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% _ o o o MAGNETORESI STl VE SENSOR

Fhe .present invention relates generally to magnetic sensors for readi ng
i nformati on signals recorded in a magnetic nmedi um and, nore

particul arly,sa20%hgnet oresi stive read densor. 5 The prior art

di scl oses a magnetic read transducer referred to as a magnet or esi sti ve
(MR) sensor. or head which has been shown to be capabl.e of reading data
froma magnetic surface at great MAGNRRQRESISHEVE: SENSOR An MR sensor detects
magnetic field signals through the resistance charngés of a read el enment

direction of mag! el ng sense .the read, t. hese
prior art MR reasingr infopmatien simalferqsaiied at'f‘_l”é’"&?ﬁ‘:sﬁf‘gg'bia@d' more
nmagnet or esi stpareicuddfly, efd" eglagnetonksisitive cexpeersor. of the read el enent
resi stance varies as the square of the cosine [err] of the angle between

the magnet [ zationand (he di (Si0s O meglefe FEId EPinsblRY SHANANS 6 o

fabricated of a gg.?g_,&ifgel?)gﬁgs{ei.@ionaﬁelaaéggg.ﬁfeﬁyoEo "aEnetdc S2hi&R0ECE and

magnetorésistive (MR) sensor or head which has been shown to be capable
of reading data from a magnetic surface at great linear densities. An MR -
sensor detects mggnetic field signals through the resistance changes of a
read element fabricated of a magnetic material as a function of the

10 strength and direction bf magnetic flux being sensed by the read element.
These prior art MR sénscrs 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 (cosz)'of the angle between
the magnetization and the direction of sense current flow through the

15 element. & 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).

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

20 magnetic sensor is attributed to the spin-dependent transmission of the
conduction,electréns-between the magnetic layers through a non-magnetic
layer and the accompanying spin-dependent scattering at the layer
interfaces. This magnetoresistive effect is variously referred to as the
giant magnetoré;istivg" or "spin valve" effect. Such a magnetoresistive

25 sensor fabricated of the appropriate materials provides improved
sensitivity and greater change in resistance than observed in sensors
utilizing the AMR effect. In this type of MR sensor, the in-plane .
resistance between a pair of ferromagnetic layers separated by a non-
magnetic layer varies as the cosine (cos) of the angle between the

30 magnetization in the two layers.

U.S. Patent No. 4,949,039 to Grunberg describes a layered magnetic
structure which yields enhanced MR effects caused by antiparallel
alignment of the magnetizations in the magnetic layers. As possible
materials for use in the layered structure, Grunberg lists ferromagnetic

35 transition metals and alloys, but does not indicate preferred materials
from the list for superior MR signal amplitude. Grunberg further
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15 element. A nore detailed description of the AVR effect can be found in
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Trans. Mag. MAG 11, p. 1039 (1975):. " “More reflent $ FENt
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Co-pending European Patent Application serial no 9330637S.4

describes an MR sénsor based on the above-described effect which includes

15 two thin film layers of ferromagnetic material separated by a thin film
layer of a non-magnetic metallic material and in which the magnetization
of one ferromagnetic layer is maintained perpendicular to the

e magnetization of the other ferromagneéic layer at zero externally applied
magnetic field by exchange coupling with an adjacent layer of

20 antiferromagnetic material.

According to a first aspect of the present invention there is

-provided a magneforesistive sensor comprising a layered structure formed
on a substrate, the structure comprising, a first, a second and a third
layer of ferromagnetlc material, each of said layers of ferromagnetic

25 ‘haterlal separated from the adjacent layer of ferromagnetic material by a
layer of non-magnetic metallic material, said second layer of .
ferromagnetic material disposed between said first and third layers of
ferromagnetic material, the direction of magnetization being fixed in
said first and third layers of ferromagnetic material, the direction of

30 magnetization in said second layer of ferromagnetic material being
substantially perpendicular to said fixed directions of magnetization in
said first and third layers of ferromagnetic material at zero applied
magnetic field.

Thus is provided a magnetoresistive (MR) read sensor having a
35 multilayered, dual:spin valve structure which achieves a large MR
. response at low applied magnetic fields. The MR structure comprises a
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2 . descri bes the use of antlferromagnetlc t ype exchange coul | ng
the antiparallel ali gnrrent in.which adjacent |ayers of ferrqng
materials are separated by a thin interlayer of chromi um (Cr
Eur opean- Pat ent Applicati on EP- A-49068 di scl oses._ap-—-M
in’ whi ch the. re@gt%fi@ bet ween two uncoupl ed ferronmagneti.c Iayers S
observed to vary as the cosine of the angle between the nagnetizations of
the two |l ayers and which is independent of the direction of cursert flow
t hrough t he senslererefhstyupturigafriroad Pnotlsubtabie rubsta by da¢ding Sinstatsecpud
sel ected conbi nakaomirdfthimifaln dagers 6f Pelrdnafndtiic MAGibL depirated b ethihR,
O op o elr o 15 Ay Bk RGN RO tle, 110 Q'n{hk’@'a}{&’ ené )

magnet or esi st ance. uropean at ent cation serial no
93306379. 4 descrppys %fﬁﬁ'omagnetic material, ie, the outer la s of the structure,

§ have their magnetization orientation fixed ‘while the second, intermediate
layer of fer:oﬁagnetic material is magnetically soft and has its

magnetization oriented substantially perpendicular to that of both the
outer layers 6f'ferromagnetic material. In preferred sensors according
to this invention, the magnetization directions of the first and third
10 = layers of ferromagnetic material can be fixed or "pinned" by any of
_ several methods including hard biasing or exchange biasing by an adjacent
antiferromagnetic layer as is known in the art.

In one preferfed embodiment, ihe two outer ferromagnetic layers
have their magnetization directions pinned antiparallel to each other ' .
15 and; thus, each pinned layer acts as a magnetic flux keeper for the other
pinned layer. The magnetization direction of the second, intermediate
ferromagnetic layer is free to rotate with an applied magnetic field.
The electrical resistance of each pair of ferromagnetic layers, i.e., the
first and second layers and the second and third layers, varies as a
20 function of the cosine of the angle between the magnetization directions
of the two Ferromagnetic layers of the pair. For a proper choice of
materials, including consideration of the material resistivity as a
function of the conduction electron spin, the effect is additive between
the two pairs of layers and an MR sensor can be fabricated in which the
25 resistance of the sensor varies from a minimum to a maximum value when
the magnetization direction of the intermediate, free layer rotates from
a direction near parallel to the magnetization of the first, outer pinned
layer, for example, to a direction near parallel to the magnetization
"direction of the third, outer pinned layer. A current source provides a
30 sense current to the MR sensor which generates a voltage drop across the
read element proportional to the variaﬁions in the resistance of the MR
sensor due to the rotation of the magnetization in the intermediate, free
layer of ferromagnetic material as a funétion of the applied external
magnetic field being sensed. |

35 In a second preferred embodiment of the present invention, a
multilayered, dual spin valve sensor is provided in which the
magnetization directions in the two outer ferromagnetic layers are
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sgnsor basgg@yon: the above-described effect which includes two thin film.
| ayers of .ferrdmagnetic material separated by a. thin filmlayer of a
non-magnetic netallic material and in which the magneti oulun V]
ferromagneti c ghawglodes Mai ntai ned per pendlful ar to the fegiet f‘fafl"‘tﬁ RFEN hle
ot her ferromagnetlc l'ayer at zero-externally appl i ed rragnetlc_.-_l‘ei tfbv
exchange coupling with an adjacent |ayer of anti ferromagnet Tc material.
Accordlngtoafl S (2]
magnet or esi st pare é §l’p %gtch% 1&*% 1% élcmlar ethfe &?e&]}sg Bt Rig%’tﬂ Féone red
structure forﬁ’ed—herf:%ﬁ’i"ﬁ §Eﬁ?sf?'%ﬂ°@a%ﬁb‘f |1§¥%g, a first, a second and a
third layer of ferronmagnetic nmaterial, each of said Iayers of ferromagnetic

lﬂg; g; i g} ﬁ ggar at ﬁgﬂ hOKadoh& aasé%s@tmkamézégtn L&Ef@%qﬁw&a@hgﬂ%kc byegl .
raleri ol oo SRaRSt o, Somr it & malnerif HePrAE g B Vng) SIREAIAET oF
mat eri al , tShe trhckecforovecerdinggdedpbat B drranetiingtrensdiger maintiadneq F‘Sta and
t hi (rjd | aye(rjsl efoskey rspawlp&situdsmtrelauabe toheaidi Wagfié 1i0ns ot aqegediin 2k sy i N
Sal secon [ I‘ | u

{ﬁu& Hﬁfi 0&(}%&9&% G IRb&le fti% tPS&sGch% Bsd anid ﬁi;ing st an g

per pendi cul ar "t0 sal I rect1ons magnet| zation 1 n sa
third layers BrPes I"‘Sﬂ’dﬂ‘ne‘f"‘}lé mRgnetic F“&‘F ‘féfomﬁb‘{fﬁlf‘%cf ReBrEeresiqtize g,
Accordi ng to sealesansdr asperdingfto hiee Fiedeasperh\wéntheopreskhey dnventionovi ded a

magnet i C Slp0r Aeka 6tS hEdNsCOSUPLES tB0said magnetic transducer for moving said
magnetic transducer to selected tracks on said magnetic storage medium;

and detection means coupled to said magnetoresistive read sensor for
detecting resistance changes in said magnetoresistive material responsive
~ to magnetic fields representative of data bits recorded in said magnetic
15 storage médium intercepted by said magnetoresistive sensor.

