I8 91-106 1 MAGNETORESI STI VE SENSOR The present
inventi-on relates generally to nmagnetic transducers for reading information
'si. gnal s recorded in a magnetic nedium and, nore particularly, to an '

i mproved magnet oresi stive sensor which utilizes a 5 mul tilayered, spin

val ve structure and the sensor sense current to set the non-signal

operatl ng point of the sensor. The prior art discloses a nmagnetic read
tTansducer referrgd 40,@@s a magnetoresi stive (MR) sensor or head which has
ibeen shown to be capable of reading data froma magnetic surface at great

| i near densities. An MR 10 sensor detects magnetic field signals through
the resistance changes of a read el esRnborisabriveatedrof a magnetic materi al
as a function of the strength and direction of nagnetic flux being sensed
by the read el ement. These prior ensors [ s:Qf the
ani sot ropi ¢ magnet or 814 sfresgnt ’ifl\/ﬂ)%w? %M?a % %en\/\’/ﬁaﬁ)’ﬁ%o_%gneg%ng%t% S% gdts he read
el enent 15 resi Stades "%7‘5‘?‘?“%%”%@1%5 E?fﬂ’é"reé igfe f“f‘%‘eﬁ’tfs’f‘er%g‘[“é?? G (€8 err]) of
t he angl e betweenrattigukmgnetd zratlmmvedn@%eherem#teu Fenfoo Whicbriddlizg? fent 1 ow
through the el eneiltildyer®d, s tvaiecstraesss bt tignsepbort bensAMRrehf @otsecan be
Ifound in "Menory,.,St.of Adsha1 aR-Relsal-eek PRhd galsbons”, D. A Thonpson et al .,
| EEE Trans. Mag. MAG 11, p. 1039 (1975). 20 - U S. Patent No. -
14,896, 235 entitled "Magnetic Trapsducer Head

i The prior art discloses a magnetic read transducer referred to as a

i magnetoresistive - (MR} sensor or head which has been shown to be capable

! of reading data from a magnetic surface at great linear densities. An MR

! 10 sensor detects magnetic field signals through the resistance changes o a
read element fabricated of a magnetic material as a function of the
strength and directicn of magnetic flux being sensed by the read element.
These prior art MR sensors operate on the basis of the anisotropic
magnetoresistive (AMR) effect in which a component of the read element

resistance varies as the square of the cosine?(cos?) of the angle between

[
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the magnetization and the direction of sense current flow through the
element. A mére 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).

o U.S. Patent No. 4,896,235 entitled “Magnetic Transducer Head
Utilizing Magneﬁoresistance Bffect”, granted to Takino et al on January
23, 1990, discloses a multilayered magnetic sensor which utilizes the aMR
and comprises first and second magnetic layers separated by a non-
magnetic layer in which at least one of the magnetic layers is of a
material exhibiting the AMR effect. The easy axis of magnetization in

each of the magnetic layers is set perpendicular to the applied magnetic

i

signal such that the MR sensor element sensor current provides a magnetic
field in the magnetlc layers parallel to the easy axis thus eliminating

" or minimizing Barkhausen noise in the sensor. "Thin Film MR Head for
High Density Rigid Disk Drive® by H. Suyama et 2l, IEEE Trans. Mag., Vol.
24, No. 6, 1988 (pages 2612-2614) discloses a multilayered MR sensor

‘as
L)

similar to that disclosed by Takino et al.

More recently, a clfferent, more pronounced magnetoresistive effect
has been described in which the change in resistance of a layered

magnetic sensor is attributed to the spin-dependent transmission of the
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conduction electrons between the magnetic layers through a non-magnetic



re
ka1izing Magnet or esi stance Effect”, granted to Takino et al on January 23,
1990, discloses a nultilayered magnetic sensor which utilizes the AMR and
conprises first and second nagnetic | ayers separated by a non- magnetic

| ayer in which at | east one of the nagnetic layers is of a 25 materi al
exhibiting the AVMR effect. The easy axis of magnetization in each of the
magnetic layers is set perpendicular to the applied nmagnetic signal such
that the MR sensog,.ebergnt sensor current provides a magnetic field in the
magnetic | ayers parallel to the easy axis thus elimnating or mnimzing
Bar khausen noise in the sensor. "Thin Film MR Head for 30 High Density

Ri gi d Disk Drive" 14%: Iélnd %Hy @g&mggnyﬁjm stlEFeEpe-EEé}z@Ssca%ng a\lohge %ez No. 6,
1988 (pages 2612- 28144 s 9sss, @henyir},ariaaye% EGRNR SCRIP LTI L ha

di scl osed by Taki re recent rent, nore rqnoupced
magnet or esi sti ve %ffrf‘é £ AR BEE TS %rgfﬁl &8 PR WEW?‘W&"@H’&%S"* span
resi stance of . a | Wj¥edfi3st. nighat Pagnaferrsditivs sepsey fphrieated 8 ttﬁe

spi n- dependent 5t r sipsPnrsSieomtefialherogied Uobrogerd edngitivinysardedrapten dhiyae in
nmagnetic | ayers tiys0st@hctRQnobsBFEeLtih GensorsSAO19dind Qe AMR effect. In this

2 layer and the aggonpany L&Qoépéﬂé'ﬁxegﬁﬂgﬁgéiséa%@é beLLO0. 8kt Be | ayer

i ferromagnetic layers separated by a non-magnetic layer varies as the

cosine (cos) of the angle between the magnetization in the two layers.

10 U.S. Patent No. 4,949,039 to Grunberg describes a layered magnetic
structure which yields enhanced MR effects caused by aﬁtiparallel
alignment of the magnetizations in the magnetic layers. As possible
materials for use in the layered structure, Grunberg lists ferromagnetic
transition metals and alloys, but does not indicate preferred materials

j ’ 15 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 interlayer of Cr or Y.

Co-pending U.S. Patent Application serial no. 07/625,343 filed
20 Decembexr 11, 1990, assigned to the instant assignee, discloses an MR
sensor in which the resistance between two uncoupled ferromagnetic 1ayers

is observed to vary as the cosine of the angle between the magnetlzatlons

of the two layers and which is independent of the direction of current
‘ ] flow through the  sensor. This mechanism produces a magnetoresistance
25 that is based on the spin valve effect and, for selected combinations of

materials, is greater in magnitude than the AMR.

| Co-pending U.S. Patent Application serial no. 07/652,852; filed

i February 8, 1991, assigned to the instant assignee, disclpses an MR

5 o sensor based on the above-described effect which includes two thin £ilm

30 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 6f cobalt or a cobalt alloy. The magpetization of the one
ferromagnetic layer is maintained perpendicular to the magnetization of
the othsr ferromagnetic layer at zero externally applied magnetic field

35 by exchange coupling to an antiferromagnetic layer.
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i nterfaces and within the ferromagnetic layers. This magnetaresistive

effect is variously referred to as the "gi ant nagnetoresi EtTH’IﬁS E'T@@QEEN'

val ve" effect. Such a nmagnetoresistive sensor fabricated

| ———

_ . . . . L O LACED
appropriate materials provides inproved sensitivity and geeater

resi stance than observed in sensors utilizing the AMR effect. In thrs type
of MR sensor, the in-plane resistance between a pair of ferromagnetic

