A MAGNETORESI STI VE DEVI CE Cross-Reference To Rel ated Application [0001]
This application clainms the benefit of priority of Singapore patent

appl i cat iwo 20i0/13233003157-3, filed 4 May 2010, the cont egtr/sehosifoodies ng
hereby incorporated by reference in its entirety for all purposes.
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[0002] Various embodiments relate to a magnetoresistive device having a magnetic
junction.
Background
15

[0003] Until now, hard disk drive (HDD) offers an advantage of storing data at low cost.
However, at the same time, other types of memories such as flash memory caught up and
now represent a threat to HDD. Flash memory belongs to a category of non-volatile
memories (NVM). It allows the data to be stored even when power is down or when there
20  isno supply of powef.
[0004] The flash memory market is getting bigger but the cost per gigabit (Gbit) is higher
than that of HDD. HDD technology is moving towards patterned media where bits are
made by lithography process. The cost per Gbit should not be increased by more than
10% or 20% in order to remain competitive. This is one of the major challenges facing
25  the HDD technology.
[0005] The cﬁrrent trend is to develop NVM beyond flash memory, which is cheaper and
has a high performance. Magnetoresistive random access memory (MRAM) and phase
change random access memory (PC-RAM) rei)resent good candidates for future NVM.‘It
is expected that MRAM could be used for 5 nm cell size, which is not possible for flash -

30 memory.



[ 0006] For MRAM reducing the witing current is presently under intensive
i nvestigation and devel opnent. Even though the cell size can be nade

smal | er, wbeohighessriting current requires a rel ativel ypcarcgeotioanss st or
and thus the storage density cannot be inproved. There is also a continuing
effort to further increase the ultimte storage density of MRAM Sunmmary

[ 0007] According to an enbodi nent, a magnetoresistive device having a
magnetic 10 junction is provided. The magnetic junction may include at

| east one (fOb&]eﬁor”%RRMC r&cﬁbéﬁ{ She UehthE QenPYisd %sé’ﬁﬂ/ MRBE infdkiven '
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magneti zation orientation and the variable nmagnetization orientation are
oriented in a direction substantially perpendicular to a plane defined by
an interface between the at | east oSsmfmaxed nagnetic | ayer structure and
either one of the at |east two 20free nagnetic |ayer structures. Brief
Description of the Drawings [0008] In the drawi ngs, |like reference
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structure and the at least two free magnetic layer structures are respectively configured

such that the fixed magnetization orientation and the variable magnetizatien orientation

are oriented in a direction substantially perpendicular to a plane defined by an interface

between the at least one fixed magnetic layer structure and either one of the at least two

20  free magnetic layer structures.

Brief Description of the Drawings

[0008] In the drawings, like reference characters generally refer to the same parts -
25  throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with reference
to the following drawings, in which: _ |
[0009] FIG. 1A shows a schematic block diagram of a magnetoresistive device having a

30  magnetic junction, according to various embodiments.



[0012] FIGS. 3A to 3C show schematic cross-sectional diagrans of a

magnet oresi stive device having a nagnetic junction, according to various
enbodi merWwe.20{10823F FI G 4 shows a schemati c cross- sect POR&IG201400¢14 of a
magnet or esi stive device having a magnetic junction including spin filtering
| ayers, according to various enbodi nents. 10[ 0014] FIGS. 5A to 5C show
schemati c cross-sectional diagrans of a magnetoresistive device having a
magnetic junction including in-plane spin polarizer |layers, according to

vari ous e[oeel FENtB. shoA bSchéhiee bl6dk diaghfh SNAYWNSERASOREIsGvE 888 sembi onal
di agrans of a magnetoresistive device having a nmagnetic junction, according
to vari ouegmeedboentipt FQ. 1A.5[ 0016] FIGS. 7A to 7E show schematic

Cr 0SS- seciy i 3qr Ak iSti ' Vj gnetic
Plnot on. IBIEtIG. 34 873 Sholf SORASE MER bR ABES oF U Qe H ORI, T o
Cr 0ss- secdévivediavitigagnapmetd juactimg acbaligsiostarives aetwidbmehiavi.ng a magneti c
junction j ing.spin fiJtering layers, accarding to_various enbodi nents.
20[ 00138] ‘B_B(él_ugfﬁ&qé _t°a3é|8%$w seHetatie msﬁ-ge_%wnglsﬁe%r- P Of pgpggngtorepistive
nagnet or egdvide! H4Qing A\h &R el Minbn2 adBRERES loCvakBCdrhiAiMedtf) D- PSV, according to
various enbodi ments. [0019] FIG 10 shows a plot illustrating resistance as
a functi ol9083] BlGe ¢ showgla soliematiq cros-sechenph aliagram jof i megngtoy¢sitivaaleving a
magnetic Juynctio i i t j e i 4 . .25[ 0020]
o 11 ohERE Bt it BEREE Bn) Binklly 2R T ROGRIS Y Ve
devi ce hasthingliment®gneti ¢ junction including antiferromagnetically coupled

i n-pl ane i arizer ers,, according to various enbodi nents, [0021]
Fla 0 sHlid Hos 58 o ?égQ%P?W&aF‘&§f%P' srtinslodiagrats of AgRREPOyRIY Be for

t he magnedQfi@Hasingemagetiec Sukioh MEIRITROHi-PRIM sph pbiaffzer Jdyers, according to
various embodiments. (
[0015] FIGS. 6A to 6E show schematic cross-sectional diagrams of a magnetoresistive
device having a‘r'nagnetic junction, according to various embodiments.

15 [0016] FIGS. 7A to 7E show schematic cross-sectional diagrams of a magnetoresistive
device having a magnetic junction, according to various embodiments.

[0017] FIG. 8 shows a schematic cross-sectional diagram of a maghetoresistive device
having a magnetic junction including spin filtering layers, according to various
embodiments.

20 [0018] FIG. 9 shows a plot illustrating a hysteresis loop of a magnetoresistive device
having a magnetic junction with D-PSV, according to various embodiments.