Preferred embodiments of the invention will now be described, by
way of example only, with reference to the accompanying drawings in
which: '

Figuré 1 is a simplified block diagram of a magnetic disk storage
20 system embodying the present invention;

Figure 2 is an exploded view in perspective of a preferred
embodiment of the magnetoresistive sensor according to the principles of -
the present invention;

Figure 3 is an end view of another preferred embodiment of the
25 magnetoresistive sensor according to the principles of the present
invention;

Figure 4 is a graph illustrating the hysteresis loop and the
magnetoresistive response for a prior art spin valve MR sensor structure;

Figure 5 is a graph illustrating the magnetoresistive response for
30 the MR sensor shown in Figure 2;

Figure 6 is a schematic diagram illustrating a spin valve structure

having positive giant magnetoresistance;
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magneti c .storage nedlun1haV|ng a plurality of tracks for recording of data;
a magnetic transducer maintained in a closely spaced position relative to
sai d nmagnetic storage nediumduring relative notion between said magnetic
transducer and ggé-@z2hgneti c storage medi um s sai d nmagnetic transducer
I ncludi ng a magnet oresi stive read sensor conpri.sing: a layered
structure formed on a substrate conprising, a first, a second and a third

| ayer of ferromagnet i"fguf'@tﬁié al sclﬁﬁlgﬂcoﬁla%il&? ?ﬁ&%@ﬁlﬁ& 4 Eﬁino(fﬁﬂ}leé cture

materi al separated fromthe ad ent a erromagnetic material by a

| ayer of noh- nabﬁ"gf'ﬂcf‘eﬁﬁflé'lel?lc;" lak:ub Sjs"é'l?'lfesecond | ayer of ferromagnetic
mat eri al "di sposed between said . first and third layers of ferromagnetic
material, the directr@uro®B iBansdhenaticoaidgeingsfd sedl spins dalvel wtillizigd
third Iayers of Molee-Tola[Y Mot oA N1 Srdll e

sai d ‘second Iaygisq% ferro blg'l(}@g‘i mat S?IIH; ”%é%ﬁag'%&gggﬁﬁg?% Eﬂezgi‘in%@pie@
per pendi cul ar tﬁfgﬁfd”F??ﬁﬁ eFEEProns of magnetization in sald first and
third | ayers of ferromagnetic nmaterial at zero applied magnetic field; and
a first layer of antgilgrd @rrﬁglaaté:@meﬁeal irﬁﬂéﬁb@@éﬂiv&cbﬂ&%thé\r @@afea%dwith
said first | aye,gh ot Ao B’P%s‘iEh‘}J ‘s 388600 oL UL P Aheintes o

antlferronagnetlc ‘e er|a ad 0-and 1N contact
of ferrorragnetlﬁhenﬁ’f"é‘FF%llm"%lﬂ“’f #Pdt and second | ayers of
antiferromagnetic material for providing a magnetic bias field in said

first and third-| ayq-&gmca‘ 16 &fs" SNRAA L1k Jfaarﬁ;th&l embcaRaRt bwval y, thereby

fi I X ng t he qbr e!t(x:;[ghg ores:l.s 9 neste}xszoai't é:gnrétlx'&]ctgg 54 acc%r&anbe with the present

Iayer

1nyent10n.
Referring now to Fig. 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
15’ recording systems such as a magnetic tape recording system, for example.

At least one rotatable magnetic disk 12 is supported on a spindle 14 and

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

20 At least oné slider 13 is positioned on the disk 12, each slider 13
supporting one or more magnetic read/write transducers 21, typically
referred to as read/write heads. As the disks rotate, the sliders 13 are
moved radially in and out over the disk surface 22 so that the heads 21
may access different portions of the disk where desired data is recorded.

25 Each slider 13 is attached to an actuator arm 19 by means of a suspension
15. The suspension 15 provides a slight'spring force which biases the
slider 13 against the disk surface 22. Each actuator arm 19 is attached
to an actuator means 27. The actuator means as shown in Fig.1 may be a
voice coil motor {(vcM), for example. The VCM comprises a coil moveable

30 within a fixed magnetic field, the direction and velocity of the coil -
movements being controlled by the motor current signals supplied by a
controller.

During operation of the disk storage system, the rotation of the
disk 12 generates an air bearing between the slider 13 and the disk



act uat or neans coupl ed:to sai d magneti.c transducer for noving said magnetic
transducer. to sel ected tracks on said nmagnetic storage. nedium and -
detection means coupl ed to said magnetoresistive read sensor for. detecting
resi stance charlyigsgé_(jo@ai d magnet oresi stivegmaterial. responsive to nmagnetic
fields representative of data bits recorded in said fagnetic storage nedi um
intercepted by said magnetoresistive sensor. ~. . Aceording to 4. third

aspect of the %@?;‘e&t 23 UNESH LRk eh NBY Bpvatd Hordd dpdLsREBRODRL SERREST ke AagNSOr
conprising a | ayered struct u;e fgr med .0 sal'st.’p%t‘l[%t e grnclotfdkhrégsg flgst T
second and a tmeﬁﬂi'ﬂga'?}w FUAFEPPOMEER I S AT R PPERY BAER Gt AP TR 01
ferromagneti c rentorppdrtscwr alidgr {i3onfE Rud s4ighdenabpye Ehe Gisk sprfssadneti c
material by a |@yer, sibs8avtiabynebistaneisphding dmisy bpératsai.d second | ayer of-
ferromagnetic material disposed between said first and third | ayers of ‘
ferromagnetic material, the direction of nmagpetization being fixed jn said
first and tHrd | ay&Pe VBFLNE SUREREE ioF Hi%t gﬁ?‘aft,“t’ﬁee s&?treé‘c%ieoﬁmﬁf"hed in
magnet i zati on ioperstiioch bgcemiirdlayignadé denerasaddyetontrotatedti 89, Budngs access .
substantially REAARAMIGHARS ahd iAbdrdal o186k QigL] OfFpiekl FROAR tartbDANLE
said first and Ll dded 3y ls3:0 coh Bl COARNEL ColTBhe! heknsnd £ cARRbLEDor,
magnetic field, ~"sa st an secondf‘la_ ers o erronagneti € n terrar
forming a firstfopsxampie. f Fhe FrRGTRk Priy 2§ dereratps core@l i lfobe control

10 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

15 read/write heads 21 by méans of recording channel 25. ' ’

The above description of a typical magnetic disk étofage system,"
and the accompanying illustration of Fig. 1 are for representation -
purposes only. It should be apparent that disk storage systems may
contain a large number of disks and actuators, and each actuator may

20 support a number of sliders. . ‘ "

Referring now to Fig. 2, a preferred embodiment of -an MR-§§ﬁsép 36
according to the principles of the present invention cpmp;isés'a*first_
thin film layer 31 of ferromagnétic material, a first thin fiim layer 33 
of a non-magnetic metallic material, a second thin film lafef of

25 ferromagnetic material 35, a second thin £ilm layer 37 of a non-mégneiic
- metallic material and a third thin film layer 39 of ferromagnetic'
material. The magnetizations of the two outer layers 31 and 39 of .
ferromagnetic material are oriented parallel to each other, i.e., in the
same direction, and at an angle of about 90 degrees with respect to the
30 magnetization of the intermediate layer 35 of ferromagnetic material in
the absence of an externally applied magnetic field as indicated by
arrows 32, 34 and 38, respectively. In'addition, the magnetization
directions of the first and third outer layers, 31 and 3§ of
ferromagnetic material are fixed or pinned-in a preferred orientation as
35 - shown by the arrows 32 and 38. Thus, while the magnetization directions
of the outer ferromagnetic layers 31, 39 remain fixed, the magnetization
in the intermediate layer 35 of ferromagnetic material is free to rotate



%

magneti c Iaye'r having a positive giant nagnetoresi stance therebet ween and
gaid second and third | ayers of ferromagnetic material formng a second
pair of ferromagnetic |ayers separated by a non-magnetic |ayer having a

negati ve gi ant nmagnet oresi stance therebet ween. Preferred
enbodi nent s of sa418218¢enti on wi Il | now be deéscribed, by way of exanple only,
with reference to the acconpanyi ng drawi ngs i n which: Figure 1 is a

sinplified block diagram of a magnetic disk.storage system enbodyi ng the
present inventiongdirection in fegpanse 2td en zmtexpliydembliedwagnetperfipbti(snad of a
preferred enmbogi pesetDé fibEa KEGNRhOHLSEh FhfV Q) SQARSHowR WKL BEkhkd drPsus 34

principles of th re Lnvention; Figure 3 is an end view of
anot her prefer?bgaﬁﬁbggﬁﬁe% ‘of " t he magnet oresi stive sensor according to
the principles of the present invention; Figure 4 is a graph

illustrating the hysterdisgstd tinis prfetiel enbgiibieot afi the peesestslovanibmr a
prior art sgi ntﬁéaké/r%omﬁgmgﬁyé‘%rﬂgt 8% @nd 39 can be fabricated of any suitable
magnetic material such as cobalt (Co), iron (Fe), nickel (Ni) and their
alloys such as nickel-iron (NiFe), nickel-cobalt (NiCo) and iron-cobalt
(FeCo), for example. The non-magnetic metallic spacer layers 33 and 37
comprise copper (Cu), for example, or other suitable noble metal such as
10 silver (Ag) or gold (Au) or their alloys. An MR sensor based on the spin
valve effect wherein the sensor read elements comprises a
 ferromagnetic/non-magnetic/ferromagnetic layered structure is described
in greater detail in the above referenced patent application EP-A-490608.
The fixed or pinned outer ferromagnetic layers 31 and 39 can be exchange
15 biased by adjacent layers (as shown in Fig. 9) of an antiferromagnetic
material such as iron-manganese (FeMn), for example. An MR sensor based
on the spin valve effect wherein a pinned ferromagnetic layer is ~
exchanged biased by an adjacent antiferromagnetic layer is described in
greater detail in the above referenced European patent application
20 93306379.4. Alternaﬁively, the magnetization directions of the pinned
" ferromagnetic layers 31, 39 can be fixed by use of an adjacent hard
magnetic layer or by use of a matérial having a sufficiently high
coercivity for the outer pinned layers 31, 39.

The structure of a conventional or single spin valve MR sensor as
25 described in the above~cited patent applications is essentially
FMfree/NM/FMpinned/AFM where FMpree and FMpinned re ferromagnetic layers
separated by a non-magnetic layer NM. The orientation of the
magnetization of the FMpinned layer is fixed up to some moderate magnetic
field by the exchange coupled bias field provided by the
30 - antiferromagnetic layer AFM. The magnetoresistive effect of the sensor
' is based on the fact that, when the directions of the magnetization in
the adjacent FM layers are different, conduction electrons traversing the
NM layer from one FM layer to thé other are scattered depending on their
spins such that the resistance of the sensor increases. This change in
35 resistance is a function of the cosine of the angle. between the
~ directions of the magnetizations in the FM layers and is minimum when the

magnetizations are parallel, i.e., in the same direction, ‘and maximum
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Figure 5 is a graph illustrating the magnetoresistive response for the MR
sensor shown in Figure 2; Figure 6 is a schenatic di agram .

illustrating a spin valve structure having positive giant

magnet or esi st ance; _ SA9- 92- 004 - 5
Figure 7 is a schematic diagramillustrating a spin valve structure

havi ng negati v§9g5§_%54mgnet or esi stance; Figure 8 is a
schematic di agram of a dual spin valve utillzing positive and negative

gi ant nagnet or esi stance according to the principles
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35

when the magnetizations in the layers antiparallel, i.e., in opposite

directions.

Howevef, it is observed that in the single spin valve structure
described abqvelconduction electrons are scattered out of the free FM
layer:not-only'towards the pinned FM layer, but in the opposite
direction, away from the pinned FM layer as well. Thus, only that

- portion of the conduction electrons scattered between the two FM layers

contribute to the magnetoresistive effect for the sensor.

The structure described above with reference to Fig. 2 comprises a

“dual® spin valve wherein the spin valve structure is doubled

5ymm¢trica11y'with respect to the FM layer. The structure of a dual
spin yalve is AFMI/FMPIINMI/FMfree
FM layers separated by a NM layer which allows utilization of the

conduction electrons scattered in both directions from the intermediate

free
/NMZ/FHPZ/AFMZ providing two pairs of

FMfree layer. The di;ections of magnetithion in the two pinned outer
laykrs, Fupl and Fﬂbz are fixed by a@jacent antiferromagnetic layers AFMl
and AFMZ, ;espectively, while the direction of magnetization in the
FMfree

layer is allowed to rotate freely in response to an applied
magnetic field.

