- 1;: d MAGNETI C TUNNEL JUNCTI ON DEVI CE W TH | MPROVED FI XE WE—-
"FERROVAGNETI C LAYERS D’W Oa

Technical Field This invention relates in general to a: eti C
tunnel junction (MIJ) device and nore particularly to a MIJ device fory.
as a magnetoresistive (MR) head for reading nmagnetically-recorded data’ or
for use as a magnetic storage cell i mlx magneti ¢ nonvol atil e nenory
device. Mre particularly, this invention relates to a MIJ device with
i mproved ferromagnetic | ayers. Backgr ound of
the Invention A magnetic tunnel junction (MIJ) device is conprised
of two ferrMAGNETICTUNNEL JUNCTION DEVICE WITH IMPROVED FIXED AND FREE
FERROMAGNETIC LAYERS

Technical Field
This invention relates in general o a. magnetic tunnel junction (MTJ) device
and more particularly to a MTJ device for use as a magnetoresistive (MR) head for
reading magnetically-recorded data or for use as a magnetic storage cell in a
magnetic nonvolatile memory device. More particularly, this invention relates to a

MTJ device with improved ferromagnetic layers.

Bac} { of the Invention -
A magnetic tunnel junction (MTJ) device is comprised of two.ferromagnetic
layers séparated by a thin insulating tunnel barrier layer and is based on the
phenomenon of spin-polarized electron tunneling. One of the feromagnetic layers
has a higher saturation field in one direction of an applied magnetic field, typically
due to its higher coercivity than the other ferromagnetic layer. The insulating tunnel

barrier layer is thin enough that quantum mechanical tunneling occurs between the
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| ayers separated by a thin insulating tunnel barrier layer and is based on
*t he phenonenon of spin-polarized electron tunneling. One of the
ferromagnetic |l ayers has a higher saturation field in one direction of an
applied magnetic field, typically due to its higher coercivity than the
other ferromagnetic |ayer. The insulating tunnel barrier layer is thin
enough that quantum nmechani cal tunneling,occurs bet'ween the

ferromagnetic | ayers. The tunneling pheﬁ%ﬁenon is el ectron-spin dependent,
maki ng the magnetic response of the MIJ a function of the relative
orientations and spin polarizations of the two ferromagnetic | ayers.

MIJ devi cermapansliciayeiso Jheduniglingmhengmaromisigcironespinderandedt.i d state
menory. The state of the MIJ nennrx cell is determ ned by nmeasuring the
r esi st ancemaking te mpaneliniesponse afdhe Mdanfunptionefdbe relatierricmtations end
through the MIJ fromone ferronmagnetic layer to the other. The probability
of tunnel i $Rin gplarizationgof the wafegomeagostic leyersi nsul ating tunnel barrier |ayer
depends on the relative alignnment of the nmagnetic noments (nagnetization
directions) of Mhédeviees haverhaeaprepesed prirearily aymemagy gells fegseligrstate: i s spin
pol arized, which neans that the electrical current passing fromone of the
f er r omagnememonay Ehe stateof the Milsl memary egllds determined by measuring the

resistance of the MTJ when a sense current is passed perpendicularly through the

- MTJ from one ferromagnetic layer to the other. The probability of tunneling of

charge carriers across the insulating tunnel barrier layer depends on the relative

alignment of the magnetic moments (magnetization directions) of the two

ferromagnetic layers. The tunneling current is spin polarized, which means that the

electrical current passing from one of the ferromagnetic layers, for example, a layer

whose magnetic moment is fixed or prevented from rotation, is predominantly

composed of electrons of one spin type (spin up or spin down, depending on the |

orientation of the magnetic moment of the ferromagnetic layer). The degree of spin

polarization of the tunneling current is determined by the electronic band structure

of the magnetic material comprising the ferromagnetic layer at the interface of the

ferromagnetic layer with the tunnel barrier layer. The first ferromagnetic layer thus

acts as a spin filter. The probability of tunneling of the charge carriers depends on

the availability of electronic states of the same spin polarization as the spin

polarization of the electrical current in the second ferromagnetic layer. Usually,

when the magnetic moment of the second ferromagnetic layer is paralle! to the

magnetic moment of the first ferromagnetic layer, there are more available
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whose magnetic nonent is fixed or prevented fromrotation, is predom nantly
-conposed of el ectrons of one spin type (spin up or spin down, depending on
the orientation of the magnetic nonent of the ferronmagnetic |ayer). The
degree of spin polarization of the tunneling current is determ ned by the
el ectronic band structure of the nagnetic material conprising the
ferromagnetic layer at the interface of the ferronagnetic |ayer with the
tunnel barrier layer. The first ferrona@z?fetic | ayer thus acts as a spin
filter. The probability of tunneling of the charge carriers depends on the
availability of electronic states of the sane spin polarization as the spin
pol ar i zat Piggtrenic statesthartwhenthegnagrefic mementof ecsaceond deFImagnatici c | ayer .
Usual Iy, when the magnetic nonment of the second ferromagnetic |ayer is

par al | el layet isaligned aptiparalie)ite thatef themfrstferamagesticdavaindhue. theyer , there
are nore avail able - 3-

el ect r oni &ungelingprobahility wfthe charaeseanders is highestiwhen the,mageetimeromantomagnet i ¢
layer is aligned antiparallel to that of the first ferromagnetic layer.
Thus, t heof bethidayers grepparaliel, and s loweshwhertthe gaagngtie moments arg ghest when t he
magnetic nonents of both layers are parallel, and is | owest when the _
magnet i ¢ abfigaralielaWherdheimameantsaare anapged heitheo parallel nor @ntiparaligjethenei t her
parall el nor antiparallel, the tunneling probability takes an internedi ate
val ue. Thtunneling:prabability takes podntermediateofalue. Thus, the electrical resistance of '

the MTJ memory cell depends on the spin polarization of the electrical current and

the electronic states in both of the fe'ﬁofnagneﬁc layers. As a restlt, the two

possible magnetization directions of the ferromagnetic layer whose magnetization

direction is not fixed uniquely define two possible bit states (0 or 1) of the memory

cell. Although the possibility of MTJ memory cells has been known for some time,

serious interest has fagged because of difficulties in achieving responses of the

magnitude predicted in practical structures and at noncryogenic temp_eratdres.

A magnetoresistive (MR) sensor detects magnetic field signals through the

resistance changes of a read element, fabricated of a magnetic material, as a

function of the strength and direction of magnetic flux being sensed by the read

element. The conventional MR sensor, such as that used as a MR read heéd for

reading data in magnetic recording disk drives, operates on the basis of the

anisotropic magnetoresistive (AMR) effect of the bulk magnetic material, which is

typically permalloy (Nig,Fe,q). A component of the read element resistance varies

as the square of the cosir_le of the angle between the magnetization direction in the

read element and the direction of sense current through the read element.
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the MIJ nenory cell depends on the spin polarization of the electrical
-current and the electronic states in both of the ferronmagnetic |ayers. As
aresult, the two possible magnetization directions of the ferromagnetic
| ayer whose magnetization direction is not fixed uniquely define two
possible bit states (0 or 1) of the nenory «cell. A though the possibility
of MIJ nmenory cells has been known for sone tinme, ~8erious interest has

| agged because of difficulties in achi e#ng responses of the nagnitude
predicted in practical structures and at noncryogenic tenperatures.

A magnetoresistive (MR) sensor detects magnetic field signals through the
r esi st anc &ecAuisgsiata can be gaad Foaa magnetinjiediumesichrasthadiskdd edistat eri al , as

a function of the strength and direction of magnetic flux bejng sensed by
the read dgverhssauserthe ngéhmaengﬁcﬁ#dﬁ@mm recasied maRgnefigmagia (the a MR

read head for _reading data in magnetic recording disk drives, operates on
t he basi s Signat finld) Gayses achignge imthedicectian afmagnetizalion ia thesead glement, bul k
magnetic material, which is typically permalloy (Niferr]Fe[err]). A
conponent Wfich indumncagyses aphange dxfesisiance of tieiread elgmenhandguar e of t he
cosi ne of the angle between the nagnetization direction in the read
el emrent a@responging=ehange io thessensedoumentar volkagfugh t he read el enent.
> The use of a MTJ device for a memory application has been proposed, as '
described in U.S. Patent 5,640,343 and IBM's U.S. Patent 5,650,958. The use of
a MTJ device as a MR read head has also been proposed, as described in
U.S. Patent 5,390,061. One of the problems with such MTJ devices is that the
magnetizations of the ferromagnetic layers generate magnetiq dipolar fields. This
leads to a magnetostatic interaction between the ferromagneﬁc layers within a
particular device and to magnetostatic interactions between I\;ITJ devices in an
array of suchMTJ devices, such as an array of MTJ memory cells proposed for a
r;onvolatile magnetic memory array. The magnetostatic interaction become
increasingly important as the cross-sectional area of the MTJ device or deviceé is
reduced. For memory applications the magnetostatic interactions between
neighboring MTJ memory cells means that the properties of an individual MTJ
memory element will be affected by the state of the neighboring MTJ rﬁemory
elements. This will limit the packing density of the MTJ elements in an array since
neiéhboring MTJ memory elements have to be spaced further apart than would

otherwise be required. For MR read head applications the magnetostatic

interaction between the feromagnetic layers within the MTJ device limits the
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Recorded data can be read froma nmagnetic nedium such as the disk in a
-disk drive, because the external magnetic field fromthe recorded magnetic
medium (the signal field) causes a change in the direction of
magnetization in the read elenment, which in turn causes a change in

resi stance of the read elenment and a corresponding change in the sensed
current or voltage. The use of a MIJ device for a nenory application
has been proposed, as described in U S Patent 5,640,343 and IBMs U.S.
Patent 5, 650,958. The use of a MIJ device as a MR read head has al so been
proposed, as_described in U S. Patent 5,390,061. One of the problens wth
such MrJ dreffarmanes of thetdevice. Inraddition.the magaetization of the flux fegsiBgilayerayer s
generate qa%netic di polar fields. This leads to a nmagnetostatic

i nt er act i dA theMReteadtheadrhasito bedqiiegressively eadiiced apthe datasiorage garacityevi ce
and to magnetostatic interactions between MIJ devices in an array of such
MIJ devi ce®f the magnetic rgeording sysiemiisrincrassed jo eblpinthe beptparformancey

nonvol atil e magnetic nmenory array. The nmagnetostatic interaction becone

i ncreasi ngly i ip&iS patentsH.4 k482 and 554418685 pronesed thatigiantry devi ce or
devices is reduced. For nenory applications the magnetostatic interactions
bet ween rmaghéoresistandeGMRpelgments|in theeshapetdf holiow eylindersconticiowof an

i ndi vidual MIJ nenory elenment will be affected by the state of the
nei ghbor i ngashiers be msed to sddece magneiistaticuintetactioms betiveen plemientgindensi ty of -
the MIJ elenents in an array since " neighboring MIJ nenory el enents have to
be spaced maghétirmemary afrinaof GMR elemehtse Mhissaethed ienot usefll fordviR kéad ead head
applications the magnetostatic interaction between the ferronagnetic
| ayers wi thead agpticiMichsd dMoreevern thistmethbe introduces considerable complexity into
the fabrication of the individual magnetic efements. Furthermore these elements
are of necessity large since the elements will comprise several minimum-area
lithography squares in order to create elements with hollow interiors. Thus these
elements are not suitable for high denéity memory applications;
What is needed is a MTJ device in which the ferromagnetid layers have
reduced net magnetic moments such that the magnetostatic interactions between
these layers within a single device (for MR read head applications) or between MTJ
devices (for memory applications) can be reduced in a controlled manner without

significantly increasing the complexity of fabrication of the MTJ device.

