MAGNETORESI STI VE SENSOR HAVI NG BI AS MAGNETS W TH STEEP ENDWALLS 5 10 15 20
BACKGROUND OF THE I NVENTION 1. Field of the Invention The invention
relates to a magnetoresistive sensor, typically used in a nagnetic disk
drive; and, nore specifically, the invention relates to a _
nmagnet or esi stive sensor having bias magnets with substantially vertical
endwal I's. 2. Description of the Background Art Disk drives using magnetic

recordi ng of digital MAGNERTORESIBTIVE SENSOR RAVING %&h% Wfﬁporary

h discrete
conputer systens. A disk drive haswggﬂlgqghPO@ﬁPh@&E
cozgentrlcytracks of data. Each di sk drive also has at | east one

t and read el enent
recording head typically having a separate wite el enen .
for witing and reading the data on the tracks. The read el enent in nost

cont eénporary di sk dri BAEKEROUND cOFaTREONRVEBN®SORL i ve spin val ve sensor. A

1. Field of the Invention

The 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
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magnetic spin valve sensor includes a sandw ch of 25 layers, also known
as a sensor stack, including a ferromagnetic pinned |ayer, a nonmagnetic
electrically conducting layer, and a ferromagnetic free layer. The 5 10 15
20 25 sensor stack is disposed between two magnetic shields. The distance
between the two naegnetic shields determnes the read gap. The size of the
read gap strongl influengsé_the_capablllty of the sensor to accommodate

hi gh recorded de ﬁqﬁﬁf'ﬁﬁ?_ sﬁ%nQ%ﬁRQ%ﬁd %?ﬁﬂ?ﬁﬂ:fffﬂ??%%@?i@Lz??ghgled
Such as the 16l d ¥ @?#s&%%?%e?%&%%&?{%f’ttw?oaﬁgqqaq%n{%rﬁhﬁpﬁ%k. To det ect
through of ect ri CoFCrRages TRE” &eEd 1At 'ﬁs&%?s%é%{éﬁé@ﬁi%% feas
e oo BTN SRR I 7 et 5 el
i npose a - stabi | hel-BanERYRE! kG ol 28iAg dbield Qn dhe ensor, stack. - The
per manent magnets are al so knoﬁh as hard bias
the spin valve sensor changes with respect to the
direction and magnitude of an applied magnetic 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 la&ers 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
20 sensor. In a typical prior art spin valve, the sensor
stack is formed using a photoresist 1iftoff 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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magnets or bias magnets. The disposition and placenent of the bias magnets
is inmportant 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 |eaves rounded or sloped ends to the sensor
stack. The hard bias material is then deposited over these sloped ends

form ng abutted junctions. ch abutted junction has a significant wi dth
resulting in a Ffé&° i%%ﬁaféfaé59£%ﬂqi i§ﬂ?(ﬁeQ?%f%%dﬁ??Erﬁ%FE?an-_2
5 10 15 20 25 each.abutted junction., As the requir trackwi dths o spin
val ve sensors be%g%g Yord SafE WeEE PERR NS MNP Ter Sbut Hae

junction becomes g ych [great 'iautftre%cbir}il%nct%foﬁ hge%;ﬂmmqaslné %?@q%“}ﬁé‘%%ﬁi ring

addition, the abutted sl opped juncti 1SS

e ey ot ok ! BfpEraban B RS A AR il o SARAEE [ig sensor

The del eterious ects associated w th abutted junctions

mor & 5 { roubl esong,As bAC sheRed JHARGN IS RCAHIR STRILAl AEcor dingly,

what is needed is a magneticC spi val ve sensor 1n t ard bias

material forns arefakir9Wgand rBRhE rekhgelkl Y6 Jetnole AR W 1 N e RENSU1 to

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

20 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

- 3 -




stack. SUMVARY OF THE I NVENTION In a preferred enbodi nent, a

magnet oresi stive spin valve sensor is provided having a sensor stack which
is magnetically stabilized with two bias nagnets. The bias rmagnets have
substantially vertical endwalls. The steep 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 optimze the osition of the bias
magnet s reIative#ﬁ?% 9ﬁéigylﬁﬁﬁﬁ¥caﬁuﬁ lebhet b bsigrt veTBéAsor has

