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1 A MAGNETORESI ST| VE SENSOR & METHOD OF MAKI NG THE SAME The present e

I'nvention relates to a magnetoresi stive sensor and net hod of the
Bame. In particular, but not exclusively, the present inventi ég?

magnetic recording disk drives and nore particularly to nmagnetor

heads therefor. Magnetoresistive (MR) heads of the canted-current type
derived froma head type known as a barber pole MR head, exhibit a skewed
read sensitivity function primarily due fo the variation in distance of the
contact edges fromthe input surface (the sensor's output is proportional

to this distance), particularly the sharp corners between the contacts and
the MR el enent. The problentls |IIustrated I n Flgure 1, mhere the MR

el emrent 10 e MAE ' g 3

canted across the sensor at apprOX|nater 45 degrees creating a sense
region where current | primarily flows (perpendicular to the contact edges)

across the sense region at approxi mately 45
The present invention relates to a magnetoresistive sensor and method of making

the same. In particular, but not exclusively, the present invention relates to magnetic
recording disk drives and more particularly to magnetoresistive heads therefor.

Magnetoresistive (MR) heads of the canted-current type derived from a head type
known as a barber pole MR head, exhibit a skewed read sensitivity function primarily
due to the variation in distance of the contact edges from the input surface (the sensor's
output is proportional to this distance), particularly the sharp corners between the
contacts and the MR element. The problem is illustrated in Figure 1, where the MR
element 10 extends left to right in the figure and the contacts 12 are canted across the
sensor at approximately 45 degrees, creating a sense region where current I primarily
flows (perpendicular to the contact edges)_ across the sense region at approximately 45
degrees relative to the_ MR element's magnetization vector M. However, in the cross-
hatched triangular reéitm‘ 16, cﬁrrent ﬂoWs at 'a""sltaIIOWer angle rrxore parallel with the
MR element's magnetrzatton vector than it is in the center of the sense region. Because
of magnetization rotatlon and the presence of sense current in this region, detection is
still possible. As a result, the read sensitivity extends farther to the left than to the right
thus producing a skewed read sensitivity function.

The read sensitivity function we discuss herein is the sensitivity of the sensor vs.
location across the sensor for a microtrack of recorded informatiorl less than orxe K
micrometer in width. The read sensitivity function for the MR sensor i]lustra_te_d in .
Figure 1 is shown in Figure 2 as line 18. Due to the presence of the current trector Iand
the MR element's magnetization vector M in the cross-hatched region 16, the read
sensitivity function 18 is asymmetric and exhibits a substantially large tail 20 extending
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to the left in the figure.




deyrees relative to the MR el enent's magneti zati on vector ver, in .,
the cross- hatched triangular region 16, current flows at %Eﬁgl IBW&trNamlf!
Tore parallel with the MR el enment’'s magnetization vector t [ siti

center of the sense region. Because of magnetization rotation and the
presence of sense current in this region, detection is still possible. As a
result, the read sensitivity extends farther to the left than to the right

t hus produci ng gﬁ@g, QNShdnl Vi ' themiresd it ivit
function we di s'ghegé ergﬁﬁﬁlse&?hqﬁé“ége‘yn%ri{%lf%y%tag?ﬂ{nﬁe sensors?c/r?.ﬁs‘ﬁvgcat i%kn
across t hedp?ﬁ&?tﬁfn Jueh asta Mhdznefi¢ disk deive e Ghichate MR QEr¥BE A beqeguitddad one

m cronmeter 'in wdth. The read sensitivity function for the MR Sensor

i |1 ustr at adad Bothi diitd gndlseiréo ffortmation frorguwesy Rarfsv tracls onSa mageeticadisihe
presence of the current vector | and the MR el enent's nagnetization vector
Min the csuofase.hThefirst probjienris héisetand crassdalk dacduse of the ekcessivelyrlodg tdikon

asymmetric and exhibits a substantially large tail 20 extending to the left
in the fi ¢tbeaead sensitivity function. The second is the use of the sensor to read analog servo

data. Due to the asymmetrical nature of the read sensitivity function, the response to
servo data from left and right are not equivalent - thus requiring special compensation to
make this application practical.

One proposed solution to this problem is to deactivate the undesired region 16 by
poisoning the MR element (Permalloy) by diffusion or ion implantation. Applicant's
solution is to substitute for the MR element (Permalloy) in the undesired region another
material where the change in resistivity vs. magnetization is essentially zero.

The invention comprises patterning the MR element so as to substantially
eliminate the undesired "read sensitivity” region such as illustrated in Figure 1, and then
stabilizing the pattérhed element using a hard or permanent magnetic layer at the certain
ones of the MR element's boundary so as to eliminate the internal demagnetizing fields
at these boundaries which cause the element to fracture into multiple domains, which, in
turn, causes Barkhausen noise when the element is used as a magnetic field sensor. The
total magnetic flux of the permanent magnet layer at a boundary (essentially proportional
to the magnetization times the layer's thickness) is held approximately the same as the
total magnetic flux of the region of the MR element that was eliminated as above
described. This prevents the permanent magnet layer from inducing an undesired
longitudinal bias field in the sense region of the MR element. Such longitudinal bias
fields act to reduce the element's sensitivity to input fransverse magnet fields.

When the magnetization of the reSpeptive sectors have the same direction at the
boundary, this is accomplished by holding the magnetization times thickness of the

permanent magnet layer to a value which is approximately the same as the magnetization
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2 There are two probl ens when using such an asymmetric MR sensor in an

application such as a nmagnetic disk drive in which the MR se
Yequired to read both data and servo information fromvery ngr

i
LG40 Al
a magnetic disk surface. The first problgmis noise and cross-tal ecause

of the excessively long tail on the read sensitivity function.

The second

Is the use of the sensor to read anal og servo data. Due to the asymmetri cal

nature of time thiclaféss 6NthetVRi dlaméntN OWhe thethigzne8StionSRclofs SiffeY th d@éctioh! OM
|l eft and right are not equivalent - thus requiring special conpensation to

make this thepbleadensities pstabilishediby temomenpdiscatinvities imust beomhuithéd.pr obl emi s

to deactivate the undesired region 16 by

It is an alternative object of the present invention to use the permanent magnetic

field induced by the permanent magnetic elements at the boundaries of the patterned MR

clement to maintain the at-rest magnetization vector of the MR element at an appropriate

bias angle so that the current contacts for the sense current can be aligned relatively

perpendicular to the air bearing surface of a magnetic head. This reduces lapping

tolerance problems with respect to relative alignment of read and write structures.

It is a further object of the invention to provide a lip type flux guide into the

active region of the MR sensor as a part of the overall MR element. The lip preferably

is stabilized at its boundaries by permanent magnetic layers.

It is a further object to pattern the permanent magnet layer's magnetization vector

and the sensor's electrical contacts so the lip's at rest magnetization vector is

substantially parallel to the current vector. The lip then provides substantially no

component of the sensor output, but rather acts as a flux guide for the active area.

It is a further object of the invention to provide boundary control stabilization of

the MR element using abutting permanent magnetic layers with low electrical

conductivity.

It is a further object of the invention to provide boundary control stabilization of

an MR element using abutting permanent magnet layers without electrical continuity to

the MR element.

Embodiments of the present invention will now be described with reference to the

accompanying drawings, of which:

Figure 1 is a plan view diagram of the essential layers of a conventional, canted-

current MR sensor.

Figure 2 shows the read sensitivity function for the sensor of Figure 1.

Figure 3 is a diagram of a Magnetoresistivesensor according to a preferred

embodiment of the present invention.
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poi soning the MR el enent (Permalloy) by diffusion or ion inplantation.
Applicant's solution is to substitute for the MR el enent (Peﬂrrﬂl)’o{;S i kyt pe
undesired regi on another material where the change in resistiyv r rN AIL
magneti zation is essentially zero. JP 6401112A discloses a

magnet oresi stive effect type head in which the production of mnute
magneti c domains is prevented by providing a pernmanent magnetic materi al

such that it iSpjglreIheWwd theiredd &ﬁﬁhvﬁﬁﬁmcaanbbﬁzé@aﬁtﬁtdf@igﬁw.tiVe track.
JP 52130614 discl’oses a magnetic head 1n which | eaked magnetic flux is

ef fectivel y abspighesd5dg Stidengodsisectiong aRingrsasias ahd Sbabe ok FiguzeBf i ciently
| ong so that the signal detection current of the magnetoresistive el enent

may flow in theFignng6d isci diagradi ofeat altemnative tniegnetocesistive gemserlhavingagor di ng to
the present invention, there is provided a nagnetoresistive sensor
conpri si ngoptional insulator layer.

Figure 6b is a-cross section along 6b-b' of Figure 6a.

Figures 7a-d illustrate a preferred method for forming the alternative embodimeﬁt
of Figures 6a and 6b.

Figure 8 is a diagram of an alternative embodiment having a triangularly shaped
MR element which permits the use of less bias current.

