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GIANT MAGNETORESISTIVE SENSOR WITH AN AP-COUPLED LOW I, FREE

LAYER

BACKGROUND OF THE INVENTION

1. Field of the Inveﬁti§n

This inﬁention relaﬁes.}n general to gianﬁ
magnetoresistiﬁ%_YéMmj éehsbfs fog féading iﬁfarm;£ion éigﬁéls
.irom a magnetic medium and, in particular, to a spin valve
sensor having an antiparallel coupled free layer having a low
intrinsic uniaxial anisotropy, and to magnetic storage systems

that incorporate such sensors.

2. Description of Related Art

Computers often include auxiliary memory storagg
devices having média on which.data can be written and from
which data can be read for later use. A direct access storage
device (disk drive) incorporgting rotating magnetié disks is
commonly used for storing data in magnetic form on the disk
surfaces. Data is recorded on concentric, radially spaced

tracks on the disk surfaces. Magnetic heads including read_
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tracks on the disk surfaces. Magnetic heads including read
sensors are then used to read data from the tracks on the disk
"surfaces.

In high capacity disk drives, magnetoresistive (MR) read

sensors, commonly referred to as MR sensors, are the

prevailing read sensors' because of their capabilitY“to réad
data from a surface of a disk atlgreater_track and linear
densities than tﬂ;;.film~inductiVevheadsﬁ~¢An~MR;sensoriﬁwu
.detects a magnetic.field through the change in tﬁesresistance.
of its MR sensing layer (also referred to as ‘an "MR ‘element”)
as a function of the strength and direction of the magnetic’
-flux being sensed by the MR_layei;.

The conventional MR sensor operates on the basis of the
anisotropic magnetoresistive (AMR) effect iﬁ‘which'an'MR

element resistance varies as the square of the cosine of the
angle between the magnetization in the MR element and the
direction of sense current flowing through the MR 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 dtrection of
magnetization in the MR element, which in turn causes a change
in resistance in the MR element and .a correspohding change in
the”sensed current or voltage.

Another tYpe of MR sensor is the giant magnetoresistance
(6GMR) sensor manifesting the GMR effect. In GMR sensors, the
resistance of the MR sensing layer varies as a function of the
spin-dependent transmission of the conduction electrons

P

between magnetic layers separated by a non-magnetic layer
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(spacer) and the acccmpanyirg stin-dependent scatteriﬁg which
takes place at the-intexZace of the magnetic and non-magnetic
-layers and within the macnetic lzayers.

GMR sensors using cnly twc layers of ferromagnetic
material (e.g., Ni-Fe) separatec by a.layer of non-magnetic
“haterial (e.g.! copper) are gensrally referred tomas*spin e
valve (SV) sensors manifesting zhe SV effect. Fig 1 shows a

,/?‘

prior- art SV senéor 100 comprising end régions 104 and 106
separated by'a central region 102. A first ferromagﬁetic
layer, referred to as a pinned layer 120, ha% its
maénetization typically fixed (pinned) by exéhange coupling
with an antiferromagnetic (AFM) layef 125. The magnetizatibn
of a second ferromagnetic layer, referred to as a free layer
110, is not fiiédﬁandhis free to £6£ate in ;ésion;é to éhe" ;
magnetic field from the recorded magnetic medium (the signal
field). The free layer 110 is separated from the pinned-layer
120 by a non-magnetic, electrically condﬁcting spacer layer
115. TLeads 140 and 145 forred in the end regions 104 and 106,
reépectively, provide electrical connqgtibns for sensing the
resistance of SV sensor 100. 1I3M’s U.S. Patent No. 5,206,590
granted to Dieny et al., incorporated herein by reference,
discloses a SV sensor operating on the basis of thé GMR
effect.

Another type of SV sensor is an éntiparallel (AP)-pinned
SV sensor. In AP-pinned sv sersors, the pinned layer is a
laminated structure of two ferromagnétic layers separated by a

non-magnetic coupling layer suc:z that the magnetizations of* *
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the two ferromagnetic layers are strongly coupled together
antiferromagnetically in an antiparallel orientation. The AP-
pinned SV sensor provides imprqved exchange coupling of the
antiferromagnetic (AFM) layer to the laminated pinned layer
structure than is achieved wifh fhe pinned layer structure of

“the SV sensor of Fig. 1. This impréved exchange cougling

increases the'stability of the AP—piﬁned SV sensor at high
7

electrically insulating antiférromagpetic materials such as
Nio for the AFM layer. - L

" Referring to Fig. 2, an AB-piﬁned_SV sénSOr 200
comprisés a free layer 216:5epa£§téd:f;om.a laminated
AP-pinned layer structure 220 by a nonmagnetic,
electrically;EBﬁdﬁétiﬁg'éﬁaé;r iaYéf'215. éﬂe;hagﬂetizéfioh
cf the laminated AP-pinned layer structure 220 is fixed by an
AFM layer 230. The laminatéd AP- pinned layer structure 220
comprises a first feiromagnetic layér 22& and a second
ferrémégnetic layer 222 separated by an antiparallel coupling
(APC) layer 224 of noﬁmagnetic material. (usually ruthenium
({Ru)). The two ferromagnetic layers 226, 222 (FM1 and FM2) in
the laminated AP-pinned layer structure 220 have their
maggétization directions oriented antiparallel, as indicated
by the arrows é27, 223 (arrows pointing out- of and into the
plane of the paper respectivély). |

