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Back f vention

Conventional magnetoresistive (MR) sensors, such as those used in
magnetic recording disk_ drives, operate on the basis of the anisotropic
magnetoresistive effect in which a component of the read element resistance
varies as the square of the cosine of the angle between the magnetization in the
read elemeht and the direction of sense current, flow through the read element.
Recorded data can be read from a magnetic medium because the external
magnetic field from the recorded magnetic medium (the signal field) causes a
change in the ciirection of magnetization in the reed element, which in turn
causes a change in resistance in the read element and a corresponding change
in the sensed current or voltage.

A different and more pronounced magnetoresistance, called giant
magnetoresistance (GMR), has been observed in a variety of magnetic
multilayered structures, the essential feature being at least two ferromagnetic
metal layers separated by a nonferromagnetic metal layer. The physical origin
of the GMR effect is that the application of an external magnetic field causes a
variation in the relative orientation of neighboring ferromagnetic layers. This

-in turn causes a chaﬁge in the spin-dependent scattering of conduction

electrons and thus the electrical resistance of the structure. The resistance of
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magnet or esi st ance (GWR), has been observed in a variety of magnetic

mil tilayered structures, the essential feature being at |east two
ferromagnetic nmetal |ayers separated by a nonferronmagnetic netal |ayer. The
physical origin of the GWR effect is that the application of an external
magnetic field causes a variation in the relative orientation of )

nei ghboring ferromagnetic layers. This in turpn causes a change in the

spi n-dependent scattering of conduction electfons and thus the el ectrical
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~ the two layers. This results in a spin valve magnetoresistive (SVMR) sensor in
which only the unpinned or free ferromagnetic layer is free to rotéiée in'the
- presence of any small external magnetic field. IBM’s U.S. Patent 5,206,590
discloses a basic SVMR sensor. IBM’s co-pending application Serial
No. 08/139,477, filed October 15, 1993, describes a SVMR sensor wherein the
pinned layer is a laminated structure of two ferromagnetic films separated by a
nonmagnetic coupling film such that the magnetizations of the two !
ferromagnetic films are strongly coupled together antiferromagnetici:ally in an
antiparallel orientation.

Most previously described SVMR sensors use Fe-Mn, typically Feg,Mng,,
as the antiferromagnetic layer deposited on the pinned layer for exchange
coupling to fix or pin the magnetization of the pinned layer. Through exchange
anisotropy with the Fe-Mn antiferromagnet, the magnetization of the pinned
layer is held rigid against small field excitations, such as those that occur from
the signal field to be sensed. Fe-Mn couples to nickel-iron (Ni-Fe), cobalt (Co),
and iron (Fe) with an interfacial energy of 0.08 erg/cm?®, and therefore is able to
provide an exchange bias field in excess of the 200 Oerstead (Oe) for. typical
pinned layer magnetic moments. This is sufficient exchange energy to provide
reasonably stable SVMR sensors. However, because Fe-Mn has poor corrosion
properties, it is desirable that SVMR sensors without it be developed. There are
a number of alternative antiferromagnet candidates with better corrosion

properties than Fe-Mn that might be capable of use in SVMR sensors.
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di-scl oses a basic SVMR sensor. |BM s co-pending application Serial No.
08/ 139, 477, filed Cctober 15, 1993, describes a SVMR sensor wherein the

pinned | dyer is a laminated structure of two ferromagnetic filns separated
by a nonmagnetic coupling filmsuch that the magneti zations of the two
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exchange field and high coercivity is unacceptable because the pinned lgyer is
unstable against the application of moderate fields, including the
demagnetizing field arising from the pinned layer itself.

Most previously described SVMR sensors also have the free layer on the
bottom or adjacent to the sensor substrate with the pinned layer on top.
Because SVMR read sensors for magnetic recording disk drives will be required
to be used with very narrow track widths on the magnetic media, SVMR sensor
structures with sophisticated longitudinal bias of the free layer will be required
for magnetic domain noise suppression. One proposed scheme requires that the
free layer be on top of the structure, with the pinned layer on the bottom or
adjacent to the sensor substrate. However, it is not possible to merely invert
the order of deposition of the spin valve layers and obtain the same film
properties because of the differences in how the layers grow on one another. All
SVMR sensors have an interlayer exchange coupling field (H;) between the free
and pinned layers caused by such things as magnetostatic interactions, pin
holes in the films and electronic effects. It is desirable to have a SVMR sensor
with a generally low H;,. However, SVMR sensors with the pinned layer on the
bottom would require thinner Fe-Mn layers (e.g., 90 A instead of 150 A) to
obtain an H; lower than approximately 25 Oe. But these thinner Fe-Mn layers

are undesirable because they have a lower blocking temperature (e.g., 130 degC
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-3~ However, these corrosion-resistant antiferromagnetic nmaterials either
have too small an exchange ani sotropy or produce too high a coercivity in
t he exchange-bi ased pinned | ayer. The use of nickel-oxide (NNO as a
repl acenent for Fe-Mh in SVMR sensors has been described by H Hoyashi et

al ., Journal of the Magnetism Society of Japan, Vol. 18, p. 355 (1994); and ~

T.C. Anthony et al. IEEE Transactions on Maggpetics, Vol. MAG 30, p. 3819
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" What is needed is an SVMR sensor that has a corrosion-resistant
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antiferromagnet that also provides good exchange anisotropy for the pinned
layer and that has a blocking temperature higher than approximately

130 degC. The antiferromagnet should also be able to serve as the insulating
material in the MR read gap. |

Summary of the invention

The SVMR sensor according to the present invention uses a laminated
antiparallel (AP) pinned layer in combination with an improved
antiferromagnetic (AF) layer. In this structure, the pinned layer comprises two
ferromagnetic films separated by a nonmagnetic coupling film such that the
magnetizations of the two ferromagnetic films are strongly coupled together
antiferromagnetically in an antiparallel orientation. This laminated AP pinned
layer is magnetically rigid in the small field excitations required to rotate the
free layer. When the magnetic moments of the two ferromagnetic layers in this
AP pinned layer are nearly the same, the net magnetic moment of the pinned
layer is small. As a consequence, the exchange field is correspondingly large
because it is inversely proportional to the net magnetic moment. The laminated

AP pinned layer has its magnetization fixed or pinned by an AF material that is
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invert the order of deposition of the spin valve |ayers and obtain the sane
filmproperties because of the differences in how the |ayers grow on one
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t he pinned an rs) at very small thicknesses. Thus, to achieve
very high denhngytuénmlrhiaaggtdféhwﬁ'eeémrgmerb&wﬁm sensonis feRrisatesh ds st

be very For a fuller understanding of the nature and advantages of the present
mventmn, reference should be made to the following detailed descnptmn taken

together with the accompanying figures.

Brief D ipti h wi

Fig. 11is a simplified block diagram of a magnetic recording disk drive for
use with the SVMR sensor according to the present invention.

Fig. 2 is a top view of the disk drive of Fig. 1 with the cover removed.

Fig. 3 is an exploded perspective view of a prior art SVMR sensor.

Fig. 4 is a sectional view of the SVMR sensor of Fig. 3, but rotated
90 degrees.

Fig. 5 is a sectional view of the SVMR sensor according to the present
invention.

| Fig. 6 is the M-H loop of a SVMR sensor using an Ni0-based laminated
AP-pinned structure (NiO/Co/Ru/Co) over a 400 Oe magnetic field excursion
showing little rotation of the laminated AP-pinned layer. '

Fig. 7 is a graph of the magnetoresistance versus applied magnetic field
of a SVMR sensor using an Ni0-based laminated AP-pinned structure
(NiO/Co/Ru/Co) over a 400 Oe magnetic field excursion showing only a slight
reduction in magnetoresistance amplitude at the highest fields.

Fig. 8 is a graph of the magnetoresistance versus applied magnetic field

of a SVMR sensor using an Ni0-based laminated AP-pinned structure
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thin, typically below 2000 A This places constraints upon the electrical
contl nuity of the gap material, which nust electrically isolate the SVMR
sensor fromone or both of the MR shields. What is needed is an SVMR sensor
that has 'a corrosion-resistant antiferromagnet that also provi des good
exchange ani sotropy for the pinned |ayer and that has a bl ocki ng '

t enperature higher than approximately 130 degC. The antiferromagnet should
al so be able to serve as the insulating mater@al in the MR read gap.
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its magneti zation by an AF material that is |
(A) a SVMR sensor with a conventional single Co layer pinned by a Fe,;Mng,

layer, (B) a SVMR sensor with a conventional Co/Ni-Fe pinned layer pinned by
a (Feg,Mngy)y;Cr; layer, and (C) a SVMR sensor with a laminated AP-pinned
layer (Co/Ruw/Co) pinned with a (Fe;Mny,)s,Cry layer.