[0019] FIG. 10 shows a plot illustrating resistance as a function of electrical current of a
magnetoresistive device having a magnetic junction with D-PSV, according to various
‘ embodiments. _

25 [0020] FIG. 11 shows a schematic cross-sectional diagram of a magnetoresistive device
having a mégnetic junction including antiferromagnetically coupled in-plane spin
polarizer layers, according to various embodiments. '
[0021] FIG. 12 shows a plot illustrating resistance as a function of voltage for the
magnetoresistive device of the embodiment of FIG. 11. .

30 [0022] FIG. 13 shows a schematic diagram illustrating four possible resistance states for

a magnetoresistive device having a magnetic junction, according to various embodiments.



30[0022] FIG 13 shows a schematic diagramillustrating four possible

resi stance states for a nagnetoresistive device having a nagnetic junction,
accor di ngvoaouarP3as enbodi nents. [0023] FIG 14 showsPETSGher@DIIES di agr am
illustrating a witing schene for achieving resistance state (1) of the
enbodi rent of FIG 13. [0024] FIG 15 shows a schematic di agram
illustrating a witing schene for achieving resistance state (2) of the
enbodi ment of FIG 13. [0025] FIG 16 shows a schematic di agram

i1l ustratjoogs)aFId. i14i sAEw$ %@H&nitﬁrdi@éf@ineﬂ’lhﬁﬂaﬁhgszﬂ FHARE ScivhRt Rr (a@aieﬂﬁgt he
enbodi ment of FIG 13. [0026] FIG 17 shows a schematic diagram - _
i | | ust r attiepistarcagtate (1D gf Srereapedimant aERiGe\lBng resi stance state (4) of the

enbodi nmen : i l.ed,. rhti [.L0Q27 fo . etailed
Goscri pt i DYPh L L5 Bowt S ERAAE AR R-RRe « Pidhe KiEne Ty WhDApEe" =
i 'l ustr atresistancepeate (2) of deteaibodinendof£RidbdBnent s i n whi ch the inventi on may

be practi ese enbodi nents. are described in sufficient_detagil to
enabl € u@ggﬂf& QS@@HS 2 gﬁ%a%rfila&ramplﬁaﬁfﬁﬂe& 3 WRURG S medfer 2elipups

enbodi MenfegistiRe Pfte U)ok teechbddihent beiaingl . | ogi cal, and electrical changes
may be made w thout departing fromthe scope of the invention. The various

enmbodi nent082@rGad? shewe essehematicrdiagrainl Ylustseging i wating schemeefor glgelingnt s can
be conbi g s%ée@ta?%@z}aghh@%@%oﬁﬁ&%%Fﬁ*ef%.nentS to form new enbodi nents.
I Men e

20[ 0028] Various e S provi a nagnet oresi stive device having a
magnetic junction, without or with reducing at |east sone of the associ ated

di sadvant ages of conventional dgvi ¢e The pagnetoresistive device may be a
magnetd ¢ nenory el ement in a noRE ept etic menory device, for
exanpl e a magneti c random access nmenory or a nagnetoresistive random access

menory (MRAM) device. The o
[0027] The following detailed description refers to the accompanying drawings that

show, by way of illustration, specific details and embodiments in which the invention
may be practicéd. These embodiments are described in sufficient detail to enable those -

15  skilled in the art to. practice the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutﬁally exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.

20 [0028] Various embodiments provide a magnetoresistive device having a magnetic
junction, without or with reducing at least some of the associated disadvantages of
conventional devices. The magnetoresistive device may be a magnetic memory element
in a non-volatile magnetic memory device, for example a magnetic random access
‘memory or a magnetoresistive random access memory (MRAM) device. The

25  magnetoresistive device may be capable of higher storage density, for example, by
employing multi-state storage at a lower writing current.

[0029] Various embodiments may provide a multi-bit per cell magnetoresistive device
(e.g. a magnetic memory element) with perpendicular magnetization and spin torque
switching.

30 [0030] Various embodiments may provide a magnetoresistive device (e.g. a magnetic

memory element) havihg a magnetic junction. The magnetoresistive device may be a



25magnet or esi stive device nmay be capabl e of higher storage density, for
exanpl e, by enploying nmulti-state storage at a |lower witing current.

[ 0029] Vawpaeus/Bpizedi nents nmay provide a nulti-bit per eelrlsG2011/000175

magnet oresi stive device (e.g. a magnetic nmenory elenent) wth perpendicul ar
magneti zati on and spin torque sw tching. 30[0030] Various enbodi nents may
provi de a nmagnetoresistive device (e.g. a magnetic nenory el enent) having a
magnetic junction. The magnetoresistive device nay be a  giant.
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magnetization orientation) as storage layers. The ferromagnetic layers may have their

20 magnetic easy axis in a perpendicular direction (i.e. perpendicular anisotropy), for
example in a direction substantially perpendicular to a plane defined by an interface, for
example an interface between the ferromagnetically hard layer and one of the two
ferromagnetically soft layers. A magnetoresistive device, for example a magnetic
“memory element, including a magnetic junction having a D-PSV, may have one, or two,

25  or three, or four resistance states.
[0034] In the Context of various embodiments, a magnetic junction having a triple
pseudo-spin valve (T-PSV) may include at least one ferromagnetically hard layer (or a
fixed magnetic; layer structure having a fixed magnetization orientation) as a reference
layer, and three ferromagnetically soft layers (or free magneﬁc layer structures having. a.

