MAGNETORESI STGVY RANDOM ACCESS MEMORYG H REDUCED
SW TCHI NG FI ELD VARI ATI ON REFERENCETO PRI OR
WQRRPEODAEF3 ON Thi s application has been fil ed iPCT/H82004/025832
United States of Anmerica as patent application nunber
10/ 648, 466 on August 25, 2003. FIELD OF THE | NVENTI ON
This invention relates to sem conductor nenory devices
and, nore particularly, to the sw tching
MAGNERORESISTIVER /AaADaM Ay (HSSTMEM OR W T THREREICIED
menory cells. BACKGROUND OF THE | NVENTION In the past,
a variety of mpwetcNEEEIPVARAGISNr uct ures have
been utilized to form nagnetoresistive materials for
non-vol atile nmenory el enents, read/wite heads for
di sk drives, and other magnetic type applications.
Resi stance changes due to relative chan
magneti c states F@W@ﬁ%ﬁ&%ﬁ&m@%ﬂ@%ns Wit hin
these structures allow information to be stored, in
the case of nenories, or read, in the case of read
h [ N
3R G20l (R OARLPSERASY MR Bl appicaion
numbBEf(B‘ﬁ‘t%ﬁ@lABgLMRA‘MZOb&S the potential to overcone
some of the shortcom ngs associated within nenories
currently in production today. Dynam ¢ Random Access
Menory (DRAM), Static Random Access Menory (SRAM, and
Fl ash are the thidgLldé@H TERINVEDEFON nenori es
currently in use. Each of these nenory devi cesuses an
el ectronic charge to store informati on and each has
its own advant ages and di sadvant ages. SRAM has f ast
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the switching characteristics of an array of muiti-layer magnetic memory cells.
BACKGROUND OF THE INVENTION

In the past, a variety of magnetic materials and structures have been utilized to
form magnetoresistive materials for non-volatile memory elements, read/write heads for
disk drives, and other magnetic type applications. Resistance changes due to relative
changes in the magnetic states of constituent magnetic regions within these structures
allow information to be stored, in the case of memories, or read, in the case of read heads.
Memories made of magnetoresistive material, such as Magnetic Random Access Memory
(hereinafter referred to as MRAM) has the potential to overcome some of the
shortcomings associated within memories currently in production today. Dynamic
Random Access Memory (DRAM), Static Random Access Memory (SRAM), and Flash

are the three dominant types of memories currently in use. Each of these memory devices
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cell area. DRAM has high density, but it is also
volatile and requires a refresh of the storage
W@ apaor1ess every few milliseconds. This requi rBCENS2004/025832

i ncreases the conplexity of the control electronics.

FLASH is the major nonvolatile nenory device in us
uses ap glegtyoniechage E%%%feéﬁﬁff@%thnra&{% ﬁé‘al hag i OMU&&F?‘H@geéﬁpge

| ayer to store information. Drawbacks to FLASH i ncl ude
disadvainglgess SR Alehas dagt read med vsitasmtedd, bwt iprsomplaile ambreguisssdarge

times. Al so, FLASH nenory has a poor wite endurance

cell ax@ﬁ BHRAM B8s Ri¥A Idelssl@em li6is AROWbMtifedint YEfhireh B réfesth oF e,
to maintain reasonable data retenti on, the thickness

storagalclaé)alg%Ig%}e&f;% xgﬁld%%é ds© ”[%sarﬁ%lﬁpe?lye% fnlaﬁaageg ﬁ%{{%léﬂlmé%f

I'hg, S res
scal i trends. MRAM has the p nti aI t ha\(e t he
the C%B%ecg@n%%f FhASEL isthe majer WVB&A& REPAGLIC VIR N B9 Por

refresh, have inproved density performance over SRAM
FLASH tdes qmargehﬂapp@ﬂafn 2 floatyng cenidt layger ¢o staysriofosnhatonl ubzavbecks to
and wite performance over FLASH As nentioned above

FLASFB@BRES hBhi volth¥Eref@iYdrkdts MAG1MMRANatdin Bl érbeltirdés. rAaky,
on resi stance changes resulting fromchanges in the
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nprise a | ayer, whos ation
additigh AT rgasgvﬁ)@agat CriioRIge FHigRSS i gArRgidebpg Lo stay
| ayer, the free | ayer, whose magnetization direction
above the fhresbolddhshvallosh clestrom Bmneling, thus mstristing FBIASHs scaling

di rections separated by a spacer |ayer of an oxide

trendd. TMRPG hagtheBoRatidlte hasd the sged erfedmide siatilal € BRIAM without
magnet or esi stance). Typical MRAM architectures involve
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As mentioned above magnetoresistive devices and MRAM in particular rely on
resistance changes resulting from changes in the magnetization directions of constituent
magnetic layers in the material stack. Typically, MRAM devices comprise a magnetic
layer whose magnetization direction is fixed, the fixed layer, and a magnetic layer, the
free layer, whose magnetization direction is free to switch between two or more stable
directions separated by a spacer layer of an oxide (Tunneling magnetoresistance) or
conductor (Giant magnetoresistance). Typical MRAM architectures involve laying out the
individual magnetoresistive elements at the intersection of a crosspoint of mutually
perpendicular current lines. These lines need not be in contact with the element. Their
purpose is mainly to provide the magnetic fields, by having current passed along their
length, to switch the magnetization direction of the free layer, within the element. In the

absence of these fields, the magnetization direction of the free layer is stable. This is the
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state,tigehadf therswitehing fi

purpose is mainly to provide the magnetic fields, by
havi ng current passed along their length, to switch
w0 b@soegset i zati on direction of the free | ayer PCTMIS10041025832
the elenent. In the absence of these fields, the
magneti zation direction of the free layer is stable.

proceditiie f}]rlv&uémmmﬁﬁﬂﬁl sewiiferVa itk meMbA. MFedatling ih@rditidntien
to the menory. Reading information is typically

typlcﬁﬁrga?rgﬂ}{lﬂ)lgsﬁgg bg ﬁ‘psgi?%sa' s u?xg@!l tégo‘flgﬁ Eﬁ%elﬁé}ﬁ 91#1‘% ?oer}nl ing the
esi stance. For, the successf ul oper atl on of an I\/RAM
reswtﬁfé\?lt%%re PIENGESTCHiSA0T ed t hat the magnetic behavior of
the free layers of an array of elenments be very
unFérdhasucTensBil operpédraefcn MBAM devew dtsip squired that the magnetic
architecture nenti oned above. The current |ines each

beha R6fitBEfr@dTIRYEE of & oftelenin@checrppifag. MEiels\telagt fo the
of the magnetic field required for the free layer to

crossﬁ}ghte rchifeStugd ﬂaﬁmoﬂeg %Po (f elclfet kS Qéc'ﬂ&rf)%%é Qno current

netic state 1s ere as a sta |rec

to Prﬁugfﬁ HPrEBRBIhenal o He BeeiE e e Eocios tecfedier ﬁ%altef s

current |ines toé&row de enough field there so that
Magegticrsiaimistdetined hare anp ptpble Wiragiton of the