As magnetic storage density increases in order to meet

the demands of high storage capacity disk drives, it is
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Taround the spacer layer and the pinned layer and spacer layer

- signal- to noise characterisztic

increasingly important to increase the GMR coefficient of sV

sensors in order te improve the sensitivity and

wn

of the signal readback system
arnd to decrease the thickness c¢Z the free layer to meet the
higher areal density reguirements. Sense current shunting

interfaces with the spacer layer results in reduces GMR
.S . .
coefficient since most of the spin dependent Scattering giving

rise to the GMR effect occurs -in this region. The free layei

of SV. sensors usually consists of Co—Fe.and#NifFe layers. The
Co-Fe is used to obtain a high GMR coefficient, and the Ni-Fe
is added to achievé a free layer with soft magnetic
propefties. However, the Ni-Fe has a low electrical‘
resistivity whic@ﬁcontribu;gs to sense curnent;shunting.

resulting in a decrease of the GMR coefficient. Reduction of

the free layer thickness for high areal density applications
results in degradation of magnetic properties'and a reduced
GMR coefficient. Thé use cf an antiﬁarallel coupled structure
for the free layer is a method to reducé the free layer
magnetic thickness without degrading the magnetic properties
and the GMR coefficient. However, the intrinsic uniaxial
anisotropy H; of the frée layer increases by antiparéllel
coﬁpling-making this structure unattractive for ffee layer
application.

T@erefore, there is a need for an improved antiparallel
coupled free layer to reduce free layer thickness, reduce

sense current shunting and to increase the GMR coefficient of

A
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a spin valve sensor while maintaining a very low value of H,

for the free layer.

SUMMARY OF THE INVENTION
Accordingly, it is an object of the present invention to
disclose a spin valve sensor having an antiparallelm_

(AP)-coupled free layer with low intrinsic uniaxial anisotropy

-7
-

Hy.

It is another object of .the present lnventlon to dlsclose
a spin valve sensor hav1ng a- free layer.of hlgh electrical
resistivity, soft ferromggng;;g.materlal.

It is yet anofhe:fébjéét'éf'the“preSent'invention to.
disclose a spin valve sensor having an improved GMR
éoefficient dyg_?g re@ucedﬂcﬁr;ent.;hunting"by:thg

: ferromagnetié free layef5
- It is a further object of the present invention to
disclose a spin valve sensor having an AP-coupled free layer
comprising a third ferrbﬁagnetic layer of Co-Fe and a fourth
ferromagnetic layer of Co-Fe-Hf-O separated by an
antiferromagnetic coubling layer of ryfhenium (Ru),.

In accordance with the principles of the present
invention, there is disclosed a spip.valve (SV) sensor haﬁing
an-AP—pinned layer, a laminated AP-coupled free léyer and a
non-magnetic electrically conductive spacer layer sandwiched
betweeq the AP-pinned layer and the free layer. The AP-pinned
layer comprises first and second.ferromagnetic layers

separated by an antiparallel coupling (APC) layer. The

AP-coupled free layer comprises a third ferromagnetic layer bf
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Co-Fe adjacent to the spacer layer and a fourth ferromagnetic

léyer of Co-Fe-Hf-O separated from the third ferromagnetic

-layer by an antiparallel coupling (APC) layer. During the AFM

anneal process step of the sensor, the easy axis of the Co-Fe
layer becomes transverse while the easy axis of the Co-Fe-Hf-0O
remains longitpdinal due to the higher thermal st;bi}ity of el
this nano—crystalline material. The 90 degree angle between
the easy axis of”gie Co-Fe layer and the’the easy aXiS_of_thi:_
Co-Fe-Hf-O material results in a very low H, fcr the.AP—coupled
free layer. The Co—fe—Hf—O material Qf-theﬁfogrﬁh
ferromagnetic layer has high resistivity resulting in reéuced '
sepse.current shunting by the free léyer. In additicn} the
metal oxide material of the fourth ferromagnetic layer is
known to causeaegecgler:scqtpering.9f electrons. .The reduced
sense current shunting and the specular sc;ttering of
electrons both contribute to improving the GMR coefficient of
the SV sensor.

The above, as well as additional objects, features and

advantages of the present invention will become apparent in

the following detailed written description.