[ ayers separat ed hyoa100QQ- Magnetic |ayer varies as the cosine (cos) of the
angl e between the nmagnetization in the two | ayers. 10 U. S. Patent
No. 4,949,039 to Grunberg describes a | ayered nmagnetic structure which

yi el ds enhanced MR ef f gt spi6ansRdsticrabdd Batahbbehn ahé ghiverdicaf vishepatent

megnet i zations in u;&% FRGICLLE L AYRE Sne A8 410851 B BoIRLELEE 5n LAY obiSfe i 1 he

| ayered structure, r IS err netl ¢ transi
all oys, but does r8? i fen’ cggf'elcpr P& te lxﬁgférlpa’i”sg 15" afsreg?ﬁt%%"?%eﬁta“?qor
superior MR si _gnalsu%ﬂrﬁlllaitt TRder “°‘Gstﬁﬁ’5br°g“dﬁﬁ‘r°f‘ﬁé¥e greeriPph &f TreretireEicgs i

ant i f err omagnet $ c-thy peheextenagrgenet b piviend st wialedperpeidecdny itp dbe pilesed

al i gnment i n whi chapd] RGRatizdtayer Imed ah kiRAORDThdtac FaGMAL | id| Hphiee toegrar at ed
by a thin interlaygrof £ c%ecmon% xrysﬂéillml&l §, trPealtld?\D:Elxéle-l'@geh apyserial-

no. 07/625, 343f|Ied 20 ta the instant
assi‘'gnee, di scl 0s&8°%4R Wgeresgecef 9 %hvvn&lrﬁc? e’ re %iazﬁ%:lémble1 t\?ézpn

uncoupl ed ferromad®ett c TPagEPst i°f %‘B?&Wé&hf‘b *Fa?ﬁ?p?ﬁ“f‘ﬁe tRJSf rF@“d‘F °tfhe

ang| e bet ween the thg_gm:@p;_hat. ithf gragnetization of the free layer rotates through. 1In
order to maintain the magnetization orientation in the pinned layer, a

means for fixing the direction of the magnetization is required. For
example, as described in the above-cited patent applications, an
additional layer of antiferromagnetic material can be formed in contact
15 with the pinned ferromagnetic layer to provide an exchange coupled bias
field. Alternatively, an adjacent magnetically hard layer can be

utilized to provide hard bias for the pinned layer.

The present invention is directed to the problem of providing an MR
sensor based on the spin valve effect in which it is not required to
20 provide additional structure means for fixing the magnetization

orientation in one or more of the ferromagnetic layers.

Accordlngly the invention provides a magnetoresistive sensor

'"comprlslng a first and a second layer of ferromagnetic material

separated by a layer of non-magnetic metallic material, the mﬁgnetic easy

25 axis in said first and second layers of ferromagnetic material being
substantially parallel, in which the direction of magnetization of said
first and second layers of ferromagnetic material responsive to a
magnetic field generated by a sense current in.said magnetoresistive
sensor is or;ented at equal and opposite angles with respect to said

30 magnetic easy axis, and the magnetization of each of said first and
second layers of ferromagnetic material is responsive to an applied
magnetic field, the change in resistance of said magnetoresistive sensor
responsive to the applied magnetic field being a function of the change
in the angle between said directions of magnetlzatlon in sald flrst and

35 second layers of ferromagnetic material. 1In this sensor, no addltlonal
structure is required to fix the magnetization in one of the layers and

magnetization in both ferromagnetic layers is responsive to an applied

magnetic signal thus providing an increased measurement signal output.

N
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of the two layers and which is independent of the direction of current flow
tihrough the sensor. This mechani sm produces a nmagnetoresi stance 25 that is
based on the spin valve effect and, for selected conbinations of materials,
is greater in magnitude than the AMR Co-pending U S. Patent Application
serial no. 07/652,852, filed February 8, 1991, assigned to the instant

assi gnee, discloses an MR sensor based on the above-described effect which
i ncludes two thin L;JQEQ 30 | ayers of ferro netic material separated by a
thin filmlayer of™a hon- magnetic netallic material wherein at |east one
of the ferromagnetic layers is of cobalt or a cobalt alloy. The
magnet i zation of the ofe.leLEouRancld G La%Clrs:, ML 8l b6l sparaandi cul ar to
t he magneti zati on of the other (grro sgtnetlc ayer at szugga% extenpally

appl i ed magnetic & SEPTHTS SN SHGe _E?ﬁigfel A t0°hA ARtI ferromagnetic

| ayer . 3 The spPRiudimoviiret PRcEFPRES ERiBSTELT BRETF 7 thESTRBBFREELT PR 131s.

pat ent appl i cati omsparetpdi tvea tthit £ilhdarér ek péromrooétinmgrrliic mtenirlisdone of
the two ferronagnehich 1-ayREss be afdexn@da Gon-sPpinan@dinti By eheSsdnest echsor i ent ati on
such that under nQp-hOnadn.CRALLLONS 1ah6rsdiftbl iRl AlcnBANGLELSEd 60 i N the

Ot her ferr omagnet Ieg.syl g‘ ggétilc Sax?sr Ip?r%ter%gm gxr‘ Qg rl:gnla cv:vlil‘gt%roft Q dgipaetlpalcg Qachnl a_‘yer

adjacent storage medium and'parallel to the direction of sense current
. through the sensor. When the sense current is applied to the sensor, the
E 10 magnetic Field associated with the sense current provides a bias field
for each ferromagnetic layer such that the magnetization direction in
each layer is oriented at equal and opposite angles with respect to the
j ) easy axis. The magnetization is not fixed in either of the ferromagnetic
? layers and, thus, is free to respond to an applied magnetic field. An
15 applied magnetic signal will cause the magnetization direction in both
é ferromagnetic layers to rotate through substantially equal, but opposite
l angles with respect to the easy axis, thus having the effect of changing
P the angle between the magnetizations of the layers by twice as much when
compared to a prior art spin valve MR sensor in which one of the
20 ferromagnetic layers is pinned. 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
! due to the rotation of the magnetization in the layers of ferromagnetic
| material as a function of the applied external magnetic field being
i 25 sensed. The magnitude of the resistance change of the read element is a
, function of the cosine of the change of the angle between the directions
of magnetization in the layers in response to an externally applied
magnetic field such as that representative of a data bit stored in

magnetic media.

30 Thus, the present invention provides a spin valve MR sensor in

; which the maénetization in both ferromagnetic layers is free to respond

! to an applied signal and in which the sensor sense current biases the

! magnetization of both layers to the same, but opposite angle with respect
| to the easy axis. As the magnetization in both ferromagnetic layers is

( 35 free to rotate, the reguirement for a pinning means, such as an exchange
bias layer or hard bias layer,_is eliminated. Since both ferromagnetic
layers are responsive to an applied magnetic signal, thé sensitivity.of
the sensor is greatly increased. Additionally, since the materials '

| _ typically utilized to provide exchange bias fields are relatively



mi‘gneti zation. Wien an external nmagnetic signal is applied to the sensor,
the direction of magnetization in the non-fixed or "free" |ayer rotates
With respect to the direction of nagnetization in the pinned |ayer. The
out put of the sensor then, is proportional to the cosine of the angle that
the magnetization of the free |ayer rotates through. In order to maintain
the magentization orientation in the pinned | ayer, a neans for fixing the
irection of the a¥Péri%ation is required. For exanple, as described in
the above-cited patent applications, an additional |ayer of
antiferromagnetic material can be fornmed in contact wt thedé)i nned, ..
ferromagnetic | ayeP™I i o BRI 5P X CRE PG ED SHTPEN DT "48 YT
Al ternatively, an ssajacantbespipgetirtast l9yealy deduesrethecaiirié TETISEFBPL™
provi de hard bi as dsescibtre ypithrredricayjer andlergpiies efitthe merenti on i s directed
to the problem of providing an MR sensor based on the spin valve effect in
which it i S an[ requ! r?rge,ﬁ&eQJLQX'ag& E&Qdidteé an%lgne?tg.é QE&H&@ sﬁ@ﬂ%o&gﬁisifnb X1 ng
the magneti zation orientation in one or nore of the ferromagnetic |ayers.
Accordingly to Bné FEPet*YF the invention there is disclosed a
‘magnet or esi stive sensor conprising: a first and a second | ayer of
If erromagneti c materi al Tisepaeatien wi)t ke betyer ugkrsyord frpngibet fodlavinafidtagled
mat eri al , the nmagnRbdEpRas brakbsdihdht S 3k dné iiktht @A refeand deayehgieofo the
if erromagnetic mat etidbaRehdd-SuRst antiad.y parallel, the direction of
§rragneti zation of said lt“] I"St 1ainda Ss?n??ﬂ?.ec& O%Lsdiaog;raxx %E raonrlgaggg:q}:i&smaogg&eal
'responsive to a magneti ¢ 11éel'd génerated by.a sense current in sai
‘magnet or esi sti V& SEFSHreBeATY 679 BIEE BUeEififal and opposite angles with
irespect to said nmagnet Figuengyisaxiview ireryyerscrivelof, @ prrfexed rrgeodirent & $ance
jof sai d nmagnet or eigrdekdies 52060 Eens@S PANSIivE té Ghaprapplleedt mhgretsest f i el d
being a function QfvdnBEon;

