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1 SPI N VALVE SENSOR W TH ANTI PARALLEL MAGNETI ZATI ON OF - ,PNED
LAYERS BACKGROUND OF THE I NVENTION Field of the Invention This invZ% ﬂ&#’
relates in general to nagnetic sensors for -reading information signals
stored on a nagnetic nedium and, nore particularly, to an inproved

hagnet oresi stive read sensor which utilizes a dual spin valve structure.
Description of the Prior Art The prior art discloses a magnetic read
jransducer referred to as a Magnetoresistive (MR) sensor or head which has
been shown to be capable of reading data froma nagnetic surface at great

| i near densities. An MR-sensor detects magnetic field signals through the
resi stance chang&®Iidf VALVEaSEREC@REWITH ANTIRARECLETY MARBFIASALTORBCEri al as a
function of the strength and direct PGRNES LaYEgSeti c fl ux bei ng sensed by
the read el enent. More recently, a different, nore pronounced -
magnet or esi stive effect has been described in which the change in

resi stance of a | ayered nagnetic sensor is attributed to the spin-dependent
transm ssion of the conducti GACESEOPFRRF FEEWEBMENBEMEt i c | ayers through a
nonmagneti c | ayer and the acconpanyi ng spi n-dependent scattering. This

magnet oresi stive effect is sonetines referred to as the 2 "giant
magnet oresi stive" effect, or, qugky, "gi ant magnet or esi st ance".
Field of the Invention

This invention relates in general to magnetic¢ sensors for
-reading information signals stored on a magnetic medium and, more
particularly, to an improved magnetoresistive read sensor which

utilizes a dual spin valve structure.

Description of the Prior Art

The prior art discloses a magnetic read transducer referred
to'a$ a Magnetoresistive (MR) sensor or head which has been shown
to be capable of reading déta from a magnetic surface at great |
linear densities.- An MR sensor detects magnetic field signals
through the'resistance changes of a read element fabricated of a
magnetic material as a function of the strength and direction of.
magnétic flux being sensed by the read element. MQre recently, a
different, more pronounced magnetoresistive effect has been
described in which the change in resistance of a layered magnetic
sensdr is attributed to the spin-dependent transmission of the
conduction electrons betwssn magnetic layers through a
nonmagnetic layer and the accempanying spin-dependent scattering.

This magnetoresistive effzci is sometimes referred to as the
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Commonl y assigned U. S. Patent No. 5,206,590 di scl oses an MR sensor in which
the resistance between two uncoupled ferromagnetic |ayers separated by a
nonmagnetic layer is observed to vary as the cosine of the angle between
the magnetizations of the two |ayers and in which _the.dizrectFgn of

‘magneti zati on of one of the ferromagnetic I -%§SH -fuxe¢EEﬁh‘s MR sensor
i-s referred to as a "spin valve" and is basled' é%;

.effect. Comonly assigned U S. Patent No. 5 FET

having a multil ayered dual spin valve s&ructure. ThIS structure includes
two outer layers of ferromagnetic material wherein the magneti sm has a
fixed ofienTgﬁdnﬁ1ma@netame5h59ineﬂieﬂﬂedtayer,oéiﬁn&yxnﬁmgaatic mat eri al
wherein the magnetization is free to rotate in response to an externally
appl i ed nagrRgRRtariesigraBeRMARY OF THE INVENTION It is a principal obj ect

‘of the present. i nvention to ro e a _dual el enment tores stive (MR
sensor Rhlch ylgi&¥°§h§n8F§l ?Q%I€6%1g?%BBfaW?tyydﬁgP%ggoﬁﬁﬁﬁ ﬂ%%% aé H

excitation r D, £ i_opn_ of olelyiyoly qgg

accor dance ég}ﬁ&gﬁé‘ ggﬁlect ’F ée %tﬁa\%’eﬁt ?%ér)lw? ered s S’c’?osed a magnetl o
di sk recor dfa%w;hemeoméﬂ "epdJRANSYL | £ SAHAHRARIIUGLIA Wb derved
plurality of tracks for recording of data; a magnetic transducer maintained

in a closeltp spagedspPeRet tosine| ot itk haghaivhtR@EICthe fhghagtzdEinENof

during relative notion between said nagnetic transducer and said magnetic

storage nedinemtweaildyergnand cin rvamisdilic €he i dicterttiimg @ fraigone bi sst isin \ef r ead

sensor conprising:. a first and a second | ayered structure, said first and

second | ayemed oft thet ﬁ?ér@}ﬁﬁ?%ﬁléﬁ Inyegsnbhirfigird-i c TRAS ﬁ%r?@ﬁ%éﬁ C

spacer Iayer sal Egacer | ayer haV|n a high electrical resistivity; each
r

of said | ay&&d t&fed %ﬁ? f PR LhdPasisthen. ThgcvLank .
ferronagnetl E%E'fétfgiﬁuf¥ é{'by a |l ayer of nonmagnetic material, said
first Iayefé§' StPUETur 6 pI nned '

Commonly assigned U.S. Patent No. 5,287,238 describes an MR
sensor having a multilayered dual sbin valve structure. This
structure includes two outer layers of ferromagnetic material
wherein the magnetism has a fixed orientation, and an
intermediate layer of ferfomagnetic material wherein the
magnetization is Eree to rotate in response to an externally

applied magnetic field.

SUMMARY OF THE INVENTION
It is a principal object of the present invention to provide
a dual element magnetoresistive (MR} sensor which yields signals
of obposite polarity under common mcde excitation thereby
resulting in rejection of comﬁon mode noise.

In accordance with the2 present invention, a dual MR sensor
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3 layer further including a first and second | ayer of ferromagnetic
mat eri al , separated by an antiferromagneti c nonmagnetic coupling |layer; a
| ayer of antiferromagnetic material in contac i.th said second | ayered

structure pinned layer for fixing the nagneti T sai d
“second | ayered structure pinned |ayer, the AP BEENI 1 | ayer of

antiferromagnetic material being in parallel 'ghﬁﬂetiz ion in said
._nonmagnetic antiferronmnagnetic spacer |ayer; said magnetizatio irection of

"said second | ayer of ferromagnetic mat¥®rial in said first |ayered structure
pi nned | ayer being fixed by said nonmagnetic antiferromagnetic spacer |ayer
in a directtonpodddparialdtelantio skhenfbghrirkdat toRceh oLt | Bachf ogakHesecond
| ayered structure pinned |ayer and said nagnetization direction of said
first | ayerlafyefet rsdnmagieies matprisd firssabddf sesdnd ayamredidhr leydre of
pi nned | ayer being fixed in a direction parallel to the magnetization
di rection ofexmpmpgnaiced Maspsiad separatgdebpi anclin afjdm Leygnsofor
producing a current flow through sai d nagnetoresistive sensor; and said

magnet or esi SPRRRAINESHSOMAEREARE r ngThardEerhhen | ff itagneddizdesmy ipy tha FEEpbnse

to an exterpal magnetic field, due to rotation,of_ the etization in said
free | ayersf%fe]? élrrgftrﬁfg?ne i EgFraa %rf%lrelsﬁ’o%ﬁ%h“%fa%aa?p(}’ﬁ%%regéeg?? ctures;

actuator MealmEAWlAdibe Sahd FREOSLIGh bEARSGHERTz G 1ID\hRUSEBb TROPEE | ©

transducer to selected tracks on sald nmagneti € storage nediun an

detecti on MEgnaitdiained 8 safixe@gRienesi Sid V@ dLabtsedtatel Whesdadect i Ng
resi stance changes responsive-to nmagnetic fields representati.ve of data

bi ts recor dexktemadaifdefdghst appkied dge thediRinséendwr.cefiaetl bf théedlayered
magnet or esi stive sensor. -According wi th another aspect of the invention
there is disttustiages fuathenghecbadsimeengelerentioring el srggetizatien and a
second | ayered structure, said first and_second | ayered structures
direction of the second layer (“pinned ;ayer”).of ferromagnetic
material in each of the layered structures. The magnetization
direction of the pinned layer of férromagnetic material in the
first layered structure is fixed in a direction antiparallel to
the magnetization direétiqn of the pinned layer of ferromagnetic
material in the second la&ered structure. By providing a sense
current flow through the MR sensor, the variations can be sensed
in the resistivity of the MR sensor in response to an external
magpeéic-field due to rotation of the magnetization in the first
layer (“free layeré) of ferromagnetic material in each of the
layered structures.
The first and second layered structures each comprise spin
valve structures, and, in a first embodiment, the free layers of
ferromagnetic material in each spin valve are the outside layers

of the MR structure. In an alternate embodiment, the free layers

of ferromagnetic material are in the central portion of the MR

I
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separated by a nonmagnetic antiferromagnetic spacer |ayer, said spacer
| ayer having a high electrical resistivity; 4 each of said |ayered
structures conprising free and pinned |ayers of ferr. i-c: materia
separated by a layer of nonnmagnetic materi s:% Lhlststayqred structure
pinned | ayer further including a first andﬁzéé Mo-daN&fn of farromagnetic
mat eri al separated by an antiferronagnetic;ngngggng}hezfﬁup##hg | ayer; a
Jayer of antiferromagnetic material in contact with said second | ayered
structure pinned layer for fixing the magnetization direction of said -
~second | ayered structure pinned |ayer, the magnetization in said |ayer of
antiferronegaeddc. NELRY itdb BREAYhDvPa@t-kehrvstird haspmanetd pataon in said
nonmagneti c antiferromagneti c spacer |ayer; said magnetization direction of
.sai d secondrébytcivadfy ftdvicdnagneeooehit epeakri bager dvHiahstallsayeredestasict ur e
pi nned | ayer being fixed by said nonnmagnetic antiferromagnetic spacer |ayer
i'n a directilh 28Rd g@rarfefheodefd Whgie@EPFati on direction of said second

| ayered structure pinned |ayer and said nagnetization direction of said
first layer of ferromagnetic material in said first |ayered structure

pi nned | ayer being fixed i [ ' ral.l t gneti zation
direction of said second I§§g§gdﬁg§%§§ﬁﬁgg %#Hﬁ%% a&ggsgﬁeans for
producing a cur el fl 9w LhEewgn; saLS HIRERChALESLF e S SERAGEI caRfkEEans
for sensing the variations In e resistivity t he magnétoresistive
Sensor in rashonse shataR BXbEaPAhg MANYrkSeht i fbditsong rotation of the
magneti zation in said free |ayers of ferronmagnetic nmaterial in each of said
layered structumdg. BRiEFaRESGRIGHeDNIGR ThHHARANIGTeFog. thei Susl
sinplified block diagram of a magnetic di sk storage system enbodyi ng the
present i nwergnedgresistive sensor according to the princdiples of the

present invention;

e

Figs. 3a, 3b ahd 3c are end views from the sensor air :
bearing surface of the preferred eﬁbodiments of the dual
magnetoresistive sen;or shown in Fig. 2; f

Fig. 4 is a block diagram illustrating a differential
detection circuit utilizigg the dual magnetoresistive sensor
shown in Figs: 3a, 3b and 3c;

Fig. 5 is 'an exploded view in perspective of another
embodiment of the dual magnetoresistive sensor according to the
principles of the present invention;

Fig. 6 is an end view from the sensor air bearing surface of
the embodiment of the dua} magnetoresistive sensor shown in Fig.
S;- |

Fig. 7 is a set of three related graphs illustrating

calculated sensor current density vs. position across the sensor
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Fig. 2 is an exploded view in perspective of the dual magnetoresistive

sensor according to the principles of the present invention; Fig. 3a, 3b
and 3c are end views fromthe sensor air bearing surface of the preferred
enbodi nents of the dual magnetoresistive sensor shown in Fig. 2; Fig. 4 is
-a block diagramillustrating a differential detection circuit utilizing the
dual magnetoresi stive sensor shown in Figs. 3a, 3b and 3c; 4a Fig. 51is
_an expl oded view in perspective of another enbodinment of the dual
“magnet oresi stive sensor according to the principles of the present
invention; Fig. 6 is an end view fromthe sensor air bearing surface of the

enbodi ment ©Qfr the dual L O E51 SlihUCsSLNBOT AR Npfdg: Diadd & 7 15 a

set of three related graphs illustrating calcul ated sensor current density
. VS. position acrags 8hessensopanddd h@ewlidie HdydrtiBgnet of1es | Hdphs SRRSO

shown in Figs. 5 and 6; Fig. 8 is an expanded view of a portion of the

graphs showm FagFig: 7; Fig. 9 is an expl oded view in perspective of

anot her enbodi nent of the dual nmagnetoresistive sensor according to the

principles of tBéIpr2skhtad RrEHAMRE VERY. in @4rersRténg f ARFHGH t he sensor

-air bearin ur.f ace, of _the e di nent . of the .dual nmgnetoresj.stive sensor
shown in %mgodlment of éhe Jggi magnetoresistive sensdr according to the

principles of the present invention;

Fig. 10 is an end view from the sensor air bearing surface
of the embodiment of the dual magnetoresistive sensor showp in
Fig. 9; and

Fig. 11 is a set of three related graphs illustrating
calculated sensor current density vs, positi;n across the sensof
for the dual magnetoresistive sensér shown iﬁ Figs. 9 and 10.

DESCRIPTION OI?' THE PREFERRED EMBODIMENTS

ﬁeferring now to Fig; 1, although the invention is described
as embodied in a magneﬁic disk storage system as shown in Fig. 1,
it wi;l be apparent tﬁat the invention is also applicable to
other magnetic recording systems such as a magnetic tape |
recording system, for example, or other applications in which a
sensor is utilized to detect a magnetic field. A magnetic disk
storage system comprises at least one rotatable magnetic disk 12
which is supported on a szindle 14 and rotated by a disk drive
motor 18. The magnetic rescording media on each disk is in the

form of an annular pattern~ 9f concentric data tracks (not shown)



Fig. 9; and Fig. 11 is a set of three related graphs illustrating

cal cul at ed sensor current density vs. position across the sensor for the
dual nagnetoresistive sensor shown in Figs. 9 and 10. DESCRI PTI ON OF THE
PREFERRED EMBCODI MENTS Referring now to Fig. 1, although the invention is
“described as enbodied in a nagnetic di sk storage systemas shown in Fig. 1,
it wll be apparent that the invention is also applicable to other nmagnetic
_recordi ng systens such as a nagnetic tape recordi ng system for exanple, or
“other applications in which a sensor is utilized to detect a magnetic
field. A magnetic disk storage system conprises at |east one rotatable
magneti ¢ disk AskhiZch is supported on a spindle 14 and rotated by a disk
drive notor 18. The magnetic recording nmedia on each disk is in the form of
an annul ar pat t é¥th leRs¢oneensiidedatd s aokst{omed showhe disg BA, des&n12.

