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applicati g]mnmum“mm“m benefit of and is a continuati.on-in- t he
‘provi si on n setial no. 601102,188, entitled "Quad-Layer GWR
Sandwi ch, " fi kgelee®ept enber 28, 1998 which is incorporated herein. 5 Field
of the Invention This invention relates generally to a novel structure for
a gi ant ' nce sensor_suitable for high density data applications
and to smmmmmﬁmmﬂml ncor por FEARFAXERGMR SANDWICH on, this invention
finds utility,jn.any other application in which magnetic field sensing is
desired. 10 Background of the [ nventiqon Conputers often include auxiliary

menory storage devi ces haMSAPPHeation ciaimsthecenefitiof apd is aeonfinpatioamingmartiaiom

whi ch data can genksRfbnhlipplisdth seafl no’60/102, E8, eﬂ@t@éﬁsﬁ%ﬁ%ﬁoﬂéﬁ?mi ce (disc
drive) incorporating rotating magnetic discs 1 s comonly used for storing

data i n magnet iSendwich”dHed Beptember 28,1 99%8which isdneprporated bereior ded on
concentric, radially spaced tracks on the disc surfaces. Magnetic heads
Lncl uding read sensors are then used to-read data fromthe tracks on the
-di sc surfaces. In high capacity dis 4 t oresi stive read sensors,
commonly referred to as MR heads, are the prevailing read sensors because
of their ability to read_data from surfaglyof a disc at greater linear

densities than thin film ‘Pﬁ‘?ﬂ?@f‘ir tep, 8ehg _ Aﬂam"%léﬂé‘fﬁ‘“ﬂéféglagta
magnetic fi el d phdpnesesdiistdnbe SdnstrORithble Foihigl denSiPaRS apilidationsnd 6 Bpstéids | ayer
(also referred tQ as an "MR e em&*nt")I g&ga function of _the _?,tr_ength and
direction of tWEUFRHERIPOEALT UGR SERSPFYy 1a adiien, Kys inyeniigm findsaptilityrigeany other
conventi onal Wpﬁﬁ&‘ﬁ@ﬁhpﬁﬁfcﬁﬁﬁb%n@ﬁbﬁélﬁs&@ﬁiﬁgs@ésiﬁzh.e ani sotropic 25

magnet oresi stive (AVR) effect in which an el ement resistance varies as
the square of the cosine of the angle between the nmagnetization in the MR
el emrent anglot he direction of sen®ac gh the MR el enent.
Recorded data can be read, froma neti.c i um because t ext.ernal
magnetic field fromthe ?“é’m°ﬁg}?§{"fiﬁa‘ﬁé FRRITE SOraes AeVIEPIhayng. o yses
a change in t heneliid ¢ whith dafa can &8 eériteea tahd fromOvhith dite cifbetead oitlatemiseCiA i n
turn causes a change in resistance.in,the. MR el enent and a correspondi ng
change i n the CREEREeEss siomee dg7Ic Liscdriye) incorparapRR RS mARRIG AISSE e of R
sensor is the @ofidhonlpasedifor steriry duts in rhdghislic foemsor therdise barfices gDataardSVR
effect. In sensors, the resistance t he sgnsi | ayer varjes as a
Functi on of St haeapie dsoorcnsti. TrPafiliredt ek pn e st ider Sipenbs s
bet ween magnet iificlhding ccad Seysarsdre thelyused toeeaddagniedmahe waoks onthedibogirfases.
(spacer) and the acconpanying spin-depepndent scatteri.n ich takes pl ace
at the interface of the ﬂéb’r@ﬁaga Wo‘ﬁ%o#wﬁ%m%gﬁsﬁb‘é‘?ge\ggﬁﬂ“ﬁﬁsthi n the
magnet i ¢ | ayer sonimdnly feféreed to lak MR hedds sarertheipegvailingurag sensats Gddauseaoftheir 100.
The sinple GWR sor_consists of two netic lawers 103.an b

separat od by o SO hieed i Fiom § aeriate pFRAAE M drperBifledr btk R i
magneti c | 2Qer ifdictiveleaisb AhfMR seasordete@? a mmgoéticpficid throughethe thange inthe

magnetic |ayer 103. The.enid r i ' rate 101.
This sinple unﬂfﬂﬁ%ﬁce s@é%g%}%ﬁ%x%lgqﬁiﬁ?%%&f%ﬁ?ﬂ!@%g ing in a
rel ati vel y weakfuactipnaf thedtiength apl direttionsif theet magrietie flor eiag iserwed by théi MRct | ons
of the sinple Jl%vunpi nned GWR sensor 100 with a bias current 110 fl ow ng

i nto the page. h current bias 110 the nagneti zation directions of the
magnetic |layers 1 OS and ThHeZoaventionaldviRasensonoperateson thebasia of the ahisotropib

ot her as shewn by the arro I . 1St T, ] i | on
directi onsagf R %lsé’vﬁMe‘%e&bﬂ(‘@éﬂ% r%‘%ﬁqﬁ&éﬁﬁ%gﬁﬁrégﬁ 110
fl owi ng into thguaees tiedsine of theanplerbetweentiprmagnetizationdn thelfRaberhent dnd \When

"’? large enough the %ﬁg&%ln off Isgrlsg c&&%nt'ﬂsow through the MR element. Recorded data can be

read from a magnetic medium because the external magnetic field from the recorded

magnetic medium (the signal field) causes a change in the direction of gxagnctization
30 in the MR element, which in turn causes a change in resistance in the MR element

and a corresponding change in the sensed current or voltage.
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appl i ed, magnetization of the magnetic |ayers 105 and 103 w4l j nQh
the field direction and the resistance will be | ow The sens‘t)r%ﬂémma

FIG 1 (a)-(c) are useful .for applications such as . npgnetic field sensing.
Si npl e unpi nned GVR sensors have been used in bridge .25 circuits, however,
to operate successfully, i.e., provide a differential in resistance, one
set of sinple, unpinned GWR sensors nust be either shielded or additionally

bi ased. This additional shamtitr fgpedf MR sérisodis #tiiandfidgneonesistdes (GMIY)
conplexity to the brid 5% circuit. Therefor there is a need éﬁ& a

magnet or esi st véﬂ?@h@&&‘ ?SH&SﬂEréW"o"B_ f“BO‘“ Sdbe EpRancelthe MRy in a
hi gher signal ogémitg laférS@ries 4% fndtfoncofURCshid-UepeRIRAOE Msinidionfelyd de
different field respgnses based on the current densit ied to the

) ! appl .

sensor without FeRfiMcHPR glectranshetyyeen apagneticlaysrs senajated gssﬁp@rrdmgem layerern ng.
2 - 13 M AR 7003 (SHEH aHd Hle dobinpaby RiplspRF dbscrbat il of
t he present inv?aér%tg_i on there ise prpvédggﬁaépnagnetoressieﬁe&%g( &R)%%ﬂgg%
i ncl udi ng a sub#herintesfageof the magnstictand ngyamaghietip dayses apd within themagngtie. A
first spacer |ayggel S disposed on the first trilayer. A first magnetic 5
| ayer is disposed onh the first spacer. A second spacer |ayer is disposed on
the first magnetic | ayer. FIGsKg)iHustratgsrasstimple] unpinnedSGMRssensard 00.n Theeingde ond
spacer layer. Adhlkr P& i i ghetic
| ayer. A second tri lsgx;sé?@?ngfs I spoégﬁggﬁfﬁgé?gpf%‘éggc%%ﬁg%?e and a cap
| ayer s di b{hoseonmagretic spacenlM. tA cdpdlayer. 108igevdrs pue magreticdayen 403 and ayer s
include, a firs b . g (o d
an anti-parall e?’“@%ﬁ%ﬁﬁ'gﬁé‘?g‘?& |§§)dg§ g’(fs(ﬁ]g%m%g%‘g%{l%& {rﬁr&ébﬁgg?m{/eﬁ?ﬁ&fxﬁeg
first and seconi depositedegpraetubsirdtai/®r Fhissimpledinpipned GMR streer H0movides at he
present inventiep. | S RE OV gk i stive sensor device
i ncluding a subg'?lrngpgﬁgﬁ S erg\%‘?glraﬁg?er d?‘éﬁ%’sed on the substrate. A
first spacer |layer is displ@ecdbyillusttatesithe siagnatizhthonedirecfionhs ofsthe simaphet i ¢ 15
| ayer is digposed .o L . Eﬁﬁfl rosla I i.sposed on
the first rrgignet T %@W%@%c@ﬁ?grﬂr{aﬁwél C ggle(?ﬁlg‘g&&l ao%tgéﬂé%hq’tv e second
spacer |ayer. Acuintbissgd0dre hagretizationdiirsgtims of the magnetie tayess 196gnédt3care
layer. A secondobiidfyaluy SulaRRSAS (3 b dshbtn P HSIdwiy 1 and @ cap

on e Seco ri he

| ayer is dispose ) ayer. Irst”and second trilayers
include, a first ferronmaght@ikc)illysratesthemagnetizationf directionsgpfdhé simpleyer and

ti- |1 el ool i i g e h
Flrat and socondPiilit Gk BUG 108 W02 Gl ORHaHP 1y ABMe Tp AL e ablaR © NE