Summary of the {nvention
The invention is an improved MTJ device for use especially in a magnetic
recording read head in a magnetic recording system or in a magnetic memory

storage cell in a magnetic nonvolatile memory. The MTJ device is essentially
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-5- performance of the device. In addition, the magnetization of the flux
-sensing layer in the MR read head has to be progressively reduced as the
dat a storage.capacity of the magnetic recording systemis increased to
obtain the best performance. In US patents 5,477,482 and 5, 541, 868
It is proposed that giant magnetoresistance (GVR) elenents in the shape of
hol | ow cylinders or hollow washers be used to reduce magnetostatic

i nteracti ons between elenents in a magMEtic menory array of GWR el enents.
This method is not useful for MR read head applications. Mreover this

met hod i ntroduces, cqonsi derabl e conpl exijy j.nt he fabrication of the
i ndi vi dual S9fEBRRG Qf%ﬂpéﬁ%?m§9n¢fm'?¥?éﬁﬁ){"éf4 Hé%&‘eé| BRPINSIE BV e e 1 y
| arge since the elenepts will conprise,several njninmunmarega  |ithography
squar es insmqﬁe@r 49"@%%@'-\)0{ HBSPRIHA eﬁt%’r’i‘n&\"%'."_s"f‘ﬁh%gthese

elenents are not suitaple for high depsity nenp l.i catjons.

What is net—%‘@&ﬁq%‘aé(ewl’gn Hermoyed Nﬁ."\ﬂﬂv@ﬁ i} gma'f‘gg%ffﬁaéﬁéﬁm@a*egyer s have
reduced net nagnetic nonments such that the ma netfostatic Interactions
bet ween t aonetic lavers W whigh eachypldhe fyedand freq fefrrmagngticlayers is

applications) or between MIJ devices (for nepory applications) can be
reduced i nfoamedfonyat leastiwethinngf feromagnetic sublayers coupled _

antiferromagnetically to one another across a thin nonferromagnetic spacer layer.
The spacer layer or antiferromagnetically. coupling layer is dmsen, with regard to
material composition and thickness, so that it causes the two ferromagnetic
sublayers wﬁich sandwich it to have their magnetic moments amanged antiparalle! -
to one other in the absence of external magnetic fields. The magnetic moments of
the fixed ferromégnetic layer and that of the free ferromagrietic layer can be chosen
to be arbitrarily isma'll by makirig the two ferromagneti.c sublayers comprising each .
of them to ha\)e substantially the séme magnetic moment. Thus the dipole fields
from each of the fixed and free ferromagnetic layers in the MTJ device can be
minimized, thereby reducing the magnetic interaction between the fixed
ferromagnetic layer and the free ferromagnetic layer. Formagnetic recording read
head applications the improved MTJ device has improved sensitivity to magnetic
fields. In addition, the fixed ferromagnetic layer is more stable against extemal
perturbations including both magnetic field and temperature excursions. The
irﬁbroved MTJ device thei'eby allows for magnetic recording systems with higher
areal densities of stored magnetic bits. For magnetic memory applications the

improved MTJ memory element has reduced interactions with neighboring
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significantly increasing the conplexity of fabrication of the MIJ device.

“Sunmary of the Invention The invention is an inproved MIJ device
for use especially in a magnetic recording read head in a magnetic
recording systemor in a nagnetic nenory storage cell in a nmagnetic
nonvol atile nenory. The MIJ device is essentially

- 6- conprised of two ferromagnetic Iaxprs a "hard" or "fixed"

ferromagnetic |ayer and a sensing or "fTree' ferromagnetic |ayer, which are
separated by a thin insulating tunneling layer. An inproved MIJ device is

obt ai ned bq)( usi nglhl am nated ferromagnetic layers in which each of the
fixed and elgnaentsdhewhy@rabling Qfﬁ?@fﬁ’adﬁng densiias of thaseglements@nd\ibus hi nner

ferromagneti c subl ayers coupled antiferromagnetically to one anot her
across a t"Pﬁ"ﬂaWQﬁ"th%ﬁjﬁ’étﬂ% spacer |ayer. The spacer |ayer or

antiferromagnetically coupli n | ayer is chosen, with regard t mat eri al
conposi ti on an&ofﬂﬁ&éhté@@efst?@ ingaf the naturesand advantasespégwwrﬁgergt iC
subl ayers which sandwich it to have their magnetic nonents arranged
ant i par al ligyentips, refesengerghouldhbe rr@datigéhﬂ:f@llwn@sée@ﬂe@demﬁ@m takeni el ds. The
magneti c nonents of

together with the accompanying figures.

Fig. 1is a simplified block diagram of a conventional magnetic recording disk
drive for use with the MTJ MR read head according to the present inV_ention.

Fig.2isa tob view of the disk drive of Fig. 1 with the cover removed.

Fig.3isa vertical cross-section of a conventional inductive write head/MR
read head with the MR read head located between shields and adjacent to the
inductive write head.

Fig. 4A shows a cross-section view of a MTJ MR read head of the present
invention.

Fig. 4B is a cross-section of the MTJ element making up the MTJ MR read
head shown in Fig. 4A.

Figs. 5A-C show magnetoresistance versus field curves for three MTJ
qevioes with no antiparallel coupled fixed ferromagnetic and sensing ferromagnetic
Iayérs (5A), with an antiparaflel coupled fixed ferromagnetic multilayer (5B) and with
both antiparallel coupled fixed ferromagnetic and sensing ferromagnetic multilayers

(5C) for a limited magnetic field range.
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the fixed ferromagnetic |layer and that of the free ferromagnetic |ayer can
be chosen to be arbitrarily small by making the two ferronmagnetic

subl ayers conprising each of themto have substantially the sane magnetic
nmonment. Thus the dipole fields fromeach of the fixed and free
ferromagnetic layers in the MIJ device can be minimzed, thereby reducing
the magnetic interaction between the fixed ferromignetic |ayer and the
free ferromagnetic |ayer. For magnetic r&cording read - head applications

t he i nproved MIJ device has inproved sensitivity to magnetic fields. In
addition, the fixed ferromagnetic |layer is nore stablegﬁgainst ext er nal

pert urbati ons i 6uHoMg the magneliresistance xergus field cups Rt the fame stietreons. The

i nproved MIJ device thereby allows for magnetic recqrding systens with
hi gher arwhgsejesronseds shpwn inoFiggSielitove amaggetlﬁd@@%a $ftlor v

applications the inproved MIJ rrermrfy. el enent has reduced interactions with
nei ghbor i rigrge o reorient completely the fixed ferromagnstic layer. -7-

el ements, thereby enabling greater packing densities_of these elenments and
thus i ncr easedi@rdioshpwsdbasesistagee versus field gurvg of @ MEJ daviee Wih #ndi ng of the
nature and advantages of the present invention, reference should be nmade
to the folaniaraiebeaupladdixeddecempgnetic layarayer angeended magnetialeldcconpanyi ng
figures. :

range.

Fig. 7B shows the resistance versus field curve of a MTJ device with a

antiparallel coupled fixed ferromagnetic layer over a limited field range.

Prior At

Although the MTJ device of the present invention will be described below as
embodied as 'a MR sensor in a magnetic recording disk drive, the invention is also
applicable to other MTJ applications, such as memory cells, and other magnetic
recording systems, such as magnetic tape recording systems.

Referring first to Fig. 1, there is illustrated in sectional view a schematic of a
prior art disk drive of the type using a 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
diék 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



Brief Description of the Draw ng Fig. 1 is a sinplified block

di agram of a conventional magnetic recording disk drive for use with the
MIJd MR read head according to the present invention. Fig. 2is a
top view of the disk drive of Fig. 1 with the cover renbved. Fig. 3
Is a vertical cross-section of a conventional inductive wite head/ MR read
head with the MR read head | ocated between shi el ds and adjacent to the

i nductive wite head. Fig. 4A sheis a cross-section view of a MIJ
MR read head of the present invention. Fig. 4Bis a cross sectlon
of the MIJ el enent making up the MIiJ MR read head shown in Fig.

Fi gs. 5A- Ceamsgterhigrdsivernastios i 2 hyaneanssefdiubi 18 ta whiphitls a#aeh%méotm

devices with no antiparallel coupled fixed ferromagnetic and sensing
f er r omagneby éhe diweamotorJ&) A thin lubseantfim 5Qrismaintaiaed on the surfaeg of
ferromagnetic nmultilayer (5B) and with both antiparallel coupled fixed
f er r omagnedisk 18ndA mdéumtg headas teapsdudear 2is farmag on ¢he traiting end obal i nited -
magnetic field range.
carrier, such as an air-bearing slider 20. Transducer 25 is a read/write head
comprising an inductive write head portion and a MR read head portion, as will be
described with respect to Fig. 3. The slider 20 is connected to the actuator 14 by
means of a rigid arm 22 and a suspension 24. The suspension 24 provides a |
biasing force which urges the slider 20 or'nté: the surface 6f the recording disk 16.
During operafion of the disk drive, the drive motor 12 rotates the disk 16 at a
constant speed, and the adtuator 14, thch is typically a finear or rotary voice coil
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. 2 is a top view of the interior of the disk drive with the cover 11 removed,
and illustrates in better detail the suspension 24 which provides a force to the
-slider 20 to urge it toward the disk 16. The suspension may be a conventional type
of suspension, such as the well-known Watrous suspension, as described in IBM's
U.S. Patent 4,167,765. This type of suspension also provides 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 tra_nsducer 25is processéd into a
déta readback signal by signal amplification and processing circuitry in the

integrated circuit chip 15 located on arm 22. The signals from transducer 25 travel

via flex cable 17 to chip 15, which sends its output signals to the disk drive

AM9-97-086



- 8- Fig. 6 shows the magnetoresistance versus field curve of the
'sanme structure whose response is shown in Fig. 5A but over a nmagnetic
field tange sufficiently large to reorient conpletely the fixed

ferromagnetic | ayer. Fig. 7A shows the resistance versus field
curve of a MIJ device with a antiparallel coupled fixed ferromagnetic
| ayer over an extended magnetic field range. Fig. 7B shows the

resi stance versus field curve of a MIiJ dfice with a anti paral | el coupl ed
fixed ferromagnetic |layer over a limted field range.

Det ai | ed sgription of the Inyentjon Prior Art Al t hough the MIJ
device of %??Fgf%&ééa%s?wom%m@&?%% 1 be described bel ow as enbodied as a
MR sensor in a_mgnetic recording disk drjve, the invention is also
applicable to gfgngr's RiEsossysAGtiensl sshematic vigw of %Wat@ IW%&‘”EE% ot her
magnetic recqrdi ng systems, such as netic tape,recordjng systens.
Ref erri ng fgad<4d W'@)‘g'F:f _udf§qMBrrgaﬂzlepHFp§g{0par\g&rﬁﬁdg§w i“ﬁﬁ%ﬂe ew a |
schematic of  a rior art disk drive of t,;be trége &si n&%l\/R sensor. The

di sk dri v hekead 24 isdapned tofoirn aRpirhearing syrace sthefiBSe notor 12
and an actuator 14, and a cover 11. The base 10 and cover 11 provide a
subst ant i 91R9 sraged drorythe swface of thecrotafingdisk, 16,&ig. 1y by the aipbeatingasi s a
gasket 13 | ocated between base 10 and cover_ 11 and a snall breather port

(not showrdisaussecabave. s Theyregdeeadriaciudesia MR sensor 4@ sandiched between

first and second gap layers G1 and G2 which are, in tum, sandwiched between first
and second magnetic shield layers S1 and S2. In a conventional disk drive, the MR
sensor 40 is an AMR sensor. The write head includes a coil layer C and insulation
layer 12 which are sandwiched between insulation layers 11 and 13 which are, in
turn, sandwiched between first and second pole pieces P1 and P2. A gap layer G3
is sandwiched between the first and second pole pieces P1, P2 at their pole tips
adjacent to the ABS for providing a magnetic gap. During writing, signal current is
conducted through the coil layer C and fiux is induced into the first and second pole
layers P1, P2 causing flux to fringe across the pole tips at the ABS. This flux
magnetizes circular tracks on the rotating disk 16 during a write operation. During a
read operation, magnetized regions on the rotating disk 16 inject flux into the MR
sensor 40 of the read head, causing resistance changes in the MR sensor 40.
These resistance changes are detected by detecting voltage changes across the
MR--sensor 40. The voltage changes are processed by the chip 15 (Fig. 2) and
drive electronics and converted into user data. The combined head 25 shown in

Fig. 3 is a “merged” head in which the second shield layer S2 of the read head is
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of the disk drive and the outside environnent. A magnetic recording disk 16
s -O- connected | o
drive motor 12 by means of hub 18 to which it is attached for rotation by
the drive notor 12. A thin lubricant film50 is maintained on the surface
of disk 16. Aread/wite head or transducer 25 is formed on the trailing
end of a carrier, such as an air-bearing slider 20. Transducer 25 is a
read/wite head conprising an inductiveldrite head portion and a MR read
head portion, as will be described with respect to Fig. 3. The inder 20

I's connected to the actuator, 14 by neans of a rigid
suspensi offmrioyedas a fiest enls Risco i 15erthe yalte head,;ip & g‘mﬁ@@nkg ’L‘ﬁ urges the
slider 20 onto the surface of the recordi n? di sk 16, During operation of
the di sk @hPWa). theygegandshiglddayer 52 anst the §55% pole Rigce L are.geparate faveraint
speed, and the_actuator 14, which is typically a linear or rotary voice
coi | notor (VERR abawe deseription af adypical r@me%rqoyrqlmlak dgve,with g™ t he
surface of the di sk 16 so that the read/wite head 25 nay access different .
dat a t r acl&MBea bead,@nd the accompagying@Figs. &3 @/ for representaien PHEROSESr of t he
disk drive wwth the cover 11 renoved, and illustrates in better detail the
suspensi oroniy Risk drives may ¢estain adarge numbenef dislsi andraciuaters, am@eacnh t owar d
the disk 16. The suspension may be a conventional type

actuator may support a number of sliders. I[n addition, instead of an aur—beanng

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 and near-contact

recording disk drives.