Figure 3 is an exploded view in perspective illustrating the
l 15 magnetic orientation for the magnetic layers the magnetoresistive sensor
shown in Figure 2;
Figure 4 is a sectional view of the preferred embodiment of the
magnetoresistive sensor shown in Figure 2;
Figﬁre 5 is a graph which illustrates the magnetoresistance versus
20 the applied x'rlagnetic signal for the magnetoresistive sensor shown in
Figure 2 with a longitudinal bias field applied; and
Figure 6 is a graph which illustrates the magnetoresistance versus
the applied magnetic signal for the magnetoresistive sensor shown in

" Figure 2 with no longitudinal bias field applied.

25 " Referring now to ?ig. 1, although the invention is described as

embodied in a magnetic disk storage system as shown in Fig. 1, it will be
" apparent that the invention is also applicable to other magnetic

recording systems such as a magneti¢ tape recording system, for example.
At least one.rotatable magnetic disk 12 is supported on a spin&le 14 and

30 rotated by a disk drive motor 18. The magnetic recording media on each
disk is in the form of an annular pattern of concentric data tracks (not
shown) on disk 12.

At least one slider 15 is positioned on the disk 12, each slider 13

supporting one or more magnet;c read/write transducers 21, typically

35 referred to as read/write heads. .As the disks rotate, the sliders 13 are
moved radially in and out over the cdisk surface 22 so that the heads 21

gy



chtange in the angle between said directions of magnetization in said first
and second | ayers of ferromagnetic material, the nagnetization of each of
said first and second | ayers of ferromagnetic material being responsive to
sai d applied magnetic field. Accordingly to another aspect of the invention
there is disclosed a nmagnetic storage system conprising: a nagnetic storage
medi um having a plurality of tracks for recording of data; a nagnetic

t ransducer mai nt ab¥edl+lfé a cl osely space position relative to said magnetic
storage nmediumduring relative notion between said nagnetic transducer and
said magnetic storage nedium said magnetic transducer includi ng a
magnet or esi sti ve Benaenest SHFEFRt RPTEigny of She gk whetr AoTidef S 1HFecorded:
ferromagneti c nat @#dnaslisepsy a¢ edrdsiedatd ay ectwtomenm- Hahgnaeing fet fHrepsion
material form ng as NMBYNREAESInSIY PEvE@RSi Blich A fotdaewniely pBiske thasy
axts in 3A sai g d.5£ % %&qxs§%99%gsli QI&QJ@%Etéa& Lavstss 8l 130is attached
substantially p rall eci oq,hof na&q_e}geggsatasl op..af sgigd {gg and
second ferromaghet? & F"eeaé’éonm ve 68 i el'd genera

sense current in ¥id cﬁhbﬁ%tt%r‘é( Wst foFes "§‘E‘?+§orT*t?eY9‘?g°°8Pﬁléﬁi 8cf°é3t m&‘ﬁeugll and
opposi te angl es wiithix esfieet mametigi tekhgtiet digecsigy amkrgocitespedri sl y, the
change in resi st anGendits Saing CAGRALET BSEE nater NSOl si@SPORSIPYERdty an

appl i ed magnetic fdeldibeing a function of the change in the angle between
said directions of magnetization in said first and

%ituator

10 During operation of the disk storage system, the rotation of the
disk 12 generates an air bearing between the slider 13 and the disk
surface 22 which exerts an upward force or 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

15 small, substantially constant spacing during operation.

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
29 ‘comprises logic control circuits, storage means and a microprocessor,

20 for example. The control unit 29 generates control signals to coantrol

various 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

25 associated disk 12. Read and write signals are communicated to and from

read/write heads 21 by means of recording channel 25.

The above description of a typical magnetic disk storage system,
and the accompanying illustration of Fig. 1 are for representation
purposes onlf. It should be apparent that disk storage systemé may

30 contain a large number of disks and actuators, and each actuator may

support a number of sliders.

Referring now to Figs. 2, 3 and 4, an MR spin valve sensor
according to the principles of the present invention comprises a first
} thin film layer 33 of magnetically soft ferromagnetic materizl, a thin
35 f£film layer 35 of a non-magnetic metallic material and a second thin £ilm
layer 37 of magnetically soft ferromagnetic material to form an MR
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sécond ferromagnetic |ayers, the magnetization of each of said first and
second ferromagnetic | ayers being responsive to said applied nmagnetic
field, said magnetoresistive sensing el ement being oriented such that the

| ongi tudi nal axis thereof is perpendicular to the trackwidth of a data
track defined in said magnetic storage nedium a |ower end of said

magnet oresi stive sensing el enent facing said nagnetic storage nediumin
spaced rel ationshijp; .¢capgductive | eads connected to said |ower end and to an
upper end of said nagnetore3|st|ve sensing el ement, respectively, for
connecting said nagnetoresistive sensor to external circuitry and for

coupling sai d Senge Gl 56NMepds@e3inds TRQNELOLSSI-Std YE s34 Blhse) @BRRALS cANd
bi as means forned ad] acent  sai eor xgmpeit or esl sst Lo\éﬁuée:n%é ng &Lereitr ol wr

provi ding a | ongi CuB Al Birae 1T eFaa n sai gnetoresjstive sensjng

el enent; act uat or e?'ﬁé‘ﬁﬁts 3&68;511"@&‘1?6 ?&%uﬁaghéﬁs fied Kafh BFUFEE R 7591 ng sai d
magnet i ¢ transducaponebicsédmeint ethteldnhe rgeivs regios Afdthedyaeatie 1a4eaf dde 3

medi un and det®Ctb GiinikRad BarkBabebre foils®. STHeCbinB Ghrhotoe S4351id wikctdnsldy f or

detecting resi st aRgs .cARYRSHE MrSALAIBING O SSL Ak idme1478E REisaltabBSpONSI Ve
to applied magnetig figl dg,[gprese cgér' V8 oMenfAl RIS LECO HEGr! A d

magnetic storage Aedrumintercept ed by sai gnetor S Sti Ve sensor.
SAQ9- 91- 106 30 such that a current flow throngh the Ligs,cAnRRGLPT gRneTRYeF €ad sensor,

based on t he Spl nmm}eyz@ field in the MR element parallel to the magnetic easy axis.
10 Electrical leads 39 and 41 of a suitable conductive material deposited

over the end regions of the MR element 30 are provided to form a circuit

path between the MR sensor and a current source 57 and a signal sensing

means 55.

