.step 84, .the entjire sensor
st ack sfgt(6 \ﬁftﬁ{élgtﬁrg%%ﬁggﬁ%%\?éﬁﬁl}l%hﬁ ¢ gzrinea? éega¥e66gllsl CRPSIFHQH?%@(%tﬁhﬁE%e ¥dpl i ng
bet vveeg t he AEM | ayerrPgS .and the pinned | ayer 56. Advantageously, it is

bel i ev@d iR thensdesitgd mbxsica] gvapen derasitipgy tecbrigre. By way edusemple, iemdearon i n
the free layer 64 that -13 3 0 JAN 2007 drives excess oxygen (caused by

i nadvedepositioxndpbeé osedt with eefon (Xe) atontsetodoarbhayarlowGredstner(elgy, 0.1 &TdiHg t o
purify the free layer material. This nmay inprove the quality of the

[ nt er f agalhGigveRMPriito e abdifed nhdtBRY §¥erfiferagrd fﬂ&efo}é%%fhlrgr iefﬁ‘?io{?\(ﬁfl hayer

68 relative to the spin dependent reflection of sense cu nt el ectrons.

ggt xr g Pélgiérll?%%@% Yife Etgsréﬁt% Sf él\éulitlablg%%&iiiﬁg M)?tﬁrel i &ducld gtnaestuiit%blte rrlllla(.%g( HS@?&% of
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, a 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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Advant ageously, the overlayer 68 permts controlled reduction of free |ayer
- magnetic thickness to these |levels w thout reducing free | ayer physical
thi ckness, thus allow ng the sensor 50 to preserve high GVR ratip)ang 2007
achi eve controll ed negative free | ayer 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 forned fromtantal um oxide
deposited using ion beam deposition per the above. The free |ayer magnetic
t hi ckness of each sanple was varied by changing the oxidation |Ievel of the
over | ay®VEEXEFE payeen @Iaﬁ?ﬁilbri’gm?(h"é@&trﬁil@t@nfth@éoﬁ) ayterthp pyeriayat 68, thekbess.
A second %g p of GWR sensors had tantalum capped free layers. The free

| ayer n@pdiegite pemfydke &ss layér reatetials dilpd mayvaspreas thedjublityalf tiey integfatdiBetween
sampl e's free layer physical thickness. In Fig. 10, free |ayer magnetic

t hi cknems ndtal RO B8E [a?%él zﬁldﬁh@hﬁ@l@tl‘ff@éveﬁﬁﬁ?%ﬁ§elhtnvet tlaefhéf $ 11? epefiddnt réHeRH

wi th each sensor fering by the anobunt” of sccm f éhrlng overl ayer
formati xi dation m xture conpr|S|ng 80@6argo i / 20% oxygen.
The nat@??d% useBPQ-QQFﬁe free |ayer of each sensor was CoFe and was
deposited to_a thlckness of 30 A The overlayer material (tantal um oxide)
was deposi t efUHE P Wlkksrasers ofill enuae frepaysr magpeticabGknesses afiRévh obelowe
curve 90 in Fig. 10, as the oxidation m xture (80% argon/20% oxygen) fl ow
rate Waéd‘(/calltéi%dusﬂy,dm applagen GBapezinyts Eanttadled 2ediction of free fay@emh@iedt tHiBIGRES | C
thickness was reduced fromapproximately 35 to 27 A, in substantially

I'i near tB&ﬁEﬁeqevely\ﬁ\\Mh@U@ redadivg Fde IR phiScal HGYEesd M Q]‘?AWII‘I? 'tl%%ﬂ%ﬁér 5P
extrapolation, it will be seén that nagnetic thicknesses o ‘ess

| d % 1:20% f f. 24
or eat ert e ﬁ%ﬁ‘hbel?‘* ?10%%@\@%9 I SRR R ol Sars TR he.