Referring now also to Fig. 3, an end view of a dual spin valve
Sensor as described with reference to Figs. 2, 9 and 10 is shown wherein
ea;h of the férromagnetic layers FMl, FMz-and FM3
layers of ferromagnetic materials. As described above, a dual spin valve
sensor comprises the structure FMllsllFHZ/sleH3 as shown. In this
embodiment, the first ferromagnetic layer FMl comprises a layer of a
first ferromagnetic material 311, such as NiFe, for example, and a thin

layer 313, referred to as a "nanolayer", of a second ferromagnetic

comprise multiple

material, such as Co, for example. The nanolayer 313 of the second

ferromagnetic métérial is deposited at the interface between the first
ferromagnetic layer and the first spacer layer 371. Thus, the first
fer;qmagneﬁic layer forms a bilayer 311, 313 of two different
ferromagnetic materials. Similarly, the.third ferromagnetic layer FH3
comprises a bilayer 301, 303 of two different ferromagnetic materials
with the nanolayer 303 formed at the interface between the third
ferromagnetic layer FH3 and the second spacer layer 331. . Since the
second,-central ferromagnepic layer FHZ forms an interface with both
spacer layers 331 and 371, the second ferromagnetic layer FHZ will



5 of the present invention; Figure 9 is an exploded view in
perspective of another preferred enbodi nent of the magnetoresistive
sensor according to the principles of t he present invention;. and
Figure 10 is an end view of another enbodi nent of a 10 magnetor-esistive
sensor constructed in accordance wth the present I nventi on.
Referring nowto Fig. 1, although the invention is described as

enbodied in a nagrgeét{)/& di sk storage systemas shown in Fig. 1, it will be
appar ent that {5 thtion is al so applicable to other magnetic 15
recording systens such as a nmagnetic tape recording system for exarrpl e.
At | east one rotatable magnetic disk 12 is su orted n a alnd
rotated by a diceRPIFT e tRHPETT Pavingnd cﬁ’%ﬁﬁe’ﬁ 3880?fd??|r °ﬂ%%1e51c ﬁa'éeééﬁ

di sk is in the sicr mso¥iFan fenrmxasplepatithra nafolaperc 89l r pe7 Gétaasw@éks (not
shown) on di sk fl?romagr?éhc materiaf su@RSE @efd! eimblé,SfbﬁeaQw theO ARtk r@ice he

disk 12, each sid d Vgt
is each s Pi/SLCh °F" the a‘%pg%r j_ﬂp% {)rlgg&rs 635139%‘5 L& (;S’ﬂrd V\f,.1l_| e

transducers 217 read/vvrl te e di sks
rotate, the 5l |tay;k§e3_33 og_rtgle nanolayers is in the range of 0 nm
20 Angstroms). Alternatively, the nanolayer can be formed w1th1n the

ferromagnetic layer at a distance X from the interface between the
ferromagnetic lafer and the spacer layer. In the case where the
nanolayer is formed within the ferromagnetic layer, the material utilized

10 ‘for the nanolayer can be a non-magnetic material, such as Cr, for
example, as well as a ferromagnetic material. Magnetoresistive sensors
employing nanolayers as described above are described in greater detail
in EP-R-529959 (published 3/3/93)

Referring now also to Figs. 4 and 5, the magnetore51stance curve

15 36, and the hystere51s loop, curve 46, for a single spin valve MR sensor
and the magnetoresistance characteristic for a dual spin valve MR sensor
according to the present invention, respectively, are illustrated for
comparison purposes. As shown in Fig. 4, a spin valve sensor of the type
described in co-pending European patent application ref no 93306379.4,

20 cited above, deposited on a silicon (Si) substrate and having the
structure, Si/50Ta/75NiFe/22.5Cu/50NiFe/110FeMn/50Ta wherein the numbers
indicate the layer thickness in Angstroms and the two tantalum (Ta)
layers serve as a buffer layer and a capping layer, respectively,
provides a maximum magnetoresistance, (delta R)/R, of 4 percent. The

25 thickness of the layers is optimized to provide the highest value of

magnetoresistance obtainable for these materials in this structure.

In contrast, as shown in Fig. 5, a preferred embodiment of the dual
- spin valve formed on a Si substrate having the structure,
Si/SOTa/20NiFe/110FeMn/60NiFe/25Cu/100NiFe/25Cu/60NiFe/

30 110FeMn/50Ta provides a magnetoresistance of 5.5 percent, a 35 percent
increase over that obtained from the single spin valve structure. The
first NiFe layer in the above dual spin valve structure provides a seed
layer utilized to obtain the necessary crystalline.structure to provide
antiferromagnetic FeMﬁ; any material having sufficiently high resistivity

35 to minimize current shunting and which permits the growth of an

antiferromagnetic form of FeMn is suitable for use as the seed layer.



aned radially in and out over the disk surface 22 so that the heads 21
may access different portions of the disk where desited data is recorded.
25 Each slider 13 is attached to an actuator arm 19 by neans of a -

suspensi on 15. The suspension 15 provides a slight spring force which
bi ases the slider 13 against the disk surface 22. Each actuator arm 19
Is attached SK9092n904ct uat or neans 27. Th&Cactuator means as shown in
Fig.1 may be a voice coil motor (VCM, for exanple. The VCM conprises a
coil noveable 30 within a fixed magnetic field, the direction and velocity
of the coil nov Retertrsng asow tocbigsk (.| @chnby6,t haduabtspin yalvye MR hgorats

supplied by a pe d@ﬁ%é@hhﬂem the directions (94l thQOnaQREF ikt QRRs Ofn E!&eoﬁléesk

Ete'?\r/\ggﬁ tsﬁzt gm;&fﬁéxpeei%(e)rraééla? rét:?g laQers are malnléalned%eger at g]%&apo %‘\Iacrh c.v@ha‘r I ng

6 ie, in opposite dlrectlons. Further, by proper choice of materials for

5 the different layers, both positive and negative spin-dependent
magnetoresistanée, referred to as giant magnetoresistance (GMR), can be
utilized to produce a high value of {delta R)/R for the sensor. As shown
in Fig. 6, a single spin valve structure having positive GMR comprises
two ferromagngtic layers, FMl and FMZ, separated by a nonmagnetic layer,

10 NM, wherein for both ferromagnetic layers the resistivities for spin-up
'(rho ) and spin-down (rho down ) satisfy either the rglation rhoup>rhodown
or the relation rho <rhod owh For this structure, the resistance is
minimum when the magnet1zat1ons, as indicated by arrows 50, of the layers
FM. and FM, are pafallel and magimum vhen the magnetizations of the

1 2 . .
15 layers FM, and FM_, are antiparallel. As shown in Fig. 7, a single spin

1 2
valve structure having pegative GMR comprises two ferromagnetic layers
separated by a nonmagneiic layer wherein for the first ferromagnetic-

layer, FMl, rho >rho and for the second ferromagnetic layer, FMZ'

up” " down
rhoup<rhod°wn. For this structure, the resistance is minimum for
20 ‘antiparallel alignment of the magnetizations, as indicated by arrows 60,

and maximum for parallel alignment of the magnetizations.

For example, Fig. 8 illustrates three ferromagnetic layers
according to the present invention. Between layers FMl and FM2 the GMR
is positive producing minimum resistance for parallel alignment of their

25 magnetizations, arrows 71 and 73, respectively. On the other hand,
-between layers FMZ and FH3 the GMR is positive so that minimum resistance
is produced for antiparallel alignment of their magnetizations, arrows 73
- and 75, respectively. Since the magnetizations of layers FH1 and FM3 are
pinned in opposite directions, arrows 71 and 75, the net effect for the
30 structure is that the resistance is maximum when the magnetization of the
free layer FM,, arrow 73, is aligned parallel with the magnetization of
pinned layer FM3 , arrow 75, and minimum when the magnetization of FM2 is
aligned parallel with the magnetization of pinned layer FHI, arrow 71.
Additionally, since the magnetizations of the two pinned layers, FH, and
35 FMZ, are aligned'in'opposite directions, each layer acts as a magnetic
flux-keeper for the other.layer, thus reducing the demagnetizing effect
of the pinned layers.



surface 22 which exerts an upward force or lift on the slider. The air
bearing thus counterbal ances the slight spring force of the suspension 15
and supports the slider 13 off and slightly above the disk surface by a
smal |, substantially constant spacing during operation. 5 . The
vari ous conponents .of the disk storage systemare controlled in

operation by contro& _%{)gnal s-generated by co Sl_rol unit 29, such as access
control signals a3 RErnal cl ock si gnal s. ypically, the control "unit
29 conprises logic control circuits, storage neans and a m croprocessor,
for exanple. The control ,unit ;2;3 enerates control si nals to.,control 10
various system oper attebHE 18, ARV %rﬁ"vFelgnD?'oF“% fit rP6Ff Fofh AFReddment; pk ap 3R
and head positi orenaerd4@askording rtol the priaciplen 9f pke pp@&ent Tinwerdden rcohprises
signal s on |ine 28;ptoviidesilpel4Rsi 51e6f GHE{RBFomAGAtik @R t&:Qa0Pkl PRIskYeHIRVE

and position a s eﬁﬂggr 3! %eEer]r%mé thendesiied,data, ttﬁfnc'cﬁjlﬂr{‘ﬂa;hn% 43 of & .

associ at ed di sk gna S ar e ‘connunj ca
read/ write heéd?%lma@?e?féa'hestaﬁ}“r BUSF i Ing? 55 hizsfilm layer 45 of Tha gpoye
description of cferypiagadtinogrteriad. di skcoptorhdgefidystagen 47 of andnind@netic

acconpanying il |rdéi£il@.EiMe@falFiag thilrdat1finl HF1ml B SPNS Alfk Aidmagne t I MRASES1
only. It should e 890 eﬂh H‘t"ﬂn f’a'yélﬁ Lof aﬁ@lt%i[tsc}m?%msetga%aﬁﬁlafOn&‘hael @wéi

| ar ge nunber of Brsks eac
nunber of sli derQ§t1ferromagnet1c layers 51 and 53 provide a bias fleld in the adJacent

10 ferromagnetic layers 41 and 49, respectively, by exchange coupling, as is
known in the art. The magnetizations, as indicated by arrows 42 and 48,
respectively, of the two outer ferromagnetic layers 41 and 49 are
oriented antiparallel to each other, i.e., in opposite directions, and at
an angle of about 90 degrees with respect to the magnetization, as

15 indicated by arrow'44, of the intermediate layer 45 of ferromagnetic
material in the absence of an externally applied magnetic field. 1In
addition, the magnetization direction of the first and third outer
layeks, 41 and 49 of ferromagnetic material are fixed or pinned in the
preferred orientation as shown by the arrows 42 and 48 by the exchange

20 bias of the antiferromagnetic layers 51 and 53, respectively.