During fabrication, the magnetic easy axis, as indicated by dashed

15 arrow 49, is set to be parallel to the MR element 30 longitudinal axis
while the MR element 30 is physically arranged such that its longitudinal
axis and, hence, the easy axis 49 for both ferromagnetic layers 33, 37 is
oriented perpendicular to the width W of a data track 45 formed in a
magnetic spgrége medium. In the absence of currept,flgwgthrough the MR

20 element 30; the magnetizations of the two layers 33,37 of ferromagnetic
material are oriented along the easy axis 49 and are parallel. When a
sense current is applied to the MR element 30, as indicated by arrows 44,
the magnetic field generated by sense current flowing in each of the

f ferromagnetic layers 33, 37, in combination with the current flow through

25 the non-magnetic metallic spacer layer 35, provides a biasing field for
the other ferromagnetic layer, respectively, as is well known in the art
{(see U.S. Patent No. 4,833,560, for example), which rotates the
magnetization in both layers 33, 37, as indicated by arrows 51, equal,
but opposite angles 6 with respect to the easy axis 49. aAdditionally,

30 the magnetization in both the first and second layers 33, 37 of '

ferromagnetlc 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)., 1In resﬁoﬁse to an externally applied magnetic signal, the

magnetization in each ferromagnetic layer 33, 37 will rotate through of
; 35 an equal but opposite angle 86 thus providing a change in resistance of
| the MR element proportionally to cos(288). It is to be noted that while
. the direction of the current fiow through the MR element 30 is important
! with respect to the setting of the non-signal operating point, the
variation of resistance of the MR element 30 is independent of the
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effect, conprises a |ayered structure formed on a suitable substrate
including first and second thin filmlayers of a ferromagnetic materi al
separated by a thin filmlayer of non-magnetic metallic material and 5
which is biased at a desired non-signal point by.the sensor sense current.
|The ferromagnetic layers are oriented wwth the preferred or easy nmagnetic
‘axi s perpendlcul%g ta_tdhe wi dth of a data.tgack on an adjacent storage
medi um and paraIIAF to the direction of sense current through the sensor.
Wien the sense current is applied to the sensor, the 10 magnetic field

associated with t&?edﬁ:?&ﬁgf %UHeﬁﬂtn&f Qi\ékg.gsana dgﬁéi’ﬁerjﬂ &Jlfi oﬁlod'hee@lﬁxkbe in the
ferromagnetic layer suc 0,0 %erregmta% On;l B.R3LCA;| gyer is
oriented at equal *hd SEPPTs e ARG l'Ilé%m res {0 the easy axis. The

‘magnetization js Hotesppuga ko #° é?PtlF@rmaﬁf’ebﬁﬁélqmé Torragnet ic layers and, thus,
is free to respond to an applied magnetic field. An 15 applied magnetic
signal w |l cause therhBgagtihagaitionaghirs 86} i30Rai be ablichtedrgnagnetitablé ayer s

to rotate throldghmmgté A0t d-al1 YuROialonaltUlcoPPRRSI (re) ARGIRS (Wi bnd BRRECt tO
the easy axis, ! M43-nal anst heks-lr%gt(NOJe,99@%&&&@%&9' & BShWERN: t he
nagnetlzatlons Of Jb roor art
spin val ve MR sen?&?“r r|f°WﬁxE’PP18neTl'tS"fn°Pﬁ‘é"g’?(5“f E?trab]rfﬁgﬁ?g%r 19v8%) g? S P nned.
A current source oPeR¥i (Rus. doxsergrele e errer seitehle W%Eﬁs“érs%laéﬁlb’éﬁer at es
a voltage drop acemossrideed readoekisternillqys Optiet thiciaesd of tthe myallgt sseFE | N
the resi St_anCQOOflagr&eBWs S8PECBently great to ensure substantial magnetic decoupling

of the two ferromagnetic layers 33, 37 but still thin enough to be less

than the mean freehpath length of the conduction electrons. An MR sensor

 based on the spin valve effect wherein the sensor read slements comprises
the ferromagnetic/non-magnetic/ferromagnetic layered structure is
15 described in greater detail in the above .referenced patent application
serial no. 07/625,343 hereby incorporated by reference as if fully set

forth herein.

With continuing reference to Fig. 4, a side view in section of the

preferred embodiment as shown in Fig. 2 taken along the longitudinal axis

20 of the_MR element 30 is shown. A suitable underlayer 59, such as Ta, Ru
or CrV, for example, can be deposited on substrate 31 prio; to the
deposition of a first ferromagnetic layer 33. The purpose of underlayer
59 is to optimize the texture, grain size and morphology of the
subsequent layers. The morphélogy can be crucial in obtaining the large

25 MR effects charécteristic of spin valve structures since it permits the
use of a very thin nonmagnetic metallic spacer layer 35 between the two
ferromagnetic layers 33 and 37. The underlayer 59 must also have a high
resistivity to minimize electrical current shunting effects. Should the
substrate 31 be of a material having a sufficiently high resistivity,

30 have a suffiéiently planar surface and have a suitable crystallographic

structure, the underlayer 59 can be omitted.

A first thin film layer 33 of soft ferromagnetic materizal, a thin
film layer 35 of a nonmagnetic metallic material and a second thin film
layer 37 of a soft ferromagnetic material are deposited over underlayer

35 59, Electrical leads 39, 41 are brovided to form a circuit path
between the MR sensor and a current sou¥ce 57 and a signal sensing means

55. As described above, the MR element 30 is physically oriented such
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due to the rotation of the magnetization in the |ayers of ferromagnetic
material as a function of the applied external magnetic field being 25
sensed. The magni tude of the resistance change of the read elenent is a
function of the cosine of the change of the angle between the directions of
magnetization in the layers in response to an externally applied magnetic
field such as that representative of a data bit stored in magnetic nedi a.
0 Thus, theasgpersent invention provides a 'spin valve MR sensor in
ich the magnetization in both ferronagnetic layers is free to respond to
an applied signal and in which the sensor sense current biases the
magneti zati on of beaidt itayensithdinkhexisared heude Opp@Sictéc amxyl &iwi tih r espect
to the easy axi s ﬁ&p&rﬁ@cdﬁﬂmettihz&fr&diﬂldtﬂ wed b stefago TBEREdokfiedl By &di8cdns 35
free to rotate, the Leaullbient; (A o ilBif0: PAaecRliEl, A5 Pt XEHARGE

bi as | ayer or hard | as el Si nce both_ferro

layers are responst¥& 8¢ é%t aﬁ)slp?%tdmnﬁedﬁaetl?t £ GHAPLS 1 e NS 1 r’qa% t%:s  the
sensor is greatly ?Wc?eé‘aﬁdsurﬁ&fdll’tﬂ?d‘ﬁ&*r Fhe regdrfrackwifrhieing Pofilaed Philarady
utilized to provi deidex elicthg@Rbelasent jegbaisd ar ehe @BSit | Inedrder to JAGucg1- 106

5 Barkhausen noise, a longitundinal bias layer 42 is deposited over one end
of the MR element 30 remote from the ABS of the sensor. The bias layer
can be 6% an antiferromagnetic material, such as manganese-iron or

10 nickel-manganese, for example, deposited in direct contact with the end
region of the ferromagnetic layers to provide a bias field by exchange
coupling or can be magnetically hard layer to provide hard bias as is
known in the art. Since the bias laver 42 is remote from the A3S,
potentially corrosive material is not exposed at the ABS thereby

1S minimizing the corrosion problems typically encountered when such
materials are present at the ABS. Alternatively, as described with
reference to Fig. 2, a bias conductor 42 can be formed over the MR
element 30 separated therefrom by an insulating layer {(not shown) of
suitable material,.such as silicon dioxide (SiO,) or the like. A capping

20 layer (not shown) of a high resistivity material such as Ta or Zr, for

example, can also be deposited over the MR sensor.

As described above, the two ferromagnetic layers 33, 37 have their
magnetizations oriented parallel both to the easy axis and with respect .
g to each other in the absence of an applied sensor sense current.

25 Additionally, the longitudinal bias field generated by the bias layer 42,
or py the bias conductor 43, will be parallel to the easy axis. When the
sense current is applied to the MR element 30, the magnetic field
generated will be normal to the easy axis. Consequently, the resulting
magnetization direction will be at an angle § with respect to the easy

30 axis eas a function of the relative strengths of the different bias

fields. Since the magnetization in each magnetic layer 33, 37 will be
effected equally and opposite, the magnetizations in the two lavers 33,
37 will be separated by an angle 20 in the absence of an applied external

magnetic field.