i mpr oved spatia% f%%olution | n_addi e, junction between the sensor

: ion, t
stack and the bi &8 agratsd itiPws aStLhSmﬂfrl JigErehttalPs veedi cal
endwal I's is effic) . i ef.figiency all.qws a thi nner bias magnet to be
used which resuﬁhg%?ln rigeysuétssenlsnl ﬁ‘le\}s’lst fqrt?s]gc.lvilﬁtya Fer enbodi ment, a di sk
drive is provided whghrei : t incl.udes, a magnetoresjstive
spin val ve sensor which F@°ﬁ§§ﬁ23?§§%*y s?ﬁbii%ﬁ% WS ¢ Qﬁ%&l%% net's

havi ng substanti ghbyeMer theal c agneWRhles: gHE%ﬁ&E%“%“@%ﬁHE%&?%@H@€¥$§ of

the present invention will becone apparent fromthe oW ng
spin valve senscor 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;

20 Fig. 2 illustrates a view (not necessarily to
scale) of a slider and recording head having a

magnetoresistive sensor according to the present

invention;




detail ed description, which, when taken in conjunction with the draw ngs,
illustrate by way of exanple the principles of the invention. BRI EF

DESCRI PTION OF THE DRAWNGS 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 nagnet %r.esi stjve sensor_according to the present invention;
Figs. 3a-e illustrate 'di%k fFacihd \WElE e dlstadraiciestieyseodensor
according to them%ri qr_ art iid;uri ng several manufacturing steps; 5 Fig. 3a

i Ilustrates a vi BwooF PRESAFerS FEE Ok S Stk asheRE198da6h a
bstrate; Fig. (AN i f the f ti f hot I st
substrate; Fig ﬁlaﬂllnlgu%terv%%%ﬁ %gwugtygggwsrow% f%rmst ion of a photoresis

liftoff structure on thé layers SH3%ck; Fig. 3c illustrates
a view of the formation of bias magnets after ion mlling; 15 Fig. 3d
illustrates a view of the sensor after formation of |eads; Fig. 3e

illugtrates a view of Fti?‘? 38ns9n vkt ek ol af LALE, @ff tﬁtpl% a%g%}e;)rirsgﬁgft% e20 Fi g.

3f illustrates a view of an alternative sensor wth conv a ad
overl ays; 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;
20
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)




Figs. 4a-h illustrates disk facing views of a 25 magnetoresistive sensor
(not necessarily to scale) 5 according to the present invention during
several manufacturing steps; Fig. 4a illustrates a view of |ayers of a
sensor 5 stack as deposited on a substrate; Fig. 4b illustrates a view of
patterned photoresist forned over the |l ayers of a sensor stack; 10 Fig. 4c
illustrates a view of the results of ion mlllngﬁ(’o . 4d illustrates a

vi ew of the sens@FCQFFéng5P €0 M 15T ST ridGiat S NHet@YFRRL 15 Fig.
4e illustrates a V|e L t he sensor after formation of hard bias material;
Fig. 4f illustrafed ga§|3ﬁlgﬂ th&PSdnsor after 20 formation of |eads; Fig.
4g illustrates a view of the sensor after renoval of the patterned
photoresist; Fig. 4h illustrates a view of an alternate enbodinment of the

i nvention having | ead er l,ay ' stanf.i al | riical endwal | s; and,
5 10 15 20 25 FQ&. 43 ilWh%Qra%%% 4 %Eéw &f‘f%&ers of WL\ Sor

5 stack as deposited 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

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
20 formation of leads;

Fig. 4g illustrates a view of the sensor after

removal of the patterned photoresist;