At | east one s!lder 13 is positioned on the disk 12, each slider 13
supporti ng & HorsEPRAY é??coP%a%WdFFFem?G%ﬁ%Hhd§F§/2flt?be§%§¢?cers

ey Tl 315 ORI B IV A0 W

secers o asent ooy onscals 08 ol VB R eS8 L aqor | Sxh

The suspensdi¥x FarFaeki 085s8 Shahins MelaBs iprzseﬁ_\, whicesbhagesréme
por;ions of the disk where desired data is recorded. Each slider
13 is attached to an actuator arm 19 by means of a suspension 15.
The suspension is provides.a slight spring fo?ce which biases the
sli¢e¥ 13 against the disk surface 22. _Each actuator arm 19 is
attached to an actuator meaﬁé 27. The actuator means as shown in
Fig. 1 may be a voice coil mqéor YVCM), for example. The VCM
comprises a coil movqable within a fixed magnetic field, the
d;redtion_and velocity of ;he coil movements being controlled by
the motor current siénals-supplied by a controller.

. During operation of the disk storage system, tHe rotation of
the disk 12 generates an air bearing between the slider 13 and
the_disk surface 22 which exerts an upward force or lift on.the
slider. The air bearing thus counterbalances the slight spring
force of the suspension -5 and supports the slider 13 off and
slightly above the disk surface by a small, substantially
constant spacing during cr-eration.

The various componerzs of the disk storage system are

controlled in operation k.- control signals generated by control

unit 29, such as access ccntrol signals and internal clock



slider 13 against the disk surface 22. Each actuator arm19 is attached to
an actuator neans 27. The actuator neans as shown in Fig. 1 may be a voice
coil nmotor (VCM, for exanple. The VCM conprises a coil noveable within a
fixed magnetic field, the direction and velocity of the coil novenents
being controlled by the nmotor current signals supplied by a controller.
During operation of the disk storage system the rotation of the disk 12
generates an air bearing between the slider 13 and the disk surface 22

whi ch exerts an upward force or |ift on the slider. The air bearing-thus
count er bal ances the slight spring force of the suspension 15 and supports

the slider J3ymiifs andyphbahiyy 2ROV&HchE1 disk W (Reerb¥ed BB control

substantially constant spacing during operation. The various conponents of
the di sk steimgatsySisesrage teatis Aildd hicapfadedsebrhy f6onétsdpls gnake
generated by control unit 29, such as access control signals and internal
cl ock 7 sangirlls uniypR8ateyera tes control sinal2gtooppnisel apgiocsiscont r ol
circuits, storage neans and a m croprocessor, for exanple. ~The control
unit 29 geriefHitds OPSARESPNE| TP 23 Grd¥RtRVION HoPEES L s §EIRH D dirénZ3such
as drive ng%gi control ,signals. on line '

si

contr ol S5 PPAELER 4L TRsh FOPEETEag Phnbis HioviiBe t he
057, e Al S5chefs! oMLY Lk, 200 053 Hhgeqeagl e i
to optimally move and position a selected s;ider 13 to thg
desired data track on the associated disk 12. Read and write
signals are communicated to and from read/wriﬁe heads 21 by means
of recbiding channel 25. |
The above description of a typical magnetic disk storage
sfstem, and ghe accomp%nYing illus£ration of Fig. 1 are for
representation purposes only. It should be apparent that disk
storage systems may contaén a larée'number of sliders.
Referring n;w to Fig: 2, a duai magnetoresistive (MR) re;d
sensor 30, .according to the present ipventibn, includes first and
second Jayered structures, each of which structures comprises a
spin valve structure 32, 34 in which a first or “frée"
ferromagnetic layer 31, 39 is separated by a thin nonmagnetic
spacer layer 33, 41 from a second or “pinned" ferromagnetic layer
35, 43 in which the magnetizatibn direction is fixed. A layer
37, 45 of antiferromagnezic material is deposited adjacent and in
contact with the pinned ferromagnetic layer 35, 43 to fix (i.e.,

pin} the magnetization direction in the pinned layer by exchange

coupling. The two spin valve structures are formed on a



signals are communicated to and fromread/wite heads 21 by neans of
recordi ng channel 25. The above description of a typical nmagnetic disk
storage system and the acconpanying illustration of Fig. 1 are for
representation purposes only. It should be apparent that disk storage
systens may contain a |large nunber of sliders. Referring nowto Fig. 2, a
dual magnetoresistive (MR) read sensor 30, according to the present
invention, includes first and second Iaygred structures, each of which
structures conprises a spin valve structdre 32, 34 in_which a first or
"free" ferromagnetic |ayer 31, 39-is separated by a thin nonmagnetic spacer

| ayer 33, AubiOMe. BEPALOLoPLODER (LA LOIRIBILE dA4etydR 1801 1, il h

the magneti zation direction IS fiXé er f "an erromagnetic
material i sigle@psd iafl radieddant 4aNd il GRIBHAEL 2N idh 16 RABRU (26T HUMING i C
| ayer 35, 43 to fix (i.e., pin) the magnetization direction in the pinned

| ayer by exshemge 3muplsindgn The two sipinkdvdhyerst3ygjctan as aee fornmed on a
substrate and are separated fromeach other by a thin |ayer of insulating
mat eri al 47antiprraidgieisioz shabnvedriatidnenipashehmaidhivityons 88 44) in
the two pinned |ayers 35, 43 is set antiparallel so that variations in the
resi stivity"ANRYRFeFAFIAVEr EERSPT vE0 SEh IEFPATSE nEG dh Sderrdl arregtehtal

e Bl el AR LRSI U8 O ST A e

An MR Sens%a&?élﬁdza%lohh?nsghg f@égelaﬁ;efrgcglm e&f.n each of the lagered

- " ' structures. An MR sensor based on the spin valve effect wherein _
the sensor read elemeénts comprise a ferromagnétic/nonmagnetic/
feiromagnetid layered étructure is described in greater detail in
the above-referenced pateﬁt 5,206,590 which is hereby .
incorporated by reference. |

! The magnetizations of the free layers 31, 39 iof

ferromagnetic material are oriented parallel to each other, i.e.,
in the same direction, and at an angle of about 90° with respect
te the magnetization direction of the pinned layers 35, 43 of
ferromagnetic material in tﬁe absence of an extérnally'applied
magnetic field as indicated by arrows 36 and 42. The
magnetization direction of pinned layers 35, 43 of ferromagnetic
material is fixed antiparallel as shown by arrows 38 and 44.
Thus, while the magnetization directions of the pinned layers 35,
43 of ferromagnetic material remain fixed, the magnetizations in
the free layers 31, 39 of ferromagnetic material are free to
rotatre their direction in response to an externally applied

magnetic field (such as magnetic field - as shown in Fig. 2}, as



it

t he sensor read el enents conprise a ferromagnetic/ nonmagneti c/
ferromagnetic |ayered structure is described in greater detail in the
above-referenced patent 5,206,590 which is hereby incorporated by
reference. The magnetizations of the free |ayers 31, 39 of ferromagnetic
material are oriented parallel to each other, i.e., in the same direction,
and at an angle of about 90[err] wth respect to the magneti zation
direction of the pinned |ayers 35, 43 of ferronagnetic material in the
absence of an externally applied magneti®c field as indicated by arrows 36
and 42. The magneti zation direction of ~pi nned |ayers 35, 43 of

ferr omagnel htourmiey il bshided-2gld RAY abbel 125 hamn iy avr onerdp, and 44.

Thus, while the magnetization directions of the pinned layers 35,7 43 of
ferromagnetic natteiisapreeanied f ixed, tih@agRgneid wialnsons thet heed rrg dayers
31, 39 of ferromagnetic nmaterial are free to rotate their direction in
response t o3laransi38r nél fqracpmﬂ@'eedtnagm&Ercah eird thsuabsascanghednc field b
as shown in Fig. 2), shown by the dashed arrows on free |layers 31 and
39 in Fig. eZ‘teIrPalléprEPH?‘éd“%?mtJt%élﬁ’h‘énéﬁ Zatiieptedi pubakantianl]aBd’s 31

and 39 of fer¥ gnetic majer |n t absence of an externall appl ied
magneti c flt(ﬂ gg 2 iﬂéﬁt%’d’ ‘?fgs]t nga%["e}r‘] thrtrﬂ’ai‘g’&? 1haafisried

! ayers 35 § Rf J.Ixeﬁ:[g Wnet'llttclgaotﬁrebégt:?o% $il ro Nglg eat-lt_a@ts

orientation pI‘O uces t reat est” sensiti Vi SOI’ i'n” vi ew of

t he equal @é‘iﬂéﬁ%h@ﬂﬁyf £br b@ﬁé‘ MH ré”-éHéan§n0tﬁJ.e¥tho¥ It Q&u&feemtdn%atfo@

as shown by the
both dlrectlons of rotation of the magnetization as shown by the
dashed arrows in ?1g. 2. To. produce this origntation it is
necessafy to balaﬁce three competing'magnetic fields which affect
the magnetization direction in the free layers 31 and 39. One of
these fields is the magnetostatic field from the pinned layer
which reaches the free layer, another field is the interlayer 4
coupling between the pinned and the free layersf and the third
field is the magnetic fieid due to the sense current I, flow
through the sensor (as shown in Fig. 4). It is desirable to
choosg the ﬁaterials and thicknesses of the layers in such a way
that the sense current necessary to achieve a substantially 90°
orientation between the magnetization of the free and pinned
layers is a value that is otherwise suitable for the application
for which the sensor is to be used.

Referring now to Figs. 3a, 3b and 3¢, a preferred embodiment

of the dual MR sensor of Tig. 2 is shown. The dual MR sensor 30
includes first 32 and seccnd 34 layered structures formed on a

suitable substrate 50, ezch of the layvered structures 32, 34



dashed arrows in Fig. 2. To. produce this orientation it is necessary to
bal ance three conpeting magnetic fields which affect the magnetization
direction in the free layers 31 and 39. One of these fields is the
ragnetostatic field fromthe pinned | ayer which reaches the free |ayer,
another field is the interlayer coupling between the pinned and the free

| ayers, and the third field is the magnetic field due to the sense current
Ferr] flow through the sensor (as shown in Fig. 4). It is desirable to
choose the materials and thicknesses oflGhe layers in such a way that the
sense current necessary-to achieve a substantially 90[err] orientation

bet ween t he nagnetization.of the free and pinned layers is a value that is

ot herwi se SOFPABFEPY ot TR AFPIVicc SEFBATYG WHPEhSPRB ¥2hieSHractyree d3ed.
Referrin w i and .3 referred_enbodi nent _of _the dual M
sensor of Aigars reffiact vttt B PiRegY SheFRE R 17 of 93 anq
second 34 hﬁ)éﬁiééiﬁ%%&‘ééﬁiea% (25080 e 20c B 13411 30k 8o SHPSL THE spin _er%ibeOT the

| ayered structures 32, 34 conprising a spin valve structure. e spin

val ve strustuuoesuse, £ A Sehakat ethdytwd kphial viely dtrudeusescsp, | gyer 47
of an insulating material which electrically isolates one spin valve

struct ure arenféoimedtbdeiweebhéwbwgapplayers 6@, sGeuct uirm Izt ingdmaterial ned
between two gap layers GlL, G2 of insulating material which, in turn, are
formed betWB&ERt WP falvet iares Kpemgd| bgerepnStwoSpagie biqraiiedidc 1anessi 8k«

The dual Ng%se sor 30 i.s fabricated using wel]-known vacuum deposition and
plating te n?gLﬁﬁﬁaQQﬁtlc material. The dual MR sensor 30 1s fabricated

using well-known vacuum deposition and plating techniquéé. For
example, the first shield layer 49 may be platéd over fhe surface
of substrate 50. Then, the First gap layer 51, the.various'
layers comprising the first spin va;ve 32, the insulating layer
47, the various layers gomprising the second spin valve 34, and
the second gap layer 53 are deposited by sputtering, for examplé.
Finally, the second magnetic shield layer 55 is plated over the*
second gap layer 53.

The first spiﬁ valve structure 32 comprises a first thin
film layer {freé layer) 31 ofrferromégnetic material, a first
thin. film layer of nonmagnetic cenductive material. 33 anq a
second thin film layer of ferromagnetic material 55. In the
specific embodiment shown in Fig. 3a, the means for fixing the
magnetization direction of the second thin film layer (pinned
layer} 35 of ferromagnetic material comprises a first thin film
rayer 37 of antiferromagnetic material. The magnetization in the
second ferromagnetic layer 35 is fixed by antiferromagnetic/

ferromagnetic exchange coupnling. A seed layer 61 is deposited



exanple, the first shield layer 49 may be plated over the surface of
substrate 50. Then, the first gap layer 51, the various |ayers conprising
the first spin valve 32, the insulating |ayer 47, the various |ayers
conprising the second spin valve 34, and the second gap | ayer 53 are
deposited by sputtering, for exanple. Finally, the second nmagnetic shield
| ayer 55 is plated over the second gap |ayer 53. The first spin valve
structure 32 conprises a first thin filmlayer (free layer) 31 of
ferromagnetic material, a first thin filmlayer of nonmagnetic conductive
material 33 and a second thin fil.mlayer of ferromagnetic material 35. In
t he specifi ' .o EiLg..3a, the nmeans for .fixing.the
.§ﬁ§§??§%[§%¥°§¥%1 b3 &hd tﬁﬁ$t E?rFﬂ$?%§%§1irﬁa er gﬁ

magneti zati n of the Second I'n ned ay%r) 35 of

ferrOnagnetﬁﬁoﬁ@@é”ﬂfﬂpé&ogg6h§§so@ Ehd SfartiBhE ShécRdangy 13495 of spin

antiferromagnetic material. The magnetization in the second ferronagnetic
| ayer 35 isviixedBdy anldcherncamrngsali €dnduekbpsngnetd tnaXGiangposoupl éngs A
seed | ayer 61 is deposited 11 prior to deposition of the first

ferromagnetef tle erpildil viad ver shotetprepgerovidewt hectfridel vanneatisncteedi ng
| ayers of spin valve 32. Electrical |ead conductors 57 formed ‘at opposite
ends of theeXpgFpajg|Sicciityyt apd gebiiaidhel eertrahlacidifisedegéant of ekd@er nal
circuitry and. define tgt central active region of the spin valve 32. The
second spi PR VEINS fé-ure 34 conmprises a third thin

The second spin valve structure 34 comprises a third thin
film layer (free layer) 39 of ferromagnetic material, a second
thin film léyer of nonmagnetic conductive material 41 and a
fourth thin film layer (pinned layer) of ferromagnetic material
43. In the specific embodiments shown in:Figs. 3a, 3b and 3c,
the means for fixing the magnetization dikection of the fourth
thin film layer 43 of ferromagnetic material comprises a second
thin film layer 45 of antiferromagnetic material. The
magnetization in the fourth ferromagnetic layer is fixed by

.antife;romagnetic/ ferromagnetic exchange coupling. BAs described
above_with'respéct to the first spin valve structure 32, a second
seed layer 63 1s deposited prior to deposition of the third
ferromagnetic layer 39. Similarly, electrical lead conductors 59
are formed at opposite ends of the spin valve 34.