30  varying magnetization orientation) as storage layers. The ferromagnetic layers may have

their magnetic easy axis in a.perpendicular direction (i.e. perpendicular anisotropy), for



pseudo-spin valve (T-PSV) may include at |east one ferromagnetically hard
| ayer (or a fixed nagnetic |ayer structure having a fixed magneti zati on
ori ent at iwononasizsessef erence | ayer, and three ferromagnetriceaiGhyiimodts| ayers
(or free magnetic |ayer structures having a 30 varyi ng nagneti zation
orientation) as storage layers. The ferromagnetic |ayers may have their
magneti c easy axis in a perpendicular direction (i.e. perpendicular

ani sotropy), for exanple in a direction substantially perpendicular to a
pl ane def exuatplbin adiréanibersﬁbatmtiaﬂppe@maimleﬁ tan pliteatefined bpah iwerfadel forat

| east one ferromagnefically hard nd one of thethree
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a fixed magnetiz on orrentatio magnelc | ayer structure may
i ncl ude a[00aspInf the kzoma:grtﬁ“twaﬁomxﬁbddahentéf hiee tean d'fiked MapgB@icdhye stradere’al may

be resistant to nmagnetizati on and denagn t| ation .. hot 10 easily
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| ayer structure may be referred to as a hard |ayef or a ferronagnetically

har d | ayeferroppeagic materiflemey he essistant t aragoetizator ol dgmgletlzah@nt(ec motf r ee
nmagnetj c r netic l.aye Lructure
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ori ent at i eserdiviyy. e tiheumgsxd o6 warias ieatbodintentse ¥ dixed endpyetaPlaet st@icarEhayent
such as eﬁm ari ﬁ curren{ The frglgy gnetlc | ayer structure may

i ncl ude a "s’g"fet” ér P?)?‘réﬂ daveE o tegomagnetipplly kd {ayekr r onagneti ¢ material may
be recept jgo86}t B ﬂﬁB%@tEktZﬁt\l'a‘%u@@ﬂb&ﬁﬁ%&Qeﬁxb 2] Ofed ﬂnag%leu@q%lek ¥rli@gRet i zed
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soft la
a current such as a spin-polarized current. The free magnetic layer structure may include

a soft ferromagnetic material. The soft ferromagnetic material may be receptive to
magnetization and demagnetization (i.e. easily magnetized and demagnetized), and may
have a small hysteresis loss and a low coercivity. In the context of various embodiments,

20 a free magnetic layer structure may be referred to as a soft layer or a ferromagnetically
soft layer.
[0037] In various embodiments, the magnetization orientation of the free magnetic layer
structure may be in one of two directions. The direction of the magnetization orientation
of the free magnetic layer structure may be parallel to the magnetization orientation of the

25  fixed magnetic layer structure, such that the two magnetization orientations are in the
same direction. In the alternative, the direction of the magnetization orientation of the
free magnetic layer structure may be anti-parallel to the magnetization orientation of the
fixed magnetic layer structure, such that the two magnetlzatlon orientations are in
opposite directions. _ _

30 [0038] In the context of various emb‘odiments, the term “easy axis” as applied to

magnetism may mean an energetically favorable direction of spontaneous magnetization



[0037] In various enbodi nents, the nmagnetization orientation of the free
magnetic | ayer structure may be in one of two directions. The direction of
t he magnewpzatiiemssri entation of the free magnetic | ayercsiscactiwo@7sray be
parallel to the nmagnetization orientation of the 25 fixed nmagnetic |ayer
structure, such that the two nmagnetization orientations are in the sane
direction. In the alternative, the direction of the magnetization
orientation of the free magnetic Iayer structure may be anti-parallel to

the magn e% :A%% l? Af %a§ a&ﬂl&)@:Oﬁ% ¢ 4 m]; I Iﬁe?gatlrr%gorheethlaﬁon %){a élﬁteg ¢ of hfe SUC h

t hat the magneti |on or i are 1n opposite d|re i ons.
30[ 0038] éppo'sllftedlmatib@dlo@fthyaarsy@us..enbodl nment s, the term"easy axis" as

applied tgo nmagnetism mean an energetically favorable direction of
spont aneol$93 ﬂg‘@ﬁ’éflf"isaﬁt i, 3he magnetc eisotaghof F%c%afﬁlir@a@way?amr@ay

nmagnet i zagd Qéhtﬁfll'eg vl laORideBYnRe ak m@rbeotvefl%pé?ﬁg@%lﬁﬁufjhElﬁgtan‘a?ltlal ong
the easy axis. [0039] In various enbodi nents, the nagnetic ani sotropy of

each fer rfcmaglnemqtl@ lagsrer thewehy lresudtorst mohlsedplsvsélrucalmmanké epphgenafaduring be
wel | - separ af ed t hou USiy a neLi.c t her.eb
e T L K T g e e

r esi st ancaljebtdd eo" bace losi vyabsiaﬂtiaﬁyobqhﬁlw piced €The RNOEHES eRinkSt TlYeadh SO be
adj ust ed }éo be at Ieast sub%t antially equal ly spaced. The magnetic el enent
of each flerPERgRgtSt [ayen Ay, Drespneureanto; goahly spdtchingpria, dof (XAPAY #Pa, for

exanpl e ag, RPRIonCHHd Phn Qﬁns?erstﬂh@ntt JERSEShH EHIbERRbn i Slterhf) heRpati on

with an extpernal magnetic 10 field, to assist the switching. By applying
t he el erfiel, tvaapsist the Swihihg. Biveapyhing t@rma)ahwstmﬁrpldbeher splndendue onpar ed

to the casy vvltho e xternal |cf I n. vari ous eng nts,
the external es MR %% r%@ e Camﬁﬁredbtgetgenera e tﬁg? e’éteénr?pl REEnP leghlfﬂ3

el ectr ode@rmaﬁ émbdstgmante uthé extemal 84@lic Halﬂlrﬁd}SbeegéhadteﬂBf(bTr sxdiiple Ahdvglde a
magnetic randgm access menory or a 15 magnetoresistive random access menory
(MRAM)  deSIFRdPhea e R is Ragnet or esistive device of various enbodi ments.

The MRAM ﬁb@mceam S dditBentd Hedyu vmeea Qﬁa i€ ridRRT aCQREP NSNS R a
el ements, for exanple a transi stor 0041&86@ the context of various
V]

embod! e nmagnetdresistive mandar) aesesst memgerya(pikA icewerlidipg asnmytomtshude an
arr angen‘e&&llc\éhoqr \gantong eﬁa‘é@dxh{’&{{%r i’h@‘rM:’RAN/I ﬁgx%eaﬁltay%lttﬁer 1%81Udé’ E)E'ee Yore

other components or elements, for example a transistor.