35 As described above, the ferromagnetic layers 33, 37 can car be
. fabricated of any suitable magnetic material and have a thickness
l preferably selected from a range of about 10A to about 150A. The

’ nonmagnetic spacer layer 45 is preferably metallic with high
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corrosive, elimnation of one or nore exchange bias | ayers exposed at the
sensor air bearing surface greatly reduces the overall corrosion problem
associated with fabrication and operation of the sensor. The invention al so
provi des a magneti c storage system conprising 5 such a sensor. The
invention will be better understood fromthe foll ow ng detail ed description
pf enbodi nents of the invention, reference being nmade to the acconpanyi ng
ﬁravvi ngs, in whickas-Bigwse 1 is a sinplifiedobl ock diagram of a nagnetic
di sk storage 10 systern enbodying the present invention; Figure 2 is a view
in perspective of a preferred enbodi nent of the magnetoresistive sensor
according to the peiduciigites @bblelmatenialsesichiasviantioomd ¢ previde3laree Mfy
expl oded view i N pesSRaCtitVend bd pekidt dva ioh@eshbbnsangnetd cr enid entegtibon f or
the magnetic | ayeggt D& IRUNCLYLERI. Sirhy EnSRI0 s TROWRadeR ThGUUE 12, Figure 4
s a sectional vigw ol Lhe, el Sl SIPAULIGH Olpdi&ARINC! sl sld ve
sensor shown i.n Fipgure ) I’—'! gure 515 a rap V\,ﬁl_cﬁ_ I Iﬁustrat,es he
‘magnet or esi st ante et 2H i$he Hispli Eif ‘?Pﬁ[j*ﬁé?‘itﬁr@:’g’nﬁﬂr Hr R 2 e
Imagnet or esi sti ve senssprofsirevmresent Rptparion 2s\ilistpated fgr tthelibien cpiidons el d
lappl i ed; and The curves shown represent the MR characteristic where the relative
f resistance change is plotted as a function of a uniform applied magnetic
! field for an unshielded device when a sense current of 15 mA was applied
g 10 -to a sensing element comprised of two 50 A thick NiFe layers separated by

a 20 A thick Cu non-magnetic layer having a trackwidth of 4 micrometers

{(um). Fig. S shows the results for a 10 Oe longitudinal bias field and

Fig. 6 shows the results for a zero Oe longitudinal bias field.

While the present invention has been particularly shown and
§ 15 described with reference to preferred embodiments thereof, it will be
understood by those skilled in the art that various changes in form and
detail may be made therein without departing from the scope of the
invention. For example, while the preferred embodiment shown is
described as an unshielded device, the MR sensor of the present invention
20 is ‘equally applicable to a shielded or flux-guided structure.
Accordingly, the invention herein gisclosed is to be considered merely as
illustrative and limited in scope only as specified in the appended

claims.
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Frgurm illustrates the magnetoresistan

appli g ' for the nagnetoresistive sensor s MSSNEET@(A&BEEN
W th m as field applied. 25 Ref errjf ng ndRERIACQRD). 1, |
althoudh theti nwe |s described as enbodied in a magn '
systemas shown in Fig.. 1, it will be apparent that the invention is also

applicable to other nagnetic recording systens such as a nmgnetic tape
fecording system 8r°leX¥nmple. At |east one rbtatable magnetic disk 12 is
supported on a spindle 14 and 30 rotated by a disk drive notor 18. The
magnetic recording nmedia on each disk is in the formof an annular pattern
of concentric data tracks (not-shown) on dicEs 2. At | east one slider 13 is
positioned on the disk 12, each slider 13 supporting one or nore magnetic
read/ wite transducersi?2l, 4 yqunewirkyisSve seafoercomdisdizgas read/ wite heads.

As the disks rotate, .thQeisid 8&f 8§ skdnaNBydO¥REerkadbmlchy nhtkradld(Bys7)OVer the
di sk surface 22 SO Emtze& hf‘a§9§ g:l\ n- e cgrl;letg'lq.gc materlal (35), the magnetlc

6 may access di ferent or esjred q:IS recar ded.

e
. d ferro
Each slider 13 s %Y 38ted t2 ﬁalgc%ﬁ o1 arm 1£§’1’Brs maaﬁsf“d a suspensi on
being substantially parallel, 1n which the d1rectlon of magnetlzatlon of

said first and second layers of ferromagnetic material responsive to a
magnetic field generated by a sense current in said magnetoresistive
sensor (51,53) is oriented at equal and opposite angles (®) with respect
10 to said magnetic easy axis (49), and the magnetization of each of said
first and second layers of ferromagnetic material is responsive to an
applied magnetic field, the change in resistance of said magnetoresistive
sensor responsive to the applied magnetic field being a function of the
change in the angle between said directions of magnetization in said

15 first and second layers of ferromagnetic material.

2. A magnetoresistive sensor as claimed in Claim 1 wherein
said first and second ferromagnetic layers (33,37) are comprised of a
ferromagnetic material selected from the group consisting of iron,

cobalt, nickel and alloys of iron, cobalt or nickel.

20 3. A magnetoresistive sensor as claimed in Claim 2 wherein said
first and second ferromagnetic layers are comprised of an alloy of

. nickel-iron.

4, A magnetoresistive sensor as claimed in any preceding claim

wherein the magnetic easy axis for each of said first and second

ferromagnetic layers is aligned parallel with the longitudinal axis of

18]
n

said first and second ferromagnetic layers.

5. A magnetoresistive sensor as claimed in any preceding claim
having an air bearing surface wherein said first and second ferromagnetic
layers and said non-magnetic metallic layer form a multilayered

30 magnetoresistive sensing element having a length and a width, said
magnetoresistive sensing element being oriented such that the
longitudinal axis thereof is substantially perpendicular to the air

bearing surface.

This Sheet Has Been Repl
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¥5. The suspensieon—15—provides a slight spring force ; T
slider 13 agains k surface 22. Each actuator rfil-illSSiHEEatHAﬁ:B%\IE
'to an ag\““mmwm The actuator nmeans as shown i Fi g.RERIEACER a
voi ce C or exanple. The VCM conpri ses

‘within a ¥ixed magnetic field, the direction and velocity of the coil
novenment s belng controlled by the notor current signals supplied by a
controller.. 10 9-91-15¥ri ng operation of tibe disk storage system the
rotation of the d?sk 12 generates an air bearing between the slider 13 and
. the disk surface 22 which exerts an upward force or lift on the slider. The
air bearing thus courbt er balaneesrebteiwl i@bdr speianged br clrinf5 whrEe®udensi on
15 and supports the slider. 13 mQ%Jet&@Qs,%ldegémmg @8 tibesodbiakersuithaeed by a

15 smal |, substanf! al const an I.ng_duri LAl O ivENGen¥ AT OUS
corrponents of th&YPE ¥’é9t BFage’ sy75 e?ﬁ'eé%élgcénstqrg%ﬁf)&e i n o;t)levr ation by

control signals gterapeds l?fp?fﬁﬁtaf:cﬂal‘hﬁ’r‘t berging HEFSs access control
signals and internal cleck signals. Typically, the control unit 29
conprises logi€ contraql Chh@itctoresBt Dleag@saveanslaang tn ACPOSFdigesIBE, 20
for exanple. The,cont LQL-iRhd a2yQEHEEREN £0BIKk0dci6d Gitik sall @petinéd ol
various system OpS agl ON34 c>SnléC saa%. ana&negozqgisgivecgﬂgfnglelgﬁxéﬁeado§ cQﬁ'pll.uhd'le 23
and head positioR Antse SaKE of 'S gnal s o ne, 28. salr&] GORLEQL signals
on line 28 provi d%“‘t‘f‘?é‘“?fé’ﬁsﬁéﬂ"%lff*?s@ﬁ Perx(t)?m"r eglrtc%zL 1 T y_moye

defining upper and lower ends o said magnetore51st1ve sen g element.

10 8. A magnetoresistive sensor as claimed in any preceding claim
further comprising a bias layer deposited over the said magnetoresistive
sensing element for providing a longitudinal bias field in said

magnetoresistive sensing element.