)

e resistance
magnet or esi 289 i vextsmabmagnaticdisik hdeappliedy When adagae¢ enavgh ektemal fipgldilildds bi as
current. Accordipg; On@?l?étaﬁtﬁnathﬁ : AR5k 1 i; |
provided a bri dé@ﬂlg_??cu t mcﬁu in‘S_I“S ein%é eip:)%lr 0 lgg\éﬁg%g egytg?:ie\?%éla
structures coupHisection and the resistapes wibkhedpwe nodes of a \Wheat stone bridge and
a second pair of magnet or §jh Sdd Q BROS
nodes of the \Weat stone b??%%ée‘{#ﬁes@‘f’#g%Hﬁ?@o@h‘%ﬁ%’?&?‘g? tlee ] ch &
frtﬁ’ ructures has mmagnetis field sensmgn Simpleginpipned,GMR sensewsdeyebesai ysedin bridge
nagnet or esi ¢ i ves st:ru  ef hivilie Sdi i :
Uoat stone 5| qoiouls ARHERS, (RGNS L e, bRV ABRbAN, [iskdibe | o1
there is provi dese set@f sinple.iuppinaed GMR sensers anusybecithey shielided preadditiinally di sc,

a magnetoresiti yg.af a%@ﬁ I ey ensor

across the magn‘estl C '?g@(%r I n%@%%lggkg‘rﬁ(f r%‘%‘e@é@??%@ﬁﬁ%&ﬁﬁ&%ﬁc% |y

coupl ed to the thedwidgercirenit-i ve sensor for detecting changes in resistance

of Lhe magnetoresitive senfgrerGalifiGs ifndd'ld MpRlorssist/seBRa! bipdldsen
fore ey & f 31

axes of the first and second [ an nat ayers i1 n response to

2003 magnet 3¢ f aningseased @M aesuliinginiadighey signa oubing.  Algoatherenis a need for

magnet oresi stiv RSRht drb fed I i sed
on the substrat g';m%i fl rt t@%ﬁ@@g@gg@%&@%ﬁ%gg%ggmglrx]é ‘tahreéng P%@%{Fta ?ﬂ%&gr A
first magnetic Hesensorsvithouprequitingthe ddditianakeomplexityrof shielding orbiasiagser | ayer
is disposed on the first magnetic |ayer. A second magnetic |layer is

di sposed on the second spacer layer. A third spacer layer is disposed on
the second magnetic layer. A second trilayer is disposed on the third
spacer |layer and a cap |ayer is disposed on the second trilayer. The first
and second trilayers include, a first ferromagnetic |ayer, a second
ferromagnetic | ayer and an anti-parall el cogpling | ayer di sposed between
and in contact with the first and second fefrromagnetic |ayers. 10
~-According to another aspect of the present invention there is provided a
an apparatus for nmeasuring an external field applied across a Weat stone
bridge. The apparatus includes a four termnal electrical network (A B, C
D) including a first resistor R, connected between network termnals (A)

-, F——. e



15 the network termnals (C) and (D) and a fourth resistor R4, being
connected across network termnals (A) and (D). The resi stors1Fa M;z&cR @803
‘have'a first current density when a field is applied across network
termnals (A and (C) and the resistors R2 and R4 have a second current
density when the sane field is applied across network termnals (A and

(© . The second current density is,not equ o the first current 20
density. The apparatus al so incl uﬁ%ﬂ%ﬁgﬁéﬁm |y coupled across the
network terninals (B) andAéderdihgto ﬂﬁis@ﬁﬁﬂe@@f@hﬁﬁ_&ﬁm in¥kntsml AR i6 PRovided a
termnals (B) and (D). ,The above, as wel] as additional objects, features,

N . wel |
and advant ages.'BFgWF%ﬁlYé’s@MRp FRASPH melﬁdwmsub@e&ﬁ@d@@a& yer flisppaged on
fol I owing det ai fhedypptrhie! AfidesFachy s di po’séd&wﬁfﬁéﬁgﬁ&%.ptmﬂst%a fic

Drawi ngs For_ a fuller understandi ng of the nature ad\(antg?es 0

present i nvént ilayer isdispased op the first shaeqre ¢ tegondbspacesiaygs is disposed em the fitsbul d
be made to the QWVer. I8 s8ddnd o¢ 1P i€ Bisi ' | | it h the
acconpanyi ng drtglg\%ﬁr?gs.ﬁlgrn thgdd{'ol vmé%agre{w&rﬁ‘éis?&lﬂl%e&?g? er n%éemﬁ ﬁé:)\éll S

‘desi gnat e | i ke third spaser layeris disposed onthesegbrd magretic dryamni A geconditdlayerisa) is a

Cross-sectional 4yl ; f ' . I | . s a
cross oot on viuRdRH of e o4 SBkAey @ anfta SR irHSABARA the fech rifeflr.

f1 owi ng into thBhepfirgeandsecond trilaygrsinclude, 2 6o ferfomagheticlpyérsa secondss secti on

vi ew of ,t hgqase | ' . . ' e. FIG
> Ts o s it 11 SHORRRR by bidin dud BuraRbRRERN N SUEBRIRAIER SR, £ G
3(a) is a crossontet withsie fuseand secindiferremagretic tyems. GVR sensor according to

a preferred enbodi nent of . S ' t . don Besd 3 .
crioss-sectional view, notA‘%cg?qslgéfoeiﬁ%qﬁ%lﬁe; td&%& erggsegﬁrmg :V\%ltlﬁ%wﬁ &mvﬁeg)
bi ased i n t he i mhgnetwesistivesensor dedce iRciBding (acshbststerandraofirst sdayter dispbsad anwy,

osi stance. ot atthe SRy SRRF Gapckdofif Witpiched b e il 0274 A et

magnet i ¢ fil8l d)layeyiis dispdskiRon thresfinst spacarr A segoridospades layerisalitposed/emthiedirstvi t h a

| ow bias curre . by .l f.ens o4 V. | i,ed
magnetic field) %r{réhg}]ayé(v&g%%g grnt' %@%%ér %?%d§§185 #haeg?)&h(g’sen nd?s%ége%tlf%ge% ﬁ th a
hi gh bi as cur r ¢hird sgdserlager isdinposed oa thesepond magnetic layef. eA seconddrila¥@NR ver sus

appl i ed magneti i f Q. | <\ I ' nt .
2Pl 9, Gl ) i s A R s b
The first and second trilayers include, a first ferromagnetic layer, a second

20  ferromagnetic layer and an anti—parallel coupling layer disposed between and in
contact with the first and second ferromagnetic layers. The resistance of the
magnetoresistive sensor is dependent on the magnitude of an applied bias current.

According to another aspect of the present invention there is provided
a bridge circuit including a first pair of magnetoresistive structures coupled to first

25  opposite nodes of a Wheatstone bridge and a second pair of magnetoresistive
structures coupled to second opposite nodes of the Wheatstone bridge The first pair
of magnetoresistive structures has a greater current density than the second pair of
magnetoresistive structures when an external field is applied to the Wheatstone
bridge.

30 According to another aspect of the present invention there is provided a disc
drive system including a magnetic recording disc, a magnetoresitive sensor, an
actuator for moving the magnetoresitive sensor across the magnetic recording disc
and a detection circuitry electrically coupled to the magnetoresitive sensor for
detecting changes in resistance of the magnetoresitive sensor caused by rotation of

35 the magnetization axes of the first and second laminate layers in response to

3



magnetic field) for a sinple GWR sensor with a high bias curr . S
a sinplified drawing of a GWR sensor according to the 20 prestﬁ Mﬁ\%irztolgg
FIG 7(a) is an electrical schematic of a bridge circuit utilizing the
present invention. FIG 7(b) is a physical schematic of the bridge circuit
shown in FIG 7(a) utilizing the present invention. 25 Detailed Description
of the Presently Preferred Enbodi nents The foll ow ng descriptionis a

det ai | ed descri pagoeticofieldsfzompths magneticallyrsgondedidata. p%b@masmqtomummmd

for carrying ou I J s S [ e
pur pose of ill uil}cwfesg @t?sﬁ% ene?ﬂ#ﬂ%’cr&p‘?o(gg&g'?ﬁlte%ﬁ&%eéseﬁltmg %tril%?hﬁrand
is not meant toid dlspdsed (mtherﬁrsmtllava o‘bﬁmmagneiiaalamab dispased on3he fitsEspater.
shows a disc dri,ve _system resent J.nvention. ,As shown in
et o T eas A Bt BRIk F N th TR R R 1PN A bEng gl |
214 and rot a8 edldyyr B8 dikpesedcon theswoud) spac&"inlayesragmhird spacer:myeh isglispesediowtheeach
dISCISInthefOI’ of a nnuI atfern of ncentr,jc a tracks ot
shown) on disc ?f’? K}ﬁ g(f?Bo"Jmh‘yc’A{sf §‘% &fb %raceﬂqursa%
positioned on t b Myéds dikposed af thessecotnt tribdydr. snm'stanﬂgemﬂmaymrmcme,rhetlc
read/ wite head V\%re t he, head |ncor$ rat es t‘f‘fﬁ@ ;ensor ql_#ieg resent
i nventi on. 'E‘@éagl“ﬁtf“a ¥er, 8 FReQB ¥y 3RS ah Antiyp 8 B‘ERg 230
over disc sur f amyexsas;sasad b&%&Saﬂlﬁh conreswitkithefRstand s¢pond ferfiemagretic iferdli sc