[0041] In the context of various embodiments, the term “adjacent” as applied to two

layers may include an arrangement where the two layers are in contact with each other or
20  an arrangement wheré the two layers are separated by a spacer layer or a separation layer.

[0042] In the context of various embodiments, a separation layer may be referred to as a

spacer layer.

[0043] In order that the invention may be readily understood and put into practical effect,

particular embodiments will now be described by way of examples and not limitations,
25  and with reference to the figures.

[0044] FIG. 1A shows a schematic block diagram of a magnetoresistive device 100

having a magnetic junction 102, according to various embodiments. The magnétic

junction 102 includes at least one fixed magnetic layer structure 104 hav'ing a fixed

magnetization orientation; and at least two free magnetic layer structures-106, each of the
30 at least two free magnetic layer structures 106 having a variable magnetization

orientation; wherein the at least one fixed magnetic layer structure 104 overlaps with the



20 an arrangenent where the two | ayers are separated by a spacer |ayer or a
separation layer. [0042] In the context of various enbodi nents, a

separ at i onohayersyrssy be referred to as a spacer |ayer. pciBeAdliobev7er der
that the invention nay be readily understood and put into practical effect,
particul ar enbodi nents will now be described by way of exanples and not
limtations, 25 and with reference to the figures. [0044] FIG 1A shows a
schematic bl ock di agram of a magnetoresistive device 100 having a nmagnetic
junction JQcast W@ée@hix‘@eﬁ@la‘j@{dtﬁ@ﬁxr&%@%éﬁﬂﬁtsa culRet 1RGN sglblettﬂﬁ)h pn 102
includes at |east one Tix magnetic | ayer structure 104 aving a |xe
magnet i zathe orrgoetievnatioro h02; and Vd!erftlealgft att hnest fone dixed grAgnptéc laygestrustureict ur es
106, each | eas I etlc I es aving a
vari abl e gnedtti%%agl (%t %V?ll Fereet ¥”\?§ eﬁ%elv%err el %u’ieﬁ 1%% ﬁesé%? Cfon%g“cf ‘?ragnetl C
| ayer st riuch uligt tHOAxalagignsativnt dridntaeion ahd Itl&aﬁatnaanﬁgreezmnﬁtenmubmyer

structures 106 such that a current flow i s possibJe th h the gnetic
j unction arporieniad imA diestion; wﬁsta%ﬂaﬁléﬁfpeaﬂéu Ipg SQe%IPJr‘?E@ H%fgv%gqya%mteg?%ct ure
104 and thewain heableadt\Weixes nﬁggaﬁtlhyer sBYGhreSTOUMH SRS e Rheat least
respectively configured such that the fixed nagnetization orientation and

the vari amoe"rqmgat@letlzhtb'¢lmﬁru9m1r®rwétl on are orient ed in a direction

subst ant i iC | ane .defij ne b nter face en the
at | east hjééi ef'}ﬁe A !eaSt '1 aygr?‘ps 4 net ela A 1d6t Key b8nc8n§?u The at

| east t wosukh &ieat ﬂ&gmhble rhapyietizasibi Uﬁéx\tﬁtﬁﬁl dﬂ}ﬁch bﬂfM&l ldascvodfieet iggnatic | east
two free magnetic |layer structures 106 ma ?ﬁ ured such that, the
vari alfl e HEgridurRsesi 108 \BrFLFRatvedp e cursahaplief | Oag fheaapeneip Jyrctign
magnetic ffp |ayer structures 106 varies relative to the current applied
through the magnetic junction 102. [0046] In various enbodi ments, the
vari abl e #8¢ldni vastobe wmbedigrentst itonvartaple m@gméatwnpammtat@m magnmluctt?a@l on

or i et at L00.IRS oA A0As PRk al G IFIFNEE LA R AL SALALLARLEL ALINE 4O Lhe

fixed magp Iz QPO “of 1 ent ati on. Ious e
| east onethélt‘lxadmla@meﬁtlcmdr&yianoﬁtructure 104 may include a coercivity

Iarger th ch of the a Ieas free netic.layer structures 106.
The ab’ e@@i‘ﬁ PRy E‘?tht Fé&l pStOpp Gmi %Fé‘g&?ﬁf ﬁ%%f Sf’HE‘FG‘dLP 4MaY ngl e
layer or jpuillid Ql:@er&@wrasgerﬁ%féaat oft A€ aAbask RAStred MRgeki8 PayRRARRILEs 1BYer
structures 106 may include a single layer or nultiple | ayers. The at | east

one fi xedThreajdeast end faned magneticlayerstracreaiid maeinglude @ singledayar o multénde
magneti c 'géf ®h tel%%sgrQ\ﬁ o TRY n&e{%ﬁktkhdﬁg% JRLETds o6l nﬁh{&@r Est%ﬁg?é cul ar

magneti c ropy east o magneti c | ayer stru e 104
and each lajrertdtemaltipleelayyars tThe dtrlemst omg fivtd mapmyierlaytr rstratturee 04146 thayt i ncl ude
af _er ; On‘Bl%Qs(tatt\!vg freg'¥nagnetlc layer structures 106 may include a material with a perpendicular
magnetic anisotropy. The at least one fixed magnetic layer structure 104 and each of the
at least two free magnetic layer structures 106 may include a ferromagnetic layer.
[0048] In various embodiments, the at least one fixed magnetic layer structure 104 may
‘be disposed between the at least two free magnetic layer structures 106, or the at least one
25  fixed magnetic layér structure 104 may be disposed over the at least two free magnetic
layer structures 106, or the at least one fixed magnetic layer structure 104 may be
disposed below the at least two free magnetic layer structures 106.
[0049] FIG. 1B shows a schematic block diagram of the magnetoresistive device 100 of
the embodimént of FIG. 1A. In various embodiments, the magnetoresistive device‘lOO ,