Al'l other bits in the array are exposed to at nost
magnafifution iofeiedtae 1wl f Thédraveshdlf fdldngpnibire ok thd peintiof ihtetsettion of

in the magnetic behavior or the switching field for

the chriit ﬁﬁésgx g%vu!?é &ﬁ)ugﬁ fiERISRALE h@lha?&etei@ﬁenﬂq ereB@ybr ﬁlh?deﬁﬁ

produce 0 not dvertently cause an unwanted
h it d ddi t
state Bl et oﬁﬂsf%e Bi? Bitee effofitf etiBa 4 o ARbRhll) haip e
woul d be highly advantageous and is the intention of

switching fielgk r Eier unalopmity it the magneficrkehayiar onthe pwichipsiipgld {pithe

of decreasing the variation in the switching field bit
arraytof birs is.esd8iRti dFsoDRBER FAM NdGhrodirded BRAME M@Bvertently cause an

unwanted bit to switch its state and, in addition, that the two half fields combine to switch
all the bits in the array.
It would be highly advantageous and is the intention of the current application,

therefore, to provide means of decreasing the variation in the switching field bit to bit.
BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and further and more specific objects and advantages of the instant
invention will become readily apparent to those skilled in the art from the following
detailed description of a preferred embodiment thereof taken in conjunction with the

following drawings:



10

15

20

25

The foregoing and further and nore specific objects
and advantages of the instant invention will becone

wo e@diokassapparent to those skilled in the art PCDDS100£025832
follow ng detail ed description of a preferred
enbodi ment thereof taken in conjunction with the
f FIGoW s et aagddn gisaphikied sitle ivievaorl emhibiclged, mapnagd mbmedy cell,
side view of a nmulti-layer magnetic nenory cell, in

in ac&?&ﬂ&@@ﬁﬁ%&’#&f&r&@ e%lpfé&hﬁm sdnephedi ekl the

present 1 nvention; 2 attached 1s a graph of the

r tiv ariation of, a neti.c.intrinsic.anisotropy
v E1G Hachf il s Gnd G s Enfef R RIE oo
. (NiFeCo) layer; Fig. 3 illustrates the relative ‘
anisofyepy vearses @ thickngse osapingls bk Hckel iron cobadt NaFete 13iet:s
verses a thickness of a single patterned nickel iron
c athal3till(dkFex@hg rellaive varidtioB. of4hd svischignfdld bf eedteviedWwitofverses
a magnetic nmenory cell used to experinentally nmeasure

a thicRnd¥B8PE kinSlePAUSALA RR¥1ARA BbAIBINIELTS) RGNet i C _
ani sotropy variation of a magnetic layer; FIG 5 is a

graph. of a relative netic ani sotrap riati.on

P28 G it LT FaRRnk G PERDS ey B @Rty

4 versus thickness of a magnetic layer; and FIG 6 is .
measge IagCHE asSQEPY N @ el YedRagIgtiG AMPRLIPy Y agptiqnyf a magnetic

magnetic nenory cell illustrated in FIG 1 for aspect
layery ati os of two and three versus different conbi nations

of material stack. DETAILED DESCRI PTI ON OF THE

PREGERRED: BHBOD) Midle Tk Hetﬂﬁézﬁislo@to'?@variatio%f ef® magnetic

Vv

illustrates a sinplified sectiona i ew of a scal abl e

. M . ; e . G . in
1ntnng11§ %gﬁé%&rﬁéﬂl%gth\é&{ 1?11?1%? lé é’ge}%ltlé HREhLR e Q%E%Bé{tlc lﬁ&/ér, e

FIG. 6 is a graph of a relative switching variation of the magnetic memory cell

illustrated in FIG. 1 for aspect ratios of two and three versus different combinations of

material stack.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Turn now to FIG. 1, which illustrates a simplified sectional view of a scalable
magnetoresistive tunneling junction memory cell 10 in accordance with the present
invention. The scalable magnetoresistive tunneling junction memory cell 10 includes a
supporting substrate 12 onto which a seed layer 14 is positioned. Supporting substrate 12
may be, for example, a semiconductor substrate or wafer and semiconductor control
devices may then be formed thereon. Seed layer 14 is formed on supporting substrate 12 to
aid in the formation and operation of the remaining layers of material. An anti-

ferromagnetic layer 16 is then positioned on seed layer 14 and includes, for example,
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i nvention. The scal abl e magnetoresi stive tunneling
junction nenory cell 10 includes a supporting
waaseamte 12 onto which a seed |ayer 14 is poBRCT/US2984025832

Supporting substrate 12 may be, for exanple, a
sem conduct or substrate or wafer and sem conduct or

alloyg ginprganese(Vie endraye ofilin Fadtf Bh peebnebinationn thegwd dit Wil be
14 is forned on supporting substrate 12 to aid in the

undefsarodahsit geedlagbr dpéy agtionnl M i Hheludedi thisigefeay@émbediment for
material. An antiferromagnetic layer 16 is then

illustPRisE bh@@ﬁ% Rﬁosﬁg goilﬁéﬁﬁﬁ aﬁa@%ﬁoﬂﬁgﬁ’éﬁﬁqaye% ?f\"is fo]ggabrication

exanpl €, al i oys’ of “mangangse one

' be under st ood
“mv?ﬂgpegg@anwgﬂﬁbmgwmfge8gﬁﬁ%ﬁ§ymgﬁgnﬁ§1,nc|uded in this
pr ef erred enbodi nent for illustrative purposes. Al so,
H Tip% Sragnesin Tegioafl 8 aving Repsubaeignagnidc magent vegtar0finr
fabrlcatlon conveni ence with many ot her possible
positivned oy theahti dasoraygictiablyer 16AAf nonstagh@t@eparatii €y P2 is placed
havi ng a resultant nmagnetic nonent vector 20 is

on fiROBhdeaReskioN1¢ Hif @&Ebncf RESRARINR .@1 ﬁaﬁ%ggr %lﬁmt magnetic

nonnagnetlc separating layer 22 |s pl ace

d a second na 24 havi ng
momERIEh} B PSR naT P AR B o fom, Nenegmidl on
nonmagneti c separating |layer 22. Nonmagnetic
separaiingalager 2dgap ke éﬂleé@t%ma%alawmpl@ pbehaves @& afunesling|bagger ¢h
behaves as a tunneling barrier to produce a magnetic
produce nmedgngtintinnelrjutdiiah tle bxhibitstuhnelinglmap@etoresistance or it may be
magnet oresi stance or it nmay be a conductive nateri al

a condHéiVedsat&PN REH ds(?:oﬁ%éi’%‘ﬁﬁ)d@cé PYSEEE nTRIR étfu‘%t\ﬁé GV‘HR:thU re
whi ch exhibits gian nagnetore3|stance It wl

o g ARSI GRS T A il

22 Caﬁﬂfthﬂf lgﬁ%gﬁé&l #tglséﬁé{aﬁté Vg@g Eﬁcﬁgﬁ ascang laver forllwstetive
nmoment vector 20

purposes.

