wged- 92- 114 - A MAGNETOREE ST VE

$é'*’SPI':"N VALVE SENSOR AND MAGNETI C STORACGE SYSTEM
|-NCORPORATI NG SUCH A SENSOR The present invention relates
generally to r@gr_lgg_ilht ransducers for readi ng informati on signals
recorded in a nmagnetic nedi um and, nore % particularly, to

magnet oresi stive read transducers based on the spin val ve effe

It is well known in the_p r .G T tg,p%duc

referred to as a magnet 3r@56|?'[s?f($‘\7:e1% %géﬂggwgéﬁégoﬁ%%?m&ea i ng data -
froma magnetic storage ne8TUMFE HYPHEE INGOREIRAZING Pifdlap SHUPRR t i An MR 10
sensor detects magnetic field signals through the resistance changes of a

read el ement fabri Gatgde@dnt2ifRAPEIN FelREL GEAIra®hy Ro indBfdtiONerBhsdulErs for
strength and direction of magnetic flux bei'ng sensed.by the read el enent.

These prior arteaffegs énfosratigperigpalsorraondedh s issmagme tifremetiig cindofoge
magnet or esi gt iy {AYR1ET {LRbgleRodliflive GRENQRHucHs bliRdr &2EnelBIRNT

valve effect.

It is well known in the prior art to use a magnetic read transducer
referred.to as a magnetoresistive (MR) sensor or head for reading data
from a magnetic storage medium surface at great linear densities. An MR

10 sensor detects magnetic field signals through the resistance changes of a
read element fabricated of a2 magnetic material as a function of the
strength and direction of magnetic flux being sensed by the read element.
These prior art MR sensors operate on ghe ba;is of the anisotropic
magnetoresistive (AMR) effect in which.q comﬁonent of the read element

15 resistance varies as the square of the;icosine (cosz) of the angle between
the magnetization and the direction of sense current flow through the
element. A more detailed description of the AMR effect can be found in
"Memory, Storage, and Related Applications", D.A. Thompson et al., IEEE
Trans. Mag. MAG-11, p. 1039 (1975). -~

20 More recently, a different, more pronounced magnetoresistance has
been observed resulting from the effects of spin-dependent-scattering of
conduction electrons in magnetic multilayered structures of the form
(F/NH)n where F is a ferromagnetic metal and NM is a nonferromagnetic
metal. This effect has been found in a variety of systems such as

25 sputtered Fe/Cr, Co/Cu, or Co/Ru multilayers exhibiting strong
antiferromagnetic coupling of the ferromagnetic layers, as well as in
essentially uncoupled layered structures of the form (F/NW/F) in which
the magnetization orientation in one of the ferromagnetic layers is fixed
by exchange anisotropy. The physical origin of the magnetoresistance is

30 the same inAboth types of structures: the application of a magnetic
field cause; a variation in the felative orientation of the

magnetizations of adjacent ferromagnetic layers. The resistance of the
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15 resistance varies as the square of the cosine (cos[err]) of the angle
bet ween the magneti zation and the direction of sense current flow
t hrough t he el enent. A nore detail ed description of the AVR effect can
be found in "Menory, Storage, and Rel ated Applications”, D.A Thonpson
et al., |EEE sag-92-Ttans. Mag. HAG 1, p. 21039 (1975). 20 Nor e
recently, a different, nore pronounced nagnetoresi stance has been
observed resulting fromthe effects of spin-dependent-scattering of

conducti on el KeLdAPS dnandBIRStthe dMibiirehdYo?! B SidnbEiME fhs Whahdtd EQWM
(F/INMJ[err] where Fis a ferromagnetic netal and NMis a nonferromagnetic

nmetal . This @rrebelntssapeiearsidghd Thisymechepiimproducasst apgnetgrssistanss

sputtered Felyght, €0f @éleed WUmBUndtibld bAYRES 18X Bi gk &t e LinORLmi tude
antiferromagnetic_cou Ilng of the ferromagnetic layers, as well as in

essential |y UhenpediR, &5y referged Uoeds She "ARin vHive | megpateyesistansech

the magnets zadsingt) 6f iQahBmagittoPesdBEariet (i) ferromagnetic layers is fixed
by exchange ani sotropy. The physical origin of the nagnetoresistance is 30
the sane in both types of structures: the application of a magnetic y

field causes a vawi€l ipatertnnd.Ne, 948, 639 Y& cRGMRRE Feb@Ib& at NGered magnetic

gzt O e LBy s B ST 1 Bl Gaused by atiparaites OF the
alignment of the magnetizations in the magnetic layers. As possible
materials for use in the layered structure, Grunberg lists ferromagnetic

10 transition metals and alloys, but does not indicate preferred materials

from the list for superior MR signal amplitude. Grunberg further
describes the use of antiferromagnetic-type exchange coupling to obtain
the antiparallel alignment in which adjacent layers of ferromagnetic

materials are separated by a thin nonmagnetic interlayer of chromium (Cr)

15 or yttrium (Y), for example,

Our European Patent Application EPO 490,608 discloses an MR sensor
in which the resistance between two uncoupled ferromagnetic layers is
observed to vary as the cosine of the angle between the magnetizations of
the two layers and which is independent of the direction of curre;£ flow

20 through the sensor. This structure produces a magnetoresistance that is
b%sed on the spin valve effect and, for selected combinations of

o3

materials, is greater in magnitude than the AMR.

Our U.S. Patent No. 5,159,513, issued October 27, 1992, discloses
an MR sensor based on the above-described spin valve effect which
25 includes two thin film layers of ferromagnetic material separated by a
_ thin film layer of a non-magnetic metallic material wherein at least one
.of the ferromagnetic layers is of cobalt or a eObalt alloy. The
magﬁetizatioé of ‘the one ferromagnetic layer is maintained perpendicular
to the magnetization of the other ferromagnetic layer at zero externally
30 applied:magnetic field by exchange coupling to an antiferromagnetic

layer.
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SA9- 92- 114 2 structure changes as the

al i gnnent of the nmagnetizati ons changes from %asﬁee &l rallel.

Thi's mechani sm produces a magnet or esi st ance i

conbi nati ons % W?ﬁ‘fi als, is gr eat er in gagni tude ﬁ?p and
e

is referred (0 as "spin val ve" magnet or esi stanc gi ant
magnet or esi st ance (GWR). U. S. Patent No. 4 949 039 to G unberg

describes a | ayered el ds.enha
effects caused by?an‘tn?gtéreté’ Wt the re%t'llremr?ﬁgngtmoefvef hmcreas’r‘tne% ?zg |gntéagen t he

magneti c | ay@efsitAss (instsodalyes magnetnatsebra@styfsoamsus:s: (%) :*eharledytmaedthe

structure, G.unber staakersQ neti.c ..10 transitio tals oys,
but does not "R égtgelu et"éﬂgeaira"% ?s RS Qeads abrf‘?la ein P e'gsul%eh or
MR si gnal arrnhi:tnsatelayerstrdiefqrbmgnlaac matenadescm motshetmemg ultrathm

antiferro gnet| LY, upI n ob ant rall el
al i gnnment n? %ﬁ igs’écen 9rfgg§aé¥eg bf"’llb l(':elcr?gmig;hetexample % 1{)1{] cfeB? dg‘rie
separated by mr édtlfﬁldientm@nett |for|uh'ee¢olnagtﬁlionztl ofer oamiso @E€vellld for thétrium

(Y), for example. ecent svmr or GMR sensors.

Viewed from a first aspect the present invention provides a
magnetoresistive sensor comprising: a first and a second layer of’

10 ferromagnetic material separated by a spacer layer of nonmagnetic
material, the magnetization direction of said first layer of
ferromagnetic material being substantially perpendicular to the
magnetization direction of said second layer of ferromagnetic material at
zero applied magnetic field; the sensor being characterised in that: a

15 back layer of nonmagnetic electrically conductive material is provided

B i
adjacent to and in contact with said first ferromagnetic layer.

Viewed from a second aspect the present invention provides a
magnetoresistive sensor comprising a first and a second layer of
ferromagnetic material separated by a spacer layer of nonmagnetic--

20 material, the sensor being characterised by: a first back layer of
nonmagnetic electrically conductive material adjacent to and in contact
with said first ferromagnetic layer, said first ferromaﬁﬂetic layer
disposed between said first back layer and said spacer layer; and
a second back layer of nonmagnetic electrically conductive material

25 adjacent to and in contact with said second ferromagnetic layer, said

second ferromagnetic layer disposed between said second back layer and

said spacer layer.

In accordance with the principles of the ptésent iﬁvéntion, an MR
read sensor based on the spin valve effect comprises a layered structure
formed on a suitable substrate including first and second thin film

layers of a ferromagnetic material separated by a thin Film layer of non-



s Qur European Pat ent Application EPO 490, 608 di scl oses an MR sensor
whi ch the resistance between two uncoupl ed ferromagmem,egujlag

S
observed to vary as the -cosine of the angle bet vveeniy! /ﬂ',mdms of
the two | ayers and which is independent of the dire t flow
20 through tE8-98nddr. This structure prbduces a ce that,
S based on the spin valve effect and, for selected conbi natlons of
materials, is greater in magnitude than the AVR

aur
Patent No. 5, baghe5ig metaldiedatetighevhorein gy deasy de) first layer of I\/R sensor

b.aSEd on the ?Q%\éﬁa&%%gé 'mQ@tg'lglp i3 Ve b@f; Q.G;'erv\'bf thnona5gne|tﬂ@ lelgexs-itamryt hi n
filmlayers o erronagnetic material separated by thlnfllml yer

of a non- magneeiduchindardtesiztat e are E"?Ptatt'lee‘&aélf‘e%ét““ dirgetiofeo

ferr Omagnet ic L?Hﬁ '1§yeQ’f of?b?tlo‘}naer{et‘i‘c Q\Q@ﬁlﬁl 3i|s| Qibstan-gﬂ&lly perpendicular
magneti zati on e one ferronmagnetic layer is nmintained perggendl cul ar

to the magriet itechheorngns tizhtiag digection: hdheerand tayer oft ferEpRrBgtS nal Iy
30 applied- MRGRAGHAE skl £ SikeFRoaINGB1RARIGNOALC £iedB. ATd hRGIANBEAGH | C
ayer . direction in the second ferromagnetic layer is constrained or maintained
("pinned*) in its direction by .exchange coupling provided by an adjacent
layer of antiferromagnetic material in physical contact with the second
‘10 ferromagnetic layer. The direction of the magnetization in the first
("free") ferromagnetic layer is free to rotate in response to an
externally applied magnetic field. A current source provides a sense
current to the MR sensor which generates a voltage drop across the read
element proportional to the variations in the resistance of the MR sensor
15 due to the rotation of the magnetization in the free layer of
ferromagnetic material as a function of the applied external magnetic
field being sensed. The magnitude of the re;istance change of the read
element is a function of the cosine of the change of the angle between
the direction of magnetization in the free layer and the direction of the
20 magnetization in the fixed layer in response to an externally applied

magnetic field such as that representative of a data bit stored in

magnetic media.

The present invention will be described further, 5§ way of example
only, with reference to an embodiment thereof as illustrated in the

25 accompanying drawings, in which:

Figure 1 is a simplified block diagram of a magnetic disk storage
system in which an MR sensor according to the preferred embodiment of
the present invention can be used; ‘ .
Figure 2 is an exploded view in perspective of a preferred
30 embodiment of the magnetoresistive sensor according to the principles of

the present invention;



¢ In order to meet the requirenent for ever increasing data storage densities
In today's nmagnetic storage systens, it is required that the magnetic fl ux
sensing elements in MR heads be fabricated in progressively thinner |ayers
of ferromagnetic material. MR sensors utilizing ultrathin magnetic fl ux
sensing | ayergag-9a9ud 15 A, for exanple, sexhibit degraded MR coefficients
both for the conventional AMR sensors as well as for
SUMVARY OF THE | NVENTI ON According to one aspect of the present

i nvention there i $;gL,9Ct0980: GraflPORNRhO[BELGhENE tHERAMHGCATRRd NY: & first
and a second layer 0f ferromagnetic material separat ec? by a spacer |ayer
of nonmagnet icondutenseaps theefneagiager magnedization chansgs ofrogdagaliedry | ayer

of ferromagnef Epmiferli 84 DEIRYi BB AP adk 14y NCERRRALLGUES! tho the
magneti zation direction of said second | ayer of ferronmagnetic material at

zero appl i ed mageghesesistiveesensos shavk iraKigureoR: nonnagnetic el ectrically

conductiveg mat eri ghadl #£89ta GPaptAtich N 160 AEds Yhd BnaRk did thade .
ferromagnetic |ayer, said back |ayer being coextensive wth said first
f err omagnet i cop@irsanceoderibAfrse ey an mpetetjzathen elngee Fpr PersEeloitagnetic

layer; and ngefisrbOle1MBNERINE NG e sORIPELE BRLL YPAck Na§al FoB RGPS
ferromagnetic layer in a desired direction.
ferromagnetic materials as a function of the free layer thickness;
Figure 4 is a graph which illustrates the magnetoresistive
10 coefficient as a function of back layer thickness for a copper back layer
in the magnetoresistive sensor shown in Figure 2;

Figure 5 is a graph which illustrates the sheet resistance of a
copper back layer as a function of the back layer thickness in the
magnetoresistive sensor shown in Figure 2; .