where desired data is rec . Each |ider 2 is attached to an ac
arm 219 by teans of a’ sus%@?fs’ 19§ 1o 180 efr?ép"s"ﬁg ﬁerea“rr*‘ﬂ‘enﬂ?'am%w&og'ﬂ%

spring force Wnaebappaaaasfo?hﬂdaam:@wmﬂmelmhppﬁe@més%@%ashnashagé or
armis attached_to an actu 8 H’é‘P eratlo hélggi)sc sf orage
system the rot ?BE’PWS]&‘ ?‘132 %bte@ g‘?’e@ a Retyor g‘g-aé melpding an ay
bearing surf acefigrdstiforH,icifieckibetibm xemraqan@;iajssdmdﬂa (BY,% s6bbrid resiforudes
a readi ng head and faces,the surfac f referred to as a|r

beari ng surfaceRQﬂ&@i)"'?t W@F@HP&%@ f&)naé*mr@%mah%sm

lift on theisli gRmedlctk tdifinaé (C)aMA{DYENd 4 Frurth QeBNt6HR [l eétBe aérloksﬂ ht

spring force of suspension 2 ort,s slider_slight above the disc
212 surface by BERQHf !ennwslsmggre%a?l gﬁ%"’%ﬁﬂ@t&iﬁ!‘ d Bs hayepfi ‘fﬁSPV‘FiﬁP SSRFHY

operation. The vaeh 861G apﬂ&a%ﬁ)s@ﬁet%ﬂc téhﬁmalsf(m agﬁ(cgmaa e legietoepn; ad | ed
i n operation by_control s nal s a eﬁl by co 229, suc

access control B#§ h‘éﬂ%se& ‘WRquFQIaFSPSSES‘ﬁWBI uni t
229 incl udes |0tBnﬁ1rﬁlH’(W)thQ¢ cmasswxﬂtdaneﬂmm@v@nmmnmneﬁmem&he
control unléq] erate control %69% a@ to 20 contrq var‘ﬂﬁa %%%/:ﬁtem

oper ati ons epsityr The apparasys Lshinciydesmegaps opergiively roupl PBEMroN
and seek controter@ixﬁma(Eaﬂ@(m)medeﬁammmmialsdr@auh@teﬁﬂmmsr(a)aﬁ@ yle the
desired current profil i_ﬁ asl2lgéi ositLon sI|d r.213 to he
desired data track on d| schod Ve1 } #5cd tfaN“FSug? adyapfpegs ©

2 are for repr eaerﬁraaehﬂavawoa@ansemwapﬂarenshmb Eollowvipdasited wiitteri  di s
storage systens ma\é contain a | arge nunber of discs . and actuators, and
each actuator B Pbrt a nunber of sliders. The above description of a
typi cal nagnetic d| sc storage system and FIG 3(a) shows a cross-sectional
view of a structure 100 accg , . epbodi nent of the

present invention. The |ayers of {1 ' "£00 are forned by
usi ng a nunber of techni qh‘esafulictumierngandingofthenatureandadvantagesofthepresent

invention, as well as the preferred mode of use, reference should be made to the

following detailed description read in conjunction with the accompanying drawings.
In the following drawings, like reference numerals designate like or similar parts
30 throughout the drawings.
FIG. 1(a) is a cross—sectional view, not to scale, of a simple GMR
sensor.
FIG. 1(b) is a cross section view of the sensor shown in FIG 1(a) with

bias current flowing into the page.



. exanpl e, sputter deposition, ion beam deposition and the |ike h
f structure is typically forned on a substrate 301. The_substra;le§3§1mpm

any suitable substance, inaluding glass, semiconductorymaterial, or a
ceramic material. For disc drive applications, the substrate 301 nay al so
35 include a perneable, bottomshield | ayer (not shown) and a half gap

I nsul ator (not 6 1 3 MAR ?08 shown). A buffer layer 302 is fornmed on the
substrate. The buffer | ayE&IG.3¢¢) is 8 cxisp section diemoofithelsengortshewn iy E1G) 1(a)yr aphi ¢
texture or graig..sig ] guent |ayers, and may not be needed
dependi ng on th@ﬁ%ﬁ@t‘?&t@gwgg@&' used, the buffer layer 302 may be forned
of tantalum (Ta), zirconi BiG.(24s p simplified drawing of himagastic recorfingdi€drivEhe
buffer layer 302 is preferably about 20 to 80 Angstrons thick and nore

pref erably has ?’#W'ckness of about 35 Angstrons. A first trilayer 320 is

- formed on the buffer | ayeFIRGRa)ds a erdsstseeticnaBibw] ot nosdale, 6£4 GMR &énsos used.
The first trilayer 320, consjsts o firsg,ferro netLic layer 332 and a
second ferronag @Pf@‘$wr°§§63§@ba&m°é‘g°{)'§?°a sﬂﬂ?&eﬂg‘?“al | el coupling 10
(APC) layer 331. The secCOFIG.B3@b)yioaeaRstsectidnal dew sl tosdald) of fherGIR sehsor

ni ckel -iron, cohalt-i rﬁ , Pg kel -.iron-.cobalt, and the like materials. The
second f err omagfoMIn &e?a gddn the: high resistante st f er | ayer 302 or the

substrate 301. The seconde@B}\Qmeﬂisé-@seémmrviE@,%dtIt@édareabfmemasensor
t hi ckness of about 10 to 100 n%s_troms 15 .and, nore preferably has a

t hi ckness of0 abshewmiin E1G, 36) biaged infthe low resistapcestteignet i ¢ | ayer 332 may be
formed of nickel-iron, copprl.Ud)ifthe ansPlurvé CAGMIORrbus appled MBghdticTield)

materials. The first_ferromagnetjc layer 332 1s forned on the APC | ayer and
is in contact wiran{MRsgasosaccerding tathe present inventionwith adow biagruprents o

preferably has a thi cknespi®i4(5)i94 thelttarisfer ai¥e (RGMR Q8% phied maghét
preferably has § t hi.ckness of aboutaﬁ S Angstrons. The APC | ayer. 331 all ows

the two ferronafeld) for an MR sensopaceqrding to the prssent invsation, with g ghbiag, clurent,

magnetical lps in an anti - ppIGIs(Hlis  EbRpirisoh HansFer »GMRI Vi@sidlappliéd i N FI G
3(b). The APC | ayer 331 rrafy be fornmed of ruthenjum (Ru), indiumand/or
rhodi um The APmagngtic fieid)fora smpleGMR sensorwith,a lowlagcusrent oyt 3 to 25 12

Angstrons, and nore pref emhlsxb)h@ﬁcamb&iiﬁhmepéur&(%Gm(swrmppﬁyd)i cally,
the second ferromagnetic | ayer. 330 _has a | ar; erhjphrra%gq%tlc nonent "t han t he
i

first ferronagnBpegreticfied) fonasimplg GMR, senser ® &HTeRE depositing a
thicker layer of the secopf.feqs hQiRRRifRid drawiny OF a SRR s&0r AdeBrding folthe
ferromagnetjc layer 332. Alternatively, it nay be possible to increase the
magnet i ¢ 302%ronBiseeninvention o t hr ough naterial selection only. A first
spacer layer 333 is fornegi@md)iead electricllschedftic of 2 Briddd\@rduithfilizEigager

| ayer 333 is thus forned_on and in contact with the first ferromagnetic

| ayer 332. The BISSQ@RINVEBYORHy he formed of a copper (Cu), gold (Au), silver
(Ag) and the like. The fi FRg. ﬁ?asephyaw&c&aﬁﬁebeﬁﬁmbgycmshotvhiiﬁhm.ss of
about 25 to 45 ? Angstrons and,, nore preferably, has a thickness of 32
Angstroms. 7 a} uf{jizing sent INYeIORy| o GVR structure 322 is formed on
the first spacer |ayer 333. The sinple GWR structure 322 consists of two
nagneticlaﬁrs 303 a ] :
| ayer 304. e magnet i*t-tay: 808 art S T’y “DE 1 0T et Ut 1T K¢
cobal t-iron, nickel-iron- Thefdllowimgdestriptidni ik @ detailed description of the preferred

embodiments presently contemplated for carrying out the present invention. This

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

30 FIG. 2 shows a disc drive system 200 embodying the present
invention. As shown in FIG. 2, at least one rotatable magnetic disc 212 is supported
on a spindle 214 and rotated by a disc drive motor. The magnetic recording media
on each disc is in the form of an annular pattern of concentric data tracks (not
shown) on disc 212.