Anti-ferromagnetic layer 16 pins resultant magnetic moment vector 20
unidirectionally along a preferred magnetic axis unless sufficient magnetic field is
supplied to overcom; the pinning action of layer 16. Generally, anti-ferromagnetic layer
16 is thick enough to'insure that spurious signals and normal cell writing signals will not
switch resultgnt magnetic moment vector 20.

In the preferred embodiment, fixed magnetic region 18 includes a synthetic anti-

ferromagnetic layer material which includes a tri-layer structure of an anti-ferromagnetic

. coupling spacer layer 28 sandwiched between a ferromagnetic layer 30 and a

ferromagnetic layer 32. However, it will be understood that magnetic region 18 can
include a synthetic anti-ferromagnetic layer material other than a tri-layer structure and the

use of a tri-layer structure in this embodiment is for illustrative purposes only. Further,
5
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unidirectionally along a preferred magnetic axis
unl ess sufficient magnetic field is supplied to
W@®s5020%83 t he pinning action of |ayer 16. GenePEl/Ug2004/025832
anti-ferromagnetic layer 16 is thick enough to insure
that spurious signals and normal cell witing signals
magneticiregiat 1&is o fiedfesethignetic regipme tieaning thanthe \nephetic 26ment
In the preferred enbodi nent, fixed nagnetic region

vectdrE‘ of M‘}l@ﬁ 36 aRd 83 RRlbEradt o rt)?afer ﬁrfﬁfgﬂr%gén% by ﬁrﬁd&ﬁfeeaﬁ)bﬁéd
whi ch™includes a tri-layer struct

T R S N e??ofé;ﬁv!t o

Ia er 32. However, it will be understood that nmagnetic
itEs TRagRelERIga 24 andydss ey nibetiganti- farqeaglielayer material
I ayer material other than a tri-layer structure and
which ecludes Noferrantagneticdgyers thhtrane hnti-ferfomaghétaByrbagiled mhefesn N
for illustrative purposes only. Further, magnetic

is a 1ﬁ@§é&ﬂrrﬂb%r grehiex@dn bREGRAMRANBL Intthé @ﬁb@dlmeﬂﬁ%@ivﬂ%ef@@?
thé magnetic nonent vectors of |ayers 30 and 32 are

s1mpﬂ8ﬁ fl\f gecn,ésen Ca 'éqeua at%Vg)ﬁsa flaafpg%%%gtfo{eg%aglgci é\ g etﬂéayer
reference Iayer A free magnetic reqron 24 includes a

strucliyse pechifas ap - feriomagRelifrroUPEng sppest Ther & sandwighedibetween a
includes N ferromagnetic |layers that are

ferrogmgneticd ayen Fagnéa faminagnetoulpyed 8. Kéremedgnetit fagera 36 ahég@each
nunber greater than or equal to two. In the enbodi nment

haveshiokfes§eR 140 ah@u2 Slesetiiedl§. Furthbr, SntEFOgSMadnetid ogflinglspicer
two so that rragnetl C region i ncl udes a tri-| ayer

r
o O S PR
r and a.ferronagneti er err, etic
layerp d atesiabi TR BT D R PV SR W B erent
respectively. Further, anti- ferromagnetic couplrng
num@tp;@é émrdng@q:ﬁ@hyﬂra gndathp e ddracisislayiet striigturgi ih Ithip embodiment is

understood that the synthetic anti-ferronmagnetic
for illustrative purposes only. For example, a five-layer stack of a ferromagnetic layer/anti-

ferromagnetic coupling spacer layer/ferromagnetic layer/anti-ferromagnetic coupling
spacer layer/ferromagnetic layer could be used, wherein N is equal to three.
Anti-ferromagnetic coupling spacer layers 28 and 34 most often include elements
Ru, Os, Re, Cr, Rh, and Cu, or combinations thereof. Further, ferromagnetic layers 30, 32,
36, and 38 most often include alloys of Ni, Fe, Co, or combinations thereof.
Ferromagnetic layers 36 and 38 each have a magnetic moment vector 46 and 48,
respectively, that are usually held anti-parallel by coupling of anti- ferromagnetic coupling
spacer layer 34. Also, magnetic region 24 has a resultant magnetic moment vector 26.
When no magnetic field is applied, resultant magnetic moment vectors 20 and 26 are

oriented along a preferred anisotropy easy-axis. Further, magnetic region 24 is a free
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| ayered material in magnetic region 24 can include
other structures with a different nunber of
wo eqosormgheti ¢ | ayers and the use of a tri-| ayRCT/US2004/025832
structure in this enbodinent is for illustrative
pur poses only. For exanple, a five-layer stack of a
ferropagnedigdef et inecanipgdhat depuitag aghalimBemenicwaior 2Ad Keplodptate
| ayer/ferromagnetic | ayer/anti-ferromagnetic coupling
in theprasmce bbyreapplied magwgiedicld | ayer coul d be used,
wherein Nis equal to three. Anti-ferromagnetic
cownlle a@u@@ﬁﬁ@ergnb@a/&fug@g‘%lﬁg&g a1 R ke Ak @&kl tHE FeibPhagnetic
el enents Ru, Os, Re, , , and Cu, or conbinations
ereqf .. EUr lo, [, i 2
layerggl Iglr g@{eﬁg étrgla&nrg :31 ré%calng 2@, 12%%129% h% er%{[?iyae t:iggt tﬁ%f)e’n%g}ag%gﬁc 1%9%
onbi hations thereof. Ferromagnetic |layers 36 and 38 _
coul baecqptlh%g@mggxppélgﬁ]& supked faronek abhepmeans sg%asngggnetostatlc fields
respectively, that are usually held anti-parallel by
or otheydigdtinag Fof examyple, foestruoteeneith ¢ highaspdchrptiopthe derrdmaagaetic
34. Also, nmagnetic region 24 has a resultant nmagnetic

layerBigRIRt -palePéoupfed HHAE haBRetbRERENICclbdued. O thSs &R dn§d,
resul tant magneti c nonent vectors 20 and 26 are