9. A magnetoresistive sensor as claimed in Claim 8 wherein said

15 bias layer comprises a layer of antiferromagnetic material deposited in

direct contact with one of said ferromagnetic layers for providing said
longitudinal bias field by antiferromagnetic-ferromagnetic exchange

coupling.

10. A magnetoresistive sensor as claimed in Claim 9 wherein said
20 bias layer comprises an antiferromagnetic material selected from the

group consisting of iron-manganese and nickel-manganese.

11. A magnetoresistive sensor as claimed in Claim 10 wherein said
bias layer comprises a layer of magnetically hard material for providing

said longitudinal bias field.

25 ' 12. 2 magnetoresistive sensor as claimed in any preceding claim
wherein said'first and second ferromagnetic layers have a thickness

within the range of about 10 angstroms to about 150 angstroms.

13. A magnetoresistive sensor as claimed in any preceding claim
wherein said non-magnetic metallic spacer layer has a thickness less than

30 the mean free path length of conduction electrons in said non-magnetic

metallic spacer layer.

This Sheet Has Been R,
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ahd position a selected slider 13 to the desired data tragkona=the=25
assocmﬂulmutmnm”mm and wite signals are communic SIS SHEET HASTBEEN
read/ means of recording channel 25. The| abovRERIAGQEDt i on

of a typlcal madheti c*di sk storage system and the acconpanyrig
illustration of Fig. 1 are for representation purposes only. It should be
apparent that disk storage systens may 30 contain a | arge nunber of disks
and actuators, ang @gggogctuator may support,;a nunber of sliders. Referring.
now to Figs. 2 37an an MR spin val ve sensor according to the
principles of the present invention conprises a first thin filmlayer 33 of

magnet  cal |y Soft fer rQIR0RGL] G RLEkA oo W BiadRed b BLdySwrdbeialeaa

non-magnetic netal lic material .and a s hj a 3L Qlce of
magnetical |y sof t “PEPPBREGN ﬁt‘ﬂhc 3 aecrera ?ohafsor [rgnhaiﬁnef/ﬁw ynqéA’fQ §1-%06

7 el enent 30 depo%‘P‘t“éoF"o"i‘Fga"r%ﬁ taBPEsth&FYE 31 such as gl ass, ceramic or
a sem conductor, for.exanple. A bias conductor 43 is formed over the MR

el ement 30 to provide @. | Ongiagietbrealstiieasenborebd cldinathire agupegeding ichgjhe
magneti c donai s s{adeid BaiihRnaGlidéee heGhoR QhcdhpybBghebitidayars 33, 37

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

alloys of silver, copper or gold.

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

non-magnetic metallic spacer layer comprises a thin film layer of copper.

10 17. 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

15 said magnetic transducer and said magnetic storage medium, said magnetic
transducer including a magnetoresistive sensor as claimed in any
preceding claim, said magnetoresistive sensor being oriented such that
the longitudinal axis thereof is perpendicular to the trackwidth of a
data track defined in said magnetic storage medium, a lower end of said

20 magnetoresistive sensor facing said magnetic storage medium in spaced
relationship;

_ conductive leads connected to said lower end and to an
upper end of said magnetoresistive sensor, respectively, for
connecting said magnetoresistive sensor to external circuitry and

25 for coupling said sense current to said magnetoresistive sensing

element; and ’

bias means formed adjacent said magnetoresistive sensor
for providing a longitudinal bias field in said magnetoresistive
sensing element; '

30 actuator means coupled to said magnetic transducer for moving
szid magnetic transducer to selected data tracks on said magnetic storage
medium; and

detection means couple@'to said magnetoresistive sensor for
detecting resistance_changes in said magnetoresistive material responsive

35  to applied magnetic fields representative of data bits recorded in said

magnetic storage medium intercepted by said magnetoresistive sensor.

This Sheet Has Been R
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“to mnimze Bar khausen [se. The bias conductor 43 ig=eteetrealdy—rmeox
|soI at ed frmﬂma Mﬂ' 30 by an insulation |ayer [pfTHiSISHEET &IAS BEEN |i
mat eri al . is oriented with respect t{p the REPLAGERENt 3
such that a Current flow t hrough the bias conductor gen

field in the MR el enent parallel to the nmagnetic easy axis. 10 El ectrical
leads 39 and 41 of a suitable conductive material deposited over the end
regions of the MR,glegnegt 30 are provided tg,forma circuit path between
the MR sensor and a current source 57 and a signal sensing neans 55. During
fabrication, the nmagnetic easy axis, as indicated by dashed 15 arrow 49, is

set to be parallel to,ghe A\/Bagelle&fze&tara%Q S}Jlﬁliafs%qgﬂ@h @XéR ikl Betdie AR
el ement 30 is phySI Cea{-_ld_l Yol © a‘ngﬁorfeach of sa?‘é :.rs anc?ng'!:otng%lep %ké ?a@grs

hence, the easy axis 49 for DOth ferrons 'S or| ént ed
per pendi cul ar to th&APHRAHFWGra’ Jda‘feé'p‘f"gh‘i’:‘kaﬁ? F%‘Fn‘?&a sk Hieg

'storage nmedi um $aidtdaey abiseprrelisl teimridmroretforenistive Gntng raengRt 20 el ement
_30 t he magnet iszatdngitadnil takes.t wo | ayers 33,37 of ferromagnetic materi al
lare oriented along the easy. axis 49 and are parallel. Wen a sense current

is applied to the MR ‘ibemi‘i‘kagﬁgucas%o}aBQ'sQ&te{E‘lsb&iaﬁz{eﬁQ\A’Sclé% 15 NEAB0RL C

field generated br}'a sense cur.rent I n_each of rromagnetl C

layers 33, 37, in-codf ﬁé?’isgﬁceﬁnlf’ﬁlug?fe cﬁ’r’r%er?fmﬁl u\ﬂfatcﬁroug?‘flﬁ% t he
non- magneti ¢ met alstptconshde gith saidmagmptiq) piayrasciediimy | s2dd Agve e1ddeR erid

magnetoresistive sensor being co-planar with said air bearing surface,

10 said lower said end of said magnetoresistive sensing element being

exposed at said air bearing surface.

20. A magnetic storage system as claimed in claim 19 wherein said
data track trackwidth is defined by the width of said magnetoresistive
sensing element, said magnetoresistive sensing element oriented such that

15 the width thereof extends across said datatrack parallel to said

trackwidth.

—
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tFle other ferromagnetic | ayer, respectively, as is well k
(see U.S. Patent No. 4,833,560, for exanple), .which rotatgs't
magneti zation in both layers 33, 37, as indicated by arros= :
opposite angles [err] with respect to the easy axis 49. Additionally, 30
the magnetization in both the first and second | ayers 33, 37 of
ferromagnetic material is free to rotate its direction in response to an
external |y appli edovaeoetic field (such as Hagnetic field h as shown in
Fig. 2). In response to an externally applied magnetic signal, the

magneti zation in each ferromagnetic layer 33, 37 will rotate through of 35
an equal but opposite angle [err] thus pPB¥R¥iTng a.change in resistance of
the MR el enent proportionally to cosdsRésereshistivd Berisér t 0 be noted that while
the direction of the current flow through the MR el ement 30 is inportant

with respect to the sgtti ngorgglstﬁ/gg ngorsgag bon QRELES '&L‘Zivé’%k&%t {HNRich a

variation of resistance ement |s i,ndependent . of the

SA9- 91- 106 componient of the Tesd slement Efeﬂ’lsfaé‘(?? |"6‘Hef)fa ctﬂ? (ERt*%f ToW et her ei n
and dependent &nlapoignPatheenciigriensticating FFgitdonseineenadipesrhdgenetiat i ons of
the two ferromagnetdrs isadeersivd8, B¢ semsor espbAB@ettoimgiudap pib ediaregnet i C

si gnal . ferromagnetic layers separated by a non-magnetic metallic layer, the

t?l Offliol SHELTEHAS BEEN.
eREPLACED

magnetic easy axis of each of the ferromagnetic layers being aligned
along the longitudinal axis of the ferromagnetic layers and perpendicular

10 to the trackwidth of an adjacent magnetic storage.medium. The sense
current flowing in the sensor element generates a bias field which sets
the direction of magnetization in each ferromagnetic layer at an equal,
but opposite, angle @ with respect to the magnetic easy axis thus
providing an angular separation of 20 in the absence of an applied

15 'magnetic'signal. The magnetizations of both ferromagnetic layers are
responsive to an applied magnetic field to change their angular

separation by an amount 286.