30  may further include at least one seed layer structure 108, wherein the magnetic junction

102 may be disposed over the at least one seed layer structure 108. The at least one seed



[0048] In various enbodi nents, the at |east one fixed nmagnetic |ayer
structure 104 may be disposed between the at |east two free magnetic |ayer
struct ur ewo20fi/130135t he at | east one 25 fixed nagnetic | ayernscabriwodius e 104
may be di sposed over the at |east two free magnetic |ayer structures 106,
or the at |east one fixed magnetic |layer structure 104 may be di sposed
below the at |east two free nmagnetic |ayer structures 106. [0049] FIG 1B
shows a schematic bl ock diagram of the nagnetoresistive device 100 of the

enbodi nent of FlI 1 I n vari.pus enbodi nent.s, the,nmagnetoresi sti.ve device

700 30y oY SsFiren (98, ghesh i OF JaOtwBe i g o PORLER, ARG OF Wl of n

t he magnedubSequembt depbsiteddaygy be di sposed over the at | east one seed | ayer

structure 108. The at.|east one seed I%er structure 108 may facilitate or
Ay

pronot e t1985¢- B magnstresistiygalevicy 109 mayelushersiagludaal lpadtcps appiag layger s. -
0050] T r8s|St | gew e LERS e ONE
E:appi ]ng rsg?gﬁlgés\ﬁ(ﬁg?%tezﬁ %l\fgdt %ﬂeﬁgi%%ﬂw# %‘%ﬁ?é é%‘zmég%%i%"F ayerer '

st r uctsur ethé hagnetic jhrctdndP2sEe aVeast driecapgigg Biyeicstjuatued | his po@videthe cap | east

tbe magneti c

[ I t ure 110 j ided t | ose
Junct on dozclorhaemegteltingien b i 15 Eoneptibe e Pt | theride

si ngl e | ayeldéh sipletlayRl 6r hakPlslaydr®051] The nmagnet oresi stive device 100 may
further include an insulator- |layer 112 configured to surround the magnetic

j uncti on [0851] Tl peenqtorpsgtiviendetascod &b imayi {usthge jicdudel arp inslaterylaymed 12 ncl ude
afirst e j : sindge of the magnetic junction 102.
The rragneétogggér{%g?? %%T%gggﬁggﬁdﬁ%Sﬁngg&&&r% er include a second el ectrode 116
di spoed @952 rTlep pagindteresistife dévitdhd Ofrmgagtfughdruimchideona ¥o&. elEbwode &4

el ectrode,.114 and t he, second el ectrode y include.a sane ora different
mtor | ol cipaed fank el i pesEs R O JE M Eee Bt Ao % | ow an
15el ectrifapherCisc@dla s@ond QWcREAPETEl dRPbRA! &t dnhosHégite kide dfagerhagkti he

magneti c junction 102, I n various enbodi nents, the nagnetic junction

102 may mnacttlf?@rl0i2n151|1s*u€|r«§l glg;fo]élaéﬂ‘* é%thfisﬁ@ﬁld§?@ﬁﬁ?%?dlérfn%éi}’éwdiwam_aps posed
of the ar Toasm ARl e e TPt find e L O 18 R M et o
j unctison d@2ricwhyurient tchBow pepeudieilady theagh tlorlaydrs ofthe spignetici jhbaionrg2.
[0053] In various embodiments, the magnetic junction 102 may further include at least
one first separation layer 118a disposed between the at least one ﬁ);ed magnetic layer
structure 104 and either one of the at least two free magnetic layer structures 106.
[0054] The magnetic junction 102 may further include at least one first spin filtering
20 layer 120a disposed between the at least one fixed magnetic layer structure 104 and the at
least oné first separation layer 118a. The magnetic junction 102 may further include at
least one second spin filtering layer 120b disposed between either one of the at least two
free magnetic layer structures 106 and the at least one first separation layer 118a.
[0055] The magnetic junction 102 may further include at least one second separation
25  layer 118b disposed between each of the at least two free magnetic layer structures 106.
The at least one first separation layer 118a and the at least one second separation layer
118b may include a same or a different material. |
[0056] The magnetic junction 102 may further include at least one third spin filtering

layer 120c disposed between either one of the at least two free magnetic layer structures

30 106 and the at least one second separation layer 118b.



20l ayer 120a di sposed between the at | east one fixed nmagnetic |ayer
structure 104 and the at | east one first separation |ayer 118a. The
magnet i ¢ wonetiem3t02 may further include at | east one etsododpon7s
filtering layer 120b di sposed between either one of the at |east two free
magnetic | ayer structures 106 and the at | east one first separation |ayer
118a. [0055] The magnetic junction 102 may further include at |east one
second separation 25 | ayer 118b di sposed between each of the at |east two

free magngjy " . I | .1an | ayer
1188 ang. (gl Y BhaRENGCHET R0y iy Rklaf 80k s Il fiSto SERRORIIE" 1Y
or a difflyent22rnidpesdédaddjacent t0 @bEhst Eitbermmg e both gfulcatileast @ fremmagnetit her

i ncl ude | east one i.rd spin filtering l.ayer. 120¢ di sposed bet ween

el thor ontvei StriEreh 1§ A3 g phe replapeee Tl GoPi LY 188%sand « he
at | east paghctieaMtortAR@bALh 8AirkéitRr subdiBRially [pRRNE] to the priBe aetindd tymet i on
102 may further include at | east one in-plane spin polarizer |ayer 122

di sposed ariseehetween tie af keagroneifixpdmagnrticdryepsirurtwe 10hendeithesane ofthe free
magneti c thgﬁ{'ﬁéé&ggly@%ﬁc i'ag/gr St;ﬁgﬁue%tlokeast one in-plane spin polarizer
ude & g [

| ayer 122 may 1 nc et1zatiron orientation in a direction .
subst ant i pI05§] Plaisal2ldeto 20 shdwe sphenratic dedss3ediohyl dihgrameto€af magneheésiien t he at