Figure 9 is a diagram of a further alternative embodiment in which both the
sensor and contacts are constructed so as to provide a magnetoresistive sensor with a lip
designed to make the read sensitivity invariant with lapping.

Figure 10 is a variation on the preferred embodiment in which the inefficient
portions of the MR element are removed.

Figure 11 is a diagram of an alternative construction of an MR element in which
the at-rest magnetization vector of the MR element is rotated and wherein the rotated

- sensor is also provided with a lip separately stabilized.

Figure 12 is a diagram of an generalized configuration of the lip stabilization for
the sensor of Figure 11 that may be applied to any design. '

Figure 13 is a diagram of an embodiment providing for a rotated, at-rest
magnetization, squared-off contacts, and a lip, in which the read sensitivity function is
relatively tolerant to lapping.

Figure 14 is a diagram of a preferred lip structure with an expanded rear region
to provide flux for a wider sensor than that determined by the lip width at the air bearing
surface.

Figure 15 is a diagram of an alternative embodiment illustrating a hybrid contact

structure which yields improved read sensitivity symmetry.



3@a thin fil mmagnetoresistive elenent having at |east one eng &:’ TEJ\/
unsaturated di poles in absence of a stabilising magnetic fiel d ngq L
a magnetisation vector M at | east one bias edge not parallel with the
magneti sation vector, and having a resis§ivity that varies with magnetic

flux applied to the magnetoresistive elenent; first and second contact
means for supplying a sense current | to the nagnetoresistive elenent; a

thin film per mepigite Wﬁia?ﬁanﬁ ore bre?éﬂr&f‘@rﬂbdadiménﬁém& Preseat ihVertidhacod and
co- planar r eI ationship with at least a portion of the or each bias edge of
t he magnetfigasishdowy & centedretirentaodfigiived avigaetofessibtive sénsas in which the current
contacts 12 are substantially canted across the MR element while the magnetization
vector M of the element is aligned along the width of the sensor. In the figure, the MR
element is defined as a substantially square element 10, centered between the gap in
current contacts 12. The ends of the MR element are stabilized by permanent magnetic
layers 22 and 24. The permanent magnetic layers 22 and 24 abut the ends of the square

MR element, but are separated therefrom by small gaps 26. The sense current contacts

12 overlay these layers and have > edges which cross the MR element at approxlmately

45° to M, with the distance between the contacts chosen such that the points 28 and 28'
where the respective contacts 12 cross the gaps 26 lie close to the horizontal center of the
MR element.

In this configuration, the sense current I flows between the contacts 12
substantially only in a central region defined between these two intersections, 28 and
28', and does not flow through the undesired region 16 due to gaps 26. The elongated
tail in the read sensitivity function on the left is therefore eliminated.

Because the effective sense current is confined as above described, the read
sensitivity function is substantially symmetrical and "squared up" as illustrated in Figure
4. The output from region 16 is eliminated, cutting off the troublesome tail 20 in Figure
2,

Turning to Figures 5a and 5b, which are partial cross-sections along 5a-5a' and
5b-5b’ in Figure 3, the permanent magnetic layers 22 and 24 are shown in combination

with Magnetoresisﬁv%lement or layer 10 and metallic current contacts 12. Due to the ol

requirement to control the magnetic boundary conditions between the permanent layers
22 and 24 in the magnetoresistive layer 10, which will be discussed subsequently, the
magnetoresistive layer 10 will typically be substantially the same thickness as the
permanent magnetic layer 22. Conventionally, the magnetoresistive layer will be on the

order of 30nm (300 A) thick. As illustrated in the figure, the preferred permanent
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t e permanent nmagnet layer is in contact with the first and second contact
means and current flow through the pernmanent nagnet | ayer betjﬁegtihﬁ jihth L
and second contact means and the nagnetoresistive elenent is b nui al
inhibited, and the first and second cont @ct neans have respective contact
edges, at |least a portion of the contact edges being disposed relative to

the or each bias edge and at an angle to the nmagnetisation vector to form

an active drgsmcﬁsﬁéreﬁz afld DAITIRALE He b IORIP 00 HRE" A¢hinang! ed

contact edge”portions and orman 1nactive region-l _

magnet or eSkidwr i Mk AN Me mBtall Gilirent EbRAts 8P @n BOMaBE !swswnlﬁmf kel 4R One
angl ed contact edge to the other. The invention conprises patterning the MR
el ement soeidfer tige éitirhégnelic o Meghafogesistiveldfete.s i etk figy2a,dthe RBftatis Rt y"
region such as illustrated 1n Figure 1, and then stabilizing the patterned
el ement usanegreferablylon thependerof 100nma (1060i &) thicker at t he

While the preferred embodiment has a small gap between the permanent magnet

and the magnetoresistive layer, this is not necessary if the permanent magnet layer's Wd
resistivity is chosen such that it is much higher than that of the MR layer. With such a
configuration, the sensor may be formed using methods such as disclosed in U.S. Patent
5,079,035, which is hereby incorporated by reference as if fully set forth herein. See

also U.S. 5,018,037. A preferred method for forming a gap between the layers will be
discussed in relation to figures 7a-d. |

In the preferred embodiment, the magnetoresistive element is preferably
composed of the alloy Nigy Fejg (Permalloy). The permanent magnetic layers are
preferably one of the following (or similar) alloys: Co7g Pty2; Co7g Crg Pt4; or Cogg
Smpp. The contacts layers are preferably composed of a trilayer of Mo-Au-Mo, but
many other conducting metals may be used. '

A single-domain MR element having edges at which magnetization M is directed
other than parallel to the edge will exhibit a net external magnetic field at the edges
which may cause the element to become unstable. These edge regions can then
“fracture” into multiple domains with the net internal field of one domain cancelling the
net internal field of adjacent domains.

In order to maintain such an element in a single domain state, various techniques
may be employed, one of which is to apply an external magnetic field in order to keep

'magnetic dipoles of the crystalline alloy aligned in the preferred direction. This has been
know in the past as "longitudinal biasing." " See e.g., U.S. patent 4,967,298 for a

discussion of the single domain problem and its previously known solutions.



3a  certain ones of the MR elenment's boundary so as to elim nat t&, GEJ N
I nternal demagnetizing fields at these boundaries which cause tWdelklie t A [
to fracture into nultiple domains, which, in turn, causes Barkhausen noise
when the elenment is used as a nmagnetic frjeld sensor. The total nagnetic

flux of the permanent magnet |ayer at a boundary (essentially proportional

to the magnetization tines the layer's thickness) nmay be held approxi mately

the same as theld @k astg @acCarhbuht ofextehfal ht@hetic féldineeesMryeb k88 in Mot

was elimnated as above described. This prevents the permanént magnet | ayer
f rom i nducelegentinuasingle dohaimstgtethas notbeehifally txpibredi rSeetfor exanspsle tiggi on of
the MR el enent. Such longitudinal bias fields act to reduce the element's
sensi ti vi t giscussion pu thet afaresneationed i)} patent af etdumn 2, 11. 3-4.
We believe that the proper amount of permanent magnetic layer is that sufficient
- to produce the same magnetic flux as that of the saturated MR element layer at the | o
boundary of the MR element. Exceeding this amount of flux - although it also serves to
keep the MR element in a single domain state - will act to decrease the sensitivity of the
MR element to (transverse) input flux.
Because the length of contact (into the figure) between the layers at their abutting

end regions are equal, the flux matching requirement can be expressed as

M(PM) * t(PM) = M;(MR) x t(MR),

where M is the at-rest magnetization, "PM" is an abbreviation for "permanent magnet,"
and "t" is the thickness of the respective layers. Because the M, of typical permanent
magnetic materials to be used in the present application are approximately equal to thatl
of the MR materials, the permanent magnetic layer will be approximately as thick as the
MR layer. For Permalloy which typically has a square loop, M is close to the
saturation value Mg,

With the permanent magnetic layer thickness thus chosen, not only are
demagnetizing fields in the MR element layer controlled, but there is little or no "excess"
longitudinal magnetic field in the central active region of the MR element which would
interfere with sensor performance. '

Returning to Figure 3 for a moment, it was above noted that in some
configurations, current could flow in the undesired region 16. This current will not
affect the read sensitivity function because the material located in the undesired region

does not exhibit a magnetoresistive response. However, any current flowing in this area



When the magneti zation of the respective sectors have the sanme direction at
t he boundary, this may be acconplished by hol ding the magnetigafy qnti L
t hi ckness of the pernmanent nagnet |ayer to a value which is aﬂpﬂ)ji EﬂtlgNA
the sanme as the magnetization tinmes thickgness of the MR el enent. \Wen the

magneti zation vectors differ in direction, the pole densities established
by the nonent discontinuities nmust be matched. Enbodi nents of the present

i nvention Wigdetd'R¥mbie %ﬁemiltha%mcr flow & fHeSRRR refioh %d%ﬂfé?@f@f&’ﬁd&sirabll% Jers

drawi ngs, of which: Figure I's a plan view diagfam of the essentia

of a convefroipthelefficiamdyestandpbint.ent MR sensor. Figure 2 shows the read
sensitivity function for the sensor of Figure 1. Figure 3 is a diagramof a

Magnet or esi st i vA firthepimprovemeiitrtg ehlange tireadleotriea] isolitioni ofithe¢ pefmankest pr esent
nvention. magnet layers is illustrated in Figures 6a and 6b. In these figures, a small amount of
electrically insulating material 23,25 has been interposed between the permanent
magnetic layer 22, 24 and the MR element 10 to form a "spacer" 50 which is preferably
formed of an oxide such as AlO3.