15 Figure 6 is an end view of alternative embodiment of‘a
magnetoresistive sensor constructed in accordance with the; present
invention; .

Figure 7 is an end view of another embodiment of a magnetoresistive

sensor constructed in accordance with the present invention; and
20 Figure 8 is a schematic diagram illustrating a preferred embodiment

of the magnetoresistive sensor shown in Figure 2.

Referring now to Fig. 1, although the invention is described as
embodied in a magnetic disk storage system as shown in sz. 1, it will be
appérent that the invention is also applicable to other magnetic

25 recording systems such as a magnetic tape recording system, for example,
and to magnetic random access memory systems wherein a magnetoresistive
element serves as a bit cell, for example. In the preferred embodiment,
at least one rotatable magnetic disk 12 is supported on a spindle.14 and
rotated by a disk drive motor 18. The magnetié recording media on each

30 disk is in the form of an annular pattern of concentric data tracks (not

shown) on disk 12.
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t According to another aspect of the invention there is disclosed a magnetic
storage systemconprising: a magnetic storage nedium having a plurality of
tracks for recording of data; a magnetic transducer maintained in a
cl osely spaced position relative to said magnetic storage mnmedi um during
relative rmtioglglg ween said magnetic tratgsducer and said nmagnetic storage
medi um said nmagnetic transducer including a magnetoresistive sensor
conprising: a first and a second | ayer of ferronagnetic material separated

e TRer L er B ORISR e b e U ey S
per pendi cul ar §uﬁp¢t:’rt¢ng A et harat rhé.yil_ediicl’ e€ddiy i toftrsadadc&acond ey er1yof

4EE magnet | o et Bh RS A BB bradRon Mgt sk et ctle HidsrtdE tese
materi al adj acentd rediadlly iin TNOECbveri the Fasid siifabé 2bedd eXrgBIRL headsayeT
cover i ng subePRRCCSHTY, SEEESFEIR PRSP 3¢ Pl vishudiet Ae-PAg AR AT SR dreans
for mai nt ai ni mych séidmghetiszatithcied to 2ai < t6aRO Nl Br PPIRERLHE G kdypRhsion a
movi g sai d ndgnerle EEHRATEEs Reav et AN SRS QR aPtichdets Enbt or age

medi um and dellideri bh ageinss theudiskdsiracaize. NMEYRCIQIEEIrShiny B9 SENSa K
detecting resi stance changes i97 sa'@g‘i naﬂg?t oresi stive sensor in response to
magnetic fiel dS Imtercept 88 By sai " AGHBLOT BETSt 79 8r¥nEbFig-daP¥ Radhetic
fields reptlesepieat toid wdtogta(vaMp| tfer rexaeplded The VKR dmpEigeeta €01l Advagsle

nmedi um dj tp still anojher, aspect, of the invention there is

di scl osed a m%%hg% o% gg’l‘% v "eéyécngé?ﬂgo#ﬂfr ?gﬁeﬁé*.°“aa'1di ATk (0 b tg%é’(?hh | ayer
of ferronagnempeemeatsebeinly controlled by the motor current signals supplied by a

controller.

During operation of the disk storage system, the rotation of the

15 disk 12 generates an air bearing between the slider 13 and thé disk
surface 22 which exerts an upward force or 1ift on the slider. The air
bearing thus counterbalances the slight spring force of the suspension 15
and supports the slider 13 off and slightly above the disk surface by a
small, substantially constant spacing during operation.

20 The various components of the disk storage system are controlled in
operation by control signals generated by control unit 29, such as access
control signals and internal clock signals. Typically, the control unit
23 comprises logic control circuits, storage means and a microprocessor,
for example. The control unit 29 generates control signals to control

25 wvarious system operations such as drive motor control signals on line 23
and head position and seek control signals on line 28. The control
signals on line 28 provide the desired current profiles to optimally move
and position a selected slider 13 to the desired data track on the
associated disk 12. Read and write signals are :«communicated to and from

30 read/write heads 21 by means of recording channel 25.
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separated by a spacer |ayer of a nonmagnetic conductive material, the
direction of magnetization in said first and second | ayers of ferromagnetic
material responsive to a magnetic field generated by a sense current in
sai d nmagnet oresi stive sensor being oriented at equal and opposite angles
with respect to the sensor magnetic easy axis; a first back layer of
nonmagneti c el @8rP$dafly conductive materi dl adjacent to and in contact
with said first ferromagnetic |ayer, said first ferromagnetic |ayer

di sposed between said first back |ayer and said spacer |ayer, said first
back |ayer being cdgt#hesedesoriptionpd « kynical aponsvhg ek étpagerslt?é%rrl ng

subst ant i al | ycéfleaﬂetwumrw i8h fﬁué}g@ﬂﬂe&é §id.2YSdre ANdrarecaRadidrack |ayer

of nonmagnet i ectrica conductive material adjacent to and in contact
with said secandpésasr mﬁelgneTttl ghqudg dre, appgrentsthadndiskesyouagey ALETYeESs IMayer

di sposed between, s d ﬁ%g@%mbacwam aa@qcamtgrépgﬁoe@aéﬂ%atéﬁm second

back | ayer being coextensive wth said second ferromagnetic [ayer coverlng
subst anti al by supportneinuberefnglifiers-omagnetic | ayer. According to
still another aspect of the invention there is disclosed a magnetoresistive
sensor conprising: a first and a second | ayer of ferromagnetic materi al
separated by a spac?eﬁetr!‘éy@rnouftméman@vi'&‘ aRimerdlyk semier 3P rasepfding ofe

rnagneti zation principles of the resent nvention comprises a suitable sub§4?ate5§i(j
first layer of ferronagnetic material being substantially perpendicular to

the directiorsush asaglassi <erpmie of asa¢miconduolnr . | foreexanpld . crpaynulivht i
material at ZeJeBoéﬁrah'aeQmmmtlh;erf 5£lod: a A0SR LARC KndnA¥filet Af oPORGRANEL I C

electrically conductive material adjacent to and in contact wth"said
first |ayel0ofmateriadmeryférdtc thim Eilmallavesaisdobaekt Ifayromatpeithy magerdnt erfsi ve

with said fi rsttmr,emmﬁg@ﬁtsbcoé QY fn-REBHEE] e SUPR! Ar2h] And hes&idhis @ik T st
ferromagnetic | ayer. he present” invention wll be described further,

by way of exanfil® dyey 39wk ﬁerromagnetzc material. The first ferromagnetic layer

35 is formed directly on and in physical contact with the conduction
layer 33 forming a bilayer. The magnetizations of the two layers 35, 39

15 of ferromagnetid material are oriented at an angle of about 90 degrees
with respect to each other as indicated by arrows 32 and 38 in the
absence of an externally applied magnetic field. 1In addition, the
magnetization direction of the second layer 39 of ferromagnetic material
is fixed or pinned in a preferred orientation as shown by the arrow 38.

20 Thus, while the magnetization direction of the second ferromagnetiz‘layet
39 remains fixed, the magnetization in the first layer 35 of
ferromagnetic material is free to rotate its direction in response to an
externally applied magnetic field (such as magnetic field h as shown in

Fig. 2), as shown by.the dashed arrows on layer 35 in Fig. 2.

25 A thin film layer 41 of an exchange biasing material having
relatively high electrical resistance is deposited in direct contact with
the second thin film layer 39 of ferromagnetic material to provide a
biasing field by exchange coupling. In the préferred embodiment layer 41
comprises a suitable antiferromagnetic material, preferably iron-

30 manganese (FeMn) or nickel-manganese (NiMn), for example. Alternatively,
the second ferromagnetic layer 39 can be pinned using a hard bias layer

(not shown) or by other suitable methods as is known in the art.



reference to an enbodi nent thereof as illustrated in the acconpanying

drawi ngs, in which: Figure 1 is a sinplified block diagramof a
magneti c di sk storage systemin which an MR sensor according to the
~preferred enbodi nent of the present invention can be used,; Figure 2

is an expl oded_vie J'n perspective of a preferred enbodi ment of the

magnet or esi stP¥&%Sehsor accor di ng to the Bri nci pl es of the present

i nvention; SA9-92- 114 5

Figure 3A is a graph which illustrates the change in sheet conduct ance
as the free |ayer PAafnetis2at9268° CRaNGe®P it tAlVpBtatqterhergin the serspndead) e
as a functi oRiefentdeohipeiset aner rerPbmdghOES /A-midABic/ fer rBRGMOL LY @Sy&lelave

sensor shown in Figure 3; 6’2’ , Figure 38 is a graph which illustrates
the change i FtEYREEEe 15 SesEriPfdciramEsatas dehails ndbs abeye reffrarresafirppean
changes fromppedmt! dgliié4tion EP &)¥obevBal ITRE dp@h ARV MN ALY E: MRe SRRBEPTBRGW t h
no back Iag/er for, various . .
therein comprises two ferromagnetic conducting layers separated by a
nonmagnetic metallic (conducting) spacer layer. One of the ferromagnetic
layers is maintained in a single magnetic domain state whose direction is
fixed or pinned by exchange anisotropy with an adjacent antiferromagnetic
layer. The magnetization of the other ferromagnetic layer (free layer)
10 rotates its direction in response to applied magnetic fields.
Magnetoresistance is observed by applying a magnetic field sufficient to
“change the direction of the free layer magnetization with respect to the
pinned layer. In the present invention, the ferromagnetic layer
comprising the free layer is replaced by a two-layer structure: the
15 1layer adjacent the nonmagnetic spacer layer 37 is a relatively thin
ferromagnetic layer 35 (sometimes referred to as a "filter layer') and a

conduction layer 33 (also referred to as a "back layer") behind or

backing the ferromagnetic layer.

The GMR observed in magnetic materials is due primarily to a

20 difference in mean free path for conduction electrons having spin B
parallel (1ambda+) to the magnetization direction and for conduction
electrons having spin antiparallel {lambda ) to the magnetization
direction in the magnetic materials. In the present invention, the
ferromagnetic layer 35 in the free layer 33,35 is of a thickness dgreater

25 than lambda and substantially less than lambda® . Thus, while a
conduction electron having an antiparallel spin (minority carrier) will
be effectively blocked (i.e., filtered out) by the filter layer 35, the
filter layer 35 will be essentially transparent to a conduction electron
having parallel spin (majority carrier), Hajoéity and minority carriers

30 (with respect to the direction of magnetization in the pinned layer 39)
that :originate in the pinned layer 39 are the carriers moving toward the

filter layer 35 that are able to be scattered differently when the free

layer 33,35 magnetization is rotated and that therefore lead to GMR.



ferromagnetic materials as a function of the free l[ayer thickness;

Figure 4 is a graph which illustrates the nagnetoresistive 10 coefficient
as a function of back |layer thickness for a copper back | ayer in the
magnet or esi stive sensor shown in Figure 2; Figure 5 is a graph
which illustrates tEg sheet resistance of a copper back | ayer as a
function of t¥R?-B&d | ayer thickness in t Re magnet or esi stive sensor
shown in Figure 2; 15 Figure 6 is an end view of alternative

enmbodi nrent of a lﬁgnet reS|st|ve sensor constructed in accordance with

the present ThoseGapapf ectrons contripyting LosGHRSthat aneqmoying, ¥ ™ot her

enbodi nent Ofop%omnaiﬂléeﬁdnstfr\bﬁ the fusenaeiercgs\&bruﬁtleﬁmem 1ageoseance with
t he present invention; and

h d
i | lustrating Sa5Frbr8r ?*?da‘éeﬁﬁ%"dlthﬁrﬁ“‘e d“egcéf”t 8 ﬁﬁ@ﬁfégﬁe?ﬁ%fc‘?bl agensor

shown in Fi gudfcdssed. Smuarly, E’af ewnyn\ga;raaﬁtyt aa:Eugr slartaht_fy HaugHe sgueer