' I [ r - AX] -
ronsiEh L 5441000 RERLEAS R SEREI A0k BEYSAH) B v
.region, neaping_that resultan netjc nmonment vector
sufficss Hogeyreid %Ps%&r&ﬁémbﬁﬁfm@tﬁﬁ%@%@ét GFOHEHRH5 1p¥ggs are anti-
magnetic field. Waile anti-ferromagnetic coupling
ferromagatically eoupleldibytsprdveichibg ankedarromegrfetic couglipgendterial between
| ayers in magnetic regions and 24, it will be

each ddjdesns tepnhdghaic e, Oss ibmBEREbT Gildy 8htheti0 dhiil f&omagnetic
anti-ferromagnetically coupled through other neans

layersrﬁﬁ%&i;fst, tﬂ?&%ﬂ@ 5&?—8%118 c()il%ir%ﬁ)fgﬁ%ﬂé%‘%ﬁc &l §Sctors %ﬁ'}'gnts a

exanp r structures aspect rati o,

o ERETRERE S ARSTRIGLE BTk RRERL ol ol es L8P, inge

nonmagneti ¢ spacer |ayer that breaks the ferronmagnetic
layerexchange between |ayers wil |

Further, during fabrication of scalable magnetoresistive tunnelirig junction memory
cell 10, each succeeding layer (i.e. 14, 16, 30, etc.) is deposited or otherwise formed in
sequence and each cell may be defined by selective deposition, photolithography
processing, etching, etc. in any of the techniques known in the semiconductor industry.
During deposition of at least the ferromagnetic layers 36 and 38, a magnetic field is‘
provided to set an easy magnetic axis for these layers (induced anisotropy). This
anisotropy axis can also be set subsequent to deposition by annealing in the presence of a
magnetic field.

The structure of magnetic region 24 substantially impacts the variation in the
switching for an array of MRAM devices. In the preferred embodiment, to minimize the

variation in the switching field Hgy, the magnetic layer (i.e. layer 11) in magnetic region
7
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suffice. However, in the preferred enbodi nent, the
adj acent ferromagnetic |ayers are
wapishzEossdmagneti cal |y coupl ed by sandw chi ng BE/US2004/025832
ferromagnetic coupling material between each adjacent
ferromagnetic | ayer. One advantage of using a
24 adgagemtiie npemagretic fpacenregign&Liis fdrmye to e arthigkndss grepigt than
the anti-parallel coupling of the magnetic nonent

layer 88 Gh@SthBEANERF 30 & t6a2DEX AnKiBkdro4yet BEha bedn Bbusdno
t hi ckness where a vortex would be fornmed if using a

A T
| . i.e. 14, 16 0, ) . g
O L AR N A e

~cell may be defined by sel ective deposition, _
variafiproeicthe eleognisprithin theceres inignpaeted by iy, quetity. ofithe magnetie
the techniques known in the senmiconductor industry.
matefM lihifigll¥esesitdd Gthe hofthadRs tepabiging e4yep DR ITREreford, 8eer S
36 and 38, a nmagnetic field is provided to set an easy
' is far t ! i ' I
cer 8084 |50 S AR Y b RSB o
switcﬁﬁ%?c %}a%t%gstg%é rl)grg{x]%?rlégl lg?erbgé{qg?)rfgrs gsirﬁtglﬁtu%% gs Iql%ggc?r}eld%bove
substantially inpacts the variation in the swtching
SAF sigictgns piovise agedugianinide iferarption of magnesizatien yastices (where the
enbodi nent, to mnimze the variation in the sw tching

magrietigdtibnHirectidieis megumdistial Huayieculdr) asd a vay & contiohtheByitelting

regi on24 adj acent to nonmagnetic spacer region 22 is

field e Thfktell Srdi@MExéht NY, 65598583 9r eater than layer 38 and
in the range of 40 A to 120A. A thicker | ayer 36 has

Db i deta PPk RARY S PR g e
equal fromone MRAM device tq another. In general, it
starting 8t thickneseeshsdPw RRRTOXimRted P9 gﬁp@ (See FIG. 2). This can be seen

by an increase in the relative variation of the intrinsic material anisotropy normalized to
the mean anisotropy. Intrinsic material anisotropy is an energy defining the preferred
stable uniaxial magnetization direction. The magnitude of the switching field Hy, for an
unbalanced free magnetic region is controlled in part by the intrinsic anisotropy (See
United States Patent No. 6,531,723), and a larger variation in the intrinsic anisotropy will
directly result from the increase in the variation of the magnetic switching field Hy, for
patterned MRAM devices. Illustrated in FIG. 2 is the relative variation of the intrinisic
material anisotropy measured for various thicknesses 40 within a range approximately
from 20 A to 60 A for magnetic layer 36 deposited in a magnetic fielci on an aluminum
oxide layer 22 and annealed in a magnetic field at 250 °C for 30 minutes. As shown, the *

relative variation of the intrinsic anisotropy decreases for thicker magnetic layers which
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variation of the elenents within the array is inpacted
by the quality of the magnetic material initially
walepesaeesl on the nonmagneti c separating | ayerPQRUS2004/025832
Therefore, the essence of this patent is to optim ze
_ the material quality of layer 36, and retain -
illusteptesdpat i goedavinemionheslls Benvec vish thicker magpetied Ryangpositiaed
36 part of a SAF structure. As nentioned above SAF
adjacsht tt Celio@Snagherio shaca régotuwill how improveedimiagietic propefies.
magneti zation vortices (where the magneti zation
contr P RS e Bnics § dhagh OB Rlok BB o wgnetc
. ) ,423. A significant degradation i.n the
switd i S e 2 b9t FRMGHER Freeniaicraens Bavilled Bl fp ng
at thicknesses bel ow approximately 50 A to 60 A (See
magreficlaygy (i.eTihicknessrddsquale eeroland thicknges Bosspials gerd) gerses
relative variation of the intrinsic materi al

thickaess 0 thedpyer lthe gkl etk dotnpdee] sfafcked ftbs 0bbadNiFeCo) grown on
Intrinsic material anisotropy is an energy defining

an alﬁlﬁﬁluﬁ{ &iigs ﬁ@rgn%n@@é BB 1806k 8. TRORSE E&Péﬂa?@ gﬁﬂhl& elehledR are

The magnitude of the switching field Hfo

nhal ed free netjc  region is controlled in.part
asped) 3 2R RS B ANGalos BB Rt oo Spa PR B P Bl 3.
No. 6,531,723), and a |larger variation in the
therejip pripigiven dnihe selatoisyapiption ofi theswitchingHelis withigrhe peay
increase in the variation of the magnetic sw tching

begirfniired at approaimately YOAN it iR b 40A ohs reldtiveuamtintidreid cbmstant with
FIG 2 is the relative variation of the intrinisic

thickfB Deéadke A SQhineRY bYRASMRAE id Q{aFé/ %ik&%bi)xtfan? kRes-HR$hat
40 within a range approximately from20 A to 60 A for