Fig. 5S5illustrates an exanple of a plot of available bias field magnitude
as a function of offset and separation. DETAILED DESCRI PTI ON OF THE
| NVENTION As shown in the figures for purposes of illustration and

described in detail in this section, the invention is enbodied in a novel
magnet oresi stive spin valve sensor having bias nmagnets with substantially
vertical endwalls. A ngnmagneti ¢ spacer layer is used to optimze the
of fset between the bi %gg. &né‘t@ A4S & g avayt Al i¢RREfon may al so
be enbodied in a disk drive ing a read elenent .including a magnetic
spin val ve sensoFmgﬁgﬂﬂﬁpﬁgoﬁPzﬁe ﬁ&ﬂﬁgﬁ§QHtﬁ?%ﬁﬂﬁn%ﬁﬁ4eﬂY i EhED
endwal | s. ExcelIgukstgﬁqigélgt%%&kkt li%ngg%ﬁjnqd w f hout sacrificing

id. I,

sensitivity. Reféerring to a magnet i"k %t9've 100 has at I east
one rotatable nmagnetic disk 102 supported by a spindle 104 and rotated by
a notor (not shown). There - 7 - 5 10 15 20 25 is at | east one slider 106

wi thsan attached recordyngds head 198 RQSit eredqwel, he i sk 102 surface
while reading and ww?kphg. Tge Fecor%ing hea% fb fhclu&gé a(}p
available bias field magnitude as a function of offset

and separation.

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
20 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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wite element for witing data onto the disk 102. The recording head also

includes a magnetoresistive spin valve sensor according to the present

invention (shown in detail below) used as a read element for reading data

fromthe disk. The slider 106 is attached to a suspension 110 and the

suspension 110 is attached to an actuator 1%2.hTh§_aEtgapor iég |sd
ivotally attached 114 to the housing 116 of the dis rive and is

Pot at ed Zlbout a pvét 3&%‘3 3€a SGisEF dilG Widthbran mttagked neeapsding

. @ : ; 11
fong a7 adi al - aPSack d O R EA6 B0 it THEIET? U rHE 20 AEEbLS { he
dat track of i rest. Again.referri to Fig,. 1, dur] operation of the
d?szlil drive 100, ?F%‘%dr%ﬁtgi 8ﬁl%gf"rtlﬁénrgdt é[?"lh éeﬁog%liisiz);%aﬁtgkgqhﬂ/el&%f%%zs?. der
106 generates an_ ai r en.t.he slider .

surfgce whi ch egg%%§ %%eu%%érg%%g§§§t6ﬁgt ggﬁiQ? igﬁ?;%ﬁﬁ%qgﬁiaiﬁ?:L?rce
I s bal anced by a ' 0 I ns,j .

I186 t%ovvard thg sﬁré gggg(r)l% f{h%gd glggllg rllglfigﬁl%%e%ngﬁ%%el ﬁrlét%es 51y UetP 106 may

be in either paghigk Qbn3@R! LRUBYSIFENEACENY bheha it el oS U SRGS
during operation. - 8 5 10 15 20
in detail below) used as a read element for reading
data from the disk. The slider 106 is attached to a
suspension 110 and the suspension 110 is attached 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 motor 118.
As the disk is rotating, the actuator 112 positions the
slider 106 and suépension-llo along a radial arcuate
15 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
20 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
25 either partial or continuous contact with the disk 102
surface during operation.
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25 Fig. 2 illustrates a nore detailed view of a slider 200. The recording
head 218 is preferably constructed on the trailing surface 206 of the
slider 200. Fig. 2 illustrates the upper pole 208 and the turns 210 of the
coil 214 of the wite elenent of the recording head 218. The read el enent,
including a read sensor 204 disposed between two negnetic shields 220, is
formed between the slider body 202 and the wite elenent. The electrical
connection pads 212 whit€h & idvusdagintes idmaga Weatwl led teiew epEne and read

element are illustrated. The disk facing portion 222 of the slider 200
typically has anS PPEEegppngTPﬁbﬁgﬂﬂﬁﬂﬂﬂg'ﬁﬁ§QH%ﬂ3 Fa@rrfesaw vf the

