. @3eTUPPQ SRS TBUTTU | < 18 MAR 2003 DI FFERENTI AL VGAWR SENsOR] § MAR 2003
“PC T/US99123119 The invention relates to magnetic recording heads 5 and

nor e specixfd to a differential VGWR sensor. 10 15 20 2 d of

t he Inven?&gﬁﬁ#kéychange in resistance caused by a nagneticé?fgﬁgﬁ%ﬁvgalled
magnet or esi stance. Thi s phenonmena has been exploited in recordi ng head
technol ogy, for exanple, in conputer nmass storage devices such as tape and

di sk drives. Magnetoresistive recording heads are well known to be useful

in reading back data froma nmagneti c nedia mass storage deyj a

di sk drive or magnetic tape drive. A magnetoresistive ("Nﬁmw@ﬁwﬁmmlmﬁﬂgects
magnetic field signals by nmeasuring changes in the resista

el enent, fabricated of a FeagHeRE M&B——S—’ﬁé@g& ance of the KR enent

changes as a function of the strength and direction of nmagnetic flux being

sensed by the elenment. Changes i resistance axe then converied.to

. deternine the f#ﬁ? o -] |%ﬁ%%?%§n53n@?$%e iﬁﬁ?o%ﬁ%ggn§833§enent
det er i mesl eeresigpexd i Sioaklyonot he didEdienantGaiy E@MRom@INSR .sensor s oper at e
on the basis of the anisotropic nmagnetoresistive effect ("AMR') in which a
conponent of the elenent's resistance varies as the square of the cosine of
the angl e between the nBggkgreandof dherinfentionR el enent and the vector

of a bias or sepge euange! ithritstdece! ea8SEd PyPYHRRG§RELE: 30 where Dp
I's the caonponent of. resistance of interest and . po is the base resistance of

the MR éR&HheS IGAL MRgRENRRESAHS G001 FG3F7 PPETLTISHFL 9

been exploited in recording head technology, for example,

10 in computer mass storage devices such as tape and disk
drives. Magnetoresistive recording heads are well known
to be useful in reading back data from a magnetic media
mass storage device such as a disk drive or magnetic tape
drive. A magnetoresistive ("MR") sensor detects magnetic

15 field signals by measuring changes in the resistance of
an MR element, fabricated of a magnetic material.
Resistance of the MR element changes as a function of the
strength and direction of magnetic flux being sensed by
the element. Changes in resistance are then converted to

20 determine the flux radiated from the magnetic medium.
This measurement determines the signal stored on the
medium.

Conventional MR sensors operate on the basis of
the anisotropic magnetoresistive effect ("AMR") in which

25 a component of the element’s resistance varies as the
square of the cosine of the angle between the
magnetization vector of the MR element and the vector of
a bias or sense current through the element:

p=p.+D,cos?6

30 where D, is the component of resistance of interest and p,
is the base resigtance of the MR element.
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A variety of nultilayered structures denonstrate significantly gjdtMAR 2003
“sensitivity to magnetic fields fromthe recording nmedium This effect is
known asvpﬁgo,gjoﬁlt magnetoresi stive ("GW') effect. One typeraisyseinaor 5
based on the GWR effect is called a vertical GWR ("VGW') sensor. The GWR
effect is due to spin dependent scattering of electrons fromtwo or nore
magneti c Dyers, separated by nonnagnetlc spacer |ayers. 10 As systens are
pushed to higher read density, hlgher nagnetic bit size or decreased

recording nedia size,,the a al|£ i % EtIC flux is decreased.
addi tion, sensitt W34y FLLB¥BT PR AFENGTYEIESh %ﬂ?nﬁﬁﬁa%§anple
whi |l e t hsigaddicantlyi ggrera\telr idem s idrisky st frasgnet icnbyehids dxparticl e

(contani pati gnko, B8 CRLIYOT hiss QIS ofls Wehlbe.di pkPaed, n the

f orm of eat “causi ng enperature ncrease,; causi ng an
i ncr easemagneheregdsstiaecd "GMR"e effatt . ulQneatyby cpiésaiansng‘ in a signal

that mRyphEegv8A Bh@heMr2Q rifaar tlee 3&%'& veBPaka] r@uka (hiaRRIyIi on. I n

order to sense these smaller signals an ncrease areal density, read heads
with greBfBfC8ensitivities are needed. Sunmmary of the Invention Various

i npl enent ati ons e tdMR | eWEEEE Ofls @Y e 20l a@hhde d@htmﬁcfatﬁﬁeih@g
follow ng_featu ener al in one as ect, i nvention fgature an

appar at USLf 6 eFEﬁBPﬁg%EgpatWﬁbPﬁdﬂﬂf%ﬁWq %ﬁth%g %ﬁ%5|§?P9§a ferent, a
second nhgnnbnmagnetumespbeeanﬂa&@mmed substantlally paraIIeI to the first

30 net or esi st ye t 9H$ gneL acer Qgﬁ bet ween t he
firs %and secon g‘% éﬁ%m s? 1\5}9 errggr?t gn %ﬁ r & %I ‘and second
nagnetorbsgberveagheﬁeﬁtbl&r@h@ﬂn&ﬂfdﬁtnﬁasedirs¢0n®gmgtmedﬁayer a second

magnet i cgi ayer far ged ;4B Lapti "d&dﬂﬁi t d&st rnWO 001 30077 - 3
~at 2%03 PCT/U899/§3119 magfietic | a g%igﬁs &éégﬁauctlve gpacer

i nt er posRAbELRBenSERELLAVILYaR@Ys & tETRAARAT cETA) FRETRRrei n a bi as
current agpkeed Fert eeampnductwh\mesrtafeeméﬁdtm £1yHhg NBYEEt BResi stive

I t bst ant II ite t bj t liedt
el et b5 puRstantial Ly catal and o onmonile Lo Bl a2 clnyent gl Lo
i mpl enenéaeragw, ofhEhappabaﬂu81oaanmﬂIhﬁ dinesd yslet ed pin mehenfomagnet f or med
bet ween BenbhE SkaAB9n5eERad IRARGLLEN Sf M &l eIEd! S0 anleadhagent (he 10

ri or e

nonmagnetl c spacer urrent weeh the firs ‘second
nagnetor@%ﬂgtnseaéleﬁsﬁﬁgsandm ﬁhEemnaasnan;emmﬁm@ﬁnnhea@pacer and the

permanen&wmaeelyaregme%gstlﬂ B QA giRa. halaeapay hse féysh ARgnaecond
gnetore5|st|ve el enent s and adj cent the nonpagnetic_15 sgacer In an

i npl éfentBeRoRRe: RBIPELLC FAgRadi ENoW & raniitEeRt ot S¥9ERetPirst and
second n@gnSéOthesetsmelebeneﬁgaahyﬂanﬂﬁnﬁtf¢d§é abeEet denghaterial , a

second MRgOg! LGB GLLR 5:BaTREC0A TR/ Aled NLEL POSEGRE! Ve

Summary of the Invention
Various implementations of the invention may

25 include one or more of the following features.

In general, in one aspect, the invention feature
an apparatus for reading data including a first
magnetoresistive element, a second magnetoresistive
element formed substantially parallel to the first

30 magnetoresistive element, a nonmagnetic spacer interposed
between the first and second magnetoresistive elements,
wherein the first and second magnetoresgistive elements
are comprised of a first magnetic layer, a second
magnetic layer formed substantially parallel to the first



20 the first and second magnetic materials. In another inplenentafi
‘first and second magnetic gateri als are conprised of syn'[rﬁeti C a1 &)W?Oua
anti ferrogrpyabdss and the spacing material is ruthenium |pcHUSIdE3119

i npl enentation, the second nagnetic 25 | ayer of at |east one of the first

and second magnetoresistive elenents includes a first nmagnetic material, a
second magnetic material, a spacing terial interposed between the first

and second magnetic materials. 30 In Still another inplenentation, the

conpr i sed St ohbrdd dnd i N eaa N kve aRBARE P e RYTE SRl "
i npl enenttdte dii ratheandpsecond migrstital ayerahewbiemetne af ibrists magneti c

layer is & 'érﬁﬁ’%{ppli%dt M@OQ&%P%QO%ZCE’FH%?%? iFge 4 1IN

anot her i npl enentatl on e apparatus furthetr 1nclu Irst thin |ayer

adj acent MAENETSRRI Het VRl ePRNE | St SHhghantéaldyeraudd @nd conducti ve

- spacer 5 arhpb SO N tAi vt d AyQirreher HPpEilefet ¥eLNet B8nSRERNE,dTBgNEti C 5
| ayer and the con ucéé ve scg?ger wherein . the first and second thin | ayers
can be ciRFTFeL ot FEH dﬁ%g%?t%eﬁﬁﬁtﬁﬁ%e? PReRRot her aspect, the

i nvention featuré&a anVivBleeestat iomng| uhengppddatais \éaR Stackera second

VGWR st a t] d j S er..i_nf.er ed between
the t i1 ot iea Rl BARIRAY oA POEROR HELLY B, RS P RP e 0
second VEWRIhGeonekdrrRRSHi Ve relemARt 8t an@t, adjseeobd tBA- st ack and a

condugpi %Wtﬂ@tﬁ%@ﬂ é’eédﬁ?éhﬁ h§tﬂﬂ55fofﬂgd1§e%%%@1d cpRF st acks. In
anot her i npl erentation, each of the first and second SAF stacks includes a

first SAEILSfernd S&GRM MggnetResshpbilive spherent gyand dfe ASENaEbet ween

the firstthRnhaeeabtSA dpa@ds, andiet Ré npébhrasendughgyecspacer can 20 be
t source to apply a first bias

copper. |n _another_ inplenentation, a curre

current tOERY TSt gﬁ'ﬁ?i&e%‘?ﬁeﬁ Eﬂgegbﬁﬁtb?ag EGFP to the second
VGWR st aclacaret dred ileidre 20l dmernot doed adpheapnt aheonpntiagné@ilk sensor can
i ncl ug$ g difderential anplifier for suming the first and second bias
currehts And a detector for det ecting changes in the first and second
magneti zati ons. IR apnoinplemspéatiomhe they ditisen Magnalhes wagerdeEferenti al

GWR sensqit, 1dydudiig S RINY at ity 0dngpacednPRashackseandtirans for
bi asi ng the magnetj zati on of respective stacks t0, respond to external
magnet i cegie&%%sochﬁd’r%iang{* F SPAPREC1R BRESEtatk 3nd°F€H %asi ng
resi st anemgnetadj atdridacks . spadnd/ARa O93a i RADEBPOEEd between

20 the first and second magnetic materials.