5 materials. The magnetic |ayers 332 and 305 preferably havi thr ckness of
about 10 to 100 Angstrong and, nore preferably have_a thick 35
Angstrons. The nonmagneti ¢ spacer 304 is fornmed on and in cont act vvrth a'
first magnetic |ayer 303. The nonmagneti c spacer 304-may be forned of a
copper (Cu), gold (Au), silver (Ag) and the like. The nonmagnetic spacer

| ayer 303 preferably has a thickness of 10 about 25 to 45 Angstrons and, -
nore preferably, has a thNﬂm'é;emﬁlidabmiSmSiﬂthdhedisAZtkmddsﬁrt@ﬂéBi c

| ayer 305 is th ' ' el c spac 303.
A t/hr rd spacer Ieéagg x?cgrg r%%n%ﬁ@{eﬁ%%@&& %&gﬁgﬁ%ﬁdﬁo@f‘esﬁ%
third spacer | ay@viR38dsor ef ﬂxlaq:sesbmrimdxtbn. Asdhe discsaotates sliddr 203 id‘uao%drpl e GWR
1 S structure 322,. . The thir acer,. | ayer 33 e forned

(o) - ol - Au) TRapt ) and S 28FRF ise Biiee % ol Rtpd ooy Rt oo refions

pr e]t er ag: y hﬁs a;ftthld_ié(ﬂemirek désix&&(gluta ﬁﬁecbmedSEﬁI(ﬁiHéchms xaad?jchearfan actuzggrl
refera as a ness of about rons ond tri er i's
1I‘D or med onyt he sé‘E‘Bhgb E}ﬁ megny ?“SB%’E“’“%@ @BSWE%%P fch PRYides a5 @éﬁ%‘%t s
of. a first ferr goregwbichbidseyslides dfaindt therdisconeface. Back ABAO6LArhCis ablicHed3Is dn
separated by an anti allel coupling (APC) |ayer 336. The materials and
di nensi ons of t AFYA ‘Pfgfiiyer structure are preferably the same as previously
described with reference mrfnﬁ%péxhﬁﬁﬁofmbuﬁi@for%%@yst&ncﬁﬁrbﬁﬁ&ioﬁ@@cm be
formed of a aurtable rotective materi al ch t ant al_.um Ta() A1203
and the |ikd0 TREncrales agicheazing be ewfaﬁegrf %@5@& ¢ 31 susfage ¢ o

protect the actipyglidery€s &hfch%lﬁdés%diﬂ% haaqraheﬁceaue@dﬁa&eoddd@s refefes 2P
| ayer preferably has a thickness of about. 20 to 80 Angstrons and, nore

preferably, has ‘%3 dKbraEng seriansd ABSYnd discisurface Whickoexestsap uyvearsh fogce or
cross- sect | onal i P21 £V ke WeirsTuaboaiePdiaRes e Lihs BSSERIye

i nvention in the zero external resi stance state.

i || ustrates theOf @sgension Mgﬂﬁ‘éﬁ%ﬂﬁﬂs&ﬁdﬁ'sﬂ‘%‘ﬁ theve fha dise:2 12 susfage by emnaé,lo
directed peqpengﬁ&%ﬁ%w@whhgp&{t@%ﬁgnmpcrhﬁ&{ easi ng the nunber of

| ayers increased the of the film res Q*tt i n higher output signal. It
is useful to have the cor TBEVagRUSSAMPONEHts cﬁfﬂfa@Fsﬁﬁﬂﬁéﬁ@“ﬁﬂlé‘ﬂ@ as

shown in FI G 36Bdratidi By &utuer sgnars EénebhiEd Q,O&nfuer ﬁﬂﬂmewpaé ARYEsTontrdl_and

337 have a hi gher nonent he 1 nner ferronagnetrc ayers 335 and 332.

FIG 3(c) showsSigngls ae%u%eeq .%rsrsnabwTdP celly cefico étnrtt?@@ura@u@%dmc cpntrelG,

3(a) biased in irkiawy, §t6aps A& Misrbpiotessd) EThecafirél tﬁﬁrgea%es%mﬁotls s%0335,
5 305, 303, 332 are alrgned as shown by the arrows thereby giving the

structures 291 ofenteadivarioyssystemgnsratipsdychjag deyemato contro) signals an ling ande

smal | anmount of hea’tr,ﬁtshﬁ,ln ah@ YK ddaitrbAfnaxbrbhie. anre%ﬁutltﬁgxrarst&rlt&cﬁevm?he
t hi cker, outer fer netic Igers ar.e @?t al i gned, pbut

contribute to t e eéW cureat proliles e optimally moyg 1t‘r?8e‘"hti a%lm tgﬂ%fe‘#ét‘?ﬁ ned
by the nmagneti c daaitR0k ah dizge292. t he | ayers across the spacer |ayers. A 10
| ow resi stance state may ?L?so be achieved_when Iareg,eﬁlexternal fieldis
applied to the structure. abovg °'?Ht'\°f]§f?3fpé magnetiGdiscstorpge systegyapd

curve for ases u%&eorap&iyargnﬁdsdﬂmdftweG\Beséﬂwmwh&naﬁ@fp&mxﬂ Ithe

pr esent mventrogmd | ow bi a rrent preferablry'? mA, ‘Ig,ﬁ? to the
structure as shdWhld he gprarent a‘s"ﬁpﬁg"f’o’ Fppinay ’ﬁ%‘t‘raal 1335 t he
transfer curve, Ema@umegrMacmaémgbmdyﬁﬁmtahmﬁgmugture accordr ng to
t he present i nventi on. (g bﬁe}% current, gér[eale,rabl Ws a&?l ied to
the structure as in Fl G k )3(@ajshewsgcrgssyser ¥ewofa fure |

transfer curve tedording €&ha ﬁkﬁﬂdﬂ%&ﬂ&ﬂﬂﬁﬁltﬁfﬂ@p?essmtm@nm& layefswiehe FI G 1
(a)) vmtha& bras curr qug% 20, to th Q;fe‘ﬁwrre as I‘Q‘EHG 1 (b).
FIG 5(b) iPPus 1&3 ¥ Using £ Bumber Qfdeghyiques pelyding, for _
patterned from %xﬁhﬁ@'@u@ﬁe?bﬁﬁsﬁ %&‘béa'ﬁ{&é oditioR hnd WHellike@ 20MA bi as current
was applied to the structure as_in It can be_seen_from

conparing the graphs of Filts MB&P“?'HF laﬁﬂ”?‘ill?@m?dc)&)&s(“ﬁﬁn'”c'ham t Hee
transfer curve Qiipdhie ﬁY'%aﬁb&uﬁ} kmebecsfaamtdagntnd ?@a@g essﬁﬁeonaéctbﬁmeehhpn
i s dependent upon the magnitude bi as_ curren lied to the
structure. Mor e opaceramis material. tﬁﬂE dgqcrdgr(yg GPRJ‘CH%%“Saﬂ‘Fé\Abﬁ"@Eﬁ Mapaealseer o
external figkd i gh
et st ance, “Zer ahafe ANEReqblc, MO ey € ot oARPLIGH AN ey frotldSr o, 2]
The srnple GWR structure shown al ways has aghi gh resistance, zero external
bias field no matter what bias current is 30 applied. Field Seasons FIG 6
shows a field sensor according to a preferred enbodi nent of the present

i nvention. The sensor 600 is formed as a GVR structure according to the
present invention as already described. If a constant current 1;" 602 is
applred to the 35 sensor, a constant current lout 604 results. So, for

o o o o o o,



9 1 3 MAR Q03 .; is lout For linsmall the potential differ ?ggvﬂf}%m&

the sensor 606 is neasured and it is constant. If an external
~then'applied, the resistance of the sensor 600 changes, t hereby causing a
change in the sensed potential. Then, if a larger current is applied,
linlarge and an external field is applied, a change in resistance of the
sensor 5 600 will occur thereby causing a change in the sensed potential ..