recordi ng head 218 i%FBE% viem/% di sk facing portion 222 of_the
- I

th .
slider 200. FigsS©3§ PQSPPatgedF§% QKEWHQQ%§(%Oéioﬁnﬁﬁﬁn%#$§¢§tive
di h I, t _.duri t ages. of manufacture.
Fra. 3a (11 ustrap8s EL0r el df HRE TRLFe: ¢ M0 FBEE Y o lsortt 21 e as
d i ted | I t Q h alum.na. Fig. 3b i strates
aegféggeseg?ignZFh%ﬁgmﬁgﬁqu %ﬁo?ggééigﬁﬁlP%fgpﬁ &ﬁéﬁﬁ fQ# over

the lavers 304 elcbba;sgniRhasbask: rhie phal anelnt | ifitaliy, &f rocture 306

has overhang features 3 I ch pronote or renova

phot o esi st ‘mat estabosl b0 i 9pBRLLOBERlBHDERAURALAEAKE SHiRNMN PR) oW
Fig. 3c illustrates the sensor 300 after 1on nm. I’ng was use
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 read 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

20 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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5 10 15 20 25 to formthe sensor stack 305. Fig. 3c also illustrates the
deposited hard bias material 308a, 308b, 308c. The hard bias material
adj acent to the ends 320, 322 of the sensor stack 305 forns permanent bias
magnets 308a, 308b. The nagnetic field fromthe bias nagnets 308a, 308b
stabilizes the sensor stack 305. The hard bias materi al :s tygical#y an
all oy such as CoPtCr. or the like. Typically, the material used to form

bi asynagnet s is pRyEPERN tRenseRsP T KRk é3r9y5el d ikt o9 Alsuchl bystrates
permal l oy. Fig gﬂ i1l ustr, tes t he rnatlon of electrical |eads 310a,

310b. The naterl ug&BOF& £6r Refhle Piase Matedda ) Sifa 31 Gl%@ﬁ¢s Breo
deposited 310c o or esi. st I|ftoff st

h h cture, 3
i |l ustrates the 8590%1358 %#Fgﬁ 2l pEdRFERE (58 qﬁ%’ %r%@i%?e
bads 3108 - g10poSha0r, 5PaBY kCHadh rp%g%%g]lfe”%h%’l%%n%%r% rtésgb%’ s
|1 d F 3f || t k WS
mgnator esi st | ve eaheorMoBgnesi faed FReh, HE Kt MRS Hindng

several stages OBOQB”HE%WE%esTPEe bkhush k@RS 30 Fig% gy & $

representative only and
material is typically an alloy such as CoPtCr 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.

20 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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are not necessarily to scale; those skilled in the art may recogni ze ot her
steps resulting in the invented sensor. Fig. 4a illustrates a view of the
sensor stack - 10 5 10 15 20 25 conprising a sandwi ch of |ayers 404 on a
suitable substrate 402 such as alum na. The sandwi ch of |ayers 404

i ncludes a free |layer 408 and additi onal Iayers such as a pinned |ayer and
a capping layer (not _separately shown). . 4b illustrates a view of a
patterned | ayer @P?p5ﬂsﬁﬁ8téré§QQWHQQWﬁ§j%ﬁ%ﬁr%rﬁ94s%hd%n%%l%éblﬁyers 404.
The patterned |ayer 412 of hot or esi st . does not have the known |iftoff

structure previ GUSSY rraltleuéloﬁatsélﬂ:hf@rs taﬂém&"iaor e sl ieh ey, lageys ]E)ut
tead h b t ti,al l t Fi 4c | strates Vi ew o

Lhe resul'ts of ndPRorBeAbAES Porttiel e todiadirch jé#h%rl%y%sa 406
dth f I 4 re.t rtions _of _the sandw.ch o ers 404

?gnaln?ng ;?Sera¥§a n$§|3 % n?%gpggﬁe§ilppn§ 9&&&%¥%<%?Y%¥‘a85? ssive

enough to renove V\pé%b?ﬁi ok holid o ng,r' YN 15 RS %0%,195 gof4d

illustrates a vie e dep05| nmagneti c 'spacer nater

414a, 414b, 414c. The+BRRERINGLES 2RACEF PRLEL r%'sﬁlc‘l%%ﬂéa Aévﬂecr By, be

sandwich of layers 404. The patterned layer 412 of
photoresist does not have the known liftoff structure
previously illustrated for the prior art (306 in Fig.