- BRIEF DESCRIPTION OF THE DRAWINGS
For a fuller understanding of the nature and advantages
of the present invention, as well as the preferred mode of
use, reﬁerence should be made to the following detailed
description read in conjunction with the accompanying
drawings. In the following drawings, like reference numerals

P

designate like or similar parts throughout the drawings.
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Fig. 1 is an air bearing surface view, not to scale, of a
prior art SV sensor;

Fig. 2 is an air bearing surface view , not to scale, of

a prior art AP-pinned SV sensor;

Fig. 3 is a simplified diagram of a magneticmrecording

-
——

disk drive system using the spin valve transistor sensor of

the present inventjon;

'Fié.'4 is a Vérticél'cross;éécfion view, not to scale, of
a "piggybackﬁ-read)wfite magnetic head;: :

fig. 5 is a;véfticalICross—section.vieﬁ,_ﬁot to scale, of
a "merged" réad/write_maghetic head; and |

Fig..6 is aﬁ air bearing surface view, not to scale, of
gn embodiﬁent of the spin valve sensor of the present

i
invention.

—

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
The following description is the best embodiment
presgntly contemplated for carrying ‘out the present invention.
This description is made for the purpose of illustrating the
general princiéles of the present invention and is not meant
to limit the inventive concepts claimed herein.

Referring now to Fig. 3, there is shown a disk drive 300

embodying the present invention. As shown in Fig. 3, at least
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cne rotatable magnetic disk 312 is supported on a spindle 314

isk drive motor 318. The magnetic recording

Sy

and rotated oy
‘media on each cdisk is in the form of an annular pattern of
concentric datea tracks (rnot shown) on the disk 312.

At least cne slicder 313 is positioned on the. disk 312,

-
——

each slider 313 supporting one or more magnetic read/write
heads 321 where the head 321 incorporatef the.SV sensor of the
present invention. As the disks £;£a£e, the Slider 313 is
moved radially in and out over thé“disk_éﬁrfacé 322 so that
the héads 321 may access diffe;ent portions-of the disk where
desired data is recorded. Each slider 313 is attached to an
actuator arm 319 by means of a guspension 315. The suspension
315 provides a_§l§gh£_sp;ingffo;ce'whiéh biases: the slider 313
against the disk éurface.322. Each actuator arm 319 is.
attached to an actuator 327. The actuator as shown in Fig. 3
may be a voice coil motor (VCM). The VCM comprises a coil
movable within & fixed magnetic field, the direction and speed
of the coil movements keing controlled by the motor current
signals supplied by a controlleﬁ 329. |
During operation of the disk storage system, the rotation
of tbe disk 312 generates an air beaiing between the slider
313 (the surface of the slider 313 which includes the head 321
and faces the surface ¢f the disk 312 iS'réferred to as an air
bearing surface 1ABS)) and the disk surface 322 which exerts
an upward force ¢r 1lift on the slider. The air bearing thus

counter-balances the slight spring force of the suspension 3is
R
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and supports the slider 313 off and slichtly akcre the cisk

surface by a small; substantially constant spacing during

7

-normal operation.

The various components of the éisk storage systenm are
controlled in operation by control signals generzted by the
*control unit 329, such as access control signals and 1hternal
clock signqls. Tgpically, the control unit 329 comprises
logic control-éiécuits, sfqrage chips and:a miéroprocessor.
The control unit 329 generates control signals to control
various syStém'operations such as drive motof control signals
on line 323 and head position and seek control_signals on line

328. The control signals on line 328 provide the desired

current profiles to optimally move and posit}oh the slider 313

to the desirédhaégé tfack oﬁhthé,disk 312. Read and write
sfgnals are communicated to and from the read/write heads 321
by means of the recording channel 325. Recording channel 325
may be a partial response maximum likelihood (PMRL) channel orxr
a peak detect channel. The designh and implementation of zoth
channels are well knowﬁ in the art and to persons skilled in
the art. In the preferred embodiment, recording channel 325
is a PMRL channel.

The above description of a typical magnetic disk storage
system, anq the accompanying illustration of Fig. 3 are for
representation purposes only. It should be.apparent That disXx
storage systems may contain a large number of disis and

actuator arms, and each actuator arm may suppcrt z nurker of

sliders.
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Fig. 4 is a side cross-sectional elevation visw of a

"piggyback” magnetic read/write head 400, which includes a

- write head portion 402 and & rezd head portion 404, the read

head portion employing a spin valve (SV) sensor 406 according

to the present invention. The SV sensor 406 is sandwiched

“between nonmagnetic insulative first and second read_éap

layers 408 and 410; and the read gap layers are sandwiched
between ferromagnetic first and second shield layers 412 and

414. In response to external magnetic fields, the resistancé

" of the SV sensor 406 changes. A sense curréht I; conducted

through the sensor causes these resistance changes to be
manifested as potential changes. These potential changes are

then processed as readback 51gnals by the proce551ng cixrcuitry

of the data recordlng channel 346 shown in Fig. 3.