Prior Art
Although the SVMR sensor of the present invention will be described as
embodied in a magnetic disk storage system, as shown in Fig. 1, the invention is
also applicable to other magnetic recording systems, such as a magnetic tape
recording system, and to magnetic random access memory systems wherein a
magnetoresistive element serves as a bit cell.
Referring to Fig. 1, there is illustrated in sectional view a schematic of a
prior art disk drive of the type using an MR sensor. The disk drive comprises a
base 10 to which are secured a disk drive motor 12 and an actuator 14, and a
~ cover 11. The base 10 and cover 11 provide a substantially sealed housing for
the disk drive. Typically, there is a gasket 13 located between base 10 and
cover 11 and a small breather port (not shown) for equalizing pressure between
the interior of the disk drive and the outside environment. A magnetic
recording disk 16 is connected to drive motor 12 by means of hub 18 to which it

1s attached for rotation by the drive motor 12. A thin continuous lubricant



-8 highly corrosion resistant but that has an exchange anisotropy too |ow
to be usable in conventional SVMR sensors. In the preferred enbodi nent the
AF layer is NNO and is forned on one of the MR shields that serves as the
substrate. Thus the AF material also serves as the insulating MR gap

material. The location of the AF |ayer and the | am nated AP-pinned 1ayer to~
which it is exchange coupled on the bottom of the SVMR sensor allows for
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fabricated. For ersta nature an nt ages of the
present i nventtrmdurcezf%mmﬂmmebm1hngenﬂ@fhhanﬁeﬂ Isach ag atetiabeadng

description ta gther with the acconmp | figures. Brief Descrlptlon
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Fig. 2 is atop view of the disk drive of Fig. t he cover renoved.

Fig. 3 is an &xpd mbejdwré:pécfrheeshdueeaﬂmcmmedrto&h@ assmxsb%mbnmeamsgvf a4
's a sect onalngiva %meoéz & aSs\lé'é/pRexfs?QE %. Q‘fhe gpension 2'4 prc%tlgéseéj blga%ugfﬁ
that urges the slider 20 onto the surface of the recording disk 16. During
operation of the disk drive, the drive motor 12 rotates the disk 16 at a constant
speed and the actuator 14, which is typically a linear or rotary voice coﬂ motor
(VCM), moves the slider 20 generally radially across the surface of the disk 16
so that the read/write head 25 may access different data tracks on disk 16.

Fig. 21is a top view of the interior of the disk drive with the cover 11
removed, and illustrates in better detail the suspension 24 that provides a force
to the slider 20 to urge it toward the disk 16. The suspension may be a
conventional type of suspensibn, such as the well-known Watrous suspension,
asidesczibed in assignee's U.S. Patent 4,167,765. This type of suspension also
proﬁdes a gimbaled attachment of the slider which allows the slider to pitch
and roll as it rides on the air bearing. The data detected from disk 16 by the
head 25 is processed into a data readback signal by signal amplification and
processing circuitry in the integrated circuit chip 15 located on arm 22. The
signals from head 25 travel via flex cable 17 to chip 15, which sends its output
signals via cable 19.

The above description of a typical magnetic disk storage sysiem, and the
accompanying Figs. 1 and 2, are for representation purposes only. Disk storage
systems may contain a large number of disks and actuators, and each actuator
may support a number of sliders. In addition, instead of an air-bezaring slider,
the head carrier may.be one which maintains the head in contact or near
contact with the disk, such as in liquid bearing and other contact recording disk
drives.



Fig. 5is a sectional view of the SVMR sensor according to the present
Ynvention. Fig. 6 is the MH loop of a SVMR sensor using an N O based

| am nat ed AP-pinned structure (N O Co/Ru/Co) over a 400 Ce magnetic field
excursion showing little rotation of the | am nated AP-pinned layer. Fig. 7
is a graph of the magnetoresistance versus applied magnetic field of a SVMR
sensor using an Ni O based | am nated AP-pinned structure (N O Co/ Ru/ Co) over
a 400 Ce magnetic field excursion showi ng-ohly a slight reduction in
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substantially larger than in conventional SVMR sensors. Fig.. 9 is_a graph

of the nmagnefesrasagneticmatenaus thispnonfermempgaetie metallis spacer loyRRS Tand?

using a Ni O based singl e ' ' ;Fﬁle i o fahd
excur si on of s%ﬁﬁg t Q%Sﬁbgé?gel‘?%@vg% Ecta%g [ él@o@%ﬁ%’%%& ﬁ'lll%i g. 10
shows the S\VpBtsEReaisdashons irethie dikkidrivemystoentf Figsehendi?, and the

substrate 31 may be the trailing end of the head carrier or slider 20. In the

absence of an externally applied magnetic field from the recorded magpetic
medium, the magnetizations of the two layers 35, 39 of ferromagnéﬁc material
are oriented at an angle, preferably of about 90 degrees, with respect to each
other as indicated by arrows 32 and 38, respectively. The ferromagnetic

layer 35 is called the "free" ferromagnetic layer in that its magnetization is free
to rotate its direction in response to an externally applied magnetic field (such
as magnetic field h from the magnetic medium, as shown in Fig. 3), as shown by
the dashed arrows on layer 35. The ferromagnetic layer 39 is called the
"pinned” ferromagnetic layer because its magnetization direction is fixed or
pinned in a preferred orientation, as shown by arrow 38. A thin film layer 41 of
an exchange biasing antiferromagnetic material having relatively high
electrical resistance is deposited in direct contact with the ferromagnetic

layer 39 to provide a biasing field by exchange coupling. Layer 41 thus pins the
magnetization of the ferromagnetic layer in a preferred direction so that it
cannot rotate its direction in the presence of an applied external magnetié field
having a strength in the range of the signal field. The exchange bias layer 41 1is
typically iron-manganese (Fe-Mn). This material has relatively poor corrosion
resistance. However, because the pinned layer typically has a net magnetic
moment equivalent to approximately 30-100 A of Ni-Fe, this material provides
the desired level of exchange coupling to fix the magnetization direction of the

pinned layer.
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where the N O based |am nated AP-pinned layer is located on top. Fig. 11 is
a graph of nmagnetoresistance versus applied magnetic field for (A) a SVMR
sensor with a conventional single Co |layer pinned by a [err] layer, (B) a
SVMR sensor with a conventional Co/N -Fe pinned | ayer pinned by a [err]

| ayer, and (C) a SVMR sensor with a | am nated AP-pinned | ayer (Co/Ru/ Co)
pinned with a [err] layer. Detailed Descrigtion of the Invention Prior Art
Al t hough the SVMR sensor of the present invention will be described as
enbodi ed i n a magiigt #ds disektienalvagge of the simyctuze effoign3i butiogated 9G degrees
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magnetization in the free layer 35 to be nonuniform. Because the free layer 35
is relatively short in the SVMR sensor, nonuniformity of the magnetization can
-cause portions of the sensor to saturate prematurely in the presence of an
externally applied signal field from the magnetic medium. The SVMR sensor is
the typical spin valve structure in that the free layer 35 is on the bottom or
adjacent the sensor substrate.
Preferred Embodiments

In the SVMR sensor of the present invention, the conventional
single-layer pinned ferromagnetic layer is replaced by a laminated structure
comprising at least two ferromagnetic films separated by a thin
nonferromagnetic film that provides antiparallel coupling (APC) of the two
ferromagnetic films. This laminated antiparallel (AP) pinned layver is described
in co-pending U.S. application Serial No. 08/139,477. The antiparallel coupling
(APC) film is of the appropriate type and thickness to allow the two
ferromagnetic films to be antiferromagnetically coupled o one another, and in
the preferred embodiment is approximately 2-8 A ruthenium (Ru). This
laminated pinned layer is then located on the bottom of the SVMR sensor near
the substrate, and the antiferromagnetic (AF) layer for pinning the laminated
pinned 1ayerl is selected from a group of antiferromagnetic materials having

relatively high corrosion resistance. The AF layer may be of 2 material having



gis attached for rotation by the drive nmotor 12. A thin continuous | ubricant

-7- filmb50 is maintai ned on the surface of disk 16. A read/wite head or

transducer 25 is formed on the trailing end of a carrier, such as an

air-bearing slider 20. Transducer 25 may be an inductive read and wite

transducer or an inductive wite transducer wth a nmagnetoresistive (M)

read transducer. of the type to be describgﬂj The slider 20 is connected to
w0

the actuator. 14 b ans_of a rigi [T\ 2 n nensi
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surface of treudeaatodivantich SVIMR Jodkbmkg operation of the disk drive, the
drive notor 12 rotates the disk 16 at _a_constant speedl and t he actyator 14,
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as described Tn assignee's U S Patent 4,167,765. This type of suspension
al so layers, and may not be needed depending on the substrate. If used, the seed
layer may be formed of tantalum (Ta), zirconium (Zr), nickel-iron (ﬁi—f‘e), or
Al,Q,. The antiferromagnetic (AF) layer 57 is preferably nickel-oxide (NiO).
The NiO AF layer 57 is deposited onto seed layer 55 by any conventional
method, such as sputtering a NiQO target or sputtering a Ni target in the
presence of an oxygen-containing gas, to the thickness at which the desired
. exchange properties are achieved, typically 200-500 A. The PF,/APC/PF,
laminated pinned layer 70 is formed on AF layer 57. The two ferromagnetic
layers 72, 74 (PF, and PF,) are preferably formed of Co, have equal or nearly
equal magnetic moment and are separated by an antiparallel coupling (APC)
ﬁlm 73 of nonmagnetic material that allows PF, and PF, to be strongly coupled
together antiferromagnetically. The two Co films 72, 74 in the laminated
AP-pinned layer 70 have their magnetization directions oriented antiparallel,
- as indicated by arrows 75, 76. The antiparallel alignment of the
magnetizations of the two films 72, 74 is due to an antiferromagnetic exchange
coupling through the APC film 73. Because of this antifefromagnetic coupling,
and because the two Co films 72, 74 have substantially the same thickness, the
- magnetic moments of each of the films nearly cancel each other so that there is
very little or essentially no net magnetic moment in the laminated AP-pinned
layer 70. This results in an amplification of the exchange field above that
which would be present if only layer 72 were used as a single pinned layer

pmned by AF layer 57.