| east one. fi xe i.c. layer structure 1 ither one of the at |east
two 1 r oo itiai0c 2Mthyep. ikt meeectEunctonoaa] e . ToReTD e Stpie
schemat i CtoG/afidss &REdiABRS. meaggp@&ﬁeqﬁazgaeﬁ@ﬁﬁ@ﬁ&{mg 344, v8c, deMIER a4 210,
220, having a magnetic junction 24a, Z4b, 24c, respectively, according to

vari olfs empgitorenstye Rp edysd crsevdo-sparg el vec (PURTODI anth2 aacurpend | flowting

i ncl udes i O aign [.€Shysyy i ) -sSpi [V (D PSV)
with ac rrgén@%%}%vﬁong pZ’trlaglgngTLI(s:[ﬁI gge%@{?ﬁ‘\edéﬁgﬁgﬁﬁég% ' i?’gc?‘%%%t&g
current finogvengedistivehieviceA00c 210 220pgnetftove st atpeviendeviac dird@iibn @10 ,as 220,

may flow in a perpendi gyl ar directi.on (e.g. as, represent a

Goubl - netsaedi Bo Aot fBesdelnRt R iy e RD) G B12GF of e HUgePEher ¢ he
respecti v&sﬁ’@g{»@ﬁlﬁgﬁejﬁu5\&{&@@22&}@4@&45, 24c. 15[ 0059] The GWR D-PSV of- the
respective magnetic junction 24a, 24b, 24c, includes a fixed magnetic |ayer
st ructur e[ooﬁ?irﬂ&ﬁﬁﬁi O-BSYpfdhq rsyeqctizg magnetie jupgtionedftae 2#yde, wshideswe free

magneti ¢ fayShagtelit thidf S rJQrf LEAINICa Radd! b4 39044 5 L AUEEceI0ydnla BwgECONd
soft | ayer1 32, 2 S 1st rage € ary’ePs. E cfao? t h%érha’r dgtT ayerr C’fﬁ,yt he ?\INF st soft
| ayer 30 fexdmbgretis dayensinsoires, faesam@B2 aHast softdayradend & seasy safklayer 32, a
perpendi cul ar directian.(i.e. .perpend] ha 0 anisotropy), for ex l e as
Fepr esent S Bes oo B TeLh B B ont b Bl Sof R oD B merrondia aye:
34 has a lag$ry82 HaoefsCindprefict dus Racth afpdrpwdiculastdisefidn Iy efergdhdramrt he
second soft |ayer 32. ) o
.20 anisotropy), for example as represented by the double-headed arrow in the x-direction.
The hard layer 34 has a larger coercivity than each of the first soft layer 30 and the
second soft layer 32.
[0060] As shown in FIGS. 2A to 2C, the arrow shown in the hard layer 34 illustrates the
~direction of magnetization orientation of the hard layer 34. While the arrow is shown
25 pointing in a downward direction, it should be appreciated that the arrow may be
illustrated as pointing in an upward direction, such that a magnetization orientation in the
opposite direction to that of the embodiments of FIGS. 2A to 2C may be provided for the
hard layer 34. In addition, the arrows shown in the first soft layer 30 and the second soft
layer 32 illustrate the two directions of magnetization orientation of the first soft layer 30

30 and the second soft layer 32, such that the magnetization orientation may be in either of

these two directions.
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[ 0060] As shown in FIGS. 2A to 2C, the arrow shown in the hard | ayer 34
illustrates the direction of magnetization orientation of the hard | ayer

34. Wi |l ewbhetiasysw i s shown 25 pointing in a downward ecrsctiampoizs shoul d
be appreciated that the arrow may be illustrated as pointing in an upward
direction, such that a nmagnetization orientation in the opposite direction
to that of the enbodi nents of FIGS. 2A to 2C may be provided for the hard

| ayer 34. In addition, the arrows shown in the first soft layer 30 and the
second sof(n6ljpxesho¥d inl FIGSt 2 Att@ 2Cheach oo tid Haﬂista'zm, afe ﬁfﬁﬁdﬂﬁfﬁlia%é#tjo(aﬁid :
orientation of the first soft layer 30 30and the second soft |ayer 32, such
that the tagerondsektiaysr 3% iiesppatatediromgadhothay byjatsaparatim layrasior eygmple a
directionamcrl Q61] As shown in FIGS. 2A to 2C, each of the hard |ayer 34,
the first reoft ayer 30 and the second soft layer 32, is separated from
each ot hef00683] Borsbpembodimant Y6, 2A ovithethanpigeete jspaioer24bahie hard[18@623% For

t he enbodj nent of FI G 2A.wt he efic jupction a._ the. hard | ayer 34
< d ShoskdrBeEEEY et Lot e Daabeebiean arer st b p dpr 32,
I'n addi ti gacerdaydriadtis GRPERE be@eh titOndrs 16kes B st el waRh 1he 30audilé ayer 34
and the first soft layer 30, while a second spacer |ayer 42 is disposed

bet ween t $eeomrhsnacerdyxer 4215 disppsedeetwesnghehardflayer 39 and tho seqopd 63ff laver 32 he
odi ! i . 34 i
R e e A e

di sposed over I'rs ayer: and t such

t hat t he seligposedldyes diet firstasodirlapd 3i0sand thd sdcomd spft hagerhd, dudhathetr th84ecnd t he

first soft Jayer, .30. In addition, a first spacer .layer, 40 is,.di spased
bot welh 1 1ot BV 8in belnEgomt bt ot dRDRS g B g adidap kRt
second spafaBér Ihgarer i Aispssedi bepRsAthd BEHBER 14yRe 30ahd thedst8bndBéofangert ive second
soft layer 32. [0064] For the enmbodinent of FIG 2C with the magnetic

j uncti on whide asereng spager layerr423a disgosed bgtvegsp shsohasd laygr 3hand the secogdpeft| ayer
30 and thﬁ}é@ﬁpnd soft layer 32, such that the first soft layer 30 is in
bet ween the& hard | ayer 34 and the second soft |ayer 32. In addition, a