This spacer 50 effectively electrically isolates the MR layer and the current \
carrying contacts from the permanent magnetic layer while also permitting the magnetic
flux coupling required to hold the MR layer in a single-domain state. Use of the spacer
will substantially confine all sense current to only those portions of the MR element for
which the read sensitivity function is nearly symmetrical.

The structure shown in Figures 6a and 6b may be formed by using a process such
as illustrated in Figures 7a-d.

Referring first the Figure 7a, the conventional MR head is formed upon a
substrate comprising a basecoat 60, a soft magnetic shield, 62, and a half-gap oxide layer
64, conventionally composed of aluminum oxide. The MR element 10 of the present
invention is deposited and patterned upon this oxide layer 64 by using a special bi-layer
lift off resist which has an upper section 67 broader than the lower section 66. (A single
layer resist may also be used in an alternative approach.) In the inventive process, the
MR element is over etched using a chemical etchant such that the resulting MR element
has a width slightly less than the overlying resist structure.

Referring to_.Figure 7b, the permanent magnetic layers are now sputter deposited
using these resist layers as a mask. This results in a structure, such as illustrated in
Figure 7b, whére the permanent niagnetic layers 22 and 24 are separated from the MR
element 10 by small gaps 26.

After the deposition of the permanent magnetic layers, the resist is removed by a

lift off process. Thereafter, an electrical insulator layer 27 is deposited over the whole



5 Figure 3 is a diagramof a preferred enbodi nent of the present invention.

The figure shows a canted-current configured magnetoresistiv n 1n R I_
Which the current contacts 12 are substantially canted acros:]t e

el ement while the nagnetization vector Myof the elenment is aligned al ong
the width of the sensor. In the figure, the MR elenent is defined as a
substantially square el enent 10, centered between the gap in current

contacts lgnsghesEiguf 7d. MeniVRihfiab itsuldio? 18fep RbhldARANMinRAT SBAE Nuch as

magnetic |ayers 22 and 24. The permanent magrietic |ayers 22 and 24 abut the
ends of thALsOmaNexhMahdthertaydr, 6800f resisicis depusitad odert the ishla0oP 4oy pattBined 48PS

26. The sense current contacts 12 overlay these |ayers and have edges which
cross the éfpost @0mamst ef thegiRdayerelile leavitig] serall areas dpngihetedgd of thesMRnce
bet ween the contacts chosen such that the points 28 and 28
element covered by the resist. Using this resist mask 68, the insulator 27 is removed
from over the MR sensor with an appropriate process such as selective chemical etching
or ion milling to thereby expose the MR layer in this central gap region 70.
Thereafter, the resist 68 is striped and the contacts 12 and 12' are deposited and
patterned using conventional processes, resulting in the structure shown in Figure 7d,
which is substantially the same as the structure shown in Figure 6b.
If one employes standard chemical techniques to remove photoresist, the bi-layer L
resist 66-67 of Fig. 7a may be replaced by a conventional single-layer resist.
Further, the process shown in Fig.'s 7a-d can be modified to produce the sensor
structure of Fig. 3 by skipping the steps illustrated in Fig. 7c.
Figure 8 represents a variation designed to maximize the current efficiency of the [
sensor. In the figure, the MR element 10 has been configured as a triangle so as to
eliminate the inefficient upper right hand portion 17 of the MR element. So configured,
all current flowing between the contacts 12 will be favorably angled with respect to the
at-rest MR element magnetization vector M. Current flowing in the corresponding
portions 17 of rectangular MR elements, such as shown in Figure 3, operates on less flux
than in portions closer to the air bearing surface and further, similar to region 16, has
current which flows at angles substantially parallel to M. As a result, the operation of

the MR sensor in such a region is highly inefficient.

Due to these considerations, the use of a triangular sensor and high resistivity

permanent magnetic layer is expected to reduce overall current by a factor of 2, but also
is expected to reduce sensor output only 25%, hence the current efficiency of the sensor
is enhanced. |

The orientation of the MR element's magnetization M at boundary 38 of the

triangular MR element is directed left to right in the figure so that the respective
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where the respective contacts 12 cross the gaps 26 lie close mﬂhﬁsﬁ I
hori zontal center of the MR elenent. In this configuration, t €

current | flows between the contacts 12 substantially only in a central
regi on defined between these two intersegfions, 28 and 28', and does not

fl ow through the undesired region 16 due to gaps 26. The elongated tail in
the read sensitivity function on the left is therefore elimnated. Because
the ef fect Bt Vesidré bf e MRAEMERUnd DeARMERL ARBRLIIARA iritliSed: Gl
sensitivity Tunction Is substantially sy trical and "squared up” as

i |1 ustrat egbunBarfdst ra?pfb;dﬂitelymﬂ*’pLﬁvénrmms@melréspeat_iﬁé vmdrah?eﬂal?hea,t ing
off the troublesone tail 20 in Figure 2. Turning to Figures 5a and 5b,

whi ch are fiat inatchingrie ascanplished asiag thegsanre- fmount ofl pedmaneht magnebicghaterid ast he
per manent magnetic |layers 22 and 24 are shown in conbination with i
Magnet or eswith rectangutareiements. | Ag arreqit, dhelMReelaiment 1@ bay mnunsaturatad peles 2. Due
to the

along edge 38 which could lead to domain formation.

Again referring to Figure 3, the location of the read sensitivity "sweet spot” (area
of maximum sensitivity) about which the read sensitivity is nearly symmetrical can be
effected by lapping, a process necessary in thin film heads to control the throat height of
an MR head's fhin film writer and to expose the MR element to the head's air bearing
surface so that maghetic flux from the disc's surface may enter the MR element
efficiently. For example, in the figure, lapping may extend up from the bottom of the
figure to a point 30. This would have no effect on the effective location of the left-hand
contacts 12' in tl_le figure, but it would move the initial location of the right hand contact
to the right in the figure. This movement, in turn, would move the centef of the "sweet
splot" of the read sensitivity function to the right. |

This relative movement of the "sweet spot” causes. a problem in aligning the MR
element with a thin film writer which is also physically located on the same thin ﬁlm
structure (the writer will typically be formed of thin film layers subsequently formed -
seece.g. U.S. pétent 4,967,298). The location of the "sweet spot” of the one should be
accurately controlled with respect to the "sweet spot” of the other. The shifting of the
"sweet spot" due to lapping is therefore undesirable.

A solution to this lapping-induced "sweet spot" shift problem is illustrated in
Figure 9. In the figure, the MR element is provided- with a narrow extension 32 to the
unlapped "air bearing" surface. This extension 32 can be called a "lip". The right hand
sense current contact 12 is provided with an elbow located above the highest point 30 of
lapping tolerance so as to form a vertically extending contact edge 34 to the unlapped air
bearing surface. So constructed, the width of the "lip" provides the effective read width

of the MR element, and the contact structure makes the location of the "sweet spot"



requi rement to control the magnetic boundary conditions betwee he
permanent | ayers 22 and 24 and the magnetoresistive |ayer 10, ﬂm clj gnil Noﬂ [
di scussed subsequently, the nagnetoresistive layer 10 will typscel lyudb 3
substantially the sanme thickness as the permanent magnetic |ayer 22.

Conventionally, the magnetoresistive layer will be on the order of 30nm
(300 A thick. As illustrated in the figure, the preferred permnent 5

Figure 3 i mvarightaeappiny. High REBfiviefpatiaacitRaEnePmaldiRl B i%_&ﬁﬁbniggg@nt i on.