first test rouq Q : .
benefits are 1 lustrate 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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decrease as free |ayer magnetic thickness was reduced. |Instead, as shown by
" the curve 100 in Fig. 11, as the free layer magnetic thickness decreased
fromapproximately 35 - 26 A the sensor GVR ratio stayed rel ati\idl JAN Dia?
within a range of approxinmately 14.5-15 A. By extrapolation, it will be
seen that free |layer magnetic thicknesses of 25 A or less could al so be
achieved without significantly lowering GVR ratio or sensor sensitivity.
This is contrary to the decrease in GVR ratio observed in sensors of the
second test group in which reduction of free | ayer nmagnetic thickness was
achi eved by 1, ' e er pPhysi c thi.ckness. T urve 102 in Fig.
11 shovs 1 hi's B8 HeGRnieEh £ YR Athe PGt B e B0 fiason oo
desirabl e negative magnetostriction was achieved for sensors in the first
test grBoY rﬁtﬁaYPvaaﬂe%%ﬁgb%@rwm@w k& boRdsacas theyfrerulayerrmagngtio thickriess eesi r ed
free layer thickness range. In particular, the curve 110 in Fig. 12 shows
t hat asrednes fr«ayeppmgmelyasuchnL&Desglbsmsalgameeaﬁgdoﬁmmo@ppﬁ.?fﬂgrfﬁé gty 34
- 27 A the free layer nagnetostriction of sensors in the firs test group

act ual | pyelgmhysiasialickh@m 8liedRhlfatRIA U DelsCerPRR! r?lﬁ%tf@i%%%kﬁe%s@é 01‘9_5% By
|l eto at &

extrapolation, it w bé seen that free | ayer nmg strictron wo

becone thve at free |a magnetic thic sses of 25 A or
pol ow ok QTR EFAED bY Byt an ST i oot Lty est Al 2F S Tsonarenar 2007
magnet ostri C‘{&i %;1 observed in sensors fromthe second test group with
convent i onal £y g ey indde) Hy dhe GMRsiatialof the sskenas in thadirstitesugrdnp didieocur ve
112 in Fig. 12. Accordingly, a GWR spin val ve sensor, a read head and a
. di sk drdegesase sdetetiayer magietic tthesswisaedsed s bistchd bk sEaii Bythe kame 10681 Fig.
“di scl osed. Advant ageously, the conbination of reduced free |ayer magnetic
t hi ckneps as thieGiRe fddrieQc 8ikn ' et 98N
fabri ca?i%on of h% pg%df ormncgﬁgﬁ%kﬁ%\gglﬂgg{@gﬁgﬁléﬁxﬁh @u%ﬁ“%%éﬁlgﬁqmrom

the hi gﬁti@%ﬁ&é@%e'la‘?i@ely 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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of fered by sensor free |ayers that are magnetically as thin as 25 A or

- bel ow. While various enbodinents of the invention have been described, it
shoul d be apparent that many variations and alternative enbodi ment & J&NI0H
be inplenented in accordance with the invention. It is understood,
therefore, that the invention is not to be in any way |limted except in
accordance with the spirit of the appended clainms and their equival ents.
-16 3 0 JAN 2007 W Cdaim 1. A nmethod of nmaking a GWR sensor with reduced
free | ayer magnetic thickness wthout reduced free layer physical

t hi ckness, conprising the steps of. formng a ferromagnetic pinned | ayer
havi ng BAEREIOSTISHRN ehsyyed ingsasarnfpmtthe secarshisptErounoyith wvamqaaﬁz fadneed frep
conductive spacer |ayer above said ferromagnetic pinned Ilayer; formng a
f-er r ondayee physidal dechneyeas stoownebysthe duskedd2in Egl 19. conducti ve spacer | ayer
such that said free | ayer has a physical thickness and a nmagnetic thickness

represent i noydcBRLRIPIM MR sph LRVEREMr, r@%@tﬂeﬁdrﬁﬂwalsg%bt% gPheS il Tree
| ayer and sald free | ayer phy5|ca t hi'ckness; and redu0|ng sald ?ree ayer

over | ayiheth SERER%Y boeRidh P BB ko Bt i iR aleorRpRA! Ediesd

overl ayer |s deposi ted dlrectly on said free Iayer in the presence of an
oxi di zifff§ lasernpaprdicethickaess, dughy KB raglg andl pegative magnstastression sallewsntgnet i ¢
thickness to a desired |level wthout reducing said free |ayer physical

t hi ckndslgication 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.