10 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

20 conveniently formed from a suitable material such as
chromium. Some materials used for the nonmagnetic
spacer material 414a, 414b, 414c 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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conveniently formed froma suitable material such as chrom um Sone

materials used for the nonmagnetic spacer material 414a, 414b, 414c may

necessitate the formation of a thin seed |ayer (not shown) of a suitable

metal such as chrom umonto the spacer material 414a, 414b, 414c before

formati on of the bias magnets (discussed in detail below). Two of the - 11

- 5 10 15 20 25 portions 414a, 414b form a nonmagnetic spacer |ayer on

each side of theP8&RdONSstiddia 4d6.4bTHe 1t Kemquutagront ictistrader f bayed on t he

patterned photoresist 412 and is subsequently renoved along with the

phot or esi st 412. ®BGHi §d9Ene L Shrasiess ot Sttll@@ﬁqdiﬂﬁftgﬂ‘étfa @tﬁgiarcep?ztag@(rj aI .

smal | anmount of magneti c spacer naterial is also forned on the endwa

of the sensor stggaF %ﬁi§°rW§%%ﬁﬁwﬁthp@éﬁﬁﬂ“ﬁiﬂﬁﬁﬂﬁQ¥%&k§ﬁrﬁ%ﬁtamQOl©f
438 contributes to a

Fig. 49. The deposited nonmagneti c spacer nateri al _
siagar atgi on 422 gg?%%ﬁ“?ﬁ‘gqﬁi ggmﬁﬂﬁﬁeﬁﬁoﬂﬂfﬁf%ﬁg tpﬁzfgféé’j]?e‘it 441303- Fi g.
4e il t [ . h bi as _materi a a, , c fornmed over
the Ronmagnetic spacePS HiBeri TATNA" F1ABE FDRe NOTHE dpScico R a6,  4L6b

of the hard biaﬁa?@Eeéi@ﬁa&?rHﬁguﬂﬁagftﬁgnﬁggﬁgEi%t%%QC%QGmaterial is

also formed on the endwalls of the sensor stack. This
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 magnét
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

20 418a, 418b, 418c onto the sensor 400.

Fig. 4g illustrates a view of the sensor after
removal of the patterned layer 412 of photoresist. 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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form permanent bias magnets which will provide a stabilization field. The
endwal | s 434, 436 of the hard bias magnets 416a, 416b are substantially
vertical. Fig. 4f illustrates a view of fornmed | ead material 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 nethod of
renovi ng the patterned |ayer 412 of photoresist is a chem cal -nechani cal
pol i sh procedur e SCTMRBWAY ACthenato rEMoyedmaEtdeines] wlestates st biyen

sui tabl e photoresist_solvent along with a mld - 12 5 10 is 20 25
scrubbi ng acti on¥PéChefBvBOfat¥enédd tyirstidriesiadt Liffaff iixuctereiot have a

traditional liftoff s& uc%ure. The bi as magnets provided in_the enbodi nent
and illustrated in Fi é? J2RaleIsEhst FAvadey Jér tihcalemkatikents anfese

Zﬁgaéﬁrgially_ve%igcgk egggaLlthaye4a %i%tin%% advant age over, the sl oped
provi ded by > "FRESPr Br Faft. “fhdadits HPEREE et Potes at the
Vertical endval | ST08aIAE: BRERE, SuBR ARG A ader s S B s
magnets having uectigal SHQEQLBaeaB%eQD%ﬂeegﬁkgéﬁn%nhﬁé?f@”ﬁ¥é¥ié%d by
the priQr art. The distributed magnetic poles at the
endwalls of the hard bias magnets are more spatially
concentrated for vertical endwalls compared with
10 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
20 relative to the free layer in the sensor stack. Two
important dimensicns 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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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 wth a higher recorded density of stored information. The
ef fectiveness of the hard bias material is inproved if the endwalls are
substantially vertical. The effectiveness of the bias magnets is also

