MAGNETORESI STl VE SENSOR HAVI NG Bl AS MAGNETS W TH STEEP ENDWALLS 5
BACKGROUND OF THE INVENTION 1. Field of the Invention The invention relates
. to a magnetoresistive sensor, typically used in a magnetic disk drive; and,
nore specifically, the invention relates to a 10 magnet oresi stive sensor
havi ng bi as magnets with substantially vertical endwalls. 2. Description of
"the Background Art Di sk drives using magnetic recording of digital 15

information store RRShEXHoREE Hahde | ¢ YR1 A9 "MAERETSYSt ens. A di sk
drive has at |east one rotatl nqi‘ﬁ}fﬁ é%‘%ﬁtﬁ concentric tracks of
data. Each disk drive also has at 1east one recording head typically

havi ng a separate wite elenent and read 20 el enent for witing and readi ng
the data on the tracks. The read el enent in nost contenporary disk drives

i ngl udes a magnet orwgﬂfﬁvm\ﬁmn A magnetic spin val ve sensor
i ncl udes a sandwi ch o ayers, also known as a sensor stack, including a
ferromagnetic pinngd | aggla;  J¥° Netd&nlgetrically conducting |ayer
and a ferromagnetic fre?g%ayerf—gﬂgg—r‘1—~sensor stack is disposed between
two magnetic shiel @§e invention relates to a magnetoresistive

sensor, typically used in a magnetic disk drive; and,

more specifically, the invention relates to a

10 magnetoresistive sensor having bias magnets with

substantially vertical endwalls.

2. Description of the Background Art

Disk drives using magnetic recording of digital
15 information store most of the data in contemporary
computer systems. A disk drive has at least one
rotating disk with discrete concentric tracks of data.
Each disk drive also has at least one recording head
typically having a separate write element and read
20 element for writing and reading the data on the
tracks.
The read element in most contemporary disk drives
includes a magnetoresistive spin valve sensor. A
magnetic spin valve sensor includes a sandwich of
25 layers, also known as a sensor stack, including a
ferromagnetic pinned layer, a nonmagnetic electrically

conducting layer, and a ferromagnetic free layer. The



The di stance between the two nmagnetic shields determnes the read gap. The
size of the read gap strongly influences the capability of the sensor to 5
accommodat e hi gh recorded density. The resistance of the spin valve sensor
changes with respect to the direction and nagnitude of an applied nagnetic
field such as the field froma witten nmagnetic transition on a disk. To

detect the change in resistance, sens O,current is passed thr.o t he
sensor through® ?éﬁfrFEﬁFﬁ }%aﬁ%?p?ﬁ%geégEV?FeaFWpegﬁgnﬁi al %ﬁﬁkm as

| ead | , i npl | ead i call hard _bi. ial i

i eposed i n | oy SOhEks Chebehtcn ca” BuRcplueSle PRI per manent
in | ay8Fs heaf the"ghts 8 oBPack Porm g per man

Ctack, © The peP RERENE Raghitarard 4fdo Town 28 Kb 1B A5 miiier o or bi as

magnets. The dé§P$§%%%O£%§fge8%€%egﬁgtCQ aﬁﬁgigbfégnﬁ%%e%%néd%i ortant for

t he performance o Inva Sensor. ical” prior art spin

valve, the sensotonalacke! f1{Ar PECoHSLAIAGNRNRLOr RSt oo kalfostpct ur e

whi'ch | eaves roun or slop s to the sensor stack. a bi as

et LS o L R S N
rel atively broggd,gdistshbstionaghithgem88nghi §ppok8dahagn@tic field
such as the field from a written magnetic transition on
a disk. To detect the change in resistance, sense
10 current is passed through the sensor through electrical
leads. The electrical leads are also known as lead
layers, or more simply, leads. Typically, hard bias
material is disposed in layers near the ends of a
sensor stack forming permanent magnets which impose a
15 stabilizing magnetic biasing field on the sensor stack.
The permanent magnets are also known as hard bias
magnets or bias magnets.

The disposition and placement of the bias magnets
is important for the performance of the spin valve
sensor. In a typical prior art spin valve, the sensor
stack is formed using a photoresist liftoff structure
which leaves rounded or sloped ends to the sensor
stack. The hard bias material is then deposited over
these sloped ends forming abutted junctions. Each

25 abutted junction has a significant width resulting in a
relatively broad distribution of the magnetic pole at
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each abutted junction. As the required trackw dths of spin valve sensors
becone nore and nore narrow, the wdth of the abutted junction becones a
“much greater fraction of the total trackwidth. In addition, the 5 abutted
sl opped junction is sonmewhat inefficient requiring a rather thick |ayer of
.hard bias material to fully stabilize the sensor The del eterious effects

assopiated wth_a uégegggﬁgchh%@s are bei%@ n &hé#ghngpﬁ%agfthe

required trackWRat'h ISt ccor needed is a

magnetic spin #?h"@ai%sg ns@r‘é'h;b%'&otm%em%%re a‘i’l'da o%t ?{Sﬁ%&&y@e &g arrow

and nore effecirve junctlon Wt he sensor stac

| NVENTI ON I n awﬁa%%%e@h%magﬁlt%%u%c@%eﬁo%%ﬁ{e%t' Ve Nyrplyp sensor

i s provided having a sensor stack nagnetlc l'y sta lzed with two

bi as magnets. f? g f‘| g'fa Ret g ohave rsubstantinal Iy weidical, endyal I's. The

steep vertica the bias magnets provide a very narrow junction

W tsh the sensogp§tagk. shg g@@' Ehﬂ'?:ftl%n NAN-STRYNBLILC iSRAGEIcilaner is used to
optlnlze the position o ias magnets relative to the free |ayer. The

novel magnetor eshk§t FYRgSEN$ALHBAS thIRLOVETe2S oFPRLIA YiesOlHd oM al Neo
addition, the junction between the sensor stack and the bias nmagnets with -
3 fully stabilize the sensor. The deleterious effects
associated with abutted junctions are becoming more
troublesome as the required trackwidths become smaller.
10 Accordingly, what is needed is a magnetic spin
valve sensor in which the hard bias material forms a

narrow and more effective junction with the sensor

stack.