-16-



2. A nethod in accordance with claim 1, wherein said overlayer conprises a
“metal oxide material. 3. A nethod in accordance with claim 1, wherein said
over|ayer conprises a material selected fromthe group consisting ®iaN 2007
al um ni um oxi de, tantal um oxide, titanium oxide, zirconium oxide, hafnium
oxi de and nmagnesi um oxi de. 4. A nethod in accordance with claim1, wherein
formation of ?,Vﬁea'gga.overl ayer conprises: deposition of said free | ayer;

sdli

deposition o Tover | ayer, and annealing said sensor. 17-

[R\LIBQ 2709.doc:hl IC 3 0 JAN 200 -18 5. A nethod in accordance with
claim 4 wherein de ositye‘gn of said rises depositi

ver| ayer, . co ng . net al
oxi de materi & by pHyErede! Rake ad@_ag%ismse with refeeed fressa) e thickness
oxi dation gagdibtirbdiRed Free fayBBpIARGEAl thiAGEQ! EGHESsiNE IHR s&dpaiom | wherein
deposition of said overlayer conprises depositing netal oxide material by
i on beam deposi ti ofereung geigremagnetsppinned jlaigr | ivinge a prubsienteadlyofixeth nzaggofic
oxygen oOxi da;nioémngas m xture. 7. A nmethod in accordance with claim1l
wherei n deposition of said overlayer conprises depositing netal oxide
materi al by ion befomniigpaseltitatallyséonduterecpacartioyes abw tdsadk fatrimapnetiepinged
provi ded by E}r}\,erAr- 20992 gas m xture delivered at a flow rate
forming a ferromagnetic free layer above said electrically conductive spacer
layer such that said free layer has a physical thickness and a magnetic thickness
representing the product of a remanent magnetic moment density of said free layer and
- said free layer physical thickness; and
' reducing said free layer magnetic thickness by forming a protective electrically
non-conducting overlayer on said free layer using a deposition process in which said
overlayer is deposited directly on said free layer in the presence of an oxidizing

atmosphere that is controlled to reduce said free layer magnetic thickness to a desired

level without reducing said free layer physical thickness.

2. A method in accordance with claim 1, wherein said overlayer comprises a metal

oxide material.

3. A method in accordance with claim 1, wherein said overlayer comprises a
material selected from the group consisting of aluminium oxide, tantalum oxide, titanium

oxide, zirconium oxide, hafnium oxide and magnesium oxide.

4. A method in accordance with claim 1, wherein formation of said overlayer
comprises:

deposition of said free layer;

deposition of said overlayer, and

annealing said sensor.
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of approximately 12-22 sccm 8. A nethod in accordance with claim 1l wherein

- said free | ayer nagnetic thickness is in a range of approxi nmatel .
9. A nethod iyn accgrdance with claim1 wherein said sensor has a g\}ﬁ%ﬁP@o
in a range of approxi mtely 3-15 percent.'@bi A method in accordance with
claiml1 wherein said free |layer has negative magnetostriction in a range
of approximately -2x 10-6 to | ess than zero.

5. A method in accordance with claim 4 wherein deposition of said
overlayer comprises depositing metal oxide material by physical vapor deposition in the

presence of an oxidation gas mixture.

6. A method in accordance with claim 1 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.

7. A method in accordance with claim 1 wherein deposition of said
overlayer comprises 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 sccm.

8. A method in accordance with claim 1 wherein said free layer magnetic

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

9. A method in accordance with claim 1 wherein said sensor has a GMR

ratio in a range of approximately 3-15 percent.

10. A method in accordance with claim 1 wherein said free layer has

negative magnetostriction in a range of approximately -2x10° to less than zero.