provides a ginbaled attachnment of the slider which allows the slider to
pitch and roll as it rides on the air bearing. The data detected from disk
16 by the head 25 is processed into a data readback signal by signal
anplification and processing circuitry in the integrated circuit chip 15
| ocated on arm 22. The signals fromhead 25 travel via flex cable 17 to
chip 15, which sends its output signals vig,;cable 19. The above ‘description
of @ typical magng Lémfict i SUREE st 8ot {fiteALCRFBIIPIG bldSq 1 and
2, are for representation purposes only. D sk storage’systens may contain a
| ar ge nunberowthelserkad demtomagueito fidm 7&md1e&eafexmmwmtidﬂayesﬁ:ﬁ>plﬁmhsa nunber
of sliders. }in additjon, instead.of an air-bearin Ider,. th e carrier
mmy be one’ vIRFER R ERRRSES FEeh B ThR SorRine FHvst SAQCP) coMFIREE R EFe  he

di sk, such aferidmidriticlahere3d.ntn eiclaliehed ofRNhplied BEQA! theGedli sk drives.

-8- Referring nowto Fig. 3, a prior art, SYMR sensor 30 conprises-a

sui t abl e sub®rremeegreticdarer 63 has Hsnagnetizatien asis ariensed twthridirestionf or )
exanpl e, upo ' ' osjt r : i i N
Cayer 35 of gl FRARRL IR FnePalf ool th i Blentiealloh B 7 1
spacer | ayer76df theinaed films 72, 74.

The AF layer 57 may be any relatively high corrosion resistant

antiferromagnetic material. However, it must provide sufficient e:';c;hax;lge
energy for the laminated pinned layer 70 such that the ascending or descending
magnetization loop (M-H loop) of the AF/PF,/APC/PF, structure is generally flat
for at least an applied field range of approximately +/-200 Oe centered around
zero. When that criterion is met there is little or no rotation of the
magnetization of PF, or PF, and thus no adverse effect on the
magnetoresistance of the SVMR sensor at low field levels. When using an AF
layer 57 with exchange energy less than ti:hat of ¥e-Mn, this criterion is
achieved by using t_hg laminated AP-pinned layer shown in Fig. 5.

The SVMR sensor with the NiO based AP-pinned layer was fabricated in
the following manner. A 420 A NiO AF layer was deposited on a clean glass
substrate by RF magnetron sputtering from a NiO target. (The use of a Ni
target in the presence of a reactive gas that includes oxygen will also yield a
sputter deposited NiO layer). No seed layer was used on the glass substrate.
The NiO layer was deposited in the presence of a magnetic field of several
hundred Oe, but an applied field during deposition is not necessary. After
deposition of the NiO layer, the sample was removed from the NiO deposition
system and transported in air to a second deposition system. The sample was
introduced to the second deposition system and etched with 500 eV argon (Ar)
ions for 100 seconds using a conventional ion beam source. This cleaned the
NiO surface and resulted in the removal of about 10 A of surface material.



.

second thin |ayer 39 of ferromagnetic material. The MR sensor 30 may form
part of transducer 25 in the disk drive systemof Figs. 1 and 2, and the
substrate 31 may be the trailing end of the head carrier or slider 20. In
t he absence of an externally applied magnetic field fromthe recorded
magneti c nedium the magnetizations of the two |layers 35, 39 of ’
ferromagnetic nmaterial are oriented at an-amgle, preferably of about 90
degrees, w thAfRsReckingahe irhimitbé Coftu/Codik-pimedigyar amveh@RmmdirgBfilms
respectively. The ferromagnetic layer 35 is called tE_lhe "“free" f.error%gn tic
| ayer in that Were dgaefitad BPConagretronapyitering hilejthe samnle Maginag 3 nse
to an externa |4 | Cofi PRgN el ' ; { t he
magneti c medi #%g-;%@i% s%gﬁhg?%{]@:ég&léﬁ"?kg%&zﬂ%%@? theq%daes J;eﬂ()jﬂ?aérjlrr{(;z\ivfss If)gr{é

| ayer “35. The ashtifervomgpeéticdémpnr state, andeald wdultibe Go/Rnki pitoed daxegroay c

| ayer because its pmgneti.zation direction.i I xed;pr _pinned i.n a preferred
orientation, 28 Eﬂb‘a\% sbtg,gla %95“35’.19% anﬁifi ’fﬁ%ﬁnﬁ%‘&’ %ﬁ‘fadexphange
bi asi ng ant i  gido1MREHRS1sttncdBingplittide N THePorel itk Uehasitiérd b HeRlints Gl :
resistance is deposited in direct contact wwth the ferromagnetic |ayer 39

to provide a samplewas hehteddy abeve thayNiQ enpif¢memagnstia blocking temperaturs e

e eannor . r ot St aBO LTI SRR 5t ¥k Chi b Rl A SRR R 87
magneti ¢ fi el godpaetingtion S GRIGHSICH lajehs of BIRUCY/RI/Cdsinned laer dgalinkt thee

exchange bias |ayer 41 _is tﬁ)ﬁlcal | y iraon-manganese (Fe-Wn). This materi al

‘has relativel i@t theRipse W@hﬁ%@%@?ﬂsﬁéﬁﬁé}l@m theapelied ayer
typi cal. l'y has n:ﬁag%%’ﬁcmeidd%oth Co layers are in a single domain state. The sample

was then cooled with the applied field still present, so that the single domain
~ state of the NiO/Co portion (the NiO AF layer and the adjacent first

: ferromaghetic film) of the pinned layer is maintained. After cooling to room
temperature the applied field is removed, and the magnetization of the second
Co film of the pinned layer rotates to be antiparallel to that of the Co film in
contact with NiO AF layer, due to the influence of the Ru. This aligns the
direction of the exchangé anisotropy and places the pinned layer in an
essentially single domain state, yielding the largest magnetoresistance.

Fig. 6 shows the M-H loop of a SVMR sensor with a laminated AP-pinned
layer with 4 A of Ru as the APC film and with NiO as the AF layer. The SVMR
sensor whose data is shown in Fig. 6 had the structure shown in Fig. 5 and
comprised a glass substrate 45, a 420 A NiO layer 57 (AF) deposited directly on
the glass substrate 45 without a seed layer, a first pinned ferromagnetic film 72
(PF,) of 30 A cobalt (Co), a 4 A Ru film 73 (APC), a second pinned ferromagnetic
film 74 (PF,) of 35 A Co, 2225 A éopper (Cu) spacer layer 65 (SP), a free
ferromagnetic layer 63 (FR) made up of 2 A Co and 56 A Ni-Fe, and a
50 A tantalum (Ta) capping layer 62 (CP). Because the NiO layer 57 was

deposited in a separate chambér form the remaining films, the NiO layer 57



npnent equi val ent to approximately 30-100 A of Ni-Fe, this materi al

ptovi des the desired | evel of exchange coupling to fix the magnetization
direction of the pinned |ayer. -9- Fig. 4 is a sectional view of the
structure of Fig. 3, but rotated 90 degrees so that the direction of
magneti zati on of pinned layer 39 is in the plane of the paper as shown by
arrow 38. The pinned ferromagnetic |ayer 39 has a net macroscopi ¢ nmagnetic
nonment, represented by arrow 38. The nagnét ié field (s(Povvn by flux Jines
36) associ at eﬁa&ﬁtqheti%anmgmfwmmmwlaﬂoefsr@& sdf Ch%‘ 15 ggriace
ferromagnetic_l r35 ' ' L.r eGlg: ' 3 35
into the pape??gggjrtr}r%c? egpgg‘ﬁga"?gﬁ%kﬁ ﬁgﬂplbrqu%lgr{abf Qfeyf%%@g%adég? gggg?%ﬁ ? lra]éal'?géof
the pinned | agtefero EppHed Geldlisfthe retdrealoiithe dndgnetizaBon dinestign pfithe free

magneti zation in the free_ | ayer,35 1o be ponuni form use the free | ayer
a0 e ¥ o1 nt | vaper ShoAt apRLie Ol ieRels ATE: ST AT VBT AT Srcpin of °° | Y
magnet | zat i Ong AR GRS p/ofcfd 08S tRE ridpReHeNEo id Qsortall it ileRR hdichtesi N

|

the presence an externally applied signal field fromthe magnetic
nedi um The SHsRtberesisditile rotasionyqfithe lampiated AFypinged laxesr®-i n that t he

free layer 351is OE[‘}gt '? ghggé %ﬁe”bﬁi reasd 8580 a é@'@[ﬁ g3t P8 N Based

" laminated AP-pinned layer. This SVMR sensor was identical to the sensor
whose MR responsé is shown in Fig. 7 with the exception that the'ﬁ'ee iayer 63
was made up of 10 A Co/56 A Ni-Fe instead of 2 A Co/56 A Ni-Fe. Fig. 7 shows
only a small amount of rotation of the pinned layer, represented by the small
drop in deltaR/R, as the applied field approaches +400 Oe. In the embodiments
whose data is shown for Figs. 6 and 7, the net magnetic moment of the
PF /APC/PF, laminated pinned layer was equivalent to only approximately 10 A
of Nig,Fey. ;