- The write head portion 402 of the magnetic read/write
head 400 includes a coil layer 416 sandwiched between first
and second insulation layers 418 and 420. A third insulation
layer 522 may be employed for planarizing the head to
eliminate ripples in the second insulation layer 420 caused by
the coil layer 416. The first, second and third insulation
layers are referred to in the art as an insulation stack. The
coil“layer 416 and the first, second and third insulation
layers 418, 420 and 422 are sandwiched between first and
second pole piece layers 424 and 426. The first and second
pole piece layers 424 ahd 426 are ﬁagnetically coupled at a

back gap 428 and have first and second pole tips 430 and 432+ -

- -11-
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' which are separated by a write gap layer 434 at the ABS 440.
An insulation layer 436 is located between the second shield
- ‘layer 414 and the first pole piece layer 424. Since the

seccnd shield layer 414 and the first pole pieée layer 424 are

separate layers this read/write head is known as 2 "piggyback” :"

“head.

Fig. 5 is thersame as Fig. 4 except the second shield

layer 514 and the first pole piece layer'524 are a common
layer. This type of rgad/write.head is known as a.“me:ged"
head 500. The insﬁlation layer 436 of the éigéyback head  in
Fig. 4 is omitted in the merged head 500 of Fig. 5.

Fig. 6 shows an air bearing surface (ABS) view, not to

scale, of an antiparallel’ (AP)-pinned spin valve (SV) sensor

. { .
600 according to an embodiment of the present invention. The

SV sensor 600 comprises end regions 602 and 604 separated
from each other by a central region 606. . The substrate 608
can be any suitable substahcef inqluding glass, semiconductor
material, or a ceramic_material, such as alumina (Al,0;). The
seed layer 610 is a layer deposited to Tiodify the
crystallographic texture or grain size of the subsequent
layers, and may not be needed depending on the material of the
subséﬁuent layer. Fdr the embodiment of the SV sensor 600,
the seed layer élo comprises a trilayer seed layer structure
deposited on the substrate. First, second and third sublayers
612, 614 and 616 are sequentially deposited on the substrate

608. An antiferromagnetic (AFM) layer 620 is deposited over « »

=12~
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the thi?d sublayer 612 to the thickness at which the desired
exchange properties are achieved, typically 100-500 A. a

- laminated AP-pinned layer 622 is formed on the AFM layer 620
in the central region 606. The AP-pinned layer 622 comprises

a first ferromagnetic layer (FM1l) 624, a second fer:omagnetic

-
S——

layer (FM2) 628 and an antipérallel coupling .(APC) layer 626
disposed between .the FMl layer 624 and the FM2 layeriszs. The
APC layer is férﬁed ofha.nonmagnetic material, prefe?ably

. ruthenium (Ru}, that allows the FM1 layer 624 gnd the FM2

.layer.628 to be strongly coupled together
antiferromagneticaily. A laminated.AP—coupied frée layer
(free ferroﬁagnetic layer) 632 including a third ferromagne;ic
iayer ({FM3) SQQL i_foqrtp'fetromagnqtic layer CEM4T 636 'and an
APC layer 635 disposéd between the third and fourth
f;rromagnetic layers 634 and 636 is separatéd from the
AP-pinned layer 622 by a nonmagnetic electrically conducting
spacer layer 630. The magnetization of the free layer 632 is
preferably parallel to the ABS in the absence of an external
field as indicated by the arrows 633 aéa 637 representing the
magnetizations of the AP-coupled third and fourth
ferrqmagnetic layers 634 and 636, reépectively. A éap layer
638, férmed on the free layer 632, completes the central
region 606 of the SV sensor 600.

In éhe present embodiment, thg cap layer 638 is formed of

tantalum (Ta). Alternatively, the cap layer 638 may be a

bilayer cap layer formed of a first sublayer of copper (Cu)

-13-
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»  formed 6n the free layer 632 znd a second sublayer of of
tantalum (Ta) formed on the first sublayer of Cu. Thé

. presence of a Cu layer above the free layer is known to
enhance the magnetoresistance cf the 3V sensor through a spin
filter effect.

*~  The SV sensor 600 furthefhcomprises bias layers 640 and
642 formed on.thefgnd reéions 602 and 604, respectively, for
providing a longitudinal bias field to tﬁe free layer 632 to
ensure a singlé magnetic domain state in the free layer. Lead
layers 644 and 646 are also deposited'oﬁ thé:ehd regions 602
and 604, respectively, to provide electrical connections for
the flow of a sensing current I from a current source 650 to
the SV sensor 600. A signal detector 660 which is
electrically é;;ngéted to lééds-644-and 646 seéses the change

ih resistance due to changes induced in the free layef 632 by
the external magnetic field (e.g., field generated by a data
bit stored on a disk). The external magnetic field acts to
rotate the direction of magnetization of the free layer 632
relative to ﬁhe direction of magnetizatiton of the pinned layer
622 which is ﬁreferably pinned perpendicular to the ABRS. The
signal detector 660 preferably comprises a partial response
maximum likelihood (PRML) recording channel for processing the
signal detected'by SV sensor 600. Alternatively, a peak
detect channel or a maximum likelihood channel (e.g., 1,7 ML)

may be used. The design and implementation of the

aforementioned channels are xnowmn to those skilled in the art.
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The siénal detectcr 660 z_sc in:zludes cther supporting
circuitries such as z presamclifizr ‘elsctrically placec