i nmproved if the hard bias nagnets are optinalhg positioned relative to
the free layer | FSCHEISRSEr FEEE, TRPIaSHIYI hmy?ﬁmistmslim 6p6i mal | y
positioning the ermanent magnets relative to the free layer are
illustrated in tﬁ% PRSert 43¢ ibdam gaangtsTiid &4+ skn Rﬁkﬁﬁkﬁkﬂuhghehg_ .
vertical offset 4 bet n_the eonetrical center, represented in Fig. 4g
by a center Iiné’%%fg,% gﬁ%t REtHES Ieéfg’r Of1 NSRS dadnatie 4163 ‘51?19 %5
20 25 geonetrical center, .represented.by a center line 426, of one of the
bi as nagnet s 4165?3?515Fi58i8%§, fRE 1 F%éﬁﬁgbfh&ﬂW%éﬁ’é&gﬁqﬁz?%e bPas

magnet s 416a, 41g9mPP§k§E'vethgybggiE5§% |%y%%&gggﬁégggigjggéﬁﬂ%%r}zgg. For

sinplicity, the postiion of on one or 't

Si?}f;lbe" In detghhnBekows ebhgi1Yehb! 68k 2hhagt i424NeMeqL ide ggonetrical
, vertical offset 424 between the geometrical 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

20 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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represented by center |ine 425, of the free |ayer 410 and the geonetri cal
center, represented by center line 426, of one of the bias magnets 416b is
controlled by adjusting the thickness 415 of the non-nagnetic spacer

| ayer 414b. The second di nmensi on which influences the effectiveness of a
per manent magnet is the physical separation 422 between the bias nmagnet
416b and the free layer 410. The separation 422 is typically rather

smal |, usual ly ab®int s®edo 18 veandmettershowrherrskprugtlilon vel?? tlsingl ated to
the thickness 415 of the non-magnetic spacer |ayer 414b. Sonme non-nmagnetic
spacer material ZSPORILES OB the SPNRAINS Y40 sgfraasie layposetl 4ensbso st ack
406 during deposition of the non-magnetic spacer |ayer 414b. The anmount of
this non- magnet i EC8bEdBMtesafer thet &ePfAratd®depends to a | arge extent on

the thickness 415 of _the ggn1ﬁggnetic spacer, | ayer 414h. The anount of
non-spacer |ayer matefi-dr 4881L3Fg§er3tedeferiitied®tt FE SdffHiatohve 2?2

betngen Lhe bl o3 RdRcher¢10Re808,! B LIS B4E 410 L LS el she peneor
ggggf; iegn?” the,gRMBYNeELEngRAEEE | ARG <SR AR2iCHVE. LSS 184Ne
overlay structure also has optimized (described in
detail below) bias magnets 4l16a, 416b with
substantially vertical endwalls 434, 436.