In another implementation, the first and second
magnetic materials are comprised of synthetic
antiferromagnetics and the spacing material is ruthenium.

In another implementation, the second magnetic

25 layer of at least one of the first and second
magnetoresistive elements includes a first magnetic
material, a second magnetic material, a spacing material
interposed between the first and second magnetic
materials,

30 In still another implementation, the first
magnetic layer is a single layer, wherein the single
layer can be comprised of at least one of NiFe, CoFe, and
NiFeCo.

In yet another implementation, the apparatus of

35 claim 1 wherein the first magnetic layer is a bilayer.



- 5" PCTNS99/ 23119 The invention may provide one or nore of the fgl ﬂow 03
advantages. A differential VGWR sensor provided wth two VGVR sensoFs ICZD

respond qjff ly to an external field, 5 thus producing | tia
si gnal p%é(?&’?@gzal to the field are provided. The sensor pro u%;egzbg{}better

signalto-noise ratio conpared with a standard VGVWR sensor. This better
signal -to-noise ratio increases the read density of the sensor. 10 The
details of one or nore enbodinments aret set forth in the acconpanying

drawi ngs and the_description below. OQher features, objects, and advantages
of the inventionlfii PROS&eIpFAEAMERtTHE 1oR, deber Rppraya tawd fume hdmawi ngs,
and 11 omikleq udl 1. £ I8 Bt BinDeagelDbiga clind NS Sidyelh IS 2

per spectiye vi.ew of a conyenilona VGVR sensor, Fig.” 1B Is a perspective
view of & (?orf\?'&ﬁti JPRANSIAR $3KE8r ando theg copdyat ivesigRAGB VR A
ponrentiseebddaﬁﬁfnﬁmfzgifigte2pb§ea g@h@@@ﬂ(E¥%$gg@5ndﬁT§§hetif

i mpl enen t sepnsors _produci ng a di rentjal sigpal output.
Fig. ZA ?’gyae(%gea?lgpet\(lzi% VEORTRGF BY 58 FFFEreH’?’ieﬁe’\’iG\F%% tlﬁ“?q?i zing a
per manensegagdetthizb Rypr2B-as hepeowmpedsiede offi et dfessstdidderenttal VAR
sensor OofnF @opeA Fig. 2Cis a side view of a differential VGW sensor of
Figs. 2A and 2B. WO 001 30077 - 6 18 MAR 2003 PCTNS99I Zz3119 Fig. 2D is a
side view of a dfRfaprefhpil agoMRtsertdy wivengion2AcahyreB RnVENR presence

of a magBehker,i alrbldding 3 £ 5rat PeEARECERYR Vi W RN stack
sl ntation of a differential VGWR sensor utilizing a current strip. 5

Fi g. ABd, 3 DOOMAGRRfEL G i FRE JROBRCONEREEANE SPAPEWR WERIROKAdFig . 3A
Fi g. 3C betwesndehsd ain rdt aandl f §econti abMEGY¥Rag@nsor of Figs. 3A and 3B.

In an implementation, the first and second VGMR
stacks includes a first SAF stack, a second SAF stack and
a conductive spacer interposed between the first and

15 second SAF stacks.

In another implementation, each of the first and
second SAF stacks includes a first SAF layer, a second
SAF layer and a spacer layer interposed between the first
and second SAF layers, wherein the conductive spacer can

20 Dbe copper.

In another implementation, a current source to
apply a first bias current to the first VGMR stack and a
second bias current to the second VGMR stack are
included.

25 In another implementation, the VGMR sensor can
include a differential amplifier for summing the first
and second bias currents and a detector for detecting
changes in the first and second magnetizations.

In another aspect, the invention features a

30 differential GMR sensor, including a plurality of spaced
GMR stacks and means for biasing the magnetization of
respective stacks to respond to external magnetic fields
by increasing resistance in one stack and decreasing

resistance in adjacent stacks.



Fig: 3Dis a side viewof a differential VGWR sensor of 10 Fi gs.1 BAMR 2%@03
"in the presence of a magnetic field. Fig. 4A is a perspective view of yet
anot her iwplogAgpAsation of a differential VGWR sensor utili zigmusspsneanent
magnet and a current strip. Fig. 4B is a perspective view of a differenti al
VGWR 15 sensor of Fig. 4A. Fig. 4Cis a side view of a differential VGWR
sensor of Figs. 4A and 4B. Fig. 4D is a side view of a differential VGWR
sensor of Figs. 4A and 4B in the. pre nte of a nmagnetic |nten5|ty 20 Fig.
5A is a per spect vi ew aof, anot her n‘lé)1 (gmsnt ation of a fLer ential VGWR
sensor utili zi ng etH'lnrY ARRY PEPULLE. ORF gOT6ROFE 2 pEFSpect i ve vi ew
of an enhBriclesvihd f adeahtage¥GVR st ack. WO 001 30077 Fig. 6B is a
per spective vi ew,0f e f |aI VGWR st ac i A. 18 MAR
2003 PGTl u399123‘?181g%%r% s, SERIN S-S ATEnSEubt Pkl
VG\R st aciersiord gihisrh Eespgnd7ﬂllf§ea‘ep¢r1&p¢©t iare erterngl of elidhnced
. different RE! e f hanced
gntdals BEHLES - a dflfgerz_ﬁ-tl%l sﬁgg%qs(igo\sﬁﬁ:g‘éﬂl%ﬂ A& 18D

differential. VAW stac vi ew of the enhanced
di f f er entfigld/@ure 1I€)r%‘t’3a€?dof Ehg. spASON produqes & \RehfHF i &hhanced

di fferentdindd@R sdoLd Obmbhged7Rith @ sRANRrA REMDeEHser vi ew of an
i mpl enent. At 03 of_ a fol ded. dj fferentl al VAW sensor utili ZI two fol ded 15

Di f ferenti X BKINAET GO BBIPS & Ads fOGHSATSA Sl Siitht her
i mpl ementéensityfold o deendotterential VGVR sensor utilizi ng two enhanced

dlffe ntial t E i d differenti al
a2 sensor of PE QEtRATRbE ng fof FUE HBUaPleh DS BRETEGy

d| f f er entficarthv@wr @@sWCQmpﬁnglneAdrnwumSp@e@em ofe semigyriant ¢

intensit el al lthdeseLipht@8, objects, and advantages of the

invention will be apparent from the description and the

drawings, and from the claims.

15 Brief Description of the Drawings

Fig. 1A is a perspective view of a conventional VGMR
sensor.

Fig. 1B is a perspective view of a conventional VGMR
sensor.

20 Fig. 1C 1is a side view of a conventional VGMR sensor.

Fig. 2 is a schematic diagram of an implementation of two

VGMR sensors producing a differential signal output.

Fig. 2A is a perspective view of a differential VGMR
sensor utilizing a permanent magnet.

25 Fig. 2B is a perspective view of a differential VGMR
sensor of Fig. 2A.

Fig. 2C is a side view of a differential VGMR sensor of
Figs. 2A and 2B.