I nvention is descrj bed as, LN ?%1% h stor%% ystenlas
shown in FPg. larerid Hiae e mm°5’pr‘5a?aé‘ﬁf"t ﬂ]ast" N T e R (7

appl i cabl e t ovithhee s@@N@dneatdt seehitlvig S meghitiiathonsf aheapret layet ape
recordi ng sysnﬁg% for magneti c randonh%ccess menory

e, and to
syst ems wher e} Waﬁ?lt@ttﬁﬁgfsstul"v%f the '"%‘f"eﬁ’éer‘l"tpas FVSDAE WrRRpIsla) | | for

exanple. In the preferred enbodi nent, at | east one rotatable nagnetic

disk 12/is SUp_pOI‘t d gn E%ﬁd 4 andctures 09 t%teeqfels)é/nt lnverszlz(lo%rlltavebmt or

18. The magnetic r& Eo(f"ﬁl% © SHEN P Y
discussed in terms of the change in conductance (delta G) rather than

10 resistance because delta G has been shown to be the measurable
macroscopic quantity most fundamentally related to the spin valve MR, see
B.Dbieny et al, “CHANG‘!'E IN CONDUCTANCE IS THE FUNDAMENTAL MEASURE OF SPIN-
VALVE MAGNETORESISTANCE", Appl. Phys. Lett 61 (17), 26 October 1992, page
2111. '

15 Considering then the conduction electrons emanating, i.e.
scattered, from the pinned layer 39 into the spacer layer 37, whether the
scattering is interfacial or bulk scattering, the minority carrier
scattering near the pinned layer/spacer layer interface means the number
of minority carriers crossing the spacer layer 37 and the distance-ihey

20 travel before their next scattering event is much smaller than for the
majority. Viewed in this manner, the pinned layer 39 can be considered a
spin-polarized conduction electron source for the rest of the spin valve
structure. Carriers originating in the pinned layer 39 traverse the
spacer layer 37, generally having a thickness much less than the mean

25 free path for the electrons in the spacer layer material, and enter the
filter layer 35. Majority carriers entering the filter layer will be
transmitted through the filter layer to the back layer 33 where the
carriers will travel on average an additional mean free path determined
by the back layer material (lambdab*). However, minority carriers will

30 penetrate the filter layer 35 only a short distance before being
scattered. Thus when a conductive material having a relatively low

resistance (i.e., a long mean free path) is utilized for the back layer
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30 disk is in the formof an annular pattern of concentric data tracks (not
shown) on di sk 12. SA9- 92- 114 6

At | east one slider 13 is positioned on the disk 12, each slider 13
supporting one or nore nagnetic read/wite transducers 21, typically
referred to as read/wite heads. As the disks rotate, the sliders 13 are
noved radiall§“?ﬁzaﬁﬁ out over the disk suf¥ace 22 so that the heads 21 5
may access different portions 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 suspedsi @nlagegradyt cfos theshdighitys pairaer conductanisk cixibisayben the

sl i der 13 agahé‘%d&%x&ﬂ S S EAGEr %%reﬁaﬂlre@%ts“a{s%araa&mll%o't%ean‘iatgﬁpﬂ%d

to an actuator ans 27. The actuator neans as shown g. my be a
voi ce coil noestrigg/@Epjn. f%e%k%mh@etmlmc@npﬁnesemar 38135 Fm\reameé

wthin a fi Xeg arl mtugnf | @led effe*eel&u hédl QR g 4 .LP,%&.sau@Eanth? oq«%ese
nmovenment s bei ng contro ['éd by the motor current signals supplied
conduction electrons will be radically reduced as a result of m1nor1ty

scattering in the filter layer 35.

Referring now also to Figs. 3A, 3B, 4 and 5, Fig. 3& illustrates
the change in conductance (delta G approximately equal to deltaR/Rz)
versus back layer 33 thickness for a particular embodiment of the spin

10 valve structure shown in Figure 2 deposited on a glass substrate having
the structure SOA Ta/tCu Cu/15A NiFe/23A Cu/50A NiFe/110A FeMn/50A Ta.
The first Ta layer is a buffer layer while the last Ta layer is a
protective cap. The (tCu Cu/15A NiFe) comprises the free layer 33,35
having a back layer 33 of Cu and a filter layer 35 of NiFe. The MnFe

15 layer comprises the bias layer 41 which provides antiferromagnetic
exchange coupling to fix the magnetization of the pinned layer 39. As
shown in Fig. 3A, the delta G increases with increasing back layer

thickness, t, , even though the back layer material is nonmagnetic. Fig.

Cu
3B illustrates delta G versus ferromagnetic layer thickness (the free

20 layer) for a conventional spin valve structure without a nonmagnefzc back
layer behind the free layer deposited on a glass substrate and having the
structure (tF F/22A Cu/SOA NiFe/90A FeMn) with F being Fe, NiFe or Co
layers of varying thickness. Comparing Fig. 3A to Fig. 3B, it is clear
that the use of a noﬁmagnetic back layer behind the free layer provides

25 substantially increased delta G over that obtained for any of the three
ferromagnetic materials without a back layer. Fig. 4 illustrates the

magnetoresistance (deltaR/R) versus back layer thickness t_ for the spin

Cu
valve structure utilized for the measures shown in Fig. 3A. At tCu = 0,
deltaR/R =-'1.1 %; with increasing tCu‘ deltaR/é rises sharply to a peak

30 of 3 % at th = 253. For greater thickness, deltaR/R follows the well-
known inverse-thickness dependence. Fig. 5 illustrates the sheet
resistance R versus tCu for the same structure. The sheet resistance
follows the expected inverse-thickness dependence, ranging from 25ohm/sq



* controller. During operation of the disk storage system the
rotation of the 15 disk 12 generates an air bearing between the slider 13
and the disk surface 22 which exerts an upward force or |ift on the
slider. The air beari ng thus counterbal ances the slight spring force
of the suspensglgﬁgggm and supports the glider 13 off and slightly above
the di sk surface by a smal |, substantially constant spacing during
oper ati on. 20 The various conmponents of the disk storage system

are controlled. i operation by coptrol .si | s..gener at ed by,.contr ol
unit 29, such E%r}ag%hé“égq as éjlfmoh crr5¥s~e§i gtﬁ’é‘t‘léstgn%"a?ht EFFaf & ot wg'fhglﬁal s.
Typi cal |y, theaéaptabdle Limits for sigfalcdemeectiasid @giMR sonbdrol circuits,
storage neans and a m croprocessor, for exanple. The control unit 29
generates control signals to control 25 wvarious system operations such as

dri ve notor contr olRefegrialgsnognalsonte 3g. 6, alaamthahibady pobe tspbm valek seek

control signals_on ling 2 The .cont.r ol i.gnal.s on line _provi t he
desired curr enftr[‘)’%‘friel gos s?%wnofi ifﬁﬁ[ |2§/°?r'b\'?ee dePésxq%‘%énprégf'fsleo?lrdé§3eﬁ'gét gge
slider 13 t@ thRendel btk datpdntingckayen dfhantiferrossmeticaledephsiked FirfRead

and write signalg ale;communi gatgd 1.9, a0d. 1QMne 8 14580/ Wi {BnliR08: 21 by
means of recordi'ng channel 25,

spacer layer and the free filter/back bilayer. A preferred embodiment of
an inverted MR spin valve sensor 60 according to the present invention
comprises an exchange bias layer 67 of antiferromagnetic material, a

10 first ferromagnetic layer 69, a nonmagnetic metallic spacer layer 71, a
second ferromagnetic layer 73 and a back layer %5 of a nonmagnetic
conducting material deposited on a buffer layer 63 over a suitable
substrate 61. As is known in the art, a protective capping layer (not
shown) of high resistance material, such as Ta, for example, may be

15 included overlaying the back layer 75 to minimize or prevent oxidation of
the structure during subsequent processing steps and operation. Aas
described above with reference to Fig. 2, the magnetization direction in
the first ferromagnetic layer 69 is pinned or fixed in a preferred
direction perpendicular to the magnetization direction in the free

20 ferromagnetic layer 73 in the absence of an applied magnetic field. 1In
the inverted spin valve structure 60, the back layer 75 is deposited
after the pinned 69, spacer 71 and filter 73 layers; thus the properties
of these layers remain independent of the thickness of and choice of
material for the back layer 75. If necessary, a seed layer 65 can be

25 deposited beneath the antiferromagnetic layer 67 to insure that the

antiferromagnetic material has the desired structure.

In a specific preferred embodiment, the MR spin valve sensor 60 has
the structure '

T . . .
a(SOA)/N1Fe(20A)/Fesonn4o(80A)/N180Fe20(SOA)/Cu(23A)/N180Fe20_

30 (20a)/Cu(20R)/Ta(30A) deposited on a suitable substrate, where the 20A Cu
layer forms the back layer 75. The 50ATa/20ANiFe buffer/seed, 63/65,

layer provides a template to properly grow the Fe_ M material in an

60040



* SA9-92-114 7 The above descri ption of

a typical magnetic di sk storage system and t he acconpanyi ng
illustration of Fig. 1 are for representation pur poses only. It should
be apparent that disk storage systens nmay contain a | arge nunber of

di sks and act yg§-@bszi4and each actuator may,, 5 support a nunber of sliders.
Referring nowto Fig. 2, an IIR spin val ve sensor 30 according to t he

principles of the present invention conprises a suitable substrate 31

such as gl ass ) : ] r [ e . ' .S,
deposited a tﬁ?%&%?{gag%é‘? @g@oﬁgaflﬂ%gln ug’fclfh\g/'é?e é\%%pnlé(gﬁé}t’]&ggo%nggﬁéﬁo@ 10
mat eri al , a fidixsction fnfyhepfirgy fer@magietiofiayéw 68 omiytdis erafareedal , a

thin filmlay PRI NRONELE G B2kd terial: a hi n
filmlayer 39(2";61?’%1‘Z %ﬁto%agnglt I C rra%keftihal . 'kl'#eg?lfg?sfar ? grlrn ogr:ggaﬁ%{?go#g%r

35 is forned a0k &etd0p: otheakiickresshekitbalseeddnart 65iis hint Aerspgndfcatiovh 20A

of "t er rommgnet} C Raer | afcinel S B SRR BO% ek P b TG R atees.

about 80A to 120A; and the range of the pinned ferromagnetic layer 69 is
in a range of about 30A to 100A. As described above, the thickness of
the spacer layer 71 is in a range of about 20A to 40A, but is preferably
less than the mean free path for the conduction electrons in the spacer

10 layer material. The thickness for the free ferromagnetic layer 73 is in
a range of about SA to 30A. The thickness of the nonmagnetic back layer
75 is determined, in part, by which parameter is being measured to detect
an applied magnetic signal. If the change in resistance, i.e., deltaR/R,
is beiqg measured, the Sack layer 75 has a thickness in a range of about

15 4A to SOA. Alternatively, if the change in conductance is measured, the

thickness of the back layer 75 is in a range of about 4A to 1000A.

Referring now also to Fig. 7, another preferred embodiment of the

UR spin valve sensor according to the present invention comprises a first
back layer 85 of a nonmagnetic conducting material, a first thin film

20 ' layer 87 of magnetically soft ferromagnetic material, a thin film ;bacer
layer 8% of a non-magnetic metallic material, a second thin film layer 91
of magnetically soft ferromagnetic material and a second back layer 93 of
a nonmagnetic conducting material deposited over a buffer’ layer 83 on a
suitable substrate 81 such as glass, ceramic or a semiconductor, for

25 example. As is known in the art, a protective capping layer (not shown)
of high resistance material, such as Ta, for example, may be included
overlaying the second back layer 93 to minimize or prevent oxidation of
the structure during operation and subsequent processing steps. When a
sense current is applied to the MR sensor 80, ihe magnetic field

30 associated with the sense current provides a bias field for each

ferromagnetic layer 87, 91 such that the magnetization direction in each

layer is oriented at equal and opposite angles with respect to the sensor

Magnetic easy axis. The direction of magnetization is not fixed in



Y

wifh respect to each other as indicated by arrows 32 and 38 in the

absence of an externally applied magnetic field. Iniaddition, the

magneti zation direction of the second |ayer 39 of ferronagnetic naterial

is fixed or pinned in a preferred orientation as shown by the arrow 38. 20
Thus, while the magnetization direction of the second ferromagnetic |ayer
39 remains fi S8Y2%FHE magnetization in the*!¥irst Iayer 35 of

ferromagnetic material is free to rotate its direction in response to an
external |y applied magnetic field (such as magnetic field h as shown in
Fig. 2), as sledtherngf gh‘é fﬁé’é‘?‘ﬂé@"%‘?o’xﬁgeﬁn"?'a)?gra"% this il free to ragpond A

thin filmlaygp fhlagflidd MaysdtanaleRs St s (R eSdcRl 1)aViaRg First relatively
high electrical resistance is deposited in direct contact with t he

second thin fifpyRomagnetiadagsr farm gnEigabititayest eSimilatly . phhsy perong back

bi asi ng fi el djpyercdsd RO R e ESHMEé FBmagnetich Eort &s@Es0bARPOLI NBNLppARar 41
conprises a suitable antiferromagnetic material, preferably iron-

30
manganese (FeRpgnesic Signad] vildncaifesde(MimpYization dhrgriirr. in bethebHari® v,
the second felromagRal Leyekdyab AabathbRighi ABEAnkS1DY Audidr SuDbpsosiayer
(not shown) or by other suitable nmethods as is known in the art.
angles with respect to the magnetic easy axis, thus having the effect of
changing the angle between the magnetizations of the layers by twice as
much compared to a spin valve structure in which one of the ferromagnetic
10 layers is pinned. A current-biased MR spin valve sensor which uses two
ferromagnetic layers that are both free to respond to an applied magnetic
field is described in greater detail in our co-pending European Patent

Application No. 93309110.0, hereby incorporated by reference.