15 SUMMARY OF THE INVENTION
In a preferred embodiment, a magnetoresistive spin

valve sensor is provided having a sensor stack which is
magnetically stabilized with two bias magnets. The bias
magnets have substantially vertical endwalls. The steep

b vertical endwalls of the bias magnets provide a very
narrow junction with the sensor stack. In addition, a
non-magnetic spacer layer is used to optimize the
position of the bias magnets relative to the free
layer. The novel magnetoresistive sensor has improved

25 spatial resolution. In addition, the junction between
the sensor stack and the bias magnets with
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substantially vertical endwalls is efficient. This efficiency allows a
~thinner bias nmagnet to be used which results in less sensitivity loss. In
anot her enbodi nent, a disk drive is provided 5 wherein the read el ement

i ncl udes a nmagnetoresistive spin valve sensor which is magnetically
-stabilized with two bias magnets having substantially vertical endwalls.
Qt her aspects andsedvantagesvetttibelpeasent 1s10si regnidiemtw IThikecone

apparent fromthe following detailed description, which, when taken in
conj unction w éhfibeedeawabgswsi bl thtinate by asayaagheexamplbe tudred princi pl es
of the invention. 15 BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 illustrates a
vi ew of a di skwditkerbauing an hagretenesitsiwvivg demssor according to the
present invention; Fig. 2 illustrates a view (not necessarily to scale) of
a slider and recordingaheadehagmhgdamemagnet diesi siriiwe sengarovdchkat di ng to
the present invention; 4 Figs. 3a-e illustrate disk facing views of a
magnet or esi st i veesensothacceadi agementhenpiizdesapt magmeitog ese\sdriate
manuf acturing steps; 5 Fig. 3a illustrates a view of the |ayers of a

spin valve sensor which is magnetically stabilized with

two bias magnets having substantially vertical

endwalls.

Other aspects and advantages of the present
10 invention will become apparent from the following
detailed description, which, when taken in conjunction
with the drawings, illustrate by way of example the

principles of the invention.

15 BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 illustrates a view of a disk drive having a
magnetoresistive sensor according to the present

invention;

) Fig. 2 illustrates a view (not necessarily to
scale) of a slider and recording head having a
magnetoresistive sensor according to the present

invention:;



sensor stack as deposited on a substrate; Fig. 3b illustrates a view of the
formation of a photoresist liftoff structure on the |ayers of a sensor 10

stack; Fig. 3c illustrates a view of the formation of bias nagnets after
ion mlling; 15 Fig. 3d illustrates a view of the sensor after formation of
| eads; Fig. 3e illustrates a view of the sensor after |iftoff of the

photoresist; J Fig.pBfisi|isssrafegstryiewypbcanaalhgrpakivee ofsgnsor with
conventional |ead overlays; Figs. 4a-h illustrates disk facing views of a

25 magnet or esigld e SEASOE { VOt sBRESSSAkEbYdl AgSEB! Bhe E_raoracacr_ctr ding to the
present invention during several manufacturing steps; Fig. 4a illustrates a

view of | ayer sq9fi gy SEMOFal sh@EXcasr degpost&gd; on a substrate; Fig. 4b
illustrates a view of patterned photoresist formed over the |layers of a

sensor stack; 10 Fig. 4c illustrates a view of the results of ion mlling;
Fig. 4d illustrates a view of the sensor after formation of nonmagnetic
spacer material; Fig. 3a illustrates a view of the layers of a

sensor stack as deposited on a substrate;

Fig. 3b illustrates a view of the formation of a
photoresist liftoff structure on the layers of a sensor

10 stack;

Fig. 3c illustrates a view of the formation of

bias magnets after ion milling;

15 Fig. 3d illustrates a view of the sensor after

formation of leads;

Fig. 3e illustrates a view of the sensor after

liftoff of the photoresist;

Fig. 3f illustrates a view of an alternative

sensor with conventional lead overlays;

Figs. 4a-h illustrates disk facing views of a

25 magnetoresistive sensor (not necessarily to scale)



15 Fig. 4e illustrates a view of the sensor after formation of hard bias

material; Fig. 4f illustrates a view of the sensor after O fornation of
| eads; Fig. 4g illustrates a view of the sensor after renoval of the
patterned photoresist; - 6 Fig. 4h illustrates a view of an alternate

- enbodi nent of the invention having | ead overlays with substantially

verti cal endwaééfléeéfgmn%géoﬂ e ér'ég He! &ﬂ?«%ﬁtégng;sgmh% Q@ Rjot of

avai |l abl e bi as nitude as a function o set - and separation. 10

DETAI LED DESCRY BThLEN- O égMgg;lCN As shown in the figures for purposes
of illustration %nd degéﬁgbed in detail in this section, the invention is

enbodi ed in a novel nmagnetoresistive 15 spin valve sensor having bias
magnets with substantially vertical endwalls. A nonmagnetic spacer |ayer

is used to optimzepihe offsetubetuees kheiblkasr mageeks oand theddree |ayer.
The invention nmay al so be enbodied in a disk drive having a read el enent

i ngl udi ng a magpgtkCaspidpyad ¥edsensar supetudigg bias magnets with
substantially vertical endwalls. Excellent
Fig. 4b illustrates a view of patterned

photoresist formed over the layers of a sensor stack;

10 Fig. 4c illustrates a view of the results of ion

milling;

Fig. 4d illustrates a view of the sensor after
formation of nonmagnetic spacer material;
15
Fig. 4e illustrates a view of the sensor after

formation of hard bias material;

Fig. 4f illustrates a view of the sensor after

D formation of leads;

Fig. 4g illustrates a view of the sensor after

removal of the patterned photoresist;



sensor stability is obtained without sacrificing sensitivity. Referring to
Fig. 1, a magnetic disk drive 100 has 25 at |east one rotatable magnetic
di sk 102 supported by a spindle 104 and rotated by a notor (not shown).
There - 7 1is at |east one slider 106 with an attached recording head 108
"~ positioned over the disk 102 surface while reading and witing. The

recording head 108 Fﬂﬁluzﬂﬁsmluwkbeeel emeitwl OF Whi bilrgrdaiwd onto the disk
102. The 5 recording head al so includes a nagnetoresistive spin valve
sensor accordi agodb@ihbetpoesent invention hakawg lieaddetvaidl hed owdtiused as a
read elenent for reading data fromthe disk. The slider 106 is attached to
a suspension ddfsaadtiadlguspenscen &hOwedlatt ached to an 10 actuator 112.
The actuator 112 is pivotally attached 114 to the housing 116 of the disk
drive 100 and is rotated about a pivot point by a voice coil notor 118. As
the disk is rotating, the actuator 112 positions the slider 106 and
su$pension 110 al ongia.radidluarcatee a8 paashpl2oodver ptled difsk 102 surface
to access the data track of interest. Again referring to Fig. 1, during
operation of tdeaidalkedpige f06ldthagnbthda &F Bhéunetawinng idiski sk
relative to the slider 106 generates an air bearing O between the slider 106
and the di sk 1@2dssepatetwpiech