In this preferred embodiment exchange bias layers 51 and 53
comprise different antiferromagnetic materials, preferably-FeMn and
nickel-manganese (NiMn), respectively, for example. The two
antiferromagnetic materials have different blocking temperatures, thus

25 allowing the exchange bias direction of each antiferromagnetic layer 51,
53 to be set independent of -the other. For example, in the case of FeMﬁ
and NiMn, the blocking temperature for the FeMn is approximately 220
degrees C while the blocking temperature for NiMn is much higher. Thus,
the exchange bias direction for the NiMn layer is first set at a
30 relatively high temperature, about 260 degrees C, for example, then the
exchange bias direction for the FeMn layer is set a lower temperature,
just slightly above the blocking temperature for FeMn, about 230 degrees
C, for example. As discussed above, a seed layer can be used to insure
that the antiferromagnetic layers 51, 53 have the desired structure. 1In
35 order to provide a sensor which produces high values of
magnetoresistance, the materials for the ferromagnetic layers 41, 45 and
.49 are chosen to utilize both positive and negative GMR iayer pairs. .As
~ described above with reference to Fig. 7, materials are chosen ‘such that
between the first and second ferromagnetic layers 41 and 45 the GMR is
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Referring nowto Fig. 2, a preferred enbodi nent of an MR sensor 30
according to the principles of the present invention conprises a first
thin filmlayer 31 of ferromagnetic material, a first thin filmlayer 33
of a non-magnetic netallic material, a second thin filmlayer of 25
ferromagnetic material 35, a second thin filmlayer 37 of a non-magnetic
nmetallic nmateri ghg-aadoad third thin filmlayaz 39 of ferromagnetic

mat erial. The ‘magneti zations of the two outer layers 31 and 39 of .
ferromagnetic material are oriented parallel to each other, i.e., in the
same direction, ]Pam;a& and angt %eﬂfeeabﬂhﬁtseggnddﬁﬂ{ Qﬁﬁ-d\/\féﬂioﬁ@ﬁxﬁeﬁ liverthg 30

magneti zation of, the Lt x{‘ig'n%%fubgyeblﬁée %fsr FP@QQJIﬁL.h g‘%e%raolu&rp

the absence of &R externa magneti c d as
arrows 32, 34 af@ri3an a N§ r?é’c’f"’l !?éﬁ}" Hrﬁvéﬂfdf"t‘”ra‘l‘f"g"ﬂ'fé W@ﬁ&%sz‘é{ﬁrﬁw
directions of tleRof pristy andvwhilierZ: outderin ayNir satr3t ranvid@Ofe@fromagnetic

U
ferromagneti G Matelrials a;li&eh %86 Qtvhc%l NNegod Bxapl £f 85 inedegahiigitt ation as 3_5
shown by the ar r%""sﬁégﬁlet%es £ % Fe or gq_’dlgﬁed ik S h%gugt A?lzt '&E‘dl%}nrfzc | gn

of the outer fef ers Ferarn nagnet t 9 on™
in the internmedeet elfafeevs '-‘8‘15 ﬁ@rmm‘g‘ﬁefﬂaée?rdﬁﬁfsaﬁ BRd 47 e‘é”‘"t’EF BBY at e

suitable non-magnetic metallic material such as Cu, Au or Ag, for

example.

10 Referring now to Fig. 10, a further embodiment of the dual spin
valve MR sensdr_according to the present invention is shown. 2 suitable
underlayer 57, such as Ta, Ru or CrV, for example, is deposited on
substrate 55 prior to the deposition of a first antiferromagnetic
exchange bias layer 59. The purpose of underlayer 57 is to optimize the

15 texture, grain size and morphology of the subsequent layers. The
morphology can be crucial in obtaining the large MR effects
characteristiclof_dual spin valve structures;since it permits the use of
very thin non-magnetic metallic spacer layers 63 and 65 between the
ferromagnetic léyers 61, 65 and 69. The underlayer must also have a high

20 resistivity to minimize electrical current shunting effects. Should the
substrate 55 be of a material héving a sufficiently high resistivity,
have a sufficiently planar surface and have a suitable crystallographic
structure, thé underlayer 57 can be omitted. Any suitable
antiferromagnetic magnetic material may be utilized for the exchange bias

25 layer 59 such aé FeMn or NiMn, for example. 1In particular, the use of
FeMn(60/40 by atomic weight) results in a reduction of the coupling field

_between the following two ferromagnetic iayers where the FelMn
antiferromagnetic layer is deposited first. A seed layer (not shown)
may also be required if the material utilized for the first

30 antiferromagnetic layer 59 cannot be directly deposited with the proper
crystalline structure. For example, as discussed above, when FeMn is
utilized for the exchange bias layer, a seed layer, preferably of NiFe or
AuCu, is desifable to ensure that the antiferromagnetic form of FeMn is
obtained.

35 A first thin film layer 61 of ferromagnetic material, a first thin
film layer 63 of a non-magnetic metallic material, a second thin film
layer 65 of ferromagnetic material, a second thin fiiﬁ layer §7lof a non-
magnetic metallic material, a third thin film layer 69 of ferromagnetic



*

SA9- 92- 004 - 7 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 34 on layer 35 in Fig. 2.
According to this preferred enbodi nent of the present invention,. 5 the
ferromagnetic layers 31, 35 and 39 can be fabricated of any suitable
magnetic naterial such as cobalt (Co), iron (Fe), nickel (N) and their
“alloys such as ni#¥&P2%%bn (Ni Fe), nickel-cobdPt (Ni Co) and iron-cobalt
(FeCo), for exanple. The non- magnetlc metallic spacer |ayers 33 and 37
conpri se copper (Cu), for exanp or other suitable noble netal such as 10
silver (Ag) or gotateriad) a't?ratsr?é?'rd SpinpfElm exghange Biassbavepabe8fon the spin.
val ve effect whergithfdriremsppasior mateathle hesrdapds i canprdrs@sielayer 57. The first

ferromagneti c/non r{ﬁaﬂ{i@h'fe/rf'&fa JE?Q“E%& b RYpacsh ﬁNe“Eﬁe‘i‘}%a'gﬁeﬂ%&r gped

In greater detail t erence ent a |ca ion EP-A-4

The fixed or pi nn‘?érél‘e tl‘fpe‘?arfg"reﬁoﬁ‘hﬁﬁ‘g} PEhery g‘?ﬂt@tﬁ' e T ﬁ°’b‘§‘ E?(lé’h%l%ge 15

bi ased by adj agendegreaserith( pespetlown the Rignetigntivh ofh thise¢andr cimigmetiate :
material such as terpémadiétgayer E5ei khe bbserR¥ dWbE appTiciMaghatGr fikagedas

on the spin val Vedbgf:é:%‘ég cf%‘% ik fa &Pﬁa‘i;&%&{’ Q{Lat Jéj.f tLé‘léngé §ndb third

exchanged bi ased ant erronagne escri

greater detail i rﬁefﬁ%“aﬁ‘b"(f\}é 1r‘*‘éﬂ’“’esr &hard quP’EPpééﬁ‘de&‘f @h‘f"eép’pﬂ Pesitiohby
93306379. 4. Al t arinairigvéield praduceddgneicdangorodilingt | Ditergitivdly, pihanader

ferromagneti ¢ ;hayQkSomadnetd® orPE1] ie¥ehnVe Pofheal udNiAdh 3nEIM;ab&thard
magnetic layer or by utilizing materials having relatively high
coercivities for the outer ferromagnetic layers and setting the
magnetization'directions during fabrication. If the magnetization
directions of the outer ferromagnetic layers 61, 69 are different,
15 antiparallel, for example, the coercivity for each layer will have to be
different to allow the magnetization direction of one layer to be set

" independent of the other layer.

The ferromagnetic layers 61, 65 and 69 can be fabricated of any
suitable magnetic material sdch as Co, Fe, Ni and their alloys such as
20 NiFe, NiCo and FeCo, for example. The thicknesses of the ferromagnetic
layers 61, 65 and 69 can be selected from a range of about 0.5 nm (5
Angstroms) to about 15 nm (150 Angstroms).

The non-magnetic spacer layers 63 and 67 are preferably metallic
with high conductivity. Noble materials such as Au, Ag and Cu provide
25 large MR response, Pt and Pd provide small MR response, while Cr and Ta
exhibit very little MR response. The thickness of the ‘non-magnetic
spacer layers 63 and 67 is -less than the mean free path of the conduction
electrons in the sensor, preferably within the range of about 1 nm (10
Angstroms) to about 4 nm (40 Angstroms).

30 A capping layer 73 of a high resistivity materlal such as Ta or
zirconium (2r), for example, is then deposited over the MR sensor. o
Electrical leads 76 are provided to form a circuit path between the MR
sensor and a current source 77 and a sensing means 79. In addition, in
order to minimize Barkhausen noise it is desirable to provide a

35 longitudinal bias field parallel to the 1ongitudina1.direction_of the -
magnetic layers in the sensor. As is known in the art, layers 75 of a

suitable magnetically hdrd material are deposited over the end regions of



magnetic | ayer or by use of a material having a sufficiently high

toercivity for the. outer pinned | ayers 31, 39. The structure of
a conventional or single spin valve MR sensor as 25 described in the
above-cited patent applications is essentially [err] pinned/{err] where
[err]free and [err]pinned are ferromagnetic |ayers separated by a
non-magnetic layer NM The orientation of the magneti zation of the
[err] pinned | ayapoige-bdaced up to some noder ate magnetic field by the

- exchange coupled bias field provided by the 30 antiferromagnetic |ayer
AFM  The magnetoresistive effect of the sensor is based on the fact

that, when the diechioingn®y ptiAdiRYAEIdngdd@R]l Pias fidlReind]@aerl Rdive

| ayers are different, _ condyction ele Qns, traversing.,t . | f,r.om
one FM | ayer to "teﬁ’emo?%e"? _é’rees%ncsé’f’t e%sé%graaeltﬁtelﬁdjtﬁﬁsfgﬁgﬁt'fgﬁal bla'élg%le%e%ﬁc T
that the resist amoeidefl hyhexchango Fouldng yéblh antifesramagnnidc ilfves £9r@ed Ovahce
i.s a function ofght hRneaskend re§idneeimaftest bantmanwithethe fextonametimiawirst he
magneti zations in the FMlayers and is mni mum when the magneti zati ons
are parallel, i.e., in the sanme direction, and maxi num



SA9- 92- 004 when the magnetizations in the
|-ayers antiparallel, SheetHa mRt ced directions. However,
it is observed that i n t vaI ve structure descri bed above
conduction el ectrons are of the free FM
towards the pinned FM I ayer | n t e opposite ditlr gl o; - aMay ciEN
the pinned FM Il ayer as well. Thus, only that porti @n of the _Qqaduct e}
el ectrons scat $x9-82-08€t ween the two FM | aydss cont 3 e
magnet oresi stive effect for the sensor. The structure descri bed
above with reference to Fig. 2 conprises a 10 "dual" spin valve wherein
the spin valve structure is doubl ed ggamstrically with respect to the
[err]free layer. The structure of adual spin valve is [err] providing
two pairs of FM | ayers s é IyaNM ayer which allows utilization
of the conttuct |Aoﬁa%1&§%'fefg slvgc ef’f%rtga"prﬁs’ﬁ‘ath directions fromthe
intermediate 15 [err]free layer. The directions of magnetization in the
two pinned outer a lhyyed strictiurd fantkd i k] substratef ithedtbyctadd acent

anti ferl’ornagne%émﬁrié@“§¥‘§ f&ﬂyk (31), a second (35) and a third (39) layer of

5 ferromagnetic material, each of said layers of ferromagnetic material

separated from the adjacent layer of ferromagnetic material by a layer
(33, 37) of non-magnetic metallic material, said second layer of
ferromagnetic material disposed between said first and third layers of
ferromagnetic material, the direction of magnetization being fixed in
10 said first and third layers of ferromagnetic material, the direction of
magnetization in said second layer of ferromagnetic material being
substantially perpendicular to said fixed directions of magnetizétion in
said first and third layers of ferromagnetic material at zerc applied

magnetic field.

i5 2. A magnetoresistive sensor as claimed in Claim 1 wherein each of
said layers of ferromagnetic material further comprise at least one

additional layer of material.