Fig. 8 shows the magnetoresistance of the NiO-based laminated
AP-pinned SVMR sensor with the same structure as described for Fig. 6 over a
_field excursion of +/- 1000 Oe. With a layer of 420 A NiO as the AF layer the

exchange anisotropy eﬁergy was approximately 0.02 erg/cm’, so that an
exchange field H,, of about 600 Oe was obtained, as shown in Fig. 8. Fig. 8
shows that even at such high fields, this SVMR sensor’s response is dominated
by reversible rotation of the laminated AP-pinned layer, so that the
magnetoresistance is unchanged when the film is subjected to such high fields.
Thus, the SVMR sensor with the NiO-based laminated AP-pinned layer greatly
exceeds the level of desired stability against high fields. In contrast to this
response, Fig. 9 shows that this criterion is clearly violated if the NiQ AF layer
is used with a conventional single-layer pinned layer. The SVMR sensor whose
MR response is shown in Fig. 9 had a single 35 Angstrom Co layer as the
pinned layer pinned by a 420 A NiO AF layer. Fig. 9 shows that the exchange



PLeferred Enbodi ments In the SVMR sensor of the present invention, the
convent i onal single-layer pinned ferronmagnetic layer is replaced by a

| am nated structure conprising at |least two ferromagnetic filns separated
by a thin nonferromagnetic filmthat provides antiparallel coupling (APC)
of the two ferromagnetic filns. This | am nated antiparallel (AP) pinned

| ayer is described in co-pending U S. applicgjion Serial No. 08/139,477.

The anti paral | |;d @&Egiﬁguéﬁ&bﬂr{maﬁ% ﬁn}gdquém g fo fotRE *tflin an

t hi ckness to a erronmagnetic to be antiferromagnetically
coupl ed to onepalied field ofenlyiabotth80pOetf er red enbodi ment is appr oxi matel y

' 2-8 A ruthenium ( Thlslamn nnedl Is.the
bottom of the SVMR Ri%g ’?’F@é?t?ﬁ gté P5eRS %ﬁa‘l{‘?%m W r?ef
(AF) layer f OlkepiinBich@uithpih die AREASHO At ayster 18 1Hﬁbﬁﬁiéﬂthchéﬁmtﬁanyoup

of antiferromagnetic materials having relatively high corrosion_resistance.
The AF |ayer Mdgctrisableads $ftasepaovided tnigrm a ciraijt path beireen\be

crehange o AR e UL S MRSl s R GBSl 0

general str uctagt,additierizlisegsor elements, such as transverse and long1tudma1 bias layers
(not shown), may be required to provide an optimal SVMR sensor response
circuit. In the preferred embodiment, a magnetic signal in the medJum is

- sensed by the sensing means 84 detecting the change in resistance, deltaR, as
the magnetization of the free ferromagnetic layer 63 rotates in response to the
applied magnetic signal from the recorded medium.

While in the embodiment shown in Fig. 5, the laminated AP-pinned

Iayér 70 comprises two ferromagnetic films 72, 74 separated by a single APC
film 73, the laminated AP-pinned layer 70 may comprise a multiple number of
ferromagnetic films separated by APC films. Depending on the materials
selected for the ferromagnetic films 72, 74 and APC film 73 in the laminated
AP-pinned layer 70, there is a preferred APC film thickness at which the
ferromagnetic films 72, 74 become strongly antiferromagnetically coupled. For
the case of the preferred Co/Ru combination, the thickne'ss of the Ru AF
coupling film can be selected to be between 2-8 A. The oscillatory coupling
relationship for selected material combinations is described in detail by
Parkin et al. in Phys. Rev. Lett., Vol. 64, p. 2034 (1990). While the laminated
AP-pinned layer in the SVMR sensor has been shown with the preferred
materials of Co and Ru as the ferromagnetic and APC films, respecﬁvely, other
ferromagnetic materials (such as Co, Fe, Ni, and their alloys, such as Ni-Fe,
Ni-Co, and Fe-Co) with other APC films (such as chromium (Cr), rhodium (Rh),
iridium (Ir), Cu, and their alloys) are possible. For each such material

combination, the oscillatory exchange coupling relationship would have to be



to the foll ow ng: Substrate/ Seed/ AF/ PF[err]/APC/ PF[ err]/ SP/ FR/ CP. The
substrate 45 can be any suitable substance, including glass, sem conduct or
material, or a ceramic material, such as alumna [err]. The seed | ayer 55
I's any Iayer deposited to rmdify the crystallographic texture or grain size
of the subsequent |ayers, and may not be neeggd dependi ng on the substrate.”
| f used, the seed |layer may be formed of tantdlum(Ta), zirconium (Zr),

- nickel -iron (&bteb@ined)if A2 Peadllighon, isb elidtoiRghaiinesy éfthel AR@filf/isi S
~preferably nickel-oxide (NNO. The N O AF | ayer 57 is deposited ontQq, seed
layer 55 by affledtedientsRantieTrBasneticrupinghetve My & NLGM%?@& 1%r

- sputtering a fpjtarget in the presence of an oxygen-containing gas, to the
. thickness at which the desired exchange properties are achieved, typically
200-500 A. The PF[Ié'rthc},;t}AEk‘z‘léﬂ%E:sofﬂhelmfaammgnehnﬁdtnbé’ﬂeﬂftﬁrmmcffberred on

AF layer 57. The two rr.ona et| Iae P and PElerr]) are
preferably fomud Eﬁdéﬁg"l’lﬁﬁ aé'&{l Jrc|a§, tgﬁﬁgﬂ l%ﬁ:’l’ EIP tzf)ﬁd are
separated by gn GRhb®% |7@lw&ﬂﬁme'd%90 bé¥atke Eaéﬁrbf@eqﬁammaﬁiems woLRy i al”
that allows PF[ err] an e]-L’err to be strongly coupled together

ant i f er r omagnpeeiciselst ga.nwh ecRUSCi i inohpossible 14 precisehe foramparh efthafilpisiaed

| ayer 70 have the| r n directian Nt e t

i ndi cat ed by %C&'ﬁséq‘ Ft??)ta?%nle ? gﬁheq e g%f%ﬁfAIF%hﬂédelay eﬁo
magneti zat | Onﬁﬂpﬁkél etz!\@mfalﬂbﬂi nbRzertArdlse 8818 auai rasilt betHeonmett i C
exchange coupl ing through the APC film 73. Because of this

anti f er r omagrégnosition pracess; Bewetssciigeey bhdesiableto ﬂ?lpbﬁgai;ezy dgposilene of
substantial | ythe%ﬁ@@?er&@nﬁéﬂ&féﬁw??, 74 to a thickness slightly greater than that

of the other film so that there would be a small nonzero net magnetic moment

in the pinned layer. This would assure that the magnetization of the laminated
AP-pinned layer 70 is stable in the presence of magnetic fields so that the
direction of its magnetization is predictable. _ '

The free ferromagnetic layer 63 may also include a thin Co film adjatent
to the spacer layer 65. While this is not shown in Fig. 5, it is part of the
preferred embodiment as described with respect to the data shown in Figs. 6-8.
These Co films increase the magnetoresistance of the SVMR sensor but are
maintained relatively thin, in the range of 2-20 A, to minimize the effect of the
relatively "hard" magnetic Co material on the permeability of the sensor and to
maintain the prdper free layer moment.