The figure shows a canted-current configured nagnetoresistive s or in
whi ch t he prevestrdisadoaitageons ¢urramtdranflowdng.i al |y canted across the MR

el ement while the nagnetization vector Mof the element is aligned al ong
the width of th€usrensBewingrfrarh¢he Tlip!rentachedgedB4 tends to flow perpendicularly
from the edge. So directed, this current flow will primarily be directed paraltl_ tg,ﬂi‘\- w "Md o
MR element's magnetization vector M and thus will provide virtually no component to PYIStA
the sensor's output response to input magnetic flux. A !
This sensor construction is lapping invariant and also eliminates the inefficient
"back portion" 17 of the element as discussed in relation to the triangular element of Fig.
8.
Fig. 10 show a modification to the basic design which eliminates the inefficient
"back portion" of the element but which does not have a "lip."
Fig.'s 11 and 12 show a fundamentally different variation. Here the rectangular
MR element is rotated approximately 45° and is provided with a "lip" 32. Contacts are
applied "squared up” to the air béaring surface rather than slanted as in the original
design. Permanent magnetic layers 22 and 24 are provided along the upper left and
bottom right edges of the "diamond."” All these layers are patterned during manufacture
with their magnetization vector M directed parallel to the air bearing surface, i.e., left to
right in the figure. However, due to induced magnetic "charges" of opposite polarity -
being produced by the permanent magnetic layers at opposite edges, the magnetization
vector M of the MR element in the central region rotates so that it is directed between
these edges, downward at 45° in the figure. Note however, that the magnetization
vector M of the "lip" remains directed parallel to the air bearing surface. This is due to
both the different geometry of the lip and because the magnetization at element edges
tends to align itself parallel to the air bearing surface edge.
In the figure, thé "lip" is provided with a separate stabilization permanerit
magnetic layer 40. However, as suggested by Fig. 12, this is a design choice. The "lip"
may also be stabilized by extension of the "active region" stabilization layer 22.



ef ween
the gap in current contacts 12. The ends of the MR el enent ar aEi |éﬂA :
by permanent magnetic |ayers 22 and 24. The pernanent magneticC y! L
and 24 abut the ends of the square MR el gment, but are separated therefrom
by smal | gaps 26. The sense current contacts 12 overlay these |ayers and
have edges which cross the MR elenent at approximately 45/ err] to M _ wth
the di stance beBugfige Eﬂ%&ﬂﬁ@@mgﬁﬂﬁﬁ?emmwaéméﬂﬁn eftbatiod Yedidrs £8
where the respective contacts 12 cross the gaps 26 lie close to the
hori zont al netaditeeteddh thdsaniddietationthe antfounbofperanhegunapineic layeh feceedase to
current | flows between the contacts 12 substantially only in a central
regi on def stakilizé terdoamain srsetuteraf the MR skeotenb witho@Sntrodiich§ a lomgitudinak not
fl ow through the undesired region 16 due to gaps 26. The elongated tail in
the read sbiasingifield mustbr-adjusted nThe adjustment is maderbyr mpliplyingithesgmotint Because

the effective sense current is caonfined as above described, the read
necessary when the vectors are aligned according to the following formula; wherein for

elenment is defined as a substantially square el enent 10, cent gz
I

a given boundary the permanent magnetic material has a magnetization M1 and a
thickness t1, and the MR element has a magnetization M and a thickness tp, and the
angles between Mj and M3 and the boundary are theta] and thetay respectively, the

amount of permanent magnetic material is chosen such that
Mj * t] = sin(thetaj) = My * t3 * sin(thetay).

This sensor configuration has two fundamental advantages. First, the sense
current contacts may be "squared up" so that they are lapping invariant and still provide
a linearized output because sense current I and at-rest magnetization M will be oriented
at approximately 45°. Second, the sensor has a "lip" which does not "read" at all, but
instead acts as a pure flux guide. .

Fig. 13 illustrates a variation of this approach wherein the MR element 10 is
patterned so that the "left hand" permanent magnetic layer 22 is formed such that the
intersecting boundary between the layer 22 and the MR element 10 is direct parallel the
MR head's air bearing surface. As illustrated in this figure, the magnetization vectors M
of the permanent magne_:tic layers are initially aligned in the same direction as the
preferred MR element magnetization layer, downward to the right at 45°. Also, the
leftmost sense contact 12 can be configured so that sense current I flows only in the
substantially rectangular area just above the "lip" as indicated.. So configured, the read
sensitivity function compares favorably to MR sensors with external transverse biasing -

but without the loss in sensitivity caused by the transverse biasing field.



sensitivity function is substantially symetrical and "squar£ Bol E{sl rNgA I.
ilTustrated in Figure 4. The output fromregion 16 is elimnatetf_fchh thi_
~off the troublesone tail 20 in Figure 2. Turning to Figures 5a and 5b, :
whi ch are partial cross-sections along 58 5a" and 5b-5b' in Figure 3, the

per manent magnetic |layers 22 and 24 are shown in conbination with

Magnet oresi stive el enent or layer 10 and netallic current contacts 12. Due
to the requiren®his sensor configiiratidnerequigescthatcthbre beday permanetittmapnstibet ween t he
permanent |ayers 22 and 24 in the magnetoresistive |ayer 10, which will be

di scussed Sahilizatioaralong mpﬂ@ftn@@ﬁtbeglpiasea% Stabilization of this edgpimay ingtebd
substantial ly the sane thickness as the permanent nmagnetic |ayer 22.

Convent i onkg sromplished-byhsnagingdhe senser's sgft magpetic shieldsclosedo dheiMR glen®ohat

' [ [ h ' ., th ef er, er nanent
(300 A t htlhg lélir tﬁ‘asanlnlg lsg aée?t ngt Imre]lg;[leuec ffillng Parygrs are ﬁhg{rat r1r{ %9gu?‘e 7a and at 62

and in the above incorporated '035 patent. 'See layers 15 of Fig. 1 or 23 of Fig. 3a.

Referring back to Fig. 11, which illustrates a "diamond” MR element 10, the
"lip" structure can be described as a lapping intolerant "neck" section, connected to a
"flux expanding" section, which is in turn is connected to the active sense region where
current I flows in the MR elément between the contacts 12. This lip construction is
better illustrated in Fig. 14.

~ In this figure, the lip neck region is at reference 46 and the expander region is at
reference 48.

This structure is a preferred lip structure with respect to all previously described
“lip" embodiments. Although the flux density out of the lip is less than that in, the total
sensor output can be increased by virtue of a larger area of interaction with the sensor's
sense current. As a result, the read width of the MR sensor can be independently
adjusted from the width of the active area so that each may be separately optimized.

Figure 15 illustrates a yariation on the sensor structure illustrated in either Fig.'s
9 or 10. In this variation, contact 12’ is not canted as is contact 12, but rather is
“squared up.” The sensor in this configuration yields a more highly symmetrical read
sensitivity function than designs with a slanted left contact.

In the figure, the left contact has two approximately orthogonal edges 70 and 72
interfacing with the MR element 10 at a vertex 74 approximately centered on the center
of the current from the canted contact 12. One edge 70 is also approximately orthogonal
to the air bearing surface defined by lapping up in the figure to point 30. |

~ The aforegoing description has been given by way of example only and it will be
appreciated by a person skilled in the art that modifications can be made without

departing from the scope of the present invention.



6 magnetic |layers 22 and 24 will also be on the order of 30nm (300 A)

thick. "As well known in the art, the netallic current contactsﬂ C b

made substantially thicker than either the permanent magnetic ﬂ r rNA L
Magnet oresi stivelayers. In the figure, ti¥e contacts 12 are preferably eon

t he order of 100nm (1000 A) thick. While the preferred enbodi nent has a

smal | gap between the pernmanent nmagnet and t he magnet ores+stivetayrer—this
i's not necessary if the permanent nag@IAIMSer's resisti '.tg iilc osen_ such
that it is nuch higher than that of the MR |ayer. Wth s et Has Boen Replaced
configuration, the sensor may be fornmed using nethods suc ‘mmHHHH in
U S. Patent 5,079,035, which is hereby incorporated by ref '
fully set forth herein. See also U S. 5,018,037. A preferred nethod for
formng a igap between the | ayers will be discussed in relation to figures
7a-d. . A magnetoresistive sensor comprising:

a thin film magnetoresistive element (10) having at least one end having
unsaturated dipoles in absence of a stabilizing ;rjl—agnetic field; and characterised by

a thin film permanent magnetic layer (23, 24) aligned in a substantially abutting 3
relationship with said end of said magnetoresistive element but separated therefrom by a |

small gap (26).

2. A sensor as claimed in claim 1, further including an electrical insulator material

(23, 25) interposed in said gap between said two thin film layers.

3. A magnetoresistive sensor comprising:

a thin film magnetoresistive element (10) having a resistivity and at least one end
having unsaturated dipoles in absence of a stabilizing magnetic field;

a pair of spaced low resistivity electrical contacts (12) contacting said
magnetoresistive element; and characterised by '

a thin film permanent magnetic layer (22, 24) having a substantially higher
resistivity than said MR layer aligned in a substantially abutting relationship with said
end of said magnetoresistive element, the substantially greater resistivity of said
permanent magnetic layer vis-a-vis said magnetoresistive layer in combination with said
low resistivity sense current contacts providing a low resistivity current path between the

contacts in the magnetoresistive element through which sense current flow.