scaler(?ngpt%% iiﬁ:créa%}{l 'm Igenq.e %gg)'v} f%jd‘\ i[h'%reais gﬁg{[]c%a{sg ir[ fhg lrg?t?% VAiation
al 'umnum oxi &e T ayer and anneal’ed T h a nagnetic
. field at 250 for 30 mnutes. As shown, the ' relative
with degreasingghickressh Shishehavianis degiodhs demsydagen inmatssial grality
t hi cker magnetic |ayers whichillustrates that magnetic
showmanmbignre 2l The goaumagnetihipiohertikeof thagre triagndtayleyes directly
positi oned : :
increases the magnetic switching field variation from one MRAM device to another in the
array of MRAM devices. The preferred embodiment addresses these shortcomings by
making layer 36 thicker with better material quality while effectively making the whole
stack thinner by anti-ferromagnetically coupling layer 38 to 36. The preferred
embodiment has the material quality of a thick layer but the shape contribution and lack of
vortex formation of a thin layer.
Turn now to FIG. 4 which illustrates a magnetic memory cell 50 used to
experimentally measure a magnetic anisotropy and a relative magnetic anisotropy
variation of SAF layers 72. In a preferred embodiment, cell 50 includes a conductive layer

52. An insulator layer 54 is positioned on conductive layer 52 and a magnetic layer 56

with a thickness 58 is positioned on insulator layer 54. An anti-ferromagnetic spacer layer
9
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25

adj acent to the nonmagnetic spacer region wll show
i nproved nmagnetic properties. Turn now to HG 3 which
WO Rdoameawst es a graph of the relative vari ati onP@Ff/US2004/025832
magnetic switching field Hfor an array of patterned
magnetic el enments having a single free magnetic |ayer
60 with a éhickneschhie pesitddneipransgnetc yanth drtd ckagrtic d¥eetbaith a
zero) verses thickness of the layer, the |ayer being

thlckﬁ&ga@ $§§Bsﬁfon€di 6k §pack# Bfer@0b @hﬁhéﬂ\&fﬁ‘l@&htog (86 PR pditioned
al um num oxi de nonmagnetic spacer |ayer 22. The size

on gy E‘a&% P GGG MR R3RERR ol aﬁoaﬁaisfe@iien
|nF| herelsamnlnumlnthereat
véﬂ.ﬂaf Fléﬁ*?lf& CxaR 1% fPRdURti vRgaysre f4 anqw Q fictnde ﬁ@taelvma@@ and
begi nni ng at approxi mately 40A. Geater than 40A the
insulatet layéry 64 uad H@irncbnleiatingiomatoxaitte (WOh Furthek ne d8s fpecidics e
it is domnated by variations in shape ani sotropy from

exan%ld nfagnéiictla%elﬂﬁﬁ sfPdEnuldn{chE tAINERS aRd s Bielﬁyer 60

el ow 40A there is an increase in the reI a
.G | ehav
mclué& @tehlt%ﬁ]e gvrth zli Sl%%ﬂerﬁg 1 r?&fs %%%%4 T ali‘f‘u P ng%tlcaﬁy
e 2. The oor magneti ¢ properties of the
couplegg HotH e ue R et By A CHS Baeq HESHB AR 6. 60, 64, 65,
switching field variation fromone MRAM device to
and 7Qrod thie specifia dxempler @y clodsen/faN rlicity @sd eddeef disefissiondd
enbodi nent addresses these shortcom ngs by maki ng

illustaty £ meddhrdiiér k&1t Whdl thabethbemateBhle tb@l baeBbdehy Whil e
effect i vely making the whole stack thinner by

ohind SELHTRAR 0L BN 10, S5 o Ty
e B T B b s

which illustrates a magnetic nmenory cell 50 used to

.can be magnetically coupled through other means. Further, cell 50 is illustrated as

including two magnetic layers (i.e. layers 56 and 64) for simplicity and ease of discussion
to show the experimental measurement.

Turn now to FIG. 5 which illustrates a graph of a relative magnetic anisotropy
variation of the SAF structure 72 verses thickness 66 as illustrated in FIG. 4. In this
illustration, thickness 66 is varied from approximately 20 A to 120 A wherein ;chickness
58 is approximately 40 A. As shown, the relative magnetic anisotropy variation is
approximately constant as a function of thickness 66. This result indicates that the
variation depends substantially on thickness 58 (See FIG. 2) adjacent to tunneling barrier
junction 54 and is independent of subsequent layers magnetic grown thereon (i.e. layer
64).

Turn now to FIG. 6 which illustrates the measured improvement of the switching

distribution width (sigma) of patterned bits by depositing the thick layers of an unbalanced
10
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experinmentally nmeasure a nmagnetic ani sotropy and a
relati ve magnetic ani sotropy variation of SAF | ayers
wQ@ 2005022683 pr ef erred enbodi ment, cell 50 i ncl udBGT/EHS2004/025832
conductive | ayer 52. An insulator layer 54 is
posi ti oned on conductive |ayer 52 and a magnetic |ayer
SAFdstwintthe @nnélibekive 8. SBows irpldl&t. Giinaediond aivasatiat for a thin
| ayer 54. An anti-ferromagnetic spacer |ayer60 with a
magiidlic¢kRESS gdAmi ¢h PBSIkirh Qe RReNSdEEbY aYafiatRi FRdhidk
magnetic [ayer 64 with a thickness 66 is positioned on
e e AR e A Dl Bt 36 8 SR Bbud Bt Bl o,
. .70 is positiqgned on.insulator layer 68. In this
thicknpisdpy fba%‘(éﬁﬁm?t %Bﬂﬁ@&f‘%&ﬁlﬂsaﬁ%%d B3 o fc ude
_ tantalum (Ta) and insulator |ayers 54 and 68 incl ude
micreeirsh dier oxangde, (@altidyner Fayet ek increasehfronsfeditd #6 A, the ratio of
exanpl e, magnetic layers 56 and 64 incl ude: nickel iron

the s{ghlias €jonBudsposifiag ete thiz efyePfrst 66 tHed@mnel HarfeM® dePbiiting the
wherein magnetic | ayers 56 and 64 are

; i r ' caul i k| S d
i B R R ae sl B dpF QB 0.4 b A 1o BOSHPAERCHRD
.64, 6 and 70 of this ecific e | e.are chqgsen for.
variaigy st i spd ga be e dufecEiRGR mishaR Db 9<homiite Brediver Sitn
measurement result and that other materials could be
goodgpged quality o shepiuana beeigr d%h dhis wesult indieajescthitfor thyekmesses

56 and 64 are anti-ferromagnetically coupled by spacer
below approxinthtelH60& e varlationvi the @ittt fislddedar ialy oTRiM@IntGs
| ayers 56 and 64 can be nagnetically coupl ed through

redu@dR@ien TBARTkeF 1Y dHE He_poglﬁéd ol Tﬁmgi ﬁﬁﬁ‘ﬁérr 2t qgaéi%gt% 8hag§§:s and

including two nagnetic |ayers (1. ayers

f.r.. Si icity.and ease of discussion to.show the .
modfGiids FE e S GRie Shoskte IR0 BN reacly
illustrates a graph of a relative nmagnetic ani sotropy
occuy forthegeiskled in thsarts Kpr example.(hiskiess isens suethasd fok irapovisg the
as illustrated in FIG 4. In this
material quality. In addition improved material quality can be obtained from deposition of

an amorphous alloy, such as CoFeB alloys, on top of the tunnel barrier. Also material
quality can be improved through high temperature anneals and depositions. To the extent
that such modifications and variations do not depart from the spirit of the invention, they
are intended to be included within the scope thereof which is assessed only by a fair
interpretation of the following claims.