10 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

20 criterion of optimal positioning of the permanent
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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Fig. 4h illustrates a view of an alternative enbodi nent wherein portions
430, 432 of the |l eads 418a, 418b are forned over the sensor stack 406.
This lead overlay structure also has optim zed (described in detai
bel ow) bias magnets 416a, 416b with substantially vertical endwalls 434,
436. Fig. 5 illustrates a plot of the calculated nagnitude of the
stabilization field available to the free |ayer fromone of the permanent
magnets. The dat &t il§amitg.60% wefs tded qudsimedn fors silbias tegmed swpshabadna
magnetic nonent four tinmes greater than the magnetic nonment of the free
| ayer. Results fPEmABcEE Pddhernsd ng of [t erert SRRt iomomendlsoat e2nm
easily obtained by , scaling the data in Fig. 5. The nagnitudes in Fig. 5
have been nor mal P28d2t BagRe thge mfmafifaed &f vt inmh wail dflfset and no
separation. In general, a_quantitative criterion of optinalcfositioning of
the permanent naYAEESPEMAt CPERLGAHONS-ed (CAPEICT PLFfeTaded conbiaaef on
of separation ang t he absol ée na nit%&e f fosg%_result in.a
stab%lization fi &MY ﬁﬁFSﬁ%ﬁ§ “aVermigni u&geaplﬁéa e 15 g deast 50%
predet erm ned val ye.. co I Wi _th the_ maxi num.possi bl e field._ For, exanple,
if a predeterni nég 53fg'ulgggfl%glﬁ‘ev1a?élled POROESSEAC3 e vatsle 5 Uk o
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
20 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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25 at | east 60% of the maxi mum possible, then a separation of about 8nm
and no offset or a separation of about 2nm and a magnitude of offset of
about 8nm woul d be successful conbinations. A comon presel ected val ue of
t he acceptable value of the bias field is at |east 50% of the nmaxi mum
value. A nore rigorous value of 60%or higher may al so be preselected. A
nore sinple process control criterionis to set separate limts on offset
and separation. FFTRBGEHN dlagrets preselt vah utmpfovéd cragsi tudekof the
stabilization field is chosen to be at |east 70% of the maxi num then the
separation shoul FSPIYELN t han about 5nm and t he magni t ude of of fset
should be less than gggﬁ%)7nn1 Enbodi nents of the present invention
provide a magnet or esi‘StIAPHHE FRGECHAS Mtk dinenighe? Wit chnheption has
substantial ly Ve&%k%?b.%ﬂdﬁglkf' kﬂ gﬁfition, the bias  nmagnets are
optimal |y positioned relrativet §the FriEeratier 9N tHel kkedotnsthekart
Conmpayed with the.:sqnsar rovided by the priqr art, sensors provided by
t he af{)resent invgﬁ??o%%ﬁ§988§§r?%§ﬁﬁ(ﬁ%ﬁﬁdﬁﬂ%ﬁiﬁnuﬂﬂﬁsF%R%RFSf% provi de a
stabilization fi f he ee.l.ayer._+,Becayse qQf the hi ghe fficiency,
Bled ch9belne it eeni 2% Fa11 SRS Tn s nré.,

the thickness of the perfanent nagnets nay CefTUEE n a

sensor capabl e ohverupRekti ng hi gher linear recorded density along the
direction of the recorded track. Also, the nore |ocalized magnetic poles
at the end of thg - 16




5 permanent negnets result in inproved cross track resolution. Al though
speci fic enbodi ments of the invention has been described and illustrated,
one skilled in the art wll recognize other enbodinents, not expressly
descri bed, but which fall within the scope of the invention. 5 10 15 20
25 CLAIM5 | claim 1. A magnetoresistive sensor, conprising: a sensor
stack including a ferromagnetic pinned layer and a ferromagnetic free
| ayer, said sensor std&RIM&ving a first and second end; a first bias
magnet disposed at said first end of said sensor stack, said first bias
magnet having a Ls@dstiantially vertical end wall; and, a second bias magnet
di sposed at said _second end of said sensor stack, said second bias nmagnet
havi ng a substaﬂtiﬁIm@9ﬂ9ﬁ929ﬂ1&§#YQMﬂﬂnSQIf/tqmgﬁmﬁxn@8|st|ve sensor,
i sing: a sensor stack including a ferromagnetic free
conprising a sensor stacéJlncluding a ferromagnetic pinned
5 layer and a ferromagnetic free layer, 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,
10 a second bias magnet disposed at said second end
of said sensor stack, said second bias magnet having a

substantially vertical end wall.