first spaf864] Borahe dibodmentsyid36d20 etithetbe ntageeticgnuttion2de, tBdhaddayehd4f i r st

soft | ayer 30, i l.e sgecon ac | ayer 42 is.dis ed be n.the first
soft 1ayel dostbeiie hERSHPL B fhgaf YSisedg e in tued LHEBS fint o o
FI GS. 2A §o%t Rler Rpighn Gktwlebe tHel Hasd 125988 knd fi¢8Ecohd safidajeh 82 SECAIddionpacer

| ayer 42 may be conductive and non-magnetic. For exanﬁ each of the first

|
spacer | affest sproemlayen #e isdisensad dpeicen thahar layer pdyande! S%Eﬁpiﬁ’@r layen 30, spacer
layer. [0Qf8] aé&oﬁg%ﬁef Ryéd 4555 d%Poled efweeakd iRt s&fhﬁ?lgpﬂf'ﬁ{cf)&@%c%}lﬂ ve

devi ces 200, 210, i nCludes a cappi ng layer structfure 20, where the
cappi ng | sofelayet32uct ure 20 is di sposed 25 over each of the nmagnetic

junctjons . b, 24c¢. C t net or esj st.i ve devi ces, 200, . 210,
5oc ¢ ¢ WE8S 1o smbodimen BT s, 28 18T e SIS his! ARG W gner s o
juncti onsseddimd spiéér, 1a¥dca2 insy He spiirtdvontl néhmagedd. Fayaampld, dadhusfethd?2. Each

of the nmagnetoresistive %evices 200, 210, 220, further jincludes a first
i nsul at or Tslspagerdayer 48 aph theispeond spaser 'Raer 4AMRY Be heaprer € FRACET 13yt rated i n

the schenpjosg) &% AwrsRAIGANEA t8b@URRBE He magnetoresistive devices 200, 210, 220,
includes a capping layer structure 20, where the capping layer structure 20 is disposed

25  over each of the magnetic junctions 24a, 24b, 24c. Each of the magnetoresistive devices

200, 210, 220,. further includes a seed layer structure 22 where each of the magnetic

junctions 24a, 24b, 24c, is disposed over the seed layer structure 22. Each of the
magnetoresistive devices 200, 210, 220, further includes a first insulator 14a and a second

insulator 14b. While not clearly illustrated in the schematic cross-sectional diagrams of

30 FiGS. 2A to 2C, it should be appreciéted that the first insulator 14a and the second

insulator 14b may be a single insulator layer or a continuous insulator layer configured to

11



30FIGS. 2A to 2C, it should be appreciated that the first insulator 14a and
the second insulator 14b may be a single insulator |ayer or a continuous

i nsul at orwbayarizensfi gured to surround the respective wagsezia/opunst i on
24a, 24b, 24c. Each of the nagnetoresistive devices 200, 210, 220, further
includes a top electrode 10 and a bottom el ectrode 12 which nmay all ow an

el ectrical current to flow perpendicularly through the |ayers of the
respective nmagnetic juncti on 24a 24b, 24c. [0067] FIGS. 3A to 3C show

sohemnt i cuff 053 HRLbARTL oG AR, 21TICLR! SELEL HE A£G 300, 310,

320, having T esp ec I've LSRR ng to
vari ous edda@@srm)m 310m Iﬁﬁﬂﬁﬁ(itﬁdlut&s magpeatlmronunowndm B&teom 25detrodo ¢ 2

i ncl udes a, t unnel netore5| stive (T dual . pse -spin_val ve (D-PSV)
With a cubPhmaY @%P%@n BleFiHeH uEisP o %Vﬁ)ﬁ@e'fﬂlaﬂ ll’x ghthe daersopt. tha

current f}eglygcﬂgefn@gﬁéﬁgjﬁ&%ggad vep Hdchegnet or esi stive device 300, 310 320,
may flow in a perpéndi cular direction (e.g. as represented by a

doubl & held6d BIGoWA v 3G show dihenumtic ergssisectional thanms of atrthagnietoyesigivef t he

25 38 PSV of h
e | v b o) ARGk SRR dRundRE 25h e b e s R Bbe L T ayer

struct ureto VaHousXaipldnéntNalhd fegpeetived hagAdticajunedd@r 2RG25bapst, atkdésve 15
free magnetlc | ayer structures, for exanple a first soft layer 30 and a

second sofpnglgyadnetpsesistive {IMR) dual psoudasspirxelie §P-BSYD Wish & cpagrirflowing  he
first sofferh@ifiuladOtn sk tﬂ%esmdd§@tltonl 3y &urrdht MRWikd Sn MBENRIh&GaSY axis

in a perpendicular direction . _perpendi cul ar ani sotropy), for exanple
as repr es@ngrmtbrngstmqeded@g 1308, AEAEEA, araydiew in elemendicnler diretionTlee. har d

the 20sccnrs st oPEaftEhelaty el SRR ton) Gtbluflof B R s, O1)

shown in ﬁeb}ﬁacﬁ%ﬂllagx&:yleﬁuxﬁﬁomiziia,lsslﬁ a@ses the direction of magnetization
34. Wyile the arrow is shown pointing in a

i i f th rd
Sglwﬁ%?&' @BP chitleoﬁl\ﬂ% %#%E&%@S%Fﬁmwag{% pchontdra: Avt gweniyludes

iI'lustrat ﬁ&daxﬁa%aﬁhatwg@gsm{anﬁ@ feP¥RIh1dh h%tlb&!? ,34sa§czhretf&a&ceaay@gﬂéwg ation
orientation in opposite direction to that of nbodi ment s of