Preferred Embodiments

The present invention is a MTJ device with antiferromagnetically coupled
multilayers functioning as the fixed and free ferromagnetic layers. In one -
embodiment the MTJ device is the sensor in an MR read head and is used in place
of the MR sensor 40 in the read/write head 25 of Fig. 3.

Fig. 4A is a section Viem_l of the MTJ MR read head-of the present invention
as it would appear if taken through a plane whose edge is shown as line 42 in
Fig. 3 and viewed from the disk surface. Thus the paper of Fig. 4A is a plane

| parallel to the ABS and through substantially the active sensing region, i.e., the

tunﬁel junction, of the MTJ MR read head to reveal the layers that make up the
head. The MTJ MR read head includes a bottom electrical lead 102 formed on the

gap layer G1 substrate, a top electrical lead 104 below gap layer G2, and the MTJ



of suspension, such as the well-known Watrous suspension, as described in
IBMs U S. Patent 4,167,765. This type of suspension also provides a
gi-nbal ed attachnment of the slider which allows the slider to pitch and
roll as it rides on the air bearing. The data detected fromdisk 16 by the
transducer 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 fromtrangducer 25 travel via flex cable 17
to chip 15, which sends its output signals to the disk drive AMB- 97- 086
-10- el ectronics (not shown) via cable 19 Fig. 3.is a

cr oss- secdeyica 10 formad ava stagk Qflayerebetwess tor and bettam glectrical head 25 whi ch

i ncludes a MR read head portion and an inductive wite head portion. The
head 25 i 423984026104 f orm an air-bearing surface (ABS), the ABS being
spaced fromthe surface of the rotating disk 16 ( y the air bearing

as di scussed ABeMIJ t0{includgs acfist qleciragedsultiayar sgﬂlﬁgflsﬂl%)élégﬁﬁﬁmﬂéhed
between first and second gap layers GL and & which are, in turn,
sandwi chedunnel hagier fayeg 120, and a top electrode stack 130. Each of the electrodes
includes a ferromagnetic multilayer in direct contact With tunnel barrier layer 120, |
i.e., pinned or fixed ferromagnetic multilayer 118 and free or sensing ferrorhagnetic
hultilayer 132. '
The base electrode layer stack 110 formed on electrical lead 102 includes a
seed or “template” layer 112 on the lead 102, a layer of antiferromagnetic :
~ material 116 on the template layer 112, and a fixed ferromagnetic multilayeg' 118
formed on and exchange coupled with the underlying antiferromagnetic Iayér 116.
The ferromagnetic multilayer 118 is calied the fixed layer because its net miagnetic
moment or magnetization direction is prevented from rotation in the presence of
applied magnetic fields in the desired range of interest. The top electrode
stack 130 includes a sensing ferromagnetic multilayer 132 and a protective or
capping layer 134 formed on the sensing multilayer 132. The sensing
ferromagnetic muitilayer 132 is not exchange coupled to an antiferromagnetic layer,
and its net magnetic moment or magnetization direction is thus free to rotate in the
presence of applied magnetic fields in the range of interest. The sensing
ferfémagnetic multilayer 132 ig fabricatéd s as to have its net magnetic moment or

magnetization direction (shown by arrow 133) oriented generally parallel to the ABS

(Fig. 3) and generally perpendicular to the magnetization direction of the fixed



and second magnetic shield layers S1 and S2. In a conventional disk drive,
‘the MR sensor 40 is an AMR sensor. The wite head includes a coil layer C
and insulation layer 12 which are sandw ched between insulation layers 11
and 13 which are, in turn, sandw ched between first and second pol e pieces
P1 and P2. A gap layer G3 is sandw ched between the first and second pole
pieces P1, P2 at their pdle tips adjacent to the ABS for providing a
magneti c gap. During witing, signal cut¥ent is conducted t hrough t he coi
llayer- C and flux is induced into the first and second pole |ayers Pl, P2
causing flux to fringe across the pole tips at the ABS. This fl ux

magnet i zefermagnedic multisyer 198 in the absence of aniaprliecbmagnetiedicld. wFhe txed
operation. During a read operation, magnetized regions on the rotating

di sk 16 i fgreanpagnedic multilayenid &welmdglstaw 140 jusibeneath thetitnnetkardeng
resistance changes in the MR sensor 40. These resistance changes are

det ect ed layet#2@bas ity magnetizationidinegtion fixaddsintenfacialsxehange couplingTifie vol t age

changes are processed by the chip 15 (Fig. 2) and drive electronics and
conver t edits lawerderomagnetic Iayer 200rithithe imerediataly sihdentyinghantifemomagnetica
mer ged" head in which the second shield |ayer S2 of the read head is
enpl oyed #ayea116,nshicipalse fpimespa®Pdf botton klectrode stabledd0. The enggngtizdtienk head
(not shown), the second shield layer S2 and the first pole piece P1 are
separ at e |dirgetion. of the fixed ferromagnetic multilayer 118 is oriented generally

perpendicular to the ABS, i.e., out of or into the paper in Fig. 4A (as shown by

arrow tail 119). (In a magnetic memory application for the MTJ device, the

magnetization directions of the fixed ferromagnetic layer 118 and‘sén_sing

ferromagnetic layer 132 would be aligned either paralle! or antiparallel to one

another in the absence of an applied magnetic field, and the magnetization

direction of the sensing ferromagnetic layer 132 would switch between parallel and

antiparallel in the presence of an applied magnetic field caused by write current to

the memory element).

As shown in Fig. 4B, the fixed férrorriagnetic multilayer 118 is comprised of a

sandwich of two ferromagnetic films 200 and 225 separated by a nonferromagnetic

film 210 for the purpose of coupling the ferromagnetic films 200 and 225 |

antiferromagnetically such that the magnetic moments of films 200 and 225 are

arranged antiparallel to one another. The two ferromagnetic films 200,-225 in the

laminated fixed ferromagnetic multilayer 118 have magnetic moments that are

antiparaliel due to an antiferromagnetic exchange coupling through the

antiferromagnetically coupling film 210. Because of this antiferromagnetic coupling,



The above description of a typical magnetic recording disk drive with an
AMR read head, and the acconpanying Figs. 1-3, are for representation
purposés only. Disk drives may contain a | arge nunber of disks and
actuators, and each actuator may support a nunber of sliders. In addition,
i nstead of an air-bearing slider, the head carrier_may be one which

mai ntai ns the head in contact or near contact with the disk, such as in

| i qui d bearing and ot her contact and nedff~cont act recordi ng disk drives.
Preferred Enbodi nents The present invention is a MIJ device with
antiferromagnetically coupled multilayers functionin%das the fixed and

free ferrRRyPRAGUSEE the wastempmagnetic ims90n24R camhbe mededeha¥® i s t he sensor

in an MR read head and is used in place of the MR sensor 40 in the
read/ wri t SYbstantially the samg thickness, the magnefic memeats of eaeh pttheinasy of the MrJ
MR read head-of the present invention as it would appear if taken through
a pl ane wessentialycanseleashrother 5a that therg ip esganfiallysne Aet MagRAte mementine di sk
surface. Thus the paper of Fig. 4Ais a plane parallel to the ABS and
t hrough subsifixed feranpagnetic saultilayerst§s i Thys thgredn essentially nomagngtiel
junction, of the MIJ MR read head to reveal the layers that nmake up the
head. The difdleliRld generated byithe fixerktereomagneticmuttitayer 1 thianddbus @2 f or med on
the gap layer Gl substrate, a top electrical |ead 104 bel ow gap | ayer @&,
and t he Mmmagnetic field to affect the direction of magnetization of the sensing fer_romagnetic

layer 132. Because it is not possible to precisely form each of the films to ihe exact

same thickness, the net moment of the fixed ferromagnetic multi!ayer 118 will likely

be a small but nonzero value as a natural result of the normal deposi"_cion process.

However, it may be desirable to deliberately déposit one of the fixed ferromagnetic

films 200, 225 to a thickness slightly greater than that of the other film so that there

would be a small nonzero net n'1agnetic moment in the fixed ferromagnetic

multilayer 118. This would assure that the magnetization of the fixed ferromégnetic

multilayer 118 is stable in the presence of small magnetic fields so that the direction -

of its magnetization is predictable during the thermal setting of the

antiferromagnetic exchange layer 116.

Similarly the ferromagnetic layer 132 is comprised of two ferromagnetic

films 245 and 270 separated by a thin nonferromagnetic film 260 which couples the

moments of films 245 and 270 antiferromagnetically. The fitms 200 and 225 in

fixed ferromagnetic layer 118 and films 245 and 270 in sensing ferromagnetic

layer 132 may themselves be comprised of more than one ferromagnetic film but

the magnetic moments of these subfilms will be aligned paralle! to one another
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device 100 forned as a stack of |ayers between top and bottom el ectri cal
‘| eads 102, 104. The MIJ 100 includes a first electrode multil ayer
stack 110, an insulating tunnel barrier layer 120, and a top el ectrode
stack 130. Each of the electrodes includes a ferromagnetic nultilayer in

direct contact with tunnel barrier |ayer 120, 1i.e,, pinned or fixed
ferromagnetic nultilayer 118 and free or _sensing ferromagnetic multilayer
132. The base el ectrode | ayer st4ek 110 forned on el ectrical |ead

102 includes a seed or "tenplate"” layer 112 on the lead 102, a | ayer of
antiferronagnetic, material 116 the tenpl ate layer 11 and a fixed
ferr omagnd® %ﬁ%q%%rrqqqgneﬁls%ﬁ@ﬁw weﬁwp@?ﬁ%ﬂ‘é@%ﬁi‘&%‘iy&a Qe h the
underlying antiferromagnetic |ayer 116. The ferr gnetic multjlayer 118
i's cal | ed 3AEeR é%pxam?. indich thﬁfgmmegn%ﬁﬁﬁe 245 s izpicted g5 k3!%'(9§net i zat i on
direction_is prevented fromrotation in the presence of _ar%pl | ed- magneti c
fields infemedpidwe fromagnetisrsubfilms 240 andi2R0. (e ngt agnghie mogient pf 130
i ncl udes a sensi n%ﬁf erromagnetic nultilayer 132 and a protective or
cappi ng | &8 e4% imthe sumeef the nagnedie momentsaf thesullims 249 andi?S0s s ng
ferromagnetic nmultilayer 132 is not exchange coupled to an
ant i f er r oreaptiesti the|raganetic ragrmentof tmsemwgﬂpmaam@mﬂ 3gwhbeithaat i on
direction is thus free to rotate in the . .