4, /In a magnetoresistive sensor having:
a thin film magnetoresistive element (10) having at least one end having
unsaturated dipoles in absence of a stabilizing magnetic field; and

e
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In the preferred enbodi nent, the nagnetoresistive elenent is pﬂa]ﬁ(rflﬂyl Nﬂ
| [

conposed of the alloy Ni82 Fe[err] (Permalloy). The pernmanent na

1ayers are preferably one of the following (or simlar) alloys: Cerr]
Plerr]; Co[err] Cr[err] Pt[err]; or Co[el5] Snferr]. The contacts |ayers
are preferably conposed of a trilayer of M-Au-M, but many ot her
conducting netals may be used. A single-domain MR el enent havi ng edges at
whi ch magnet i zagithin filim perdianendtragnetib tayet (22 28 paligred|in aubdtantizigeabuiting
exhibit a net external magnetic field at the edges which may cause the

el ement t oTejatienshipuwith said end pfisaid maggetoresistive eleownt,t hen "fracture" into
multiple domains wth the net internal field of one donmain cancelling the
net internal fi SMAMBTOYRINGMEAMPESAGI ns. I n order to maintain such an

el enent in a single.donai tatgk'----:va I ous {echni ques y be enpl oyed, one

of which is to g’%p&'%q‘&ﬁs_séﬁt‘é‘? F%Péﬁ?agﬁ@iﬂfscéqt@@g&“? thgt &gra“!%‘_“kggﬁ‘_agﬁﬂ:lﬁ’et ic

i pol es °F hRr6lited BY e PerRhe nflghOREflyblis jE sBERIGE I Frolideild O ' S
continuity at said end of said magnetoresistive element layer.

5. A method of making a magnetoresistive sensor comprising:

laying down a thin film layer of magnetoresistive material (10);
depositing and patterning on said layer a resist mask '(66,67);

over etching the magnetoresistive layer to remove not only unmasked portions of
the magnetoresistive layer, but also a small portion of the layer masked by the pattern
resist mask; and

depositing a layer of permanent magnetic material (22, 24).

6. A method as claimed in claim 5, further including the steps of:

lifting off said resist;

depositing a layer of electrical insulating material (27);

depositing a layer of resist (68);

patterning éaid layer to expose said electrical insulating layer over said
magnetoresistive layer, leaving the resist over a small portion of the magnetoresistive
layer opposite the permanent magnetic layer;

etching the unmasked portions (70) of said electrical insulating layer to expose
the MR element; and

depositing and patterning electrical contacts (12) over said electrical insulating

layer and said magnetoresistive layer.

This Sheet Has Been Reﬂlaced
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know i n the padhis Sieet Ha9BGh R Q! biasing. " See e.g., US. pzaent 4,967, 298

for a discussio domai n problem and its previoufl Hﬂn ?
sol utions. 7 %ﬂ he exact anmpbunt of external maghe I”A L
necessary to keep t in a singde donmain state has not been fully
expl ored. See for exanple the discussion in the aforenentioned '037 patent
at colum 2, 11. 3-4. W believe that the proper anount of permnent
magnetic |Ayer Asnethed of ufaking maghetoresistivecsenidrehavingea syngnettical readix as t hat
of the saturated MR el enent layer at the boundary of the MR el enent.
Exceedi ng sensifivitynacross the sehsox comprisingugh it al so serves to keep the MR
element in a single domain state - wll act to decrease the sensitivity of
t he patterning the sensor's MR element (10) between the sensor's sense current

contacts (12) so as to produce a symmetrical read sensitivity output; and

providing a layer of permanent magnetic material (22,24) only at such of the MR
element’s boundaries that have magnetic flux discontinuities, the thickness of said layer
being sufficient to provide sufficient magnetic flux to provide flux continuity across the

boundary.

8. A method as claimed in claim 1, wherein the amount of permanent magnetic
material at the boundary is chosen such that total magnetic flux across the boundary in

the direction of magnetization of the MR element is constant.

9. A method as claimed in claim 2, wherein for a given boundary the permanent
magnetic material has a magnetization Mj and a thickness t1, and the MR element has a
magnetization M and a thickness tp, and the angles between M and M3 and the
boundary are thetaj and thetap respectively, the amount of permanent magnetic material
is chosen such that

Mj =t * sin(theta;) = My = tp * sin(thetay).

10. A method as claimed in any one of claims 7 to 9 further including providing an
electrical insulating layer (23, 25) b¢tween the permanent magnetic material and the MR
element at the boundary between them and also between the contacts (12) and the

permanent magnetic layer (22, 24).

11. A method as claimed in any one of claims 7 to 10, wherein the sensor has a

surface and further includes the steps of

* c L M H *



MR el ement to (transverse) input flux. Because the |l ength of contact (into
the figure) between the layers at their abutting end regi onsfla e I
flux matching requirenent can be expressed as M(PM * t(Pl\/)u:He ( ZNO
where M is the at-rest magnetizal7on, "PM is an abbreviatFo

t(MR),

"permanent magnet," and "t" is the thickness of the respective |ayers.
Because the M of typical permanent nagnetic naterials to be used in the
present appl i capatteniagdhe MR element s 35 toquravide chret atgesf twhendvEigentnd aml s,
t he permanent magnetic |ayer will be approximately as thick as the MR

| ayer. Forinfsmediate,gdgen thehintoppiediate edgr dgviag aangleswith sgspestito isaid sucfaee oo t he

saturation valuye M.err

i th the permanent nagnetic |ayer thickness thus

W
chosen, no%Ppéﬂ’PV‘a&erlEﬁ]éﬁﬂ%@Wz%sqrfa@Fhs in the MR el enent | ayer

controlled, but_there is little or nqg "excess" |ongitudinal] magnetic field
‘1 the cent ral  BEMYAE PEGRAIMLREEHUCIRYES EnBREvRRNG £

QuFNe FA&Su
aligning the sense current contact edges vertical to said surface;

thereby producing a sensor having magnetization rotated at approximately 45°

relative to said surface but wherein sense current is directed parallel to said surface.

12. A method as claimed in any one of claims 7 to 11, wherein said sensor further
includes a surface and said method further includes the stéps of

providing a lip extension (32) of said MR element to said surface, the lip
extension having lateral edges substantially perpendicular to said surface; and

patterning the sensor's electrical sense current contacts in contact with said lip so
that their edges are substantially perpendicular to said surface, thereby making the sensor
lapping tolerant.

13. A method as claimed in any one of claims 7 to 11, wherein at least one of said
sense current contacts is canted relative to a surface and the patterning step comprises |
patterning the sensor to eliminate MR material in one or more regions between the
contacts in which sense current cannot flow directly across the element from one contact

to the other.

t he

Al
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interfere wth sensor performance. Returning to Figure 3 for a rmrrent It

was above noted that in sonme configurations, current could fl
undesired region 16. This current will not affect the read se , N A [_
function because the material |ocated inghe undesired region does n

exhi bit a nmagnetoresistive response. However, any current flowing in th| S
ar ea 9 sensor. See Figure 7c. This el ectri cal insulator |ayer could be
al um num oxi de, such as AL203. Next another | ayer 68 of resist is deposited
over the insulator and patterned to expose 70 nost of the MR |ayer 10,

| eaving smal | areas al ong the edge oABSHRAETel enent covered by the resist.
Using this resist nask 68, the insulator 27 is renoved

A MAGNETORESISTIVE SENSOR & METHOD OF MAKING THE SAME

A method of making an MR sensor having a nearly symmetric read sensitivity
across the sensor by using permanent magnet boundary (26) control. The sensor's MR
element is patterned to eliminate portions of the MR element (10) between the electrical
contacts (12) which contribute to undesired read sensitivity. The MR element is
maintained in a single domain state using abutting permanent magnets (22, 24) |

electrically isolated from the MR element.

Fig. 3

heet Has Been Re laced
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fromover the MR sensor with an appropriate process such as selective
chem cal etching or ion mlling to'theq¢ﬁy expose the MR layer in this
central gap region 70. Thereafter, the reSist 68 is striped

contacts 12 and 12' are deposited and patterned using conve z%%rl;
processes, resulting in the structure shown in Figure 7d, mhlc
substantially the sane as the structure shown in Figure 6b I f one enploy
standard chemnmi cal techniques to renove photoresist, the bi-layer resist
66-67 of Fig. 7a may be replaced by a conventional single-layer resist.
Further, the process shown in Fig.'s 7a-d can be nodified to produce the
sensor structure of Fig. 3 by skipping the steps illustrated in Fig. 7c.
Figure 8 represents a variation designed to naxim ze the current efficiency
of the sensor. In the figure, the MR el enent 10 has been configured as a
triangle so as to elimnate the inefficient upper right hand portion 17 of
the MR el emept. 8o configured, all current flow ng betmeen the contacts 12
will be faverabl@|angled with resppct to the

Al
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=
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at~rest MR el ement nagnetization vector M Current flowng in the

correspondi ng portions 17 of rectangulZl0MR el enents, such as in

Figure 3, operates on less flux than in portions closer to thﬁ%gﬁhri _
surface and further, simlar to region 16, has current which flo (/FZVA[
angl es substantially parallel to M As a result, the operation of the

sensor in such a region is highly inefficient. Due to these considerations,
the use of a triangular sensor and high resistivity permanent magnetic

| ayer is expected to reduce overall current by a factor of 2, but also is
expected to reduce sensor output only 25 % hence the current efficiency of
the sensor is enhanced. The orientation of the MR elenent's magnetization M

at boundary |38 of, the triangular VR elenment is directed left to right in
the figure 4o thgt the resﬁ%ctive
Ko ]