Having fully described the invention in such clear and concise terms as to enable

those skilled in the art to understand and practice the same, the invention claimed is:

11



illustration, thickness 66 is varied from
approximately 20 A to 120A wherein thickness 58 is

wappsoxieant el y 40 A. As shown, the relative nmapCEUSI04/025832
ani sotropy variation is approximately constant as a
function of thickness 66. This result indicates that
the variati on depends substantially on thickness 58
(See FIG 2) adjacent to tunneling barrier junction 54
and i s independent of subsequent |ayers nagnetic grown
thereon (i.e. layer 64). TGEAIMSw to FIG 6 which
illustrates the neasured inprovenent of the sw tching
di stribution width (sigm) of patterned bits by
depositing the thick |ayers of an unbal ancedSAF fir st
on t he. t umnahlede, n@ilti Zder BASIMIC hidmohfRlevRelcdmBrikiag: O
of a variation for a thin magnetic |ayer 38 grown on a
thick mag ' VA | af | X
thi ok mgncpreqralEoay Skl GG re K WEbRRR: Rl
36 as a function of the thin | r thickness for an

> array of ALSREPERElFiERion %9?&1%6‘2¥cﬁ?°6§tet°?ﬁasb‘5%0%?f{t§e of
wi dth 0.45 microneters. For exanple, as thinner |ayer
i IPPIREREHE SRars R Siop Jhe fise magnstia segion inplading aipbrdity pheagnetic
sigmas fromdepositing the thick layer first on the
tlaymsslandarri er 22 to depositing the thin layer first
on 22 increases fromapproximtely 0.6 at 15 Ato 0.95

at 45 A Whereitad fréet thahetid TabdripositlomdradiacE&n o e stgstdGe the
by as much as 40% by depositing the |layer with good

NRnfabmticd lﬂ; feYioR T B PId-MRP6F mBSelit Blyerd Aas iﬁfygéverd‘?ﬁésféﬁal

i ndi cates tha or thicknesses bel ow approxi mately 50A
10 Qﬁﬁﬁ§griation in the swtching field for an array of
etements is reduced when the thicker layer is
deposited on the tunnel barrier 22. Various changes
and nodifications to the enbodi nrents herein chosen for
purposes of illustration will readily occur to those

skil | &d i A depiise ay ¢lainegn elpispnb whereirhthe igkagssi of themagnetic layer
nmet hod for inproving the
positioned adjacent to the surface of the nonmagnetic spacer region in the plurality of
magnetic layers is in a range approximately from 40 A to 120 A and the improved

15  material quality is obtained through increasing the thickness.

3. A device as claimed in claim 1 wherein the magnetic layer positioned
adjacent to the surface of the nonmagnetic spacer region in the plurality of magnetic

layers is of a material having improved growth characteristics on the nonmagnetic

20  spacer.

12
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material quality. In addition inproved nmateri al
guality can be obtai ned from deposition of an

wa@ewspbmses al | oy, such as CoFeB al |l oys, on t opPGf/U81v64/025832

tunnel barrier. Also material quality can be inproved

t hrough high tenperature anneals and depositions. To
the extent that such nodifications and variations do
not depart fromthe spirit of the invention, they are
intended to %%_included_mﬁthin t he scope thereof which
i s as<essed GiVicy 2 glaumedin claimdayhsrein theingagnesfc layes positioned
followng clainms. Having fully described the invention
i djaseritio Blesurfacsod themovinggnetie sprserasgipw ircthe pluealith obmagnetic
skilled in the art to understand and practice the

Slayees istah@morphend maghetit alloyed i s: CLAIMS . A nmulti-state,
mul ti-layer nmagnetic nenory device conprising: a
nonmagneti c spacer region with a surface and an

opposed surface; a free magnetic region positioned
adj acent t f .Of onpagneti c_spacer ..
et on 1 ho § Be W ELARE I L3 AR AR R e R R poyifignye
of,. magneti c l.ayersg; and wherein a free magnetjc | ayer .
SEieE At Sudick OE Rie nogmagetic sprertasior m e biiealivh ofetanti
spacer region in the plurality of magnetic |ayers has

i [AYSF Ol SepasHiecker anneadagkat tamperaturesagrgaser than H¥Ce| ai med i n
claim1 wherein the thickness of the magnetic | ayer
positioned adjacent to the surface of the nonmagnetic
spacer region in the plurality of magnetic |ayers is

in a waAgRvieppy AXioRaietin [ Mkt the e hiBR B Rekid B cludes at
i nproved material quality is obtained through

1048t &RIhyed of BearkifefbMESR tic coupling spacer material.

7. A device as claimed in claim 6 wherein the anti-ferromagnetic coupling spacer
material includes at least one of copper (Cu), silver (Ag), gold (Au), chromium (Cr),
ruthenium (Ru), rhenium (Re), osmium (Os), titanium (Ti), chromium (Cr), rhodium

(Rh), platinum (Pt), palladium (Pd), and alloys thereof. .

8. A device as claimed in claim 1 wherein the free magnetic region includes at

least one of nickel (Ni), iron (Fe), cobalt (Co), manganese (Mn), combinations thereof,

and alloys thereof.

9. A device as claimed in claim 1 wherein the free magnetic region includes a
synthetic anti-ferromagnetic material region including N ferromagnetic layers which are

anti-ferromagnetically coupled where N is a whole number greater than or equal to two.