18 MAR Z003 wo oor ~oo~~ PCT/US99123119 Figs. |A 1B, and 1C are (B‘LJQERMQR:ZQUB

' perspective side views of a conventional G ant Magnetoresistive

10. Refenybgsbe7Fig. | A the conventional sandw ched GVR IKECT/BS¥3idal | y
conprised of a conductive 5 spacer material 11, such as copper, sandw ched
in between two nmagnetic layers or bilayers 12, 13 such as N Fe, CoFe, and
Ni FeCo. A bias or sensing current densbjty Jb as depicted by a vector 14
runs through the GWR stack 10 via the°conductive spacer 11. Referring to

Figs, | A_and 10 the. nefic Laye 2 .hav i ron M and
MZ repr eggﬁ'eﬁyl%e%t%gg%%iégnﬁk 1%8&‘?#3}5&%%3; g’é’ﬁﬁg%’%\g‘gsé %?éf 15A and
15B are figsn i2A tawd o2Beimathenpresencsenfed tmpgaetsdld £imddl.a dashed |ine.
In the absence of bias current density 14, the magneti zation vectors 15
15A, 15B orient thensel ves perpendicular to an air bearing surface 16A
(ABS) whiFdl - S& HeS surpeEereftivie YiteW Phcangthetofapdgmedtiar 1 The
perpendi el & DI RSt PN | SoldReséAsbheut MeReRL aNiceRideaft Ga¥aperties of
the magnetic layers 12, 13. 20 In the presence of the bias current density
14, a resultant magnetic field B has a vector 17 that "curls" around the
currerg @easi (3B viestHrpddspdbt svengiewi 6ff helldfBeens iial GEMKsite

directi ons o%reaé:gu Ipf t two magnetic |layers 12 and 13. Consequently, the
25 magnetsl 7280 % vect D s 15A and 15B of the magnetic |ayers 12, 13 wl|
orient thenselves in the direction of the magnetic field vector 17, which
is the dighecti heg; LCoE | MX3E t ' a result,
angl es 1§rc]d % lggreéf%%gn%g@ﬁ%‘{vv@gnyt%gfﬁggﬁg{:?éét P%rl\]dflé?,%leslﬁroﬁf 15A and
15B and &ig&ct otA #nGotPal to the ABS 16A. A further result is that the
magnet i zatigon eciPrs dbde andedkSEE f QraL a£eebat QR NYCHR SEidOrpf th
respect tQ each other as sho in Fig. 1C. _The functi.on of .the bias current
density 298 B FPrNi e gﬂeoﬂ¥%§gn§Fgﬂ | 2aMagRssis f¢ 45 asing the
sensor WO 001 30077 _ g 18 MAR 2003 PCTNS99/23119 in its sensitive
operating.regine.. Resi C e n_th ngl tween nmagneti zati on
directi o%%gi‘n %rlﬁelsrraagré%?égp %@I%?gwi%‘gtﬁé ﬁ%gngf’f‘g%g’ on of the magneti c

| ayers chapdesmatitaicionnofisaidifieresting WaYReseosbirunts iirzgmg he
recordin i i i NG €M h Theref ore when a nagnetic
field de%gﬁ%dl—%teﬁﬁa;%%ﬁ?eﬁa%y&ac%%%gg %E'?g lates fromthe magnetic medi um
16 the magneti zation vectors will attenpt to align thenselves with that
field Ceoagequentiy.a aSetfifedetiorvidwVvari 8sdifferentidintEmpmity, the
magneti zation vec s 15A and 15B will change their orientation. There wl|l
be a rF’S'g‘&?ﬁdﬁé cHange™t n resistance due to the GVR effect, which will
be indicated by a change in the bias current density 14. These changes in
resi st a”ﬁ%@l&-ﬁ?ﬁ%ﬁ g%i&é‘dv%éwaoé' 9nal £k Rt AL RedamRN st o frent

descri bes

Figs. 4A and 4B.

Fig. 4D is a side view of a differential VGMR sensor of
Figs. 4A and 4B in the presence of a magnetic intensity.

20 Fig. 5A is a perspective view of another implementation
of a differential VGMR sensor utilizing a thin
nonmagnetic spacer.

Fig. 6A is a perspective view of an enhanced differential
VGMR stack.

-



Fig: 2 illustrates a schematic diagramof two differential VGWR s‘ sm 03
200, 201 biased by bias current densities Jbl and Jb2 respectivelsgt gzp
lines 205ya¥gbr30d7210 respectively, with a conmon ground 215pCThus9sesed t ant
change in the bias currents that result froman increase (decrease) in
resi stance of one VGWR sensor' 200, and a decrease (increase) of resistance
in the other VGWR sensor 201 are conbined at differential anplifier 220 to
25 produce differential signal 225. Fi&.'ZA depicts an inplenmentation
havi ng twg, V sensors connected in.parallel. The magneti zations of a
(1T st OVaVRidentsr SPcRRPSIBPSHK e sBLBRIOLHRE sEREBRCRBIRY 218 are o | ent ed
i n opposi fefdereatiiails VGMR IHraskt evhaligagertic field froma recording
medi um appl i ed perpendicular to the ABS will cause an increase/ decrease of
the angl e between the nagnetization directions in the ' magnetic |ayers of
VGWRL andFageobFedpordisigialscreuasef | Hop canbanpedhdiffignentati ¥8M&irecti ons
- of the 35gpR@RELIEC Higyelen in VAVR2. 18 MAR 2003 WO 001 30077 PGINS99r L3119
- 10 Fig. 2A depicts a differential VGWR sensor 20 with a permanent
magnet 22 and a nonmagnetic spacer 24 sandw ched between a first VAW stack
21A ("VWGWRi1G) and iz eeerdp&ddlvé aekew 18f (& VERMREN¢ed AdCEFERenaAadoor di nat e
5 systen1?§ﬁ begn %gded to the figure for ease of_discussion. The
nonmagnet §p§ &F"24 is thick enough so as not to cause ferromagnetic
orange peel coupling between the adjacent magnetic |ayers of' VGVWRL and
VGWR2. O@Pg? H%G'isC%USJeJ éfti%? Ped NE£ t PROJLARLY Q4 the GWR 10 stack
itself givi rise to parallel coupling between the nmagnetic |layers in the
G\R st ackdiTRerpasiadndiGMR sHaade o5 TPi cBty 10 - 40 Angstrons but is not
limted to this thickness. The spacer 24 is |ocated near the ABS edge 16A

of VGWR1 21A and VGVR2 21B. The pe nent magnet 22_15 is loca away from
the AHS 16¥edd& 7 6r & e[d’lp?‘é\fé%&aﬁ*—s?%?g%ﬁéo@l#%%r?alibﬁgi &gﬂﬁedi um 16
and taprevasck afdedreasad. n sensitivity of the sensor 20. The

magneti zati on of the permanent nmagnet 22 is directed parallel to the ABS
and normal to the VGWR | ayers 21A and 20 21B. The presence of the pernmanent
magnet 22Fig.t @Dadlsi everigpwposl ttthernembancadi dhffenevaWRl YEMRaglaw 21B
A magnetigefielbd wactor 23 fromthe permanent magnetic 22 will orient the

magneti zation Vectors 15A, 15B (see Fig. 2B) in VGWR1 21A and 15C, 15D (see
Fig. 2B) 25 in VGVR2 21B in the opposite directions. As seen in Fig. 2A

thg rragnetig.fbﬁx il @nﬁéi%ﬂéﬁﬂmmriémggﬁta123iﬁti1§lélﬂgﬂta’cli.¢ndblfe&'h ed in the
y directipn,wth respect to .V 21A and in.the, - irectiqn With respect
to VAVR2 gﬂh&ﬂeﬁihﬁl&%&ﬁéeﬁ&dﬁ&i |o?1e9%8FoV§lilﬁ73\}n§5Ew8f QRS 30 21A wil |
ori entls heinftevestdladnyGMRe dtiatkis | i nes of vector 23 in the y direction. In
contrast, the magnetization vectors 15C, 15D of VGVR2 21H wil| orient

thenselves,alon% the field lines of vector 23 in the -¥ direction. Then, in
the preseht@- oBBbigs ac PerERECPEVe 76168 ¢h 2BehheF meRRRHARTVGVR2 21B

respectivetya EBededl@ilFraiRetOa WOr@aR 308ddor ddilizing two
enhanced differential VGMR stacks.

Fig. 8C is a side view of the folded differential VGMR
20 sensor of Fig. 8A.

Fig. 8D is a side view of the folded differential VGMR
sensor of Fig, 8A in the presence of a magnetic

intensity.

Detailed Description



PCT/ US99/ 23119 magneti zations of the respective |ayers of VGWRL ?fgsMgR 2003
' VGVR2 21B will scissor with respect to each other (ie ML ' 15A sc

wth M 15C scissors with M~ 15D). Referring ng hggﬁg,gZD in .
t he presﬁ%@&&' 5 magnetic field density H represented E?/. vect or

froma recording nedium 16 perpendicular to the ABS 16A, all magneti zat| ons
will attenpt to align thenselves in the direction of the recordi ng nedi um
magnetic flux along vector 18 in the § direction. In the Fig. 2D, ML 15A

and 10 Mz 15B wi || decrease the angle ~1 between them and Ms and M wi | |
increase the angFé9s2 bBiweBn BREMLGs2XE1 HEGTRAARVERBCEOYS attenpt to
align theise wq%wdsﬁ dthey }b&hiéﬁﬂ\;lcm’al Asi@nt gﬁ@%&;bgesﬁhwe(c?@)g he

magnet i zati on irections i there w e a
correspoﬁ% ﬁang&qﬁ?%%%%%hﬁtﬂﬁ&? veRMENS 1 d VGVR2 21B. As

st at ed alsamdwm:hetdwemmgnetmszaiypmmaﬂehyw&nﬂ.ﬁi@sedSBf a56pn3351latcweent

themsel vesddLa flidaation antdpar ald elod g eacha ghlieln bng.f galsiange of 20