"o -
) i

Read Sensitivity

N
N

o
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9 sensor. See Figure 7c. This electrical insulator layer could be alum num
oxi de, 'such as AL203. Next another |ay®M068 of resist is dep05| over the
insul ator and patterned to expose 70 nost of the MR | ayer !qu

areas along the edge of the MR el enent covered by the- reS|st Ejgdd
resi st mask 68, the insulator 27 is renoved fromover the MR sensor with
appropriate process such as selective chemcal etching or ion mlling to

t hereby expose the MR layer in this central gap region 70. Thereafter, the
resist 68 is striped and the contacts 12 and 12' are deposited and

patterned using conventional processes, resulting in the structure shown in
Figure 7d, which is substantially the sane as the structure shown in Figure
6b. 1If one enployes standard chem cal techniques to renove photoresist, the
bi -1 ayer resist 66-67 of Fig. 7a may be replaced by a conventi onal

singl e-layer resist.
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sensor 'structure of Fig. 3 by skipping{ﬁﬁe steps illustrated i agg C.
Figure 8 represents a variation designed to naxim ze the curre f/i iéqV%q
of the sensor. In the figure, the MR el enment 10 has been configured as [
triangle so as to elimnate the inefficient upper right hand portion 17 of

the MR elenent. So configured, all current flow ng between the contacts 12
will be favorably angled with respect to the at-rest MR el enent

magneti zati on vector M Current flowing in the corresponding portions 17 of
rectangul ar MR el enents, such as shown in Figure 3, operates on |ess flux

than in portions closer to the air bearing surface and further, simlar to
region 16, has current which flows at angles substantially parallel to M

As a result, the operation of the MR sensor in such a region is highly
inefficient. Due to these considerations, the use of a triangular sensor

and high resistiyity permanent nmagnetic |ayer is expected to redgge overal
current by ajfactor of 2, but al so

Further, the process shown in Fig.'s 7a-d can be nodified to pafduce t he
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| s* expected to reduce sensor output only 25% hence the current efficiency

of -t he 'sensor is enhanced. The orient atﬁ,ﬁﬂ of the MR elenent's

fragneti zati on M at boundary 38 of the triangular MR el enent ij}d&ac )
left to right in the figure so that the respective 10 magndfi |E1NAL
vectors of the MR el enent and permanent magnet |ayers intersect their

boundari es at approximately 45. Even so, because the respective vectors are
aligned, flux matching is acconplished using the sanme anount of pernanent

magnetic nmaterial as with rectangul ar el ements. As a result, the MR el ement
10 has no URp3L e;ahhegffpol es_al ong edqs/%g whi ch could lead to domain

f ormati on. . [ Deposit and pattern MRE
Resist Structure 6 with bi-layer lift off resist.
b T Over etch MRE for undercut.
oxide ] MRE B NN 10 - L 64
Shield 62

60
Base Coat .

FIG. 7a

22 10 26 24

FIG. /b

PM Deposit permanent magnet layer.

Lift off resist.

68 68
/ /

Resist

Degosit insulator.
97 Put down resist.
Clear over MRE
leaving slight overlay of MRE.

Insulator AAVURRRY,

A S
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FIG. 7c

A
SN2 27727777

o5 Etch oxide over MRE.
Strip resist.
Deposit contacts.
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“Again referring to Figure 3, the location of the read sensitivjty "s t
spot" (area of maxi mum sensitivity) aboﬁqdwv_\,hi ch the read sensiai ﬂ/t‘yﬁeq N\A |_
nearly symetrical can be effected by | apping, a process neces®a i ¥ tth
filmheads to control the throat height of an MR head's thin filmwiter

and to expose the MR elenent to the head's air bearing surface so that
magnetic flux fromthe disc's surface may enter the MR elenent efficiently.
For exanple, in the figure, lapping my extend up fromthe bottom of the
figure to a point 30. This uld have no effect on the effective |ocation

of the left-hand contacts 1 in the figure, but it would mdée the initial

| ocation of the ri Fght i th } - }

" nmovenent, in turn, would nove the center of A he 7swe spot" of the read

sensitivity function to the right. isr ement of the "sweet
spot" causes a problemin aligning with athinfilmwiter
which is also physically |locaed on ¥n fil M structure (the
“writer will typically be formed of m Vayer s—suBsequently forned -

FIC. 8

~—— Nominal ABS

3

. L
| ABS Tolerance ! \
Due to Lapping 32 24

FIG. 9

22 12
/ 17 £
4
M M
10

/14/ - 24
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see e.g. U S patent 4,967,298). The location of the "sweet spot"” of the
one shoul d be accurately controlled mﬁ?ﬂﬂ}espect to the "sweet igo " 10k the
other. The shifting of the "sweet spot"” due to lapping is there rg/ Lﬂ
undesirable. A solution to this |apping-induced "sweet spot” shift probl ‘4_

is illustrated in Figure 9. In the figure, the MR elenment is provided with
a narrow extension 32 to the unlapped "air bearing" surface. This extension
32 can be called a "lip". The right hand sense current contact 12 is

provided with an el bow | ocated above the highest point 30 of |apping

tolerance so as to forma vertically extending contact edge 34 to the
unl apped air bearing surface. So constructed, the width of the "lip"

provi des the effective read width of the MR el enent, and the contact

structure nmakes the | ocation of the "sweet spot”
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11" invariant to | apping. H gh resistivi t){ per manent magnet material or
i sol ation gaps prevent di sadvant ageous 8Q[u(_?rent fromflow ng. Cu t
flowwng fromthe "lip" contact edge 34 tends to fl ow perpendic aﬁ]jﬁ(im .
the edge. So directed, this current floww Il primarily be directed /[/4!
parallel to the MR el enent’'s nagnetization vector Mand thus wll provide -
virtually no conponent 'to the sensor' s output response to input nagnetic
flux. This sensor construction is lapping invariant and al so elimnates the
inefficient "back portion” 17 of the elenment as discussed in relation to
the triangular element of Fig. 8. Fig. 10 show a nodification to the basic
design which elimnates the inefficient "back portion" of the el enent but
whi ch does not have a "lip. " Fig.'s 11 and 12 show a fundanental |y
different variation. Here the rectangul ar 8
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MR el ement is rotated approxi mately 45b rr] and is provided with a "lip"
32. Contacts are applied "squared up" 2101 he air bearing surfac;agr er .
than slanted as in the original design. Permanent nmagnetic |aye 2%6 2
are provided along the upper left and bottomright edges of the "dia d/ﬂlq
Al'l these |ayers are patterned during manufacture with their magnetizatio [
vector Mdirected parallel to the air bearing surface, i.e., left to right
in the figure. However, due to induced magnetic "charges" of opposite
polarity being produced by the permanent magnetic |ayers at opposite edges,
t he magneti zation vectort Mof the MR elenent in the central region rotates
so that it is directed b:etween t hese edges, downward at 45 in the figure.
Not e however, that the magneti zation vector Mof the "]ip" remains directed
parallel to the air bearjng surface. This is due to bofh the different
geonetry of the Iip@nd\'\scause the magneti zation at e] enent edges tends to
align itself parallel t o] he air bearing surface edge.jln the figure, the
"l'ip" is provided with a separate stabilization permangent '
]
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e
T

FIG. 14




Tegion" stabilization |ayer 22. 12 Because the permanent ma

and MR el ement magnetization vectors are not directed in the same
direction, the anbunt of permanent nmagnetic | ayer necessary to stabilize

t he domain structure of the MR el ement without introducing a |ongitudinal
biasing field nust be adjusted. The adjustnent is made by nultiplying the
amount necessary when the vectors are aligned according to the follow ng
formul a; wherein for a given boundary the permanent nmagnetic material has a
~magnetization Merr] and a thickness t[err], and the MR el enment has a
magneti zation M2 and a thickness t2, and the

magnetic | ayer 40. However, as suggestﬁﬂlgy Fig. 12, this is a gesign
choice.” The "lip" may al so be stabiliz 1 y. extension of the " fjﬁﬂ
i a/qv}4

10

7
/

/
FIG. 15

I~
[ (=]
™~ ~
//
™
-—
2 o e L
] K | S T ¥
N~ ',’? LS . 3 B ;“g i ?“"




ahgl es between Merr] and Merr] and the boundary are theta[err[larudy zrs
theta[err] respectively, the anmbunt of permanent magnetic material is
chosen such that Merr] * t[err] * sin(theta[err]) = Merr] * tlerr] *
sin(theta2). This sensor configuration has two fundanmental advantages.
First, the sense current contacts may be "squared up" so that they are

| appi ng invariant and still provide a linearized output because sense
current |1 and at-rest magnetization Mw |l be oriented at approxi mately 45.
Second, the sensor has a "lip" which ddes not "read" at all, but instead

acts as a pur dheteare gup peoblems whes using such an asymumetriciMRisensosfin@hi s appr oach
wherein the MR elenent 10 is patterned so that the "left hand" pernanent

nmagnet i C apglicatior sudhSasfOmag@stic @idk drivalintWiich fHeefReseht e edjuirel géween the
| ayer 22 and the MR elenent 10 is direct parallel the head” s air bearing

2 and ent 10 is ey f th
per manonfoRisth 15 = b adophibd Sk vers BRI R AlRREREHC, 0 o

th _
© surface. The first problem is noise and cross-talk because of the excessively long tail on

the read sensitivity function. The second is the use of the sensor to read analog servo
data. Due to the asymmetrical nature of the read sensitivity function, the response to
servo data from left and right are not equivalent - thus requiring special compensation to
make this application practical.