Referring now to Fig. 8, a further embodiment of the MR spin valve
, 15 sensor shown in Fig. 2 is shown. A suitable underlayer 93, such as Ta,
Ru or CrV, for example, is deposited on substrate 92 prior to the
deposition of a back layer 95. The purpose of underlayer 93 is to
optimize the texture, grain size and morphology of the subsequent layers.
The morphology can be crucial in obtaining the largé MR effects
20 characteristic of spin valve structures since it permits the use of a
very thin nonmagnetic metallic spacer layer 99 between the two
ferromagnetic layers 97 and 101. The underlayer must also have a high
resistivity to minimize electrical current shunting effects. The
underlayer 93 is also used with the spin valve structures described above
25 with reference to Figs. 6 and 8. Should the substrate 92 be of a
material having a sufficiently high resistivity, have a sufficiently
planar surface and have a suitable crystallographic structure, the

underlayer 93 can be omitted.

A back layer 95 of nonmagnetic conducting material followed by a
30 first thin film layer 97 of soft ferromagnetic material, a thin film
layer 99 of 5 nonmagnetic metallic material, a second thin film layer 101

of a ferromagnetic material and a layer 103 of antiferromagnetic material



t SA9-‘92-114 8 An MR sensor based on t'he

spin valve effect wherein the sensor read el ements conprises the
ferromagneti c/ non-magnetic/ferronmagnetic | ayered structure is described
in greater detail in the above referenced European pat ent application
EP 0, 490, 608. The spin valve MR structure descri bed 5 therein conprises
two ferronmagnet®dc9%&dhtiucti ng | ayers separatied by a nonmagneti c
metallic (conducting) spacer |ayer. One of the ferromagnetic | ayers is
mai ntained in a single magnetic donmain state whose direction is fixed

or pinned by exehdepgeitedi sekramy¢rivieh |0 awljea@:entermaigﬁarleomgmtsbp 101

| ayer. The rraghna%gl a'iz'-(?nggrgutz;k of her ferronagnetic Igayer) 10

a
rotates its dilaction iMoTesponse 8 i5shi aéda"nﬁ'@ﬂ’rét?} Fffsr‘ﬂ‘?tef
Magnet or esi st adegeedsswitths eespedt ly apcpl gumag in tRgaRkhee bE eindappliéd @bgiitid O

change the dirgetion,of, the fre ay mantlzat nwihr ect to the
pi nned | ayer. f i‘% Agrgg%rﬁ eél r?\g/?% |oe m?%ggﬂ‘zé Hhretyoe ‘I’éﬁg second
conpri si ng $helaferdol eofefenrgmagptmaaltelnyalan \pAnhedly &0 pBEItd6n Uk ea bﬁhﬂmg15

forromagnet | ¢ 5y oP BLeL Y AR B P B sty ey B et Hng
conduction | ayferr@@ggetliisolayef &7r Sutmt ® bddayer"ixaelkich aghers a)gnbtﬁhlafﬁimOis free
backing the fq_ror pJ@ngE\I r(:esll'>§1¥seear to an applied magnetic field.

The ferromagnetic layers 97, 101 can be fabricated of any suitable

10 magnetic material such as Co, Fe, Ni and their alloys such as NiFe, NiCo
and FeCo, for example. The thicknesses of the pinned ferromagnetic
layers 101 can be selected from a range of about 20x# to about 150#. The
exchange bias layer 103 can be of any suitable antiferromagnetic material
such as NiMn or FeMn, for example, and is preferably of a thickness

15 selected from a range of about 50#'to about 150%. Alternately, the
direction of magnetization in the pinned ferromagnetic layer 101 can be
fixed by use of a hard magnetic bias layer or by use of a high coercivity
magnetic material for the pinned layer or other suitable method as is

-

known in the art.

20 The first or free ferromagnetic layer 97 which serves as the filter
layer is preferably of a suitable MiFe or Co alloy and has a thickness
selected from a range of about 5% to about 30z. The thickness of the
filter layer 97 is primarily determined by its functions in the
filter/back bilayer 95/97. As one purpose for the filter layer 97 is to

25 block or filter out minority carriers, its minimum thickness should be
greater that the mean free path for minority carriers; i.e., conduction
electrons having a spin antiparallel to the direction of magnetization in
the filter layer. For example, the lambda for.NIaoFe20 is less than
approximately 7A. Similarly, as another function of the filter layer is

30 to transmit majority carriers through the layer to the back layer 95, its

maximum thickness should be less than the mean free path for majority

carriers; i.e., conduction electrons having a spin parallel to the



+ The GVR observed in magnetic.materials is due primarily to a 20
difference in nean free path for conduction electrons having spin
parallel (lanmbda ) to the magnetization direction and for conduction
el ectrons having spin antiparallel (lanbda) to the magnetization
direction in ?‘r?ég?‘r’&dﬁet ic materials. In tlfe present invention, the
ferromagnetic layer 35 in the free layer 33,35 is of a thickness greater 25
than | anbda and substantially |ess than |anbda[err]. Thus, while a
conducti on el dresgnhefy magpesization dar tiel Elltepilayqmi riswi expmple.r g Laglidar
be effectively blocked (i.e., filtered out) by the filter |ayer 35; the
filter |ayer W doFe e 18 PRRA iR tal Yt $0bp AP enfhe Bagk daYRIult i8R kel BEt3P¥N

havi ng par al | &ls t@§lieNndriMBindtié Yeohdddti RS hatdYRhDS bieketiilynidtalificynsangi£rs 30
(with respect to the direction of magnetization in the pinned | ayer 39)

s

that origi nat®pH%ehe ek fendyctiuity3di-gr o longresintiviivd - mbob g™t iddr $<bhe
filter |ayer a¥aahay, ahe @bl fort exdiP16Cptévabeth difdeerapbise. Wide tHiekidsee

| ayer 33,35 magnetization is rotated and that therefore lead to GWR
SAD-92-114 of the back layer 95 is determined by optimizing the sensor response

depending on the sensing method utilized; i.e., the parameter being
measured, deltaR, deltaR/R or delta G. For example, the magnitude of
delta G increases sharply with back layer thickness up to thicknesses

10 equal to two or three mean free path lengths for conduction electrons in
the back layer material. In contrast, however, the response when
measuring deltaR or deltaR/R is a peaked function of back layer
thickness. In the preferred embodiment, where deltaR or deltaR/R is
sensed, the back layer thickness is selected from a range of about 4A to

15 60A., If éelta G is being sensed, the back layer thickness is selected
from a range of about 4A to about 1000A.

The nonmagnetic spacer layer 99 is preferably metallic with high
conductivity. Noble materials such as Au, Ag and Cu provide large MR
response, Pt and Pd provide small MR response, whilé Cr and Ta exhépit

20 very little MR response. The thickness of the metallic spacer layer 99
is sufficiently great to ensure substantial magnetic decoupling of the
two ferromagnetic layers 97, 101 but still thin enough to be less than
the mean free path length of the conduction electrons inNZhe spacer layer
material. The thickﬁess of the spacer layer 99 is preferably within the

25 range of about 10x to about 40¢. While both the back layer 95 and the
spacer layer 99 are of nonmégnetic, metallic materials having a high
conductivity, it is not required that the back layer and the spacer layer
be of the same material. Utilizing the same material, Cu for example,
for both the back layer and the spacer layer reduces the complexity of

30  the manufacturing process for fabricating the sensor. Alternatively,
utilizing different materials for the back layer and the spacer layer
brovides additional flexibility for obtaining optimized or desired

electrical and magnetic characteristics in the sensor.



« Those conduction electrons contributing to GVR that are noving in the
opposite direction, fromthe filter layer 35 to the pinned | ayer 39,
travel on the average the sane direction and therefore will not be
di scussed. Siml g{l){ for every mpjority carrier starting in the spacer 5
| ayer 37 t her¥9 ¢4 ki nority carrier also!8tarting at the sanme position
with the sanme nonentum so that when the magnetization of the free |ayer
33,35 is rotated the sumof the nmean free paths remains unchanged.
The GVWR observed ihcerpangtlaget dPeofod highe rpsisddvittyimpkentsloficheds Fe or

di scussed in fergdr Qkanphe, GRAMLR dePosRBEUEANGE HrRISASEr O el PRt Nags 10
resi stance because delta G has been shown to be the neasurabl e

macroscopi ¢ gifinfe Prevdded toniPafen carqut matihbatveen thadiRs penforAnfe MR, see

B. Di eny et al gurr&ttANGE cb NooMAUCTANCE ! mahbiE o UNRAMENTAL - MehSURE t£F a6 N
VALVE MAGNETORES| STANCE", Apﬁ%lm.mphys. Lett 61 (17), 26 Qctober 1992, page

2111. 155 additioea] Sepsqr Eh YRR BDNEMEERS AdetangdHidiaphRits ng, 1. e.
scattered, fropetdqndi BR&G)! yehe I2qiitt® tohSroPRCEELihAY BR sdhsoVReifimke t he

scattering is interfacial or bulk scattering, the mnority carrier
scattering neghrctife pimbes Prefpered paiadimgniy o mpgnebia séanaheiensenssd hyulirer

sensing means 107 by detecting the change in resistance, deltaR, of the
MR element as the magnetization of the free layer 97 rotates in response
10 to an applied magnetic signal. Alternatively, a magnetic signal can also
be detected by sensing the change in the MR element conductance as the
magnetization of the free layer 97 rotates in response to an applied
magnetic signal. U.S. Patent No. 4,712,144 issued to Klaas B. Klaassen
on Dec. 8, 1987, assigned to the instant assignee, describes in greater
15 detail a sensing means to detect changes in the MR element conductance in

response to an applied magnetic field.

In the preferred embodiments described above with reference to
Figs. 2, 6, 7 and 8, the ferromagnetic layers have been described
generally as a single layer of a suitable ferromagnetic material,

20 RAlternatively, as shown in Fig. 8, one or both of the ferromagnetig
layers 97, 101 can comprise multilayered structures having two or more
layers wherein layers of different ferromagnetic or ferromagnetic and
nonmagnetic materials can be alternatively laminated to Build up the
ferromagnetic layers 97 and 101 having desired magnetic and electrical

25 characteristics. For example, in a preferred embodiment the pinned
ferromagnetic layer 101 comprises a first relatively thin layer 98 of Co,
referred to as a nanolayer, and a second thin layer 100 of NiFe. 1In
another preferred embodiment, both the free layer 97 and the pinned 1ayef
101 comprise multilayered structures. The free ferromagnetic layer 97

30  comprises a nanolayer 96 of Co and a layer 94 of NiFe with the Co
nanolayer formed adjacent the Cu spacer layer 99. Similarly, the pinned
ferromagnetic layer 101 comprises a nanolayer 98 of Co and a layer 100 of

NiFe with the Co nanolayer formed adjacent the Cu spacer layer 99. The



*of mnority carriers crossing the spacer |ayer 37 and the distance they 20
travel before their next scattering event is much smaller than for the
majority. Viewed in this manner, the pinned | ayer 39 can be considered a
spi n-pol ari zgg_gongyction el ectron sour cg for the rest of the spin valve
structure. Carriers originating in the pi Aned | ayer 39 traverse the
spacer | ayer 37, generally having a thickness nuch | ess than the nean 25
free path f0£ .tbe electrons in the spacer |ayer material, and enter the
filter |ayer %.“ﬁj%ﬁ?i‘:{‘? npaglayer dseolfy BrheAee CReAPRE |80 %oadl- B ISPihe
transmitted ¢dlveughsénser finkb@iorh EivgnaholdyBredack-ohApetic3 Japiter & t he
carriers wl trq)v§‘li. on _aver z%%e an . additional nean free path determ ned
by the back T&yet" et efFAteY1%hbtai2oPT EUr MEARVAEN tPRRIAFRYOR FFr Pers wil |
30 penetratsopss.filter |ayer 35 only a short distance before being
scattered. Thus when a conductive material having a relatively |ow
resistance (i.e., a long nean free path) is utilized for the back |ayer
SA9-92- 114 10

el



33, a large value for the majority carrier conductance exists when the

magnetization of the filter (free) layer 35 is parallel to the majority

carrier spin. Wien the nagnetization of the free |la ' ed
(antiparallel), the effective nmean free path (i.e., yﬁ“ﬂﬂ!ﬁjmﬁuﬂmn hese