The high corrosion-resistant, low exchange anisotropy AF material used
to pin the laminated AP-pinned layer provides an additional advantage in
SVMR sensors in that it can also serve as the gap material in the MR read gap.
Referring again to Fig. 5, in the fabrication of the complete SVMR structure,
such as an integrated read/write head that includes a SVMR read element and
an inductive write element, the SVMR sensor layers shown in Fig. 5 would be

located between a pair of MR shields, that are typically formed of Nig,Fe,, or



nagnetic nmonents of each of the filns nearly cancel each other so that
there is very little or essentially no net magnetic nonent in the |am nated
AP-pi nned | ayer 70. This results in an anplification of the exchange field
above that which would be present if only layer 72 were used as a single

pi nned | ayer pinned by AF |ayer 57. - 11 - To conplete the SVMR sensor a’

netal lic spacer | ayer

Py S Sk b B O Reecon Lt [ OmOne) Lol

and a cappi ngxs'tﬁ!ﬁ'io&%%ec( GEr)wéeﬁ the BRI O HbveFer| &1 ek mveAkon tﬁ@NﬂDn
t he absence of an applied field, the free ferroma netic layer 63 has its
nmagnet i zat i onABlaperdhq pmved;bs an additighaladvaoka abﬂ-’%:&ﬁ%ﬁ/\}t?ﬁ’ anjexgellent

general ly per| |cuI the magnet i zation e

filnms 72, 74. Riehfe BB BeLRY P ﬁa)fv%l&ﬁ F‘? %%?%Z%gmd
~resistant antfuﬁﬁﬁbﬁgagmég@ﬁpd@wsal However, it nust provide sufficient
~exchange energy for the | am nated. pinned | a

3; 70, sych that ?e 1IScendi ng
or descendi ng magddgi 2 shews ppgbternative erebydigrent ki f %/SEP}’—t[ err]
structure 15 GREOREALLY slebdhyd:¥3 @'R)'i€85 theBotfiRl (hesk & éab%hdaté 196t @ SVMR

approxi mately
and the AP-pinned layer 70 is on the top of the SVMR sensor. The A¥F layer 66
is deposited on the second pinned ferromagnetic film 74 (PF,). This structure
can also be used with low exchange anisotropy antiferromagnets. '

Fig. 11 shows the magnetoresistance versus applied field for the SVMR
sensor embodiment shown in Fig. 10, as compared to other SVMR sensors, but
wherein the corrosion resistant AF layer is an alloy of ¥e-Mn and chromium
(Cr), e.g., (FegMny,)e;Crs,, instead of NiO. Curve A in Fig. 11 is for a SVMR

-sensor with a :conventional single layer pinned layer using Fe,Mng, as the
antiferromagnet and shows an exchange field of about 220 Oe. Curve Bisfora
SVMR sensor with a conventional pinned layer using (FegMny,)s;Cr; as the
antiferromagnet and shows an exchange field of about 160 Oe. While
(FezoMngy)g,Cr; is known to provide more corrosion re.sistance than Fe-Mn,
curve B clearly shows it is undesirable in conventional SVMR sensors because
of the significant reduction in exchange field. lCurve Cis for a SVMR éensor
according to the present invention using a laminated AP-pinned layer of
Co/Ru/Co with (Fe;oMn;,)Cr; and shows an exchange field of about 900 Oe. The
(Fe;oMngg)g;Cr, provides a significant improvement in corrosion resistance for
the SVMR sensor. The amount of Cr is chosen to provide the desired amount of
corrosion resistance and is typically between approximately 2-5%.

In addition to NiO and (Fe,Mn,,)Cr, as the AF layers for use with the
laminated AP-pinned layer in SVMR sensors, another material that would

otherwise be unusable as an AF material in SVMR sensors, but that will



zero. When that criterion is net there is little or no rotation of the
magneti zation of PF[err] or PFerr] and thus no adverse effect on the:
magnet or esi stance of the SVMR sensor at low field | evels. Wien using an AF

| ayer 57 with exchange energy | ess than that of Fe-M, this criterionis
achi eved by using the | am nated AP-pinned | ayer shown in Fig. 5. The SVMR "~
sensor wiwth the Ni O based AP-pinned | ayer was fabricated in the follow ng
manner. A 420 A Ni O AF | ayer was deposited an a clean gl ass substrate by RF
magnet r on spuptosidenthel nezes@uricirosiog ebsisiahbe ang eufficientNixchahge tinisbirope is

presence of .eagtiyve gas that includes oxygen wil] also yield a sputter
deposi ted Ni gb{la’y ?x?e.s’ Ng‘_eéf‘eﬁt‘f W@Fn\ﬁl&?q}%’é‘&g‘i‘iﬁoﬁ{é %Pa;s substrate. The
Ni O | ayer was depaghiigdhé gr%%ﬁltg{ RER6% fheln PRGREHLEA Y dHBlh 284 eyl

hundréd Ce, but an applie e ring deposition Is not necessary. After
~ deposi tion ofwithgefdrénteatpeihe prefersesingghbodiments; ibwitibé nodersteod\bytisgosi ti on

ey etuend + RHRBPEL Bk A Bk chSo BT RR T TRET b AR PR Bt SRR
* (Ar) ions ford%@Qﬁﬁg@mﬂ%awm, Seop8 A caehiak of @he iBRMBHAUIARordifEE, the

cl eaned the Ni O surface and_resul ted_ in the renoval of about 10 A 0
surface mat erdigglosed invention is to be considered merely as illustrative and limited in

scope only as -speciﬁed in the appended claims.



After etching th ' / Co AP-pinned | ayer and the remaining
films were deposﬂ!‘iwwm ron sputtering while the sanple was in an
appl i ed magnetic etd.. AflM ers deposition the NNO AF layer will Iikely not
be in a single antiferromagnetic domain state, and as a result the Co/Ru/Co
pi nned |l ayer may not be in a single ferromagnetic domain state, resulting ~
I n reduced e}or sj stance anplitude. Ther¥ ore, after deposition of the
filns the sgﬁgﬁa Waéa'rﬂ’é%‘?é% to above the Ni O antiferromagnetic bl ocking
tenperature (about 180 degC) in a field of 15 kCe. This large field is
sufficient to rotate the nmagnetization of the two Co | ayers of the Co/ Ru/Co
pi nned | ayer against the effect of the Ru, so that both of their

magnet i zati ords ar & magatiozbsistive semsappdmpdsimggnetic field, and both Co

| ayers are in a single domain state. The sanple was then cooled with the
applied field stilalfifst EsRRtand0sdchad 14ye of fargdBagastit Matdratl @ephratb®bNaQ Co
portion (the Ni O AF |ayer and the adjacent first ferromagnetic fitm of the

pinned | ayer shicdbPbPdf\efmAldedlc hoRHal AhkInaH-bE0R HAHbS of Bsdanet | ed

field is renoved, and the nagnetization ‘of the second Co filmof the pinned
| ayer rotate | | . t Llm t wwth NiO
AF | ayer, du?aa e% ({}ﬁ%&P n“fq% éﬁégﬁ!&ﬁ%}%&‘% a g%ﬁiaglggﬁq%é%%vﬂoe@ﬁ%%%%%zﬁy Pt he
exchange ani sptr nd. .pl aces. the pipnned |ayer in an essenti-ally single
domai n st at e,%%iﬁcg%ioﬁmc‘i’%ﬁfé@f" WW&CWE‘@T af-zero @P%ﬁé\;\ga A H
| oop of a SVANR sensor with a | am nated AP-pinned |layer with 4 A of Ru as
the APC fi| mighH the speagddayer efifermamagaptic matasalywprising first and second

ferromagneﬁc films and a nonmagnetic antiparallel coupling film located
between and in contact with the first and second ferromagnetic films for
coupling the first and second ferromagnetic films together antife;'romagneﬁcally
so that their magnetizations are ali'gned antiparallel with one a;aothef and
remain antiparallel in the presence of an applied magnetic field; and “

an exchange bias layer of antiferromagnetic material selected from the
group cousisting of nickel-oxide, (Ni,, Co,)O where x is between 0.0 and 0.5, and
an alloy of (Fe-Mn) and Cr, said exchange bias layer being adjacent to and in
contact with one of the ferromagﬁetic films in the second ferromagnetic layer for
maintaining the magnetization: of one of the ferromagnetic films in the second
ferromagnetic layer in a fixed direction in the presence of an applied magnetic
field, whereby while the magnetization of the first layer is free to rotate in the

presence of an applie.d magnetic field the magnetization directions of the first



sensor whose data is shown in Fig. 6 had the structure shown in Fig. 5-and

conprised a glass substrate 45, a 420 A N O | ayer 57 ( it
directly on the glass substrate 45 without a seed Iaye‘mﬂmman”lmﬂﬂp
ferromagnetic film72 (PF[err]) of 30 A cobalt (Co),. a Wi

(APC), a second pinned ferromagnetic film74 (PF2) of 35 A Co, a 22.5 A-
copper (Cu) spacer |layer 65 (SP), a free fér]rgorfagneti c layer 63 (FR) nade
up of 2 A Co zoaidsebbnd\fédrofmegnemc ikmsin the saeord layet Tesnavmppedgniayer 62
(CP). Because the NiOlayer 57 was deposited in a separate chanber formthe

remai ni ng fi lam@iparBRelNo@reasteithsr! - 13 - was etched by an ion beam for
approxi mately 100 seconds to clean its surface prior to the deposition of

the PF[err] film In Fig. 6 the | arge magnetization change at zero applied
fieldis the reversal of the magnetization direction of the free |ayer 63.

At applied field e\'/eloé BB Aok QHLAR! Sns QYL i1k 1 Inl %H%S%gpb&\%vﬁfeéﬁnd

approxi mately +/-2400 magnet 1 za 1'S essentr al

indicates that there is lLittle.ratati f. the | ami.nat ed .AP- pi nned | gyer
10- B 7 B FechaBge Fits a7 oLl e TBEE o UF B a5 BHeY on e
| am nat ed AP-pinned |layer. This SVMR sensor was identical to the sensor

whose MR respuhsieates shown in Fig. 7 with the exception that the free |ayer
63 .