~ The two spin vaive structures 32, 34 are separated by a
spacer layer 47 of nonmagnetic insulating material to provide
electrical isolation of cn2 spin valve from the other. A
material such as aluminum oxide (Al.0,) or silicon oxide (SiO.) is

suitable for this purpose. The-nonmagnetic spacer layer 47 also
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filmlayer (free layer) 39 of ferromagnetic material, a second thin film

| ayer of nonmagnetic conductive material 41 and a fourth thin filmlayer
(pinned layer) of ferromagnetic material 43. In the specific enbodi nents
shown in Figs. 3a, 3b and 3c, the neans for fixing the nmagnetization
direction of the fourth thin filmlayer 43 of ferromagnetic materi al
conprises a second thin filmlayer 45 of antiferromagnetic material. The
magneti zation in the fourth ferromagnethc layer is fixed by
antiferromagnetic/ ferromagnetic exchange coupling. As described above with
respect to the first spin valve structure 32, a second seed |layer 63 is

deposi ted pkkebelOrdlapasidd Qm1af, fd@%oagié ArCLQERGNCLES 18Y 89 3% the pwo
Simlarly, electrical |ead conductors 59 are formed at opposite ends of the
spi n val ve 3finThelt&ostsfidtutalsve2st BUCt UNRS s33ced41 a)€r SEPAALtadrb¥edves
spacer |ayer 47 of nonmagnetic insulating material to provide electrical

i sol ati on o#sobhe spéad Py €0l Giret deabtMiersenAomaBeri al such as al um num
oxide [err] or silicon oxide (SiO is suitable for this purpose. The

nonmagneti c spackt FEjBISSEP abeye With zafeFesceotemlii®t i2althe decoupl e the
R N R R R TN R B (RN R
L gersesd SRR USE LOnFhE 1 4o Sy TS AL LR e
35, 43 and, nighétefatidie of the pinned layers 35, 43 must be antiparallel
with respect to each other. Since the direction or orientation
of the exchange-coupled field in the pinned layers 35, 43 is set’
by heating'the structure to a temperature greater than the Néel
temperature of the antifeiromagnetic-material and then cooling
the structure in the presence of a Qagnetic field having the
desired direction, it is necessary that different
antiferromagnetic materials having significantly different Néel
temperatures be used for the two antiferromagnetic layers 37, 45,
respectively. For the preferred embodiment as shown in;Fig. 3a,
the material for the first ankiferromagnetic layer 37 can be
iron-manganese (FeMn) or nickel-oxide (NiO}, having, for example,
a relatively low Néel temperature while the material for the
second antiferromagnetic layer 45 can be nickel-manganese (NiMn),
for example, having a relatively high Néel temperature.
The orientation of the exchange-coupled magnetic field in
the second spin valve 34 pinned layer 43 is set by cooling the

sensor 30 from a temperature greater than the Néel temperature

for the material NiMn, fcr example, of the second



magneti zati on of the pinned | ayers 35, 43 nust be antiparallel with respect
to each other. Since the direction or orientation of the exchange-coupl ed
field in the pinned layers 35, 43 is set by heating the structure to a
tenperature greater than the Neel tenperature of the antiferronmagnetic
material and then cooling the structure in the presence of a magnetic field
having the desired direction, it is necessary that different
antiferromagnetic materials having significantly different Neel
tenperatures be used for the two antiferridmagnetic |ayers 37, 45,.
respectively. For the preferred enbodi nent as shown in Fig. 3a, the

mat eri al foént‘éﬂ?e:fﬂornétgn@%&bf @569”&%‘9&1 Gnl YEE 5 %? ﬁaé‘iéjfxg'tvm& ‘%‘%ﬁ%d

(FeMn) or nickel-oxide (NNO, having, for exanple, are I vel

t enper at ur eqikedisidme makeskakofORot N 3RA08 a0t dd &f RuBgActike | fyed_ 45
can be ni ckel -manganese (Ni M), for exanple, having a relatively high Neel

t enper at ur etenigeeratmriecatrabton vhah heheNeeange~serythack Magnehé cndtetihl ot he
second spin valve 34 pinned |layer 43 is set by cooling the sensor 30 froma
t enper at ur ethg ettt engafehcompghetbprgaverud e flont tlessmihani ke NFG#L f or
exanpl e, of the second 13 antlferronagnetlc | ayer 45 in an-applied field

havi ng t he YR%sratuder £t bhe sqfrrdandd ESEPW%QQ?H%F'&ﬁﬂéﬁléﬁ'dﬂ nd tinme
irot anti rom DN a, FBIPSHEr 575 Bt BEEY: AR Aa e (PiercR AP for
t__he second add el ¢7RIACLLS1 | &Y Shufthg Mik! Birst anneal process. It is
preferred that the maénetization of the pinned layers 35, 43 be
perpendicular to the sensor air bearing surface and Fhe media
surface, and that the magnetization of the free layers 31, 39 be
parallel to the sensor air bearing surface and media surface. in
the quiesc?nt state (i.e., no exterﬁal magnetic field applied).
In the preferred embodiments, the ferromagnetic layers 51,
35, 39 and 43 can be fabr;pated of any suitable magnetic material
such as cobalt (Co), iron {(Fe), nickel (Ni) and their alloys such
as nickel-iron (NiFe, commoniy referred to as Permalldy), nickel-
cobalt (NiCo)} and iron-cobalt;,(FeCo}, for example. The
conductive spacer layers 33 and 41 can be of any suitable
nonmagnetic conductive material such as copper {Cu}, gold (Au)
and silver (Ag), for example. The conductive leads 57 and 59
should be of a low electrical resistivity material (i.e., good
conductor}, and also exhizit hardness and good corrosion
resistance as the lead matesrial can be exposed at the sensor air

bearing surface. Tantalus (Ta), for example, is a suitable

material for lead conductcrzs 37, 58. The first and second gap



applying a magnetic field oriented antiparallel (180[err]) to the magnetic
field applied during the first anneal process. It is preferred that the
magneti zati on of the pinned | ayers 35; 43 be perpendicular to the sensor
air bearing surface and the nmedi a surface, and that the magnetization of
the free layers 31, 39 be parallel to the sensor air bearing surface and
media surface in the quiescent state (i.e., no external nagnetic field
applied). In the preferred enbodi nents, the ferronmagnetic |ayers 31, 35, 39
and 43 can be fabricated of any surtap{e magneti c material such as cobalt
(Co), iron (Fe), nickel (Ni) and their alloys such as nickel-iron (N Fe,
commonl y referred to as Permal | oy), nickel- cobalt (N Co) and iron-cobalt,
(FeCo), forl¥&hpl¥s SPhaTEoRdutt PoRragsatdr Fayelatyw awdesiatapupe a$ any

suitabl e no net i onductive naterr | such as c old (Au ahd

si | ver (Ag)zg 6r Iex§al e OThe* T8duct it \?/e PRI 57 © 2{‘r’r&?§‘9S %)’Eﬁ; gq%'e éﬁ a)arq ow
| ect I | bi t

har dness and” oo %&V@E?%%%%é.é% fet QR LA I s, MiFeCeh 38 8 dbeea

at the senspigire)neannn@nsUptacérred atbahimadd2)ond &ire¥adRk81d1613is of
suitable material for |ead conductors 57, 59. The first and second gap

| ayers 51, &xhane NifFedoRORDE{RE] |mimmhatsegovrmtsmiea1d sachsast[®ird. ora
[err] for exanple. The magnetic shield layers 49, 55 are of a highly
per meabl e reRpwitiic embedimentueh e Nilﬁé ¥R Ssmhrst30 AhSiweein Fiql. t3me has

preferred enbodinent, the first shield is of ,either NNFe or Al $iFe,
whi l e the Stg&),ﬁ:rgmtgrg, @agg%;/w%w%) /Cu{25A)/Co (30A) /FeMn (150A) /

~03(500A)/Ta(50A)/N1Fe(90A)/Cu(25A)/Co(30A)/N1Mn(300A)
With continuing reference to Fig. 3b, anofher preferred
embodiment of the dual MR sensor 30 is shown. This embodiment is
similar to that descfibed above with-reference to Fig. 3a. The

. sensor 30 as shown in Fig. 3b comprises a first spin valve
L - .
{

strucfure 36 electrically isolated from a second spin valve
structure 38 by a nonmagnetic insulating spacer layer 47. While
the second spin valve structure 38 is the same as the second spin
valve structure 34 as shown in Fig. 3a, the first spin valve
structure'BG differs from thesfirst spin valve structufe 32 as
shown in Fig. 3a in the means employed to achieve the
magnetization in the pinned layer 65.

The first spin valve 36 comprrises a seed layer 61, a first
ferroﬁagnetic layer {free layer) 31, a first conductive spacer

layer 33 and a second fsrromagnetic layzr (pinned layer) 65. The

o}

‘pPinned layer 65 is a lavered structure naving a first layer 67 of

(l)

ferromagnetic material, zn antiferzomagrzstic coupling layer 69 of

nonmagnetic material and & second .ayer "1 of ferromagnetic



speci fic enbodi nent of the dual MR sensor 30 shown in Fig. 3a has the
structure, Ta(50A)/ N Fe (90A)/ Cu(25A)/ Co(30A)/ FeMh(150A)/ [err](

500A) / Ta(50A) / Ni Fe(90A)/ Cu(25A)/ Co(30A)/ Ni Mh(300A) Wth continuing
reference to Fig. 3b, another preferred enbodi nent of the dual MR sensor
30 is shown. This enbodinent is simlar to that described above with
reference to Fig. 3a. The sensor 30 as shown in Fig. 3b conprises a first
spin valve structure 36 electrically isolated froma second spin val ve
structure 38 by a nonnmagnetic insul ating spacer layer 47. Wile the second
spin valve structure 38 is the sane -as the second spin valve structure 34
as shown in Fig., 3a, the first spin valve structure 36 differs from

.thereflrstm@ﬁ?ﬁl9érvéT%ﬁrﬁRﬁQﬁFé—@Zeés&EFKﬁquPﬁsFng ahr ¢t hhOviegangd in
enpl oyed to achi ev he .magneti zat in the pi.nned 65. The first

spi n val veC§8 ﬁ‘p RHHE S &= &P Ca §F %tiagng b r%?y?lér%gﬁbq\éts &% &Per (free
‘layer) 31, 5&F@§Lo§9 td ¥&3Race | Ay erddeand Aagheond dighnoqagnet ic

| ayer ( plnne ayer The pi nned |ayer is a ayered structure having

a first Iamauézdoinf@ié PEBGRRY! 16 yveRt 8&dadld, raRranhdheEiONRGRS e sQupPl i ng
| ayer 69 of nonmagnetic material and a second |layer [err] of ferromagnetic

15 mat er i abxchhrge pesesl iy eletdéens tHe phasirbRdgflet B thatenial aifd lagegcontact

with the second ferromagnetic layer 71 and is of an antiferromagnetic -

.materi al . Andethecantvifommpregneticendtémsialndficedacer tkmyesi fied Fapee theond

ferronagnetlc | ayer 71 by .
pinned” layer first ferromagnetic layer 67 is

antiferromagnetically coupled with the pinned layer second

ferromagnetic layer 71, both layers are exchan&e—coupled to the

antiferromagnetic spacer layer 47, producing an effective

magnetic field in ferromagnetic layer 67 which is fixed in small

and moderate ‘externally applied magnetic fields.

i In this preferred embodiment, as described above, the
ferromagnetic layers can he of any suitable magnetic material and
fhe conductive spacer layers 33 and 41 can be of any suitable
nonmagnetic conductive material. Within the first spin valve
pinned layer 65; the antiferremagnetic coupling layer 69 may be
of any suitéble nonmagnetic material, such as ruthenium (Ru},
chromium (Cr), rhodium (Rh), iridium (XIr) or other material or
their alloys known to promote antiparallel coupling between
ferromagnetic layers. Since the spacer layer 47 also serves to
electrically isolate the Ifirst spin valve 36 from the second spin
‘valve 38, it must be an electrically insulating material as well

as an antiferromagnetic material, such as NiO.

The use of a layered pinned layer 85 in combination with an



exchange coupling between the ferromagnetic material of layer 71 and the
antiferromagnetic material of spacer |ayer 47. Since the pinned |ayer first
ferromagnetic layer 67 is antiferromagnetically coupled with the pinned
l.ayer second ferromagnetic |layer 71, both | ayers are exchange-coupled to
the antiferromagneti c spacer |ayer 47, producing an effective magnetic
field in ferromagnetic |ayer 67 which is fixed in small and noderate
externally applied magnetic fields. In this preferred enbodi nent, as

descri bed above, the ferronmagnetic |ayert$ can be of any suitable magnetic
material and the conductive spacer |ayers 33 and 41 can be of any suitable
nonmagneti c qgggyctive Wthin the first spi.n valve_ pinned | ayer

. terial.
65, the antPTerFSraBRaPrE CatpRY Ty 154er 46 TP De i PaRp L et (pgetic
nonTagne | G ALY kAl peSuiiaga "l N IR RO IO ). of N YRR
r or their all oy e

iridium (I or other materra Ir nown t O prond

antiparal | %dt%lé&bh&%?@ﬁ%&{bé@rj@@ﬂngéj Crésay&tiv_éwclﬁsmg SPare . | ayer

47 al so serves to electrically isolate the first spinvalve 36 fromthe

second spi singdlevBedBinygfcddBindprdtetkest rd cdnperatattbagisgtamtieidral s
wel |l as an antiferromagnetic material, such as NiO The use of" a | ayered

pi nned | ayérigderi Néednbemperatumg tdf dhe twd Grantfidreomegnghit imatspdedrs | ayer
47 allows antiparallel magnetic fields to be induced in the pinned | ayers
65 and 43 &Fechdnf thst sarePSecdiispiiilel thes meangtdcagieldsduqareby,
USIng'onlye?tchange coupling in the pinned layer second ferromagnetic, layer
71 is parallel to the field induced in pinned layer 43, the field
induced by magnetostatic coupling in pinned ;a&er first
ferromégnet;c layer 67 adjacent conductive spacer layer 33 will
be antiparallel with réspect fo the field:in pinned layer 43.