. between the senscr anz tihz channzl) fcr ccenditioning trns
sensed resistance chanmge: as is «ncwm o those sxilled -n the

art. _
o The SV sensor 600 is fabriczted ir a magnetroh.ébuttéring-
or an ion beam spgtte:ing syster to sequentially aeposit the
- multilayer strucgure shown in Fig. 6. The sputter deposition
process is carried out in the prssence of a iongitudinal
magnetic field of about 40 Ce. The seed layer 610 is formed
on the substrate 608 by sequentizlly depositing the first
" sublayer 612 of Al,0, having & thickness of about SO.A, the

second sublayer 614 of NimO. HaV‘ﬁg a tulckness of _about. 30 A

and the third sublayer 616 of tamtalum (Ta) hav1ng a thlckness
of about 35 A. The AFM lzyer 62C formed of Pt-Mn having a
thickness of about 200 A :s cepesited on the third sublayef
616 of the seed layer 610.

The AP-pinned layer 622, ths spacer layer 630, the
laminated AP-coupled free laysr 632 ana'the cap layer 638 are
sequentially deposited on the AFIM layer 620 in the central
region 606.. The FM1 layer 624 of Co;Fe having a thickness of
about 17 A is deposites orn the ATM layer 620. The APC layer
626 of ruﬁhenium having a chickness of about 8 A is depcsited
on the Fﬁl layer 624. The TMI le.2r 628 of Co-Fe having a
thickness of abcut 26 # is derosizzd on the APFT laver 626.

-
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The ncnmagnetic conducting spacer layer 630 is formed c¢f
copper (Cu}! having-a thickness of about 21 A deposited cn the
FM2 layer 628. Alternatively, the spacer layer 630 may be

formed cf silver (Ag), gold (Ru) or of alloys of Cu, Ag anc

Au. The laminated AP-coupled free layer 632 comprises the FM3

- -

viayer 634 of Co-Fe having a thickness in the range of 10—20 A,
preferably 15 A,!déposited on the spacer layer 630, the APC
-1ayer 635 of ruthenium héviﬁé.;.£hickpéss of about 8 A
depos;ted on the FM3 layer 634,.an& the FM4 }ayer'GBG of
Co—Fe-Hf—o having a.thiCkness in the range of 10-20 A,
'preferably 15 A, depositéd on tﬁe APC layer 635. The éap

layer: 638 is formed of Ta having a thickness of about 50 A

deposited on thé EM4.IaYé¥ 658 of £ﬂé free i;§e} 6;2.

- After the deposition of the central portion 606 is
éompleted, the sensor is annealed in the presence of a
magnetic field of about 800 Oe oriented iﬁ the transverse
direction to the ABS and is then cooled while still in the
magnetic field to set the exchange coupling of the AFM layer
620 with the laminated AP-pinned layer 622 transverse to the
ABS. The FM1l layer 624 has a surface which interfaces with a
surface of the AFM layer 620 so that the AFM layer éins the
magnetic moment 625 (represented in Fig. 6 by the tail of an
arrow po?ﬂting into the plane of the paper) of the FMl1l layer
624 in a direction perpendicular to and away from the ABS.

The magnetization of the FM1 layer 624 is pinned in this

-16-
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direction by exchange coupling with the AFM layer 620. The
APC layer 626 is very thin (about 8 A) which allows an

- antiferromagnetic exchange coupling between the FM1 layer 624

and the FM2 layer 628. Accordingly, the magnetization 629
(represented by the head of an arrow peointing out.. of the plane

| “of the paper) of the EM2 layer 628 is directed in an opp051te
direction to the}p@gnetlzatlon 625 of the FM1 layer 624,
namely perpendicular to and towards the ABS. Alternatively,
the magnetization 625 of the FM1l layer 624 may be set_in an
opposite direction (perpendicular to and awa} from tﬁe:ABs) so
that the magnetization'625 points out of the plane of rhe
paper. The magnetization 529 of fhe FM2 layer 628 will then
p01nt into the plane of the. paper due to the .antiparallel
coupling acros;-tre ApPC 1ayer 626.

A novel feature of the present invention is the use of
Co-Fe-Hf-O to form the FM4 layer 636 of the AP-coupled free
layer 632. The Co-Fe-~Hf-0O material is known to have high
thermal stability due to its nano-crystalline structure with
the result that the traneverse anneal process used to set the
exchange coupling of the AFM layer 620 of Pt-Mn with the
AP-pinned layer 622 transverse to the ABS will not cause
rotaﬁion of the magnetic easy axis of the Co-~Fe-Hf-O material
of the FM4_layer 636 from its longi;udina; orientation.