difference of the moments of the films 245 and 270 since thg magnetic moments of

these layers are aligned antiparallel to one another because of the presence of the

antiparallel coupling layer 260. If each subfilm i has a thickness t, and defining

these films to have unit thickness in the direction perpendicular to the plane of the

paper in Fig. 4 then the magnetic moment of the subfilm i is M;*t, where M, is the

moment pef unit area of this layer. i\ll, will be positive or negative depending on the

direction of the moment of the subfilm i along the _directidn paréllel to the ABS (the

direction of the arrow 133 in Fig. 4A). Thus the net moment of the sensing

ferromagnetic layer 132 will the sum of the moments of each subfilm or film, taking

into account the sign of M , i.e., the net moment of the sensing ferromagnetic layer

is 2; M*;,. The net moment of the sensing ferromagnetic layer 132 is less than the

sum of the modulus of the moments of the individual films or subfilms (i.e. Z; [M[*t)

because of the presence of the antiparallel coupling layer 260. An effective
thickness of this layer may be defined as the equivalent thickness of a particular
magnetic material which would have the same magnetic moment as that of the

sensing ferromagnetic layer. For example an equivalent thickness of permallioy,
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presence of applied nmagnetic fields in the range of interest. The sensing
-ferromagnetic nultilayer 132 is fabricated so as to have its net magnetic
mofrent or magnetization direction (shown by arrow 133) oriented generally
parallel to the ABS (Fig. 3) and generally perpendicular to the

magneti zation direction of the fixed ferromagnetic multil ayer
118 in the absence of an applied nagnetic field. The fixed ferromagnetic
mul tilayer 118 in el ectrode stack 110 j&8t beneath the tunnel barrier

| ayer 120 has its magnetization direction fixed by interfacial exchange
coupling of its lower ferromagnetic |ayer 200 with the_imedi ately

under | yi ngt 5mis gieen brEhast(EeM, HYey- lmeenom;hnféwfmesf@m@?%nﬁé’ﬁﬁ iyf bottom

el ectrode stack 110. The nmgnetization direction of the fixed

f er r omagneterromagheiid layer 13R14rei saramged to bel vergrsimidritiyen 56 pamble madarvery t he
ABS, i.e., out of or into the paper in Fig. 4A (as shown by arrow tail
119). (I n smalagnetic nmenory application for the MIJ device, the.

magneti zation directions of the fixed ferromagnetic |ayer 118 and sensing

ferromagneti c |AlyeshddRinvkig) 4A kea bigsiderramadrstic fayeal 5@ fordongitatingly al 1 el to
one another in the absence of an applied magnéetic field, and the

magnet i zat biasing the @rghelizatidn bhthessensingFedramnagiatio aeiltilaydrage) arkdan woul d

switch between parallel and
insulating layer 160 separating and isolating the biasing layer 150 from the sensing
ferromagnetic multilayer 132 ahd the other layers of the MTJ device 100. The
biasing ferromagnetfic layer 150 is ‘a hard magnetic material, such as a CoPtCr
alloy, that has its magnetic moment (shown by arrow 1 51) aligned in the same
direction as the magnetic moment 133 of the sensing ferromagnetic muitilayer 132
in the absence of an applied magnetic field. The insulating layer 160, wﬁich is
preferably alumina (Al,O,) or silica (SiO,), has a thickness sufficient to electrically
isolate the biasing ferromagnetic layer 150 from the MTJ 100 and the electrical

“feads 102, 104, but is still thin enough to permit magnetostatic coupling {shown by

dashed arrow 153) with the sensing ferromagnetic multilayer 132. Each of the
magnetic layers in the sensing ferromagnetic multilayer 132 has a thickness t, and
a magnetic moment per unit area M, (where the area is in the plane normal to the
plane of the paper in Fig. 4A and normal to the ABS i.e. such that the direction of
the arrow 133 in Fig. 4A is normal to this plane). Then the net moment (taking

account of the direction of M,) of the sensing ferromagnetic multitayer per unit

length (perpendicular to the plane of the paper in Fig. 4A) defined by the sum of the
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antiparallel in the presence of an applied nmagnetic field caused by wite
current to the nenory el enent). As shown in Fig. 4B, the fixed
ferromagnetic multilayer 118 is conprised of a sandw ch of two
ferromagnetic filns 200 and 225 separated by a nonferromagnetic film 210
for the purpose of coupling the ferromagnetic filnms 200 and 225
antiferromagnetically such that the magngti c nonents of filnms 200 and 225
are arranged antiparallel to one anot het’~ The two ferromagnetic filns
200,225 in the lamnated fixed ferromagnetic nmultilayer 118 have nagnetic
monments that are antiparallel due to an antiferromagnetic exchange

coupl i ng pieducigMtth@e. M *ftd mustberiess tban byequalita thad't iof thetiigsin@ecause of
this antiferromagnetic coupling, and because the two

f er r omagnfinomagnkti®|ay8015@ &Pagsafe SableHdngitudinabbigsing.ubst @eimpie, ifthene same
t hi ckness, the magnetic nonents of each of the filns essentially cancel

each ot hefilnsawithiithd diisig ferréfiaghéficinuliilayer 162 ardRofprissd 6Pp&Tralloy ¢ he
e

fixed ferromagnetic multil aye 18. Thus, there is essentially no magnetic

A Ty et
ferromag nﬁééd?in the sensing ferromagnetic multilayer, and if the biasing ferromagnetic

layer 150 is comprised 6f Co,sPt,,Cr,, which is a typical suitable hard magnetic

material, then the moment per unit area of each permalloy ﬁ.lm is about twice that of

the biasing fefromagnetic layer. Thus the thickness of the biasing férroniégnetic

layer 150 is at least approximately twice' that of the effective thickness tq of the

sensing ferromagnetic multitayer 132 where t,,, in this case is simply [£,,5-t,7,l- -

A sense current | is directed from first electrical lead 102 perpendicularly
through the antiferromagnetic layer 118, the fixed ferromagnetic multilayer 118, the
tunnel barrier layer 120, and the sensing ferromagnetic multilayer 132 and then out
through the second electrical lead 104. As described previously, the amount of
tunneling current through the tunnel barrier layer 120 is a function of the relative
orientations of the magnetizations of the fixed and sensing ferromagnetic
multilayers 118, 132 that are adjacent to and in contact with the tunnel barrier
layer 120. The magnetic field from the recorded data causes the magnetization
direction of sensing ferromagnetic multilayer 132 to rotate away from the
direction 133, i.e., either into or out of the paper of Fig. 4. This changes the relative
orientation of the magnetic moments of the ferromagnetic multilayers 118, 132 and

thus the amount of tunneling current, which is reflected as a change in electrical



| ayer 132. Because it is not possible to precisely formeach of the filns
'to the exact sane thickness, the net nonent of the fixed ferromagnetic

mul tilayer 118 will likely be a small but nonzero value as a natural

result of the normal deposition process. However, it may be desirable to
del i berately deposit one of the fixed ferromagnetic filnms 200, 225 to a

t hi ckness slightly greater than that of the other filmso that there would
be a smal|l nonzero net magnetic moment T¥ the fixed ferromagnetic

mul tilayer 118. This would assure that the magnetization of the fixed

ferromagnetic nultilayer 118 js stable in the presence, of snm]l, nmagnetic
fields so "efisianeeef the ML 10, This "?‘?EQ%ﬁb"ﬁé‘ﬁaﬂﬁ? Fsb‘fﬁt?geg Pém%&gkpg"%ur i ng
the thermal setting of the antiferromagnetic exchan | ayer 116. . =
Simi | ar | y SloRoniss A aeeassed jnig atairead hack iRy the €isko e Aehse FHERRIR ot |
filnms 245 and 270 separated by a thin nonferromagnetic film 260 which
coupl es t rEevartgeirens reaching the biasing femomagnetic laver 12hByiergledtrieal The il ns
200 and 225 in_fixed ferromagnetic |layer 118 and filns 245 and 270 in
sensi ng f degubatingrexard60; whish alspingelatesitbebiasingfememagiglicilaved 160 fighr e t han
one ferromagnetic filmbut the nmagnetic nonents of these subfilms will be
al i gned pdheplestricaldeadn1@hdi0er because adj acent ferromagnetic
films will be coupled ferromagnetically to one-
A representative set of materials for MTJ device 100 (Fig. 4A-B) will now be

described. All of the layers of fhe MTJ device 10_0 are grown in the presence of a

magnetic field applied parallel to the surface of the substrate. The magnetic field . _

serves to orient the easy axis of all of the ferromagnetic layers. A5 nm Ta seed

layer (not shown) is first formed on a 10-50 nm Au layer that setves as the bottom

electrical lead 102. The seed layer is comprised of a material which encourages

the (111) growth of the face-centered cubic (fcc) Nig,Fe,, template layer 112. The

template ferromagnetic layer 112 encourages the growth of the antiferromagnetic

layer 116. Suitable seed layer materials include fcc metals, such as 'Pt, Al, Cu, as

well as Ta or a combination of layers, such as 3-5 nm Ta/3-5 nm Al. The MTJ base

electrode stack 110 comprises a stack of 4 nm Nig,Fe,/ 10 nm MngFe,,/

3 nm Co/0.5 nm Ru/ 2 nm Co (layers 112, 116, and multilayer 118, comprised of

layers 200, 210 and 225, respectively) grown on the Ta seed layer.on the 10-20 nm

Au layer 102. The Au layer 102 is formed on the alumina gap material G1 that

seNes as the substrate. Next, the tunnel barrier layer 120 is formed by depositing

and then plasma oxidizing a 0.5-2 nm Al layer. This creates the Al,O, insulating

tunnel barrier layer 120. The top electrode stack 130 is a 4 nm Ni-Fe/0.5nm Ru/
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anot her. For example, in Fig. 4B the ferromagnetic film 245 is depicted as
being forned of two ferronagnetic subfilns 240 and 250. The net magnetic
nonent *of film 245 is the sum of the magnetic nonents of the subfilns 240
and 250. By contrast, the magnetic nonent of the sensing ferromagnetic

| ayer 132 will be the difference of the nonments of_the filnms 245 and 270
since the magnetic nonents of these layers are aligned antiparallel to one
anot her because of the presence of the 'E%Tiparallel coupling layer 260. If
each subfilmi has a thickness t[err] and defining these filnms to have

nit thickness.in the direction perpendicul ar, t. he e t aper in
NN RSB AR BRIRE D, oo G s e ooy

is th nt per, unjt_area of this |ayer. err] will be positive
T bat | 908 GRYBE R TesBArtvRb). T T6 1436h 154 SeINGY Ao AIOioEiva FhPRtaLT | o i
along the direction parallel to the ABS (the irection of the arrow 133 in
Fi g. g4A) . ‘a?‘%hsﬁ?ﬁlhté)ﬂé?ctmwdbﬁq fgeon drl@’agﬂléﬂ I 8f that peryes a832 wi | |

the sum of the nonents of each subfilmor film taking into account the

si gn of Mhe topelectigableadi1ddprent of the sensing ferromagnetic layer is

[err] M*t[erré. The net nonent of the sensing ferromagnetic |ayer 132 is
Q

| ess than t he DepeRding upen thednetesialsrselastedfontheiferremagnaticifiims 208225 fi | ns or
subfilms (i.e. [err] |Merr]|*t[err]) .because of the presence of the
ant i par al Ped 248,410 ang thejrantfesmmagnedealy coupling fimi2IRAnd26H this | ayer may
be defined as the equivalent thickness of a particular magnetic naterial
whi ch wourespeginely, tkeredsra prefgrred iaptileromagneticaliy geupling filve thigkness at)
ferromagnetic | ayer. For exanple an equival ent thickness of pernall oy,

which the ferromagnetic films become strongly antiferromagnetically coupled. For

the case of the preferred Co/Ru/Co and Ni-Fe/Ru/Ni-Fe combinations, the thickness

of the Ru antiferromagnetically coupling film can be selected from the well-known

oscillatory coupling relationship described by Parkin et al. in Phys. Rev. Lett.,

Vol. 64, p. 2034 (1990). The peaks of this oscillatory. relationship are those

thicknesses at which antiferromagnetic coupling of the two Co or Ni-Fe films occurs,

resulting in the desired antiparallel alignment of the magnetic-moments in the two

Ni-Fe films. For the Ni-Fe/Ru/Ni-Fe combination, the greatest antiferromagnetic

exchange coupling strength occurs at less than approximately 10 A. Forthe

Co/Ru/Co combination, the greatest antiferromagnetic exchange coupling strength

occurs at less than approximately 10 A. The antiferromagnétically coupling film

thickness must not be so thin, however, that a significant number of pin holes occur

in the film, which would affect its antiferromagnetic coupling strength. Thus, in the

case of Ru, the preferred thickness is in the range of approximately 4-8 A.