10
DETAILED DESCRIPTION OF THE INVENTION
As shown in the figures for purposes of
illustration and described in detail in this section,
the invention is embodied in a novel magnetoresistive
15 spin valve sensor having bias magnets with
substantially vertical endwalls. A nonmagnetic spacer
layer is used to optimize the offset between the bias
magnets and the free layer. The invention may also be
embodied in a disk drive having a read element
- including a magnetic spin valve sensor including bias
magnets with substantially vertical endwalls. Excellent
sensor stability is obtained without sacrificing
sensitivity.
Referring to Fig. 1, a magnetic disk drive 100 has
25 at least one rotatable magnetic disk 102 supported by a
spindle 104 and rotated by a motor (not shown). There
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exerts an upward force on the slider 106. This upward force is bal anced by
e fromthe suspension 110 urging the slider 106 toward the

e disk 102. Alternatively, the slider 106 may be in 25 either
ntinuous contact with the disk 102 surface during operation.

ustrates a nore detailed view of a slider 200. The recording
referab o] r o] he:traili f.4 he

Ffég °48 H!?se st yﬁﬁgr Mokhgithabh Bgt%g:ﬁlzeﬁfé%fg%turd%sn he

the coil 214 of.tfhe1¥si b6t 8RB Qfethener 868KkANDG Read2L8.whihe: read
uding a read sensor 204 di sposed between two magnetic shields

220, is for rre,deé)@mseanahﬁrﬂiﬁg; bRrdyr202randgt Reaw i1tod ielanRrds ahe
~which allow 10 connection with the wite

el ement and regpg; et egedhedt efot| hstiagedatdhendbsknkaciirg pot.i ame222 of

the slider 200 typically has an air bearing (not shown). The disk facing

vi gw of the reecocdragnfendadl8lss iheludew anmayhetdirsksifsadivieg spant i on 222

a spring forc
surface of th
partial or co

8 Fig. 2ill
head 218 is p
slider 200.

el enent, incl

electrical co

of the slider

magnet or esi st i v&l heade390r agcoodihggt bot breppiretseartt infeniti@nsef\edicain st ages
of manufacture. Fig. 3a illustrates a view of the layers 304 of the sensor

ustrates the upper pole 208 an

nnection pads 212

200. 15 Figs. 3a-f illustrate disk facing views of a

stack as depositedetaia seidapl essdbstrat eedf2edambnas for reading

10

15

-0

25

data from the disk. The slider 106 is attached to a
suspension 110 and the suspension 110 is attached to an
actuator 112. The actuator 112 is pivotally attached
114 to the housing 116 of the disk drive 100 and is
rotated about a pivot point by a voice coil motor 118.
As the disk is rotating, the actuator 112 positions the
slider 106 and suspension 110 along a radial arcuate
path 120 over the disk 102 surface to access the data
track of interest.

Again referring to Fig. 1, during operation of the
disk drive 100, the motion of the rotating disk 102
relative to the slider 106 generates an air bearing
between the slider 106 and the disk 102 surface which
exerts an upward force on the slider 106. This upward
force is balanced by a spring force from the suspension
110 urging the slider 106 toward the surface of the
disk 102. Alternatively, the slider 106 may be in
either partial or continuous contact with the disk 102
surface during operation.
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alumna. Fig. 3b illustrates a cross sectional view of a photoresist
liftoff structure 306 fornmed over the |ayers 304 of the sensor stack. The
‘photoresist liftoff structure 306 has overhang features 307 which pronote
liftoff or renoval of the photoresist material after 25 formation of
.subsequent | ayers (shown below) . Fig. 3c illustrates the sensor 300 after

ion mlling was usegigft2di%§P%%%gk%geaS%B§grd%%%ghf%g%iéa 3¢ also

illustrates the depo I'as material 8b,  308c. The hard

per manent b as magRbt S0M088 5 3085 1He SAgneire i Sd TIem ihe bias

per manent bi as magnetic fi romthe bias

megnets 3082, c308b-3tabhl bactykhe sen3aG $4L2¢kB090cThe Ratdl i fger mater i al

is typically an alloy suc or i ke. Typically, the nateria

used to formbbgg, mrggets ihsuBhysiceal knehapger thar a@hislg twierial such
as 10 permalloy. Fig. 3d illustrates the formation of electrical |eads

31Ga, 310b. Theyprtepigl cesedet eohior miher ehechiii¢al dieads310@, t1dd0b is
al so deposited 310c over the photoresist liftoff structure 306. Fig 3e 15

illustrates thec.s6pg§9hg3ALaafl ey .| rheokbaar eneneval, afncitfe fhat oresd st

liftoff structure 306. In an alternate enbodinent of the prior art, the

| eads 310a, 318bnake 200r aedpo¥ed depAebnoRwef mhheesars hislank B0, as
is formed between the slider body 202 and the write
element. The electrical connection pads 212 which allow

.10 connection with the write element and reéd element are
illustrated. The disk facing portion 222 of the slider
200 typically has an air bearing (not shown). The disk
fécing view of the recording head 218 is the view on
the disk facing portion 222 of the slider 200.