However, - the transverse anneal process causes the magnetic
easy axis of the lower thermal stability Co-Fe material of the

FM3 layer 634 to become transverse. As a result, the net
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intrinsic uniaxial anisotropy Hx ¢Z the FM3 and FM4 layers of
the AP—coupled free layer 632 will be reduced. The
ferromagnetic Co-Fe-Hf-O material is kncwn to have a very high
electrical resistivity (>400 pohm-cm) and to possess soft
magnetic properties (coercivity E-<5 Oe, and intrinsic uniaxial

“anisotropy Hi<1l0 Oe). The soft magnetic propertiee are
important in allowipg the free layer 632 to rotate freely in
response to an si;ral magnetic field. The high_reeistance~of
the FM4 layer 636 reduces sense current flow through this
sublayer of the .free layer 632 resulting in a_increese of the
sense current flow in the spacer layer 630 and the
ferromagnetic layers interfacing the spacer layer where the
spin dependent scatterlng processes that result in the GMR
effect are most- effectlve. In addltlon to hlgh re51sn1v1t§,
the Co-Fe-Hf-O material is a metal oxide known to cause
specular reflection of electrons. Electrons are specularly
reflected by the metal oxide material back toward the free
layer where they continue to add to the GMR effectf The
combined effects of redueed sense current shunting and
specular refleetion of electrons scatte;ed into the metal
oxide layer will result in an increased GMR coefficient for
the epin valve sensor 600.

The high electrical resistivity and low uniaxial
anisotropy of the Co-Fe-Hf-O material is due to a nano-grain
crystalline etructure. The composition range of the desired
material may be expressed as (Coa—Faﬂx—ny—Oz in atomic

*

percent, where 40% < x < 70%, 5% < y < 25%, 20% < z < 40%, i
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70% < a < 95%, 5% < b < 30%, x +y + z = 100% and a + b =100%.

The preferred composition is (Cgeo—Fei0)eo—HE10-030.

The FM3 iayer 634 of the laminated free layer 632 is made

cf Co-Fe having a composition range expressed as Co,~Fe, in
atomic percent, where 70% < a < 95%, 5% < b < 30%, and a + b =
~100%. The preferred composition is Cogo—Fejo.
It will be aggarént to those skilled in the art that the
AP-coupled ffee iéyer of the presentninvéntion may be used as
the free layer in a magnetic tunnel junction (MTJ) sensor
magnetoresistive device to obtain the.advantages of reduced
free layér magnetiq thickness derived from.Af—coupling and the
increased sensitivity due to the present free layer materials
and structure.
While ;he-present'invéhtion'has been particularly’ shown

and described with reference to the preferred embodiment, it
will be understood by those skilled in the art that various
changes in form and detail may be made without departing from
the spirit, scope and teaching of the invention. Accordingly,
the disclosed invention is to be considered merely as

illustrative and limited in scope onTy as specified in the

appended claims.
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1. A spin valve (SV) magnetoresistive sensor,

CLATMS

comprising:
an antiferromagnetic (AFM) layer;
— a pinned layer adjacent to said AFM layer, s;idxAFM layer
fixing a magne£ization direction of said pinned layer;
an antiparaligl (AP)~coupled free laygr compr;sing;
a third ferromagnetic layer;
a fourth ferromaénetic layer of high.electrical
resistivity material; and
an antiparallel coupling layer disposed between said
third and fourth ferromagnetic layers; and
a sggfe;_layex~of;nonmagn§tic electrically
conductive material disposed between said pinned

layer and said third ferromagnetic layer.

2. The SV magnetoresistive sensor as recited in claim 1
wherein said fourth ferromagnetic layer is made of Co-Fe-Hf-O.
3. The SV magnetoresistive sensor as recited in claim 1

wherein said third ferromagnetic layer is made of Co-Fe.

4. The SV magnetoresistive sensor as recited in claim 1
wherein said fourth ferromagnetic layer is made of

(Coo—Feyp) e0—HE10—03.
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5. The SV magnetoresistive sensor as recited in claim

wherein said fourth ferromagnetic layer is made of

in

o
A

(Co,~Fep),~Hf,~0, in atomic percent, where 40% < x < 7(%,
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6. The SV magnetore51st1ve sensor as recited in claim 1

e

ﬁherein said third ferromagnetic 1ayer is made of Co,-Fe, in

atomic percent, where 70% < a < 95%, 5% < b < 30%, anda + b =

~

100%. -

7. The SV magnetoresistive sensor as recited in claim 1

wherein said APC layer is made of ruthenium.

8. The SV magnetoresistive sensor as recited in claim 1
wherein the magnetic easy axis of said third ferromagnetic
layer has a substantially perpendicular orientation with

respect to the magnetic easy axis of said fourth ferromagnetic

layer.

rl

9. The SV magnetoresistive sensor as recited in claim 1

wherein said AFM -layer is made of Pt-Mn.

10. The SV magnetoresistive sensor as recited in claim 1
wherein said pinned layer further comprises:

a first ferromagnetic layer adjacent to said AFM laver;

‘This Sheet Has Been Replaced
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a second ferromagnetic layer adjacent to said spacer
layer; and

an antipzrallel coupling (APC) layer disposed between
said first ferromagnetic layer and said second ferromagnetic

layer.

11. The SV magnetoresistive sensor as recited in claim 10°

wherein said third ferromagnetic layer is made of Co-Fe. -

12. The SV magnetoresistive sensor'as.neéited in claim 10
wherein said third ferromagnetic layer is made of Co.-Fe, in

atomic percent, where 70% < a < 95%, 5% < b < 30%, and a + b =

100%.