Note that since the current passes perpendicular to the layers in



-16- t[err] is given by [err] = ([err]Mt[err])/ M[err]. If the nonents
of the filnms 270 and 245 in ferronmagnetic |ayer 132 are arranged to be
very simlar then t[err] can be nade very small. Al so shown in Fig.
4A is a biasing ferromagnetic |layer 150 for longitudinally biasing the
magneti zation of the sensing ferromagnetic nmultilayer 132, and an

insul ating layer 160 separating and isolating the biasing |ayer 150 from
the sensing ferromagnetic multilayer 1 and the other |ayers of the MIJ
device 100. The biasing ferromagnetic |layer 150 is a hard magnetic
material, such as a CoPtCr alloy, that has its nagnetic nonen shown by

ar row 151 MG deyiceg100; the,eesi e ¢fithe M levige wilhke EFPE‘WﬁSﬁ%hY {@3 of the
sensing ferromagnetic multil %er 132 in the absence of an arpg;r)ll i ed magnetic
field. Thefthestunaelibagierdgyar 1290 Thysi the resistanseperuisafea et e condueting err )
or silica (Si errﬁ&)b, has a thi ckness sufficient to electrical Ié_ | sol ate
t he bi asi ﬁ@aqseéqzo gan be mughhigherthan isysanMentional MRread heads inaviigh i cal
| eads 102, 104, but is still thin enough to permt mnagnetostatic coupling
(shown by thejguren flaws paralishio thedayars.c Tus: algade102 #gfenibe made i | ayer 132.
Each of the nmagnetic layers in the sensing ferromagnetic nultilayer 132
has a t hi dhinperand/erngrrosver than inggpmvention eag struglyres, andier gpebe] (where
the area is in the plane nornal to the plane of the paper in Fig. 4A and
nor mal t o ade @B intrinsicallyonoteresistivemateriglst suah asfalloys or combinations of

elements. |

It is important that the layers in the bottom electrode stack 110 be smooth,

and that the ALO, tunnel barrier layer 120 be free of pinholes which would

electrically short the junction. For éxample, growth by sputtering techniques known

to produce good giant magnetoresistance effects in metallic multilayer stacks is

sufficient. In the MTJ device 100, the direction of the magnetic moments of the

fixed and sensing ferromagnetic multilayers 118, 132, respectively, are

approximately orthogonal to one another in zero applied magnetic field. The

direction of the moment of the fixed multilayer 118 is largely determined by that of

the exchange anisotropy field of the antiferromagnetic layer 116. The orientation of

the moment of the sensing multilayer 132 is influenced by a number of factors,

including the intrinsic anisotropy of the ferromagnetic multilayer layer itself and the

shape of this layer. An intrinsic magnetic anisotropy can be induced in the sensing

multilayer 132 by depositing it in a small magnetic field arranged to be

perpendicular to that of the magnetization direction of the fixed layer 118. Proper

orientation of the moment of sensing ferromagnetic multilayer 132 is accomplished



the arrow 133 in Fig. 4Ais normal to this plane). Then the net nonent
(taking account of the direction of Merr]) of the sensing ferromagnetic
mul tilayer per unit Ilength (perpendicular to the plane of the paper in
Fig. 4A) defined by the sum of the products Merr]*t[err]
(i.e. [err] Merr]*t[err]) nust be less than or equal to the Mt of the

bi asing ferromagnetic |layer 150 to assure stabl e |ongitudinal biasing. For
exanple, if the filnms within the sensinmglferromagnetic nultilayer 132 are
conprised of permalloy N [err]Fe[err] (x being approximately 19) which is

mul 111 ayer™Y SR PRRER ST 5 RAGHghaL PSR FBeaSn et et 180 ThSconpr i sed of
then the. riRenoRBbdn Pithe Pebing rentdinédhath dicyer 1875 TP co chat of
for r ommgneftes (AR oV istee tiBringation g5 e N ER B, cYalP 245 2R 2T0) ¢ he

wher et erPHt #1Y Siieget Fubls Bveindyoadty e tairipliat ppcess do not af senee cur rent
| is directed f{omfi t electrical |ead 102 perpendicularly through the.

ant i f er r onRGMELIVES, legd fo anysmagneti anigRfranyr r onmgnetic mul til ayer 118, the

tunnel barrier |ayer 120, and .the sensing ferromagnetic multilayer 132 and
t hen out In an alternative sensing ferromagneétic muititayer 132, ferromagnetic

film 245 may include a thin subfilm 240 of Co or Coo09F ey Or NigogFey (x is
approximately 60) at the interface between film 245 and the tunnel barrier
layer 120, with the remainder (subfilm 250) of the ferromagnetic film 245 and
film 270 being formed from a-low magnetostriction material, such as Nijq.4Fe, (X is
approximately 19). The net magnetostriction of this type of sensing m:ultilayer with-
-a thin Co or Coyq.,Fey, 4 (X is in the range of 20-70) or Nijsgo.9F€, (X is
approximately 60) interface film is arranged to have a value close to zero by slight
variations of the composition of the bulk of the ferromagnetic films which comprise
the multilayer 132. In an altemnative fixed ferromagnetic multitayer 118,
ferromagnetic film 225 may be comprised largely of a bulk NigooxFeqy subfilm 220
with a thin subfilm 230 of a Co or Cogoo.F ey (X is in the range of 20-70) or
Ni0F €, (X is approximately 60) layer at the interface with the tunnel barrier
layer 120. The largest signal is obtained with Co or with the highest polarization
Ni(,;o_x,Fex (x is approximately 60) or Co00F € alloy (x is approximately 50). The
interface layer is optimally about 1-2 nm thick. The net magnetostriction of the

combined films is arranged to be close to zero by small variations of the

AM9I-97-086



through the second electrical |ead 104. As described previously, the anount
of tunneling current through the tunnel barrier layer 120 is a function of
the relative orientations of the magnetizations of the fixed and sensing
ferromagnetic nultilayers 118, 132 that are adjacent to and in contact
with the tunnel barrier |ayer 120. The magnetic field fromthe recorded
data causes the magneti zation directioqﬁff sensing ferromagnetic
multilayer 132 to rotate away fromthe "“direction 133, i.e., either into or
out of the paper of Fig. 4. This changes the relative orientation of the
magnetic nonments of the ferromagnetic multilayers 118, 132 and thus the
anount of SARANSHIOAg Hidhe bulikof thg ﬂ@?ﬁ camprisingthednutlayer 118dn Ji-Fenthendee r i cal
resistance of the MIJ 100. This change in resistance is detected by the

di sk dri vecongasitiondn Nad-aan dhe compasition farmhichhulk NiBahgaErrof r om t he di sk.
The sense current is prevented fromreaching the biasing ferromagnetic

| ayer 150 mognetestdction: ri cal insul ating |ayer 160, which also insulates the
bi asing ferromagnetic layer 150 from the electrical |eads 102, 104. ;
A repr esent at i Vdeder-Mofantifarmmagnetic iayext16 mayi hecreplaged with a MisMsjayeri | now -
be described. Al of the layers of the MIJ device 100 are grown in the
presence odr other suitable antiferromagnetic layer which exc_hange biases the ferromagnetic

material in the fixed ferromagnetic layer 118 and which has a resistance which is

substantially less than that of the Al,O, barrier layer. For Ni-Mn suitable seed

“layers 112 include Ti, W or Ti-W,
Figs. 5A-5C compare the magnetoresistive response ofa MTJ_device

without antiferromagnetically coupled fixed and _free ferromagnetic layers to MTJ

devices according to the present invention. Daté are included only for a limited field |

range for which the ferromagnetic layer is fixed "or pinned by its interactién with thé

exchange bias layer. Fig. 5A shows the resistance versus field curve of a structure

of the form Sif 50ATa/ 150AAl 40ANig,Fe,o/ 1OOAMn46Fe54 / 36A NigFe,/15ACo/

12AAl oxidized 120 seconds/ 100A Nig,Fe,/200AAl, where the fixed ferromagn'etic

layer is a single ferromagnetic layer (with a Co interface layer at the alumina tunnel

barrier) and the free ferromagnetic layer is a single ferromagnetic layer.

Fig. 5B shows the magnetoresistive response of a similar MTJ device but
wherein just the fixed ferromagnetic layer is an antiferromagnetically coupled |
mdiﬁlayer of 30ACoﬁARu/25ACo. The effective magnetic moment of the fixed

ferromagnetic layer is only approximately 5A of cobalt which is approximately 7

times smaller than the moment of the fixed ferromagnetic layer of the structure in



magnetic field applied parallel to the surface of the substrate. The
magnetic field serves to orient the easy axis of all of the ferromagnetic
| ayers. A5 nmTa seed |ayer (not shown) is first formed on a 10-50 nm Au
| ayer that serves as the bottom electrical |lead 102. The seed | ayer is
conprised of a material which encourages the (111). growth of the
face-centered cubic (fcc) N [err]Fe[err]_tenplate |ayer 112. The tenplate
ferromagnetic layer 112 encourages the g%%mxh of the antiferronmagnetic

| ayer 116. Suitable seed |layer materials include fcc netals, such as Pt,
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e e ae
PR L o S T T R
hen pl asHESHkTeMaRTIEeS B 155 rpdiempiparetompes i POspe oba RRBos T
IN,nSEL%I 2?ﬁﬁti}fé}?or}ﬁégn%?ii:ar\lilyeéot}p?gde&olleu(}Co-Is-ggdv}riglﬁ). §||ngg ttt{eolg\?ve? tc%cﬁlfmlz%g, tIJ)§ ? 13_ nm
3 nmN-Fe/ 10 nm Ta stack (multilayer 132, conprised of |ayers 245, 260
and 270 design, has a slightly larger magnetic moment than the upper Co film 225 because

of its slightly greater thickness (30A compared to 25A) and because the lower Co

film is in contact with the MnFe exchangé biés layer 116, the moment of the lower

Co film 200 is fixed in the direction of the exchange bias field of the MnFe layer 116

(which in Fig. 5A is in the posiﬁvé field direction). Thus the moment of the upper

Co film 225 is fixed in the riegative field direction because the upper Co film 225 is

coupled antiferromagneticélly to the IoWer Co film 200 by exchange coﬁpling via the

Ru spacer layer 216. Thus in small positive fields the moment of the sensing

ferromagnetic layer 132, wh.ich is free to rotate and follow the direction of the

applied field, is oriented along the positive field direction and is thus opposite to the -

moment of the upper Co film 225 of the fixed ferromagnetic layer 118. Thus the |

resistance of the MTJ device is high. When the applied field direction is reversed

and becomes slightly negative the moment of the sensing ferromagnetic layer 132

becomes oriented along the negative field direction and becomes parallel to that of

the-.upper Co film 225. Thus the resistance of the MTJ device is reduced.