5 conducti on Ly will be radically redquced as a resultt of mnority
scattering i neét‘ﬁeéé ?F?er | ayer 35. el% Referring now al so to Figs.
3A, 3B, 4 and 5, Fig. 3Aillustrates t he change in conductance (delta
G approximately equal to deltaR/'Rlerr] ) versus back | ayer 33

t hi ckness for a particul ar enbodi nent of CWgsspi n 10 valve structure
shown in Figure 2 deposited on a glass substrate having the structure
50A Ta/t[err] Cul/ 1§\A Ni Fg/ 23A CQu/ SCA N Fe/ 110A FeMn/ 50A Ta. The first
Ta layer is a buffdr "FTETEP RAT Y HESPRsPP At Wer is a protective
cap. The (t[err] Cu/15A NiFe) conprises the free |layer 33,35 havi ng
a back | ayer 33 of .and filter layer,_35.0f NiFe. The Fe 5, | ayer
conprises the bias? 1yr§E. &%)V\ﬁ?dtcﬁ sperCS(\‘;‘fégé ARYa's %5?8%6?‘%’%/?5" rna‘éLe“%i@hange
coupling to fisephtszedetynetspaatt dayaf (3Heopinanednttdyerataial Asthe shown in
Fig. 3A thg del G increases. W th increasi back_l ayer . _thickness,
t[err], eve t'ﬁ%‘gﬁg?ﬁlé’%b%éﬁc l<'f§/‘ecr’prsf’1?l oA ?ag'eﬁo";fkn?fa’brﬁé'falgg?uﬁi frterdal “3p
i Il ustrates ddieting Guhvshastinlip rpeopargiictliac tayke mbipietkrmeson @idvetiorcef said

second layer of ferromagnetic material at zero applied magnetic field;

the sensor being characterised in that: a back layer (33) of
nonmagnetic electrically conductive material is provided adjacent to and

10 in contact with said first ferromagnetic layer (35).

2. A magnetoresistive sensor as claimed in Claim 1, further comprising
a biasing means (41) for maintaining the magnetization in said second

ferromagnetic layer (39) in a desired direction.

3. A magnetoresistive sensor as claimed in Claim 2 wherein said

15 biasing means comprises an exchange bi;s layer (41) of antiferromagnetic
material adjacent to and in contact with said second ferromagnetiéwlayer
(39), said antiferromagnetic layer providing a bias field in said second
ferromagnetic layer maintaining the magnetization in said second

.y

ferromagnetic layer in a desired direction.

20 4. A magnetoresistive sensor as claimed in Claim 3 wherein said
antiferromagnetic layer is comprised of a material selected from the

group consisting of iron-manganese and nickel-manganese.

5. A magnetoresistive sensor as claimed in Claim 3 wherein said
antiferromagnetic layer has a thickness within the range of about 50

25  angstroms to about 150 angstroms.
This Sheet Has Been Reﬂlaced

AR
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20" layer) for a conventional spin valve structure w thout a nonmagnetic
back | ayer behind the free | ayer deposited on.a_glass_ substrate and
havi ng t he structure (t[err] F/ 22A Cu/ SOA N Fe/ 90A FeMh) with F being

Fe, NiFe or Co | ayers of varying thickness. Oo[mmm" mﬂwﬁm o Fig.
3B, it is GF¥ajpg-92-114 hat the use of a nonkdgnetic EE t he
free layer provides 25 substantially increased delt'a & o

for any of the three ferromagnetic materials wi thout a back | ayer.
Fig. 4 illustratesptRfmnetoresidrgnetsenssi edrpnisingdelfimsk/ (§7) vardsaseback (Yyer
thickness t[err] for the spin, teviaallvee sLrugture utili ia%g rf ?4; )tglte
measur es showdayer Pf gfersaragngtie R ras P Jef tBFE 29 1'% Win

i ncreasi ng t[ ghhagnetic akteRidl,seise shaop beity chapesdri3ed bpf 3 % at t[err] =
25A. For greater thickness, deltaR/'R follows the well - known

I nverse-thi ckness dependence. Fig. 5 illustrates the sheet resi stance
R versus t[err] for theas@mret dhekidayere (85fhef phweignetdsi slfeatrcieally fol | ows

the expect ed 1 nver oot Nl EKDSPIAYERIPISNGR of 20020 JitR DU S0
' ferromagnetic layer (87), said first ferromagnetic layer disposed between

said first back layer and said spacer layer; and

a second back layer (93) of nonmagnetic electrically
conductive material adjacent to and in contact with said second
10 ferromagnetic layer {(91), said second ferromagnetic layer disposed

between said second back layer and said spacer layer.

7. A magnetoresistive sensor as claimed in any preceding claim wherein
each nonmagnetic back layer (33) has a minimum thickness of about 4

angstroms.

15 8. A magnetoresistive sensor as claimed in Claim 7, wherein each
nonmagnetic back layer (33) has a maximum thickness’ of about three mean
free path lengths for conduction electrons in said nonmagnetic back layer

material.

9. A magnetoresistive sensor as claimed in Claim 7 whérein each
20 nonmagnetic back layér (33) has a thickness within the range of about 4

angstroms to about 1000 angstroms.

10. A magnetoresistive sensor as claimed in Claim 7 wherein each
nonmagnetic back layer has a thickness within the range of about 4

angstroms to about 60 angstroms.

25 11. A magnetoresistive sensor as claimed in any preceding claim wherein
said first and second ferromagnetic layers have a thickness within the

range of about S5 angstroms to about 150 angstroms.
This Sheet Has Beg,

A
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., to 2.50hm'sq as t[err] increases fromO to 150A. This range is within
acceptable limts for signal detection in an MR sensor—— — e
Referring now also to Fig. 6, alternatively, the spin structure

| v
30 shown in Fig. 2 can be deposited in reverse orde MJ' Hﬂ&u I“!ll
magneti c bi assagr9ilkthi ng | ayer of antiferegomagnetic st,

followed in order, by the pinned ferronagnetic |ayer, the nonnagnetic
spacer layer and the free filter/back bilayer. A preferred enbodi nent of
an inverted NB. sphmmbv&esegﬁi% RRsACEOHcdhingdtin ix’i}Eprceﬁih@tcliaﬂNSmbfﬁm

conprises_an exc as i f.erroma terial

first ferrondgf :}Iaﬁ mﬁ?’éer l6£Jla¥"§1r n(g%‘rng%@t F‘%“H%tagl T%@ aﬁﬁ%ga Aok A9esr '715 S,
second f errorggéigiess Wislyiar tHed ramgfk af haok baangetrdhs b @olONNBAHYEttos .
conducting material deposited on a buffer |ayer 63 over a suitable
substrate 61. As is known in the art, a protective capping |ayer (not
shown) of higB.reai ﬁgaenﬁ-eaﬁtevé 3lensdiUad) casiméd, inf &y pre2ading, clady whereihd

i ncl uded overl a t he back |ayer 7 revent oxj.dation of
the structuré&? b%r"f’%baggﬁ%’sc eRiSHE Jﬁly?f 2%55{%381 hsafe?)?’acﬂ‘ﬂe%p $o5t %‘b hﬁsmea"
descri bed ab@e¢ee \patih lesdttr efieenduatfirgelettridseinegite horimatmettic Gpaeat i on in
the first ferrona etic layer 69 is pinned or fixed in a preferred
direction pefp EHdi gUI ar to the magneti zation direction in the free 20
ferromagnetic layer 73 in the absence of an applied nagnetic field. 1In

14. A magnetoresistive seﬁsor as in claimed in Claim 13 wherein said
nonmagnetic spacer layer has a thickness within the rénge of about 10

10 angstroms to about 40 angstroms.

15. A magnetoresistive sensor as claimed in any preceding claim wherein
said nonmagnetic spacer layer is comprised of a material selected from
the group consisting of silver, gold, copper and alloys of silver, copper

and gold.

15 16. A magnetoresistive sensor as claimed in Claim 15 wherein said

nonmagnetic spacer layer comprises a thin film layer of copper.

17. A magnetoresistive sensor as claimed in any preceding claim wherein
each nonmagnetic back layer is comprised of a material selected from the

group consisting of silver, gold and copper. e

20 18. A magnetoresistive sensor as claimed in Claim 17 wherein each

nonmagnetic back layer comprises a thin film layer of copper.

19. A magnetoresistive sensor as claimed in any preceding claim wherein
at least one of said first and second ferromagnetic layers comprise a

multilayered structure.

25 20. A magnetoresistive sensor as claimed in Claim 19 wherein said

multilayered structure comprises at least one layer of a first

is Sheet Has Been Re; laced
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the inverted spin valve structure 60, the back layer 75 is deposited
after the pinned 69, spacer 71 and filter 73 |ayers;—thus-the properti.es
of these |ayers renaln i ndependent of the thickness of and choi ce of

material for the back layer 75. If necessar a seed “mm 25
deposi t ed beneadd- Pidthnti ferromagnetic | ayéjr 67 to i "mﬂmfmﬁﬁm
antiferromagnetic material has the desired structure. SIn*a
specific preferred enbodi nent, the MR spin valve sensor 60 has t he
structure FEar SBHHF MAtSOia)) I at rl]ewﬁ{ ers LesugT Ri geePRd Eerroppgnetic

(50A) / Cu(23A) / Nlacef%l?:(}a;& A0 23 VI 301 ydRROstk€d on a suitable
substrate, where the 20A Cu | ayer forns the back |ayer 75. The

50ATa/ 20AN Fe buffer/seed, 63/65, | ayer provides a tenplate to

properly grow the Fal#ightrkeidtlivdBeRddrads iclai@Bd in Claim 19 or 20 %9:&% dnled
12 antiferronagnetjc Bhase to $r0w de exchange_ bias to gl n
magneti zati on ©or botl Megpihferrempnstiq faYers T MBREG o th i FaYss © §°b?]ﬁ M s

preferred ¢ LeRRdidRptod Reckeli GioAESRiOhidQafuH ELobAY forRdd ia8jddene

range of about .
said nonmagnetic spacer layer.

22. A magnetoresistive sensor as claimed in Claim 21 wherein said thin
layer of cobalt has a thickness selected from a range of about 0.5

angstroms to about 20 angstroms.

10 23. A magnetoresistive sensor as claimed in any preceding claim wherein
each nonmagnetic back layer and said nonmagnetic spacer layer comprise

the same material.