Because the senstpiwn)s ACkffer ldyet 302 is fortiedionghé Subistifte PTRE Bififeri 18ye@ 13028, t he
change in resi séanc,e‘_égf t&ﬁ Zﬁnsor horéﬁgl arx?qeg ingut current i1.s different
than the change®fResit fodp @' SFTYPIREOLTAPIG fexfige oy rgmaﬂ'?_eqf f“tt?ﬁqqeeﬁt.
Thus, the nmagni layes, £id rhfiendt R needed 'depétidingdh thE seltrafeW0n e ¢ \ikd SHe bufrer t he
change in potential_across fhe sepsor, 606, i.e., the change 10 - in

resistance of tmef%ﬂf oHRe _ ‘P’_r‘\%ﬂa)’ i gRigp(Zr), nick _3&9@6‘?@)43% dge
. circuit, inswhi ghogi aRE b S 302 issﬁrbﬁﬁabgzéﬁb%%ﬁ ﬁs@&ﬁgﬁx@h{}%kﬁ anl $nore

present invention are used as resistors 7 hown in schematic form

i.n FIGS. 7(ar (bpreferablp hesaythicknessof abows 3§ AngsEom®2 i s shown connect ed
- between. two opposi ng ”Odeﬁiﬂ&_t}iﬂ?fxgﬂﬂg?orﬁfcd%ﬁtﬁ'ﬁﬁﬁfe‘?iﬁé@iﬁ?&%ﬁ%ﬁ%@b?

four GWR resistors are electrica connected as Is we r

particul arly, t#aobuffaylayeris used; Theirshtrilayer 32Q eonsists ofal first ferromagnesicdeyer (A,
B. C D). Afirgi s skl S gkt LRE BT oddlise (A
and (%), a seco% resi sterd%dlng congg}ge%g%bgﬁ)t \Aeenrbyrr@t*v\@réa‘%ggn@oﬁg@g(B)
and 20 (C),10a t@ARQ layssi3dlor R3 is connected between the network termnals

C d (D d f th | | . 1 nal
(A and (D). The tirst anieiorb ibmagndRHRE 356 maf bRk uf', 0!
same current desnbaltyirewm eicksl-iropt-ebbalf, andishe ke matevals. be sarohd faromaguetic ( A

d (C d ' . [
and (C) and r es]'ai«%r@?% 15?0:%@8’ obthebuftfef Eaﬁrgnl %I%/j]%}{ﬁ? %@@ﬁﬁﬁ@ l.;%‘%é %B?%GHSI ty

which is differe romthe current densi I'Trs ird
resistors R) anférMagnétic layer 33@ preferaby hasa thickness af @heutr1 Otto 10@ tAegstromst he

magni t ude qgfz a oJoI ' I constant voltage is
V; " at ter%snalnu%%&iﬁm%{b%%oﬁc%%s ggﬁe%lﬁgzmgﬁﬂd?ﬂ%it zero external
field will equal zero. BuThd firstferromagneticilayer 382imag ba figrimieddf nidkel-irmmi, st ance
of resistors R _ dj r . . '
esi stors R arPOp o AR Rn; bdeafl b ke ARl e BS? ESHARGRCAL jayer
change in Vout 332dsdenpedtondhe APCtlayerand isringbntha¢torith e spdser 3. €Fhwi fixstl.  Thus,
to use the bri hat ] I Do @S | I ed
field of res st oropedenais pifertynah b folnted FRPSRANGE 100 AER-AH8:
resi stance 26f rawl, srops preferably asRythicknessiof abewt 85 Angstnemsi npl e GVR
structures, this was 35 [ Oa,p%ﬁ | h$j Or S.
Anot her way that was useﬁcg&?g 1&?@3??&1'&: ~L%&8%ﬂ§g}g§§ﬁ&hl§%ﬂ% E?gﬁﬁ\;\ggﬁto
bi as one set oftorhestrongly soupled tngether magnesigallyin ap@nticpaxalis] aripetation as Sheowao
that, the resis . [ ' Malalta e wa
RSl PR, 355 PG Mkt 1 15RuPby Ried B R REYY 12

to acconplish tHis bias is to n fi cour se,  had

t he di sadvant agiadiym audfer thpdigma ddietARSA layepiileprefaradlichas @thickuesspf abouty too
shift the s SiPhRgdifdls bl mbH pféfrably as AMRcRAdLGF Y5 AREGARL! N0 Lo Lhe

present invention 1S used an e first set of resist , and R3 is
patterned differently froRynieallystheseepndderromnagnetic layer 330rms adargevimagnstie

particul arly, tHsﬁl\r%oﬁ%]E" &e ﬁ,gffgﬁa,a%@,% (lj@@Rg:;ﬁ?’ '{]ﬁs &R a%&ﬁ%lisﬁ@d% at the

current density t 0 resi stors I's l'ower than the curfent
density 10 t hr odgpesiting athicker lasien eEthe seqond ferrapagnetjc layer 330 dhancthg first

proportional t og Sglagnetﬁ L er 389) M&Hdﬁ%%ﬁtiﬁga%?gg&%}ﬁé fb%cr%&’élftixggi;ag-{)étﬂﬁ of

a Weat stone bri Ircurt according ] ent I nvention. erably,
the rati o ¢ w momentéf Hayerrlrongh materighiselestigeonlyr om about 2: 1 to about

20: 1. Experiment A first spacer layer 333 is formed on the first trilayer 320. The first
spacer layer 333 is thus formed on and in contact with the first ferromagnetic layer
332. The spacer 333 may be formed of a copper (Cu), gold (Au), silver (Ag) and the
like. The first spacer layer 333 preferably has a thickness of about 25 to 45
35  Angstroms and, more preferably, has a thickness of 32 Angstroms.
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1 S The stacks schematically illustrated in FIG 1 (a) and Figﬁgmbbrge

deposited in an S-gun sputter deposition system The N FeCo

cosputtered from N Fe and CoFe targets; all other Iayers wer e dep05| ted
fromsingle targets. Prior to deposition, photoresist was patterned and the
devices were defined using a liftoff process. 20 Quad layer GWR films
consisting of a total of four magnetic layers; two sinple ferromagnetic

| ayers and two synthetic aAtﬁmﬂF%gﬂvcmeé?éﬂ%fomdenmimderdmr333
patterned into ayers
are in the for mdg.}/ Sg'%? %?%%c ure owq‘%h& rgﬂgﬁrrdalfaﬁ&% glg(f%?gs

separated by a separeted. byl mmmageétar(nsamlé)ﬁpochr hayat 304. h'Hmmagm:tlb é@yersmmﬂ;d

dost gned o be hoo of e REnRRRL. Bl o SLEL Ronc ;3o oS e ©

enough sense 5f i ahatesiais) dhpmagnetmlhyms mmwoslpﬁembmeambmdsﬂbf abomt 30ack
as a whol e, i rall el neti zat.i,on ori atio etlc
oyor e o oss. it 0R AR EhmS andRHE prfhiy Bad 4 GHIGIR Bowad MRS o,
of an external rﬂgﬁﬁinmghetﬁ si;achrWﬁmmw@i inddh cohecrwith P Erst mnsﬁaliger
decreases to an ternmedi ate resi nce ate., L.t was fqund t
vl oo o od 03, Tk Sopfiagfete spacer 104 PRy b Fittukd gk s (WY Eplalfny silver
dependi ng on t hgAghgid thtdﬂceofrhblﬁembagfeueuparcanhyagpmpmferamnﬁs aahxt:kmh ofl y,
I|ed a,low zero field st a when no

bt ornal. 11 300 TaboRr s tovas RRestfis aiduiire prerabl; it thiskares Ohabait B3c i ¢

i ncreases as th%@@uﬁﬁsﬁﬂgﬁd&oﬁﬂ nﬁ@@nexmfwd is thedl fdrmh e o0 @i cohfacewlth Hge
bias current is applied, a hi %Bgzero 11 3 MI~ R 2003 field bias state

i s achi eved. ThdOpmagaetic pacer303y o structure decreases as the strength of

the external field increasgshirds éfﬂhﬁr@ﬂs&&%&@ron'iﬁlsbmﬂﬁemmna
FIG 1 (a) alwa has .a hi grayzero fiel gorwg s state no matter what bi as

current is appli th‘ﬁ’éﬂ%"Fé e 3dds thys Qn agg uheqnggct &’ﬁbﬁ'@ﬁ(?%‘é@%pm

Wi del de\év%e?é?ca%ﬁ{x&tﬁf@.;}zh Imrmbe%bacbh %?d@gﬂghﬂ@dﬂ@p (@u? i
sinple ruc a fixed biag_curre ied down a
strip line. The (& ql&’l(s“e?d 35&‘3&@% e Brdespacsy layer %%P'Ffféa Y thickagss he
external field verabews tedtsdmgmmaﬁcﬁmtrh Rferiblp, ik hithitkieds 6PdBoLASE t he
devi ces. Data fO{ then%ad | ayer structure FIG 3(a) is showmn in FIG 4 (a)