3. A magnetoresistive sensor as claimed in Claim 2 wherein said
additional layer of material comprises at least one nanolayer of
20 ferromagnetic material.

4. A magnetoresistive sensor as claimed in Claim 3 wherein each said

layer of ferromagnetic material further comprises a nanolayer of a

different ferromagnetic material disposed at the interface between said

layer of ferromagnetic material and said layer of non-magnetic metallic
25 material.

5. A magnetoresistive sensor as claimed in Claim 4 wherein each of
said first ang third layers of ferromagnetic material form a bilayer
comprising a layer of a first ferromagnetlc material and a nanolayer of a
second ferromagnetic material, said nanolayer disposed at the interface
30 between said first and third layers of ferromagnetic material and said
layer of non-magnetic metallic material separating said first and third
layers of ferromagnetic material, respectively, from said second layer of
ferromagnetic material, and said second layer of ferromagnetic material

forming a trilayer comprising a layer of a first ferromagnetic materlal

R O Mlll II !lll ]
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and [err], respecti vel This Skiadt Hes BeaeReplacgict i on of magneti zation in the

[err] layer is allowed t y in response to TARPE S
magnetic field. 20 now al so to Fig. a ‘%’HEENH&&VEQ--J};ET;
dual spin valve sensor as descripbed with reference -@:ggg".%csmaﬁa'ly)'
I s shown wherein each of the ferromagnetic |ayers [err] eﬂ\‘d\‘f

conprise nultiple | ayers of ferronmagnetic materials. As described

above, a dual sg-B2v@kve sensor’ conpri ges the structure J[err] [err] .
as shown. 1In this 25 enbodinment, the first ferromagnetic |ayer FM
conprises a |layer of a first ferromagnetic material 311, such as N Fe,

for exanple, aggh gwd Rbkolayerd 8§ Qr sekbdd fepfdbidid Madérial, BaWhaREyersOf a
second ferrOMBgNetlss ar oLl Akes BWENASAtR cclBla SAAPAL e IR R0O! ayer
¥E§ al 1's de Ite aﬁ ?Ng ] ﬁ%

313 of the secBHg®® rronaghetic material EQ at t fterface
bet ween the fimaterid apdspidayreei € payaroehir pataliic spteriak separaiing 371,
Thus, the firsgaid second Negagrétictrdmyastit oatsrial irbaysaild Fidst 348 third wo

different iaeyref'gryfgflﬁitf&ﬁ‘agﬂ_@éi%r&\ﬁle§ial$i Fishédtlivelyt he third ferromagnetic
| ayer [err] conprises & bilayer 301, 303 of two different ferromagnetic
materi al s wi th the nanol ayer 303 forned at the interface between the
third 35 f.er remagrfempgnetonasis{ize rgenaen) as [rdaimedolid Chyisce vhergjnrsadd]1.  Since
t he SeCO0NOpancdiet Masl &thAEMEGEL tinCtHeayige Y fviub®.afs nmn{Esf AgetMinkj) bot h

spacer |ayers 331, and, %Z.l,(zot.BeAnﬁ'E&%Rg).f erromagnetic |ayer FM wi ||

7. A magnetoresistive sensor as claimed in any preceding'CIaim'fﬁrther
10 comprising fixing means for fixing the direction of magnetization in said
first and third layers of ferromagnetic material.

8. A magnetoresistive sensor as claimed in Claim 7, the fixing means
comprising a first layer of magnetically hard material adjacent to said
first layer of fefromagnetic material, and a second layer of magnetically

15 hard material adjacent to said third layer of ferromagnetic material,
said first and second layers of magnetically hard material for providing’
a magnetic bias field in said first and third layers of ferromagnetic
material, respectively, thereby fixing the direction of magnetization in
said layers.

20 9. A magnetoresistive sensor as claimed in Claim 7, the fixing means
comprising a first layer (52) of antiferromagnetic material adjacent to
and in contact with said first layer of ferromagnetic material, and a
second layer (53) of antiferromagnetic material adjacent to and in
contact with said third layer of ferromagnetic material, said first and
25 second layers of antiferromagnetic material for providing a magnetic bias
- field in said first and third layers of ferromagnetic material,

respectively, thereby fixing the direction of magnetization in said
layers.

10. A magnetoresistive sensor as claimed in Claim 9 wherein said first
30 and second layers of antiferromagnetic material are comprised of a
material selected from the group comprised of iron¥manganese, nickel-

manganese and iron-nickel-manganese.

11. A magnetoresistive sensor as claimed in Claim 10 wherein said first

and second layers of antiferromagnetic material comprise iron-manganese.
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This Sheet Has Bee

SA9- 92- 004 placed conprise a trilayer having a
centre | ayer 305 of ferro ’al . such as ,,F,e,__.__f_.,g_e_._exarrpl e,
wi th a nanol ayer 309, 307 f err omagnet tQ[':EﬁHA iS
Co, for exanple, fornmed at the |nt erface wi th eac T’ h,q:@d;ment n
spacer |ayers 3%i9-923d04 respectively. The 57 thickne S
isin the range of 0.05 to 2 nm (0.5 to 20 Angstrons). Alternatively,
t he nanol ayer can be formed within the ferromagnetic | ayer at a -

di stance X frombhe aArdagrideeesiieiweesnsbhas claihel Loraag et Chaih&yoeko ang t he
spacer ! ayer. | nhére?n Cs%%@ f‘ﬁ’@?tf gn& l%@cond lmpgloéyﬁ{tlfeﬁ:rg gqgfog]c\’\ﬂ\ettlal'{]alt Q%e

ferromagnetic | a he material util zb ayer can
non- magneti ¢ mat kafss wifhyin jheangg gf a °"te55<a‘f‘rp(lsg "§§th tasabaut 20 nm

f erromagneti c n{eer hagstrdisdrnet or esi stive sensors enpl oyi ng nanol ayers
as described above are described in greater detail in EP-A-529959

(publ i shed 3/53/ 91"‘,:)

said first, second and third layers of ferromagnetic material are

A magnetoresistive sensor as claimed in any preceding claim wherein

comprised of a material selected from the group consisting of iron,

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

_14. A magnetoresistive sensor as claimed in Claim 13 wherein said
10 first, second and third layers of ferromagnetic material are comprised of .

an alloy of nickel-iron.

15. A magnetoresistive sensor as claimed in Claim 13 or Claim 14

wherein said first, second and third layers of ferromagnetic material

have a thickness within the range of about 0.5 nm (5 Angstroms) to about
15 15 nm (150 Angstroms). . :

.2+ 16. A magnetoresistive sensor as claimed in any preceding claim wherein
said non-magnetic metallic spacer layer has a thickness less than the
mean free path length of conduction electrons in said non-magnetic

metallic spacer layer.

20 17. A magnetoresistive sensor as claimed in Claim 16 wherein said non-
magnetic metallic spacer layer has a thickness within the range of about
-1 nm (10 Angstroms) to about 4 nm (40 Angstroms).

18. A magnetoresistive sensor as claimed in any preceding claim wherein
each non-magnetic metallic spacer layer is comprised of a material

25 selected from the group consisting of silver, gold, copper and alloys of
silver, copper and gold.

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

20. A magnetoresistive sensor as claimed in any preceding claim wherein

30 the directions of magnetization in the first and third layers of

ferromagnetic material are aligned in a parallel orientdtion.
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Referring now also to Fi- gx‘nssﬂeeantée e&nagnetorem stance, curve 15 36,
for a dual spj

and the hysteresis |oop, single spin valve MR sensor _
and the magnet or esi stance G 4
according to the present ectlvel y, are 'ITM@tFF*ﬁEéd"‘

RSN
conpari son purpo Ef Qﬁ4shomn |n F|g 4 a spign val ve gensor X bf
described in co-g

Ing European patent appli cat lon ref 379.4, 20
cited above, deposi ted on a SI licon (Si) substrate and having the
structure, Si /50Ta/ 79N Fef 22, S é@gNl Fe/ 110FeMn/ %OTa wher eé n.th Tgquers

i ndicate the |ay®t tHi CKREsS 1N IR SBdRETE FWE™Y QA AR

layers serve as whesedt &piq &t a‘?ﬂjsa"%épbﬂ’ﬁ’ff phyferromagnatie Mayenipl form a
provi des a nmaxi neipseggiietdsr Esirshagnetic (aelrs seR)radRed bf o npemagmdtic Thge25

t hi cktness of t the Jva raspésglti)ﬁf bm&eﬂkghet&@i@td&et E‘f‘er@l‘;&@@é{ aH@-ltsE@d Qkcona
magnet or esi s anc ai.n e terials i s_structure

I n contrast, %’T‘Fo rd P R °g feé‘%"%aé?ee JIFEETAS 6d€°ﬁ§n§ SEfoNE R g o

spin val ve for ne&r@maanszcS rF FERAYRAOE Py 2 henwegptigrl@yer having a negative
Si / 50Ta/ 20N Fe/ 1¢{3he Maghidir&€isP e/ HeObbdtetetb Cu/ 60Nl Fe/ 30 110FeMn/ 50Ta
provides a magnetoresistance of 5.5 percent, a 35 percent I ncrease over
that obtained fromthe si n | e s;n .n valve str cture {1 first N Fe
layer in the abo%%e dlfal“""?’;‘)3 P SPAF ¥e STPERR 8F & b’r"ﬁ\c}l Deglain 2l yherein the o
utilized to obt adivecHeonnafenxmelization & lthadisst aed shird daysrovifde
antiferronmagnet i gerFaiane GRymd@RESN ate R2MINBY i8USd boiigREdiYeDioglentetiont i Vity

35 to mnimze current shunting and which permts the growh of an
23. A magnetoresistive sensor as claimed in Claim 20 or Claim 21
further compriéing a layer of a first antiferromagnetic material adjacent
to and in contact with said first layer of ferromagnetic material, and a’
layer of a second antiferromagnetic material adjacent to and in contact

15 with said third layer of ferromagnetic material, said first and second
layers of antiferromagnetic material for providing a magnetic bias field
in said first and third layers of ferromagnetic material, respectively,
thereby fixzing the direction of magnetization in said layers.

24. A magnetoresistive sensor as claimed in Claim 23 wherein said first
20 and second antiferromagnetic materials have different blocking

temperatures.