t he stac Wi Tl I'ncrease. rra ne 1on vec ors-ofient thensel ves

par al | el twe e@gmedxztterlaxmes r@slmlaermrw 12, dedr eush. agj Na&'ethe

magnet | ZgdirNs Sy tl\ﬂ%“e\é@/R H afkas ?&ﬁs&@lﬁgveueeeﬂtoaeeetﬁ )t hparal | el

due to the presence of per manent nagnet one th st’acks wil |

i ncr ease 9epd cres ann"cé’eé-’r’r'd:’lbrPe61 o’?uﬁshetl%’f%‘éﬁ% e CYBcFEESE il Wiski st ance

as tlhte Ilﬁﬁleddo@l:kﬂaﬁl itwe Qaffatfd& VltGlCt OfRéLﬁeiv’lﬁizl@St(:jQUEééQ .tha @M{a afH, ectS As a

resu re W i ffer i na r oduce sta i nce

o 58 o lHes rianerds dattans i osmbt 2 TReReE et oo it

differ en1r1e@lre&3|egn@ld oyt Ivdm:d:&r g5A amﬂ cﬂ@ar i Tha magseaa_lzaturm_ experience

a correspandiag nesl shanae£aNGndlie £estiLi 09; gL pkonal i1l be
rom e

further renové nol se Tl oor rncreasing the sensitivity of
t he VAGRrepassernz@d bywg @rBisb-and a_a_zdasllaecnm:gegs PETEUSORELERIIE Fig. 3A

depi cts grotfiels 'crﬂilxeé}ﬁ:mc?édém:}pfl@ difd ep éei %nseee%:%o with a
current strip 31 and nonmagneti c spacer san w ched between VGVRL 21A

and VAR35$1B15Bnh %q%lté?%ﬁ‘ﬁeaﬂt‘f% RATRERAI VLAY BA BRe®FTcurrent strip 31

provi des baafagae igur ffddex ﬂemrnpasnagmictle is etWe Bstiepaesenitedhay vector 32

havi ng a SI l.ar_.ef fect to.the fl se t he per.manent. magnet (see
Fi gs. 2A g ff&)nlgA N ec?ﬁn%erhsﬁta dﬂ%gtﬂ?ﬁa ﬂdg.ﬁg?tatr“ p3linthe -z

directi onraemtnmlmt g l@ua heo cure e:mhdemtttqnieoveopmc BTopEE ias r ent
strip creat 2 that curls around the strip 31 as
g% ﬁ;ﬁe magnet 1 c fle‘}édlngdﬂ"z3 i

i ndi cate caused by the current_strip 31 results in a
fiel F1ux i n onEldiRecPrefeRrehofespecbins vovrent Agnrhey alty f#n the y

directi opbsangant %M@slﬁﬁﬂeﬁ BliHectd ope b bp f6SpRAE Meu¥@YR 21B

(generall |n th directi Thus, the respective magnet.i zati ons of
VGVRL an& t&iel |G et Cfﬂg?ste\f VERCE O t hd- opbBaFt E‘aﬂgF&}ﬁ ons, ML 15A

and MZ 15Re(ld@ ® a3B)s iim td]@q;snbe eti et bois MBn 18&cAndEMehESBwdEi g. 3B) in

t-he -y di q nMent h ur gt strips orients the
magneti za gltr?s %SAar}fé% :l’frﬂ \?Cé\&gglglA oé%ﬁdéngl}ﬁvét ?gatl ons 15C, 15D of
VGVRZ D 1 Bagimeitpasdlilas vierteith Jeﬁmean@clﬁlé\mfmgthhemggneteﬁ devers with the

presenceiof a3pg/iMANeIHi JRINGlemdd Bfes 2fh @ﬁ% d5FectBnUeg eheias 25
current densities represented by vectors 25, 26 iI.s the sane as descri bed

above. TRBIEGEient ifdksiMeTLDE7 v RifR et s FRepEeFrGELR &ft &%n of
nagnet i zahighletiec tfdik rdatlad Wctrié&.léﬁcﬁ) Bespret hvekgulReferring now to
Fig. 3D, _in.the pres e of a.30 netic field densi H.r.epresented by
vector 187EF&H) §1r%8§r g? R FretfP URT r@gb%‘é\%ﬂd?t‘a H‘Fgf’&tt%ﬁ‘gtﬁﬁ% 16A, all
magnetd z ¥eictes swlSA artderiqﬁB tandla greathenses vesrmalt he tiheedBSon of the
recordi ng di quﬂ%% %H?t d I Lectiay In the
Fig. 2D, % & vmaﬁ)r%e%t?g%@ée %%%hgtg'%qubet ween them and
Mz and 152 and 15B form a scissoring orientation w1th respect to
each other as shown in Fig. 1C.
The function of the bias current density 14 is to
35 provide an output signal and assist in biasing the sensor



~ a M AR 200 WD 00130077 - 13 M will increase the angle ~z be mem@emog
as all PCT/US99/ 23119 magneti zation vectors attenpt to align th e

the vy dir i The magnetic field H vector 18 fromthe nmagRgi j um
16 will caﬁg)tedo\gg?"ﬂati ons in the 5 nmagnetoresistance of the VGVRs?t%ng’s

21A, 21B, ultimately creating a differential signal. Fig. 4A depicts a
differential VGWR sensor 40 with a current strip 31, a pernanent magnet

2'2, and a nonmagnetic spacer 24 sandwiThed between VGWR1 21A and 10 VGVR2
21B. A current density Js runs through the strip 31 as indicated by the
current dedsiiyseensitive gReratinentregimetri Resishance ¢eReRds coni el d

that curl styag oxish & NBeEhELR mBBHEEEREEE OBY dMeEl@¥icds iecw@gnetic field B
-caused by the currepnt strip 31 rgsults in.a field 15 flux in one direction

with respdtdanet Y9IR- an@Si AREhBagPssdizes 1oy && it AFReeiBect to

VGVR2 21B.1aiss tdteangspedireetivgnasi 1at isensed tWeViagHet andf MaYR2 21B

will orpe t hemsel yves i R.the oppQsite, directions. The .permanent nagnet is

orient eg gémyfacilmf%% )\fj%éoﬁ%%n%dta%.g&ﬂrl‘é é&snﬁﬁﬁéﬁ ?&qeorsf'”blfplt arb%? hmanent

magnet 22 Treoefemn edhearal hepnevichéiaB8 deAsdny dbnrepresented MGWR | ayer s

21A, 21H T i } f f I ; tdyw, 22 | ayer wl |
A NP OBIPSE 1 £ahigtds ki‘%@@zgﬁﬁgﬁglﬁ(@%&@%@ £ e yer w

orient the magnetization in the V( / 21B stripes in the
opposi t e TRAIRLEEFFBHIN YRACRAYEnPLeeAtierel 6P EREIMRTIALVESe

conbi nati il fhaxesié1@M tbenkegheatiye Bsf icalds dtdhelderdmiest nmagnet
22 and_t he, current Stl’lﬁ 31 represented by vectors 23 and %Zfbéeiggctlvely,
or i ent *Phe hagrfdt12EEFBHSY 15A0° 1BBIPRF§ Z3EBPT N SHEMRE A AR theP 30
magnet i zatwidns didGigd SEhé¢ Fr gord8htat iYaVR? ThkbBel widQpadss tee directi ons,
simlarly 0, . per TRy . r. the current ) uld
orient theéo(r)rra%en%é&z]cg%ﬁgns %ﬁg\& %B,gg%%é%a%gﬁ glugne.o %g?eersc%b{iéngef:%%v b Fig.
4D, in thevlprazencel obealndicagadt by &i chdndendint vhe tuimesameenty vect or
18 froma ; 00 0 - .44 : I %il,_Jeq getole| fal di um 16
per pendi cuc}ear?f&t%%&%' A:I;TSN%%) &z%%a%ggﬁ;eit f?gt%;gﬁgl%ﬁzl a.tng errptld%%g%ﬁiagn
t henselfed iFL MRl o § cCRFBHBE - t NENLECBFEPAGEBY GaSFGRIT C¥R ux al ong
vector 18 dgtddeiondirection. In Fig. 2D, ML 15A and Mz 5 15B wl| decrease
the angle ~1 between them,.and M= and M- will jncrease_the_angle ~z between
them as all rragn\g?'ﬁ?at !}oﬁ]\}é’tﬁ%&%t%ﬁ (RTReRRGR § g?tﬁl‘—f‘ﬂﬁﬁg‘e%eg%lon the y
di rect i on.difffemaynesl cVENR| dehkboest 80018 20nomiklzedrimgndtias madroemtc wil |
cause varigllons, d he g J s ng%;s Kk 1A, 21B,
i ed ¥ a?x? Fagne egcﬁflﬁs}afi"ﬂfaﬂm%%}giln H2s %Bg Snf

ultimately creating &*differentia g ) ce las currents
t hr ougRot R /arepagtivaly stuiks ¥ FPmmenserchadcRefge iThe he resi stance of

the stackseasupdhel Shangensht ¥hbl B8avachesehtamee wriuim 1from an
increase (decrease) in resistance of one VGMR sensor 200,
and a decrease (increase) of resistance in the other VGMR
sensor 201 are combined at differential amplifier 220 to
25 produce differential signal 225.
Fig. 2A depicts an implementation having two VGMR
sensors connected in parallel. The magnetizations of a
first VGMR sensor VGMR1 21A and a second VGMR sensor
VGMR2 21B are oriented in opposite directions. An
30 external magnetic field from a recording medium applied
perpendicular to the ABS will cause an increase/decrease
of the angle between the magnetization directions in the
magnetic layers of VGMR1l and a corresponding
decrease/increase in the magnetization directions of the
35 magnetic layers in VGMR2.