2. A magnetoresistive sensor, comprising:

15 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

20 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

25 stabilization field affecting said free iayer, said

magnetic stabilization field having a magnitude;
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| ayer, said ferromagnetic free layer having a first and second end; a
nonmagneti ¢ spacer |ayer disposed at said first end of said sensor stack,
sai d nonmagneti c spacer |layer having a thickness; a bias nagnet disposed
over said nonmagnetic spacer |ayer at said first end of said ferronmagnetic
free layer, wherein said bias nagnet includes a substantially vertical end
wal | and provides a magnetic stabilization field affecting said free

| ayer, said nagnetic wiatgin zZidnhickoedavehgsal dagonhadesticl8pawker ei n
sai d thickness of said nonmagnetic spacer |ayer is adjusted such that said
nmagni t ude of sai da¥fHyridt iadidind isuah orhdt edalid snagnhiuda pfeselidct ed
range of values. 5 3. A nmagnetoresistive sensor as in claim2 wherein the
nonmagneti ¢ spac&@9ngfec i e teippniigdd 4 s Adyiretareséseleetsednsor
as in claim2 wherein the 10 presel ected range of values of the magnetic
stabilization fi &Pd98 &t 1345 50% of the maxi num possible value. 5. A
nagng;oresistive sensor as in claim2 wherein the 15 free layer includes a
geonetrical center, the bias nmagnet includes a geonetrical center, and the
of fset between t3he geanetrical .center of the free Iaiye_maznd t he

geometrical cent&r Of "PHESHCASSHSIANE iSENEs Ahah clral wherein the

nonmagnetic spacer layer comprises chromium.

4. A magnetoresistive sensor as in claim 2 wherein the
10 preselected range of values of the magnetic
stabilization field is at least 50% of the maximum

possible value.

5. A magnetoresistive sensor as in claim 2 wherein the
15 free layer includes a geometrical center, the bias
magnet includes a geometrical center, and the offset
between the geometrical center of the free layer and
the geometrical center of the bias magnet is less than

about 8 nanometers.

20
6. A magnetoresistive sensor as in claim 2 wherein the
separation between the free layer and the bias magnet
is less than about 5 nanometers.

25 7. A disk drive, comprising:

a magnetic disk;
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about 8 nanoneters. 20 6. A magnetoresistive sensor as in claim2 wherein
the separation between the free layer and the bias magnet is |less than
about 5 nanoneters. 25 7. A disk drive, conprising: a magnhetic disk; - 19
awite elenent for witing information to said 5 10 15 20 25 disk; a
magnet oresi stive sensor for reading information from said disk, wherein
sai d magnet oresi stive sensor includes: a sensor stack including a
ferromagnetic pinned d aycitearslendrey riommgnettiiongd reefdayatiosatd semdor
stack having a first and second end; a first bias nmagnet disposed at said
first end of saidds¥ensor stack, said first bias magnet having a
substantially vertical end wall; and, a second bias magnet disposed at said
second end of said s@n&GINGLRNES I VS SUIRP I 2oy merpdingaim hgrmation

substantially verti cal d 1. 8 A disk drive, conprisin
y from sa%% d%%k, J%ereln said magnetgggsistfbe Sensor

5 includes:

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

a first bias magnet disposed at said first end of

10 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 bias magnet having a
substantially vertical end wall.

15
8. A disk drive, comprising:

a magnetic éisk;

a write element for writing information to said
disk;

20 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

25 second end;

_20_




a magnetic disk; a wite elenment for witing information to said disk; a
magnet oresi stive sensor for reading information fromsaid disk, wherein
sai d magnetoresi stive sensor includes: a sensor stack including a
ferromagnetic free layer, said ferromagnetic free |layer having a first and
second end; - 20 5 10 15 a nonmagnetic spacer |ayer disposed at said first
end of said sensor stack, said nonmagnetic spacer |ayer having a

t hi ckness; a bi as magretndirsprssd ovepacar dl apanaghepbsedSRACER 1HAYE r sdt
said first end,of said ferromagnetic free |ayer, wherein said bias magnet
includes a substait i I1Sakradrcwr eftholal | sand pomvagest Ac mpaekirc layer
stabilization field affecting said free layer, said magnetic stabilization
field having a ndfpfifle BiH&ksIe$ssai d t hi ckness of said nonnagnetic spacer
| ayer is adjusted such that said magnitude of said magnetic stabilization
field is within a prefefddedagglydigpaagdicavenosaid nonmagnetic

5 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;

10 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 wvalues.