13
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3. A device as clained in claim1l wherein the magnetic
| ayer positioned adjacent to the surface of the

wWOremepsss i ¢ spacer region in the plurality of POHURIN4/E25832

| ayers is of a material having inproved growh
characteristics on the nonmagnetic spacer.4. A device

as clained in claim3 wherein the nagnetic | ayer
positioned adjacent to the surface of the nonmagnetic
spacer region in the plurality of magnetic |ayers is

an anor phous magnetic alloy. 5. A device as clained in
claim1l wherein the magnetic | ayer positioned adjacent

t o t hdOsArdezice anlaitried imdaimad matien apladleerroraginetic lagertihanti-
plurality of magnetic layers is deposited or anneal ed

aferrbanmetiedlyceepled Bpdaadwichmg alffebof £ anf-B@YIESCBS coupling
claimed in claiml1l wherein the free magnetic tegion

| bl ®StwAbn k&ﬂ%ﬁg@&@ féaﬁﬁg@% 1A% At fo@ﬁ{ﬁg?%ggiak&s.

coupl i ng spacer teri Ice as C

claim6 wherein the anti-ferromagneti c coupling spacer
material includes at | east one of copper (Cu), silver
(Ag), gold (Au), chromium (Cr), ruthenium(Ru),

r heni uhh- (REVice 38 glatmgdimshaim d whergin afirad Jnagnefie sagiamis
(Cr), rhodium (Rh), platinum(Pt), palladium(Pd), and
dlosiipred orethe opposed Butage ofdhé sennaagneticespaeed ragionc| ai m 1
wherein the free nagnetic region includes at | east one
of nickel (Ni), iron (Fe), cobalt (Co), nmanganese
(M), conbinations thereof, and alloys thereof. 9. A

devi cq2a GdvieBelalrhedGh dlafth 1 WHRRSSHHR nbRfiadlcRE sFRANEEbE
region includes a synthetic anti-ferromagnetic

g?&elﬁcﬁés %{ lehd %59 Br z.{lﬁﬁ:dnﬂgli &gdeNAflﬁf, LRTRIN ‘il}tl‘cldel @Mﬁs,ssil%}l %}Qide

(Si0), and another dielectric material which form a tunneling barrier with each adjacent

region.

13. A device as claimed in claim 1 wherein the nonmagnetic spacer is a

conductive material including at least one of copper (Cu), chromium (Cr), silver (Ag),

and gold (Au).

14. A device as claimed in claim 9 wherein the one ferromagnetic layer of the
synthetic anti-ferromagnetic material region that is positioned adjacent to the surface of
the nonmagnetic spacer is at least as thick as any of the other N ferromagnetic layers

which comprise the synthetic anti-ferromagnetic material region.

14
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anti-ferromagnetically coupled where Nis a whole
nunber greater than or equal to two. 10. A device as

waeb@snedsi n cl aim9 wherein each N ferronagnet PCT/US3004/025832

is antiferromagnetically coupled by sandw ching a

| ayer of an anti-ferromagnetic coupling materia

bet ween each adj acent ferromagnetic layer in the N
ferromagnetic layers. . A device as clainmed in claim1

wher ei ' netic region .is pasitioned on the._
oppos elg ' %ﬁ#ﬁf}g@ %?Ig%gﬂgucn‘gﬂﬁg‘aﬁgﬂc%s ‘g‘gha% BpgpeligsyHchiggfield
A device as clained in claim1l wherein the nonmagnetic
space ranﬁ AgrasRciGvghiag fighd vagatian, esrh devicapemprising: oxi de
(ALOQ, alum numnitride (AIN), silicon oxide (SO,

and anot hémnogegnee spiacer megien with awinifach afidamvmotedvnehdan gnd
barrier with each adjacent region. 13. A device as

cl ai med i afieb aiapneticwgss e ftddandpRBIRGRIBH bEing BaG8snel Dn dhe
conductive material including at |east one of copper

(sGkbhee oF hﬁ@ﬁﬂnﬁﬁ‘gﬁ%ﬁc?sgao%% Te¥Rh, t(l%gr)se nﬁgl‘?etn% gégg%r{e thdestirst®

devi ce as clai med: claim?9 er el

f ] ts he t het]c . .
LA it | BN Ehe bod e U B g porruaemes snesngion
adj;acent .to the surface of the nonmagnetic spacer is

AP ASERh pebelfe ot s MR ormernulSTnare st xiebrmng meagnesi
l.ayers which conprise the synthetic anti-ferromagnetic
rHeE 4 penariddy aispacenragiony whereip the thinkgese of therfizstumagnetic layer
devices with a magnetic switching field and a magnetic
dypubstantinllyfgrestat thearthathickingss efithh setewil o gaait)yes ithgthickness of
nonmagneti c spacer region with a surface and an
aipiisentagnerit fayex; betipcbhasehite EbERMA Rkiréd AN switdhngl vVaB8tion.
magneti c region being positioned on the surface of the
nonmagneti c spacer region, the free nmagnetic region
includes a first

16. A device as claimed in claim 15 wherein the thickness of the first magnetic
layer is in a range approximately from 40 A to 120 A for each magnetic memory device

in the plurality of magnetic memory devices.

17. A device as claimed in claim 15 wherein the anti-ferromagnetic spacer

region includes an anti-ferromagnetic coupling spacer material.

18. A device as claimed in claim 17 wherein the anti-ferromagnetic coupling
spacer material includes at least one of copper (Cu), silver (Ag), gold (Au), chromium
(Cr), ruthenium (Ru), rhenium (Re), osmium (Os), titanium (T1), chromium (Cr),

thodium (Rh), platinum (Pt), palladium (Pd), and alloys thereof.

15



magnetic |layer with a thickness positioned adjacent to
t he nonmagneti c spacer region and a second magnetic

WO ay06/022663 h a t hi ckness wherein the first and BED/URI04/025832
magnetic | ayers are separated by a spacer region,
wherein the thickness of the first magnetic |ayer is
substantially greater than the thickness of the second
magnetic | ayer, the thickness of the first magnetic

| ayer [ nosen. . in esi r net j , .
ut £ chy gt ea 2 by PR RGN IR ERAEES fe s ageneti
%5 wherei n the thickqgas of theﬁé%{st magnheti c | ayer
i GG 1 AT AN SPRIOS RSO m 4 faptor plaese And gner bad{timpesy the Ggkness
magneti c nennry device in the plurality of magnetic
spee mnpgnstic lpyer ta\a dojdr o thaee ténes the thidknesslo these®nd
wherein the anti-ferromagneti c spacer region includes
amagneti¢ lafyey r omagneti ¢ coupli ng spacer material. 18. A
device as clainmed in claim17 wherein the
5 anti-ferromagnetic coupling spacer material includes
at | east one of copper (Cu), silver (Ag), gold (Au),

e e e e SRR BT
] | adi Pd d.all h f.19.
PR B bond Bl PHare B b P Choest ek ness of

the first magnetic layer is in a range approximtely
froma factor of one and one-half tinmes the thickness
of the second magnetic |ayer to a factor of three
ti mes 4lhA device Rﬂwfgglsleéin ¢laign 2bwherdinteeymeniagndtizyspacer @gion
A device as clainmed in claim15 wherein a fixed

10 nagnddsiacleng@hoof dlsminosi dxiden@dOn aluntifurd pRAGECAINISIIRGE oxide
of the nonmagnetic spacer region. 21. A device as

ggg?)gﬁﬂl dndthet sitablié Qicte{Ehitedidl %m@@ghﬁelﬁlg%ﬁﬁfer with each

adjacent region.