15 Fig. 5A depicts a Differential VGWR sensor 50 with a thin nonrh@dif AR 2003
spacer 24 sandw ched between VGVR1L 21A and VGVR2 21B. The thin spacer 24 is

| ocat ed %‘3585@%%8 16A. At a certain thickness of the spagefuddhniig
typically 7- , there is exchange coupling between the 20 magnetic | ayers

12, 13 of the VGWR sensors 21A, 21B. Exchange coupling is parallel or
antiparallel nmagnetic coupling between magnetic | ayers separated by a
nonmagneti c spacer. This exchange coupdi ng between the nagnetic | ayers
12,13 of VGWR1 21A and VGVR2 21B adj acent 25 to the spacer 24 will have a
negative val ue. Fhe.n2jadepd ctec lrangd et hayl béEMBeaenBernd@gnwitd | ayers

will orign netd i VELHOLS " 44 the respective
sensors %lk,egg_%g In ﬁé opﬂpgjé?tgﬁ i%egélﬁﬁﬁg.}éﬁ%%%ﬁanp enentation) to avoid
magnet i cS8pdwdGHiechPedpamanctieshi KAYReStRgk RAA 1 "OIMRHE )ABBA e spacer
24 }M dentge{:_baen KrfGMtR9h gast rons w\trﬁmut-) 10$A- c%Q?_e@l&?; rcsz;r&.dilrrw@l _
i mpl enent ati on e inveption, e use of negative exchange coupling
usi ng = F’K?'ﬁe@pg’éﬁ besy t?éﬁe‘gst%ﬁ‘ﬁo 39WB=06PFOEFRPE °£ PCT/ US99/ 23119
used in daspusehiioon wTHe trhenmpegnantot spageet 232 iandHivk anowgit strip 31.

I n anot her adi t i v iLon_the magneti zat i of the two VGWR
sensors %rsenfbﬁn%ﬁpgs%’ﬁgg Og%}%ﬁp%%?gg%g 8§58§§n %r?g' tct?glpnlé{}g?ri al conposition
of one obethWeezemder sdjlacant snagheticeheyele e VAR @i (VGHRA -

comonenb§g§g§ng§1t% ryRgend gegnel and B:laflio?ig théﬂfﬂme MR not

necessary J t he 1 nherent magnetic qualitfre ~the materials will
ori edtO t HE2EH Akgedi SIS rige t kP sPaxbédede soupl inca e toiRebit e st acks
in the dinhgaeenld alayeaisom itKOr@IR akesckY Nt held qodddriidiaagiaide (" SAF")

| ayers. Fi g 6A.depi.cts an e nced Differential VGWR ,sensoy 60 th a
canduet | B ENRIGHIY S0 A ESr ot PECh iR Agt N

| ayers 6tAiaRtiemssec itk aypaawenkat isf 16ARtkdy @enrbthe BHS e

arrange s 61 B.are i a thin naon i er, $3A, 63B
andw ohEBPbeEnIShY A SERORES 2357 ' ab FERIRHH, bR
conduct i ¥ dpgesedl Bwand framitherABAF1ER kdger iBUArdB.LOTREaRATagnet i
spacers é%é%ﬁg%goﬁa%fb%r?é‘)/réé%féﬁﬁl HQH@%&?‘%@ %éfé%itt%{ ile i £S

rut heni um erromagnetic material use t ayers 62A, 62B, 64A,
64B, whi ERCEPESENLTY SETGdghett e aPf yERBuBPBECENROUgh M spacers 63A, 63B,

produce RaghgRglzatidn SH alhé®pérmdiéneSmabaetceofisairagreiic field such
3%) - hogHRF o Blonanghes A | Hop (eetndloEorrye SCTR? Batbind i on | -
there@_f ) 2IL_E.anTihnepIpmmﬁm:te§ ot tltng perm}menou_magrﬂe_&yer% i A0 64B have a
raonel L gLyeaonlb AT S i Sob i S SRR St puaEn 0 Y
are coupReB-t oAt megsetdc |Held 68atos5R3afdonardien ReFEREIS¥ation M ', M’
r epr eseninggnby i veeoks 166 r H6R: (£1h8. mEGheteTRARG Y Rlek st the WO
00/3007713B1QSee Fig. 2B) in VGMR1l 21A and 15C, 15D (see Fig. 2B)
25 in VGMR2 21B in the opposite directions. As seen in Fig.
2A, the magnetic flux from the permanent magnet 23 is
generally directed in the y direction with respect to
VGMR1 21A and in the -y direction with respect to VGMR2
21B. Thus the magnetization vectors 15A, 15B of VGMR1
30 21A will orient themselves along the field lines of
vector 23 in the y direction. 1In contrast, the
magnetization vectors 15C, 15D of VGMR2 21B will orient
themselves along the field lines of vector 23 in the -y
direction. Then, in the presence of bias currents 25, 26

35 in each of VGMR1 21A and VGMR2 21B respectively, the



18 MAR 2003 PCT/ US99/ 23119 magnetization vectors 65A, 65B of the1cﬁ|t®A@ 2003
| ayers 64A, 64B. As described above, the presence of the current ‘de

bias Jb iy, \9@\3& ganductive spacer 11, creates a 5 nagnetic fpet/gdsdgniigshown)
about the stack. Thus the magnetization vectors 65A, 65B of the outer

| ayers 64A, 64B orient thenselves in the direction of the magnetic flux
(not shown). Since the inner SAF |ayers 62A, 62B are oriented antiparallel,
t he magneti zation 10 vectors 66A, 66Bl4i |-l orient thensel ves opposite the
vectors 65A, 65B respecti veli{l The outer |ayers 64A, 64B have a greater
nmagnet i zé‘ﬁ%ﬁ‘ihﬁ%"—%ﬁﬁsl RReEheayespesrAve Jmyetie Qo YOMRY attA (308 ¢ hey are
tlgn gker smm%/m?] wm]msSt:heé@ﬁ mztm&tesrﬁegﬂetﬂhczegacqﬂ &tfhé\ﬂ anel ML’ in the
. i rect of. t he v there is a, tlzatlon
of M anai%] S?Jhs?‘ﬁ’ésdwg@tﬁb f€$ ?ﬂg%%‘gt%‘fl%%%rs F‘i‘”g %cts a side
vi ew of the VGVRRedmsorirgy) rshwviiaghidge 2D emhathenpreéehbe nsﬁgaetl zations

" Shown. JRIFEHITHEE now 18 RrBo ok, 1 & epraeieqd ) Mgedi B Celifa 070 are

i nventi orreqqredmmeﬂeday@r éSGEArPGZBl@mJH:e t:wthaar ARy et salsllA 61B are
made t hi Q@n@@limﬂoﬁsewmeatlt@*@rts t%%ll%ﬁ t Hetdd¥vie £ OfY 1 i at i on,

since the_inner, |ayers 62A, are thicker,” the magnet|zat|on vectors 66A,

66B wi | | DeFIEriRe ‘Pﬁaﬁh‘f’h’éeﬁﬁﬁﬁéﬁﬁc"\?@é{’-m et iss (W RLOMY of the

oEt e(r]I Iaym@tcﬁéﬁls 6488 thegy aB):ecthe;lheby IH ed rp?_ qu rrqgngw Zaid on 30 in
the dige resp e ig. pi ct

i mpl e n'?%’;‘ftl9 M\}G\gfafcsre%asser( h%ﬁ% % ce;% %‘Vﬁ and %dﬁuaﬂ; | ayer
69. Cap MiyUFLlGSlIrS!IIGﬁﬂQ:eﬂH%/ J%had¢hasatameapprmmealhl ckness of 35 A
Fange of a?néél” Rhoaet s et O P 2 hRE 550y dp s o e e or 5110

| ayers 64A, J&F@té#@typl cally NiFeCo or NNFe are in the range of 40-60 A

Nonnmagneti c spacgg bayeisnld3iyr Q:&E’eaél@aﬁ%@' ¢al Luemaaﬁét@&swent he range of
e i nner ers 6A Baret¥‘|ca Ni_FeCo, Ni Fe, CoFe

7-10 c_la
5 or ﬁ%néﬁﬁiﬁﬁﬁ“rﬂﬁ‘ 0 aﬂﬁMﬁ?egllﬁ & FLB & tﬂ?eAm% RS Zonduct i ve
spacer 1ltarrdsgporndlhy aﬁaAQeA:.nFtrgst@adm Girs ecH &F wiaMr10f214e VAR

sensor 7%@3&1&1& t@&orlﬁgtsE%/ggﬁszO%e %'}-’i‘tl zat |nf8:slza5cAi 65B, 66A,

66B. Net i ZatTion Maie vector & Are shown. As
conpar ed wezs:tl:rm 1¥5, B3, ahBC6ClERe ordentadienisediviemnsite B, 67B are

ori ent ed di-ddiSi HPPORE § Sadh 1 EE6Y EBS calkel &ftHdlg 'E‘H@ L Hidae & folded
differential VGWR 80 sensor is shown _conbi ning the VGWR stacks simlar 15

to t hel stk SRPFE 1 eH + n1EFEE2S6A aRF ERe Naﬁnreé'-tlzx?ém%t"é‘tﬂé:@ls and a

second VAR esitackhdnssnidwi pAraleimignebch $3aee!, The Wddi dtithce
magnetlz%}uinan the firs 81 oriented.i.n _one di rec Fg%@}and t he

magnet i zation 99 czt‘%aes%écoﬁang?agge{gg\agﬂegﬁtz&;:1 A& HE 56”‘ te direction,
a diff er @acds dlnal 2tAnhéeeobeeanned.iebBackl dntt:]paﬁﬂ%bt%st@l and 83

two SAF lgxenrs-&dn e glgfa,gg 83a gﬁg Veloy Rievers include
non magnet | cpérpacers 9la, ﬁ rm 85[ t :3252 sa%vm ?ﬁ Jl%y i ndi vi dual
SAF | ayerstagied widhl 1ncrease 1ts re51stance and one of the stacks

will decrease its resistance as the field intensity of
the vector 18 varies due to the GMR effect. As a result
there will be a differential signal produced by the
stacks. Since the layers are experiencing an opposite

30 resistance change, the differential signal will be large
in comparison to stacks that experience a corresponding
resistance change. The resulting output signal will be
further removed from the noise floor, thereby increasing
the sensitivity of the VGMR sensor 20.