One proposed solution to this problem is to deactivate tﬁe undesired region 16 by
poisoning the MR element (Permalloy) by diffusion or ion implantation. Applicant's |
solution is to substitute for the MR element (Permalloy) in the undésired region another
material where the chaﬂge in resistivity vs. magnetization is essentially zero.

JP 64001112A discloses a magnetoresistive effect type head in which the
production of minute magnetic domains is prevented by providing a permanent magnetic .
material such that it is in contact with bbth ends of the magnetic sensitive track.

JP 52130614 discloses a magnetic head in which leaked magnetic flux is
effectively absorbed by making the magnetoresistive element Sufﬁciently long so that the
signal detection current of the magnetoresistive element may flow in the longitudinal
direction of the recording media.

According to the present invention, there is provided a magnetoresistive sensor

comprising:
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p}eferred MR el ement nmagneti zation |layer, dowward to the right at 45[err].
Al so, the leftmpst sense contact 12 can be configured so that sense current
| flows only in the substantially rectangul-ar area just above the "lip" as
i ndi cated. So configured, the read sensitivity function conpares favorably
to MR sensors with external transverse biasing - but without the loss in
sensitivity caused by the transverse biasing field. . 14 Cains 1. A
magnet or esi stive sensor conprising: a Bhin filmnmagnetoresistive el enent
(10) having at |east one end having unsaturated dipoles in absence of a

Stabi i sing npeiffis thagheforeskifve Rfvhhed® havilp 40 Rhst ik 'efd having unsaturated
dipoles in absence of a stabilising magnetic field, and having a magnetisation vector M,
at least one bias edge not parallel with the magnetisation vector, and having a resistivity
that varies with magnetic flux applied to the magnetoresistive element;

first and second contact means for supplying a sense current I to the
magnetoresistive element;

a thin film permanent magnetic layer aligned in a substantially adjacent and co-
planar relationship with at least a portion of the or each bias edge of the magnetoresistive
element;

- and characterised in that

the permanént magnét layer is in contact with the first and second contact means
and current flow through the permanent magnet layer between the first and second
contact means and the magnetoresistive element is substantially inhibited, and

the first and second contact means have respective contact edges, at least a portion
of the contact edges being disposed relative to the or each bias edge and at an angle to the
magnetisation vector to form an active sense region in the magnetoresistive element
between said angled contact edge portions and to form an iné'ctive region in the

magnetoresistive element in which current does not primarily flow from one angled

fome

contact edge to the other.
The invention comprises patterning the MR element so as to substaﬁtially

eliminate the undesired "read sensitivity" region such as illustrated in Figure 1, and then

stabilizing the patterned element using a hard or permanent magnetic layer at the
" This is the replacement sheet
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vector (M, at |east one bias edge not parallel with the magnetisation
vector, and having a resistivity that varies with nagnetic flux applied to
t he magnetoresistive elenent; first and second contact neans (12) for
supplying a sense current (1) to the magnetoresistive elenent (10); a thin
fil mpermanent magnetic |ayer (22,24) aligned in a substantially adjacent
and co-planar relationship with at |east a portion of the or each bias edge
of the magnetoresistive elenent; and @aaracterised in that the pernanent
magnet |ayer is in contact with the first and second contact neans and

current cettai drids of tHe NReelOMENTR Bolind A %0Sis th lifiindée theaaRridl Aefnagidtiz
second contact neans and the nagnetoresistive elenent is substantially

i nhi by t ' ' e ' cont act

cdges] - S EdeA Bolthdates $HRRATRASE e ABhAlE p FRERR: AN nlGRR TR, Ve "
' I h

the of ev%figh,bih%sm?g ueseéle Bgr tausaeg n%?sge \3hetn0th¢t: el%ment is used as a magnetic field

sensor. The total magnetic flux of the permanent magnet layer at a boundary (essentially
proportional to the magnetization times the layer's thickness) may be held approximately
the same as the total magnetic flux of the region of the MR element that was eliminated
as above described. This prevents the permanent magnet layer from inducing an
undesired longitudinal bias field in the sense region of the MR element. Such
longitudinal bias fields act to reduce the element's sensitivity to input transverse magnet
fields.

When the magnetization of the respective sectors have the same direction at the
boundary, this may be accomplished by holding the magnetization times thickness of the
permanent magnet layer to a value which is approximately the same as the magnetization
times thickness of the MR element. When the magnetizaﬁon vectors differ in direction,
the pole densities established by the moment discontinuities must be matched.

Embodiments of the present invention will now be described with refe;rence to the
accompanying drawings, of which:

Figure 1 is a plan view diagram of the éssential layers of a conventional, canted-
current MR sensor.

Figure 2 shows the read sensitivity function for the sensor of Figure 1.

Figure 3 is a diagram of a Magnetoresistive sensor according to a preferred

embodiment of the present invention.

This is the replacement sheet
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nhgnetisation vector to forman active sense region in the nmagnetoresistive
el ement between, said angl ed contact edge portions and to forman inactive
region  in the magnetoresistive elenment in which current does not primarily
flow fromone angl ed contact edge to the other. This 'is the replacenent
sheet 15 2. A magnetoresistive sensor as clainmed in claim1l1, wherein
the current flow through the pernmanent magnet |layer is inhibited by a gap
(26) between the magnetoresistive el enent and the.magnet |ayer. 3.
magnet or esi stive sensor as clained in €laim2, further conprising an

| ectrical . . . : . . .
© Figure 3 is a diagram of a preferred embodiment of the present invention. The

figure shows a canted-current configured magnetoresistive sensor in which the éurrent
contacts 12 are substantially canted across the MR element while the magnetization
vector M of the element is aligned along the width of the sensor. In the figure, the MR
element is defined as a substantially square element 10, centered between the gap in
current contacts 12. The ends of the MR element are stabilized by permanent magnetic
layers 22 and 24. The permanent magnetic layers 22 and 24 abut the ends of the square
MR element, but are separated therefrom by small gaps 26. The sense current contacts
12 overlay these layers and have edges which cross the MR element at approximately 45°
to M, with the distance between the contacts chosen such that the points 28 and 28’
where the respective contacts 12 cross the gaps 26 lie close to the horizontal center of the
MR element.

In this configuration, the sense current I flows between the contacts 12
substantially only in a central region defined between these two intersections, 28 and 28',
and does not flow through the undesired region 16 due to gaps 26. The elongated tail in
the read sensitivity function on the left is therefore eliminated.

Because the effective sense current ié. confined as above described, the read
sensitivity function is substantially symmetrical and "squared up" as illustrated in Figure
4. The output from region 16 is eliminated, cutting off the troublesome tail 20 in Figure
2.

Turning to Figures 5a and 5b, which are partial cross-sections along 5a-5a' and 5b-
5b' in Figure 3, the permanent magnetic layers 22 and 24 are shown in combination with
Magnetoresistive element or layer 10 and metallic current contacts 12. Due to the
requirement to control the magnetic boundary conditions between the permanent layers 22
and 24 and the magnetoresistive layer 10, which will be discussed subsequently, the
magnetoresistive layer 10 will typically be substantially the same thickness as the permanent
magnetic layer 22. Conventionally, the magnetoresistive layer will be on the order of 30nm

(300 A) thick. As illustrated in the figure, the preferred permanent 7S is the replacement sheet
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i nsul ator materi al (23,25) interposed in said gap. 4. A magnet oresi stive
sensor as clained in claim1, wherein the current flow through the

per manent magnet layer is inhibited by the resistivity of the permanent
magnet | ayer being substantially higher than the resistivity of the
magnet or esi stive el enent. 5. A magnet oresi stive sensor as clained in any
one of clains 1 to 3, in which the thickness of the pernmanent nagnetic

| ayer is substantially the sane as the_thickness of the magnetoresistive

el enent. 6. A magnet oresi stive sensdr as clained in claim5, in which

Lhe ber TEIE GRAelet BUSE chtsd HRANEL SRt L Ko it St Suct s o
el ement. A1,05. Next another layer 68 of resist is deposited over the insulator and patterned to
expose 70 most of the MR layer 10, leaving small areas along the edgé of the MR
element covered by the resist. Using this fesist mask 68, the insulator 27 is removed
from over the MR sensor with an appropriate process such as selective chemical etching
or ion milling to thereby expose the MR layer in this central gap region 70.