A specifié embodiment of the dﬁal MR sensor 30 shown in Fig.
3b has the strlcture, Ta(50A)/NiFe{90A)/Cu(25A)/Co(30A)/Ru(4A)/
Co (40A) / Nio(4o_oi\)/Ta(soA)::/NiFetsoA)/CutzsAi /Co{30A) /FeMn (150A) .
In oxrder to achieve the deéired antiparallel orientation of the
magnetization of the pinned layers 65 and 43, the thickness of
the Ru antiferromagnetic coupling layer 69 should be in the range
of 4-6A while the first and second Co layers 67 and 7i should
differ in thickness by approximately 10A. In the preferred
embodiment, the thickness of the Ru coupling layer 69 of 4-6A is
selected to provide large antiferromagnetic exchange coupling

between the Co layers 67 znd 7. For a more detailed description

of this process, see Parkin et al., Phys. Rev. Lett., Vol. 64,

p. 2034 (19%90), hereby incorporated by reference. The difference

in thickness between the two Co layers %7 and 71 determines the



si ngl e heating/cooling process at a tenperature greater than the higher
Neel tenperature of the two antiferromagnetic materials used in the sensor
Thus, while the magnetic field induced by exchange coupling in the pinned
l-ayer second ferromagnetic,layer 71 is parallel to the field induced in

pi nned | ayer 43, the field induced by nmagnetostatic coupling in pinned

| ayer first ferromagnetic | ayer 67 adjacent conductive spacer |ayer 33 w |
be antiparallel with respect to the field in pinned |ayer 43. A specific
enbodi nent of the dual MR sensor 30 shown in Fig. 3b has the structure,
‘Ta(50A)/ Ni Fe(90A) / Cu( 25A) / Co( 30A) / Ru(4A)/ Co(40A)/

NiC(400A)/TaéSOA /NiEe§90A)/CU (25A) /Co (30A)/FeMnh(150A). In order to

achi eve t he™@@s% &P BRFaPREPeSiE et IRACEAP Y OF N ey MBErz 48YOR 8% #he
pi nned | ayer,s 65.%29.43

.the thi, .of th tif ti [
layer 69 shdGfa BE |ﬁntﬁ§e?§ﬁ§eag Qif%ﬂ?ﬁﬁwwgnf%éggT*¥§kgﬁgE82§%%%“€§gg‘Ing
| 67 d | Wi f j I i | h
braterrod enbbl bt by, EhebbobPACAIBYS LRE PR TR bt ' hen s

sel ected tonf ¥idifediah@8oANbE! BhEOPRANRT I 6yEXE NENAUM L AuPLERE-RELMEELE t he
Co layers 67 and 71. For a nore detailed description of this process, see

‘Parkin et avalud’lofS.thidedemhghbtizing . fildspaclisd dnl3Me) sehsoebfree
i ncorporated by reference. The difference in thickness between the two Co
l.ayers 67 alrlvers ddt.e3®i-neShehdemagndtiviggefiebds droguattiemayhtl i theni sot r opy

of the pinned. |layer 65 -as described in %reater detail in comonly asskgned
4. S. Pat ent fqfromagnetic coupling between the free and pinned layers 31 an

35, 39 and 43 across the nonmagnetic spacer layers 33, 41, '
respectively, and the field generated by the .sensor bias current
{the sense current} éetermine the quiescent bias point (i.e., the
orientation of the free layer magnepization in the absence of an
' external field). The thickness difference of the two Co lavers
67, 71 is-tﬁerefore-selected té achieve an optimum bias point.
With continuing.refe;ence;to Fig. 3c, another preferred
embodiment of the dual MR sensor 30 is shown. This embodiment is
similar to- that descgibed above with reference to Fig. 3b. The
sensor 30 as shown in Fig. 3crcomprises a first spin valve
structure 42 electrically isolated from a second spin valve
‘structure 44 by a nonmagnetic insulating spacer layer 47 wherein
the first spin valve 42 differs from the first spin valve
structure 36 of Fig. 3b in the use of materials to provide the
exchange—coupled magneticz field in the pinned layer 73.
The first spin valvs 42 comprises a seed layer 61, a first
ferzomagnetic layer {fres layer) 31, a first conductive spacer

layer 33, a second layerz=d ferromagnetic layer (pinned layer) 73



5,408, 377, hereby incorporated by reference. The val ue of the net

magneti zation of the pinned |layers 65 and 43 determ ne the value of the
dermagneti zing fields acting on the sensor free layers 31, 39. The
demagneti zing fields together with the ferromagnetic coupling between the
free and pinned layers 31 and 35, 39 and 43 across the nonmagnetic spacer
| ayers 33, 41, respectively, and the field generated by the .sensor bias
current (the sense current) determne the quiescent bias point (i.e., the
orientation of the free |ayer magnetizatfon in the absence of an external
field). The thickness difference of the two Co |layers 67, 71 is therefore
sel ected to_achi e n tL.oumbias point. Wih continuing.reference to
Fig. 3c, aﬁgFﬁg?Lé%ggeﬁgg = RhboT FER of YR Hlal R §éﬂ§g? %5 Shown.
Thi s enbodi y\r0t,d (73" | lgSChI ove r o ig.
3b. The sensorlggéag g%%a% %%rEééﬁggéE%5ﬁ%$%§é§gaéfF?E%ngféf%éﬁ%é?ééadz
structure 4 reqior aaal hydteohst 8ty figararsecond3ahy ¥abVEe: si¢ ugidire 44 by
a nonnagnetic insulating spacer |ayer 47 wherein the first spin valve 42
differs fromddmel fersbrsphatial Meyets 06, uTe. 362iaf ahitg feBbonhagndta aide yefr
materials to provide the exchange-coupled magnetic field in the pinned

| ayer 73. Te ifsi depospiad veavele M donpirses epvaed Wayhrtlsa pinred diayer

ferromagnetic | ayer (free layer) 31, _.a first conductive spacer_| ayer, 33, a
second | ayee‘t’aé’d’“%esfaﬁﬁ%ﬁ%?? ¢ dasrer JPnnelP I8hEtivs mag%%@% Field is

antiferromagnetic Lay 37. .. T inned | ayer. 73 ingludes first .
ferronngnetll%c °§§e%“7§‘,[‘? ases%%%in]?%)rerro%ﬁﬁaﬁ% ikeyer 15" by “Sxéhange coupling

with the antiferromagnetic layer 37. An effective magnetic field

is then induced ;n the pinned layer first ferromagnetic layer 75
through antiferromagnetic coupling Qith the pinned layer second
ferromagnetic layer 79, thereby fixing the magnetization of
ferromagnetic layer 75 in small and.moderate externally applied
fields. | | ! !

As described above w%th reference to Fig..3b, the use of a
layered pinned layer 73 in combination with the first
antiferromagnetic- layer 37 allows fixed antiparallel magnetic
fields to bé induced in the pinned layer first ferromagnetic
layer 75 and in the pinned layer 43 of the second spin valve 44
using only a sihgle heating/cooling process.

A specifié embodiment of the dual MR sensor 30 shown in Fig.
3c has the structure, Ta{S0A)/NiFe(90A)/Cu(25A}/Co(30A)/Ru(4A)/
Co (40A) /FeMn (150A) /AL.0,: 300A) /Ta (50A) /NiFe (90A) /Cu(25A} /Co (30A) /
‘FeMn {150A). The use of = single anneal process to set the
magnetization in the pinned layers 73, 43 eliminates the need to

- use different materials rzving differenz Néel temperatures for



| ayer 79 and. a decoupling |ayer 77 separating the first and . second
ferromagnetic |ayers 75, 79. The antiferromagnetic |layer 37 is deposited
over and in direct contact with the pinned | ayer second ferromagnetic |ayer
79. An effective magnetic field is induced in the second ferromagnetic
llayer 79 by exchange coupling with the antiferromagnetic |ayer 37. An
effective magnetic field is then induced in the pinned | ayer first
ferromagnetic layer 75 through antiferromagnetic coupling with the pinned

| ayer second ferromagnetic |ayer 79, th%reby fixing the magneti zati on of
ferromagnetic layer 75 in small and noderate externally applied fields. As

desoribed abuetith 56l Senee (OBl oo se ol ) v ed sphaged,

| ayer 73 in conbination e first antifterromagnetic ' | ayer

fixed antipanakl enosagnait GHd eldselr01 Bged NGUCRVES ALy PIJINAL L@y eL kT st
ferromagnetic layer 75 and in the pinned | ayer 43 of the second spin valve
44 using onkgodasenghe theatdipig/ sedlviengt praaeess. 48, speci fid spakedi mepkrof

t he dual MR sensor 30 shown in Fig. 3c has the structure, Ta

50A) / Ni Fe( 90AY/ B (2561 CHBOAPLRULaANLaTa040ALLERMN( 150A) /ag &1ed: EFOSAP:/ Ta
(50A)/ Ni Fe(90A)/Cu_(25A) /Co (30A)/ FeMh(150A). The use of a:’single anneal
process to set tRefeRgifd ineut 2d80i fot kg pitmnadblagkrdiagram ildpskrabing 2ne
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embodi ment &Qgcﬁﬂ?&?raﬂcﬁ)éem:&% i‘g%}égéngglt% E’gggl.efé,ri:&?lalﬁé 3c is shown.
. A current source 81 provides a constant bias or sense current I,
to spin valve number i. Similarly, current sdurce 83 brovides a
constant sense cﬁrrent I, to spin valve number 2.. The cu;rent
flows through both spin valves in the same direction. ?hé output
signal of each spin galve is appliéd to opposite polarityiinputs,
respectively, of differential amplifier 85. The antiparallel’
magnetization of the pinned layers in both spin valves provides
opposite resistance changes in the two spin valves in response to
an applied external field, such as a magnetic data signal
recor@ed on a magnetic disk. The resistance changés and, hence,
the output signal, are additive at the differential detector 85,
thus providing greater sensitiﬁity. Using differential detection
also provides common mocde noise rejection, such as from thermal
asperities.
Referring now also o Fig. 5, another preferred embodiment
-0f the dual MR sensor according to the present invention is
shown. The dual MR sensor 90 comprises a first spin valve

structure 82,- a second srin valve structure 94 separated by a



e ———REEE

isolate the two spin valve structures- 42, 44, the spacer |ayer may be of
any suitable insulating material, such as [err] or [err]. Referring now
also to Fig. 4, a block diagramillustrating a differential detection
circuit utilizing the dual MR sensor 30 as descri bed above wth reference
to. Figs. 3a, 3b and 3c is shown. A current source 81 provides a constant

bi as or sense current [err] to spin valve nunber 1. Simlarly, current
source 83 provides a constant sense current |, to spin valve nunber 2. The
current flows through both spin valves2¢n the sane direction. The out put
signal of each spin valve is applied to opposite polarity inputs,
respectivel§ fferential anplifier 85. The antiparallel magnetization

f dj i f
of the pinf Bmg§9%#§ci?Piﬁﬁ91%ﬁﬁ?ﬁ b&lV%%ﬂbF@Wi@§s°6pﬁbg??%2?bsistance
changes ineﬁ@@t&%@agpirkéﬁﬂﬁé gcnogegQQQﬁﬁjkg agtggggi?d eﬁ%egp%h @ESL%’
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such as a magnetic a signal Trecor on a“nmagnéetic dis resi St ance

changes andg, NGACEemS s QUIP U r3itdN2kee 2112 r2ddhbhie; a1 N8 A f 81b8NLLA
detector 85, thus providing greater sensitivity. Using d¥fferent|al

detecti on akseepspyiéestremmbDrerdda PiERd)ejfeerbRlgnstLd 1as,dd @@, t hesnal
asperities. Referring now also to Fig. 5, another preferred enbodi nent of
t he dual MRysentiin asworeginedicoeflhetpiesldvt condentive layesh®fn. 10Bhe dual .
MR sensor 90 conprises a first _spin valve structure 92,-a second spin valve

structure 8anRERGLRNRFHPIla 10728rRofedRASePAd 25BREcERE BidMeYY whi ch may be

of either %eromagnetic layers 93, 105, respectively, to provide means for
fixing the direction of magnetization in each of the pinned
layers 93, 105. As discussed above with reference to Fig. 2, the
magnetization direction iﬁ each pinned layer 93, 105 is fixed
antiparallel with respect to the other (arr;ws 108, 117,
respectively). The magnetization direction‘in each of the free
ferromagnetic layers 97, 101 is set perpendicular to the
magnetization direction in the pinned layers 93, 105 and is free
to rotate in response to an applied external magnetic field
(arrows 111, 113,. respectively).

Referring now also to Fig. 6, a specific embodiment of the
dual MR sensor 90 of Fig. 5 is shown. First and second spin
valve structures 92 and 94, respectively, are separated by
insulating spacer layer 99 and are formed by vacuum deposition
techniques on an insulating layer 89, which is formed on a
suitable substrate 87. The insulating layer 89 is analagous to
the first gap layer Gl as shown in Fig. 3a.

For purposes of illustration, the substrate "87 includes any

additional layers as known in the art, such as the first magnetic



electrically conducting or insulating material. Each spin valve 92, 94
conprises a first (free) ferromagnetic layer 97, 101 and is separated from
a second (pinned) ferronmagnetic |layer 93, 105 by a thin nonnagnetic
electrically conductive |layer 95, 103. Pinning |layers 91, 107 are forned
adj acent the pinned ferromagnetic |ayers 93, 105, respectively, to provide
means for fixing the direction of magnetization in each of the pinned
I"'ayers 93, 105. As discussed above with reference to Fig. 2, the

magneti zation direction in each pinned?tfayer 93, 105 is fixed antiparallel
wWith respect to the other (arrows 109, 117, respectively). The

magnet i zati o Aif 96LERNs: | Bs eaed, 011 8oL r 8¢ T SHOMAGNSL ke, ) avers, 57, 101

is set perpendi to the magnetizati frection it he plnneéalayers
93, 105 andstsudthee b0 EOhSELsdd 4 SRS el o2l ARl Q{éy@%t &4 ”P%ré?éghe}l c
a

field (arrows 111, 113,.respectively). Referring now alSo to Fig. 6,

speci fic enogimnenandod sdeomliater MhagRsot DO/of 93 gpibnka Sdyawy. First and
second spin valve structures 92 and 94, respectively, are separated by

i nsul at i ng SyrEratedapyr a 9oy i d momddcbive sspacardépgert 8on thechni ques
on an insulating |ayer 89, which is formed on a suitable substrate 87. The
i-nsul ati ng 4e8FERLEY ROV Ugb e figranire £o rBiggaPl apdr 36l e gHowed n Fi g.
3a. For purposes qof illustratjon, the substrate 87 includes any additi onal
layers as RRWE Pﬁ 011387 & A s‘{i‘ﬁf%sa%ée?‘?? tTSHEgmegPetic bayers 121 and

125, respectively, separated by a thin nonmagnetic decoupling
layer 123. |

The in§ulating layer 89 is of an antife;rémagnetic material
such as NiO. The pinned layer first ferromagnetic layer 121 is
deposited on the surface of and in direct contact with the
antiferromagnetic insulating layer 59. A magnetic field is
induced in the ferromagnetic layer 121 by exchange coupling with
the antiferromagnetic insulating layer 89, thus providing a
magnetic field in the second ferromagnetic layer 125 by
magnetostatic coupling. The second spin valve structure '
qomprises a first ferromagnetic layer 101 {(free layer) and a
second ferromagnetic layer 105 (pinned layer).separated by a
nonmagnetic conductive spacer layer 103. BAn antiferromagnetic
layer 107 is formed over and in contact with the second
ferromagnetic layer 105 to provide a magnetic field in the pinned
layer 105 by exchange coupling. It is a feature of this
embodiment that the free layers 97, 101 of each spin valve are
deposited at the middle of the sensor structure adjacent opposing

sides of the insulating spacer layer 99. The“spacer layer 99 is



shield layer S1 as shown in Fig. 3a. The first spin valve structure 92
conprises a first ferromagnetic |layer 97 (free |layer) and a second
ferromagnetic |ayer 93 (pinned | ayer) separated by a nonmagnetic conductive

spacer

pi nned | ayer 93 conprises first and second ferromagnetic |ayers 121 and
125, respectively, separated by a thin nonnagnetic decoupling |ayer 123.
.The insulating layer 89 is of an antiferronmagnetic material such as N O
The pinned |ayer first ferromagnetic | &ger 121 is deposited on the surface
of and in direct contact with the antiferromagnetic insulating |ayer 89. A

e an n

Coupli ng with t R hagRFEr: ofad MBI S B ran e ) Ihenfde Mg S0 G o

erronmgnetic 1 nsu

magneti ¢ figlodibe hbgnserontkdRigi0mRIBE ISed AXRY 128 DYyOBINEL050A LG
coupling. The second spin valve structure conprises a first ferromagnetic

| ayer

101 (theeewbayein -andres FC0o9d,f eespamgvetliyc | ayer 105 (pinned | aye

separated by a nonmagnetic conductive spacer |ayer 103. An
ant i f er r omagnet Fenfiageive drads flddmagdeotarmeshédti pppoaingtends loft fibesepdnd

ferromagnetic. | ayer 105 to praovide a magnetic field in the pinned |ayer
‘by exchang¥3d86dl Pag. 941 shozrtipgaitheespin twlyesnBddi Rbnkogeidient RE erek

I 97, 1Q1 of h spi | ited .the mddle.of th
St ucture Shfiarh SRR G FEEoBr ol i PV SRR dfaP-00thong.