3. A magnetoresistive sensor as in claim 2 including a seed layer

located between the substrate and the exchange bias layer.

4. A magnetoresistive sensor as in claim 2 wherein the substrateis a-

magnetoresistive shield.

5. A magnetoresistive sensor as in claim 1 wherein the exchange bias

layer consists essentially of nickel-oxide.

6. A magnetoresistive sensor as in claim 1 wherein the nonmagnetic
antiparallel coupling film in the second ferromagnetic layer consists essentially

of Ru.

7. A magnetoresistive sensor as in claim 2 wherein the Ru film has a

thickness in the range of approximately 2-8 Angstroms.



was ‘made up of 10 A Co/56 A Ni-Fe instead of 2 A Co/56 A Ni-Fe. Fig. 7
shows only a small anount of rotation of the pinned | ayer, represented by
the small drop in deltaR'R as the applied field approaches +400 Ce. In'the
enbodi ments whose data is shown for Figs. 6 and 7, the 1 nt
of the PF[err]/APC/ PF[err] |am nated pinned | ayer was eﬂmllgﬁﬂ:mmﬂm o
approximately 10 A of [err]. Fig. 8 shows the nagnetoreststance &f ¢he*

Ni O based | am nat ed AP-pi nned SVMR sensor Wi4%h -t he sanme structure as-
described for Fig. 6 over a field excursion of +/- 1000 Ce. Wth a |ayer of
420 A NLO as the AF |layer the exchange ani sotropy energy was approxi mately
0.02 erg/cnierr], So thAtmagneinrdsistiye sehedraginraljimpl wivsam @@d%@amés

obt ai ned, as shown in Fig. 8. Fig. 8 shows that even at such high fields,
this SVMR sensedons feespoageticfildarinrthe accdnyd ferronragnbtie layerare amdsf oftzhe

| am nat ed AP-pinned | ayer, so that the magnetoresi stance i s unchanged when
the filmis subiiasia®delcbted $£din Bhe BrdiPdohSistilBwT Cot e, KYMREHeO111d4s| ind he

Ni O based | am nated AP-pinned | ayer greatly exceeds the |evel of d®esired

stability agaifgl{N G2 {doh et%craﬁgit%gﬂ?;cot gnﬁb iﬁ%l;i\g%pe 8 €ondTefronthgtiafies

that this criterion s clearfy vio e nNi ayer 1s used wth a

conventional singl.e-1ayer. pinped.l ayer.. Jhe SVNMR sensor whos r esponse
is shown in Fi @Yegés eaOfsai %&Peé_‘a\%§e%§t$%%%8 gF%%F"_%%St{%O%Rm% | ayer
inned by a 420 A N Q AF.l.ayer,_ Fig. shqows that the exchange: -

Prned By & 4R odlum (RE), iridem (1r), ahd their alloys. g

9. A magnetoresistive sensor as in claim 8 wherein the first and
second ferromagnetic films in the second ferromagnetic layer consist essentially

of cobalt.

10. A magnetoresistive sensor as in claim 1 wherein the second

ferromagnetic layer has essentially zero net magnetic moment.

11. A magnetoresistive sensor as in claim 1 wherein the first and
second films in the second ferromagnetic layer have substantially the same

thickness.



-14- field is only about 120 Ce and that the pinned |ayer begins to rotate
wthin an applied field of only about 200 Ce. Referring agai m\\\“\

t he neans for connecting the SVMR sensor to sensing ci WM“@@\“‘\\ A8
magneti c recording systemis illustrated schematically. Jdcal Peads 80
are provided to forma circuit path between the SVMR sen$or, a current
source 82, and a sensing neans 84. As is wel2l known in the art, additional
sensor el enents, s&gh agSPPEH%]\YEW%‘%‘EFEF’@H@Fﬁ%ﬁoﬁéPmméng5ayers ( not
shown), may be.required to provide an optimal SVMR sensor response circuit.
In the preferred ealsabstrete;, a nagnetic signal in the nedium is sensed by

the sensing neans 84 detecting the change in resistance, deltaR as the

magnet i zat.i on of thg ekélpmdetiino lB@ROF antifayatiagitticahaterialiselectsifbometheo t he
appl i ed magnetic signal fromthe recorded nmedium While in the enbodi nent

shown in Fig. | N Sk ARRA RS, ICAYES wherLR1dtR8n 0/ and 0.5, and
ferromagneti cg?ﬁﬁrrs ; 4 separ,aqt ed tm)y 3 s ngle APC film 73, the™ am nat ed_

Separated by APy HFERERLAIT R i bl MIP Reroeh B ABRAM 4R T

ferromagnetic fjlns 72, 74 and APC film 73 in the | am nated AP-pinned | ayer
70, there is §UB¥EME red APC film thi ckness at which the

>4

a laminated antiparallel pinned layer adjacent to the exchaﬁge ﬁias
layer, the laminated antiparallel pinned layer comprising a first ferromagnetic
film adjacent to and antiferromagnetically coupled to the exchange bias layer, a
second ferromagnetic film, and an antiparallel coupling film between and in
contact with the first and second ferromagnetic films for coupling the first and
second ferromagnetic films together antiferromagnetically so that their
magnetizations are aligned antiparallel with one another, the magnetizations of
the first and second ferromagnetic films remaining antiéaral'lel and pinned by
the excHange bias layer in the presence of an applied magnetic field;

a nonmagnetic spacer layer adjacent to the second ferromagnetic film pf
the laminated antiparallel layer; and

a free ferromagnetic layer adjacent to and in contact with the spacer
layer and having a preferred axis of magnetization in the absence of an applied
magnetic field that is generally perpendicular to the magnetization axis of the

first and second ferromagnetic films in the laminated antiparallel pinned layer.



fehronagnetlc films 72, 74 becone strongly antiferromagnetically coupl ed.
For the case of the preferred Co/ Ru conbi nation, the thickness of the Ru AF

coupling filmcan be selected to be between 2-8 A H' L"l oupI [ ng
relationship for selected material conbinations is ﬂmmn ﬂmmﬁ
Parkin et al. in Phys, Rev, Lett, Vol. 64, p. 2034 (1990)." Wi |é& the T
| am nat ed AP-pinned layer in the SVMR sensor_has been shown with the

preferred mater | al 9301 Qo ad-fy ragérasmsgtrés B0 Qe D8 i

respectively, ot her ferro eria an® 1 hei r

Chr om im (&) SePRAHEEAR %&rpf?erwqeai i sohbritesnd hchehired bttt o7 .

possi bl e. For each such material conbination, "the oscill atory exchange
~coupling relationship would have to be - 15 - determined, if not already
known, so that the thickness of the APC filmis selected to assure
antiferromagnetic ddupl Ampihealveenaginsotesistive sensmagsaniciaifi Lmvhergintthe

t hi cknesses of the two ferromagnetic films 72, 74 forming the |ani nat ed

AP- pi nned | aygubdiRaty ® d geghetoasistiveshield. t heor y the net noment of the
pi nned | ayer 70 woul d be zero because each of the magnetic nonments woul d
15. A spin valve magnetoresistive sensor as in claim 12 wherein the

-exchange bias layer consists essentially of nickel-oxide.

16. A spin valve magnetoresistive sensor as in claim 12 wherein the
nonmagnetic antiparallel coupling film consists essentially of Ru.
17. A spin valve magnetoresistive sensor as in claim 16 wherein the

Ru film has a thickness in the range of approximately 2-8 Angstroms.

18. A spin valve magnetoresistive sensor as in claim 12 wherein the
first and second ferromagnetic films in the laminated antiparallel pinned layer
are made of a material selecied from the group consisting of Co, Fe, Ni, and
their alloys, and wherein the nonmagnetic antiparallel coupling ﬁlm in the
laminated antiparallel pinned layer is made of a material selected from the

group consisting of Ru, Cr, rhodium (Rh), iridium (Ir), and their alloys.



pr.eti sel y cancel . Because it is not possible to precisely formeach of the
films to the exact sane thickness, the net nonent of the | am nated _
AP-pinned layer 70 will likely be a small but nonzer I al
result of the normal deposition process. However, it(“uﬂ Im“]mmmmu[to
del i berately deposit one of the pinned ferromagnetic filrfs ¥2,"745t 0 a

t hi ckness slightly greater than that of ”leﬁgt her filmso that there would
be a small nonzero,get ' i 108 .pi ] . i

assure that the rraglzjﬁ'etigg? ?g%élg? p%)%g‘%}oaljr%g&ﬁgt eagli\%? %g%%ﬁﬁa%/%?@ﬁ%?hgt abl e
in the presenge of neti.c fields.sqa that the direction of .its.