15 Figs. 3a-f illustrate disk facing views of a
magnetoresistive head 300 according to the prior art
during several stages of manufacture. Fig. 3a
illustrates a view of the layers 304 of the sensor
stack as deposited on a suitable substrate 302 such as
alumina. Fig. 3b illustrates a cross sectional view of
a photoresist liftoff structure 306 formed over the
layers 304 of the sensor stack. The photoresist liftoff
structure 306 has overhang features 307 which promote
liftoff or removal of the photoresist material after

25 formation of subsequent layers (shown below). Fig. 3c
illustrates the sensor 300 after ion milling was used
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illustrated in Fig. 3f. O Figs. 4a-g illustrate disk facing views of a
magnet oresi stive sensor 400 according to the present invention during
several stages of manufacture. The illustrations in Figs. 4a-g are
representative only and are not necessarily to scale; those skilled in the
art 25 may recogni ze other steps resulting in the invented sensor. Fig. 4a

illustrates a yhew,ph tHe sensOr staek 30510riGOMBE §1RG a 1937w -ahe Of
| ayers 404 on a suitable substrate 402 such as alum na. The sandw ch of

layers 404 inghaldgspasitee hayero4088 andeaddit Bosal, 13ages,s 308uch mee a
pi nned | ayer and a capping |ayer (not 5 separately shown). Fig. 4b

illustrates a whew ¥fasa mpottesneddlayent4id ehepbater egiost 320r e tamer the
sandwi ch of | ayers 404. The patterned | ayer 412 of photoresist does not

have the knownséméof §tstkusbEr €orpsepeomahgnicl btiskr abedeftar 0% ,prior art
(306 in Fig. 3b), but instead has substantially vertical walls. Fig. 4c
illsustrates a yoew. ofhéheagesuitsroélpefromntng Biakomakinleltisn@0@egr at i on.
The sensor stack 406 and the free layer 408 are the portions of the
sandwi ch of |39y&sssdddiiemasning aéhevri enankl BOAG. Thee hiaen miilds ng 15
operation is aggressive enough to renove portions of the underlying
substrate 402.m&tgridd isl ugprabbsyaani ewlofy shehdepoSpfeédr or the

like. Typically, the material used to form bias magnets

is physically harder than a shield material such as

10 permalloy.
Fig. 3d illustrates the formation of electrical

leads 310a, 310b. The material used to form the

electrical leads 310a, 310b is also deposited 310c over

the photoresist liftoff structure 306. Fig 3e

15 illustrates the sensor 300 after liftoff or removal of
the photoresist liftoff structure 306. In an alternate
embodiment of the prior art, the leads 310a, 310b are
formed over a portion of the sensor stack 305 as
illustrated in Fig. 3f.

0 Figs. 4a-g illustrate disk facing views of a
magnetoresistive sensor 400 according to the present
invention during several stages of manufacture. The
illustrations in Figs. 4a-g are representative only and
are not necessarily to scale; those skilled in the art

25 may recognize other steps resulting in the invented

sensor. Fig. 4a illustrates a view of the sensor stack
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nonmagneti c spacer material 414a, 414b, 414c. The nonmagnetic spacer

mat eri al 414a, 414b, 414c may be conveniently fornmed froma suitable
"material such as chromum Sone materials used for the nonmagnetic spacer
mat eri al 414a, 414b, 414c may necessitate the formation of a thin seed

-l ayer (not shown) of a suitable netal such as chrom umonto the spacer 25

mat eri al 414a,m?&é$&8§é§c?bgggagiggrggt53%59%1%2? %&p% Jpangt s (di scussed

in detail belo he - portio 4b forma nonmagnetic

spacer |ayer Oﬁubeesgtéi deo0t bhe 13en30h 1 3hackn406ania Ot heF popdion  4l4c

is formed on the patterned photoresist 412 and is subsequently Tenoved
al ong with thewﬂoaﬁl&@aaég 412yc8 PULERT 1bi8e 2har MR a1t hes flopgagnet i

spacer |layer a small anount of nonmagnetic spacer naterial is also fornmed

on the endwal | §,ef, sgeasgmﬁﬁédsua%r Thissa kapphewn liaydet@de bel ow in the
insert 420 of Fig. 4g. he deposited nonmagneti c spacer nmaterial 438 10

contributes tosapseRBedyi SRo#ARY . betiveenpt he 1bisasargnet vidlblpand the free
| ayer 410. Fig. 4e illustrates a view of hard bias material 416a, 416b,

416¢c formed ovgattBensanmagaet ugc2spacehotbrbehiisal félkdd 4y tdc. The
portions 416a, 416b of 15 the hard bias material fornmed near the sensor
stack 406 forprpewirenedt bhgsrsagoet s Thki phtklrnedr Quyde a12 of
photoresist does not have the known liftoff structure
previously illustrated for the prior art (306 in Fig.
3b), but instead has substantially vertical walls. Fig.
4c illustrates a view of the results of performing a
ion milling operation. The sensor stack 406 and the
free layer 408 are the portions of the sandwich of
layers 404 remaining after ion milling. The ion milling
15 operation is aggressive enough to remove portions of
the underlying substrate 402.

Fig. 4d illustrates a view of the deposited
nonmagnetic spacer material 414a, 414b, 414c. The
nonmagnetic spacer material 414a, 414b, 414c may be
conveniently formed from a suitable material such as
chromium. Some materials used for the nonmagnetic
spacer material 414a, 414b, 41l4c may necessitate the
formation of a thin seed layer (not shown) of a
suitable metal such as chromium onto the spacer

25 material 414a, 414b, 414c before formation of the bias
magnets (discussed in detail below). Two of the
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stabilization field. The endwal | s 434, 436 of the hard bias magnets 416a,
416b are substantially vertical. Fig. 4f illustrates a view of forned | ead
material !0 418a, 418b, 418c onto the sensor 400. Fig. 4g illustrates a view
of the sensor after renoval of the patterned |ayer 412 of photoresist. The
preferred nmethod of renoving the patterned |ayer 412 of photoresist is a

chenmi cal - mechagy el o P9 4 5ha proceduF 8rm 28 koAMAgGhBt L BesphterThiayaretdiod
i ncl udes the use of an suitable photoresist solvent along with a mld - 12

scrubbi ng act igdrH Os 1 @EOYE Pidd t SEmesh phosokesost Tagebthwhi ehrada oot have a
traditional liftoff structure. The bias magnets provided in the enbodi nent

and illustratedid ndi fordgd hawetlseibsdanéraédypnetbrealisbh andwalnlds.isThese
substantially vertical endwalls have a distinct advantage over the sl oped
endwal | s provigdessdyuerithey prémmsved talding wishrtbat pdonageetiist @dl2es at t he
endwal | s of the hard bias magnets are nore spatially concentrated for

vesti cal endwal | s dompangdtive t fodtatsiopi of ehdwabhmaghbtisc peacsment bi as
magnets having vertical endwalls are nore efficient in providing a
stabilization ¥aydd 4 osmahk zensot of acdnnadgeet dcngbgcert heteliiekneéss of the
| ayer of hard bias material may be reduced resulting in a smaller read gap
comensur at e 15l sw tforméd ghrerthecondiedl benst t hef senepedsiafdr mathiien.

is shown in detail below in the insert 420 of Fig. 4g.
The deposited nonmagnetic spacer material 438

. 10 contributes to a separation‘422 between the bias magﬁet
416b and the free layer 410.