\
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Thg’ferrof'ragneti c layers 33, 37 can be fabricated of any suitable 5
magnetic material such as cobalt (Co), iron (Fe), nickel (N) and their
al I oys such as nickel-iron (N Fe), nickel-cobalt (N Co) or iron-cobalt
(FeCo), for exanple. The non-nmagnetic netallic spacer |ayer 35 conprises
copper (Cu), for exanple, or other suitable noble netal such as silver (AQ)
or gold (Au) or their alloys. The thickness of the netallic spacer 10
| ayer 35 is sufficiently great to ensure substantial nagnetic decoupling of
the two ferromagnetic layers 33, 37 but stilit2 thin enough to be |ess than
the mean free path length of e conduction el ec{#bns. An MR sensor based

on the spin valve effégC eref n the pensgaraead El enmer?’ €/rrpri ses the
ferromagneti c/ non- magnet i c/ f erferagrel | RECORBINGd is 15 descri bed
in greater detail in fhe above referepce@HAMENt fappl i ci%on serial no.
07/ 625, 343 hereby incgrporated %élﬁ%ker ence as 11 fylly sét forth herein.
Wth continuing refergnce to HdpnTRoLa Sidefvi ewli nBeCt4op0f ishe /o
preferred enbodi nent sc%‘ﬁ A moE YCH ¢ i tdi nal axis
20 of the MR el enent {30"Yd sHown. AGRita der e a,

Ru or CrV, for exanplé¢, can bg deposited on su :

rate 31 pridr|fko#he
deposition of a first ferromar&? ?gdl'_ayer 33. The purpogse dey | ayer 59
is to optimze the texture, grigs e—AHE—

RI
B-phe+-69 t hdosoRsepuent
| ayers. The norphol 0gY==eas A

R

T
4/ THT 1

l

L
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25 MR effects characteristic of spin valve structures since it permts the
use of a very thin nonmagnetic netallic spacer |ayer 35 between the two
ferromagnetic |layers 33 and 37. The underl ayer 59 nmust al so have a high
resistivity to mnimze electrical current shunting effects. Should the
substrate 31 be of a material having a sufficiently high resistivity, 30
have a sufficiently planar surface and have a suitable crystall ographic
structure, the underlayer 59 can be omitted. Afirst thin filmlayer 33 of
soft ferromagnetic material, a thin filmlayes,35 of a nonnagnetic metallic
material and a second thin f|In1Iayer 37 of a sgékiferronagnetlc mat eri al

are deposited over- underlayer 35 59. Electr | eads 39, 41 are
provided to forma circuit pathrbetweeff t BENMRGsen | a current source
57 and a signal sensing neans 5p. As d¢ e, the MR elenent 30 is
physically oriented such SA9} 91- 106 - < 9 that
its longitudinal axis, and hencg—the .Agﬁgéqg?gﬁsy 51 S per pendi cul ar
to the trackw dth W of a:g%orag- track j acentf nmagnetic nenory
12 (as shown in Fig. 1). seaglently, only one end, a "mﬁpiﬁﬁd with
respect to nedia 12, for FRELYi s exposed at the sebQQ\ ABS

37~ <</<//////////7/ 1./
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5 air bearing surface ABS with the read trackwidih bell rRERIMCEMENT,SHERL
end wi dt h of—the~VR el enent exposed at the ABS. |n ordgr toqsdg“'@
ever-one eI _1pf

Bar Khausen noi.s .2 Ha OB Repticetal bi as [ayer 42 is depogiae:
the MR el enent® he ABS of the sensor. Thke=Htras tayer can be
of an antiferr %m ial, such as manganese-irgon_or 10 2. o
ni ckel - manganesios anple, deposited in direct confaghs$ERTHAS BEEN |
region of the ferromagnetic layers to provide a bias fifel d RemuadEnge
coupling or can be magnetically hard | ayBt to provide ' ;
in the art. Since the bias layer 42 is renote fromthe ABS, potentially
corrosive material is not exposed at the ABS thereby 15 m nim zing the
corrosion problens typically encountered when such nmaterials are present at
the ABS. Alternatively, as described with reference to Fig. 2, a bias
conductor 42 can be fornmed ov arated therefrom by an
I nsul ating | ayer (not shown) W@ﬁﬁ?&%@’% ?é&,S&g{Sch as silicon dioxide
(Sigerr]) or the like. A capping 20 |ayer (not shown) of a high
resistivity material such as Ta or Zr, for exanple, can al so be deposited
over the MR ABRTRACTPS descri bed above, the two ferromagnetic |ayers 33, 37
have their magnetizations oriented parallel both to the easy axis and with
respect to each other in the absence of an applied sensor sense current. 25
Additionally, the longitudinal bias field generated by the bias |ayer 42,

A magnetoresistive sensor based on the spin valve effect in which a

component of the read element resistance varies as the cosine of the angle between

- the magnetization directions in two adjacent in two adjacent magnetic layers is
described. The sensor read element includes two adjacent ferromagnetic layers
(33,37) separated by a non-magnetic metallic layer (35), the magnetic easy axis of
each of the ferromagnetic layers (33,37) being aligned along the longitudinal axis of
the ferromagnetic layers (33,37) and perpendicular to the trackwidth of an adjacent
magnetic storage medium. The sense current flowing in the sensor element
generates a bias field which sets the direction of magnetization in each
ferromagnetic layer at an equal, but opposite, angle 6 with respect to the magnetic
easy axis thus providing an angular separation of 20 in the absence of an applied
magnetic signal. The magneﬁzati_ons of both ferromagnetic layers are responsive to

an applied magnetic field to change their angular separation by an amount 250.

FIG. 4



‘or by thé bias comductor 43, will be parallel to .-r--—---

sense current is applied to the MR el enent 30, the

wikl1 be normal to the easy axis. Consequently, the rultl

direction will be at an angle [err] with respect to th®atsn
function of the relative strengths of the different Db

magnetization in each magnetic |layer 33, 3y will be effect ed equal ly and

opposi te,

t he magneti zations in the two |ayers 33, 37 will be separated by

ran angle 2[err] in the absence of an applied external magnetic field. 35
- As descri bed abOTﬂe spiRevahwer staagesddscribedlyiarthe Avedited AN Sc pateineappiitationst ed

From & r arijauise GREIH tirfeloP o ine BAloAT Bnf of e TR TR RoMBITle Tibef BEFRERSF

pr ef er abl y"pinned”| ina selectedrorigntationGueh it andex magmmmtms\the d@e@m of

of any sui

CONpr i Si NGmagndtizhfén ﬂﬂ%@oﬁx@ﬁféﬁ‘fbrﬁ%ﬁmﬁ gr yer RoriefiRd ?r)glrﬂeﬁdﬁﬁia?"té file FIARY RY&J

by a layer of non-magpetic netal tic easy axis.in
sai d firstMagRetizatiomd Whepanexternalapagnets sienals ﬁﬂP]é‘?dl‘g % 6ISEY éﬁ%&rﬁ%ﬂ% fiy

'paral l el ,

Jal,. the

inhgnelizagien inthe GlonsThgdeiri"fivt! tiyepfotaes dithiréspecitodhe diredtibn of
magnetization in the pinned layer. The output of the sensor then, is proportional to the
cosine of the angle that the magnetization of the free layer rotates through. In order to
maintain the magentization orientation in the pinned layer, a means for fixing the direction
of the magnetization is required. For example, as described in the above-cited patent
applications, an additional layer of antiferromagnetic material can be formed in contact with
the pinned ferromagnetic layer to provide an exchange coupled bias field. Alternatively, an
adjacent magnetically hard layer can be utilized to provide hard bias for the pinned layer.