Spacer lay%%gggniéf the sensor 90 which responds to an applied magnetic

signal). The sensor active region also defines the sensor track
width. The conductive leads 119 couple the sgﬁsor 90 to external

circuitry such as current means 129 and sense means 127. Current

means 129 provides a sense current I, to the sensor 90. The

sense meansi127 detects the sensor 90 output signal in response

to an applied external magnetic field.

According to this em@odiment of the invention, the
ferromagnetic layers 93, é?, 101 and 105 can be fabricated of any
suitable magnetic. material such as Co, Fe, Ni and their alloys
such as NiFe, NiCo, and FeCo, for examplé, with the layered
ferromagnetic layer 93 being as described above. In the specific
embodiment shown in Fig. 6, the ferromagnetic layers 93, 97, 101
and 105 can alternatively comprise a léyer of a first
ferromagnetic material such as NiFe, for example, and a thin

layer, referred to as a "nanolayer”, of a second ferromagnetic

material such as Co, for example. The nanolayer structure is

described in commonly assigned U.S., Patent No. 5,341,261 which is

hereby incorporated by reference. The nanolayer of the second

| ayer 95. As described above with reference to Figs. 3b and 3c, the

s providing a

r)

105



22 of a nonmagnetic (as well as electrically insulating) material to
provi de magneti c decoupling between the free layers 97, 101 of the two spin
val ves 92, 94, respectively. Conductive |leads 119 are fornmed at opposing
-ends of the spin valves 92, 94, shorting the spin valves 92, 94 together at
each end and defining the sensor 90 central active region (i.e., the region
of the sensor 90 which responds to an applied magnetic signal). The sensor
‘active region al so defines the sensor track width. The conductive | eads
119 coupl e the sensor 90 to external cikguitry such as current neans 129
and sense neans 127. Current means 129 provides a sense current [err] to

t he sensor 90. The sense nmeans_127 detects the sensor 90 output signal in
response t o* SFFAMINEd e RPEFRARP L MG NSRS itPEI At MR oimfiat§ace PREween the
enbodi nent f the ipventd on, the ferromagnetic layers 93, 97, 101 and_105
can be fabr?%:lé tegla#ra%;f sSFE‘é‘B?‘énﬁ% cngfai%@rf’r?a eF1hI TR R PRE 9RS T L EeSPRAF e Bng
their alloy h i E IL.CQ, £A -fo ml e, ,wW.th.the ere
ferronagnet?%f#gyeﬁﬁggbgggﬁgtgg é£€%$:e té%dgagé?ﬁgi%étg%écF ?% %%%%ﬁi%%nt

shown in Figird, o3 hewd ar kaRBYAGLE Cot AL 132 %30l 7- LK #RE k05 E&ers of
alternatively conprise a layer of a first ferromagnetic materi‘al” such as

Ni Fe, for efarmimmgnetdcantheniihye?, 97f,eloed 1@ 6S 15 BaOLayerals®fhave
second ferronmagnetic material such as Co, for exanple. The nanol ayer
structure ithigeshgilydayen sbreriye asdihdredudl.-SayRat erubibners, Brdviabds vhi ch
is hereby incorporated by reference. The nanol ayer of the second
. greater change’ in resistance as well as a low coercivity and a
low magnetic anisotropy. “Further} this combination of magnetic
paramete;s could not be obtained by a single lgyer of either of
the ferromagnetic materials alone.

The nonmagnetic spacer layers 33, 38 comprise Cu, for
example, or other suitable conductive metal such as Ag, Au or
their alloys. Conductive leads 119 can be éf any suitable
elect;ically conductive material, such as Ta. The layer 107 of
antiférromagnetic material can be FeMn or MiMn, for example. The
insulating layer 89 can be of any antiferromagnetic material
which is also eiectrically insulating, such as NiO. The use of
the -layered pinned layer 93 in the first spin valve 92 allows the
direction of the magnetism in the pinned layers 93 and 105 to be
set antiparallel with respect to each other utilizing only a
single heating/cooling process. Alternatively, the magnetization
direction of the pinned farromagnetic layers 93, 105 can be fixcd
by the use of an adjacent hard magnetic layer or by the use of a

material having a sufficiently high coercivity for the pinned

layers 93, 105.



23 ferromagnetic material is deposited at the interface between the first

| ayer of ferromagnetic material and the nonmagnetic spacer |ayer. The
preferred ferromagnetic layer is a thin filmlayer of NiFe 93 and a

-nanol ayer of Co 93a about 7-20A thick. Layers of ferromagnetic material 97,
97a, 101, 101a, 105 and 105a al so have this dual -l ayer structure. This
dual -l ayer structure provides a greater change in resistance as well as a
1ow coercivity and a | ow nmagnetic ani sotropy. Further, this conbination of
magnetic paraneters could not be obtained by a single layer of either of
the ferromagnetic materials al one. The nonnmagneti c spacer |ayers 33, 38

conpri se Cu, for exanpl e, or other suitable conductive netal such as Ag, Au
or their alloys.? ?‘ﬁ}?ﬁ iQfe thesds Te1ated usehsr whhGh st apie @aée:turllae@ldl y

duct T The | 107 of tif
ﬁgPerfaivga%gﬁgéta*ﬁfE%h 4§%Sl?df eia%%¥ l°?h8°?ﬂﬁgpaé?§%éﬁ%§9 °§9t€§ﬁ be
of any anti fgri omRaNStddr ry%%l ak, whigh 4 %na' 803 9'@&%& al 'ﬁf/ll d.nsul ating,

such as Ni O The use of the layered pinned layer ‘st “spinval ve

92 al | ows t pedifietdmibdimehiieofagnet &isdd MR EBRsHE NGOG hd ANeS sP3uddr0S5 to
be set antiparalle]l with respect to each other utilizing only-a single
heat i ng/ coolNi®{d ghaicias(30R)/Eur(#iA)vVeby 404 eumeghe VicodroAn/di Fe¢l1ohy/ of the
pi nned ferro ne1|c | ayer,s 93, 1Q5 can be fixed by the use of an adjacent
hard magnetTa( %ﬂ/b)rmd‘?e %&PMH@%?@%VCH(m)e/rqodIZOM\/nge@%ﬁiIF@iIeﬁ:W@Ah; gh

coercivity {or t he pi nne gers 93, 105.
- the top graph n antiparallel alignment between the free and

pinngd layers is.assumed. The spin up curve is shown as a dashed
line, the spin down curve is shown as a solid line and the total
current denéity is shown as a dot-dash line. The middle graph
shows the total current density for both antiparallel alignment
{dashed line} and parallel élignmeﬁt {solid line), and thé bottom
curve shows the difference %etween the two curves illustrated by
the middle graph.

Fig. 8 is an expanded graph which illustrates the current
density for one spin valve structure of the Fig. 7 embodiment.
This graph starts after the NiO layer and shows the contribution
of each layer to the total current density for the spin valve
structure. The graphs shown in Figs. 7 and 8 are representative
valves and serve to illustrate the operation of the spin wvalve
sensor. The valves for = particular embodiment %ill vary as a
function of the thickness and materials of the various layers in
-the spin valve structure.

Referring now to Fizs. 9 and 10, another preferred

embodiment of an MR senscr according to the present invention is



24 A series of three related graphs which show the cal cul ated sensor
current density vs. position across the sensor for the dual MR sensor shown
in Figs. 5 and 6 is shown in Fig. 7. This specific enbodi ment of the dual
IR sensor 90 has the structure, N O (400A)/Co(30A)/Ru(6A) /Co (40A) /Cu
(25A)/ Co (20A) / Ni Fe(70A)/

Ta(500A) Ni Fe( 70A)/ Co( 20A) / Cu( 25A)/ Co(20A) / Ni Fe( 30A) / FeMh(200A). In the top
graph, an antiparallel alignnment between,{he free and pinned |ayers is
assuned. The spin up curve is showmn as -a dashed |line, the spin down curve
is shown as a solid line and the total current density is shown as a
dot-dash Ii The Jm_d ol,aph.sho he tptal curr.en sity for bot
anti paral | e%“edabfrll'gnn@ﬁt g}'\géslﬁgdgﬁ'%%%l\ﬁg:?dlﬁ‘éﬁé‘%sela 5 %mgg f‘%%l? FTTH
and the bot W& G df yesgn ; u .

i Il ustrat ediﬁixnﬁlé’ m%???é%‘g‘gﬂ %iﬁﬁgg?égi expéﬁ%ﬁ’&%\gﬁgﬁghgﬁ‘?ﬁ Layer
illustratesiihe current density for one spin valve structure of the Fig. 7
enbodi ment. This graph starts after the Nl O layer and shows the
contribution of matchikagsbodiméhie dhithle dusY R siersoirt yhéofitse @pifraeml ve
structure. The graphs shown in Figs. 7 and 8 are representative val ves and
serve to illayansatlély hd4dpef af¢orrmAgnehic spa e nialy @ fs dheospimhealngs ds?Z or
a particul ar, enbodinment will vary as a function of .the thickness and

material s off4 RFe SePEIite AT SEH%) endse (ehi TPR ARFL PottaB) uPE. th®f erring now
Fo Fros: O AhMeeanplber (Rl Lrsef! ROLIPa Rlcs 35U $8559F according
ferromagnetic material“are,deposited near the middle of the -
layered structure adjacent opposing sides gf.the insulating

spacer léyer 137. The in;ulating spacer layer 137 is of an
antiferromagnetic material which serves to fix the maénetization

in the pinngé layers 135, 139 by e#change coupling. This
arrangement b;oduces a more efficienty current distribution within
the sensor 130, as will bg discussed below.

The Bpin:valve structures 142 and 144 are deposited on a
suitable substrate 129 and isolation layer 128. A suitable
underlayer 145, such as Ta, Ru or CrV, for example, may be
deposited on isolation layer 128 prior to the deposition of the
first ferromagnetic layer 131. The purpose of underlayer 145 is
to optimize the texture, grain size and morphology of the
subsequent layers. Should the isolation layer 128 be of a
material having suitable characteristics, the underlayer 145 can

-be omitted. Deposition ¢i the first nonmagnetic conductive
spacer layer 133 and the second ferromagnetic layer 135 completes

the first spin valve structure 142. The antiferromagnetic spacer



25 shown. The dual MR sensor 130 includes a first 142 and a second 144 spin
val ve structure separated by an insulating spacer |ayer 137. In this

epbodi nent of the dual MR sensor the first or free layers 131, 143 of
-ferromagnetic material of the spin valves 142, 144 are deposited at the
"ends (or top and bottom of the structure while the second or pinned | ayers
135, 139 of ferromagnetic material are deposited near the mddle of the

l ayered structure adjacent opposing sides of the insulating spacer |ayer
137. The insul ating spacer |layer 137 is 6P an antiferromagnetic materi al

whi ch serves to fix the nmagnetization in the pinned | ayers 135, 139 by
exchange cou@yary l37Thssthen adeereited phoshtemsn acamae-teffithi ené sardent
distribution within the sénsor 130, as will be discussed bel ow. The spin
val ve structiffi@®mpgpespn iavenr3tiepdsi this mmbkpdimendh| sheubsgneit ez alt2®rand

isolation |ayer 128. A_sujtable upderlayer 145, such as Ta, Ru or OV, for
exampl e, may BES éﬁBst‘egh%ns"?%‘m thayRT] af ereramagresdct BaEfel e plodt tion of

the first fenLonRgReLLE: | A8 ) dhe %Sggh%ﬁ%ggggF%?ggglg er 145 is to

optimze the texture, grain size an € subsequent | ayers.

Shoul d the iap@lizereBmhgyefid Ahtka o By"BL&lde RBRULAINSULE 2B &in by arrow
characteristics, the underl ayer 145 cah -be omtted. Deposition oﬁlfhe
first nonmagdsdtiia €bgdugti ve spacer |ayer 133 and the second ferronagnetic:
| ayer 135 conpl etes

The second spin valve structure 144 comprises a third layer
{(pinned layer) 139 of ferromagnetic“méterial formed -on ané in
contact with the antiferromagnetic spacer layer 137, a second
thin film spacer layer df nonmagnetic conductive material 141 and
a fourth layer (free layer) 143 of férromagnetic material. 1In
this embodiment, the magnetization-diqection of the third layer
of ferromagnetic material 139 is fixed by exchange coupling with
the antiferromagnetic spacer layer 137, as shown by:arrow 136 in
Fig. 9. ‘

As described above with reference to Fig. 6, the pinnea
layer.135 for the first spin wyalve 142 comprises first and second
fer;omagnetic layers 155, 159 separated by a thin nonmagnetié
decoupling layer 157. This structure for the pinned layer 135
allows the desired antiparallel magnetization directions in the
pinned lavyers 135, 139 to be achieved using a single
antiferromagnetic layer 137 and a single heating/cooling process.