{
13. The SV magnetoresistive sensor as recited in claim 10

wherein said fourth ferromagnetic layer is made of

(Coc—Fe:0) 60=HE10—Cs0.

14. The sV magnetqresistive sensor as recited in claim 10
wherein said fourth ferromagnetic layer™is made of
(Co.~Fe,) .~Hf,-0, in atomic percent, whefe 40% < x < 70%, 5% < y
< 25%, 20% < z < 40%, 70% < a < 95%, 5% < b < 30%, X + y + z

= 100% and a + b =100%.

15. The SV magnetoresistive sensor as recited in claim 10

wherein the fourth fefromagnetic layer has the same thickness

as the third ferromagnetic layer. : _ This Sheet Has Been Replaced
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16. The SV magnetoresistive sensor as recited in claim 20

_ wherein said AFM layer is made of Pt-Mn.

17. A spin valve (SV) magnetoresistive sensor,
*~comprising:
an antiferro%ﬁgnetic (AFM) layer;
an antiparaiiel (AP)-pinned layer aéjacent to said AFM
layer, said AP-pinned layer comprising;
a first'ferromagnetic layer adjacent to said AFM
layer;
a second ferromagnetic layer; and
an antiparallel cbupling (APC) layer disposed
between said first feridmagneti6“1a§er“énd séid“
second ferromagnetic layer;
an AP-coupled free layer comprisi;g;
a third ferromagnetic layer;
a fourth ferromagnetic layer of high electrical
resistivity material; and
an APC layer layer disposed b€tween said third and
fourth ferromagnetic layers; and |
a spacer layer of nonmagnetic electrically conductive
material disposed between said second ferromagnetic layer and

'said third ferromagnetic layer.

18. The SV magnetoresistive sensor as recited in claim 17

wherein said fourth ferromagnetic layer is made of Co-~-Fe-Hf-0, ,

-23-
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19. The SV magnetoresistive sensor as recited in cla:x: 17

.wherein said third ferromagnetic layer is made of Co-F=.

20. The SV magnetoresistive sensor as recited in claim 17

._wherein said third ferromagnetic layer is made of Co,~Fe, in
atomic percent, where 70% < a s'95%, 5% <'b < 30%, and a + b =

100%.

21. The SV magnetoresistive sensor as recited in claim 17
wherein said fourth ferromagnetic layer is made of

(Coo~Fe10) 60— HE10—030.

V_magnetoresistive sensor as recited in claim 17

wherein said fourth ferromagnetic layer is made of

——

(Co.~Fey) x~HE,~O, in.atomic percent, where 40% < x < 70%, 5% < y
< 25%, 20% < z < 40%, 70% < a < 95%, 5% < b-s 30%, x + ¥y + z
= 100% and a + b =100%.

23. The SV magnetoresistive sensofnés recited in claim i7
wherein the fourth ferromagnetic layef ha; the same thickness
as the third ferromagnetic layer.

-é4. The SV magneforesistive sensor as recited in claim .7
Qherein the ﬁagnetic easy axis of said third ferromagnetic
layer has a'substantially perpendicular orientation with
respect to the magnetic easy axis of said fourth ferromagnet:c

layer. ' .4
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25. The SV magnetoresistive sensor as recitsd in claim 17

. wherein said AFM layer is made of Pt-Mn.

26. The SV magnetoresistive sensor as recited in claim 27

“wherein_said spacer layer is made of copper (Cu).

IJ. )

- 27..Amagnetic-read/write head comprising:

a-write head-including:

&t least one’ coil layer and an-in§ulétion'stack the

c01l layer belng embedded in the 1nsulatlon stack;

flrst and second pole plece layers connected at a

back gap and having pole tips with edges forming a
portion of an’air bearing surface'(ABST; the
insulation stack being sandwiched between the
first and second pole piece layers; and

write gap layer sandwiched between the pole tips

-of the first and second pole piece layers and

forming a portion of the ABS;

a read head including: =
a spin valve (SV) magnetoresistive sensor,
comprising:
an antiferromagnetic (AFM) layer;
an antiparallel (AP)-pinned layer adjacent to said
| AFM layer, said AP;pinned layer comprising;
| a first ferromagnetic layer adjacen: to said
AFM layer; .
a second ferromagnetic layer; and
//"—. _25—.
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an antiparallel coupling (APC) layer disposed
between said first ferromagnetic layer and
said second ferromagnetic layer;
an AP-coupled free layer comprising;
a third ferromagnetic layer; -
a fourth ferromagnetiC'layer of high“eiectrical.~
re51st1v1ty materlal, and
aanPC ‘layer dlsposed between sald thlrd and "~
fourth ferromagnetic :layers; and. =
a spacer layer of nonmagnetié’eieétfiééily"
conductive material diepbsed betweeh;eaid_SecOnd
ferromagnetic layer and said thi}d feLfemagnetie
layer; and | |
an 1nsulatlon layer dlsposed between the secorid shield”
layer of the read head and the first pole plece layer of the

-—

write head.