The present invention is directed to the problem of providing an MR sensor based
on the spin valve effect in which it is not required to provide additional structure means for
fixing the magnetization orientation in one or more of the ferromagnetic layers.

Accordingly to one aspect of the invention there is disclosed a magnetoresistive
sensor comprising:

a first and a second layer of ferromagnetic material separated by a layer of non-
magnetic metallic material, the magnetic easy axis in said first and second layers of
ferromagnetic material being substantially parallel, the direction of magnetization of 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 opposife angles
with respect to said magnetic easy axis, respectively, the change in resistance of said
magnetoresistive sensor responsive to an applied magnetic field being a function of the
change in the angle between said directions of magnetization in said first and second layers
of ferromagnetic material, the magnetization of each of said first and second iayers of
ferromagnetic material being responsive to said applied magnetic field.

Accordingly 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 space 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 layer of non-magnetic
metallic material forming an magnetoresistive sensing element, the magnetic easy axis in
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conductive leads connected to said lower end and to an upper end of said

magnetoresistive sensing element, respectively, for connecting said magnetoresistive sensor
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to external circuitry and for coupling said sense current to said magnetoresistive sensing
element; and bias means formed adjacent said magnetoresistive sensing element for
providing a longitudinal bias field in said magnetoresistive sensing element; actuator means
coupled to said magnetic transducer for moving said magnetic transducer to selected data
tracks on said magnetic storage medium; and detection means coupled to said
magnetoresistive sensor for detecting resistance changes in said magnetoresistive material
responsive to applied magnetic fields representative of data bits recorded in said magnetic
storage medium intercepted by said magnetoresistive sensor.
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said magnetic easy axis, respectively, the change in resistance of said magnetoresistive sensor
responsive to an applied magnetic field being a function of the change in the angle between
said directions of magnetization in said first and second layers of ferromagnetic material, the
magnetization of each of said first and second layers of ferromagnetic material bemg

responsive to said applied magnetic field.

2. A magnetoresistive sensor as in claim 1 wherein said first and second ferromagnetic
layers are comprised of a ferromagnetic material selected from the group consisting of iron,
cobalt, nickel and alloys of iron, cobalt or nickel.

3. A magnetoresistive sensor as in claim 2 wherein said first and second ferromagnetlc
layers are comprised of an alloy of nickel-iron.

4. A magﬂetoresistive sensor as in claim 1 wherein the magnetic easy axis for each of
said first and second ferromagnetic layers aligned parallel with the longitudinal axis of said
first and second ferromagnetic layers.

5. A magnetoresistive sensor as in claim 4 wherein the magnetic easy axis for each of
said first and second ferromagnetic layers is aligned substantially perpendicular to the
trackwidth of a data track defined on a magnetic storage medium.

6. A magnetoresistive sensor as in claim 1 wherein said first and second ferromagnetic
layers and said non-magnetic metallic layer form a multilayered magnetoresistive sensing
element having a length and a width, said magnetoresistive sensing element being oriented
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metal 11 ¢ Spagffirst 34& Second ferromagnetic layers is oriented substantially perpendicular to the
' trackwidth of a data track deﬁned in a moving magnctlc storage medium disposed adjacent
said air bearing surface.

9. A magnetoresistive sensor as in claim 8 wherein said data track trackwidth is defined
by the width of said magnetoresistive sensing element, said magnetoresistive sensing element
oriented such that the width thereof extends across said datatrack parallel to said trackwidth.

10. A magnetoresistive sensor as in claim 6 further comprising a layer of electrical
" condugctive material deposited over end regions of said magnetoresistive sensing element for
coupling said magnetoresistive sensor to external circuitry, said end regions defining upper
and lower ends of said magnetoresistive sensing element.

11. A magnetoresistive sensor as in claim 10 further comprising a bias layer deposited
over the end region at said upper end of said magnetoresistive sensing element remote from
said air bearing surface for providing a longitudinal bias field in said magnetoresistive
sensing element.

12. A magnetoresistive sensor as in claim 11 wherein said bias layer comprises a layer of
antiferromagnetic material deposited in direct contact with one of said ferromagnetic layers
for providing said longitudinal bias field by antiferromagnetic-ferromagnetic exchange
coupling.

13. A magnetoresistive sensor as in claim 12 wherein said bias layer comprises an
antiferromagnetic material selected from the group consisting of iron-manganese and nickel-
manganese.
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layer has a thickness within the range of about 10 angstroms to about 40 angstroms.

18. A magnetoresistive sensor as in claim 1 where in said non-magnetic metallic spacer
layer is comprised of a material selected from the group consisting of silver, gold, copper
and alloys of silver, copper or gold

19. A magnetoresistive sensor as in claim 18 wherein said non-magnetic metallic spacer
layer comprises a thin film layer of copper.

20. A magnetoresistive sensor as in claim 1 further comprising a pair of conductive leads
connected to said first and second ferromagnetic layers at first and second end portions
thereof, said conductive leads for coupling said magnetoresistive sensor to external circuitry
and coupling said sense current to said magnetoresistive sensor.

21. A magnetoresistive sensor as in claim 20 further comprising a bias conductor
adjacent to said first and second ferromagnetic layers for providing a longitudinal bias field in
said first and second ferromagnetic layers.

22. 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 magnetic transducer including a magnetoresistive sensor comprising:
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element facing said magnetic storage medium in spaced relationship;
conductive leads connected to said lower end and to an upper end of said
magnetoresistive sensing element, respectively, for connecting said magnetoresistive sensor
to external circuitry and for coupling said sense current to said magnetoresistive sensing
element; and
bias means formed adjacent said magnetoresistive sensing element for providing a
longitudinal bias field in said magnetoresistive sensing element;
actuator means coupled to said magnetic transducer for moving said magnetic
transducer to selected data tracks on said magnetic storage medium; and
detection means coupled to said magnetoresistive sensor for detecting resistance
changes in said. magnetoresistive material responsive to applied magnetic fields representative
of data bits
recorded in said magnetic storage medium intercepted by said magnetoresistive sensor.

23. A magnetic storage system as in claim 22 wherein the magnetic easy axis for each of
said first and second ferromagnetic layers is oriented substantially perpendicular to said data
track trackwidth, said easy axis parallel to said magnetoresistive sensing element longitudinal
axis.

'24. A magnetic storage system as in claim 23 wherein said magnetic transducer includes
an air bearing surface in facing relationship with said magnetic storage medium, said lower
end of said magnetoresistive sensing element being co-planar with said air bearing surface, |
said lower said end of said magnetoresistive sensing element being exposed at said air
bearing surface.
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27. A magnetic storage system as in claim 24 wherein said bias means comprises a layer
of magnetically hard material deposited over an end region defined at said upper end of said .
magnetoresisﬁve sensing element for providing said longitudinai bias field.
28. A magnetic storage system as in claim 22 wherein said bias means comprises a bias
conductor adjacent to said first and second ferromagnetic layers for providing a longitudinal
bias field in said first and second ferromagnetic layers.
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angle between the magnetization directions in two adjacent magnetic
layers is described. The sensor read element includes two adjacent
ferromagnetic layers separat'ed by a non~magnetic metallic layer, the
magnetic easy axis of each of the ferromagnetic layers being aligned
along the longitudinal "axis of the fe;'romagnetic layers and perpendicular
to the trackwidth of -an adjacent magnetic storage medium. The sense
current flowing in tt_ze' sensor element generates a bias field which sets
the direction of magnetization in each ferromagnetic layer at an equal,
but opposite, angle @ with respect to the magnetic easy axis thus
providing an angular separation of 26 in the absence of an applied
.magnetic signal. The magnetizations of both ferromagnetic layers are
responsive to an applied magnetic field to change their angular

separation by an amount 280.