25 90b, 92b, 93a, 95a, 93b, 95b. Each of the SAF pairs, 90a and 9
"and 92b, 93a and 95a and 93b and 95b are strongly antiparall el coxﬂeﬁﬁﬂ@oga

magnetlzwé? getors M and M' , M and Ms' , MB and M' pcriisedpdnibl ' are
oriented an |paral l el as shown in Figs 8A and 8B. 30 As described above

with respect to Figs. 6A - 7C, the presence of bias currents Jbl and Jba,
t hrough conductive spacers 100 and 110, creates a nagnetic field in which
the magneti zation vectors attenpt to B ign thensel ves creating net

magneti zati ons as, di scussed 35 bel ow. WO 001 30077 - 18 ~ a MAR zoo3
PCTNS991 73119 FiBigB B3 EfBikES pocspext implamantatior @ffderential VOWR

sensor 8§jigFewerti Al veMA. seﬁhQ@r S:Q) depERt 8 éui'!r:éﬁtV'sQng stihedol ged
differential VAW sensor 80._ This Iﬁ%{?génb%e sensor hows_ t he

rel ati vePBPBIRAHIGh SRACE e el E¥ESRs VENMR1 848 affc, 84D, 85A
85B, 85CVGRRR i21H.he mmmq:béméthtbwiroﬂwhénahvsmmh tMeso depi ct ed

axe net z v ct ~t | at_t 6 86C,
86D rg’spgg? & %tt&? se%n 1 néYJhg %/légu“rlae&? eJr'% Fsufofsrgﬁstsaorl Eﬂo%$h

magnet i zﬁ@ﬁéd \Becnemrﬁsemtfeed rhngreter o3 ¥i avbmy a s&lld@laire\ﬁf(ffeqthe f ol ded
di ffer e”Ebalth\éGYPnﬁ@rb%?Isé& 1§W¢10m% ' &M&né’ﬁ@%&%e@ (@e@a@a@@ Cjtensity

H~r epresent ed by vect or magneti c vect.or per pendi cul ar

to the ABB.(R&?Y 15Asiﬁ}W’F)eréﬁ qeRs Helgrdt i SRR %%V\ﬁirlPh lsci ssoring
bet ween Mathe arzd dﬂﬁ:éctldhté'@ indsdatsedsey R é@%&:@ﬁ&e@en@l(iyt he

sci s Qrin bet ~et3 and i ~at, has increased in the seco In

t he rsYgg FUFTERY R R heF e Frabhet F‘?QPFE 381%"@ 86A, 86B
will decBeashaZO c\l\iﬂ:l]]s.e drieuradgiles ~st1ip bet veenihlecaegdet | Zakei on vectors
86C, 86D I e t e i on shown in
t he di agr aﬁgggﬁﬁe%ﬁ qiﬁf/g%%%&hs%}f @%E gﬁfreﬁgrgg%lp g rg%sglhgttance as the
magnet i zaki 8n fv-@étdorfs'LIEGAn 888 adixgcwion whehnugapect 26 VEMR3r 18. In

contrasty; gl t<@%&a@&atﬂ1%, fE%Qf},eﬁé Zﬁtd%é/@%:‘?f Sa38Cin88Rei B bts%l%%_cond VGWR
stack 83 _are attenpting to align w.t magnet | c vector they are

act ual ydhﬁWﬁ@OPaMlﬁ’é? TRAPSAL A9 g‘FﬁP@%ﬁ 2%%&%@6%‘3@1% ﬂélsﬁbﬁarrafe will
decreasedlﬁacmbexsult THhes e thd Iré:@p@ctaﬂvéhrﬁé@ﬁeawatlahgnalf wapiaced by

t he stacks | ayers ar i enci ng an o e resi st ance
change, th8 ?Gplﬁgr lal i eHal ek\‘lﬁ ﬁpe‘{)‘ée?ajr‘é £RG 8§Eﬁ ftSon to stacks that
are expedieactiansqr MspsAdang M@SlSBanEegchaBgelnTh@eefymdelrtdm:is@rgnal wi ||

be furthgy sr goyed anmoqg;gozgt%el%) 1_i8_7t.ll ERe )_g,f c{%%%lzsji fromthe

noi se floor, thereby I ncteasin sensi st ac
20 this 1mp1ementatlon the current strlps orlents the

magnetizations 15A, 15B of VGMR1l 21A and the
magnetizations 15C, 15D of VGMR2 21B antiparallel to each
other achieving the same effect as with the presence of a
permanent magnet (Figs. 2A, 2B, 2C). The use of bias

25 current densities represented by vectors 25, 26 is the
same as described above. The current densities 25, 26
cause a respective orientation of magnetization vectors
15A, 15B and 15C, 15D respectively.

Referring now to Fig. 3D, in the presence of a

30 magnetic field density H represented by vector 18 from a
recording medium 16 perpendicular to the ABS 16A, all
magnetizations will attempt to align themselves in the
direction of the recording medium magnetic flux along
vector 18 in the y direction. 1In the Fig. 2D, M, 15A and

35 M, 15B will decrease the angle ¢, between them, and M, and



A nunber of enbodi nents of the present invention have been descrﬂbngAR 2003
"Nevertheless, it will be understood 5 that various nodifications may be

made mﬁth&g%mgﬁﬁgrting fromthe spirit and scope of the i ny@Rlis9,23119
Accordi ngly, er enbodi ments are within the scope of the follow ng

cl ai nms. 18 MAR 2003 -20 What is clained is: 1. An apparatus for reading
data conprising: a first nmagnetoresistive elenent; a second
magnet or esi stive el ement formed substléhtially parallel to the first 5
magnet or esi s%mleve_eI enent nongggnetic si ngl e spacer adj.acent to both the

Frst andMse¥dhd hﬁﬁﬁ@?ﬁ?é%ﬁ?i fpELE PachetWeRRetBER Bfealilr st and second
rragnefjor &ﬁigﬁeit\zlﬂladim?ie&:t&g% ecqEmsede of al aghi fﬁlémaagﬂﬁtsi ]grﬂ ayer; 10 a
secon etic. l.ayer rmed subst ant i y..paralle o.the first nmagnetic
ayer: aepERRE RO oS TR HoCAIe (ReoPFFef BhatE8lorue
magnet or egigsieitie alestipm < avd lddjcrowrs Yaeiabhomgnini thepacer; and 15 a

- conducd i 42 RReke d iU At e dikstofnd seeond, magaeLhs | ayers,

wherein a bias current applied to the conductive spacer of the first

magnet or 6¥EStilvg & edferantdgstsdi@naliy equal to a bias current applied

to the conductiveid0 sRagepietstheqseeendniagneteiesisdrise- ed@npith 2. The

apparatus of claim1 further conprisiqg}a er manent nagnet formed between
the firsf SHFTEE oRF &gt ore ASSTIARE eﬂé&ﬁ%ta + a@*&cBnt the nonnmagnetic

spacer. 22bndaghet iappgaaiars 2f saAraiwidchddirbéewe€NPEMRLNGLA andrent strip

for b n e fiyr | etoresistive.el dykn
bot wekth VRARZ0 2085 o Purllne A RAECLUES il e or B
appar at ugsofindiigiapetl foy tthe cumenitsidepsityrventost23p f 8heed bet ween the

first and,seeard 3MRGRSLQY eHetitae LIkIBHEE1@Ng; &thacgat tligigonmagnetic

spacer.
P around the strip represented by vector 32. The magnetic

field B caused by the current strip 31 results in a field

15 flux in one direction with respect to VGMR1l 21A and in
the opposite direction with respect to VGMR2 21B. Thus
the respective magnetizations of VGMR1l 21A and VGMR2 21B
will orient themselves in the opposite directions. The
permanent magnet is oriented away from the ABS edge. The

20 magnetization of the permanent magnet 22 is oriented
parallel to the ABS 16A and normal to the VGMR layers
21A, 21B. The magnetic field flux from the permanent
magnetic 22 layer will orient the magnetization in the
VGMR1 21A and the VGMR2 21B stripes in the opposite

25 directions. In an implementation of the invention, the
combination of fluxes from the respective B fields of the
permanent magnet 22 and the current strip 31 represented
by vectors 23 and 32 respectively, orient the
magnetizations 15A, 15B (Fig. 4B) of VGMR1l 21A and the

30 magnetizations 15C, 15D (Fig. 4B) of VGMR2 21B in
opposite directions, similarly to how the permanent
magnet 22 or the current strip 31 would orient the
magnetizations 15A, 15B, 15C, 15D alone.