24. A magnetic storage system comprising:
a magnetic storage medium (12) having a plurality of tracks for
15 recording of data;

a magnetic transducer (21) maintained in a closely spaced position
relative to said magnetic storage medium (12) during relative moti;h
between said magnetic transducer and said magnetic storage medium, said
magnetic transducer including a magnetoresistive sensor (30) as claimed

20 in any preceding claim; ~

actuator means.(27) coupled to said magnetic transducer for moving
said magnetic transducer to selected tracks on said magnetic storage
medium; and

detection means (107) coupled to said magnetoresistive sensor for

25 detecting resistance changes in said magnetoresistive sensor responsive
to magnetic fields representative of data bits'recorded in said magnetic

storage medium (12) intercepted by said magnetoresistive sensor,
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+ 30A to 50A; the thickness of the seed layer 65 is in a range of about 20A
5 to 50A; the thickness of the exchange bias layer 67 is in a range of
about 80A to 120A; and the range of the pinned ferromagnetic |layer 69 is
in a range of about 30A to 100A. As described above, the thickness of
the spacer |ayer #2?5%h a range of about 26A to 40A, but is preferably
| ess than the nean free path for the conduction electrons in the spacer 10
| ayer material. The thickness for the free ferromagnetic layer 73 is in
a range of about 5A to 30A. The thickness28¥™®#e nonnmgnetic back | ayer
75 is determned, in part, by which paraneter is being neasured to detect

an applied magnetic signal el i C ' del taR/ R,

i s being neasured, the back +%1§/éérrg§r7q§g€l§g sg&élﬁ:;\@%n%é'g& Noah%%ﬁgec of about
15 4A to 50A. Alternatively, STORAGEeSYSNEHGRCORPORATING LRUCAMCSENSGR neasur ed, the
t hi ckness of the back layer 75 is in a range of about 4A to 1000A

Referring now also to Fig. 7, another preferred enbodi nent of the . MR
spi n val ve sensor accadreigmgtoresishivepreadesensombanst joontheomppn vatee affiect g

back layer 85 of g RRRERIRRNEH QNANGIreRd GFBRE dedd e1dhehi FSistiHc JakidD aL0
| ayer 87 of magnetically soft ferromagnetic material, a thin fil mspacer

| ayer 89 of a nonthtefffdlq of hbe Arplecbafdeen thy magpeticabion ERrGHiPT 17 *9er 91

of magnetically sgfjhcdneMaghBrgoatlayrsIBITRE isdhsodNkbad e3aRADnbRAkKs Ity Q8;R8nOf

a I_’lonm,agnet e Contdelil'ggmian etq'gt]g{'tir%l se%gpaotill tbgda ggrﬁn&gn%t?curniteaalzj_cai/ae}rgr.8 BAQ.I.r;ygr
of nonmagnetic electrically conductive material is deposited adjacent to
and in contact with at least one of the ferromagnetic layers (referred to
as a filter layer) to form a back or conduction layer which provides a
low resistance path f&r conduction electrons transmitted through the
adjacent filter layer. The thickness of the filter layer is selected
such that it effectively blocks conduction electrons having spins
antiparallel to the direction of magnetization in the filter layer while
allowing conduction electrons with parallel spins to be transmitted
through the layer into the adjacent back layer. The magnetization of the
filter layer is free ts rotate in response to an applied magnetic field
thereby effectively varying the electrically resistance to conduczion
electrons in the back/filter layer. The thickness of the back layer is
selected to dptimize the sensor parameters being measured and is in a

“wy

range of about 4.0A to 1000A.
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'Sukféble substrate 81 such as glass, ceramc or a sem conductor, for 25
Géxarrple. As is known in the art, a protective capping |ayer (not shown)

of high resistance material, such as Ta, for exanple, nay be included

overl aying the second back |ayer 93 to minimze or prevent oxidation of

the structure during operation and subsequent processing steps. Wen a
sense current is applied to the MR sensor 8p/ the magnetic field 30
associated with the sense current provides a gias field for each
ferromagnetic layer 87, 91 such that the nagnetization direction in each

| ayer is oriented at equal and opposite angles with respect to the sensor
magneti c easy axis. The direction of magnetization is not fixed in
SA9-92-114 ) 13 either of the ferromagnetic

| ayers 87, 91 and, thus, is free to respond to an applied magnetic
field. The first back layer and first ~ ferromagnetic layer forma first
bilayer. Simlarly, the second back | ayer and the second ferromagnetic
forma second bilayer. An applied 5 nagnetic signal will cause the

magneti zation direction in both bilayers,

13
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i..e., free layers, to rotate through substantially equal, but opposite
angles with respect to the magnetic easy axis, thus having the effect of
changi ng the angl e between the magnetizations of the |layers by tw ce as
much conpared to a spin valve structure in which one of the ferromagnetic
10 layers is pinned. A current-biased MR spin valve sensor which uses two
ferromagnetic layers that are both free to igipond to an applied nagnetic
field is described in greater detail in our - pendi ng European Pat ent
Application No. 93309110.0, hereby incorporated by reference.

Referring nowto Fig. 8, a further_enbodi nent of the MR spin valve 15
sensor shown in Fig. 2 is shown. A suitable underlayer 93, such as Ta,

Ru or CrV, for exanple, is deposited on substrate 92 prior to the
deposition of a back |ayer 95. The purpose of underlayer 93 is to
optim ze the texture, grain size and norphol ogy of the subsequent |ayers.
The norphol ogy can be crucial in obtaining the large MR effects 20
characteristic of spin valve structures since it permts the use of a
very thin nonmagnetic netallic spacer |ayer 99 between the two
ferromagnetic layers 97 and 101. The underl ayer nust al so have a high
resistivity to mnimze electrical current shunting effects. The

underl ayer 93 is also used with the spin valve structures descri bed above
25 with reference to Figs. 6 and 8. Should the substrate 92 be of a
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naterlal having a sufficiently high resistivity, have a sufficiently
planar surface and have a suitable crystallographic structure, the

under | ayer 93 can be omtted. A back layer 95 of nonmagnetic
conducting material followed by a 30 first thin filmlayer 97 of soft
ferromagnetic material, a thin film | ayer 99 of a nonmagnetic netallic
material, a second thin filmlayer 101 9% a ferromagnetic material and
a layer 103 of antiferromagnetic materi al SA9- 92- 114

14 are deposited over underlayer 93. The two ferronmagnetic |ayers
97, 101 have their magnetizations oriented at an angle of .

approxi mately 90 degrees with respect to each other in the absence of
an applied magnetic field. As described above, the magnetization

direction of the second 5 layer 101 of ferromagnetic material is pinned
in position by a biasing

GL/50TA/T: CU/15NIFE/23CU/50NIFE/110FEMN /50TA
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fleld produced by exchange coupling. The back | ayer 95 and the first
ferronagnetlc | ayer 97 forma bilayer in which the magnetization is free

to rotate in response to an applied magnetic field. The
ferromagnetic layers 97, 101 can be fabricated of any suitable 10 magnetic
material such as Co, Fe, Ni and their alloys such as N Fe, N Co and
FeCo, for exanple. The thicknesses of the plnned ferromagnetic | ayers

101 can be selected froma range of about ZOP 7r] to about 150[err]. The
exchange bias |ayer 103 can be of any suitable antiferromagnetic materi al
such as NiMh or FeWnh, for exanple, and is preferably of a thickness 15

sel ected froma range of about 50[err] to about 150[err]. Alternately, the
direction of magnetization in the pinned ferromagnetic |ayer 101 can be
fixed by use of a hard nmagnetic bias |ayer or by use of a high coercivity
magnetic material for the pinned | ayer or other suitable nethod as is

known in the art. 20 The first or free ferromagnetic | ayer 97
whi ch serves as the filter | ayer is preferably of a suitable N Fe or
Co alloy and has a thickness selected froma range of about 5[err] to
about 30[err]. The thickness of the filter layer 97 is prinarily

determned by its functio t er/back bilayer 95/97 one
purpose for the filter Qé{5§¥k/§'tQU/ﬁENkE/ZSCU SON"$¥11OFEMN/BOTA
] I I I T
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25 bl ock or filter out mnority carriers, its mninmmthickness should be

‘greater that the mean free path for nminority carriers; i.e., conduction

el ectrons having a spin antiparallel to the direction of magnetization in
the filter layer. For exanple, the lanbda for N Fe is less than

80 20 approximately 7A. Simlarly, as another function of the filter

|l ayer is 30 to transmt majority carriers through the layer to the back

| ayer 95, its maxi num t hi ckness sho be | ess than the nmean free path
for mpjority carriers; i:e., conducti electrons having a spin
~parallel to the SA9- 92- 114 15

direction of magnetization in the filter |layer. For exanple, the | anbda+
for Nl[err]Fe[err] is approximtely 50 +/- 4A. The back | ayer 95 can be of
any sui t abl e nonnmagnetic conducting nmaterial, preferably netallic
havi ng a relatively high conductivity (i.e., lowresistivity). Noble
nmetal s such 5 as Au, Ag, and Cu, for exanple, provide a | arge response.
The thi ckness of the back layer 95 is determ ned by optim zing the
sensor response dependi ng on the sensing nethod utilized; i.e., the
par anmet er being

GL/50TA/T: CU/15NIFE/23CU /50NIFE /110FEMN /50TA
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mealured, deltaR, deltaR'R or delta G For exanple, the magnitude of
*delta G increases sharply with back | ayer thickness up to thicknesses 10
equal to two or three nmean free path lengths for conduction electrons in
the back |ayer material. In contrast, however, the response when

measuring deltaR or deltaR'R is a peaked function of back |ayer

thi ckness. In the preferred enbodi nent, where deltaR or deltaR'R is
sensed, the back |ayer thickness is selectgﬂbfron1a range of about 4A to
15 60A. If delta Gis being sensed, the back |ayer thickness is selected

froma range of about 4A to about 1000A. The nonmagnetic spacer
| ayer 99 is preferably netallic with high conductivity. Noble
materials such as Au, Ag and Cu provide |arge M response, Pt and Pd
provi de small MR response, while Cr and Ta exhibit 20 very little MR
response. The thickness of the nmetallic spacer |ayer 99 IS
sufficiently great to ensu T TNg e

two ferromagnetic |ay —+Ot ot st T T enoogh to_be i esS t han

the nean free path length pf the conduction electrons in the $pa¢®r | ayer
material. The thicknegymed}the spacer layer 99 is preferably Wthin the 25
range of about 10[err?ﬁ%o about 40[err|. Wi le both the back¢La§9r 95 and
t he spacer Iayeré%) € 01 nonmagnetrc, netalfic natertats having a
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_Go%ductivity, it is not required that the back | ayer and the spacer |ayer
be of the sanme material. Uilizing the same material, Cu for exanple,

for both the back | ayer and the spacer |ayer reduces the conplexity of 30
t he manufacturing process for fabricating the sensor. Alternatively,
utilizing different materials for the back |ayer and the spacer |ayer
provides additional flexibility for obtaining optimzed or desired

el ectrical and magnetic characteristics ig,ghe sensor.

SA9-92- 114 16 A capping | ayer 105 of
a high resistivity material such as Ta or Zr, for exanple, is then
deposited over the MR sensor. Electrical |eads 105 are provided to
forma circuit path between the MR sensor and a current source 109 and
a sensing neans 107. As is well-known in the art, 5 additional sensor
el ements, such as transverse and | ongitudinal bias | ayers (not shown)
may be required to provide optiml M sensqgr _response circuit. In the
preferred enbodi nent, a magnetic signgl gﬁsﬁigssdﬂﬁﬂzrma sensi ng neans
107 by detecting the change in_resist NS taR__of the
MEANS
CURRENT
SOURCE |~ 109
1?5 105
103~ :
100~ L~ 101
____________________ -
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MR el ement as the magneti zation of the free |layer 97 rotates in rggﬁ%ﬁ§g”
10 to an applied magnetic signal. Alternatively, a nagnetic signal can al so
be detected by sensing the change in the MR el enent conductance as the
magneti zation of the free layer 97 rotates in response to an applied
magnetic signal. U S Patent No. 4,712,%&4 I ssued to Klaas B. Klaassen

on Dec. 8, 1987, assigned to the instant™assi gnee, describes in greater 15
detail a sensing neans to detect changes in the MR el enent conductance in
response to an applied magnetic field. In the preferred

enbodi nents descri bed above with reference to Figs. 2, 6, 7 and 8, the
f er r omagnet ifc MAGRIETORESISTEER SRINCYABAE SENSORANDaMAGNETIC STORAGEayer

of a suitable ferronmagnSYSTEMINCORPORATING (SRICH A SENSORAS shown in Fig.

8, one or both of the ferronmagnetic | ayers 97, 101 can conpri se

mul til ayered structures having two or nore | ayers wherein | ayers of

di f f er enty g e QEgnetic or ferromagnetic and nonnmagnetic nmaterials can
be alternatively lamnated to build up the ferromagnetic | ayers 97 and

101 having desired magnetic and electrical 25 characteristics. For

C D€ ¢ AR BDRAROPBA TR o P B v SECRFRE L Gk

Lo A pen OB e Gk 56 i, o R oA
magnetization directions in two adjacent magnpetic layers (35,37). The sensor read element
includes two adjacent ferromagnetic layers (35, 37) separated by a nonmagpetic metallic
layer (33). A layer (33) of nonmagnetic electrically conductive material is deposited
adjacent to and in contact with at least one of the ferromagnetic layers (35, 37) (referred to
as a filter layer) to form a back or conduction layer which provides a low resistance path for
conduction electrons transmitted through the adjacent filter layer. The thickness of the filter
layer is selected such that it effectively blocks conduction electrons having spins antiparallel
to the direction of magnetization in the filter layer while allowing conduction electrons with

parallel spins to be transmitted through the layer into the adjacent back layer.
Fig. 2
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101 conprise nultilayered structures. The free, ge Q%ﬂ&?tbﬁrc ayel, ﬁggii ph
conpri ses a nanol ayer 96 of Co and a | ayer 94 og js,‘:o‘t
nanol ayer forned adjacent the Cu spacer |ayeri9 o6 ?l'}*ggg
ferromagnetic | ayer 101 conprises a nanolzayer {9 gt 1 §1j

er

Ni Fe with the Co nanol ayer formed adjacent the Cu Spacer 1&ypery “99"° Hige® =
18 CLAIMs 1. Anaqet Oféﬁ‘ﬂ st ive
sensor conpri simgrder to megt fthe sequinctheat $ercovat "a*”: SO RBIA R dentides-in |

mat eri al separated by a spacer |ayer of nonrragnetlc rrat erlal t he
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SUMMARY OF THE INVENTION

According to one aspect of the present invention there is disclosed a
magnetoresistive sensor comprising: a first and a second layer of ferromagnetic material
separated by a spacer layer of nonmagnetic material, the magnetization direction of said
first layer of ferromagnetic material being substantially perpendicular to the
magnetization direction of said second layer of ferromagnetic material at zero applied
magnetic field; a back layer of nonmagnetic electrically conductive material adjacent to
and in contact with said first ferromagnetic layer, said back layer being coextensive with
said first ferromagnetic layer covering substantially the entire first ferromagnetic layer;
and means for maintaining the magnetization in said second ferromagnetic layer in a
desired direction.