Fig. 5C shows the magnetoresistive response of a structure according to the

present invention and similar to the structure whose responses in shown in Fig. 5B



and |l ayer 134, respectively). The Ta |l ayer 134 serves as a protective
capping layer. The top electrode stack 130 is contacted by a 20 nm Au

| ayer t'hat serves as the top electrical |ead 104. Dependi ng upon
the materials selected for the ferromagnetic filnms 200, 225 and 245, 270
~and their antiferromagnetically coupling film210 and 260, respectively,
there is a preferred antiferromagnetically coupling filmthickness at

whi ch the ferromagnetic filnms becone stFéneg antiferromagnetical ly
coupled. For the case of the preferred Co/Ru/Co and N|-Fe/Ru/N|-Fe

conbi nati ons e I ckness_ of the antiferro net| cou g film
can be sel %qeé’gnﬁtg?ﬁ sensingferromaghstic R[J?yﬁt IF cQMpAse tﬂ5‘|ﬁ'ﬁ'ge¢3é/ﬁ'%&'t PY
descri bed b arkip et _al . / et 2034 1990

The peaks 8%/ ‘Ffigégé‘thif?a’f’ 3@"’5@5‘!&% ql;lw Tﬂﬁd@@“ﬁ‘%ﬁg‘ﬁtﬂﬁ@égé%ﬁe whi ch
anti ferronmagneti c cou of t Co or_ Ni - fil oC, resulting-
in the desF&'@ﬂ I,$imila &éﬁ?g?ﬂ:a'& 'ﬁn&}ﬁarﬂwlﬁrﬂﬁeﬁbﬁ%w Mﬁﬁés highifere t wo °
Ni -Fe filnms. For the Ni - Fe/ Ru/ Ni - Fe conbi nati on, .t he greatest

antiferr onﬁ@‘ﬁ@?i’%’“v%ﬁ%‘ﬁﬁ-nb'@w@&ﬁia theghaperof the magretoresistive respansagiive

approxi mately 10 A For the / Ru/ Co conbi nation, the greatest

ant i f er r onfgheleady Bﬁ@!ﬁéﬂﬁg@'sl@%ﬂpma@fféﬂ}&aﬁ In pattiguiar the quskasisinedanger

approximately 10 A. The antiferromagnetically coupling film thickness nust
not be so cantaredarpspdmatelyabout zorg fieldibubisshifgrte small Ppsitivenislds Sudur i n
the film which would affect its antiferronmagnetic coupling strength Thus,
in the ca8&hiffisrgnsisteat wrtbfaeieoeeaaeﬁlamrfewag;\em coupling hefreast the
approximately 4-8 A Not e that since the current passes
per pendi cusemsingfertomagngsic muliilayer 132 and the fixed ferromagnetic multilayer 118

which is consistent with a reduced magnetostatic coupling between these fayers

resulting from the reduced magnetic moment of the sensing ferromagnetic layer.

Note that in Fig. SC the effective thickness of the sensing ferromagnetic layer is

only e{pproximately 10A of permalloy, which is ten times smaller than the thickness

of the sensing ferromagnetic layer in Figs. 5A and 5B without a substantial affect on

the magnitude of the magnetoresistance of the MTJ device. Since the

magnetostatic coupling between the fixed and sensing ferromagnetic layers is

directly proportional to the magnetic moments of these layers the use of antiparallel

coupling layers in the fixed and/or the sensing ferromagnetic layers leads to

substantially reduced magnetostatic coupling between these layers.

Another advantage of an antiparallel coupled fixed ferromagnetic layer 118 is
an effective increase in the magnitude of the exchange bias field provided by the

antiferromagnetic layer 116. This is illustrated in Fig. 6 and Figs. 7A-7B for the

simpler case of a structure with only an antiparallel coupled fixed ferromagnetic



- 20- MIJ device 100, the resistance of the MIJ device will be largely
dom nated by that of the tunnel barrier layer 120. Thus, the resistance
per uni't area of the conducting |eads 102, 104 can be nmuch higher than in
conventional MR read heads in which the current flows parallel to the

| ayers. Thus, the | eads 102, 104 can be made thinner and/or narrower than
I n conventional MR head structures, and/or can be nmade fromintrinsically
nore resistive materials, such as aIons 2%t conbi nations of el ements.

It is inportant that the layers in the bottom el ectrode stack 110 be

snoot h, nd that the Al 203 tunnel barrier Iayer 120 be free o |nhoI es
whi ch woul 1@Yele|Fig+6 shows Q‘es'ﬁﬁg‘ﬂetf"f?é‘sﬁmét"ﬁﬁﬁ’s figlgrcugyey ﬂf}r‘% sa@e

sputtering technlques known ro nt magnet or esi st nce
ef fects i ne$ixEg 5%'314’{9‘@”38!969“ M@"S %F%P@f l@met%rﬁog Q}%’Vl ce
100, the djrection-of the nmagnetic nonents of the fixed and sen5| ng
f er r omagne¥edixad F?W@?@P@'ciﬁl@r These F‘@@Mﬁﬁm‘vo the @s'dSB‘b?'@,@l siictire
orthogonal to one another in zero applied magnetic field, The di rectlon of
t he” nonent Wishout|aay subgeaueant annegliag treatment. [Thegxrhangs:tias,fisld of the fixed: of
t he exchan%e ani sotropy field of the antiferromagnetic |ayer 116. The
ori ent at i of¢memagnglic layaeisiapproximatelehd Qg with considebleicoeréivity nf | uenced by a
nunber of factors,

(approximately 70 Oe). Fig. 7A shows the magnetoresistance versus field curve of

a MTJ with an antiferromagnetically coupled fixed ferromagnetic multilayer 118
having a structure of the form Si/ 200AAY 40ANiFe,o/ 100AMn,Feg, / 30ACO/ -
7ARwW/ 25ACof 12AA! oxidized 120 seconds/ 100A Ni,Feq,/ 200AAL. A very large
magnetic field of_'greater than approximately 6,000 Oe is required to reorient
completely the ﬁxéd ferromagnetic multilayer which is comprised of an antiparallel
coupled multilayer 30A Co/7ARu/25A Co similar to that of the structure whose
response is shown in Figs. 5B and 6C. This field is clearly much larger than the
field required to reorient the fixed ferromagnetic layer of the structure of Fig .5A.
This is-an important advantage of using the antiferromagnetically coupled
multilayer 118. The effective exchange bias field provided by the antiferromagnetic
layer 116 is significantly enhanced by approximately the factor {t,,s#t,00}H [to25-ts00ls
where t,,s and t,,, represent the thickness of the respective films in the multilayer
118 This is also shown by examining the response of the MTJ device of Fig. 7A
over a more limited field range, as shown in Fig. 7B. Fig. 7B shows the resnstance
versus field curve of the same device as in Fig. 7A over a range of +/-200 Oe. The

MTJ device éxhibits a well-pronounced step in resistance with no evidence for any



.

including the intrinsic anisotropy of the ferromagnetic nultilayer |ayer
itself and the shape of this layer. An intrinsic nagnetic anisotropy can
be induced in.the sensing nultilayer 132 by depositing it in a small
magnetic field arranged to be perpendicular to that of the magnetization
direction of the fixed layer 118. Proper orientation of the moment of
sensing ferromagnetic multilayer 132 is acconplished

-21- Dby the presence of a |ongitudinal -2$rasi ng ferromagnetic |ayer 150.
The magnetostriction of the sensing ferromagnetic nmultilayer 132 is
arranged to be close to zero (by choice of conposition of the N -Fe all oy
| ayers 245eqieatatiopyf the fixedferampgneticlavers Tha state of theyraaanetig iABeMs t he
fabrication process do not, of thenselves, lead to any nagnetic

ani sot r opyf the films in tﬂe@fﬁlﬁaﬁllﬁmqwegémm%ﬂﬂeéﬁ Iayﬁaen%thecsemmg | ayer 132;
ferromagnetic film 245 may include a thin subfilm 240 of Co or

Col er r] Feffesramagnetisildyers predpdicated sehpmatically inokignéh ang Bdn)arsaws-he int erf ace
between film 245 and the tunnel barrier layer 120, with the remai nder
(subfil m250) §im|lahanp@wemawwhe;ethangeh@s'ag@fthlel ﬁ)qedzfemom@amﬁjlcf or ned fr om
a. low magnetostriction material, such as Niferr]Fe[err] (x is

appr oxi matayey by gymgmeamearauatmxmm fvtedferomagnetin mwliilgyas aoe alsensi ng
nultilayer with a thin Co or Co[err])Fe[err]) (x.is.in the range of 20-70)
or Ni [ er r jobtdirgd for tudtares in which the sensing ferromagnetic layer is an antiparallel

coupled multilayer.

In the presen.t invention the antiparallel coupled fixed ferromagnetic
multilayer 118 is deposited directly on top of an antiferroragnetic Iaygr 116.
Layer 116 is itself grown on a crystallographically conforming template layer. In
contrast, film 245 (or subfilm 240) is grown on the tunnel barrier layer 120 which is
amorphous and has no welt defined crystallographic structure. Thus the crystalline
nature of layer 245 is unrelated to that of the layers within the fixed ferromagﬁetic
‘multilayer 118 on the opposite side of the tunnel barrier layer 120. Similarly the
flatness of the tunneling barrier layer 120, which is amorphous and insulating, is
very different from that of the thin metallic layers from which the rest of the MTJ
device is constructed. Thus, prior to the present invention it was not apparent that |
it would be possible to grow an .antiparéllel coupled sensing ferromagnetic
-multilayer since this requires the growth of an extremely thin and fiat
anfiferromagnetically coupling film 260.

it is believed that the growth of an antiparalle! coupled ferromagnetic

multilayer on top of the tunneling barrier 120 will be enhanced if the films



w

‘approximately 60) interface filmis arranged to have a value close to zero
by slight wvariations of the conposition of the bulk of the ferromagnetic
firlms Wwhich conprise the nultilayer 132. In an alternative fixed
ferromagnetic multilayer 118, ferromagnetic film 225 nmay be conpri sed
largely of a bulk Ni[err]Fe[err] subfilm220 with a thin subfilm 230 of a
Co or Co[err]Fe[err] (x is in the range of 20-70) 6r N [err]Fe[err] (x is
approximately 60) |ayer at the interfacMith the tunnel barrier | ayer
120. The Iargest signal is obtained with Co or mﬁth t he highest

pol ari zati on rr]Felerr] teI err|
al loy (x i CHYISK @hmt&n[ﬂyy%wé rqlﬂté"e?f&'i‘grfgbse's Ibé Q.P“Hﬁf{’ ﬁktﬁg But 1-2
nmthick. The net magnetostriction of the co |nedf|Irr5 is arranged to be

close to ZB8e@liGfiresars typigatiapolysrystaling with crysfallingargigs of size

-22- - conposition. If the bulk of the filnms conprisi fg the multilayer 118
is Ni-Fe, anpseximately thahptibethipdim hickness, Thepse gf)a'? Retifegamaeneticsly f or which -
bul k Ni -Fe has zero magnetostriction The Fe-Mh antiferromagnetic
| ayer 116 eRvplingfimtenabiesthpiusage okfilman figgdand sensing ferromagnetic

multilayers which are thicker than otherwise the thickness of single ferromagnetié
fixed or sensing films without antiferromagnetically coupling films for the same -
application. Thus the use of antiferromagnetically coupling films enables greater
ﬂexiﬁiiity in the choice of film thicknesses in the multilayer and thus additioﬁal
cpntrol over the physical properties of the films. In particular, it is difﬁpult to grow an
inverted magnetic tunnel junction str;cfure with the éensing ferromagnetic layer
deposited first and the exchange biased fixed ferromagnetic layer deposited on- top
of the tunnel barrier layer unless relatively thick fixed ferromagnetic layers are used
to enable a suitable conforming Iayér to be develdped on which the exchange bias
layer can be deposited. With thin fixed ferromagnetic layers, such as 50A
‘permalloy, very little exchange bias with, for example, MnFe layers is obtained.
However, antiferromagnetically coupling films allow the use of much thicker films in
the multilayer-which are suitable conforming template layers and which then allow
reasonable values of exchange bias field to be developed. For this reason, while
the MTJ device described and shown in Fig. 4B has the fixed ferromagnetic
mditilayer_118 on the bottom of the MTJ device, the device can aiso be formed by
depositing the sensing ferromagneti_c multilayer 132 first, followed by the tunnel

barrier layer 120, the fixed ferromagnetic muitilayer 118, and the antiferromagnetic



or other suitable antiferromagnetic |ayer which exchange bi ases the
ferromagnetic material in the fixed ferromagnetic |ayer 118 and which has
a resistance which is substantially |ess than that of the A 20[err]
barrier layer. For Ni-M suitable seed |ayers 112 include Ti, Wor Ti-W
Fi gs. 5A-5C conpare the magnetoresistive response of a MIJ device w thout
antiferromagnetically coupled fixed and free ferromagnetic |ayers to MIJ
devi ces according to the present inventiOn. Data are included only for a
limted field range for which the ferromagnetic |layer is fixed or pinned

by its int ' ith th h bi. I . Fig..5A sh th

esi st anc VORISR kv 116 8557 M Ef ol Ghen bR & "SoaTa 1
50AAl/ 40AN [ e E [ 100 J F . 3 Ni F /1 5ACo/
T2AA oxi AeTE el ieded e R RPYES e ke Sb0nal - wher et he T xed

f ti I i j ngl e f i ith a.Co i f

| ayer at ¢ he. aMiike piesaf Invaafon 67 beitpaaiah ettt desfbrt withyer i <
ingle f tic | : . Fig . h t t ISt

- eaponse. SPREBHRPIte PiaSTerkembadiants. frel Be inpaistoasy ORGSR Fatagnet | c

| ayer is an antiferromagnetjcally coupled nultilayer of 30ACo/ 7ARu/ 25ACo.
The ef f ect@rt/Bahngyiousichapgesinforn and detailagy be WPSN&'EHEWQPQ%@’OW@%M y

appr oxi natq%li{i 5A of cobalt which is approximately 7  tines smaller than the
nmonent of and seape ef thelayantienc Acsgrdingly thedisdeseaddipygniion s to be

considered merely as illustrative and limited in scope only as specified in the

appended claims.