28. The magnetic read/write head as recited in claim 27
wherein said fourth ferromagnetic layer is made of Co-Fe~Hf-O.
29. The magnetic read/write head as recited in claim 27

wherein said third ferromagnetic layer is made of Co-Fe.

30. The SV magnetoresistive sensor as recited in claim 27
wherein said third ferromagnetic layer is made of Co,-Fe, in
atomic percent, where 70% < a < ¢5%, 5% < b < 30%, and a + b = :
SRR
heet Has Been Replaced
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31. The magnetic read/write head as recited in claim 27
wherein said fourth ferromagnetic layer is made of

(Coo—Fei0) o—H f16—030 .
— 32. The magnetic read/write head as recited in claim 27
wherein said fourth ferromagnetic layer is made of

e ' o
(Coal Feb)x-Hf -0, ln atomic. percent, where’ 40% < X < 70%, 5% < y

. < 25%, 20% s z s 40%, 70%'5 a < 95% 5% <b<30% x+y+z

= 100% and a + b =100%. - "

33. The'magnetic read/write head as recited in claim 27
wherein the fqﬁrth ferromagnetic layer has the same thickness

as the third ferromagnetic layer. -

34. The magnetic read/write head as recited in claim 27

wherein said AFM layer is made of Pt-Mn.

35. The magnetic read/write head as recited in claim 27

wherein said spacer layer is made of coﬁber (Cu).

36. A disk drive system comprising:

é magnetic recording disk;

a magnetic fead/write head for magnetically recording
data on the magnetic recording disk and for sensing
magnetically recorded data on the magnetic-recording disk,

said magnetic read/write head comprising: etHasBeenReplaced

BT i
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at least one coil layer and an insulatior

a write head including:

stack, the coil layer being embedded in the
insulation stack;

first and second pole piece layers connected at
a back gap and having pole tips with edges
forming a portion of an gir bearing surface
'1335); the_insulatign sfackubeing~5andwiched_“
between the first and second pole piece
layers; and ~

a writé gap layer sandwichéd between_the.pole
tips of the first”ﬁnd second pole piece
layers and fo;ming.a portion of the ABS;

‘a read head including:

a spin Jalve {sSV) magnetoresis;ive sensor,
comprising: |
an antifeiromagnetic (AFM), layer;
an antiparallel (AP)-pinned layer adjacent to
said AFM layer, said AP-pinned layer
comprising; ) -
a first ferromagnetic layer adjacent to
said AFM layer;.
a second ferromagnetic layer; and
an antiparallel coupling (APC) layer
disposed between said first
ferromagnetic layer and said second

ferromagnetic layer;

a ferromagnetic free layer comprising; -

—-28-
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a foﬁrth ferromaghetic layer of high
electrical resistivity material; and
an Aéc layer disposed between said third
and fourth ferromagnetic layers; and
~ a spacer layer of nonmagnetié eledtfi;;lly
conductive material disposed between said
;secoﬁéﬁferromagnetic:la§er'and said third
. ferromagnetic layer; and
an insulation layer disposed between the second
shield layer of thé read head ana the first pole
piece'iayer'of the write head;
an actuator.for moving said magnetic read/write head
across thé magggt%g_disk;sogthat the read/write head may
access differeﬁt regions of the magnetic recording disk; and
B a recording channel coupled electfically to the write
head for magnetically recordiné data on the magnetic recording
disk and to the MTJ sensor of the read head for detecting
changes in resistance of the MTJ sensor caused by rotation of
the magnetization axis of the AP-coupled free layer relative
to the fixed magnetizations of the first and second pinned

layers in response to magnetic fields from the magnetically

recorded data.

37. The disk drive system as recited in claim 36 wherein

said fourth ferromagnetic layer is made of Co-Fe-Hf-O.

-29-
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38. The disk drive system as recited in claim 36 wherein
said third ferromagnetic layer is made of Co-Fe.

39. The SV magnetoresistive sensor as recited in claim 36
wherein said third ferromagnetic layer is made of Co,-Fep, in
*~atomic percent, where 70% < a < 95%, 5% < b < 30%, and a + b =

100%. _ _
P ) 4
40. The disk drive system as recited in claim 36 wherein

- said fourth férrémagnetic-layer~is madé'defcméFem)w—Hfm—o@.

41. The disk drive system as recited in claim 36 wherein
said fourth ferromagnetic layer is made of (Co.,~Fe,),~Hfy,~0O, in
atomic percentp“where.40%-s;§ 5-70%} 5% < yfg 25%{”20% <z <

40%, 70% < a < 95%, 5% < b < 30%, x + y + z = 100% and a + b

42. The disk drive system as recited in claim 36 wherein
the fourth ferromagnetic layer has the same thickness as the

p—

third ferromagnetic layer.

43. The magnetic read/write head as recited in claim 36

wherein said AFM layer is made of Pt-Mn.

44 . -The magnetic read/write head as recited in claim 36
cramce

wherein said spacer layer is made of copper (Cu). heet Has Been Replaced .
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