22. A device as claimed in claim 20 wherein the nonmagnetic spacer is a
15  conductive material including at least one of copper (Cu), chromium (Cr), silver (Ag),

and gold (Au).
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i ncludes at | east one of alum num oxide (A O,
alumnumnitride (AIN), silicon oxide (Si O, and

warmslozaessui t abl e dielectric materi al whi ch f oP@EUS2004/025832

tunneling barrier wwth each adjacent region. 22. A
device as clainmed in claim20 wherein the nonmagnetic
spacer is-a conductive material including at |east one
of copper (Cu), chromum (Cr), silver (Ag), and gold
(Au).23. A nethod of fabricating a plurality of
magnetic nenory devices with a magnetic sw tching

fieldygarjation, .the nethod of fabricating each i
magnettt %&?ﬂﬁ?%iﬂhﬂe@mgﬁ Rlyrality|of; agnatip neFmary gerdees avith a
menory devices_conprising the steps of: providing a
retgvaiimeYifchingdigtdyariation, tre methéd of febnidativeearh dnagnetic memory
opposed surface; and positioning a free nagnetic

rdegice in the plrdliteel mmgiet MembaGiedRe&in@ishRghd itgRed: on

.the surface of the nonmagnetic spacer regi on wherein

the free npgRefihCa AGHRReNBhIRSIA vﬁltHJel( Alrbab aftf an opposed

magnetic | ayers and wherein a nagnetic layer In

Rbrh&t htdy of magnetic |ayers positioned adjacent to

t he nonmagneti c spacer region has a thickness
substantially. neatFr than.a thi ckness of the magnetic

| ayers subB%%‘h‘gFR%%/ Tef ARt Esetonnthe frep Brgnsticiesen being
magnetic switching field variation. 24. A nethod as
PosififReg anihesusians offhgpenredghetiospagen ragioreskerein therfgee magnetic
magneti c | ayer positioned adjacent to the nonmagnetic
spieincluden apluiatitytdf enagheticd hyetsyandfwireeegm e hiagndtiz\gyes in the

in a range approximately from40 Ato 120A for each
phgaléy of megett Yayeie \posiioned atifaCerf® kdithd hbhita@ibtieBBB&EGon has a
menory devi ces.

thickness substantially greater than a thickness of the magnetic layers subsequently

grown thereon to obtain a desired magnetic switching field variation.

24. A method as claimed in claim 23 wherein the thickness of the magnetic
layer positioned adjacent to the nonmagnetic spacer region in the pllirality of magnetic
layers is in a range approximately from 40 A t0 120 A for each magnetic memory

device in the plurality of magnetic memory devices.

25. A method as claimed in claim 23 herein the free magnetic region

includes at least one layer of an anti-ferromagnetic coupling spacer material.

17



25. A nethod as clainmed in claim23 herein the free
magneti c region includes at |east one |ayer of an

W@nios/022653 omagnet i ¢ coupl i ng spacer materi al . 2BCT/BS2004/025832
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method as clained in claim23 wherein at |east one

| ayer of the antiferronmagnetic coupling spacer

materi al includes at |east one of copper (Cu), silver
(Ag), gold (Au), chromium (Cr), ruthenium (Ru),

rhenium (Re), osmum (Gs), titanium (Ti), chrom um

(Cr), rhodiun1(Rh) platinum (Pt), palladium(Pd), and
al I oys thereof . A nethod as clainmed in claim23

wher ei4?- t hé* P’P@@d ﬁ%@lﬁ’é‘%eidén Flaigm & wherein ad kegstame [layassef thienti-
of nickel (N), iron (Fe), cobalt (Co), and alloys

t lserpraagnetio gouphingrepaseimaterial findluviesiati least b ahcapenki@u)esilver (Ag),
the free magnetic region includes a synthetic

agdid (A chooragnetry; ridhéin dRu), aiunt (RRY, dsAGl (89, danium (Ti),

ferromagnetic | ayers which are antl-ferronagnetlcally

ConddthiReh (O B Ridrh Uﬁx)apl%ﬁn?(ffw g? Qivdh ﬁi?l?] edrrlfltdﬁ?ﬁ}l égéreof

equal to two. 29. net hod al ned
wherein each N ferronagnetlc | ayer is
anti-ferronagnetically coupl ed by sandw ching a |ayer

of an gntj-fer netic coupling material between

cach 2] AERPOF B F R GEAE PAYBHe NG e Regnetc egion ncludes
ferronagnetlc | ayers. 30. A nethod as clained in claim
224 lqaptang of mﬁh@lﬂﬂé» yiep ¢Heb cahalt Col. apd alldydithegecd. f i xed
magneti c region positioned adjacent to the opposed
surface of the nonmagnetic spacer region.31. A nethod

as clained in claim23 wherein the nonnagneti c spacer

regi oresi BChbites addlainRash cleine2PHhebidthd el Iﬁxgﬂéac fefgth)mcludes
alumnumnitride (AIN), silicon oxide (Si O,

alQhibefic Ai-feRBh8g ke ln%@etrfal ﬁyéﬁitla? ElcRlaed R f‘éﬁoﬁn%rgﬁc fhyers which

tunneling barrier wt

are anti-ferromagnetically coupled, where N is a whole number greater than or equal to

two.

29. A method as claimed in claim 28 wherein each N ferromagnetic layer is
anti-ferromagnetically coupled by sandwiching a layer of an anti-ferromagnetic
coupling material between each adjacent ferromagnetic layer in the N ferromagnetic

layers.

30. A method as claimed in claim 23 further including the step of providing a
fixed magnetic region positioned adjacent to the opposed surface of the nonmagnetic

spacer region.
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adj acent region. 32. A nethod as clainmed in claim 23
wherei n the nonmagneti c spacer is a conductive

worios2b3 i ncl udi ng at | east one of copper (CupCT/US2004/025832
chromium (Cr), silver (Ag), and gold (Au).

31. A method as claimed in claim 23 wherein the nonmagnetic spacer region
includes at least one of aluminum oxide (AlO), aluminum nitride (AIN), silicon oxide

(Si0), and another suitable dielectric material which forms a tunneling barrier with each

adjacent region.

32. A method as claimed in claim 23 wherein the nonmagnetic spacer is a

conductive material including at least one of copper (Cu), chromium (Cr), silver (Ag),

and gold (Au).
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