25. A magnetoresistive sensor as claimed in Claim 23 or Claim 24
- wherein each said first and third layers of ferromagnetic material
comprises a ferromagnetic material having a different coercivity than the

25 coercivity of the ferromagnetic material of the other layer.
26, 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
30 relative to said magnetic storage medium during relative motion between
said magnetic transducer and said maghétic storage medium, said magnetic
transducer including a magnetoresistive read sensor -as claimed in any -
Preceding claim; '
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Y
antiferromagnetic formof FeMh is suitable for use as the seed |ayer.

SA9- 92--004 - 10 Ref erri ng. NOw= '
6, 7 and 8, a dual spin valve MR sensor can be desi gned; /vvhé( &R%E \

directions of the nagnetizations in the outer, pi nned fer_..

| ayers are maintai ned antiparallel to each ot her e, in oppcrsr:tﬁ\\

di rections. Furt98r92 8814 proper choice of mat¥ti aI s for 5 the different ==
| ayers, both positive and negative spin-dependent magnet or esi st ance,
referred to as giant magnetoresistance (GW), can be utilized to

produce a high val ue26fudteremeanRFPRIFS Lot srdd ammetiic ransdvsan for movingseid 6,
a single spin Valaygetit raurehsiueehavi sedeqesi travis GH/RaGOMAGHARE storadeWdedium;
ferromagnetic |aygrs, [err] and [err] separated by a naonmagnetic |ayer, 10
NM wherein for both ferromagnetic |ayers the resistivities for spin-up

(rho [err]) and spin-down [err] satisfy either the relation rho [err]
detection means coupled to said magnetoresistive read sensor for

§ detecting resistance changes in said magnetoresistive material responsive
to magnetic fields representative of data bits recorded in said magnetic

storage medium intercepted by said magnetoresistive sensor.

27. A magnetic storage system as claimed in Claim 26 wherein said
magnetoresistive sensor further comprises:

10 a capping layer deposited over said second antiferromagnetic layer;
and .
electrical lead means deposited over said capping layer for

coupling said magnetoresistive sensor to said detection means.

28. A magnetic storage system as claimed in Claim 27 wherein said
15 capping layer comprises a material selected from the group consisting of
tantalum and zirconium.

29. A magnetic storage system as claimed in Claim 27 or Claim 28
further comprising means for providing a longitudinal bias field in an

active portion of said magnetoresistive sensor.
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or the relation [err]. For this structure, the resistance is m ni num

when the nagnetizations, as indicated by arrows 50, of the |ayers [err]
and [err] are parall el and maxi mum when’ t he magneti zations of the 15 layers
[err] and [err] are antiparallel. As shown in Fig. 7, a si[fge=spi
val ve structure having negative GVR conprises two f er r omag éHlS’:"‘;L@Q’-E[_,i 8
separated by a nexgvagtoeti c | ayer wherein for 20he first fe romagneﬂ_ﬁ .._BBEEN

| ayer, [err], rho[err] >rho [err] and for the second ferrorregnetts

| ayer, [err], [err]. For this structure, the resistance is mnlrrumfor
20 anti par al I el alignnent of the nagneti zagesogecr as i ndi cated by arrows 60,
and maxi num for parallel alignnment of the rragneti zations. For
exanple, Fig. 8 illustrates three ferromgnetic yers according to the
present invention. Between |ayers [WfTugﬁﬂls[TéY "fsﬁﬁ GV\R . is positive

produci ng m ni nrum resi stance for parallel ali gnrrent of their 25
nmagneti zations, arr OvS mdgnerBeesi3tiveCrdARCIen¥SY Yo anect B8 Wwehgfinh@ide effect

bet ween | ayers [e er pasi t| m m
resi st ance col‘%ogggee% f%‘%’ltag ered, a?'? | SPap; va ve ?r\yl%{% ﬂ'xe sensor read

magnet i zat i on$, a#eP‘GWs ingludes fipgf ? sF%%"ﬂe%f’t P Itb%rd 8 rJrééertsh%f ferromagnetic
magnet i zati ons Ofatlefdsdr sefagatdd &rteh {aa:rhr ¢thar by layeps mfietbn-magbppizsnétallic

di rections, arrOxﬁelﬁalandmwfufsbeaneeéhﬁaflfa;érsf9f fs%ma%&,etisa 'En!a'&lﬂiﬁﬁ iiSe 1 hat
the resistance is

oo roancs ! P Sen DRy eRE he, 1, FRATRe Hehnel biesipestor Srl i itien
| ayer [err], arrfiwedsvwhiled the seeand. wingarneldéateafareonagneiignlaykr Higpmigetically

al i gned par allloel sl dhdl e HRY ARGt atdt6n Qﬁfl@it@@%drﬁei\ﬂﬂfulﬁﬁrtb] tha@l §fOBbthl the
Additionally, si “%grtég?rsmgge%' Zﬁgegin%t&%ewo Fn%glie%ys;gmi egfdiqand

35 Jerr], arealgne g rections
magneti c In one preferred embodiment, the two outer ferromagnetic layers have

their magnetizations fixed parallel to each other by exchange coupling
with adjacent antiferromagnetic layers. 1In a second preferred
15 embodiment, the directions or magnetization in the first and third layers

of ferro;nagnetic material are aligned in an antiparallel orientation.

_—
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Aughf-keeper for the other layer, thus reducing the demagnetizing effect-

wf* the pinned | ayers. SA9- 92- 004
11 - ‘Referring now also to Fig. 9, another preferred enbodi nent
of an MR sensor. 40 according to the principles of the present invention
conprises =~ a first thin filmlayer 51 of antiferromagnetic material, a
first thin ~filmlayer 41 of ferromagnetic material, a first thin film
| ayer 43 of a 5 non-magnetic netallic material, a second thin film:layer
45 of ferromagnetic material, a second thy@ filmlayer 47 of a
non- magnetic metallic material, a third thin filmlayer 49 of
ferromagnetic -materi al and a second thin filmlayer 53 of
“antiferromagnetic material. The two antiferromagnetic layers 51 and 53
provide a bias field prmtire—adj acent 13
| DATA 21
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- CHANNEL
- 25 g
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Ny ;
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]
10 ferromagnetic layers 41 and 49, respectively, by exchange coupling, as

YSs known in the art. The magnetizations, as indicated by arrows 42 and
48, respectively, of the two outer ferromagnetic |ayers 41 and 49 are
oriented antiparallel to each other, i.e., in opposite directions, and at

an angle of about 90 degrees with respect to the nmagnetization, as 15
i ndicated by arrow 44, of the internediate | ayer 45 of ferromagnetic
material in the absence of an externally applied magnetic field. In-
addition, the nagnetization direction of 2W& first and third outer

| ayers, 41 and 49 of ferronagnetlc tgriglFre fixed or pinned in the

preferred orientation as s 42 and 48 by t exchange 20
bias of the antiferromagngjigc Iaye 51 ang {3, respectivel )y
In this preferred enbodi ne excha ge bias |l ayerszol d 53 conpri se
different antiferronmagneti FeMh and
ni ckel - mnganese (N M), 1 hgely for exanpl'g, The two
antiferromagnetic materi al hfferent bl ockfi n &peratures, thus 25
al |l owi ng the exchange biasN\Jir 1nagﬁgtic | ayer 51,
53 to be set independent of"rb For exdﬁﬁle case of Felh
and Ni Mh, the bl ocking tenpera \: ly 220
degrees C while the bl ocking terpera i gher. Thus,
t he exchange bias direction for th fRyer is first seff at a 30
relatively high tenperature, about eeg C, for exanplex then the
exchange bias direction for the FelWnh \aye 138 e,
just slightly above the bl ocking tenpeﬁqé ' Fewn, ab 230 degrees
C, for exanple. As discussed above, a se can be jsed tofLﬂ?ure
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ihat the antiferromagnetic |layers 51, 53 have the desired structure. In 35
brder to provide a sensor which produces high val ues of

magnet or esi stance, the materials for the ferromagnetic |ayers 41, 45 and
49 are chosen to utilize both positive and negative GVR | ayer pairs. As
descri bed above with reference to Fig. 7, materials are chosen such that
between the first and second ferronagnetic |ayers 41 and 45 the GVR i s

SA9- 92- 004 12 - 3 /positive, and that. between the
second and third ferromagnetic | ayers 45 and 49 the GWR i s negati ve.
Dilute alloys of vanadium (V) or chrom um (Cr) ina N or Fe matrix
provi de ferronmagnetic materials wherein [err] while Fe or Co in a N
matri x provide ferromagnetic 5 naterials wherein rho [err] for exanple.
Spi n- dependent resis&fgﬁties for Fe/OJBCD diluted with al um_num (Al),
iridium(lr) or M : ‘/\ | S -
A 3
0.4 | ,»—-46
_g. 02 ,/, 2
a .
5 00 ) ) AR (%)
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are al so known. The non-magnetic spacer |ayers 43 and 47 can be any
»sui tabl e non-nmagnetic netallic material such as Cu, Au or Ag, for

exanpl e. 10 Referring now to Fig. 10, a further enbodi nent of the
dual spin val ve MR sensor according to the present invention is shown.
A suitable under| ayer 57, such as Ta, Ru or CrV, for exanple, is
deposited on substrate 55 prior to thegdeposition of a first
antiferromagnetic exchange bi as | ayer §9. The purpose of underi-ayer 57
is to optimze the 15 texture, grain size and norphol ogy of the subsequent

| ayers. The nmor phol ogy can be crucial in obtaining the large MR effects

characteristic of dual spin valve structures; since it permts the use of
very thin non-magnetic netallic spacer |ayers 63 and 65 between the
ferromagnetic layers 61, 65 and 69. The underl ayer nust al so have a high 20
resistivity to mnimze electric@ycurreiy shuntfyg effects. Should the
substrate 55 be of a materi al haviﬂg a sufficientlg hi gh resistivity,

have a sufficiently planar surqugppnd have a s pjabl e crystall ographic
structure, the underlayer 57]|can be onfitted| Any suitlable
antiferromagneti c nagnetgc terial may be |l 1zed flor te exchange bi as
25 layer 59 such a§0Fq% or or| exa ~In art:tygg,. t he use of
Fevn(60/ 40 by atom € weilght) jresalts i dugti on t coupling field
bet ween the follow ng two fefronagneti grs where |t he FeHn
antiferromagnetic layer is depgsi i - A seed ljayer (not shown)

may al so be required if the pajerial ytilized for thg first 30
antiferromagnetic |ayer 59 cannot be directhfy depositled with the proper

g

"\5

(b) High R

FIG. 6



R . . .
.crystalline structure. For exanple, as discussed above, when FeM is
wutilized for the exchange bias |ayer, a seed |ayer, preferably of N Fe or
AuCu, is desirable to ensure that the antiferromagnetic formof FeM is

obt ai ned. 35 Afirst thin filmlayer 61 of ferromagnetic nmaterial,
afirst thin filmlayer 63 of a non-magnetic nmetallic material, a
second thin film | ayer 65 of ferromagnetic material, a second thin film
| ayer 67 of a non- magnetic netallic mage/rjal, athird thin filmlayer
69 of ferromagnetic SA9- 92- 004 : 13

material and a second thin filmexchange bias |ayer 71 of
antiferromagnetic material are deposited over underlayer 57. The first