The ferromagnetic layers 131, 135, 139, 143 can be of any

suitable magnetic material such as Co, Fe, Ni and their alloys

such as NiFe, NiCo and FsZo, for example, with the layered pinned



the first spin valve structure 142. The antiferromagnetic spacer 26 _
| ayer 137 is then deposited on and in contact with the second ferronmagnetic

| ayer 135. In this enbodinment, the nagnetization direction of the second
layer of ferromagnetic material 135 is fixed in position by the spacer film
| ayer 137 of antiferromagnetic material by exchange coupling as shown by
arrow 134 in Fig. 9. The second spin valve structure 144 conprises a third
-layer (pinned layer) 139 of ferronmagnetic material forned-on and in
contact with the antiferromagnetic spacer |ayer 137, a second thin film
spacer |ayer of nonmagnetic conductive material 141 and a fourth |ayer

(free layer),}43 0fsfwsy Rld < TRERT didlve . | R1tbiSa €O} MRAL, the

magneti zati,on direction of the third layer of ferromagneti'c material 139 is
fixed by exghapgeageetpld Mgaydrsh it31e aps) fieyor 0magNEsh CidRARRY ol A%861334r as
shown by arrow 136.in Fig. 9. As described above with reference to Fig. 6,

t he pi nned béyerdilBtefart tiee romagnesptc matainiell4?2 desqriises abovet wahd
second ferromagnetic |ayers 155, 159 separated by a thin nonmagnetic
decoupl i ng Fajerendy torHiiyg stor-ucTieenpwragnigsipi apedud e 1B¥Brg| Ldds LA
desired antiparallel magnetizatiqgn directions in the(Pinned.Iayers 135, 139

to be achi e7¥BPIRThEY SiHgICFaBREr oPT HGReFPETRBYR rCoPSRCH T ameFAYF e
' Qfea;in;g/ COOLLOY LI %KFSHu HI b TOTRINRL | € th8Y EhSuliting Tpack1agd? £39 Pe
comprises any suitable antiferromagnetic material having a high
electrical resistivity, such as NiO.
Electrical conductor leads 149 are provided to form a
circuit path between the dual MR senso£ 130, a curfent source 153
and a sensing means 151. As-described above with referenée to
Fig. 6, thé conductor, leads 149 short the two spin valve !
structures 142, 144 together at each end and define the.sensor !
130 central active region and track width. It will be recognized.
by.those skilled in the aft that the dual MR sensor 130 may also
include various other layers such as a capping layer 147 of Ta
and biasing layers (not shown) such as a longitudinal bias
layer(s), for example.
Fig. 9 illustrates that the magnetizations of the free
layers 131, 143 of ferromagnetic material are oriented parallel
to each other, i.e., in the same direction, and at an angle of
about 90° ‘with respect to the magnetization direction of the
pinned layers 135, 139 of ferromagnetic material in the absence

of an externally applied magnetic field as indicated by arrows

134 and 136. Thus, while the magnetization directions of the



sui tabl e magnetic material such as Co, Fe, NI and their alloys such as

Ni Fe, Ni Co and FeCo, for exanple, with the |ayered pinned 27 layer 135
bei ng as descri bed above. Alternatively, the ferromagnetic |ayers 131, 135,
<139, 143 can include a nanol ayer of a different ferronmagnetic nmaterial as
descri bed above with reference to Fig. 6. The nonmagnetic conductive | ayers
133, 141 conprise Cu, for exanple, or other suitable conductive netals such
*as Ag, Au or their alloys. The insulating spacer |ayer 137 conprises any
suitable antiferromagnetic naterial haging a high electrical resistivity,
such as NNO Electrical conductor |eads 149 are provided to forma circuit

th bet : 2139, i, .153 . eNsSi
Teans 150 TS0 arTESd ABove ur 1R FEPa SREE L RASER IR paRE LRI e

149 short the WMQneRiRa¥abNE SiTHed URe 14derdibitodathsr B Sacdyritd and

define the sensor 130 central active region and track width. It wll be
T ecogni zed nutddiaseaski Fred to tdieatar tthebhatdite-tdoal iVRregpGse 130 drmy al so
i ncl ude various other |ayers such as a capping |layer 147 of Ta and bi asing
| ayers (notexgtemwa)llyushphted nhaogretinlifield bisiscH apempghpetiorfigdahil @s Fig.
9 illustrates_that the magnetizations of the free |ayers 131, - 143 of

" f err onagnetShOYPaiBr FaF- a?g' ¥ AP Far fhe deshed aenovenki2, 138 on frake

same di recftli Qn, _sagg at an g:?gl eesof atb%u& 90 lvvith respect to the
magnet i zat i &er &2ti BRY ot ¥ nespectively. L
A series of three related graphs which illustrate thq
calculated sensor current density vs. position across the sensor
for the MR sensor shown in Figs. 9 andulo is shown in Fig. 11.
A specific embodiment of the MR sensor has the structure,
Ta (50A):/NiFe (50A) /cu (25A) /Co-(tlo;\) /Ru(6A) /Co (30A) /NiO (400A) /
Co (50A) /Cu (izsA) /NiFe (50A) /Ta(50A). In the top graph, an
antiparallel alignment between the free and pinned layers is
assumed. The spin up curve is shown in dashed line, the spin
down curve is shown in soiid line and the total current density
is shown in a dot dash line. The middle graph shows the total
current density_for both antiparallel alignment {dashed line) and
parallel alignment (solid line)}, and the bottom curve shows the
difference between the two curves illustrated by the middle
graph.

- There is a significant difference in the operation of the
sensor when the free lavers are located near the center of the.
dual MR sensor (as shown in Figs. 5 and 6) and when the free
layers are located near <he edges of the dual MR sensor {(as shown

in Figs. 9 and 10). The magnetic field generated by the sense



pi nned | ayers 135, 139 of ferronpgnetic material in the absence of an
externally applied nmagnetic field as indicated by arrows 134 and 136.
Thus, while the magnetization directions of the 28 pi nned | ayers 135,

- 139 of ferromagnetic material remain fixed, the magnetizations in the free
| ayers 131, 143 of ferromagnetic:material are free to rotate their
directiion in response to an externally applied magnetic field (such as

-magnetic field h as shown in Fig. 9), as shown by the dashed arrows 132,
138.on free layers 131 and 143, respectibvely. A series of three related
graphs which illustrate the cal cul ated sensor current density vs. position

across the saneat Fobwing MM SeHS AUheSRAWEo 7 | dliFidS op2rafod Oadiss shown in
Fig. 11. A specific enbodi nent of the MR sensor has the structure,

Ta(50A) : / Nidief(fe@Ant Oy ( @b AjH o A ) Vaet-6 Ak GBS0 Nia@e400AFhis magnetic
Co(50A)/ Cu(25A)/ Ni Fe(50A)/ Ta(50A). In the top graph,. an antiparallel

al i gnnent Hédeddenst haciveed afed quichnddh| Byersdre tassated. £Tdkd syfi thiep curve
is shown in dashed Iine, the spin down curve is shown in solid Iine and the
total curr&PR8EnsRYST | L HGWh T e 1g¥er (P iinge. avhueld RF & &R eshows

e DL R S0El o] I BRIl ALLOGIERY (sl i ne) anc
e e PR EHAE L e bbb\ R OE a0 P Rd
sensor for its most symmetrical operation and highest sign;l
output.

When. the free layers are near the centeﬁ of the sensor, more
of the sense current flows on both sides of each.of the fgee
layers. Since the field generatea by the current flowing on one
side of a given free layer counteracts the field generated by the
current flowing on the opposite side, a smaller net field isi
pfoduced by the current when the free layers are near the center
of the Mﬁ structure. Wheh‘the free layers are located near the
outer edges of the sensor structure, the field acting on the free
layer; producéd:by the currenk is larger. Depending on the sum
of the other magnetic fields acting on_the free layer, one or the
other of the embodiments is preferred. For pinned layers having
a magnetic moment greater than the equivalent moment for a 25A
thick layer of Ni,.Fe,,, or for structures wherein the
ferrémagnetic coupling between the free and pinned layers is
greater than about 10 Oe, the MR structure shown in Figs. 5 and 6

is preferred. Otherwise, the MR structure shown in-Figs. 9 and

10 is preferred. The optimum structure to be used is determined,



sensor when the free |layers are |ocated near the center of the dual MR
sensor (as shown in Figs. 5 and 6) and when the free |layers are | ocated
near the edges of the dual MR sensor (as shown in Figs. 9 and 10). The
dragnetic field generated by the sense 29 current flow ng through the
sensor during operation acts differently on the free layers in the two
cases. This magnetic field is included (along with the magnetostatic field
‘of the pinned |ayer and the interlayer coupling, as well as any other
effective or real fields acting on the3@ree | ayer) when determ ning the
correct current to use to properly bias the sensor for its nost symetri cal

operation andphighasy t%iél%‘ta@ukg%eti\@%el&hgefz%:‘fotéc@gﬁf sch%rgenggr the

center of the sensor, nore of the sense current WS bot'h sides of each

.of the freeukayees. Biermrreatrl tehdigener ahedsbiséhescuideiHe EhAWLE9 on one
side of a given free |layer counteracts the field generated by the. current

fl owi ng onctéheubppadidse sbiode, in Siwps! f, Betndli eld i35 qgodniedtbyetbere
current when the free layers are_near the center of the MR structure. Wen
the free |afekRe haplansearddtheafiehe wmnesptedgey Bie toirreatsse theutight,

the field acgi n the free #ayers produced by the current i's larger.
Dependi ng B# tﬂ‘g t(ai't]ernltﬁ(‘aﬂ"t HZ 5_ ﬁefrﬁ%g]r?é&elré tfel és' s rfga(‘}ﬁlPﬁe°Fr | ayer,
O et e e IEBBRCHPERLR 5 BALSE B, oL B pYeL, v
side of the free layer. The value of Q' will be a functiqn of
the layer thicknesses, the choice of materials and the |
preﬁaratién conditions. For example, a value of 0=0.85 is
obtained for a typical structure a§ shown in Figs. 9 and 10,
while a value of Q=0.36 is ébtained for a typical struct&re as
shown in Figs. 5 and 6. The influeﬁce of the'shields on‘the
balance of fields is also important, as 1is kngwn in the art, and
must also be included in any micromagnetic modeling.

While the preéent invéntion has been particularly shown and
described with reference to preferred embodiments thereof, it
will.be understood by those skilled in the art that various
changes in form and detai} may be made therein without departing
from the spirit, scope anZ teaching of the invention.

Accordingly, the invention herein disclosed is to be considered
mere;y as illustrative and limited in scope only as specified in

the appended claims.



thick layer of [err], or for structures whereig=t]

between the free and pinned | ayers is greater —Hhe MR

structure shown in Figs. 5 and 6 is preferredji O hep Ristructure
.shown in Figs. 9 and 10 is preferred. The optim e tq jbe used is

det er m ned, 31 CLAIMS 1. A magnetic di sk recording system conpri sing:

a magnetic storage nedium having a plurality of tracks for recording of
-data; a magnetic transducer maintained inaﬁ cl osely spacedposition —
r

relative to said nmagnetic storage nedi um i ng relatiVﬁmﬂaéég REINEER

said magnetic transducer and said nagnetic storage nediu C

transducer including a nagnetoresisti Veciﬁﬁ% sensor conp ﬂﬁﬂ 'Hum i and
and s

a second | ayered structure, said first econd | ayere

separated by a nonmagnetic antiferronmagnetic spacer |ayer, said spacer

| ayer having a high electrical resistivity; each of said |ayered structures
conprising free wndljaimned | ayers of ferromagnetic material separated by a
| ayer of nonmagnetic material, said first |ayered structure pinned |ayer
further including a first and second | ayer of ferromagnetic materi al

separated by an antiferromagneti c nonmagnetic coupling layer; 'a | ayer of
antiferronmagnet ilc mét 8AFRPLLR @Rk FERCAHAULRT sEY e GWPTHE}BIEd Struct ure

pi nned | ayer for fixing.the nagnetizatiop djirectian of .said_second | ayered
structure pi nned Imgfé‘reglfhﬁt?rﬁ%ﬁ%t'f‘i‘git[%ﬁa?”rF%a? d’%’eﬁ?elrl%é’f o Eracks £dr

antiferromagnelif gplgr hgkabeing in parallel with the magnetization in said
nonmagnetic antiferromagnetic spacer |ayer; said magnetization direction of

sai d second | ayqr maignkeiEOPPAREdhEeiAhkainéd Sid closely spaced
pos;tion relative to said magnetic storage medium during relative
motion between said magnetic transducer and said magnetic storage
medium, said magnetic transdgcer including a magnetoresistive
read sensor comprising: 2 -
ia first and a secoﬁﬁ lavered structure, said first and
second layered strucpurezseparated by a spacer layer;
each of said la}ergd stfuctures comprising first and
second layers of ferromaénetic material separated by a layer
of nonmagnetic material;
means for fixing the magnetization direction of said
second layers of ferromagnetic material in each of said
layered structures:;
salid magnetization direction of said second layer of
ferromagnetic material in said first layered structure being

fixed in a directicn antiparallel to the magnetization

direction of said sescond layer of ferromagnetic material in

fﬁ{l\l\}—\\\l\i R



first layered structure pinned |ayer being fixed by said nonmagnetic

antiferromagneti-c-spacer. layer in a direction antiparallel to the

magneti zati on direction of_said second | ayered structure pinned | ayer and -
‘ .

-sai d magnet i zathi psceei] lWiblagld said first |ayer pi—fers naterial
in said first | e pinned | ayer bei np THixgdeENHASEAERCH)I
parallel to the direction of said spcond HePtaCED St U

*pi nned | ayer; means for producing a currgnt fl ow ‘rrroug—sard
magnet or esi stive sensor; and said magnet%)’r esi stive sensor producing
variations in its resistivity in response to an external magnetic field due
to rotation of tdagdamBgREhaZAdyOed NsSRIHuELece |ayers of 32 ferromagnetic
material in each of said |layered structures; actuator means coupled to said
magneti ¢ transducer feansD6NgsaEdEt iTRYaetherdriSduc ehrbgreserd ed tracks
on said magnetic storage nedium and detection neans coupled to said
magnet or esi st i veragagtosensotiverseistaact kng resi st ance changes responsive to
magnetic fields representative of data bits recorded in said magnetic
storage medi um i nt er é8pE SHRIRL LA P ifddiet Spns s tHrpdusdpgoyarpationmhen
magneti c di sk-recordi ng £ sfem. of claim 1 wherein said nonnagnet.c

anti f er r omagnet i*¢>spg2ET? ¥W W IPoRSe bt 1a% SXHegnal snagngile réfrf&i c

di sk recording sygt em ofa €l Al B L Ghel: A HORIRINEN £55ct tayers o
antiferromagneti c spacer Tayer conpri se a___JI ayer of “eF&ttrita tfy hea At ng
material, each ebrsghfghdésd mndSea0nd LayerAd ﬁ&&ughgééédféﬂmﬁruzes; _
conprising electrical conductor |eads fornmed at opposite ends of said first
and second | ayeretustotiaiesres fauplditbnga Rhctagaletiai drihsd&icandEoxecond

| ayered structures to said neans for producing a current flow 4. The
magnet i ¢ dimokingcsa i nppanatiomtofansdacer Stavserleiatedatdagkeains fsaidpr oduci ng
a current flow conprises first and second constant current sources coupled
to said fi re@ngkdc storage medium; and :

detection means coupled to said ‘-magnetoresistive read sensor
for detecting fesistance changes in'séid magnetoresistive
# material respoﬁsive to magnetic fields representative of data
bits recorded in said maggetic storage medium intgrcepted by said

magnetoresistive sensor.

2. The magnetic disk recérding system of claim 1.wherein
said means for fixing the magnetization -direction of said second
layers of ferromagnetic material in each of said.first and second
layered structures comprises a layer of antiferromagnetic

"material in contact with said second layers of ferromagnetic

material.