- (b). Dependin e current den5|ty t hrough the device, 10 the zero

field bias state of the paAtseddaa lﬁﬂ@Wmhéd&htH&%&edn@Ml 484, Ahk OW
current densgity res gilhe | pw tate and tan e |ncr ases as

the applied<i elS8°9 Fapsty ‘3&?1?@5‘8“%1 3}5 L zero

f: el d 3i as stat Eferr@ﬂhﬁ@xwmllhyérSBT%p@ht@fb}?}dh&nﬁeﬁ:{rﬂmgﬁﬁ}ilhfg (Lqmrwyeasss .
al i gned essenti Io one a acr oss C A sma
anount of paral ?’l&erﬁ ter“gl 8€ I'#?&er rpgiuge TSP%#%’ %X‘E?)%?é‘é"r%s is
typical for Sanqme\dhuslyﬁwbhbé&ﬁnt}méfare&eﬂonhdﬁmsu-mdyeekmms range. As current
t hrough the device is incr ase | d. genger.at ed verco

paral el coupling. At a h| ?f’gﬁ{gib% f%er{ogﬂféﬁ i,nta fvfémﬂgn%%ﬁébd
hi gh at zer @sfi eﬂsdantﬂﬁﬂamusmapmitﬂehkeaﬂna dybraﬁ@lsld%ﬂosﬁie&bdtﬁésfeeﬁmh
The datalndlcateth { he ad teri,al. (FIG

used for current™&¥Fk %]gmpég%ﬁeq’?aé%"emﬁffet?ané°¥ﬂd§‘|‘?}£§m'?f'§)"23a'§ﬁﬁ‘5a %ns.
I 3 addi ti onf t ohtdapl yee?grdm‘ablymh thikknezsofabdut@Ddo ?Ogi@)mgsﬁ'@hﬁandagﬁirher
advant age of the er str ur |G 3(a is that devices nmay
be oper at ed vvitt?’?’% Y'%f Gﬁeﬁﬁ?ﬁa&ﬂwﬁé&&ﬁs@‘nﬁs conpared to sinple GWR
sandwi ch filnms (FIG 1 (a)FIG Emshé&ﬁac@b@mtﬂﬁﬂméwamemmmwtter ned

fromthe Qu | ayer ndwi ch, materlal that, exhibits
Dot a1 7 ADGRESTRRE toyiht AR HVERIGR Beheard entprnal Had righ Eigaiee S s

|'i newi dt h pattem@d3guequ§d%&smﬁ1&@ameﬁ¢tmn&ﬂéausm & Bisglcamknt(310G 1
(a)), shown in F).G

xhjbits on ut 0..3% ted under the
same conditi ons.GUpREe dmdé“'ﬁl@éﬁf’éh&ﬁ%h &%Ilﬁ‘é‘em S AUMBPIRA 1HEErs,
conpl ete 30 deS%érﬂ&éeﬁ&h@bhﬂ@%fﬂﬁfﬂlfnafésﬂhﬁ%ﬂiﬁgh&%uqfut ﬁ@mmm&sﬁa@%@é
the invention. Since nan odlg‘ggts of e inventi gn can_be nmade_w t hout

departing from tthécerismtmeaﬁaa%e OB‘Fr?‘ﬁﬁ“eF‘ﬁWﬁfsl*\?ﬁ owm i FIG; 3 Jheopter ges
in the clainms hereinafter appended. 12 13 MAR2003 EVE CLAIM 11 A
magnet oresi stive sensor, conprising: a substrate; a first trilayer disposed
on the substrate; 5 a first spacer |ayer di gosed on the first trilayer;



a first magnetic |ayer disposed on the first spacer |ayer, f%a E
|l ayer disposed on the first nmagnetic |ayer; a second magneticil 3449 %65

. di sposed on the second spacer layer; a third spacer Tayer disposed on the
second magnetic layer; 10 a second trilayer disposed on the third spacer

| ayer; and a cap | ayer disposed on the second trilayer; wherein, the first
and second trilayer conprises: a first ferromagnetic |ayer; a second
ferromagnetic Ife:yanagmtidla@’érse&:wand B3P hawd d kigher angahént thahalyecinnei sposed

bet ween and i n contact mﬂé’h t:ﬁg 53% and second ferromagnetic |ayers. 2.
The sensor of CFEPRAENCUGIAYEES ‘cond spacer |ayer is a nonmagnetic
ljayer (210 3. Ehe sensor GTIGCB@) sholys ﬂ‘dtbishﬁctlﬁlmTﬁfd“Séﬂlﬂe @lvmlfstfreéudeaémwf

| sposed on the n coptact with the first trilayer. ~ ~1~=
4. The sensor "6? Y@% \M‘lé ‘E’I’FFSISF?é‘ngetﬁna-h ?‘hﬁﬁ“g‘?ﬁ’é‘ﬁ%"‘l‘%&?@?’sl%”s

thicker thas 2308 o3 sszarefaﬁgﬁamstnewwy i/ Rfowstherdb\Egit B IRE stBilctere @ 16w
wherein the first and second ferromagr]etlc | ayers corrprl Se a materi al

sel ect ed from FEESUEICE §Hte oHhese layers apy aligned due fothe small amquny pbpamelel eof . 30
6. The sensor Qbugliriyi thatexistd¥akess thel iR rfabdsS tTha BcIes (g féﬁ@é@ggyye‘fs argyers

have a thi ckness of "about 10 to about 100 An stroms of claim

1, wherein t he nghaligngd bui they de efsoniriputetp dhe lowiresistance qiﬂsusstmttsc sigce that
sel ected from §§1§etmw hﬁgh&%&ien@ﬁonbf%%%r e séertnsseeﬁf {a 13

1 ~MARZ2003 .} 8. The "'sensor of claim erein the an
coupl i ng | 3Ger lowsesistance sircmay gso bearhieved wihen pdarge axternglcfisid mphsd ® The
sensor of clai gl €i N the first spacer |layer conprises a material
sel ected fromthe group consisting of Cu, Au, Ag and m xtures thereof. .
1Q. The sensor of claim fIG\AMé)@i“W@Weampbﬂftbpmfeﬂcawrfbhaseswtqrhl ckness
of about 25 to érmlg addord ein
the first and g@%ﬂ ﬁaé‘é‘?g% g@“ecrtégcorrprll g%ﬁgﬁaﬁgé‘}t?’g eﬁh At]iog\mgomthe
group consi stl ngncnt, picferably bmAamas appliedrte thetshruetursras shown iﬁﬂﬁséﬁ@orf"lﬁﬁ claim
Co ahene! 14" 5 yifikerRd p3RAR o PQARK: Suh G FreftPpdtehRa (A HICERNST 10
to about 1 trons. sensor 0 e nonmagnetlc
spacer conpri sesu@ttmmceqrdmg te &eemseut inventionh & hygbhps carment, preferably’ 2@mA, Au,
Ag and m xtures, fy Eturd AEinF8B59).0f claim 1, wherein the
nonmagneti c spacagr lgég gd%%uj'kness of abou? 25 to about 45 Angstrons. 15.
The sensor of claim 1, whdGed(n) dlustaies sgrapleef the fransfersupreifors resistart er | aI
sel.ected from hgef &n%%?ﬁg&t(‘imé?xﬂxc&b(?fa 1@f) vittith Hﬁ{&m‘e ;ﬁﬁ

as a tnc ness

16. The sensor of C wherein the second spacer
of 20 tothe structure as in FIG. 1(b). FIG. 5(b) illustrates a graph of the transfer curve for

a resistor patterned from a simple GMR structure (FIG. 1(a)) with a 20mA bias

current was applied to the structure as in FIG. 1(b).
It can be seen from comparing the graphs of FIGs. 4(a)—(b) and FIGs.
5(a)—(b) that the transfer curve of the GMR structure according to the present
25 invention is dependent upon the magnitude of the bias current applied to the
structure. More particularly, the structure has a low resistance, zero external field
state when a low bias current is applied and it has a high resistance, zero external
field state when a high bias current is applied. The simple GMR structure shown
always has a high resistance, zero external bias field no matter what bias current is
30 applied.
Field Sensors
FIG. 6 shows a field sensor according to a preferred embodiment of
the present invention. The sensor 600 is formed as a GMR structure according to the
present invention as already described. If a constant current I;, 602 is applied to the
35 sensor, a constant current Iy 604 results. So, for example, if I;; is a small current so
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about 25 to about 45 Angstronms. 17. The sensor of claim1, i p
| ayer conprises a material selected 30 fromthe group consi\gfaygg ?Boga
A1203 and mi xtures thereof. 18. The sensor of claim3}, wherein the cap

| ayer has a thickness of about 20 to . about 80 Angstrons. 14 1 3 MAC
Z003 19. The sensor of claim 3, wherein the buffer |ayer conprises a
material selected fromthe group consisting of Ta, Zr N -Fe and A1203 and-
m xt ur es t her eofis loOFofThem.s thepotential difference3across ¢hesiensar 606 iméasurddoaret it ks a

t hi ckness of ab 5 ﬁQﬁH . o oresi stive
sensor device, gg’?ﬁ%%‘?s |h§r)1ag§l o suttf)is? ?a? %@égﬁgcrnf%ﬁg?cghﬁ IF%{%EE%&I}?%%SSC ro%dq he
substrate; 10 achanges thepshyeauding @ chahge frothedernsad pbtentidlr Ther, iif 4 lyger cufrehi isst
magnetic | ayer di sed on the fir acer .l ayer: a second sp r |ayer
di sposed on thea?ﬁﬁfegt Emaﬁé‘f‘.‘%"%“&?@f‘a 1y anpl Wﬁ%&eﬁlgwogiﬁgep%@é on
the second spac600 al} eccurahdrébyrcdusinga eharlga\iv thedensed poténtial. Beease the1sensor
magnetic | ayer; .15 second ttilayer disposed.on the third spacer | ayer;
and a cap Iayer‘sﬁogg%gcgﬁfﬁq?ofdﬂg @é@%ﬂ&@?ﬂ"&%‘f@ thﬁrfg‘?%g‘:nm r?qxrgaqqerog'[tg nd
fsecond tril ayelr Séiﬁﬂi)fdrigﬁ%eo inplit Erben ifsrdiml I llﬁiﬂ ﬂle:cﬁam I;in ?esi%ﬁﬁdx_ﬁéldf thedsensor
erronmagnetic er; an anti-parallel co i.ng | ayer di spose
between and in %ﬁ‘t IRPRY pumRRL. ¢ ttﬁﬁﬁﬁg@ﬁ@r?g%?e&&ﬁr?ﬂéﬁ@tc@ei%yers; and
wherein, the regitsintined by bersip thecidge irfSdtértia¥ Sers &ROsenksr 6VEPES MBI _
t he magni tude of an appl i bias current. 25 22. The sensor device of claim