My NM FM

PI>PI PI>PI

6‘0\1 ij )} t/sa

50\' ‘/60

(a) Low R

FIG. 7



and* t hird ferromagnetic layers 61 and 69 have their magnetizations
foriented parallel to each other and at an angle of approximately 90 5
degrees with respect to the magneti zation of the second, internediate
ferromagnetic |layer 65 in the absence of an applied magnetic field. As
descri bed above, the nagnetization directions of the first and third
ferromagnetic |ayers 61 and 69 are fixed or pinned in position by a

bi asing field produced by exchange coupli ng. ternatively, the outer 10
ferromagnetic | ayers 61, 69 can be pinned ut? zing an adj acent hard
magnetic layer or by utilizing materials having relatively high
coercivities for the outer ferromagnetic |ayers and setting the

magneti zation directions during fabrication. |If the magnetization
directions of the outer ferromagnetic |ayers 61, 69 are different, 15
antiparallel, for exanple, the coercivity for each layer will have to be
different to allow the nagnetization direction of one |ayer to be set

i ndependent of the other |ayer. The ferromagnetic |ayers 61, 65
and 69 can be fabricated of any suitabl e magnetic material such as Co,
Fe, NI and their alloys such as 20 NiFe, N Co and FeCo, for exanple. The

t hi cknesses of the ferronmagnetic | ayers 61, 65 and 69 can be sel ected
froma range of about 0.5 nm (5 Angstrons) to about 15 nm (150
Angstrons). The non-nmagneti c spacer ‘|l ayers 63 and 67 are

preferably netallic wi th high conductivity. Noble materials such as Au,
Ag and Cu provide C e
FMs\

(pinned) |
: 75
M T'/

(free)
73:

PI<pt|

M
1
(pinned)\
' 71

Pi>pi

PI>P}

FIG &



RV

2% large MR response, Pt and Pd provide small MR response, while C and Ta

~exhibit very little MR response. The thickness of the non-magnetic

spacer layers 63 and 67 is |less than the nmean free path of the conduction
el ectrons in the sensor, preferably within the range of about 1 nm (10
Angstrons) to about 4 nm (40 Angstrons). 30 A capping | ayer 73 of
a high resistivity material such as Ta or zirconium (Zr), for exanple,
is then deposited over the MR sensor. - Hpstrical leads 76 are provided
to forma circuit path between the MR sensor and a current source 77
and a sensing neans 79. In addition, in order to mnimze Barkhausen
noise it is desirable to provide a 35 longitudinal bias field parallel to
the | ongi tudinal direction of the magnetic layers- in the sensor. As is
known in the art, layers 75 of a suitabl € magnetically hard materi al
are deposited over the end regions of

SENSING
MEANS
CURRENT
SOURCE
' CON77 '
76~ | . - 7
7o T 5
7~E -
p -V
67
65~F ~.]/‘
63
6I~F ="
- s
355

FIC 70



SA9- 92- 004 ‘ 14 t he sensor thus providing a

| ongi't.udi nal bias field in a central active region 78 of the sensor.
Alternately, the longitudinal bias field can be provided by exchange

- coupling with antiferromagnetic layers forned over the sensor end regions
in direct contact with the ferromagnetic ﬁ?yers

15 CLAI Ms 1. - A magnetoresistive sensor conpr|5|ng a substrate; and a
| ayered structure formed on said substrate conprising, a first, a second
and a third | ayer

MAGNETORESISTIVE SENSOR

ABSTRACT

A magnetoresistive read sensor (30) based "on the spin valve effect incorporates a
multilaye;ed, dﬁal spin valve structure. The sensor read element inclucies first (31), second
(35) and third (39) layers of ferromagnetic material éeparated from each other by layers (33,
37) of nor-magnetic metallic material. The first and thu'd layers (31, 39) of ferromagnetic
material, i.e., the outer layers of the structure, hav;: thelr magnetization orientation fixed,
while the second intermediate ferromagnetic layer (35) is magnetically soft and has its
magnetlzatlon oriented perpendlcular to that of both the outer ferromagnetic layers in the
absence of an applied magnetic field. In one preferred embodiment, the two outer
ferromagnetic layers (31, 39) 'have their magnetizations fixed parallel to each other by
exchange coupling W'ith adjacent antiferromagneﬁc layers. In a second preferred
embodimént, the directions or magnetization in the first and third laye_rs (31, 39) of
ferromagnetic material are aligned in an antiparallel 6rientation.

Fig. 2
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of . ferromagnetic material, each of said |ayers of ferronmayrRERICOTISNT SlEr;
separated fromthe adjacent |ayer of ferromagnetic materigl by a | ayer of '
non- magnetic netallic nmaterial, said second | ayer of ferr rm.ganetﬂ@_ FB
di sposed between said first and third |ayers of ferronmag '
direction of magnetization being fixed in2said first and third | ayers of
ferromagnetic material, the direction of nagnetization in said second | ayer
of ferromagnetic material being substantially perpendicular to said fixed
di r ect i ongleggribes darevsesefiantiferromagnetictypesrckange coupling|ta pbrain g antipashielgnet i ¢
material afligAReRt iﬁ%ibﬁﬂdjﬁ@&ﬂ%&‘e@s bf Rtdmagnetic MatBRED 8FOcParatld Biea BAASOr as
inclaiml ereln ach. of (?31 Iaer&of ferromagnetic material further
BRI () o greriam, &)

|
conpr i ses BETRAYIQL chrm AL (e “of material. 3. A

nmagnet oresi stive sensor as in claim2 wherein said additional [ayer of

mat er i al C.°”pFE&S@eaﬁtPa'te%ﬁ‘%»}plpﬂﬂﬁfdﬁa@ﬁ'é@(mﬂ%s%scﬁ@sreé gmg&}ssr ﬂ%ﬁlﬁch%e 4. A
magnet or esi stive sensor as‘rn clalm ereln each sal ayer 0 ]

f er r omagndesisiangethatvesn e uneerpled Aprremagnetic YA ispbserved @ YAy Rethergosine of
ferromagnghd sngl@betwedh tht HBSKEHatidnsldTehd AIChTES And WHEAER iSddpendedy BF el

ferromagnetic.materi al d said.l er of n-magneti c tall'ic material. 5.
A magnet odlerten gEcrgent Slow. diroysh il scnsar., A BISpcrhaSH DSPOUCES A {1 ot and

third | ay enagneforésivtammenlye forceleated conibidacions of mateeiyle) isqreqier ini mapratudeyien of

a first fehd ARRSNGJ & OREENlas 308 aDRORONERel: e SSHRYINERTEAONEL  C

mat eri al, "sal d nanol ayer di spos ace en sard Tirst and
third | ayé@nagnefor¢sigtang@agneti c materi al and said | ayer of non-nmagnetic
nmetallic material separating said first and third | ayers of ferromagnetic

material, respectivel fromsaid second | ayer of ferromagnetic terial,
Tnd s d secold Payigre Brropgin Bt Aeniaen rauno P3RS dksrriber R
conpri si ngemsol dysed aif the abovesdestribedeffegn athich intitides talo thficfilmyMayssnstl ayerfs of
a second t] ter] i d. ' .at_the interfaces
bet ween sdrTPRORSRG i sepacilen b5 A AL AT ILFOFs BhP BRGAGIC enll peB 100
magnet i c ABd & whichrthe sragaptization 0A0N¢ germ%nsm:bmr is agasntaimed fperpeodmylaeto ¢
material KeOmagititFation of the other ferromagnetic layer at zero externally applied magnetic field

by exchange coupling with an adjacent layer of antiferromagnetic material.

| i
Betggy!

According to a first aspect of the present invention theeis provided a magnetoresistive
sensor comprising:

a substrate; and

a layered structure formed on said substrate comprising, a first, a second and a third
layer of ferromagnetic material, each of said layers of ferromagnetic material separated
from the adjacent layer of ferromagnetic material by a layer of non-magnetic metallic
material, said second layer of ferromagnetic material disposed between said first and third
layers of ferromagnetic material, the direction of magnetization being fixed in said first and
third layers of ferromagnetic material, the direction of magnetization in said second layer of
ferromagnetic material being substantially perpendicular to said fixed directions of
magnetization in said first and third layers of ferromagnetic material at zero applied
magnetic field.

According to a second aspect of the present invention there is provided a magnetic
storage system comprising:
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first and third layers of ferromagnetic material, respect
magnet oresi stive sensor as in claim3 wherein said nanol
t ki ckness in the range of about 0.5 Angstrons to about 2
A magnetoresi stive sensor as in claim2l further conprisi
the direction of magnetization in said flrst and third | ayers of

ferromagneti c
16 8. A ma%; ﬁggﬁétgcg%t%rags éneggr% (t)lzrivm% a. plurallltz of tTc¥s for recordm Orf |d§$ahg a first

| ayer of maghBRBBRHIq tyansdueer mainipingd ing ch@lmsp@c@dmmon. lfe!;actl\rpégéaldof

ferromag nﬁhglfetlﬁ%i&ﬁg@inedﬁﬂﬂd&m§ﬁ¢£ﬁé ﬁ&mrbeﬁi'edmmefhh?ﬁlb Xra?@c%&efftﬁqﬁ@.ﬁdédl
sal I rs an

dj t t dthird | f
Serond | APRRETS ik SenB s iR ARG B ARG A BeRs T GERL b as
field in smsato‘onqxtm@nd third layers of ferronagnetic naterial,
respect i Ve' Yra k@@feﬂ%}’mcﬁﬁé‘ fd}ﬁieh N Aldbsihik %Bmﬁhsiﬁgga{‘ ﬁ%ﬂtzﬁgc%cﬁﬂd 'aHd ﬁ%ﬁid

Iayers net oresi st1ve sensor a
first | ayléYefdff feaﬁmagmtmnﬁgﬁélt eechhefi said layers @f Areqmagnstie Autarigl émqed WI t h

said fir Sﬂroxh%ﬁfﬁdﬁéer{t Ayl Gﬁﬁﬂ?ﬁimigneﬁ@hﬁfdrﬁl by arwyea 0 B6RAT h@}ﬁeﬁlﬁﬁgllc
netil C..nater |

tif t t
ayer of PRPHEEHARFe e prroRagete et (i PORahrr %«efiﬁ and thifa
ant i f er r dayeysef fexrromagretic atatdrini, fhe alitediiorgofomaggtizdtion Ha:nrigsﬁiedam(talmﬁsaaﬂd

first andth Ell{‘ﬁr% gy ﬁ&ﬁ;ﬂd‘%{e {1‘8{@@[‘%& ﬁlrecrfﬁ)?ngff rfi’}l e{;faﬁBﬁ% Eﬁ"lg ls&onhng_\f;eq‘%f

fixing the direction I’'on 1 n
ferromagnetic material bemg substantially perpendlcular to sa1d fixed directions of

magnetization in said first and third layers of ferromagnetic material at zero applied
magnetic field; and
a first layer of antiferromagnetic material adjacent to and in contact with said first
* layer of ferromagnetic material, and a second layer of antiferromagpetic material adjacent
to and in contact with said third layer of ferromagnetic material, said first and second
layers of antiferromagnetic material for providing a magnetic bias field in said first and
third layers of ferromagnetic material, respectively, thereby fixing the direct'ion of

magnetization in said layers;

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 read sensor for detecting resistance
changes in said magnetoresistive material responsive to magnetic fields representative of
data bits recorded in said magnetic storage medium intercepted by said magnetoresistive
sensor. .