nmagnet i zat i on%lf'§t Wgaﬁq%8?§l§?‘é'9m?ﬁgeff‘? gB"?'é‘? F%%@&HB{"FE&% ?%R}%?raélgi Rinped lager
include a thin Co film adjacent to the spacer |ayer 65. Wile this is not
shown 1n Fig. C@}}51$'ftesi5§nfﬁé‘hlf ofgobale preferred enbodi ment as described with
respect to the data shown in Figs. 6-8. These Co filns increase the

magnet or esi stance of the SVMR sensor but are maintained relatively thin, in
the range of 2-20 A, to minimze the effect of the relatively "hard" :
magnetic Co nateri2d. onAkpi wadveeaipnkeidrysiefivé Sensseas on chith 1Dwivardihahe t he
proper free |ayer nonent. The high corrosion-resistant, |ow exchange

ani sot r opy AFla{EﬁﬁEéc%nﬁﬁéﬁlfeP BirfediiBfer 848 Q3ERLGa\P 20 R dnh &V BbRALEES
an additional advantage Tn SVI\/B sensors in that it° can also serve as the
gap material in the MR read gap. Referring again to Fig. 5, in'the
fabrication of the conplete SVMR structure, such as an integrated

read/ wite head t i ncl udes.a SVMR rea | enent an
hﬂ & spin valve magne oresqst?ve Sensor as gn claim 12 wherein the

first and second films in the laminated antiparallel pinned layer have

substantially the same thickness.



an fhductive wite elenment, the SVMR sensor |ayers showninh Fig. 5 woutd be

| ocated between a pair of MR shields, that are typicagl r] or
- 16 - sendust (a magnetic alloy of Fe, Si, and Al)id‘mmﬂ'"amug[wjﬁ[
‘insulative gap material is then | ocated between the shielcds.t % 1'n

.the present invention the Ni O AF | ayer 57 provides an additional advantage ~

in that, because it is an excellent insulatorgq it can al so serve as the gap

material. In this gase Weabhést rdBrénbalick dHnetdapSsiag: t he substrate 45.
Fig. 10 shows an alternative enbodinent simlar to that of Fig. 5 but

wherein the free | gyg & FRbrdiSicYisit-he bottom (near substrate 61) of the
SVMR and t he AP-pi %neégﬁ%érﬁ%ﬁ ?15 osn ‘the top of the SVMR sensor. The AF

| ayer 66 is deposited on the secqn Lnned ferr. g@gp thec film74 (PF[err]).
This structure canZdlsg °r§8nﬁ%%88\%|° fglﬁé){h%\%?g&%ﬁé{ﬁg anlglsSko‘tropy B

antiferromagnets. Fig. 11 shows the nmgnetoresjstance versugicgﬁyl‘i ed.field
for the SVMR sensor® PHBJIaIRRASRHSTRSITIH eegSoT (6T SERSIRG MARTE SEREReS\\R

sensors, but wherein the corrosion resistant AF layer is an alloy of Fe-M
and chrom um (data ondhg disk,dhe pepsestcomPringi O Curve Ain Fig. 11 is for a
SVMR sensor with a conventional single |layer pinned |layer using [err] as
t he an exchange bias layer of antiferromagnetic material selected from

the group consisting of nickel-oxide, (Ni, , Co,)O where x is Bétw;‘aen 0.0
and 0.5, and an alloy of (Fe-Mn) and Cr;

a laminated antiparallel pinned layer adjacent to the exchange
bias layer, the laminateci antiparallel pinned layer comprising a first
ferromagnetic film adjacent to and antiferromagnetically coupled to the
exchange bias layer, a second ferromagnetic film, and an Iantiparallel
coupling film between and in contact with the first and second
ferromagnetic films for coupling the first and second ferromagnetic films
together antiferromagnetically so that their magnetizations are aligned
antiparallel with one another, the magnetizations of the first and second
ferromagnetic films remaining antiparallel and pinned by the exchange
bias layer in the presence of an applied magnetic field;

a nonmagnetic spacer layer adjacent to the second fern-)magnetic'
film of the laminated antiparallel layer; and

a free fefromagnetic layer adjacent to and in contact with the

spacer layer;



antd ferromagnet and shows an exchange field of about 220 Ce—6Gurve B is for
a SVMR sensor with a conventional pinned | ayer using [err the
anti ferromagnet and shows an exchange field of about 16 W umy’ is
known to provide nore corrosion resistance than Fe-M, cur I”}” )
shows it is undesirable in conventional SVMR sensors because of thes =
-significant reduction in exchange field. Curvez§ is for a SVI\/R sensor
according to the present mvenéﬁaékusmg | am n hayer

Col Rul Co wi th [ er P RAGCEHRET ﬁawg@vfmaéns%orsﬂ%g SO OB L RE R |

provi des a significant_ inprovenent in corrosion resistance for the SVMR
sensor. The a g afubstrate qrie sedch thesenspris athechgdsi red amount of
corrosion resistance and is typically between approximtely 2-5% In
addition to Ni-O andn[zetujtonforttheviAE theyarrierfgenerally vdially Rerosathadiskco
AP-pi nned | ayer in SVMR sensors, another material that would ot herw se be

unusabl e as aphé\bend¥rehdPhcdess Mﬁﬂ%@iﬂm& of udgrichiahliyiredorded dathion thpr ovi de
the necessary corrosion resistance and, sufficient exchange ani sotropy is ’

[err], where %% bet ween approximately 0 and 0.5. Wile the present
i nvention has beén particularly shown and descri bed

means connecting the carrier to the actuator for maintaining the carrier
near the disk;

means electrically coupled to the sensor for detecting changes in
resistance of the sensor caused by rotation of the magnetization axis of the ﬁ-ee
ferromagnetic layer relative to the fixed magnetizations of the antiparallel
coupled first and second ferromagnetic films in the laminated antiparallel
pinned layer in response to magnetic fields from the magnetically recorded disk;
and

means for supporting the motor and actuator.

23. A disk drive as in claim 22 including a seed layer located between

the substrate of the carrier and the exchange bias laver.

24. A disk drive as in claim 22 wherein the substraie is a

magnetoresistive shield and wherein the exchange bias layer is formed on the

shield.



»

wijth reference to the preferred enbodinents, it wi |l be understood—by—those

skilled in the art that various changes in form and ' _
wi t hout departing fromthe spirit, scope, and teachi qmglrmm""mmﬁn
i Accordingly, the disclosed invention is to be consi dersedcneiely -
illustrative and limted in scope only as specified in the appended clains. -
- 18 - Wiat is clainmed is: 1. A magnetorgsig;t_i ve sensor conprising: a
first layer and a second | ayer of ferromagnetic material separated by a
spacer |ayer of nofragrddidl dayeas H clampe rf‘&bﬂ'@tfi?%ﬁ?’%?ga&g? 43S '8%e0f  sai d
first layer of ferromagnetic material being at an angle relative to the
magnet i zat i oncahisists tessentidllysefirdclsdmarde. | ayer of ferromagnetic naterial at
zero applied-magnetic field, the second | ayer of ferromagnetic materi al
conprising first and second ferromagnetic filnms and a nonnagnetic
antiparallel coupling filmlocated between and in contact with the first

and second ferronaggetig didid dEvd 9 it QuithioROrhdieid tHeShorBRdgseOMttiparallel
ferromagnetic filns together antiferromagnetically so that their

magneti zati ons_ane i gned .ant| { th one another and remain
anti parall el F%qua%lflggéﬁsé%ggfspegﬁ@ p‘#fi% magnetic fi-eld; and
27. A disk drive as in claim 26 wherein the Ru film has af"thic.:kness in

the range of approximately 2-8 Angstroms.

28. A disk drive as in claim 22 wherein the first and second
ferromagnetic films in the laminated antiparallel pinned layer are .made of a
material selected from the group consisting of Co, Fe, Ni, and their alloys, and
wherein the nonmagnetic antiparallel coupling film in the laminated
antiparallel pinned layer is made of a material selected from the group

consisting of Ru, Cr, rhodium (Rh), iridium (Ir), and their alloys.

29. A disk drive as in claim 28 wherein the first and second
ferromagnetic films in the laminated antiparallel pinned layer consist

essentially of cobalt.

30. A disk drive as in claim 22 wherein the laminated antiparallel

pinned layer has essentially zero net magnetic ﬁmment.



an, ékchange bias | ayer of antiferromagnetic material selected fromthe
group consisting of nickel-oxide, [err] where x is between 0.0 and 0.5, and
an alloy of (Fe-M1) and Cr, said exchange bias | ayer 9:;23n39¥§9§DLdLe’aﬂd
in contact wwth one of the ferromagnetic filns in the erroma c

| ayer for maintaining the magnetization of one of the fer ‘Uf -
in the second ferromagnetic layer in a fixed direction i m\‘g&

an applied magnetic field, whereby while the nagnetlzatl f nhe“flrst
layer is free to rotate in the presence of- @1 applied magnetic field the
magneti zation directions of the first - 19 - and second ferronmagnetic
films in the second |ayer remain fixed and antiparallel to one another. 2.
A magnet or esi st i ve 3densérdisk drive @sanclaim 2% vhereiy the Sndisand secondfdmatiar ei n
the exchange bias |ayer of antiferromagnetic naterial is formed on the
substrate. 3. thefamibgited angiphsillel piseabRiyenRavdisullstambizlly bicé sdinaghitksesd

| ayer | ocated between the substrate and the exchange bias |ayer. 4. A

magnet oresi stive sensor as in claim?2 wherein the substrate is a-
magnet or esi stive shi el d. R



N
5,¢ # * A magnetoresi stive sensor as in claim1 wherein the exchange bi as
| ayer consists essentially of nickel-oxide. 6. A magnet oresi stive sensor
as in claiml wherein the nonnmagnetic antiparall el coupllng filmin the
‘second ferromagnetic |layer consists essentially of Ru.” 7. A

- magnet oresi stive sensor as in claim2 whepgin the Ru filmhas a t hi ckness
I n the range of approximately 2-8 Angstrons. 8. A magnet oresi stive
sensor as in claiml wherein the first and second ferromagnetic filns in
the second ferromagnetic | ayer are made of a material selected fromthe
group consisting of Co, Fe, Ni, and their alloys, and wherein the
nonmagnetic antiparallel coupling filmin the second ferromagnetic |ayer

(Rn), 3 1 i oRFEY Mﬁ%ﬁ%@’fﬁ%@%‘? EBNQB#E@A; R ST
Fer r omagndth LER AP MEROVER SEECEMGEHIR A TyRE SBE NG

sensor as in claim1l1 wherein t@m%@@mﬁgoﬁ | ayer has essentially

zero net magnetic nonent.