According to another aspect of the invention there is disclosed a magnetic storage
system comprising: a magnetic storage medium having a plurality of tracks for
recording of data; a magnetic transducer maintained in a closely spaced position relative
to said magnetic storage medium during relative motion between said magnetic
transducer and said magnetic storage medium, said magnpetic transducer including a
magnetoresistive sensor comprising: a first and a second layer of ferromagnetic material
separated by a spacer layer of nonmagnetic material, the magnetization direction of said
first layer of ferromagnetic material being substantially perpendicular to the

magnetization direction of said second layer of ferromagnetic material at zero applied



> REPLACEMENT SHEE)

2. A magnet oresi stive sensor as in claim1l wierpet ' onpri ses
an exchange bias |layer of antiferromagnetic ngtqgri ' titg and in
contact with said second ferromagnetic |ayer, {sdi 035 ggkgﬁf}(; [

for providing a bias field in said secod ferrlon
mai nt ai ni ng the magneti zation in said second fdrromagnetic layer} in a
desired direction. 3 A magnet oresi stive senl&s; aS—+m—ctarTT2 wherein
sai d ant i Magpeticatjelds iacbacklayeriof noapagndticeleaticallyneandnitive meteeiat edjatenvrot he
group consi sting of iron-manganese and ni ckel - manganese. 4. A .
nmagnet or e%’i‘i {1 gRptact et Saég%lfﬁ grramagnetiglaes; $pid hagk lner beipg enewgensivecwithyer
Is conpri L ron- manganese %netoresistive

| | f : : A ;
sensor as S?‘ﬁ %Egéfﬁo@%ﬁﬁ‘i g‘ﬁ}yﬁf Pﬂ%e;’ﬂgi Saatally; 8& &ogre g%i PRPIaERESIcay e
| bei | ' . 0 t t t 150 t .
e e W 5 R e b SRS
of said BERFRUFL NP aCKatbR Yitand Rbifled B Wid nBNREE BB ducer for moving said

magnetic transducer to selected tracks on said magnetic storage medium; and detection

means coupled to said magnetoresistive sensor for detecting resistance changes in said
magnetoresistive sensor in response to magnetic fields intercepted by said
magnetoresistive sensor, said magnetic fields representative of data bits recorded in said
magnetic storage medium.

According to still another aspect of the invention there is disclosed a
magnetoresistive sensor comprising: a first and a second layer of ferromagnetic material
separated by a spacer layer of a nonmagnetic conductive material, the direction of
magnetization in said first and second layers of ferromagnetic material responsive to a
magnetic field generated by a sense current in sdid magnetoresistive sensor being
oriented at equal and opposite angles with respect to the sensor magnetic easy axis; a
first back layer of nonmagnetic electrically conductive material adjacent to and in contact
with said first ferromagnetic layer, said first ferromagnetic layer disposed between said
first back layer and said spacer layer, said first back layer being coextensive with said
first ferromagnetic layer covering substantially the entire first ferromagnetic layer; and a
second back layer of nonmagnetic electrically conductive material adjacent to and in
contact with said second ferromagnetic layer, said second ferromagnetic layer disposed
between said second back layer and said spacer layer, said second back layei' being
coextensive with said second ferromagnetic layer covering substantially the entire second
ferromagnetic layer.

According to still another aspect of the invention there is disclosed a
magnetoresistive sensor comprising: a first and a second layer of ferromagnetic material

separated by a spacer layer of nonmagnetic material, the direction of magnetization of



7. A magnetoresi stive sensor as in claim®6 wherein the maxi mum thi ckness
of said nonmagnetic back | ayer being about three nean free path | engths
for conduction electrons in said nonmagnetic back |ayer material. 8. A
magnet oresi stive sensor as in claim6 whgein the thickness of said
nonmagneti ¢ back | ayer being within the range of about 4 angstrons to
about 1000 angstroms. 9. A magnet oresi stive sensor as in claim6 wherein
t he thi ckreaib fokt dayed obrferrgmapnetic lngatdrial alyeing hembsigntidilyhiperpgendicange ale
about 4 angstrons to about 60 angstrons. 10. A nmagnetoresistive sensor as
i n cl ai m ldivdetioniof mdpaetizationrod sgidosecond Myé¢rn ofsferrontigpeticimatepiabatdzero applied
ferromagnetic | ayers each being within the range of about 5 angstrons to

about  150magneticiighd; andia back layeyfmepmagaatic\ede Iyrcondugtivespaterial wlisgeat ei n
T Rtk PR Lol oAb A g

ol SRR P ARRA U S e BB
Chf Ckneos Eholmerictalt, To0E 0o O Y ayer bai ng wi thin the range of about

10 angstrons tgpa ?%%Enﬁﬁlveﬁﬁ}ﬁ?%ﬂrﬂ% deslﬁ?eda‘ﬁﬁﬁ&??l)?r@% o |4 EmpRNSAy, it N

claim1l1l wherein s nonmagneti ¢ spacer layer 1Is
reference to an embodiment thereof as illustrated in the accompanying drawings, in

which:

Figure 1 is a simplified block diagram of a magnetic disk storage system in which
an MR sensor according to the preferred embodiment of the present invention can be
used;

Figure 2 is an exploded view in perspective of a preferred embodiment of the

magnetoresistive sensor according to the principles of the present invention;
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conprised of a material selected fromthe group consisting of silver, gold,
copper and alloys of silver, copper and gold. 15. A magnetoresistive
sensor as in claim14 wherein said nonnagnetic spacer |ayer conprises a
thin filmlayer of copper. 16. A magnetyresistive sensor as in claiml
wherein said nonmagnetic back layer is conprised of a material selected
fromthe group consisting of silver, gold and copper. 17. A

magnet or esi stive sensor as in clai m1€DAIM®i n sai dmonmagneti c-back—l-ayer
conprises a thin filmlayer of copper.

20 = 18. A mmgnetoresistive sensor as in claiml Meiﬂnw““&m&uﬂ of
said first_ and second ferromagneti ¢ | ayers conpri se' &"

structure.l- 14 Magngioxesastiye SeYsOf COBPEYRASOr as in claim 18 wherein said

mul til ayered st_ﬁigsgture coppri seg at | east one |

ferromgnet o il hefdR sl fermggP%maWIaiggﬂ%%%%ﬁaf4 SR laueet ¢
l&ﬁé{ or e SFRPAPRBIC st 0 et BhTRGIC oo DELAA st ey O rfsﬁggﬁgmc
cal & i o OfREE Bty st dhak NG peflenSNBL to 1 ehaBiof Hibettin Of G sebd@f)

layer of ferromagnetic material at zero applied magnetic field;

a back layer of nonmagnetic electrically conductive material adjacent to and in
contact with said first ferromagnetic layer, said back layer being coextensive with said
first ferromagnetic layer covering substantially the entire first ferromagnetic layer; and

means for maintaining the magnetization in said second ferromagnetic layer in a
desired direction.

2. A magnetoresistive sensor as in claim 1 wherein said means comprises an exchange
bias layer of antiferromagnetic material adjacent to and in contact with said second
ferromaguetic layer, said antiferromagnetic layer for providing a bias field in'said second
ferromagnetic layer for maintaining the magnetization in said second ferromagnetic layer
in a desired direction.

3. A magnetoresistive sensor as in claim 2 wherein said antiferromagnetic layer is
comprised of a material selected from the group consisting of iron-manganese and
nickel-manganese.

4. A magnetoresistive sensor as in claim 3 wherein said antiferromagnetic layer is
comprised of an alloy of iron-manganese.

5. A magnetoresistive sensor as in claim 2 wherein the thickness of said
antiferromagnetic layer being within the range of about 50 angstroms to about 150
angstroms.

6. A magnetoresistive sensor as in claim 1 wherein the minimum thickness of said

nonmagnetic back layer being about 4 angstroms.
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21. A magnet or esi stive sensor as in claim18 wherein said f+rst--and-second
ferromagnetic | ayers each conprise a thin |ayer of com‘ﬂ@nd a thin layer
c

of nickel -iron, said thin | ayer of cobalt formed ad ﬂﬂwfiwuum
! 21

nonmagneti c spacer | ayer. 22. A magnety esistive se I
wherein the thickness of said thin |ayer of cobalt being wthin the range
of about 0.5 angstrons to about 20 angstrons. 23. A magnetoresistive .
sensor as 1.n cAahagrttorbsistiiensenedrhassai claimo Gnwherein thebmakiniumy ehickness bf ssaidd
nonmagneti ¢ spacer | ayer conprise the sane nonnmagnetic nmateri al . 24. A
magnet or edlosmagaeticerpaek layen heipgaabaut thhasr siean bied path dengthsrefign ecandudtierk
| ayer and sai d _nonmagneti c spacer |ayer conprise different nonmagnetic
mat er i al s.clectrons imsaid gleamagnaticdagk davey Batssiabonpr i si ng: a magnetic

t [ havi .l | it f ks, f r di f dat a, .

mmgnet o 1 anchdEPRRER R e s b elebEa JheupabE e oh sl htrpenttis
2 : adi : Lat . d ti
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: ncluding g mag '}Eér%%’éﬁﬁés?&iv\é%cnﬁ%‘? 48 34 cﬁﬂﬂgsr‘kgﬁér@ﬂf the thickxﬂégs fole o5 rﬁa‘i&ﬁmggét?cco.”d

ayer of ferromagretic material separated by a spacer layer o nonfragnet i c
material, HaoR 14¥R9 BeineZRihiA & tInBE bF MWoutl D@ktforhd fo5ibouRBE %n@é‘u:d‘ni‘s’. romagnetic
mat eri al being 'substantially perpendicular "to the magnetization direction

]91‘ ISfélli d se@nda shapreforédistiverseMybRan @i tiainiatviidréihn (BE (KR sAOPEdi@ FirstBaidSaid
i el d;
REPL ACEMVENEc@idEFefromagnetic layers each being within the range of about 5 angstroms to about

150 angstroms.

11. A magnetoresistive sensor as in claim 10 wherein the thickness of said first
ferromagnetic layer being within the range of about 5 angstroms to about 30 angstroms.
12. A magnetoresistive sensor as in claim 1 wherein said nonmagnetic spacer layer has
a thickness less than the mean free path length of conduction electrons in said
nonmagnetic spacer material.

13. A magnetoresistive sensor as in claim 12 wherein the thickness of said
nonmagnetic spacer layer being within the range of about 10 angstroms to about 40
angstroms.

14. A magnetoresistive sensor as in claim 1 wherein said nonmagnetic spacer layer is
comprised of a material selected from the group consisting of silver, gold, copper and
alloys of silver, copper and gold.

15. A magnetoresistive sensor as in claim 14 wherein said nonmagnetic spacer layer
comprises a thin film layer of copper.

16. A magnetoresistive sensor as in claim 1 wherein said nonmagnetic back layer is
comprised of a material selected from the group consisting of silver, gold and copper.

17. A magnetoresistive sensor as in claim 16 wherein said nonmagnetic back layer

comprises a thin film layer of copper.
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a back |ayer of nomnagnetic electrically conductive material adjacent—te—
and in contact with said first ferromagnetic |ayer, sai ei ng
coextensive with said first ferronmagnetic |ayer coveri nﬁlmmpwﬁ mlhe
entire first ferromagnetic layer; and ,5 bias neans for naifi: _ e
magneti zation in said second ferromagnetic |ayer in a desired direction;
actuator neans coupled to said nmagnetic transducer for noving said nagnetic
transducerl8.0 Aemagnesaresistivk semsor saiid clrigndt whereiandeastede W sa@d dirst and
detection neans coupled to said magnetoresistive sensor for detecting _

r esi st anceSecenhfgEamagnetia layersegpmenrise asheltilayeredestruoturé.n r esponse to magnetic

fields intgrcepted b sai. d magnet oresi stive sensor, said magnetic fields

repr esent at1-ve o2 aTIArasISte (SERWK s 1 §laimal Weegrisr paid smuktiayererd dtunture 26.
wherein said bjas nmeans conpri ses

. - . .

o SxeharcsBiad 5 TSt 615 Bt B &fff%}%gﬁl@ﬁs@tm@m wledoedmampta
] | e aye sai ntiferro

SATCRTHOR A T I

mei nt ai ni np,thg MBGMESGRiTO st 3811 BSEIY wherein said first ferromagpetic_layer

comprises a thin layer of cobalt and a thin layer of nickel-iron, said thin layer of cobalt

formed adjacent said nonmagnetic spacer layer.