¢ P
21, wher ei n1® Feinswesistancepbibesensdler i s a nonnmagnetic layer. ~23 A bridge

circuit, conprising: a fi Mﬁ%icircﬁi, B81y0d WihestbtoMEbidde tiictft Sin witier! ed to
first opposite nodes of a 30, Vlheat stone br]j dgg; a second pair of
magnet or esi st | vEiaBt MagRSLETESstive SHNEYIeS FceUdiBg o HisEeseRtdnyRagien apy used s

Weat st one br i dggistdid 204 705t 1éhokwn'ifi schitaltic FormiBOFICE O1(BF(B). | A/ foltddethl701 €5
has a greater current densltsxpthan the second pair of magnetoresistive

structures whenagthereund 70 s shown gonnected bstyyaep two pppasing napeselthe heidge atyge.
15 .13 Maf3 zogaghlof wifteh tWifofithé £ GNIR Gébistord hredldttiidally cothiRicdial i Renf i r st

pair of magnetoresistive structures is larger than the second pair of
magnet or esi st i vEReWR- et ur es.

More particularly, the bridge circuit has a four terminal electrical
network (A, B, C, D). A first resister R, is connected between network terminals
(A) and (B), a second resister R; is connected between network terminals (B) and
20 (C), a third resistor Rj is connected between the network terminals (C) and (D) and a
fourth resister R4 is connected between network terminals (A) and (D). The first and
third resisters R; and R3 preferably have the same current density when a field is

applied across network terminals (A) and (C) and resistors Rz and R4 preferably have
the same current density which is different from the current density of the first and
25  third resistors R, and Rs.

The bridge can be used as a sensor to determine the magnitude of an
applied external field. For example, a constant voltage is V;, at terminal 701. An
output Vo is detected, and, at zero external field will equal zero. But if an external
field is applied, the resistance of resistors R; and Rj changes differently than the

30 resistance of resistors Rz and Ry so that Vo does not equal zero. By detecting the
change in Vou, the magnitude of the extemal field can be determined.

Thus, to use the bridge as a sensor, the variation in resistance in an
applied field of resistors R and Rj had to be different than the variation in resistance
of resistors R; and R4. In the past, using simple GMR structures, this was

35 accomplished by shielding one set of the resistors. Another way that was used to
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5 25, The circuit of claim24, wherein the first pair of ﬁﬂeve
structures to the second pair of nagnetoresistive structumgi\ﬁégzg as a

width ratio fromabout , 1;2 to about 1:20. 2~ A di ,sc“;drive system
conprising: 10 ~~- a magnetic recbrding disc; a nmagnetoresitive sensor
conprising: a substrate; a first trilayer disposed on the substrate; a
first spacer |ayer disposed on the first trilayer; 15 a first nagnetic -

I ra;lye][_ di sposedamntplﬂieh this was ﬁﬂﬂasemdelsmtErwsiaox?ecmdiésﬁMrdduﬁmﬁ%ﬁlumoseg on
the first magnet.i.c,l ayer.. a secon netic | aye i sposed opn the_secon
spacer |ayer; §“ £ ?‘blx‘ébQFJFS‘%P@?‘%BB?W'BH%P#B%%@%W ?Fa‘g?ﬂ'i On¢aver: a
second tril ayewagit®Reomplisithistiad i8 kd GheSndkeimdl YRl ;Thiy) df ddlirse, Bad they EF

di sposed on th&_ second tril ayer; %{vher in, the first and second_ tril ayer
conprises: a ffisadvantage ghreguising adqiggngl powerand sirquit complexty i siftthg er - and
an anti - parql | glsistRsHhashd chs’ di sposed between and in 25 contact with the
first and second ferromagnetic |ayers; an_actuator for noving the

magnet oresi ti ve sensor adheoSMR sEichg aeqording to-the greseptdnvention insgd gad &g i on
circuitry el echid caldeYesfitPREtd R, sfhandod girRidit HokPe 383 s£08 AGLRE! | NG

changes in resistance of the magnetoresitive senSor cause y rotation of

30 the magnet i RaendRs.aMeze partiqularly;, theswidthef resistons RijaBdRn i madeyyides sp that

response to magRelhientd gvsthfcf heal tﬁﬁpﬂ’ t a2k ~ C
. _ S>s 27. The ~ensl(1)trde§;el igeug%ﬁ?%ggﬁéﬁgrlg&%{t e ggcon. d?b‘?g"er | ayer
i s a nonneldhet theoughRerand Ry since gurrerd dpnsiiR iy inyerselg proportionap tsavisitlys F1Gr7(b)

measuring an e ' i @3 SWH \%FE . I .

appar at us comgﬁ#%g% thglpﬁ %%?ﬁte@#ﬁrﬁaa@ ﬁeo? gct rica E@%?ﬁ%&&m@%&e

i ncludi ng a fipresent anvieption. Breferably dhe ratio pEwidthaofiRat RotoR 1, Bamangss from) and

(B), a second pesh tlgg)b (ognnect ed between termnals (B) and (C), a third
€

resi stor R3 connecfe ween the network termnals (C and (D) and a
fourth resi st oExperilmenthg connected across network termnals (A) and (D);

wherein res stors R~ and b . Si i is 10
appl i ed acfsloss net wor k tg‘ﬁ%@ﬂ%?ﬂ%ﬂ&%ﬂk@@&%&#&nt g' ir%zm%@‘g‘%g R4
have a second deposited inde§signy sputiendeposition sestéme e NiFefjodayersiwery oxs net wor k
termnals (A [ el 0 i i | to
the first curr n?te&g)nfgl ﬁﬁén%gnésﬁgggl%g%%E%E@g%eﬁg%%ggh%%dtﬁ%ﬂ%@P\f;\élork
termnals (B) tagety.Pridrde depwisision; phytaresisitveastpatérnedanddhe denicasavere defined B)
and (D). 15

using a liftoff process.

20 Quad layer GMR films consisting of a total of four magnetic layers;
two simple ferromagnetic layers and two synthetic antiferromagnet layers, were
deposited and patterned into devices (FIG. 3(a)). The synthetic antiferromagnet
layers are in the form of a trilayer structure of two ferromagnetic layers separated by
a spacer. In a preferred embodiment, the outer layers 330, 337, i.e., the layers facing

25  away from the center of the stack, were designed to be thicker than the inner layers
332, 335, so that a high enough sense field would produce the highest resistance
state for the stack as a whole, with antiparallel magnetization orientation of the
magnetic layers across all three spacer interfaces 333, 304, 334. Upon application of
an external magnetic field down the length of the stripe, resistance decreases to an

30 intermediate resistance state.

It was found that the device formed according to the present invention
behaved differently depending on the magnitude of the bias current applied. More
particularly, if a low bias current is applied, a low zero field bias state, i.e. when no
external field is present, is achieved. The resistance of the structure increases as the

35  strength of the external field increases. If a large bias current is applied, a high zero
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29. The apparatus of claim 28, wherein the first current de

resistors R~ and R3 increases as the field decreases and thﬁiuéﬁdzggamnt
density of resistors RZ and R4 decreases as the field increases. 20 30. The
apparatus of claim 28, wherein the first, second, third and fourth

resistors are sensors as defined by claim1l. 17 . A@.AY. Aay. AfR A;
| . A@. A a. A@B?. A A . AARATf.AF.AY,.Ane. AIa)qZ<’>JL[A2}

1szupkf a\ W ca] cﬁqld&}v@a}asags@a]néaqdc aThe(rasiptance) of f)eostquchre ddceeases as'the strength

g]bgggi SSL;: g{ \3\?1: ?‘cla%a?qﬁ}é%j iglgaqﬂ[ﬁ f%g*ggﬁh%faﬁ}caw ?’Cﬁ]&%a] cajc

a U cna] cé&a] ca] b(a] dm]aya]xzsaq ligh zerp g stpieao vigaRewhat Higswurten0)sappliad.) ) ) ) ;

*y*** +u++ H

-{vql gb] X ] ca] cal ca] ca.f ca‘] catfcaefe Fafcd P’%’f‘“‘“}%%f%% "f“&]’cfsa] c(a
] ca] ca] ca] ca] Caﬂmh@ﬂ]ﬂ:‘oﬁn both the Qnad layer GMR (FIG. 3(a)) and sim le GMR (FIG. 1(a))