-23- Fig. 5A. Wereas in Fig 5A the resistance of the MIJ device is
*hi gher* for small negative fields as conpared to small positive fields, in
Fig 5B the magnetoresistive response is reversed and the resistance is
hi gher in small positive fields. This result denonstrates that the fixed
ferromagnetic layer is indeed fornmed of an antiferromagnetically coupl ed
Co/ Ru/ Co sandwi ch. Since the |ower Co fi2%m 200, by design, has a slightly
| arger magnetic nonent than the upper Co film 225 because of its slightly
greater thickness (30A conpared to 25A) and because the lower Co filmis
in contactcwins t he MiFe exchange bias [ayer 116, the nonent of the |ower
Co film200 is fixed in the direction of the exchange bias field of the
MhFe |l ayer 116 (which in Fig. 5Ais in the positive field direction). Thus
the monent of the upper Co film 225 is fixed in the negative field :
direction becadse tfdnagielic tannal jynslion deyice compRSiN ant i f er r omagneti cal |y
to the lower Co film 200 by exchange coupling via the Ru spacer |ayer 215.
Thus in snmal | Bdiediferromagnetic mylEilaygnwhesemagnatic saanaemids fixedrin @ragnet i ¢
| ayer 132, which is free to rotate and followthe direction of the applied
field, is Riefeaaddiregiiaomiy the eresesceiolaneppliid magneticfighd. tigdixed t hus opposite
to the. nonment of the upper Co film 225 of the fixed ferromagnetic |ayer
118. Thus fememageeficoanultitayeneompdsing firsgand secand fefromagnatie filmse applied fiel d
direction is reversed and becomes slightly negative the nonent of the
sensi ng f eantifareagnagnieticallyyeauplito anecanather@nd @ntastifesomagnetically eguplinge fi el d
direction and becones parallel to that of the upper Co film 225. Thus the
r esi st ancdilmflocadied hetiveo\anddnicontactiwith the first and secendjfenrd@agnetiss filmse
magnet or esi stive response of a structure according to the

a free ferromagnetic multilayer whose magnetic moment is free to rotate in

the presence of an applied magnetic field, the free ferromagnetic multilayer
comprising first and second ferromagnetic films antiferromagnetically coupled to
6ne another and an antiferromagnetically coupling film located b_etwéen and in
contact with the first and second ferromagnetic films; and

an insulating tunneling layer located between and in contact with the fixed
ferromagnetic multilayer and the free ferromagnetic multilayer for permitting

tunneling current between the fixed and free ferromagnetic multilayers.
2. The magnetic tunnel junction device according to claim 1 wherein the

magnetic moments of the fixed and free ferromagnetic multilayers are substantially

parallel or antiparaliel to one another in the absence of an applied magnetic field.

(TN
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Jpresent invention and simlar to the structure whose responses in shown in
Fi,g. 5B - 24- except
that the sensing ferromagnetic |layer is conprised of an
antiferromagnetically coupled 40A Ni[err],Fe[err]/7ARu/30A Ni[err]Fe[err]
sandwi ch. The nmagnetoresistive response curve is simlar to that of Fig.
5B. In particular the resistance of the MIJ is high for small positive
fields. However, the shape of the nagnetOresistive response curve can
clearly be distinguished fromthat of Fig. 58. In particular the curve is

no | onger . centeer edyagRiAHLARLFING BREHn dG ddBlih i PG Sl |

positive fields. Suc IS consistent wth & decreased

st . sh . \ _ d il ay

155 ang 1 nyrerohfaoRGitink 8Pl Wikholip fromiéid i SbslaRiiphBerBendiCuiGl || YT
uond : - . - ' th

| educed moe S fedniadhele huila s iRathd iomotiTie atfsBAth bt difapdid ¢, |

Fig. 5Cthg gﬁé&g{xid/e t hi ckness of the sensing ferronagnetic layer is only
appr oxi mateF 1 of permalloy, which is ten tines snaller than the

t hi ckness of the sensing ferromagnetic layer in Figs. 5A and 5B w t hout a
substantial affect on the magnitude of the nagnetoresistance of the MIJ

devi ce. Since the atl ] t . [.xe nd.sgnsi ng
fevice. Since e THYBRIRREkhef RHBHON ol dEERG® iR H AR 61
magnetic tunnel junction stack further comprises an antiferromagnetic layer in
contact with the fixed ferromagnetic multilayer for fixing the magnetic moment of .the .

fixed ferromagnetic multilayer in said preferred direction by interfacial exchange

coupling.

5. The magnetic tunnel junction device according to claim 1 further
comprising a substrate, ar;d wherein the fixed ferromagnetic multilayer, the
insulating tunneling layer and the free ferromagnetic multilayer are formed on the
substrate, whereby tunneling current passes through the insulating tunneling layer
in a direction generally perpendicular to the fixed and free ferromagnetic multilayers
when the fixed and free ferromagnetic multilayers are connected to electrical

circuitry.

N
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directly proportional to the magnetic nonents of these |ayers the use of
antiparallel coupling layers in the fixed and/or the sensing ferromagnetic
| dyers leads to substantially reduced magnetostatic coupling between these
| ayers. Anot her advantage of an antiparallel coupled fixed
ferromagnetic layer 118 is an effective increase i-n the magnitude of the
exchange bias field provided by the antjiferromagnetic |layer 116. This is
illustrated in Fig. 6 and Figs. 7A-7B fotlt he sinpl er case of a structure
with only an antiparallel coupled. fixed ferronmagnetic

(25 arayer: B Gns i diB AR RACREEbALARLSIR £l PUofdih ¥, Of N

sane sanple as in Fi ut over a nmagnetic field range sufficiently

large.to rfﬁﬁrameesﬂmr%rﬁég%%}fmm; in&4bH SHsaRITRABRYLE dré Ysimed BFtFodat @

correspond to the as-deposi structure w thout any subsequent anneal i ng

treat nent .5 Niffe QHGNERY ﬁqégﬁﬁe&&@ég%ﬁcgﬁ}gg%qp&ﬁﬁ{nyiﬁ%r(':gﬁ @Gé‘iﬂttﬁi‘ﬂtil%a_gé({%r) is

approxi mately 130 Ce wth consi ppr oxi mat e Ce) .
Fig. 7A she¥snidatsmmpnet oresi stance versus field curve of a MJ with an
antiferromagnetically coupled fixed ferromagnetic nmultilayer 118 having a
structure of the formSi/ 200[err]Al/ 40ANi [erf]Fe[err]/ 100AVh[err]Fe[err]
[/ 30ACo/ 7ARu/ 25ACo/ 1 2AAl oxidized 120 seconds/ 1 OOA Ni[err]Fe[err]/

200AAI . A Vvery 4 ar 9pe magnetic tunnel junction device according to claim 1 wherein the
first ferromagnetic film in each of said multilayers is formed of first and second
ferromagnetic subfilms, the first subﬂlm being in contact with the insulaﬁnQ
tunneling layer and being formed of a material selected from the group consisfing of
Co, Coyo.gFey, (where x is the range of 20 to 70) and Niyee.Fe, '(wh-ere xis

approximately 60).

L
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magnetic field of greater than approxinately 6,000 Ce is required to
reorient conpletely the fixed ferromagnetic nmultilayer which is conprised
of an antiparallel ~coupled nultilayer 30A Co/ 7ARu/ 25A Co similar to that
of the structure whose response is shown in Figs. 5B and 5C. This field is
clearly much larger than the field required to reorient the fixed
ferromagnetic |layer of the structure of Fig. 5A  This is an inportant
advant age of using the antiferromagnetic®¥-y coupled nmnultilayer 118. The
effective exchange bias field provided by the antiferromagnetic |ayer 116

i's significantlg e”h@iﬂﬁ?ﬂeﬁ&’mﬁﬁ&rj%ﬁﬁt@é&’séﬁ&@r foﬁ@éfébtu{g?]éﬁéfda}/

|t[err]-t200|, where err| t[err] represent the thickness of t he
r espect i Verbhheti: é#ﬁm ¢ d d5B, thd SendbSEorapMiRY:LY exani ning
t he responrsnebof tméh gli%/érﬂcée@%@rec&%%d tyover a nore limted field range,

as_shown in Fi G 5l fofofhagh SRy 1685 AORSoiBREN a4 ourve of
TGk 00 Ce. The

the sane device as over "a range o MIFJ devi ce

exhi bits rtdoalfa?;%ﬁfﬂ.esqrs&eﬁ 6@%@;@%&%@@@@1& Q?é]ﬁfe df%he 2NY

- 26- reo at1on I Xxed ferrormgnet| ayer e state of the
magneti c W?Hg I 206d
f erromagne H\%Fmagﬁeﬁ@ﬁ?lﬁgé ggﬁgﬁﬁé& %ﬁégﬁﬁ”'ﬁa’ q-g%tgﬁl ndi cat ed

schemat Cagéaagmeﬁarqaggé sl Xg%éngf et co%pledt%d;ﬂel BothdPUAVETENT S 11

t he exchangeée Dbiasi ng
antiferromagnetically coupling film located between and in contact with the first and

second ferromagnetic films for coupling the first and second ferromagnetic films
together antiferromagnetically so that their magnetic moments are aligned
antiparalie! with one another and remain antiparaliel in the pre'sence of an applied
magnetic field;

a sensing ferromagnetic' multilayer whose magnetic moment is oriented
generally perpendicular to the moment of the fixed ferromagnetic multilayer in the
absence of an applied magnetic field and is free to rotate away from said
perpendicular orientation in the presence of.an applied magnetic field in the range
of the external magnetic field to be sensed, the sensing ferromagnetic muitilayer
comprising first and second ferromagnetic films antiferromagnetically coupled to
one another and an antiferromagnetically coupling film located between and in
contact with the first and second ferromagnetic films for coupling the ﬁrst and
second ferromagnetic films together antiferromagnetically so that their magnetic
moments are aligned antiparallel with one another and remain antiparallel in the

presence of an applied magnetic field;

) O A
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l-ayer by using an antiparallel coupled fixed ferromagnetic multilayer are
“al so obtained for structures in which the sensing ferronmagnetic |ayer is
an antlparallel coupled multilayer. - In the present invention the

. antiparallel coupled fixed ferromagnetic nultilayer 118 is deposited
directly on top of an antiferromagnetic layer 116. Layer 116 is itself
grown on a crystallographically conformng tenplate layer. In contrast,
film 245 (or subfilm 240) is grown on fﬁ “tunnel barrier layer 120 which is
anor phous and has no well defined crystallographic structure. Thus the

crystal line nginihusind GARBI Aol ByéH6ckied Betwesn Ghaln SinthdiSulang s thi n

the fixed ferromagneticC l'ayer” 118 on the opposite side of the tunnel

parri el | S of S fixed Biroiddhelib Ruldiaytr 8RE theirst ih dr W gerisiigy bar i er | ayer

120, which 1s anorphous and 1nsulating, Is very dlfferent romthat of the

thin netal #ehﬁnia?ﬁéﬁémhft r\‘ﬁérﬁlﬂﬁnd tli’:tﬁheﬁ?@ duftenfffh dt%ﬁbﬁﬁeﬁéfaﬁfﬂﬂ ruct ed.