21. A magnetoresistive sensor as in claim 18 wherein said first and second
ferromagnetic layers each comprise a thin layer of cobalt and a thin layer of nickel-iron,
said thin layer of cobalt formed adjacent said nonmagnetic spacer layer.

22. A magpetoresistive sensor as in claim 21 wherein the thickness of said thin layer of
cobalt being within the range of about 0.5 angstroms to about 20 angstroms.

23. A magnetoresistive sensor as in claim 1 wherein both said nonmagnetic back layer
and said nonmagnetic spacer layer comprise the same nonmagnetic material.

24. A magnetoresistive sensor as in claim 1 wherein both said nonmagnetic back layer
and said nonmagnetic spacer layer comprise different nonmagnetic materials.

25. A magnetic storage system comprising:

a magnetic storage medium having a plurality of tracks for recording of data;

a magpetic transducer maintained in a closely spaced position relative to said
magnetic storage medium during relative motion between said magnetic transducer and
said magnetic storage medium, said magnetic transducer including a magnetoresistive
sensor comprising:

a first and a second layer of ferromagnetic material separated by a spacer layer of
nonmagnetic material, the magpetization direction of said first layer of ferromagnetic
material being substantially perpendicular to the magnetization direction of said second

layer of ferromagnetic material at zero applied magnetic field;

REPLACEMENT SHEET

06 SEP 197




<

ferromagnetic layer in a desired direction. 27. A nagnetic storage system
as in claim26 wherein said antiferromagnetic layer is conprised of a

material selected fromthe group consisting of iron- namﬁmmﬂLH'MIle

ni ckel - manganese. 28. A magnetic storagg systemas in

sai d magnetoresistive sensor further conprises: oA cappln | 8yef
deposited over said antiferromagnetic |ayer; and el ectrical |ead
means deposi t edl baokelayes of nfapmgngtirt &yeetricaby coodyitivagmatarial adjagpmttoraxi #tive
sensor to said det ectlon neans. A magnetic storage systemas in claim

28 wher ei nCQBCY wilp pai g}‘nﬁta%mwnﬁm loyer, paidypack, jaggr bang cpexdensivnwithesaig oup

consi sting.of _.tantal um ?nd zi rconi

REPL ACEMENESfffEqmagnetic layer caypring SHg]ﬁi‘FélalIX the eptisg dirsh ferramagueticaysrapad 26
pher e\ 1 521 TGRS ok ;ARSI B oadir Rl PO
copper anda ﬁ@élﬂ:d direction;
actuator means coupled to said magnetic transducer for moving said magnetic
transducer to selected tracks on said magnetic storage medium; and
detection means coupled to said magnetoresistive sensor for detecting resistance
changes in said magnetoresistive sensor in response to magnetic fields intercepted by
said magnetoresistive sensor, said magnetic fields representative of data bits recorded in
said magpetic storage medium.
26. A magnetic storage system as in claim 25 wherein said bias means comprises an
exchange bias layer of antiferromagnetic material adjacent to and in contact with said
second ferromagnetic layer, said antiferromagnetic layer for providing a bias field in said
second férromagnetic layer for maintaining the magnetization in said second
ferromagnetic layer in a desired direction.
27. A magpetic storage system as in claim 26 wherein said antiferromagnetic layer is
comprised of a material selected from the group consisting of iron-manganese and
nickel-manganese.
28. A magnetic storage system as in claim 26 wherein said magnetoresistive sensor
further comprises:
a capping layer deposited over said antiferromagnetic layer; and
electrical lead means deposited over said capping layer for coupling said
magnetoresistive sensor to said detection means.
29. A magnetic storage system as in claim 28 wherein said capping layer comprises a

material selected from the group consisting of tantalum and zirconium.
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31. A magnetic storage systemas in claim30 wherein said-nonmagnetic_____
spacer |layer conprises a thin filmlayer of copper. 32. A magnetic
storage systemas in claim25 wherein said nonmagnetic Hmmmmnum,”m
conprised of a material selected fromthg group consi st ' | d
and copper. 33. A magnetic storage systemas in claim 3% vher'ei fi sdid*
nonmagneti c back | ayer conprises a thin filmlayer of copper. 34. A
magnet or esi0st i A enagnato storagepystemg: in claim 26awhéremt saidhnormnapmetio Spdcay Biyepis
ferromagnetic material separated by a spacer |ayer of a nonnagnetic
conduct i veeomprised of a materigl selested ffont theagnoup icoasisting phsideeird g6id; coppardand
second |layers Qf ferromagnetic material responsive to a magnetic field
gener at ed %g?ygloggﬂ]geé, CQRREF 8Mt 8P)8- sai d magnet oresi stive sensor being

or1 ent ed 1 <K Shagiofl SRROSL KA 53 i FRRRC ik SobRemERStheRe
mat eri al ac%?ﬁ@&ahﬁn?ﬁ% lllagereo(r}% t wth said first ferronagnetic | ayer,

said first rromagnet| y posed between said first back | ayer and

sai d spacey | gy Gfiaone@t SrotddeSlysfiafls lrﬁé’lgih g?itvﬂgreiﬁ Qgt ﬂ?ﬁx&a?tﬁeﬁg ngksﬁggr fgi rst

ferromagnetic layer covering substanti entire erronagnetic

l'ayer; andomprised of & 254¥1th Ralektell oA tHRfgroGNERRRERS of SIRG! bblaahlikoppaduct i ve
material adjacent to and in contact with said second ferromagnetic | ayer,

sai d secorsd.f eX moamgtietsttageygstem as in claim 32 wherein said nonmagnetic back layer

comprises a thin film layer of copper.
34. A magnetoresistive sensor comprising:

a first and a second layer of ferromagnetic material separated by a spacer layer of a
nonmagnetic conductive material, the direction of magnetization in said first and second
layers of ferromagnetic material responsive to a magnetic field generated by a sense
current in said magnetoresistive sensor being oriented at equal and opposite angles with
respect to the sensor magnetic easy axis;

a first back layer of nonmagnetic electrically conductive material adjacent to and in
contact with said first ferromagnetic layer, said first ferromagnetic layer disposed
between said first back layer and said spacer layer, said first back layer being
coextensive with said first ferromagnetic layer covering substantially the entire first
ferromagnetic layer; and

a second back layer of nonmagnetic electrically conductive material adjacent to and
in contact with said second ferromagnetic layer, said second ferromagnetic layer
disposed between said second back layer and said spacer layer, said second back layer
being coextensive with said second ferromagnetic layer covering substantially the entire
second ferromagnetic layer.

35. A magnetoresistive sensor as in claim 34 wherein the minimum thickness of said

first and said second nonmagnetic back layers each being about 4 angstroms.
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di sposed between said second back | ayer and said spacer | ayer, said _second
back | ayer being coextensive with said second ferronmagnetic | ayer covering

substantially the entire second ferronmagnetic |ayer.

magnet oresi stive sensor as in claim34 wherein the m nllmmmmluMNHMI
said first and said second nonnagnetic back |ayers each' béi n§ about 4
angstromns. o 23 36. A
magnet or eSPst i4 SagBWERSiKVe sANOI S rin THimHky whereith Sienmakimyum thickdese of saifl
said fi rsi% and, sai. d second nonmagnetj ¢ back Iage,rs each bei ng about three

o e e g O CORUUE L BITELPIInSon, JSaba e msgActvopifck
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nmagnet or egb&ht MOOHRBEOSmAS i N cl ai m 34 wherein the thickness of said first
and said second ferromagnetic | ayers each being within the range of about

5 angstros8. t A magnetoresistive sensor as in claim 35 wherein the thickness of said first and
said second nonmagnetic back layers each being within the range of about 4 angstroms to
about 60 angstroms.

39. A magnetoresistive sensor as in claim 34 wherein the thickness of said first and
said second ferromagnetic layers each being within the range of about 5 angstroms to
about 30 angstroms.

40. A magnetoresistive sensor as in claim 34 wherein said nonmagnetic spacer layer
has a thickness less than the mean free path length of conduction electrons in said
nonmagnetic spacer material. !

41. A magnetoresistive senmsor.as in claim 40 wherein the thickness of said

nonmagnpetic spacer layer being within the range of about 10 angstroms to about 40

angstroms. |

42. A magnetoresistive sensor as in claim 34 wherein said nonmagnetic spacer layer is

comprised of a material selected from the group consisting of silver, gold, copper and

alloys of silver, copper and gold.

43. A magnetoresistive sensor as in claim 34 wherein said first and second

nonmagnetic back layers are comprised of a material selected from the group consisting

of silver, gold and copper.

44. A magnetoresistive sensor as in claim 43 wherein said first and second

nonmagnetic back layers each comprise a thin film layer of copper.

- 45. A magnetoresistive sensor comprising: REPLACEMENT SHEET
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about 30 angstrons. 40. A magnetoresistive sensor as-i-n-—-ctat-m-34- wherei n
sai d nonmagneti c spacer |layer has a thickness |less than the nean free

I ength of conduction electrons in said nonmagnetic Riu mu“"’ 41 A
magnet oresi stive sensor as in claim 402aherein the

nonmagneti c spacer |ayer being within the range of about 10 angstroms to
about 40 angstrons. 42. A magnetoresistive sensor as in claim34 wherein
sai d nonmagnetifirst pad ase¢canddayérsof ferropagratid roiterialnseperaiesl by elspates dayerarf t he
group consisting of silver, gold, copper and alloys of silver, copper and

gol d.  43DnopmaAgEstisimatetials the direction s raasgnpﬁzaéuoal%ssui firse lazien of éi:réomagr@rtwand
e o oup SRRt Aok 5B B8 o RO 7 s
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| ayers ead

a back layer of nonmagnetic electrically conductive material adjacent to and in
contact with said first layer of ferromagnetic material, said back layer being coextensive
with said first ferromagnetic layer covering substantially the entire first ferromagnetic
layer.

46. A magnpetoresistive sensor as in claim 45, the minimum thickness of said
nonmagnetic back layer being about 4 angstroms.
47. A magnetoresistive sensor as in claim 45, wherein said nonmagnetic back layer is

comprised of a material selected from the group consisting of silver, gold and copper.
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a first and a second | ayer of ferromagnetic material separated by a spacer

| ayer of nonmagnetic material, the direction of magnetization of said
first layer of ferromagnetic naterial being substantially perpendicular to
the direction of magnetization of said second |ayer of ferromagnetic
material at zero applied magnetic field; an2s a back | ayer of
nonnmagneti c electrically conductive nmaterial adjacent to and in contact
with said first |layer of ferronagnetic nater'%l, sai d back | ayer being
coextensive wth said first ferronagnetf%ﬂﬁg§er covering substantially the
entire first ferromagnetic |layer. 46. A nmagnetoresistive sensor as in

claim45, the mni mum thi gkness ol sald o NPRINELL m&pﬁgkg%ﬁr bei ng about
[ [ alm 45,

g
4 angstronms. 47. A magnetoresistive sensor as in c erein said
nonmagneti c back layer is CORMHGESEATRF INCORRORATING | SUSR ARNERR f r om t he group
consisting of silver, gold and copper.

A magnetoresistive read sensor based on the spin valve effect is
described, in thch a ccomponent of the read element resistance va;ies as
the cosine of the angle between the magnetization directions in two
adjacent magnetic layers., The sensor read element includes two adjacent
ferromagnetic layers separated by a nonmagnetic metallic layer. A layer
of nonmagnetic electrically conductive material is deposited adjacent to
and in contact with at least one of the ferromagnetic layers (referred to
as a filter layer) to form a back or conduction layer which provides a
low resistance path for conduction electrons transmitted through the
adjacent filter layer. The thickness of the filter layer is selected
such that it effectively blocks conduction electrons having spins
antiparallel to the direction of magnetization in the filter layer while
allowing conduction electrons with parallel spins to be transmitted
through the layer into.the adjacent back layér. The magnetization of the
filter layer is free to rotate in response to an applied magnetic field
thereby effectively varying the electricallylresistance to conduction
electrons in the back/filter layer. The thickness of the back layer is
selected to optimize the sensor parameters being measured and is in a

range of about 4.0a to 1000A.
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