Fig. 4e illustrates a view of hard bias material
416a, 416b, 416c formed over the nonmagnetic spacer
material 414a, 414b, 414c. The portions 416a, 416b of

15 the hard bias material formed near the sensor stack 406
form permanent bias magnets which will provide a
stabilization field. The endwalls 434, 436 of the hard
bias magnets 416a, 416b are substantially vertical.
Fig. 4f illustrates a view of formed lead material

lo 418a, 418b, 418c onto the sensor 400.

Fig. 4g illustrates a view of the sensor after
removal of the patterned layer 412 of photoresiét. The
preferred method of removing the patterned layer 412 of
photoresist is a chemical-mechanical polish procedure,

25 known in the art. This method includes the‘use of an
suitable photoresist solvent along with a mild
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The effectiveness of the hard bias material is inproved if the endwalls are
.Substantially vertical. The effectiveness of the bias magnets is al so
inmproved if the hard bias nagnets are optimally positioned relative to the
free layer in the sensor stack. Two inportant dinmensions for optimally
‘positioning the pernanent magnets relative to the free |ayer are

I1lustrated ing &Pﬁ‘bbgﬁ(‘?récéggn' EOF'rgmo(}@ pdB8ebhEd! phdBBRY 1A} 115 Jd1e

vertical offset 424 ween geonetrlcal center, represented in Fig.

4g by a cent erwhimedéﬁé@t%abeeaf keadh ayBha#10; Febati we A e - 13
geonetrical center, represented by a center line 426, of one of the bias

magnets 416b. In prieiples hBgne0kf pebv4dddbehwern eagbdameite hicas magnet s
416a, 416b relative to the free layer 410 should be optim zed. For 5

simplicity, thelpesttivedoinoniy.ong ahvekheubkasntiagnet ye4tGlrani |1 be
described in detail below The vertical offset 424 between the geonetrical

cepter, represeabelldy Testerstibbeadzdalof, vbetficee kayienl4k0 haanrd 4 he
geonetrical center, represented by center line 10 426, of one of the bias
magnet s 416b igisom¢col dé¢dabyagadpusti nget beopbiickndsa 1455 pafovtiied by
non- magneti c spacer |ayer 414b. The second di nensi on which influences the
ef fecti veness vlie appesrnaanent Tagndistsibheeghysgoatkicsepdeat iadn th22 bet ween
t he bias magnet 416b and the
endwalls of the hard bias magnets are more spatially
concentrated for vertical endwalls compared with
)0 sloping endwalls. Thus, permanent bias magnets having
vertical endwalls are more efficient in providing a
stabilization field for the sensor stack. Accordingly,
the thickness of the layer of hard bias material may be
reduced resulting in a smaller read gap commensurate
15 with a higher recorded density of stored information.
The effectiveness of the hard bias material is
improved if the endwalls are substantially vertical.
The effectiveness of the bias magnets is also improved
if the hard bias magnets are optimally positioned
/ relative to the free layer in the sensor stack. Two
important dimensions for optimally positioning the
permanent magnets relative to the free layer are
illustrated in the insert 420 in Fig. 4g. The first
dimension is the vertical offset 424 between the
25 geometrical center, represented in Fig. 4g by a center

line 425, of the free layer 410 relative to the
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15 free layer 410. The separation 422 is typically rather small, usually
about 3 to 8 nanoneters. The separation 422 is related to the thickness 415
of the non-magnetic spacer |ayer 414b. Some non-nagnetic spacer naterial
438 fornms on the endwal I s 440 of the exposed sensor O stack 406 during
deposition of the non-magnetic spacer |ayer 414b. The anount of this

non- magneti ¢ SPaGHE trl8Yer cBRtef! akef}%és@ﬁeeadgxtg dehdkge 1%>f4eerut26)n the

t hi ckness 415 e non-magnetic spacer |ayer The amount of

non-spacer |aygr gmiesfatnd38ibar@aghie2s dekprmpe rﬁﬂ%1§QQﬁrQﬂk9” 422
bet ween the bias magnet 416b and the free layer 410 in the finished sensor

400. - 14 Anyrseed hayepefnObnsbovn ardtusupliby ¥apnetRi R)1 6adeposdd ed on
t he nonmagnetic spacer |ayer 414b also contributes to the separation. Fig.

4h illustratesralyteve of oabhal teepat hyers54eobedbaeat behepeiimiped. as 430,
432 of the |leads 418a, 418b are fornmed over the sensor stack 406. This | ead

overlay structsifepal sotpastioptpaszetlofdesconbgdong odetaiel bielsow) bi as
magnets 416a, 416b with substantially vertical endwalls 434, 436. .0 Fig. 5
illustrates a photes 4hébcwiclllatedesorghetiude dbthhé deabw.i Zaid on fiel d
available to the free layer fromone of the permanent magnets. The data in
Fig. 5 was calcettatesl fof facbi 484 neghetenhibh badmatrical center,
represented by center line 425, of the free layer 410
and the geometrical center, represented by center line
10 426, of one of the bias magnets 416b is controlled by
adjusting the thickness 415 of the non-magnetic spacer
layer 414b. The second dimension which influences the
effectiveness of a permanent magnet is the physical
separation 422 between the bias magnet 416b and the
15 . free layer 410. The separation 422 is typically rather
small, usually about 3 to 8 nanometers. The separation
422 is related to the thickness 415 of the non-magnetic
spacer layer 414b. Some non-magnetic spacer material
438 forms on the endwalls 440 of the exposed sensor
0 stack 406 during deposition of the non-magnetic spacer
layer 414b. The amount of this non-magnetic spacer
layer material 438 depends to a large extent on the
thickness 415 of the non-magnetic spacer layer 414b.
The amount of non-spacer layer material 438 largely
25 determines the separation 422 between the bias magnet