R



second | ayered structures, respectively, each of said first and second
| ayered structures coupled to different input termnals of _a differential—"
anplifier circuit. 5. The magnetic di ecordi ng system of clai

wherein the first and second | ayers of fep;[,{) NE! i dhis s RoanReplased
| ayered structure pinned | ayer conprisg co aﬂ_t.i‘; d. tifg m “H“ ‘\
nonmagneti c coupling | ayer conprises r BHM 0. ¢

‘magnet or esi stive sensor conprising: a first and a second 1ayered structure,
said first and second | ayered structures 3éparated by a nonmagnetic

antiferromagneti c spacer |ayer, said spacer |layer having a high el ectriscal
resistivity; each of 1d | ayered structures conprising.free and pi nned

| ayers of ferronlégnet ?@é g“a%%r%/e?tal“ gg‘ﬁé‘r 5?%05(%3’7%%33598?‘ ’g? %%%né’ egein
material, saldd hbshs! BYerEd Sl UslUhg Ridnad sLavas LuEiders d neliuding aq
first and second | ayer of ferromagnet |% ‘mat eri al’ separ at ed lby an

anti f er r omagR&leiC o AOREREIRIgre tGQURIAItBY I A BYAT said 83rat!| BWRIr&f structure
antiferromagnetic material in contact with said second | ayered structure

pi nned | ayercolprisesi swid eparegnéibiyeal | snidlispeckrohapér Isdichgsecond | ayer ed
structure pinned |ayer, the magnetization in said |ayer of ‘

ant i f err onngRétferpemagnefiigaatgriinlpheainel Wiogh ehectmiged iregdstavitiysai d
nonmagneti c antiferronmagneti ¢ spacer |ayer; said nmagnetizatjon.direction of
sai d second SPAfeFPaFeY ha¥stafsdrdc 1RafRhtagt WAtRaFaLY| Fegonhylered Sfructure

pi nned | aye ing fixed by said nannagnet.i c. antiferromagnetic spacer |ayer
iin a direct :fgggg‘ﬁg?%%?aﬁ Ime%‘:et 8agh8%nﬁ§g§tﬁtlf§ﬁ ﬁyﬁf?%cﬁxgﬁ&&reéai d second .
| ayered structure pinned |layer and said nagnetization direction of said
first layer of-ferromagnetic material in said first |ayered structure
pi nned | ayer beiag fixed daynatdir agkkOfedddiahbekyseeh N8r rAGHRE BZahePBin
direction of said second | ayered structure pinned | ayer;

said spacer layer comprises nickel-oxide.

5. The magnetic disk recordiné system of claim 2 wherein
said layer of antiferrcmagnetic material in contact with tHe
second layer of ferromagngtic material in said first layered
structure comprises a first antiferromagnetic material, and said
layer of antiferromagnetic material in contact with the second
layer of ferromagnetic material in said second layered structure
comprises a second. antiferromagnetic material, said first and
second antiferromagnetic materials-having different Néel

temperature.
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means for producing a current flow through said nagnetoresistive sensor;
and neans for sensing the variations in the resistivity of the

magnet oresi stive sensor in response to an exter rMEFragae ield due to
-rotation of the magnetization in said free | aye mat eri al
in each of said |ayered structures. 7. The dudl sensor
of claim 6 wherein said nonmagnetic anti ferro L avier
-conpri ses nickel -oxi de. 8. The dual magnetoresistive sensor of claim 6

wherein said antiferromagneti c nonmagnet i3 coupling layer is of_a material
selected fromthe group consisting of ruthenium chrom um rhodiumiridium
and their alloyg 9 dugl pmaghetaresi sti nsQr . claim 6 wherein
said first and ?écoﬁgelia[%s of ?erré%g%h(?[l?% Sﬁ%t%rgﬁ g? (C)ggjélgi%%errs *n
layered st rdiGldiisg recnDeget ayerarGOMYH-sR600ald ahd $ahdeantif&Id ammghetic
nonmagneti c coupling | ayer conprising ruthenium 10. The dual

magnet or esingdrigadesensand ofh€ | sidorf Whageei ¢f @il reffrbheyhotbg ieitetial
nonmagneti c coupling |layer has a thickness in the range of approximately 3A
to 6A. IprpriseFheighghetitisgde.di sk recording system of claim2 wherein
said neans for fixing the magnetization direction in said second | ayer of
ferromagnetic material of said first |layered structure conprises said

spacer | ayer, said spacer_|ayer bging of an antiferronpgnetic. eri al
having a high eféct rPBaaImaEEEq ey, r8ert i oertrny B BRiy 2 wheshitct
with said segandsLaygery &ld; st gc%ggaé gl ' I d
s'§tructure. 4, ?hg rrag%%?%c .|s.k recor, |ngregfgt%%%tg#%}% nﬁ%d\b?grié?n sai d
spacer | aygiate@iBl] S€&chi SKAHxi@Xifd@stOand R dHRENShErdl S& HRAYWSNY system
of claim2 wherein .
) further comprising electrical conductor leads:formed at opposite
ends of said layered structure for coupling each of said first
and second layered structures to said means for producing a

H

current flow.
{

8. The magnetic disk recording system of claim 7 wherein
said means for producing a current flow comprises first and
second cons_t_ant current sources coupled to said first and second
layeréd struétufes, respectively, each of said first and second
layered structures coupled to different input terminals of a

differential amplifier circuit.

is Sheet Has Been Reﬂlaced
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said layer of antiferromagnetic material in contact with the second | ayer
of ferromagnetic material in said first |ayered structure conprises a first
antiferromagnetic material, and said layer of antiferromagnetic material in
-contact with the second | ayer of ferromagngtrT Cer.al giai d second

| ay-ered structure conprises a second anti f. rTr"‘é%a{:”f%éLiE%%%%%i al , said first
and second antiferronmagnetic materials havjn i it enper at ur e.
34 6. The magnetic disk recording systemof claim5 wherein said first

| ayer of antiferromagnetic material conpri®ses iron manganese, and the
second | ayer of antiferromagnetic material conprises nickel-oxide. 7. The

magnetic di sk rgcor diy é&gﬁ{eﬁ{ﬁfofdi%'ka%&&&%%f %%/thﬂi 8¢ chfgaﬁﬁg f2' %%(%efilnr st

conprises a |ayer of eleetTi Ty insulating materral, e sai

and second gaayekedosdr Lefdlr et fFAEARRk RN nditReigh e6t réLad GeRAUGLYbred

| eads. forned at opposite ends of said |ayered structure for coupling each
of said fimstiruandreecansk 1syerfad sit aodt secesdt agars ofafnsrdfomagpeaddci ng a
current flow 8. The magnetic disk recording systemof claim7 wherein
sai d means magerppbdeepanp e dyr @t ahkblexryromponstscf counl iamml lsyeondonenstant
current sources coupled to said first .and second | ayered struttures,
respect i vele EAERE AN ALY BN SEISFForagReRiC StdtrRtidlePedbaphed to

di fferent EQB%%C q&f%ﬁmgéidﬁlgier of antiferromagnetic material, the other

of the first and second layers of ferromagnetic material being in

contact with said layer of nonmagnetic material.

10. The magnetic disk recording system of claim 9 wherein
the first and second layers of ferromagnétic material of said
second layer of ferromagnetic material comprise cobalt and said

antiferromagnetic coupling layer comprises ruthenium.

—_—_—”_P”_'_P—
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differential anmplifier circuit. 35 9. The magnetic di sk recording

system of claimZ wherein said second | ayer of ferromagnetic material of

said first | ayeﬁgéghggtm@ﬁge Geaprises first and second |ayers of
3|J| BEl

ferromagneti c na ' d by an ant
one of the first Hﬂ!
contact with sai f erromagnety

ers of fer
‘first and second | ayers of ferromagnetic ; .
said | ayer of nonmagnetic material. 10. he magneti c di sk Tecording system
of claim9 wherein the first and second | ayers of ferromagnetic material of
sai d second |aygn of of gLEOMREHSLES SR Aliival s&z?ﬂ@fi&ﬁnp%la%ﬁ:a”d sai d
antiferromagnetic coupling | ayer conprises ruthenium 376 11. A dual
magnet or esi sti va Farser ananprs6&68a baydredt sangcturssceadd ayesedasdaructure,
'said first and second | ayered structures separated by a spacer [ayer; each
of sai d | aysrandstlayeradestconpriss prfairased apwl & egener| dgges: of -
ferromagnetic material separated by a | ayer of nonmagnetic material; neans
for fixing the mﬁepﬁzaﬂénlwrvé%%/ i Pirustuses ccaywdifdng first and second

lajérs of ferromagnetic material separated by a layer of

nonmagnetic material;

means for fixing the magnetization direction of said second
layers of ferromagnetic material in each of ;aid léyered'
séructures; .

said magnetization direction of said second layer of
ferromagnetic material fn said first layered structure:being
fixed in a direction antiparallel to the magnetization'direction
of said second layer of ferromagnetic material in said second
layered structure;

means for producing % current flow through said
magnetoresistive 'sensor; and

means for éensihg the variations in the resistivity of the
magnetoresistive sensor in response to an external magnetic field
due to rotation of the magnetization in said first layers of

ferromagnetic material in each of said layered structures.

- ——
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layers of ferromagnetic nmaterial in each of said |ayered structures; said
magnet i zation direction-ef—saird second | ayer of ferromagnetic material in
said first layered structur Qlel ng fixed in a direction antiparallel to the
“magnet i zat i onils Sheet SRESTd second | fpper—af-feryonmmgnetic material in

sai d second | ay ; means for _ , _flow through
sai d magnet or esj ; and neans}j f or - ar i ations in the
‘resistivity of the nmagnetoresistive senso FFespense-ta _gn external
magnetic field due to rotation of the maghktization in said first |ayers of

ferromagnetic material in each of said | ayered structures. 37 12. The
dual magnetoresi g VerReRgQn ﬁEcﬁE@b%éﬂst%%r %'eHséf“ &t ®ah% her whhybhg the

magneti zati on direction of said second |ayers of ferromagnetic nmaterials in

each of sai dalaymeah il WGkUhES cheMPagiRas zathiayedi Bécaitd foar kaNBIBeEbLSd
material in contact with said second |ayers of ferromagnetic material. 13.

The dual mapapéos esfi Sidrremagneti cohatéaiahslZnwhetlei oif ssrid Megrsedior .fi Xi ng
the magneti zation direction in said second | ayer of ferromagnetic materi al
of said firstriciiores] comprdsgseacdapey safs agaiiéequmneféyematsaiidl sbacer

| ayer being of. an antiferromagnetic material having a high electrical
resistivitySoREAGE é'ﬁéé’ersallgyéﬁcﬁﬁfinbaY‘?FSCBEt QEFrWi“JP%t&lcdméé'EBﬁﬁ tayer of

13. The dual magnetoresistive seﬁéor of claim 12 wherein
' ‘said means for fixing'the magnetization direction in said second
layer of ferromagnetic material of said first “layered structure
comprises saild spacer layer, said spécer layer being of an
antiferromagnetic material having a high electrical resistivity,

said spacer layer being in contact with said second layer of

i !

ferromagnetic material of said first layered structure.
14. The dual magnetoresistive sensor of claim 13 wherein

said spacer layer comprises nickel-oxide.

x
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ferromagnetic material of said first layered structure. 14. The dual
magnet or esi stive sensor of claim 13 wherein said spacer |ayer conprises

ni ckel - oxi de isshegﬁ.;alﬁeenki___sedjual magnet or esi stive sensor of claim12

.wherein said ¥ m rromagnetic r .al _in contact wwth the second
| ayer of ferro H “m lal in said fijr re conprises a
first antiferrm erial, and sai T@?eﬁ J Eﬁ?@ﬁr magneti c
-material in contact with the second | ayer -f tic terial in said
second | ayered structure conprises a secod antiferronagnetTc material,
said first and second antiferromagnetic materials having different Neel
-tenperatures. 16. The dual magnetoresistive sensor of claim 15 wherein said
first layer of anrtif&RFofadhets s esiar tifits9Es ofr 6he ey afede imnd
.the second | ayer, of an%i erromagnetic. mater;al. ni ck i de, 17.
Y

f : i ' | -
The dual maghet 6PESEs?P At PRt dng e TR ha et a1 AR (G888, D8 Aiter Thet

e er éi'n each of sal ayers of

f er romagnetd & Bt L8k PR, }%ﬁn fidk @é’ﬁrals'[irn“%%'iﬁefb@%’i N dyer of a

first ferromagnetic materia a thin [ayer of a second ferromagnetic
material i GRRYAck WokPrssddl d ifiddst apel rfrhdoReh@EBgRLE E La BIRId Jaidsai d
thin |layer of said second ferromagnetic material being disposed at the
I nterface heiyseenfsahtifayssmaindtara agaghnedll dnmmabetagk abtch Stthad dempaid of
nonmagnetic materi al .

layer of ferromagnetic material in said second layered structure

comprises a second antiferromagnetic material, said first and
second antiferromagnetic materials having different Néel

temperatures.

16. The dual magnetoresistive sensor of claim 15 wherein
said first layer of antiferromagnetic material comprises iron-
i

manganese, and the second layer of antiferromagnetic material

comprises nickel-oxide.

17. The dual magnetoresistive sensor of claim 11 wherein
each of said layers of ferromagnetic material cqmpfise a dual-

_ layer structure having a layer of a first ferromagnetic material
and a thin layer of a second ferromagnetic material in contact
with said first layer of a ferromagnetic material, said thin
layer of said second ferromagnetic material being disposed at the
interface between said laver of ferromagnetic material and said

layer of nonmagnetic material.

L
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39 18. The dual nagnetoresistive sensor of claim 17 wherein said first
ferromagnetic naterial I s nickel-iron, and the second ferronmagnetic
mat eri al +s—cobalt. The dual magnetoresistive sensor of claim12

-wherein said, %ﬂ%ggah 14888 f er r omagnet i ﬂﬂ% ﬁgé' irst |layered
structure u, nd second | ayeffs 0 Q%ééikgﬁ “I'gl materi al
5 ‘ gnetic coupli ng

N o g

-

separ ated by g first and
-second | ayer RE gnet|c naterlaigbelng in contact with said | ayer of
antiferromagnetic material, the other of said first and second | ayers of
ferromagnetic materi al being in contact with said Iayer of nonnagnetic
material. 20. Theg. dU@genﬁngQ£gégg53%|¥§S.§Q§%k1g ? g}é%%
antiferromagnetic coupling layer is of a materia ect fron1t s group

consi stingsafiar eiheni fuir ShHEUR rahegiaim; J rnh@'kla'!iﬁ-@ﬁ&i’x,t hald t8d Qtandl.
‘The dual magnetoresistive sensor of claim19 wherein said first and second

| ayers of ferromagmetic medtegriadl icorpbabe. cobalt and said antiferromagnetic
coupling layer conprises ruthenium 40 22. The dual magnetoresistive
sensor of claim 19 wherein

18. The dual magnetoresistive sensor of claim 12.wherein
said second layer of ferromagnetic material of said first layered
structure comprises first and second layers of ferromagnetic
material separated by an antiferromaénetic coupling layer, one of
said first and second léyers of fgrromagnetic.ﬁaterial being in
contact with said layer of antiferromagnetic material, the other
of said first and second léyers of ferromagnetic materiél being

in contact with said layer of nonmagnetic material. '