Thereafter, the resist 68 is striped and the contacts 12 and 12' are deposited and
patterned using conventional processes, resulting in the structure shown in Figure 7d,
which is substantially the same as the structure shown in Figure 6b. |

If one employs standard chemical techniques to remove photoresist, the bi-layer
resist 66-67 of Fig. 7a may be replaced by a conventional single-layer resist.

Further, the process shown in Fig.'s 7a-d can be modified to produce the sensor
structure of Fig. 3 by skipping the steps illustrated in Fig. 7c. |

Figure 8 represents a variatioﬁ designed to maximize the current efficiency of the
sensor. In the figure, the MR element 10 has been configured as a triangle so as to
eliminate the inefficient upper right band portion 17 of the MR element. So configured,
all current flowing between the contacts 12 will be favorably angled with respect to the
at-rest MR element magnetization vector M. Current flowing in the corresponding
portions 17 of rectangular MR elements, such as shown in Figure 3, operates on less flux
than in portions closer to the air bearing surface and further, similar to region 16, has
current which flows at angles substantially parallel to M. As a result, the operation of
the MR sensor in such a region is highly inefficient.

Due to these considerations, the use of a triangular sensor. and high resistivity
permanent magnetic layer is expected to reduce overall current by a factor of 2, but also
is expected to reduce sensor output only 25%, hence the current efficiency of the sensor
is enhanced.

The orientation of the MR element's magnetization M at boundary 38 of the

triangular MR element is directed left to right in the figure so that the respective
This is the replacement sheet
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16 7. A magnet oresi stive sensor as clainmed in any one of the preceding
claims, wherein.the.first and second contact nmeans intersect with the or
each bias edge. 8. A magnet or esi stive sensor as claimed in any one of
claims 1 to 6, wherein the first and second contact nmeans |ies contiguous .
to the or each bias edge. 9. ‘A magnetoresi stive sensor as clained in any
one of the preceding clains, in which said element has a second bias edge
substantially parallel to the first bias edge. 10. A magnet or esi stive
sensor as clained in any one of the pre4cedi ng clains, in which said el enent
has a centre line which intersects thel%r each bias edge at an intersection
point (28,28') and wherein the contact means (12) also intersects the or
each bi delalmge at the intersection point. 11. A magnet or esi stive sensor
as clainmed in any one of clains 1 to 8, in which said
1. A magnetoresistive sensor comprising:

a thin film magnetoresistive element (10) having at least one end having
unsaturated dipoles in absence of a stabilising magnetic field, and having a magnetisation
vector (M), at least one bias edge not parallel with the magnetisation vector, and having a
resistivity that varies with magnetic flux applied to the magnetoresistive element;

first and second contact means (12) for supplying a sense current (I) to the
magnetoresistive element (10);

a thin film permanent magnetic layer (22,24) aligned in a substantially adjacent
and co-planar relationship with at least a portion of the or each bias edge of the
magnetoresistive element;

and characterised in that

the permanent magnet layer is in contact with the first and second contact means
and current flow through the permanent magnet layer between the first and second
contact means and the magnetoresistive element is substantially inhibited, and

the first and second contact means have respective contact edges, at least a portion
of the contact edges being disposed relative to the or each bias edge and at an angle to the
magnetisation vector to form an active sense region in the magnetoresistive element

between said angled contact edge portions and to form an inactive region in the

magnetoresistive element in which current does not primarily flow from one angled

contact edge to the other.

- .
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el ement has a sensor edge for being presented to a magnetic disc. 12. A
magnet oresi stive sensor as claimed in claim1l, in which said elenent has
an edge not being the bias edge nor the sensor edge which is disposed at an

angl e of 45[err] to the bias edge and the sensor edge. 13. A
magnet oresi stive sensor as clained in claim12, in which said el enent
further includes a lip (32) cotermnous wth the sensor edge. 17 14. A

nmet hod of making the magnetoresistive EKensor of any one of clains 1 to 13
conprising: laying down a thin filmlayer of nagnetoresistive materi al
(10);

2. A magnetoresistive sensor as claimed in claim 1, wherein the current flow
through the permanent magnet layer is inhibited by a gap (26) between the

magnetoresistive element and the magnet layer.

3. A magnetoresistive sensor as claimed in claim 2, further comprising an electrical

insulator material (23,25) interposed in said gap.

4. A magnetoresistive sensor as claimed in claim 1, wherein the current flow
through the permanent magnet layer is inhibited by the resistivity of the permanent
magnet layer being substantially higher than the resistivity of the magnetoresistive

element.

5. A magnetoresistive sensor as claimed in any one of claims 1 to 3, in which the
thickness of the permanent magnetic layer is substantially the same as the thickness of the

magnetoresistive element.

6. A magnetoresistive sensor as claimed in claim 5, in which the permanent

magnetic layer has a magnetisation vector which is approximately equal to the

magnetisation vector of the magnetoresistive element.

This is the repiacement sheet

LI e



d'éposi'ti ng and patterning on said. |layer a resist mask (66,67); etching the
magnet oresi stive material to renove unmasked portions of the .
. magnetoresistive material; and depositing a | ayer of permanent nagnetic

material (22,24); lifting off said resist, thereby leaving a gap (26)
bet ween the magnetoresistive material and the pernmanent magnetic material.
15. A nethod as-clainmed in claim15, wherein the etching step further

conprises over etching the nmagnetoresiBiive elenent to remove not only _
unmasked portions of the magnetoresistive material but also a small portion

of the ‘lnyer Km%gﬂétd?&siéﬁir@ seriot @ Blaffiéd Mianfeoné of Hie rec&liﬂ%&ﬁﬁﬁ's 39hérbial med
0

in clpiml14 t further conprising the Subsequent ste ‘deposi ting a

| ayer| of weleGt i GBbordabiladt iy BleElebAlvith 20 or each bias edge.

8. A magnetoresistive sensor as claimed in any one of claims 1 to 6, wherein the

first and second contact means lies contiguous to the or each bias edge.

9. A magnetoresistive sensor as claimed in any one of the preceding claims, in

which said element has a second bias edge substantially parallel to the first bias edge.

10. A magnetoresistive sensor as claimed in any one of the preceding claims, in
which said element has a centre line which intersects the or each bias edge at an
intersection point (28,28') and wherein the contact means (12) also intersects the or each

bias edge at the intersection point.

11. A magnetoresistive sensor as claimed in any one of claims 1 to 8, in which said

element has a sensor edge for being presented to a magnetic disc.

12. A magnetoresistive sensor as claimed in claim 11, in which said element has an
edge not being the bias edge nor.the sensor edge which is disposed at an angle of 45° to

the bias edge and the sensor edge.

13. A magnetoresistive sensor as claimed in claim 12, in which said element further

includes a lip (32) coterminous with the sensor edge.
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déposi"'ti ng a layer of resist (68); patterning said | ayer to expose said

electrical insulating |ayer over said nagnetoresistive material, |eaving
the resist over a snmall portion of the nmagnetoresistive naterial opposite
t he permanent magnetic material; This is the replacenent sheet 18

etching the unmasked portion (70) of said electrical insulating layer to
expose the MR el enent; and depositing and patterning canted el ectri cal
contacts (12) over said electrical insulating |layer and said
magnet or esi stive | ayer.
17

14. A method of making the magnetoresistive sensor of any one of claims 1 to 13
comprising:

laying down a thin film layer of magnetoresistive material (10);

depositing and patterning on said layer a resist mask (66,67);

etching the magnetoresistive material to remove unmasked portions of the
magnetoresistive material; and

depositing a layer of permanent magnetic material (22,24);

lifting off said resist, thereby leaving a gap (26) between the magnetoresistive

material and the permanent magnetic material.

15. A method as claimed in claim 15, wherein the etching step further comprises over
etching the magnetoresistive element to remove not only unmasked portions of the
magnetoresistive material but also a small portion of the layer masked by the pattern

resist mask.

16. A method as claimed in claim 14 to 15, further comprising the subsequent steps
of:

depositing a layer of electrical insulating material (27);

depositing a layer of resist (68);

patterning said layer to expose said electrical insulating layer over said

magnetoresistive material, leaving the resist over a small portion of the magnetoresistive

material opposite the permanent magnetic material;
This is the replacement sheet
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18

etching the unmasked portion (70) of said electrical insulating layer to expose the
MR element; and
depositing and patterning canted electrical contacts (12) over said electrical

insulating layer and said magnetoresistive layer.
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MA T ISTIVE SENSOR & METHOD OF MAKING THE SAME

A method of making an MR sensor having a nearly symmetric read sensitivity
across the sensor by using permanent magnet boundary (26) control. The sensor's MR
element is patterned to eliminate portions of the MR element (10) between the electrical
contacts (12) which contribute to undesired read sensitivity. The MR element is
maintained in a single domain state using abutting permanent magnets (22, 24)

electrically isolated from the MR element.

Fig. 3
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