416b and the free layer 410 in the finished sensor 400.
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magneti c nonent four tines greater than the nmagnetic 15 nonent of the free
layer. Results frombias magnets wth different nmagnetic nonents are easily
obtained by scaling the data in Fig. 5. The nagnitudes in Fig. 5 have been
normalized to the maximnumfield attained with no offset and no separation.
1n general, a quantitative criterion of optimal positioning of the

per manent nagﬂgk gg%@th§e§o (hBe GheGn aver Jssia §ga{t Go4hj nati on of

separation and the abso e nagnltu e of offset In a stabilization

field which haaeﬁosﬁﬁga'BHd%h@tnb%%%bn%%lba%$%d$%iié?é%“ﬁﬁ%ﬂ"éﬁ%bVa|Ue 25
conpared Wi th the maxi mum possible fi'eld. For exanplée, if a predeterm ned

val ue of the fighdripueBasen t@eb@epark®ioat. | east 60% of the maxi num
possi bl e, then a separation of about 8nm and no offset or a separation of

about 2nm and a nmaghytude ef 10ktseteef aakquly SFManow 1 e siceesst ul
conbi nati ons. A common presel ected value of 5 the acceptable value of the

biags field is afmbbaamendbO¥nedtihheof@xomMsmisal,ua.32A 0rehd | 0 @4IS4 vah pe of
60% or higher may al so be preselected. A nore sinple process control
criterion is taiget agepabainedl bietrs the ekhselr saadkseywsd.atiions Feid exanpl e,

if a preset value of the to magnitude of the stabilization field is chosen
to be at | easbvé@¥agf sthachaxenuisot hag e isepacat (idescahidaddl e | ess than
about 5nm and t he magni tude of offset should

detail below) bias magnets 416a, 416b with

substantially vertical endwalls 434, 436.

‘0 Fig. 5 illustrates a plot of the calculated
magnitude of the stabilization field available to the
free layer from one of the permanent magnets. The data
in Fig. 5 was calculated for a bias magnet which had a
magnetic moment four times greater than the magnetic

15 moment of the free layer. Results from bias magnets
with different magnetic moments are easily obtained by
scaling the data in Fig. 5. The magnitudes in Fig. 5
have been normalized to the maximum field attained with
no offset and no separation. In general, a quantitative
criterion of optimal positioning of the permanenf
magnet relative to the free layer is when the
combination of separation and the absolute magnitude of
offset result in a stabilization field which has a
magnitude at least as large as a predetermined value

25 compared with the maximum possible field. For example,

if a predetermined value of the field is chosen to be
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be | ess than about 7nm Enbodi nents of the present invention provide a 15
magnet oresi stive sensor having bias nagnets which have substantially
“vertical endwalls. In addition, the bias mgnets are optinmally positioned
relative to the free layer in the sensor stack. Conpared with the sensors
-provided by the prior art, sensors provided by the present invention have
very efficient E as ngggﬁ # %e %% p&g&ldgs%l laeblllzatlon field for t he
free | ayer. use>of “the er "efticle cy, e’'th ekness TR O

per manent nagn§ EBM b@nﬁegngq8 g%%ggkngflg %eﬁ%@%qnmf%ﬁagﬁ%ﬁgf2?%e

supporting hi ghe near recorde ensit 5 al e direction o

recorded track élgo énﬁt ggrgflg%Qgé{egfngggﬁkl%n Okﬁﬁl?%kﬁﬁe end of the

16 permanent nagnets esul't ini nproved cross trac resol ution. Although
specific e”b()dwﬁ@&%%lt ESmW%‘S‘EEbQB_. hﬁscoﬁﬁgﬂ %b‘i%g '1%%%%1”%1&«%‘%% at ed,
one skilled in the art recogni ze other e iments, not expressly

descri bed, but i gécégkgb%t bhAuEhe rSERREIL st BE 1lNY§NLILO eadstﬂsoﬂA' MB:

1. A ma.gnet oresi stive sensor conprising: a sensor stack inc
ferromagnetic gknpgd ha¥€hum value. A more rigorous value of 60% or

higher may also be preselected. A more simple process
control criterion is to set separate limits on offset
and separation. For example, if a preset value of the

10 magnitude of the stabilization field is chosen to be at
least 70% of the maximum, then the separation should be
less than about 5nm and the magnitude of offset should
be less than about 7nm.

Embodiments of the present invention provide a

15 magnetoresistive sensor having bias magnets which have
substantially vertical endwalls. In addition, the bias
magnets are optimally positioned relative to the free
layer in the sensor stack. Compared with the sensors
provided by the prior art, sensors provided by the

- present invention have very efficient bias magnets used
to provide a stabilization field for the free layer.
Because of the higher efficiency, the thickness of the
permanent magnets may be reduced resulting in a sensor
capable of supporting higher linear recorded density

25 along the direction of the recorded track. Also, the
more localized magnetic poles at the end of the
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and a ferromagnetic free |ayer, said sensor stack having a first and second
end; a first bias magnet disposed at said first end of said sensor stack,

said first bias magnet having a substantially vertical end wall; and, a
second bi as nagnet disposed at said second end of said sensor stack, said
second bias magnet having a substantially vertical end wall; wherein the

free layer includes a geonetrical center, .each bias magnet includes a
geonetrical ceREEPANGRE, BRANERE LGS Mc dMPEETESY ST6F T HeF 3 kas nagnets are
of fset fromthe 8;0 grical center of the free layer, wherein a separation
bet ween the fré&&5Pajer®8nd each bias magnet is | ess than about 5
nanoneters. 2. A nma Qresi stive.sensqr as_in.clai further, . conprising

| eads that overl ap gggkgg §0Fp§FégEF W&RdﬁgﬁﬁéﬁoFgg#seidé“?%ﬁ%b Tas®tn

claim 1 furthep gopcisingyl gads uhak o nal Byerlan e sensgre siack. 4. A

magnet oresi stivé sensor as In c wherei'n the “biras magnets are

ph%sically Spa&ﬁglapgééﬁé59§}%Qﬁe&r%ﬁbo@ﬁ%@ tSS.gégrgggg%g%e | stive sensor

as’inclaiml erein set "between the ge er of the free

layer and - 18, Ehe,0q0MBhLET GAL cRERLEn Qfi 830N cRaS JBINYt Ithd €ss than

about 8 nanoneters.
invention.