It
20. The dual magnetoresistive sensor of claim 19 wherein
said antiferromagnetic coupling layer is of a material selected

from the group comnsisting of ruthenium, chromium, rhodium,

iridiu@ and their alloys. >

21. The dual magnetoresistive sensor of claim 19 wherein
said first and second layers of ferromagnetic material comprise
cobalt and said antiferromagnetic coupling layer comprises

ruthenium.
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said antiferromagnetic coupling |layer has a thickness in the range of
approximately 3A to 6A. 23. A dual nmagnetoresistive sensor conprising: a
substrate; a-first—sprmvarve structure forned on said sub trate sai d
“first.spin v SHEUgtur r|S|ng f|t ....... =S ECON0.: s of
ferromagnetlg‘Ih amn%l&QEEd by 'a I=yﬁﬂ8@¥ﬁﬁ3 T naterlal; means
for fixing the 1 ‘H direction of saldﬂgﬁkbno of
“ferromagnetic

means for fi's R magneti zati on direction
bei ng between said substrate and said segond | ayer of ferromagnetic
material; a nonmagnetic decoupling |ayer forned on said first spin valve

structure in conbact piet Bugsi Heghssdedaervol JLOMORGLLE TBUAILALG, @

second spin valve structure forned on said decoupling layer; said second

spin val ve sdidIGhiti¢eeBREySEOYC tbdurh iagdl 4 par trhaé ay ehscRheferiomagnetic
materi al separated by a |layer of nonmagnetic material, said third | ayer of
ferronagnetnangeabéraaprbenmgtehycbmttunfmm th said decoupllng | ayer ;. means
for fixing the magnetization direction of said fourth | ayer of
ferromagnetic material, said means for fixing the 41 nagnetization

direction being_in contact with said fourth | ayer
23. A dual magnetore51st1ve sensor comprising:

a subst;ate:

a first spin valve structure forﬁed on said substrate;

said first spin valve structure comprising first and second
layers of ferromagnetic material separated by 'a layer of
nonﬁagnetic material;

means for fixing the magnetization direction ;f said second
layer of ferromagnetic materi&l; séid means for fixXing the
magnetization direction being'%gtween said substrate and said
second layer of ferromagngtic matgrial;

a nonmagnetic decoupiing layér formed on said first spin
valve structure in contact with said first layer of ferromagnetic
material; ) =

a second spin valve structure formed on said decoupling
iayer;

said second spin valve structure comprising third and fourth
layers of ferromagnetic material separated by a layer of
nonmagnetic material, szid third layer of ferromagnetic material
.being in contact with szid decoupling layer;

means for fixing tr2 magnetization direction of said fourth

layer of ferromagnetic xmzterial, said mesans for fixing the

L
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of ferromagnetic material; said magnetization direction of said second

| ayer of ferromagnetic material in said first spin valve structure being
fixed in aw%ﬁﬁm el to the nagnetization direction of said
“fourth layer of ferronpaRrediiced mterial in said second spin valve structure;

means for pr q t flow througl—=ard magnetro 'St ve sensor;
i m‘:m‘\ riations int ‘eT"r‘@sgfwﬁ\ﬁ, égéNt he

.and neans for _
magnet or esi st i esponse to an extgrﬁ%ﬂl‘ field due to

rotation of the magnetization in said first and third | ayers of
ferromagnetic material. 24. The dual maghlet or esi stive sensor of claim 23
wherein said neans for fixing the magnetization direction of said second
and fourt h Nagpetd zetiorr dopeainieti deaimgein aton tacaivd tdpisa idakyer st rLotdl es
conprises a |ayer of antiferromagnetic material in contact with each of
sai d secon®Taf@rFoURIRET 55 d¥at g ider r omagnetic materi al . 42 25. The
dual magnetoresisghtlijveasntlaesiozratci]c cldgi m 24 wherein said Igyer of

antif erromagnet Pe et ati alt i H ShiHEE W P The 2 8678 Fay@¥ebhiot

f err omagnetsd ' CGRIMY;SSS 33 f5hk St i ferro t] i al,..and
said | ayer ﬁggfg%%lség?%%nagneﬁ%? r%glt esra:igl f|ﬁ1r11g‘tﬂco tlgc?%%gghg?ﬁlgg%-%% t%héﬁn%er
g; i Ij er r OMagT&lekC i Bk edi PtV EntePaga 86PN AN LBLHhRFRIREIbE dBLRHi¥n

of said fourth layer of ferromagnetic material in said second
spin valve structure;

means for producing a current flow through said

-
K

magnetoresistive sensor; and

means for senéing the variatioqs in the resistivity of the
magnetoresistivg sensor in responselfo an external magnetic field
due to rotation of the magﬁetizatiod in said first and third

H

layers of ferroﬁagnetic—material.

24. The dual magnetoresistive sensor of claim 23 wherein
said means for fiking the magnetization direction of said second
and fourth layeis of ferromagfietic material in said spin valve

. structures comprises a layer of antiferromagnetic material in
contact with each of said second and fourth layers of

ferromagnetic material.
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first and second antiferromagnetic materials having different Neel
tenperatures. 26. The dual magnetoresistive sensor of claim25 wherein said

first layer of antiferromagnetic material conprises iron- nanganese, and
<t he second | ayeshe@iadldeh R&NEQMAGNEtTi C material conprises nickel -oxide. 27.

The dual magn mEmm“Eﬁ Fnsor of claim 23 V\,herei n_each of said | ayers of
ferromagnetic _ I I se a dua R tavi ng a layer of a
“first ferroma] [ and. a th ngé m g secdnd ferronmagnetic

material in contact with said first |ayern.o erPﬁn‘agretlc material, said
thin |l ayer of said second ferromagnetlc materl aI bei ng di sposed at the

e e ernedh sakfle! aYgl RLASLLAMANELL S A ) e 2 W diels o

nonmagnetic materi Al magnet or eal st ve “Sefsor c
wherein saigh{d rl%tyefrebpfoaagﬂﬁéwo Rl mé@ef”a?lkeil IdoARacNgi therecond
ferromagnetic material is cobalt. 29. The dual nagnetoresistive sensor of
cl aim 24 whes@ind Saiyérsecondrtayeinatfid ektorbgneidnpriiaiesr bakFipét said first
spin valve structure conprises first and second | ayers of ferromagnetic
naterial sepdridieetampgartantndeer oragreti saidoptdmefl aped feonsradnd e
first and second |ayers of ferromagnetic material being in contact with

sai d | ayer ®FtesiElf dpr spabnet i ¢ithttd aPuthel@tEr?ePfoffeFH@m?W%?l%nd second

| ayers of ferro netic paterial bei in_contact wi.th said,]I
. y tegygi comprises a seconéuintlferromagnetlc r:tater:.af"y sal

first and second antiferromagnetic materials having different

Néel temperatures.

26. The dual magnetoresistive sensor of claim 25 wherein
said first layer of ‘antiferromagnetic material comprisés iron-
manganese, and the second layer of antiferromagnetic material

comprises nickel-oxide. !

27. The dual magnet;resistive sensor of claim 23 wherein
each of said layers of ferromagnetic material comprise a dual-
layer structure having a layef of a first ferromagnetic material

~and .a thin layer of a second ferromagnetic material in contact
with said first layer of a ferromagnetic material, said thin
_layef of said second ferromagnetic material being disposed at the
interface between said layer of ferromagnetic material and said

layer of nonmagnetic matsrial.
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nonmagnetic material. 30. The dual nagnetoresistive sensor of claim29
wherein said antiferromagnetic coupling layer is of a material selected
from the_group consisti-ng—ef ruthenium chrom um rhodium iridium and
*their alloys. 31.. The dual magnet or esj i m30 wherein the
first and Tis ; f er r omagnetli HIB@HESTAHADPERNI |1 second | ayer of
ferronagnet npri se cobal §§f and BEFMER i f er lomagneti c coupling
| ayer conpr i 1] t 44 32. al~ “magnet or esi sti ve sensor
conprising: a substrate a first spin valye structure formed on said
substrate; said first spin valve structure conprising first and second

| ayers of ferrog%gneth ga ﬁrigJ“se arated by a | ayer. of nonmagnetic
material, said first ‘Payer2of™¢ers ABEHER it PFaPIb%}ﬂtP|%1 TE Wit h

sai d substrs & A3gcen gr%gé qunas_tgrrtilgt ure for rrﬁdlgghacaerpé t%al dfirs
spin valve's ructure sai Xomd spin var ve stri€rute conpr|5|ng FHHFE and

fourth layefs dg%mbﬁEEQEHﬁQ@éffé{ﬁﬁ§ﬂgd% Lyseparated by a layer of nonnagnetic
material, sal odrth layer ferromagnetic material being adjacent said
second Iayer of ferromagnetic material; neans for fixing the nagnetlzatlon

direction of said second
29. The dual magnetoresistive sensor of claim 24 wherein

said second layer of ferromagnetic material of said first spin
valve structure comprises first and second layers of
ferromagnetic material separated by an antiferromagnetic coupling
layer, one of the first and second layers of.férromagnetic
material being in contact with said layer éf antiferromagnetic
material, the other of the first and-second layers of
ferrpgagnetic material being in conéact with said layer of

nonmagnetic material.

30. The dual magnetoresistive sensor of claim 29 wherein
said antiferromagnetic coupling layer is of a material selected
from the group bonsisting of ruthenivm, chromium, rhodium,

iridium and their alloys.

31. The dual magnetoresistive sensor of claim 30 wherein
the first and second layesrs of ferromagnetic material of said
seécond layer of ferromacnetic material comprise cobalt and said

‘antiferromagnetic coupling layer comprises ruthenium.

|l|||||| Il IIIll IlllI |I illl
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and said fourth layers of ferromagnetic material, said means for fixing the

magneti zation of said second and said four{h lavnrc of _ferromagnetic
mat eri al being dlaiosed bet en said secon@1#myQHr9i‘&gmﬂQﬁ@@netlc mat eri al

=and sai d f oufhisigh onagnetlc natérlaj,qu{gtgwagnetlzatlon
er of ferronagﬁettc:ﬁatefraL-bepdg fixed in a

di r.ection of
direction ant e magneti zation direction of said fourth | ayer

* of ferronagnetlc -material; means for producing a current flow through said
magnetor esi sti ve sensor; and 45 means;for sensing the variations in the
resistivity of the nagnetore5|st|ve sensor in“response to an external

magnetic field gEe to é&%éﬂlon,gj t he ga netization in,said first and third
layers of ferrorfgneti 3t q%ﬂ“°§§§ls (ﬁﬁﬁsoﬁaﬁﬁg?ﬁfﬁﬁ?%tlve sensor of

claim 32 wherei L g pmans for fixing the magnetization direction of said
second and said fourth.layers of ferromagnetic material conprises a Iayer

of antiferronagaeti gsmdg alalive GRRLABEr VA Imeal 6nS65 Mtk @t Saied fourth
| ayers of ferromagnetic material, said antiferromagnetic naterial having a

hi gh el ectrical sapdi sifst tgpind4ralvEhet tustiurngoepoli esn§t £ MestSems0iseebne ai m
33 wherein said layer of antiferronmagnetic material conprises-nickel -oxide.
35. The duakyestgnef ofesigtagnetiengeteniak|separad2edhey ez nlayer of

nonmagnetic material, said first layer of ferromagnetic material
being in contact witﬁ said substrate;
‘ a second spin valve structure formed adjacent said first

spin wvalve structure;

said second spin valve structure comprising third and fourth
layefs of ferromagnetic material separated by a layer of
nenmagnetic mate;ial, said fourth léyer of ferromagnetic material
being adjacent said second layer of ferromagnetic material:

means for fixing the:magnetization direction of said second
and said fourth layers of ferromagnetic material, said means for
fixing the magnetization of said 'second. and said fourth layers of
ferromagnefic material being disposed between said second layer
of ferromagnetié material and said fourth layer of ferromagnetic
material;

said magnetization direction of said second layer of
ferromagnetic material being fixed in a direction antiparallel to

the magnetization direczion of said fourth layer of ferromagnetic

‘material;

i}

means for producing z current flow through said

]

magnetoresistive sensor; znd

L]



each of said layers of ferromagnetic material conprise a dual- |ayer
structure having a layer of a first ferromagnetic material and a thin |ayer
of a second ferromagnetic.material in cg S aid first layer of a

“t erromagneti d‘his@teetﬂiaaBeel ngﬁlaﬂed hin | ayer ]

frat eri al bein he interfa g
ferromagnetic aid -layer TEgT : atgrial . 4 6 36.
The dual magnetoresistive sensor of claim35 wherein said first
ferronmagnetic material is nickel-iron, aggl the second ferronmagnetic
material is cobalt. 37. The dual nagnetoresistive sensor of claim 33

wherein said secaond_f omagnetic. .l ayer.conprises first and second | ayers
of ferromagneti %‘gﬁg er%‘lgéls%lgspjﬁr%ltt&e %ﬁr ﬁtlg%ﬁ 8} rt%’ﬁaﬁﬁéf?'&l%%Hng}‘l%ayer,
one of saiq fid. rs, Qf 0 ti i al bei.ng d.n
contact w ?'ha dns%ikéégg?/g%?%?ge aAnsta"%l elfhr %ﬁg %Eaétr? (r;&rgr%[%ere %atg?}lﬁe&aogtrh%rl%é 4%

first and sgeond kayetso®focf el OMmaRRL: SaBIL iAlsaRel RIrEp SANLAGHGM th
said | ayer of nonmagnetic material. 38. The dual nagnetoresistive sensor of
clai m 37 wheryeirs sdi defromdigraatd Sexaadibnyers of ferromagnetic materi al
conprise cobalt and said antiferromagnetic coupling | ayer conprises

rut henium 39. The dual nagnetoresistive sensor of claim 37 wherein said

antiferromagnetic coupling layer is of a nmaterial selected
- 33. The dual magnetoresistive sensor of claim 32 wherein

said means for fixing the magnetization direction of said second
and said fourth layers of ferromagnetic material comprises a
layer of antiferromagnetic material in contact’ with said second
and said fourth layers of ferromagnetic material, said
antiferromagnetic material having a high-electrical.resistivity.
i
34. The dual magnetoresistive sensor of claim 33 wherein

said layer of antiferromagnetic material comprises nickel-oxide.

: 35. The dual magnetoresistive sensor of claim 32 wherein
each of said layers of ferromagnetic material comprise a dual-
layer structure having a layer of a first ferromagnetic material
and a thin layer of a second ferromagnetic material in contact
with said first layer of a ferromagnetic material, said thin
layer of said second ferromagnetic material being disposed at the
interface between said laver of ferromagnetic material and said

-layer of nonmagnetic matfsrial.

L



fromthe group consisting of ruthenium chrom um rhodium iridium and
their alloys. .. 47 40.-—The dual magnetoresistive sensor of claim 37
wherein said antiferroma %£&p coupling que&:hasraF%%?fkﬁésg in the. range

n o o o T
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36. The dual magnetoresistive sensor of claim 35 wherein
said first ferromagnetic material is nickel-iron, and the’ second

ferromagnetic material is cobalt.

37. The dual magnetoresistive sensor of claim 33 wherein
said second ferromagnetic layer comprises first and second layers
of ferromagnetic material separated by an antiferromagnetic
coupling layer, one of said first and second layers of
ferromagnetic material being in contact with‘éaid layer of
antiferromagnetic material, the other of said first and second
layers of ferromagnetic material being in contact with said layer

of nonmagnetic material.
1

38. The dual magnetoresistive sensor of claim 37 wherein
said first and second layers of ferromagnetic material comprise

cobalt and said antiferromagnetic éoupling layer comprises

rutheniun.

39. The dual magnetoresistive sensor of claim 37 wherein
said antiferromagnetic coupling layer is of a material selected
from the group consisting of ruthenium, chromium, rhodium,

iridium and their alloys.

A



4]

THIS SHEET HAS BEEN |
REPLACED

This Sheet Has Been RTléced

AT

&7

40. The d 151
ual magnetoresistive sensor of claim 37 wherein

said i i
antlferromagnetlc coupling layer has a thickness in the

range of approximately 3A to 6A.
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