ABSTRACT

A spin valve magnetoresistive (SVMR) sensoi uses a laminated antiparalle] (AP)
pinned layer (70) in combination with an improved antiferromagnetic (AF) exchange biasing
layer (57). The pinned layer (70) comprises two ferromagnetic films (72, 74) separated by a
nonmagnetic coupling film (73) such that the magnetizations of the two ferromagnetic films
(72, 74) are strongly coupled together antiferromagnetically in an antiparallel orientation.
This laminated AP pinned layer, (70) is magnetically rigid in the small field excitations
requiréd to rotate the SVMR sensor's free layer. When the magnetic moments of the two
ferromagnetic layers (72, 74) in this AP pinned layer (70) are nearly the same, the net
magnetic moment of the pinned layer (70) is small, but the exchange field is correspondingly
large. The laminated AP pinned layer (70) has its magnetization fixed or pinned by an AF
material that is highly corrosion resistant but that has an exchange anisotropy too low to be

usable in conventional SVMR sensors.

Fig. 5



11.%* A magnetoresistive sensor as in claiml wherein the first and second
%frlns in the second ferromagnetic |ayer have substantially the sane

t hi ckness. - 21 - 12. A spin val ve nagnetoresistive sensor conpri sing:
a substrate; an exchange bias | ayer of antiferromagnetic material selected -
fromthe group consisting of nickel- og}p [err] where x is between 0.0

and 0.5, and an alloy of (Fe-WM) and t he exchange bias | ayer being
formed on the substrate; a | am nated antiparallel pinned |ayer adjacent to
t he exchange bias |ayer, the |lanm nated antiparallel pinned | ayer conprising
a first ferromagnetic filmadjacent to and ant’iferromagnetically coupled to
t he exchange bias | ayer, a second ferromagnetic film and an antlparallel
coupling filmbetween and in contact with the first and second
ferromagnetic filnms for coupling the first and second ferromagneti.c films
together antiferromagnetically so that their nagnetizations are aligned
antiparallel with one another, the nmagnetizations of the first and second
ferromagnetic filns remaining antiparallel and pinned by
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t he*exchange bias layer in the presence of an applied magnetic field; a

- gThonmagneti c spacer | ayer adjacent to the second ferromagnetic filmof the
| am nated anti parallel layer; and a free ferronmagnetic |ayer adjacent to
and in contact with the spacer |ayer and having a preferred axis of:
magneti zation in the absence of an appljgegl magnetic field that is generally

"~ perpendi cular to the nagnetization axis of the first and second
ferromagnetic filns in the |am nated antiparallel pinned |ayer. - 22 -
13. A spin val ve magnetoresistive sensor as in claim12 including a seed
| ayer | ocated between the substrate and the exchange bias |ayer. 14. A
spin val ve magnetoresi stive sensor as in claim12 wherein the substrate is
a magnetoresistive shield. 15. A spin valve nagnetoresistive sensor as in
claim 12 wherein the exchange bias |ayer consists essentially of
ni ckel -oxi de. 16\ A spin valve nagpnetgsesi stive sensor as in claim12
wherein the nonmagneti c anti paral |l el’Ncoupling filmconsists essentially of
Ru. 17. A spin magnet oresi stive sensor as in claim16 wherein the Ru

filmhas a thickhess ”h\the range of aﬁb(oxigately 2-8 Angstrons.
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18. A spin val ve nagnetoresistive sensor as in claim12 wherein the first
and second ferromagnetic filns in the | am nated antiparallel pinned |ayer
are made of a material selected fromthe group consisting of Co, Fe, N,
and their alloys, and wherein the nonmagnetic antiparallel coupling filmin
the lam nated antiparallel pinned layer is nade of a material selected from
the group consisting of Ru, Cr, rhodium(Rnh), iridium(lr), and their

al | oys. 23 19. A spin valve nagnetoﬁ%@?stive sensor as in claim18
wherein the first and second ferromagnetic filns-in the | am nated
antiparallel pinned | ayer consist essentially of cobalt. 20. A spin valve
- magnetoresi stive sensor as in claim12 wherein the | amnated anti parall el

pi nned | ayer has essentially zero net magnetic nonent. 21. A spin valve
magnetor esi stive sensor as in claim12 wherein the first. and second fil ns
in the | am natedantiparallel pinned |ayer have Eﬂ?stantially thgﬂ§ane

t hi ckness. J36 ///’
/ 41
36

37 36
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- 247- 22. A magnetic recording disk drive conprising: a magnetic
fecording disk; a notor connected to the disk for rotating the disk; a spin
val ve magnetoresi stive sensor for sensing magnetically recorded data on the
di sk, the sensor conprising: an exchange bias |ayer of antiferronagnetic
naterlal sel ected fromthe group consi sji gg of nickel-oxide, [err]. where X
is between 0.0 and 0.5, and an alloy of ( e- MVh) and Cr; a lam nated

antiparallel pinned | ayer adjacent to the exchang | | ayer, the

| am nat ed anti parallel pinned |ayer corrprS(E_s\ISngGa “ferromagnetic film
adj acent to and antiferromagfheticalTy dqoupfcagid o the exchange bias | ayer, a
second ferromagnetic film apd an antipacallel cbupling film between and in

contact with the first and seécond ferromagnetic filnms for cpupling the
first -and second ferromagnetic fil ns together antlferronagnetically so t hat
their magnetizations are aligned anti pa o another, the

magneti zations of the first @and second fgp n‘(re il ms_remaining
antiparal l el and pinned by the exchangg Q&R¢byhr in the presence of an
applied magnetic field; a nopmagnetic spacter tayer adjacent]jto the second
ferromagnetic filmof the | aminated antiparallel |ayer; and
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a frée ferromagnetic |ayer adjacent to and in contact with the spacer
tfayer; -25- a carrier supporting the spin valve magnetoresistive sensor,
the carrier having a substrate onto which the sensor is attached; an
~actuator for noving the carrier generally radially across the disk so the

- sensor may access different regions of Eagnetlcally recorded data on the

di sk; neans connecting the carrier to t actuator for nmaintaining the
carrier near the disk; means electrically coupled to the sensor for
detecting changes in resistance of the sensor caused by rotation of the

magnetization axis of the free fQEKﬂVﬁ@@ﬁ]@@s|EYGHéB@%@Ud%ﬁACRG Jie fixed

{iPme 10 the Iam nated ant ."Sra?§qre| o hrcet1 GhopA 6T SRR N TOREIRCY

fields fromthe nmagnetically ifecorded 'di sk; and nj Ei ngithe
notor and actuator. 23. A dbgk drive as in claing22 including a seed |ayer
| ocat ed bet ween =1
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the Substrate of the carrier and the exchange bias layer. 24. A disk drive
@is in claim22 wherein the substrate is a magnetoresistive shield and
wherein the exchange bias |ayer is formed on the shield. - 26 - 25. A
disk drive as in claim?22 wherein the exchange bias |ayer consists
~essentially of nickel-oxirde. 26. A diskgdgive as in claim22 wherein the
nonmagnetic antiparallel coupling f|In1conS|sts essentially of Ru. 27. A
disk drive as in claim26 wherein the Ru filmhas a thickness in.the range
of approximately 2-8 Angstr428A B@D/1@Dd|&ﬂ)ﬁ/3®60as/iAARQM 30AGher ei n
the first and second ferronagnetl . ant i parallel

pi nned | ayer are made : = = -t e
Co, Fe, Ni, and their alloys and mhereln the nonnagnetlc antlparallel
couﬁlrng filmin thef1an1nated antiparallel pinned | ayer is made of a

.material selected frontthe group consisting of .
iridium(lry, and theif alloys. 29. A disk dri aim 28 wherein,
the first and secdgd® [
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ferrbmagnetic filns in the laminated antiparallel pinned | ayer consist
gssentially of cobalt. 30. A disk drive as in claim22 wherein the
| am nat ed anti parallel pinned | ayer has essentially zero net magnetic

nonent . - 27- 31. A disk drive as in claim22 wherein the first and _
second filnms in the laminated antiparallel pinned |ayer have substantially
t he sane thickness. 7/8
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