Referring now to Fig. 4D, in the presence of a
35 magnetic field density H represented by vector 18 from a



i 8'LIAR 2003 -21 5. The apparatus of claim1 wherein the first Jn8sMARC2003
| ayer of at |east one of the first and second magnetoresistive elenents is
conpri segy 56/3013 A first magnetic material; a second nagnetigcieswriflh, a
spaci ng mater| ar I nt erposed between the first and second magnetic

materials. 10 6. The apparatus of claim5 wherein the first and second
magnetic materials are conprised of sinthetic antiferromagnetics. 7. The
apparatus of claim$S wherein the spacthg -material is ruthenium 15 8. The

apparatus of cl.aim5 erejn the second,magneti ¢ |ayer of at ast one of
the firste&Rd W#ﬂﬂ%ei%r%%?@??éécﬂﬂéﬁeﬁps tli’:,e @éﬁpr]i%'d %Jff A first
magnet i cmaghetiiaat ibrsecoill negnethpt tet altiah, tAcspadives bt etheal

i nt er pos n t | r . second. 20 nagnet.i.c terials,. 9. The

appar at u§_d%»? %Rc:}g%?lmolp%ﬁeér e’isénc%(g“?(ér‘g?g%bnn %@qté'fe;ﬁlus’{ agis?%l e |ayer.

10. The wupp&eat US din dihe riy divheceiont helni Bdoe 2BeM;i 3 5@ommd ¥Med of at

| east on f Ni , | : ra Iy 1
vvhereisﬁ ?ﬁg ?Nla?slt d;%g%%%:% ﬁ%g?xmlbg@?bi ay%%éﬁlgﬂgﬁlhegggpg‘; a%llg lg}‘ claim1l
further VékpriSicrpash 49 i3ndle nPn hafeen ntleePoadedabét ween the first

magnet i cmhanert i3 itdie warkbied | yersmpecto aldgn kMR 1AME 2 1ge second
thin Tayer g pternosed bglaeen ihe, seeondmpangtlc, | afere and e
magnetic medium 16 will cause variations in the

10 magnetoresistance of the VGMR stacks 21A, 21B, ultimately
creating a differential signal. Once again the bias
currents through the VGMR 21A, 21B stacks will sense the
change in the resistance of the stacks as a field
intensity H 18 varies from the medium 16.

15 Fig. 5A depicts a Differential VGMR sensor 50 with
a thin nonmagnetic spacer 24 sandwiched between VGMR1l 21A
and VGMR2 21B. The thin spacer 24 is located near the
ABS 16A. At a certain thickness of the spacer 24,
typically 7-9 A, there is exchange coupling between the

20 magnetic layers 12, 13 of the VGMR sensors 21A, 21B.
Exchange coupling is parallel or antiparallel magnetic
coupling between magnetic layers separated by a
nonmagnetic spacer. This exchange coupling between the
magnetic layers 12,13 of VGMR1l 21A and VGMR2 21B adjacent

25 to the spacer 24 will have a negative value. The
negative exchange coupling between the magnetic layers
will orient the magnetization vectors 15A, 15B, 15C, 15D
in the respective sensors 21A, 21B in the opposite
directions. In an implementation, to avoid magnetic

30 coupling and magnetic pinholes farther from the ABS the
spacer 24 widens from 7 - 9 Angstroms to about 100 - 400
Angstroms.

In an implementation of the invention, the use of
negative exchange coupling using a thin spacer can be



conductive spacer. 13. The apparatus of claim12 wherein the fir
"second thin layer are conprised of 5 at |least of Co and CoFe. 51)§”MAR 2003

Verti cal qﬁkdwggnetoresistive (VGWR) sensor, conpri sing: ptﬂmg@h3N@WR
stack; a second VGWR stack; and 10 a nonrragnetlc and nonconductive single

spacer adjacent to both the first and second VGWR stacks; and a pernmanent
magnet fornmed between the first and second VGWR stack and adj acent the
spacer. 15. The.VGWR sensor of claiml™ wherein each of the first and
second VGWR 15 stacks conprises: a first Synthetic Antiferromagnetic (SAF)
stack; auseEoAd SARINEEROM it ddiriReTNRNEPRECEAINAEeRB03BE BBEween t he
first angugggg@dsgéﬁgs@qcks 20 16. The VGWR sensor of claiml 5 wherein

~each of the first and second S thetlc ntiferromagnetic (SAF) stacks
conprises: A firdt a@theypmb %@EBHdO Arf'hleaf-é‘rve’gﬁd’ Hfacer |ayer

i nt erposmdghet\t@amblne oifr 3theanves SGNRI ﬁ?ﬂfsd::ﬁsesﬁe 2h dpposheeVAVR sensor
O o1 3 Tl MISLELn LN SO 5 SRACSLI P CORREL 18 dBCNEVEesEnSOr Of

cIa|n114 urren afrrs current
to the fthst sv@Rrst acRnafdiz sodwmdingnis m&rmedtéorhedéec@nda% VGWR

stack. components such as the permanent magnet and the current
strip are not necessary because the inherent magnetic
qualities of the materials will orient the
10 magnetizations. In this embodiment at least one of the
stacks in the differential sensor incorporates synthetic
antiferromagnetic ("SAF") layers.
Fig 6A depicts an enhanced Differential VGMR
sensor 60 with a conductive spacer 11 sandwiched between
15 a first arrangement of SAF layers 61A and a second
arrangement of SAF layers 61B. Both SAF arrangements
61A, 61B are comprised of a thin nonmagnetic spacer 63A,
€63B sandwiched between a first SAF layer 62A, 62B located
adjacent to the conductive spacer 11 and a thicker SAF
20 layer 64A, 64B. The nonmagnetic spacers 63A, 63B can be
any suitable nonmagnetic material such as ruthenium. The
ferromagnetic material used in the layers 62A, 62B, 644,
64B, which are antiferromagnetically coupled through the
spacers 63A, 63B, produce a magnetic orientation in the
25 absence of any magnetic field such as a permanent magnet
22 (see e.g. Fig. 2A), a current strip (see e.g. Fig.
3A), negative exchange coupling (see e.g. Fig. 5A), or
any combination thereof. 1In an implementation, the
thicker outer layers 64A, 64B have a magnetization M,, M,
30 oriented in a first direction as represented by vectors
65A, 65B (Fig. 6B) respectively. The thinner inner
layers 62A, 62B are coupled to the outer layers 65A, 65B
and have a magnetization M,’, M,’ represented by vectors
66A, 66B (Fig. 6B) respectively opposite the
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a detectq ‘&gro%?qdlzt ecting changes in the first and second d@%@ns 5

20. A dif GWR sensor, conprising: a plurality of space
stacks; and neans for biasing the nagnetization of respective stacks to
respond to external magnetic fields by increasing resistance in one stack
and decreasing resistance in adjacenti6tacks. 10 21. The apparatus of claim
1 wherein the nonmagnetic spacer is adjacent to the first and second
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fihe M) Mector 65A. Similarly there is a net

3 Yk$ @\
o SR i ey sl oot
rerrrrrr VEF ‘Suuuuuvw w | ga\ Wi d_Ykf a\ V] ] ca] cal] ca] caU] ca] ca] cal] ca] c

- a] ca] cal] ca] ca] syl calcadpdakeald ealeatlicd) edUler] cadlr agensbeagoal] cal cau
]CamMD{{ggé@ing the orientations of the magnetizations 65A, 65B,
20 66A, 66B. Net magnetization M., M, vectors 67A, 67B
are shown.

Referring now to Fig. 7A, in another
implementation of the invention, the inner layers 623,
62B of the SAF arrangements 612, 61B are made thicker

25 than the ocuter layers 64A, 64B. 1In this configuration,
since the inner layers 62A, 62B are thicker, the
magnetization vectors 66A, 66B will be larger than the
magnetic vectors 65A, 65B (Fig. 7B) of the outer layers
64A, 64B (Fig. 7B), thereby creating a net magnetization

30 in the direction of M,” and M,’ (Fig. 7B) respectively.