Uctraljcalcalcajcal---=.P.. ... ,505 1111*3 3 4456V\66\/8n 8Y999
(val gb] X1 cal ciitespees vl & fcedbiaa pukgt apel Taempesplony exscal o
a] ca] ca] ca U CA@lscai&@dm}&a , @id the external ﬁeld was aj hed down the length of

; <==>>>?E@d) AAAB<CCoDDD F nGI [ JJIKUK] wr rmc"Y] a] ca ca ca]ca] caj ca
] ca] c&a] c&a] ca] @5}"’6‘&’]’6‘&]@!‘&'}“9&]’% evisase Hatador the Quaddavesp é%] c&l] ¢
&a] ca] ca! UKKKL MHywAY iR 76 PPROR(BHSD PSR Zhrreht (b8l ga] ca] c
a] ca] ca] c&a ca] cal ca calcaJca ca] ca] cal ca] ¢ca] ca] ca] cal ca] ca ca] ca] c( ajcalc
a] ca] ca] ca]l féav] biag, statg of theprttemed sesetars 1ogither mﬂrmg]ll 1AZRWEREERK f a\

W ca] ca] ca] ca] CdehSid) fe3 £R48Fin the low bias state and resxstancc mcreases as the app ied field
U] cMa] ca] ca] ca]ca] ca] ca] ca] ca] ca] c&al] c&a] ca] ca] ca ca cal ca] ca] ca] cal ca]
ca] ca! 1rrSm*mooo‘BﬁT@‘l¢ In order to achlevealow resistance, zero lel 1as state, presumabl

uwxyyyyy! y" yyy{devéral ofthé fér}o‘n} GTZHLEBJI@J&%L&% %?Ul C%%L%ﬁ%%ﬂ*tﬁ&} ca] ca]

cal] cal] ca] c™a] c( aU] c( al cal ca ca] ca] ca] ca] caj cal ca] cal}t~
+. w<NradawM | wraeress diecal spacers] éaa @a?‘&i 118l oz serpegEneek %@.’P@a] ca]

33} Sg] cqa]:]cgglca];]ﬁga] i ca ca:iica] ca] ca] ca] %ﬁ?i%g’clg%g] ca ca zag]g a] c

.aU] c. a] ca] ca] c%lfl'@a‘] w]lw]%@s ege oNerenmgs|the weala) ca] ca]

e e 4 VS S

1098 () - 109 ( )feld,cmgr s}stm%pr@scggll @applied ﬁelé strength.

10%& 109& () - s10%& () - 10%fe(datd thdidte(thatdhe Quad layer GMR materjal (FIG. cg(e)c:ould
109 () - GLOY& () - A*&zX6+! ' L$3" 109& () -1 pL$3" 109908’ () - | pLS3" 109 ps

"109%008& () 28 f Peusedforouprsotsensingaigwell ﬁ§2@w qqew\m& goplicatiqns, Hr& () 310%

h& ()- f#Y lo%dar&t{oh té tﬂeﬂﬁémﬂ;ﬁ{y[ofkﬂé Lérbﬂsﬁeiae?& E&eﬁiﬂ&ther%ﬂ%ﬁnﬂ%f@@%ad
h& ()-Y 10% h& () F39%4.0%&' |F3de,0%& -10%
1 109h& () - s\ >Hp¥es ISHUCNES 19% may b me@t ltively lgpoos,

h& Y F 10% !
s () oionena (LK f*ﬁm@@?ﬁ}? I o
’ 25  (FIG. 3(a)) that exhibits about a 1.7% GMR signal with 1 mA of bias current. A
resistor with the same linewidth patterned from the more conventional GMR
sandwich stack (FIG. 1(a)), shown in FIG. 5(a), exhibits only about 0.3% GMR
tested under the same conditions.
The above specification, examples and data provide a complete
30  description of the manufacture and use of the composition of the invention. Since

many embodiments of the invention can be made without departing from the spirit

and scope of the invention, the invention resides in the claims hereinafter appended.
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a first trilayer disposed on the substrate;
5 a first spacer layer disposed on the first trilayer;
a first magnetic layer disposed on the first spacer layer;
a second spacer layer disposed on the first magnetic layer;
a second magnetic layer disposed on the second spacer layer;
a third spacer layer disposed on the second magnetic layer;
10 a second trilayer disposed on the third spacer layer; and
a cap layer disposed on the second trilayer;
wherein, the first and second trilayer comprises:
a first ferromagnetic layer;
a second ferromagnetic layer; and
15 an anti—parallel coupling layer disposed between and in contact with
the first and second ferromagnetic layers.

2. The sensor of claim 1, wherein the second spacer layer is a nonmagnetic
layer.
20
3. The sensor of claim 1, further comprising a buffer layer disposed on the
substrate and in contact with the first trilayer.
;\\\#:“4. The sensor of claim 1, wherein the second ferromagnetic layer is thicker than

25  the first ferromagnetic layer.

5. The sensor of claim 1, wherein the first and second ferromagnetic layers
comprise a material selected from the group consisting of Ni, Fe, Co and mixtures
thereof.

30
6. The sensor of claim 1, wherein the first and second ferromagnetic layers have
a thickness of about 10 to about 100 Angstroms.

7. The sensor of claim 1, wherein the anti—parallel coupling layer comprises a
35 material selected from the group consisting of Ry, Ir, Rh and mixtures thereof.
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11.  The sensor of claim 1, wherein the first and second magnetic layers comprise

a material selected from the group consisting of Ni, Fe, Co and mixtures thereof.

12.  The sensor of claim 1, wherein the first and second magnetic layers have a
15  thickness of 10 to about 100 Angstroms.

13.  The sensor of claim 1, wherein the nonmagnetic spacer comprises a material

selected from the group consisting of Cu, Au, Ag and mixtures thereof.

20 14. The sensor of claim 1, wherein the nonmagnetic spacer has a thickness of
about 25 to about 45 Angstroms.

15.  The sensor of claim 1, wherein second spacer layer comprises a material
selected from the group consisting of Cu, Au, Ag and mixtures thereof.

25
16.  The sensor of claim 1, wherein the second spacer layer has a thickness of
about 25 to about 45 Angstroms.

17.  The sensor of claim 1, wherein the cap layer comprises a material selected
30 from the group consisting of Ta, A;O3 and mixtures thereof.

18.  The sensor of claim 1, wherein the cap layer has a thickness of about 20 to
about 80 Angstroms.
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a first trilayer disposed on the substrate;
10 afirst spacer layer disposed on the first trilayer;
a first magnetic layer disposed on the first spacer layer;
a second spacer layer disposed on the first magnetic layer;
a second magnetic layer disposed on the second spacer layer;
a third spacer layer disposed on the second magnetic layer;
15 a second trilayer disposed on the third spacer layer; and
a cap layer disposed on the second trilayer;
wherein, the first and second trilayer comprises:
a first ferromagnetic layer;
a second ferromagnetic layer; and
20 an anti—parallel coupling layer disposed between and in contact with
the first and second ferromagnetic layers; and
wherein, the resistance of the magnetoresistive sensor is dependent upon the

magnitude of an applied bias current.

25 22.  The sensor device of claim 21, wherein the second spacer layer is a
nonmagnetic layer.
QB; A bridge circuit, comprising:
a first pair of magnetoresistive structures coupled to first opposite nodes of a
30 Wheatstone bridge;
a second pair of magnetoresistive structures coupled to second opposite
nodes of the Wheatstone bridge;
wherein the first pair of magnetoresistive structures has a greater current
density than the second pair of magnetoresistive structures when an external field is
35  applied to the Wheatstone bridge.
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a magnetoresitive sensor comprising:
a substrate;
a first trilayer disposed on the substrate;
a first spacer layer disposed on the first trilayer;
15 a first magnetic layer disposed on the first spacer layer;
a second spacer layer disposed on the first magnetic layer;
a second magnetic layer disposed on the second spacer layer;
a third spacer layer disposed on the second magnetic layer;
a second trilayer disposed on the third spacer layer; and
20 a cap layer disposed on the second trilayer;
wherein, the first and second trilayer comprises:
a first ferromagnetic layer;
a second ferromagnetic layer; and
an anti—parallel coupling layer disposed between and in
25 contact with the first and second ferromagnetic layers;
an actuator for moving the magnetoresitive sensor across the magnetic
recording disc; and
a detection circuitry electrically coupled to the magnetoresitive sensor for
detecting changes in resistance of the magnetoresitive sensor caused by rotation of
30 the magnetization axes of the first and second laminate layers in response to
magnetic fields from the magnetically recorded data.
Je M ¢ sl

27. The Eensor device of claim 26, wherein the second spacer layer is a

nonmagnetic layer.
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second current density when the same field is applied across network terminals (A)

and (C) wherein the second current density is not equal to the first current density;
means operatively coupled across the network terminals (B) and (D) for
detecting a potential across the terminals (B) and (D).
15
29.  The apparatus of claim 28, wherein the first current density of resistors R,
and Rj increases as the field decreases and the second current density of resistors R;

and R4 decreases as the field increases.

20  30. The apparatus of claim 28, wherein the first, second, third and fourth resistors

are sensors as defined by claim 1.
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