Thus, prior to e prese ntion not apparent t t woul d be
p055|ble t il ayer
Since t hi STERIedr € r*"é’*‘%mk% AieRe SRS oY e rEO TRpEdnGtc Y
antiferronggnetically coupllng f|In1260. "~ It is believed that the

grom h of an antiparallel coupled ferromagnetic mul tilayer on top of the

tunneling barrifgnkfGidWierdifi thE ARES Bftohaghdifc thitifder, tunneling barrier

layer and sensing ferromagnetic multjlayer are formed on the substrate; whereby
whén the fixed ferromagnetic multilayer and the sensing ferromagnetic multilayer
are exposed to the external magnetic ﬁe]d to be sensed, the magnetic moment of
the sensing ferromagnetic multilayer wil change its orientation relative to the
magnetic moment 6f the fixed ferromagnetic multilayer and the electrical resistance
to current’flow through the 'insulating tunnel barrier lay_er in a direction generally
perpendicular to the fixed ferrqmaghetic multilayer énd the sensing ferromagnetic
multilayer will be altered, thereby allowing the external magnetic field to be

detected.

9. The magnetic tunnel junction read sensor according to claim 8 further
comprising an antiferromagnetic layer in contact with the fixed ferromagnetic
muitilayer for fixing the magnetic moment of the fixed ferromagnetic multitayer in

said preferred direction by interfacial exchange coupling.

L L A A
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_=27- conprising the nmultilayer are relatively thick. This is because
sputter deposited thin netallic filnms are typically polycrystalline-with
crystalline grains of size approximately that of the thin filmthickness.
The use of an antiferromagnetically coupling film enables the usage of
films in fixed and sensing ferromagnetic nultilayers which are thicker
than otherwi.se the thickness of single fygrromagnetic fixed or sensing
films without antiferromagnetically coupling filns for the sane
application. Thus the use of antiferromagnetically coupling filns enabl es

greater flexiholityhé maghetictimnerundtiohiréad §dnsokaedsding toctaieg mul ti | ayer
and thus additional control over the physical properties of the filns. In

par ti cul arwheréinitiie fiist Ahd Bbéoridfetrbmagastic filmy BY M ofegiddixed ahdsBasinguUNCt i on
structure with the sensing ferromagnetic |ayer deposited first and the

exchange hemeraggidticsrulliRyeRrEe féimad df Qi aldiFRsalloy@ndihé op  of t he tunnel
barrier layer unless relatively thick fixed ferromagnetic |ayers are used

to enable @ti%ﬂ&dn@&@n@ti@&@fdéﬁﬁﬁﬁgwlhﬁn%c& of $ifid ARltiRlyeraE femedlif®u.t he exchange

bias |ayer can be.depoSited. Wth thin fixed ferromagnetic |ayers, such as
50A permalloy, very little exchange bias with, for exanple, MFe |layers is
obt ai ned. However, antiferromagnetically coupling filnms allow the use of-

much thicker fifhms Jl'%_lrﬁcd%ﬁ? e{utninb UREtionhtbad'séHsBr SetordiRg f &amt 87 M ng

tenpl ate | ayers and n al l'ow reasonabl e val ues of exchange bi as

fi el d t - gl ahe RS orfiRhadréle i F8ibn otblifod By Mrkifip iyl | Ded and

shown in Fig. as t erromagnetic nultilayer” 118 e bottom

of the MIYgfad GffirstdHa s5bhE Ferrétiadtictit sBbHfhS! tHE firdt ¥ubfilm in each of said

multilayers being in contact with the insulating tunnel barrier layer and being formed
of a material selected from the group consisting of Co, Couponfey (Where xis in

the range of 20 to 70) and Niq,.Fe, (Where X is approximately 60).

12. The magnetic tunnel junction read sensor according to claim 8 further
comprising a biasing ferromagnetic layer for longitudinally biasing the magnetic
moment of the sensing ferromagnetic multilayer in a direction generally
perpendiculaf to the magnetic moment of the fixed ferromagnetic multilayer in the’
absence of an applied magnétic field, and an electrically insulating layer located
between the biasing ferromagnetic layer and sensing ferromagnetic multilayer for
electrically isolating the biasing ferromagnetic layer from the sensing ferromagnetic

multilayer.
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de’ioositi ng the sensing férromagneti c mul til ayer 132 first, followed by'the
“tunnel barrier layer 120, the fixed ferromagnetic nmultilayer 118, and the

antiferromagnetic - 28-
exchange bias | ayer 116. Such a MIJ device would then have the | ayers
essentially inverted fromthe MIJ devi gg-shown in Fig. 4B. Wil e the
present invention has been.particularly shown and described with reference
to the preferred enbodinents, it will be understood by those skilled in the

art that various changes in formand detail may be made w thout departing
from the MRGNET&@”P'UWI@N(*I‘I@N pméhﬂvpﬁ%ﬁfﬂbvgb\’%l%ﬁﬁ Acﬂr% Fa9ed
invention I's to be considered nerely as illustrative an Imted in Scope
oglgy as specified in the appBh MXQN%TIC LAYERS

ABSTRACT

An improved magnetic tunnel junction (MTJ) device (100) for use in a magnetic

recording read head or in a magnetic memory storage cell is comprised of two

ferromagnetic layers (118, 132), a "hard" or "fixed" ferromagnetic layer (118) and a

sensing or "free" ferromagnetic layer (132), which are separated by a thin insulating

tunneling layer. Each of the ferromagnetic layers (118, 132) is a multilayer formed from

two thinner ferromagnetic films (118, 132) coupled antiferromagnetically to one another

across a thin antiferromagnetically coupling film (116). The antiferromagnetically

coupling film (116) is chosen, with regard to material composition and thickness, so that

it causes the two ferromagnetic films (118, 132) which sandwich it to have their

magnetic moments arranged antiparallel to one other in the absence of external magnetic

fields. The magnetic moments of the fixed ferromagnetic multilayer (118) and free

ferromagnetic layer (132) can be chosen to be arbitrarily small by making the two

ferromagnetic films (118, 132) comprising them to have substantially the same magnetic

moment. '

Fig. 4A




Cl ai ns 1. A magnetic tunnel junction device conprising: a
fixed ferromagnetic nultilayer whose nmagnetic nonent is fixed in a
preferred direction in the presence of an applied magnetic field, the fixed
ferromagnetic multilayer conprising first and second ferromagnetic filns
antiferromagnetically coupled to one another and an antiferromagnetically
coupling filmlocated between and in gpontact with the first and second
ferromagnetic fil ns; a free ferromagnetic nultilayer whose nagnetic
nonent is free to rotate in the presence of an applied magnetic field, the
free ferromagnetic nultilayer conprising first and second ferromagnetic

films antiferronfggnet hgal |y ceupl edoho n not herg@nd an
anti f err omagnet iJaI I y2§oupl i n%fi I ngo %gf)eg‘%et vveenSC?nd in contact with
the first and second feérronmagnetic fiy{nrs; an 4% an insul ating
tunneling | ayer ' xed
ferromagnetic tilayger and the fre erropgagneti c | t P} ay d8
permitting tunpeling{current |(betweeh tthe f|xed and {reefferromagnetic
mul'til ayers. 2 u tyc | j unct\i onfHevi ce accordi ng
to claim1 wher theTragreti c ' ee .
ferromagnetic i llayefrs are substantiaHy——paral l el orfantiparallel to
one another in e absejpce of an appligqd nmagneticjfield.
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~-30- 3. The magnetic tunnel junction device according to claim1l
wherein the free ferromagnetic nmultilayer's nagnetic nonent is '
substantially perpendicular to the fixed ferromagnetic nultilayer's
magneti c nonent in the absence of an applied nagnetic field. 4,
The magnetic tunnel junction device according to claim1 wherein the
magneti c tunnel junction stack further2éhnprises an antiferromagnetic |ayer
in contact with the fixed ferromagnetic nultilayer for fixing the magnetic
nonent of the fixed ferromagnetic nultilayer in said preferred direction
by interfacial exchange coupling. - 5. The magnetic tunne
junction device according to claim1 further conprising a substrate, and
wherein the fixed ferromagnetic multilayer, the insulating tunneling |ayer
and the free ferromagnetic nultilayer are forned on the substrate, whereby
tunneling current passes through the insulating tunneling layer in a
direction generally perpendicul ar the fixed and free ferromagnetic

mul tilayers when the fixed and free ferronmagnetic nultilayers are
connected to electrical circuitry,
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6> The magnetic tunnel junction device according to claim1 wherein the
first and second ferromagnetic filnms in each of said nultilayers are forned
of Coor a N-Fe alloy and the antiferromagnetically coupling filmin each
of said nultilayers is forned of Ru. 7. The magnetic tunne
junction device according to claim1l wherein the first ferromagnetic film
in each of said multilayers is formed ¥ first and second ferromagnetic
subfilms, the first subfilmbeing in contact with the insulating tunneling
| ayer and being formed of a material selected fromthe group consisting of
Co, Co[err]Fe[err] (where x is the range of 20 to 70) and Ni[err]Fe[err]
(where x is approxi mtely 60). _

-32- . 8. A magnetic tunnel junction read sensor for detecting
ext er nal
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magnetic fields frommagnetically recorded data, the sensor conprising:

a fixed ferromagnetic nmultilayer whose nagnetic nonent is fixed in a
preferred direction in the presence of an applied magnetic field in the
range of the external magnetic field to be sensed, the fixed nultilayer
conprising first and. second ferromagnetic filns antiferromagnetically
coupl ed to one another and an antiferﬁppagnetically coupling.filml ocated
between and in contact with the first and second ferromagnetic filns for
coupling the first and second ferromagnetic filns together
antiferromagnetically so that their nmagnetic nonents are aligned
antiparallel with one another and remain antiparallel in the presence of an
applied magnetic field; a sensing ferromagnetic nmultilayer whose
magnetic nonent is oriented generally perpendicular to the nonent of the
fixed ferromagnetic nultilayer in the absence of an applied nmagnetic field
and is free to rotate away from-said perpendicular orientation in the
presence of an appl iced—agheticfieldinthe range0of the external
magnetic field to|l bg sensed, the sensing ferromagneti¢ nultilayer
conprising first png second ferromagnetic filns antiferr@f@gnetically
coupled to one aphother and an antiferromagnetically goupling filmlocated
between and in ¢ nH. Wi e amd—second—eri Qneg) (tic filnms for
coupling the 82 e—H e

[ kG econo e-ofraemhe € S oge
antiferronzgﬁetically so that their magnetic nonents |arge aligned
anti paral | wi thj ofe_another and remain antiparallel Fnithe presence of
an appliedzﬂggnet c{fiela; "~~~ TTTTTTTT T 245
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- 33- an insulating tunnel barr
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mul tilayer for fixing the magnetic nonent of the fixed ferromagnetic
multilayer in said preferred direction by interfacial exchange coupling.
- 34- 10. The nmmgnetic tunnel junction read sensor according to
caim8 wherein the first and second ferromagnetic filnms in each of said
fixed and sensing ferromagnetic nultilayers are forned of Co or a N -Fe
alloy and the antiferromagnetically coygling filmin each of said
multilayers is formed of Ru. 11. The magnetic tunnel junction
read sensor according to claim8 wherein the first ferromagnetic filmin
each of said fixed and sensing multilayers is fornmed of first and second
ferromagnetic subfilns, the first subfilmin each of said nultilayers
being in contact with the insulating tunnel barrier |layer and being forned

of a material sel¢§ 9 i . r]Fe[err]
(where x is in the range of 20 to 70) __and Ni[err]Fe[err] (wpere x is
approxi mately 69§t 12. Thg" nmagnetic tunnel junctign read sensor
according to claifpn 8 further conprifsing a biasing ferronmagné¢tic |ayer for
| ongi tudi nal ly bi gsing the magnetic{ ngnent of the sensing fé¢rromagnetic
mul tilayer in a dijrection generally, : :
_ 10} .
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perpendl cular to the magnetic noment of the fixed ferromagnetic multil ayer
in the absence of an applied nagnetic field, and an electrically
insulating | ayer | ocated between the biasing ferromagnetic |ayer and
sensing ferromagnetic multilayer for electrically isolating the biasing
ferromagnetic |l ayer fromthe sensing ferromagnetic nultilayer.
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