According to a third aspect of the present invention there is provided a
magnetoresistive sensor comprising a layered structure formed in a substrate including a
first, a second and a third layer of ferromagnetic material, each of said layers of
ferromagnetic material separated from the adjacent layer of ferromagnetic material by a
layer of non-magnetic metallic material, said second layer of ferromagnetic material

~ disposed between said first and third layers of ferromagnetic material, the direction of
magnetization being fixed in said first and third layers of ferromagnetic material, the
direction of magnetization in said second layer of ferromagnetic material being substantially
perpendicular to said fixed directions of magnetization in said first and third layers of
ferromagnetic material at zero applied magnetic field, said first and second layers of
ferromagnetic material forming a first pair of ferromagnetic layers separated by a non-



10. A magnetoresistive sensor as in claim9 wherein said first and second
| ayers of antiferromagnetic material are conprised of a material selected
fromthe group conprised of iron-maganese, nickel - manganese=ang=—=——=—-—""""u
i ron-ni ckel - manganese. 11. A nagnetoresistive sensor as in| mEsissLQENT SHEE
wherein said first and second |ayers of 4ntiferromagnetic |aterial 97

conpri se iron-manganese. 12. A magnetoresistive sensor as || pael:& Hh -3--19 """

wherein s '%P%'.rft aﬂd .second. .| ayers of antjferr ma%neti c weertar f1ave a
thi ckness THERRHin IAYRE hFviRe A Positiye Eint mwensiassisaRce Merebsiiican and s sesandcHs.
13. A magrkird laysissefi ferrosmpnetic matetial formimy alsecbid pain of frebnidgnetic lagegond and
third | . ' terdal . i f t

el ect eq” froe by & A AR 1o B KD s ok Ve BRhe RbheRredlil therBbermeey

of iron, cobalt or nickel. 14. A magnetoresistive sensor as in claim13
wherein said Préfetred en®odiisbrof the ivenf e Will Abw beRles QBN BY Way Btlekimple 21 €

conpri sed an..al l.oy of ckel -iron. 5.. A magnef oresi stive sensor-as in
claim1 wierei ﬂgglf#ﬁertg{lhe 0TS d%%‘?‘flas ’rna'gg‘rcé of ferromagnetic
materi al have a thickness wthin the range of about 5 Angstrons to about

non- gt i o MY s & SHERRRIHERL Bapih SFY R AR ik SuBle st ool  cc

pat h | engih RFESenb iigBHOBN el ectrons in said non-magnetic netallic spacer
| ayer. 17. A nmagnetoresistive sensor as in claim16 wherein said
non- magneti c has a,thickness within, the range of

tal li.c spacer . |ayer
about 10 Angsﬁ?%’ﬁ% tlﬁa'égﬂg]?d%v‘ﬁ%g@tﬂem‘?m’eﬁ.a e embodisnent of thesensor as
i n cl ai m maghetoresistisersehsbr acbrdingl e therihciples-ofaliepiesent inRndba; C spacer

| ayers are conprised of a material selected fromthe group consisting of
silver, gold, copper and alloys of silver, copper and gold. 19. A

magnet or esi st Figare 3 s an ead view ef arother prefpmed:embedimentsofi the fiagattoresistisecond
non- Magngénsér ARbAlihg fo MBFFRICIPIEYATthE PFREAtIRvenfiohN N film layer of copper.

Figure 4 is a graph illustrating the hysteresis loop and the magnetoresistive response
for a prior art spin valve MR sensor structure; i

Figure 5 is a graph illustrating the magnetoresistive response for the MR sensor
shown in Figure 2;

Figure 6 is a schematic diagram illustrating a spin valve structure having positive
giant magnetoresistance; '
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ferromagnetic material, the direction of magnetization being fixed in said first and third
layers of feri'omagnctic material, the direction of magnetization in said second layer of
ferromagnetic material being substantially perpendicular to said fixed directions of
magnetizaﬁop in said first and third layers of ferromagnetic material at zero applied
magnetic field.
2. A magnetoresistive sensor as in claim 1 wherein each of said layers of ferromagnetic
material further comprises at least one additional layer of material.
3. A magnetoresistive sensor as in claim 2 wherein said additional layer of material
comprises at least one nanolayeir of ferromagnetic material.
4. A magnetoresistive sensor as in claim 3 wherein each said layer of ferromagnetic
material further comprises a nanolayer of a different ferromagnetic material disposed at the
interface between said layer of ferromagnetic material and said layer of non-magnetic
metallic material.
5. A magnetoresistive sensor as in claim 4 wherein each of said first and third layers of
ferromagnetic material form a bilayer comprising a layer of a first ferromagnetic material
and a nanolayer of a second ferromagnetic material, said nanolayer disposed at the interface
between said first and third layers of ferromagnetic material and said layer of non-magnetic
metallic material separating said first and third layers of ferromagnetic material,
respectively, from said second layer of ferromagnetic material, and said second layer of
ferromagnetic material forming a trilayer comprising a layer of a first ferromagnetic
material and two nanolayers. of a second ferromagnetic material, said nanblayers disposed at
the interfaces between said second layer of ferromagnetic material and said layers of non-
magnetic metallic material separating said second layer of ferromagnetic material from said
first and third layers of ferromagnetic material, respectively.
6. A magnetoresistive sensor as in claim 3 wherein said nanolayer has a thickness in the
range of about 0.5 Angstroms to about 20.0 Angstroms.
7. A magnetoresistive sensor as in claim 1 further comprising means for fixing the
direction of magnetization in said first and third layers of ferromagnetic material.
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10. A magnetoresistive sensor as in claim 9 wherein said first and second layers of
antiferromagnetic material are comprised of a material selected from the group comprised
of iron-maganese, nickel-manganese and iron-nickel-manganese.
11. A magnetoresistive sensor as in claim 10 wherein said first and second layers of
antiferromagnetic material comprise iron-manganese. '
12. A magnetoresistive sensor as in claim 9 wherein said first and second layers of
antiferromagnetic material have a thickness within the range of about 50 Anigstroms to
about 200 Angstroms.
13. A magnetoresistive sensor as in claim 1 wherein said first, second and third layers of
ferromagnetic material are comprised of a material selected from the group consisting of
iron, cobalt and nickel and alloys of iron, cobalt or nickel.
14. A magnetoresistive sensor as in claim 13 wherein said first, second and third layers of
ferromagnetic material are comprised of an alloy of nickel-iron.
15. A magnetoresistive sensor as in claim 1 wherein said first, second and third layers of
ferromagnetic material have a thickness within the range of about 5 Angstroms to about 150
Angstroms.
16. A magnetoresistive sensor as in claim 1 wherein said non-magnetic metallic spacer
layer has a thickness less than the mean free path length of conduction electrons in said
non-magnetic metallic spacer layer.
17. A magnetoresistive sensor as in claim 16 wherein said non-magnetic metallic spacer
layer has a thickness within the range of about 10 Angstroms to about 40 Angstroms.
18. A magnetoresistive sensor as in claim 1 wherein said first and second non-magnetic
metallic spacer layers are comprised of a material selected from the group consisting of
silver, gold, copper and alioys of silver, copper and gold.
19. A magnetoresistive sensor as in claim 18 wherein each said first and second non-
magnetic metallic spacer layer comprises a thin film layer of copper.
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from the adjacent layer of ferromagnetic material by a layer of non-magnetic metallic
material, said second layer of ferromagnetic material disposed between said first and third
layers of ferromagnetic material, the direction of magnetization being fixed in said first and
third layers of ferromagnetic material, the direction of magnetization in said second layer of
ferromag'netic material being substantially perpendicular to said fixed directions of
magnetization in said first and third layers of ferromagnetic material at zero applied
magnetic field; and

-

a first layer of antiferromagnetic material adjacent to and in contact with said first
layer of ferromagnetic material, and a second layer of antiferromagnetic material adjacent
to and in contact with said third layer of ferromagnetic material, said first and second
layers of antiferromagnetic material for providing a magnetic bias field in said first and
third layers of ferromagnetic material, respectively, thereby fixing the direction of
magnetization in said layers;

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 read sensor for détecting resistance
changes in said magnetoresistive material responsive to 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 said first and second layers of
antiferromagnetic material are comprised of a material selected from the group consisting of
iron-manganese and nickel-manganese.

24. A magnetic storage system as in claim 22 wherein said magnetoresistive sensor
further comprises:
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said first and third layers of ferromagnetic material are aligned in a parallel orientation.
28. A magnetofesistive sensor comprising a layered structure formed in a substrate
including a first, a second and a third layer of ferromagnetic material, each of said layers of
ferromagnetic material separated from the adjacent layer of ferromagnetic material by a
layer of non-magnetic metallic material, said second layer of ferromagnetic material
disposed between said first and third layers of ferromagnetic material, the direction of
magnetization being fixed in said first and third layers of ferromagnetic material, the
direction of magnetization in said second layer of férromagnetic material being substantially
perpendicular to said fixed directions of magnetization in said first and third layers of
ferromagnetic material at zero applied magnetic ﬁeld, said first and second layers of
ferromagnetic material forming a first pair of ferromagnetic layers separated by a non-

magnetic layer having a positive giant magnetoresistance therebetween and said second and
third layers of ferromagnetic material forming a second pair of ferromagnetic layers
separated by a non-magnetic layer having a negative giant magnetoresistance therebetween.
29. A magnetorsistive sensor as in claim 28 wherein said directions of magnetization in
said first and third layers of ferromagnetic material are aligned in an antiparallel
orientation.

30. A magnetoresistive sensor as in claim 28 further comprising a layer of a first
antiferromagnetic material adjacent to and in contact with said first layer of ferromagnetic
material, and a layer of a second antiferromagnetic material adjacent to and in contact with
said third layer of ferromagnetic material, said first and second layers of antiferromagnetic
material for providing a magnetic bias field in said first and third layers of ferromagnetic
material, respectively, thereby fixing the direction of magnetization in said layers.

31. A magnetoresistive sensor as in claim 30 were in said first and second
antiferromagnetic materials have different blocking temperatures.

32. A magnetoresistive sensor as in claim 28 further comprising means for fixing the
direction of magnetization in said first and third layers of ferromagnetic material.
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t he ot her s3idyhird layer o ferromagnetlc material, said first and second layers of antiferromagnetic
material for providing a magnetic bias field in said first and third layers of ferromagnetic
bias field in said first and third layers of ferromagnetlc material, respectively, thereby
fixing the direction of magnetization in said layers.
35. A magnetoresistive sensor as in claim 28 wherein said first and third layers of
ferromagnetic material comprise a ferromagnetic material having a high coercivity.

36. A magntoresistive sensor as in claim 35 wherein each said first and third layers of

ferromagnetic material comprises a ferromagnetic material having a different coercivity
than the coercivity of the ferromagnetic material of the other layer.