Fig. 7D depicts an implementation of VGMR sensor
70 having a cap layer 68 and a buffer layer 69. Cap
layer 68 is typically Ta and has an approximate thickness
of 35 A. Buffer layer is typically Ta in the range of

35 30-40 A or NiFeCr in the range of 25-50 A. Magnetic
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showing the ‘orientations of the magnetiZations 65A, 65B,
66A, 66B. Net magnetization M_,.,, M., vectors 67A, 67B
10 are shown. As compared to Figs. 6A, 6B, and 6C the net
magnetizations 67A, 67B are oriented in the opposite
directions.
Referring now to Fig. 8A, a folded differential
VGMR 80 sensor is shown combining the VGMR stacks similar
15 to the stacks depicted in Figs. 6A and 7A. A first VGMR
stack 81 and a second VGMR stack 83 sandwich a
nonmagnetic spacer 82. With the magnetization in the
first stack 81 oriented in one direction and the
magnetization in the second stack 83 oriented in the
20 opposite direction, a differential signal can be
obtained. Each of the VGMR stacks 81 and 83 two SAF
layers 8la, 81b and 83a, 83b respectively. The SAF
layers include non magnetic spacers 9l1la, 91b, 94a, 94b
which is sandwiched by individual SAF layers 90a, 92a,
25 90b, 92b, 93a, 95a, 93b, 95b. Each of the SAF pairs, 90a
and 92a, 90b and 92b, 93a and 95a and 93b and 95b are
strongly antiparallel coupled. The magnetization vectors
M, and M;’, M, and M;’, M; and M;’, M, and M,/ are oriented
antiparallel as shown in Figs 8A and 8B.
30 As described above with respect to Figs. 6A - 7C,
the presence of bias currents J, and J,,, through
conductive spacers 100 and 110, creates a magnetic field
in which the magnetization vectors attempt to align
themselves creating net magnetizations as discussed

35 below.
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10 scissoring of the magnetization vectors.

Referring now to Fig. 8D, a side view of the
folded differential VGMR sensor is shown in the presence
of a magnetic intensity H‘represented by vector 18. With
a magnetic field vector 18 perpendicular to the ABS (not

15 shown) of the magnetic medium not shown), the scissoring
between M,,., and M, in the first sensor has decreased,
and the scissoring between M,., and M, has increased in
the second stack. 1In the first stack the angle ¢, between
the two magnetization vectors 86A, 86B will decrease

20 while the angle ¢, in between the magnetization vectors
86C, 86D in the second sensor will increase. In the
implementation shown in the diagrams, the first VGMR
sensor 81 will increase the resistance as the
magnetization vectors 86A, 86B align with the magnetic

25 vector 18. In contrast, although the magnetization
vectors 86C, 86D in the second VGMR stack 83 are
attempting to align with the magnetic vector 18, they are
actually moving farther out of alignment, therefore the
resistance will decrease. As a result there will be a

30 differential signal produced by the stacks. Since the
layers are experiencing an opposite resistance change,
the differential signal will be large in comparison to
stacks that are experience a corresponding resistance
change. Therefore the signal will be further removed



10; ;" 10;; 10;;42234?556WJ3uV7! + Y '10%& ()--/1&Z Y ' 10%z& ()--/! &BY R 2003
'10%z& ()--/1+Y ' 10%& ()--/!+ Y ' 109R?& ()--/14Y ' 10% | & ()--/6717 MA

9! 9" 9#9/ 9%6@38@ P& ()-S 10RR 10RR 10RRI <Y " 10%R& () - -/ 'POH/US99/23119
"10%RpR& ()--/1Z°Y "10%p& ()--/ 3°Y '10%& ()--//9KOR9): 9;

Weh=}[ 9] C0° 'P %4098 ()-0! P' 9%0%& ()-0! T %0%& ()-0! cr9%0%& ()-03MO%& ()-&
&10%Z&' () - h=y>?@agaan [ M0 | P° %40% 10 10

10! N 94.09%&' ()- 0! K %40%& ()-0! P %40%22818)=0! K' %40%& () - 0@@azAAa?ND" ! P!

S T&LOWE' () --/! T&109& ()--/" 1090&' ()-s9109%F& ()-s10%& ()-%

1094& () - ExemptaengEVR TR STBer ey increasing the mensitivity

" T&10% : &of) thke! VMR Wekady - -/ !

Tea0%e () /0 TEIGHELC) ks B B BHON H) LAUSULD. 190 () pLa( a0 ()
have been described. Nevertheless, it will be understood
5 that various modifications may be made without departing
from the spirit and scope of the invention. Accordingly,
other embodiments are within the scope of the following

claims.
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An apparatus for reading data comprising:
a first magnetoresistive element;
a second magnetoresistive element formed substantially parallel to the first
5 magnetoresistive element;
a nonmagnetic single spacer adjacent to both the first
and second magnetoresisitve elements;
wherein the first and second magnetoresistive elements are comprised of:

a first magnetic layer;

10 a second magnetic layer formed substantially parallel to the
first magnetic layer;

a permanent magnet formed between the first and second
magnetoresistive elements and adjacent the
nonmagnetic spacer; and

15 a conductive spacer interposed between the first and second
magnetic layers,

wherein a bias current applied to the conductive spacer of
the first magnetoresistive element is substantially
equal to a bias current applied to the conductive

20 spacer of the second magnetoresistive element.

2. The apparatus of claim 1 further comprising a permanent magnet formed between

the first and second magnetoresistive elements and adjacent the nonmagnetic

spacer.
25
3. The apparatus of claim 2 further comprising a current strip formed between the
first and second magnetoresistive elements and in between the nonmagnetic
spacer and the permanent magnet.
30 4, The apparatus of claim 1 further comprising a current strip formed between the

first and second magnetoresistive elements and adjacent the nonmagnetic spacer.
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10 6. The apparatus of claim 5 wherein the first and second magnetic materials are

comprised of synthetic antiferromagnetics.
7. The apparatus of claim 5 wherein the spacing material is ruthenium.

15 8. The apparatus of claim 5 wherein the second magnetic layer of at least one of the
first and second magnetoresistive elements is comprised of:
A first magnetic material;
A second magnetic material;
A spacing material interposed between the first and second

20 magnetic materials.
9. The apparatus of claim 1 wherein the first magnetic layer is a single layer.

10. The apparatus of claim 9 wherein the single layer is comprised of at least one of
25 NiFe, CoFe, and NiFeCo.

11. The apparatus of claim 1 wherein the first magnetic layer is a bilayer.
12. The apparatus of claim 1 further comprising:

30 A first thin layer interposed between the first magnetic layer and

the conductive spacer; and



| ~3S&10UKKE& ()- ! ># G 109& ()-9109%& ()-109%& ()-1} }1}/1~11b@® 1 § MAR 20,
10AA! t | S-#1092Z& ()-!S #109%&h & & ()- |S #109%& ()-1109&& () - &L09&Z&" () -
10AA 10AA} C~~~t eW3@

10A! CS- #109XpXp& () - ! S- #1096XX& () -! MB- #1098S& ()-!S-#10%]& ()-!K

SS- #1000N& () - ! 8S- #10% " & () - e4<'.>o||5@020%z

10A! CS- #1098s109%Z& ()- @ 109@Z& ()- Y. 109%& () -, 109%Z& () - @) Y109Z& () - S- #109%&
& () - HeuS40Al mLo%&' ()-!1,f' 10%& ()-zY10%& ()-&10%&' ()- 10[J[J 10[J[J

10[J[J! &6" 109 J[ J& 4 3ecBridNhin faycrARbpobéed VeétWeendhd secnPrhd @ékic (ayed SfdRhE ) - | 10%&
()-HMO0% 1 & ()-! mLO%& ()-)D szX9uS40A!, F1109%& ()-!, "109%& () - zf) 109%& ()- !

I, 109 ()-! !, 109& () -%onductivesgacen - 6QRST ebCOA! 3y109%& ()-& 10% ()-F 10

10 10710%& ()-610%& ()- @10%& () - e3t dEbCOA! YnLO%&' () - 10%&' ()-m
109&' () -109%& ()-10%& () - &@LO%& () - ddEDCOA! 109&' () -1 T109%&' ()--10%& ()- 109&
()-F"10%& ()13. The apparatus of claim 12 wherein the first and second thin layer are comprised of

v&' () - 1 * 9109 () - U& ()-L' 109%&' () - 1 10%&' () - %R ()-! 10%&
%;)_/%Bgizl'gEp/&)éét\.lea%}gf/@o (g ERO%& () - L 109%& () - Y@&s! 10%& () - #y10%& () - ! 109%&

14. A Vertical Giant Magnetoresistive (VGMR) sensor, comprising:
a first VGMR stack;
a second VGMR stack; and
10 a nonmagnetic and nonconductive single spacer adjacent to both the first
and second VGMR stacks; and a permanent magnet formed between the

first and second VGMR stack and adjacent the spacer.

15. The VGMR sensor of claim 14 wherein each of the first and second VGMR
15 stacks comprises:
a first Synthetic Antiferromagnetic (SAF) stack;
a second SAF stack; and

a conductive spacer interposed between the first and second SAF stacks.

20 16. The VGMR sensor of claim 15 wherein each of the first and second Synthetic
Antiferromagnetic (SAF) stacks comprises:
A first SAF layer;
A second SAF layer; and
A spacer layer interposed between the first and second SAF layers.
25

17. The VGMR sensor of claim 15 wherein the conductive spacer is copper.

18. The VGMR sensor of claim 14 further comprising a current source to apply a first
bias current to the first VGMR stack and a second bias current to the second
30 VGMR stack.
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a plurality of spaced GMR stacks; and
means for biasing the magnetization of respective stacks to respond to
external magnetic fields by increasing resistance in one stack and
decreasing resistance in adjacent stacks.
10
21. The apparatus of claim 1 wherein the nonmagnetic spacer is adjacent to the first

and second magnetoresistive elements.