O
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6. A magnetoresistive sensor, conprising: a sensor stack including a
ferromagnetic free layer, said ferromagnetic free |layer having a first and
second end; a nonmagnetic spacer |ayer disposed at said first end of said
sensor stack, said nonmagnetic spacer |ayer having a thickness; a bias
magnet di sposed over said nonmagnetic spacer |ayer at said first end of
said ferromagnetic free layer, wherein said bias nmagnet includes a
substanti &4 MpPértical end wall and provides a magnetic stabilization field
affecting said free layer, said nmagnetic stabilization field having a

magni tude; wherein the separation between the free | ayer and the bias
magnet is1LessAtmagnameES5Shéﬁ©ne¢@$@r,7bompnﬁﬁym®toresistive sensor as in

claimé6 mhereln t he resel cte al ues of the net.i
S abi] ot on & i oL SR BELB00% OF YBHESRaRel NS PERREN Jokerw so
i denti cal M%rfwﬁdmmeﬂlfcseﬁrehetmﬁﬁr,t hea geos@isdcaktagenheying khe bias

magnet and the geonetrical center of the free |ayer and no separation
bet ween t He-FSteéPfay8FoBAdeRAe bias nagnet. 8. A nagnetoresistive sensor as

inclaimé furth%rs@comrass&n@%nb%a%sbe%doger LaRqt ??r%%”é% gkaglaid& A
magnet oresi stive sensor as inclaim6 further conprising s that do not

overl ap t kensefsertastkaclkeaid first bias magnet having a substantially

vertical end wall; and,

a second bias magnet disposed at said second end of
sald sensor stack, said second bias magnet having a
substantially vertical end wall;

wherein the free layer includes a geometrical center,
each bias magnet includes a geometrical center, wherein the
geometrical centers of the bias magnets are offset from the
geometrical center of the free layer,

wherein a separation between the free layer and each

bias magnet is less than about 5 nanometers.

2. A magnetoresistive sensor as in claim 1 further

comprising leads that overlap the sensor stack.

3. A magnetoresistive sensor as 1in «claim 1 further

comprising leads that do not overlap the sensor stack.
4. A magnetoresistive sensor as in claim 1 wherein the
bias magnets are physically spaced apart from the free

layer.

5. A magnetoresistive sensor as in claim 1 wherein the

offset between the geometrical center of the free layer and
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- 19 10. A magnetoresistive sensor conprising: a sensor stack including a
ferromagnetic free layer, said ferromagnetic free |layer having a first and
second end; a nonmagnetic spacer |ayer disposed at said first end of said
sensor stack, said nonmagnetic spacer |ayer having a thickness; a bias
magnet di sposed over said nonmagnetic spacer |ayer at said first end of
said ferromagnetic free |ayer, wherein said bias magnet includes a

subst ant i &y 9ReRGEeBICAenEeRERF &Hd PRONI Péssa HgIRE | éSstkdiY i £aBPon fiel d
affecting 3@ Bregnba¥ebrssaid magnetic stabilization field having a
magni t ude; wherein said thickness of said nonmagnetic spacer |ayer is

adj usted such that said magnitude of said magnetic stabilization field is

within a Q{ese%e%gﬁge&ﬁgggigg%ﬂgaé ggérmﬂ§§§H%f&g§Hnonnagnet|c spacer | ayer
conprises ‘chromu erein € Separation ‘betwe the free layer and the
bi as magnet i sal essnddransaboxt ibchanongt er ste ddomaymegnet oresi shiyee, sensor
conprising: .a sensor stack including a ferromagnetic free |ayer, said

ferromagne@di@ feer BB hvi A8 138" aR@ViBEord féngt and second

end;

a nonmagnetic spacer layer disposed at said first end
of said sensor stack, said nonmagnetic spacer layer having
a thickness;

a bias magnet disposed over said nonmagnetic spacer
layer at said first end of said ferromagnetic free layer,
wherein said bias magnet includes a substantially vertical
end wall and provides a magnetic stabilization field
affecting said free layer, said magnetic stabilization
field having a magnitude;

wherein the separation between the free layer and the

bias magnet is less than about 5 nanometers.

7. A magnetoresistive sensor as in claim 6 wherein the
preselected range of values of the magnetic stabilization
field is at least 50% of a value obtained in an otherwise
identical sensor with no offset between the geometrical
center of the bias magnet and the geometrical center of the
free layer and no separation between the free layer and the

bias magnet.

8. A magnetoresistive sensor as in claim 6 further

comprising leads that overlap the sensor stack.

9. A magnetoresistive sensor as in «claim 6 further

comprising leads that do not overlap the sensor stack.
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a nonnmagnetic spacer |ayer disposed at said first end of said sensor stack,
sai d nonmagneti c spacer |layer having a thickness; a bias magnet di sposed
over said nonmagnetic spacer |ayer at said first end of said ferronagnetic
free layer, wherein said bias magnet includes a substantially vertical -
20 end wall and provides a nmagnetic stabilization field affecting said
free |l ayer, said magnetic stabilization field having a nmagnitude; wherein
sai d t hi ckifessPoMagaPEORBAMAGNEE BeRPAE T HEMY's adj ust ed such that said

magni tude of sai dsdmanet keackt abichugahhon fiehdbisymidit neacpreggkect ed
range of values; wherein the free layer includes a geonetrical Center, the
bi as magne@iidncfemeenzonpioret freal buer hagpdgam 6ffsét ded wsegonfe
geonetricq+m§enter of the free layer and the geonetrical center of the bias
magnet is 1Tess than about 8 nanoneters. 12. A nagnetoresistive sensor
conprising: a sensomasiatk c regasdimngl sayefrerdicmagreet iat f seed| ayest esdi d
ferromagn C freeé%g&g{ having a first and second end;  a nonmagnetic

et
spacer Iaydr HiiShoRiPdh SLAIfi FRiceRGNTOINSEi G SRASOF  SeHER, Pedias
nonmagnet i€ t3Ra&kekeskayer having a thickness;

a bias magnet disposed over said nonmagnetic spacer
layer at said first end of said ferromagnetic free layer,
wherein said bias magnet includes a substantially vertical
end wall and provides a magnetic stabilization field
affecting salid free layer, said magnetic stabilization
field having a magnitude;

wherein said thickness of said nonmagnetic spacer
layer is adjusted such that said magnitude of said magnetic
stabilization field is within a preselected range of
values;

wherein the nonmagnetic spacer layer comprises
chromium,

wherein the separation between the free layer and the

bias magnet is less than about 5 nanometers.

11. A magnetoresistive sensor comprising:

a sensor stack including a ferromagnetic free layer,
said ferromagnetic free layer having a first and second
end;

a nonmagnetic spacer layer disposed at said first end
of said sensor stack, said nonmagnetic spacer layer having
a thickness;

a bias magnet disposed over said nonmagnetic spacer
layer at said first end of said ferromagnetic free layer,

wherein said bias magnet includes a substantially vertical
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a bias magnet di sposed over said nonmagnetic spacer |ayer at said first end
of said ferromagnetic free layer, wherein said bias nagnet includes a
substantially vertical end wall and provides a magnetic stabilization field
affecting said free layer, said magnetic stabilization field having a
magni t ude; wherein said thickness of said nonmagnetic spacer |ayer is
adj usted such that said magnitude of said magnetic stabilization field is
within a piesel¥dtled 3hgPBTVided uds; WABYELe t v abdgddrzattiion bdtiwddn t he
free | ayeryand i t i Ss qgﬁH; a t.ers._ .~ 21 13. A
di sk drivét co#ﬁ?ﬁéi%é@a g§%§gne%?¥égisk%ggpmmlte(% éﬂegﬁgggﬁl%ﬁfﬁfﬁg
i nf or mat i onietlgl $aivdngdi skmagnigdet or esi stive sensor for reading information
from said disk, wherein_s idtgaggetoresi tive sensor includes: a sensor

il

stack incl udi ng & F&fr ofdgfet FETBIARRY 1Ay ersd i hd W PRI SitdnetPEFree
| ayer, sailhyenscer =ijackddawuith ahaft rsstidandgsecond ofd;saadf iagiheliias nmagnet
di sposed at said first end of said sensor stack, said first bias magnet
havi ng a sSUGSYAAERELPYE  vértfcal Send WERP; &nd Pr8s§dE6k8dbi &8NAEgNEE
di sposed afj18@isd second end of said sensor stack, said second bias nagnet
havi ng a
wherein the free layer includes a geometrical center,

the bias magnet includes a geometrical center, and an

offset between the geometrical center of the free layer and

the geometrical center of the bias magnet is less than

about 8 nanometers.

12. A magnetoresistive sensor comprising:

a sensor stack including a ferromagnetic free layer,
said ferromagnetic free layer having a first and second
end;

a nonmagnetic spacer layer disposed at said first end
of said sensor stack, said nonmagnetic spacer layer having
a thickness;

a bias magnet disposed over said nonmagnetic spacer
layer at said first end of said ferromagnetic free layer,
wherein said bias magnet includes a substantially vertical
end wall and provides a magnetic stabilization field
affecting said free layer, said magnetic stabilization
field having a magnitude;

wherein said thickness of said nonmagnetic spacer
layer is adjusted such that said magnitude of said magnetic
stabilization field is within a preselected range of
values;

wherein the separation between the free layer and the

bias magnet is less than about 5 nanometers.
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substantially vertical end wall; wherein the free | ayer includes a
geonetrical center, each bias magnet includes a geonetrical center, wherein
the geonetrical centers of the bias nagnets are offset fromthe

geonetrical center of the free layer, wherein the separation between the
free layer and the bias magnet is |less than about 5 nanoneters. 14. A disk
drive, conprisin a magnetic disk; a wite elenment for witing information
to said dilsk; & %ﬁéﬁe?é%@%rs??%%ré%h%%f for reading information from said
di sk, wherein sahdgegnet gregi stive sensor includes: a sensor stack
|nclud|ng a ferronagnetlc free | ayer, said ferromagnetic free |ayer having
a first and se@owdltendlemenbnﬁagn@tltlmpanékHMdepndmgpﬁged diiskaid first
end of said sensar ack i d nQnmag ic spa ay

t hi ckness; - % %%gﬂ as ﬁﬁl%gﬁvﬁ|§88§e o@@rrg ﬁanﬁoﬁﬁgﬁﬁg? &ogp§58W | ayer
at said fisadd endkof whardifessodagagtd tofdsiesdiayersenswiteriaicn usiaisd bi as
magnet includes a substantially vertical end wall and provides_a nagnetic

stabi | i zation £ SISRSOF FEAG gt R ke | B§EFOM_ER ¢ hagRetnedstaBrFi zat i on
field havigg & nagdmidfie twherside sad bt hi gkinesse 0o sakda PRNARGNRY I § spacer

first and second end;

a first bias magnet disposed at said first end of said
sensor stack, said first bias magnet having a substantially
vertical end wall; and,

a second bias magnet disposed at said second end of
said sensor stack, said second Dbias magnet having a
substantially vertical end wall;

wherein the free layer includes a geometrical center,
each bias magnet includes a geometrical center, wherein the
geometrical centers of the bias magnets are offset from the
geometrical center of the free layer,

wherein the separation between the free layer and the

bias magnet is less than about 5 nanometers.

14. A disk drive, comprising:

a magnetic disk;

a write element for writing information to said disk;

a magnetoresistive sensor for reading information from
said disk, wherein said magnetoresistive sensor includes:

a sensor stack including a ferromagnetic free layer,
said ferromagnetic free layer having a first and second
end;

a nonmagnetic spacer layer disposed at said first end
of said sensor stack, said nonmagnetic spacer layer having

a thickness;
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| ayer is adjusted such that said nagnitude of said magnetic stabilization
field is within a presel ected range of values; wherein the free | ayer

i ncl udes a geonetrical center, each bias nagnet includes a geonetrical
center, wherein the geonetrical centers of the bias nmagnets are offset from
the geonetrical center of the free | ayer wherein the separati on between the

free layer and the bias magnet is | ess than about 5 nanoneters. - 23
a bias magnet disposed over said nonmagnetic spacer

layer at said first end of said ferromagnetic free layer,
wherein said bias magnet includes a substantially vertical
end wall and provides a magnetic stabilization field
affecting said free layer, said magnetic stabilization
field having a magnitude;

wherein said thickness of said nonmagnetic spacer
layer is adjusted such that said magnitude of said magnetic
stabilization field is within a ©preselected range of
values;

wherein the free layer includes a geometrical center,
each bias magnet includes a geometrical center, wherein the
geometrical centers of the bias magnets are offset from the
geometrical center of the free layer

wherein the separation between the free layer and the

bias magnet is less than about 5 nanometers.
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