FI GS. 13A free magneily layer @imwr@eéprfemmplh@ fhstrsaft|layees0 amd a $€f¢0atl st lager, 3% he

arrows s hg"‘%i%ﬂag? V\%@ﬁf L ofsfﬁgtha{;@%gg 4? tﬁlg rst ngt %8%9 ?H aﬁg %e%%éﬁé %f% oot |

illustrate |re I ONS 0 1 on ori’en atlono
soft | ayelrayé3032mﬂs titsemagwatia deaspfaxis! ayarpesﬁend&ulah dnl’eathort I(nae egeaticakt i on

orientation ma in either of the t wo . di ctlo 0070 shown in
Ol S PasoRebyb e PR e seRreseia By Mot el frra fif e sieaiptond | he

second soffie haWehye?34 has $eRNralREtivifyOagR6éh 6F BRY filkY st $8RABALINANKE aYer,
for exanple a spacer |layer in the formof a tunnel barrier.
20  second soft layer 32.
[0069] As shown in FIGS. 3A to 3C, the arrow shown in the hard layer 34 illustrates the
direction of magnetization orientation of thé hard layer 34. While the arrow is shown
pointing in a downward direction, it should be appreciated that the arrow may be
illusfrated as pointing in an upward direction, such that a magnetization orientation in the
25  opposite direction to that of the embodiments of FIGS. 3A to 3C may be provided for the
hard layer 34. In addition, the arrows shown in the first soft layer 30 and the second soft
layer 32 illustrate the two directions of magnetization orientation of the first soft layér 30

and the second soft layer 32, such that the magnetization orientation may be in either of

these two directions.
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[0071] For the enbodinent of FIG 3A with the magnetic junction 25a, the
hard | ayer 34 is disposed between the first soft |layer 30 and the second
soft | ayewo3B11/i3m3addition, a first tunnel barrier 50 i pcaisspoamdoibet ween
the hard layer 34 and the first soft layer 30, while a second tunnel
barrier 52 is disposed between the hard | ayer 34 and the second soft |ayer
32. [0072] For the enbodinment of FIG 3B with the nmagnetic junction 25b,
the hard layer 34 10 is disposed over the first soft |layer 30 and.the

second so a iy l.aygr L& 1l en the
nard | oy Ve ot 68, SAR 3¢, ot BFAR Saithles AYRE 104 obf 1l 3FEC
barri er 5fie secodd s@foger I isvweparatel drofr ¢ash othef by h agparatisd lard fohexaagdomnd sof t
| ayer 32, while a secqond tunnel barrier 52 is disposed between the hard

| ayer 34 %ﬁﬂ”ﬂﬁ@’gﬁgﬁgﬁmé&ﬂ@W%@'?“Q@..15[0073] For the embodi nent of FIG

3Cwitht [t()@ﬁ]algﬂ‘%ﬁé Smbdnatdidf FEGA Wi thémlgd i E\incﬁén DSa, GhSRRE ¢ eP®4 OW t he
first soft |ayer 30 and the second soft |ayer 3 such that the first soft

| ayer 30 isdlisppseddeiwssn thdmférsmﬁdayea@@ran@meammdrﬁ@’ftdmﬁa- Ingdditioay®firsg2. | n

addi tion, first nnel  barrier. i.s .dj taeen .t ird, J aver 34
and ¢ hormfad baler SR oRAT b ELentfe hiadhaR 07 s BRUASIAINNG 0] SRy o 54
bet ween tdeeordd tushel dafrier 52yedisgidedibetwiche thedmahtyi030did thayedond2oft[I8RY4] | n

the ermbodjents of FIGS. 3A to 3C, each of the first tunnel barrier 50 and
the secontf-tunnel barrier 52 may be non-conductive and non-nmagnetic. For

exanpl e, @893 Wr thd\@nbddimintlod BIG! 3D Rth R maghe@BSurdchon 388 Ichdrd iRt sparri er
52 may be an electrically insulating |ayer, including one of magnesi um

oxi del) My®dispasedravanthe Awg spftdaner 80 andhitherseodubdodidayeridexjuch[the g sswendhown in
FI GS. 3A a of . .St I _ . 32

i ncl udes %ﬁ%ﬁ‘%PgdgPQV%V&gﬁnggﬁﬁégﬁg?a@%@%?“&%éhg§%ﬁ?ﬁghﬁgég?ns%gﬁ&ture 20
i s di spostafinedbarrieedt ks difpdsbdberavgerethie dirftisofitlayen 30 2bd theXsbond2&tt lafzac@?, of t he
magnet oresj stive devi ces, 300, _310,. 320, further jncludes a seed | ayer
Struct ur VAR pAigond ST BimiehS2 FniRasd beRyepRife Bt Yt 34 apd ghic sasgtd | o

di sposed Qmﬁﬁwﬁhg.SEEd | ayer structure 22. Each of the nmagnetoresistive

devi ces 300, 310, 320, further includes a first insulator 14a and a second
15 [0073] For the embodiment of FIG. 3C with the magnetic junction 25c, the hard layer 34 -

is disposed below the first soft layer 30 and the second soft layer 32, such that the first
soft layer 30 is in between th¢ hard layer 34 and the second soft layef 32. In addition, a
first tunnel barrier 50 is disposed between the hard layer 34 and the first soft layer 30,
while a second tunnel barrier 52 is disposed between the first soft layer 30 and the second
20  soft layer 32. | _
[0074] In the embodiments of FIGS. 3A to 3C, each of the first tunnel barrier 50 and the
second tunnel barrier 52 may be non-conductive and non-magnetic. For example, each of
the first tunnel barrier 50 and the second tunnel barrier 52 may be an electrically
,insuiating layer, including one of magnesium oxide (MgO), alumina (AlOy) and titanium
25  oxide (TiOx).A ‘ .
[0075] As shbwn in FIGS. 3A to 3C, each of the mégnetoresistive devices 300, 310, 320,
includes a capping layer structure 20, where the capping layer structure 20 is dispdsed
over each of the magnetic junctions 25a, 25b, 25c. Each of the magnetoresistive devices
300, 310, 320, further includes a seed layer structure 22 where each of the magnétic ‘
30  junctions 25a, 25b, 25c, is disposed over the seed layer structure 22. Each of the

magnetoresistive devices 300, 310, 320, further includes a first insulator 14a and a second
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insul ator 14b. While not clearly illustrated in the schematic
cross-sectional diagrans of FIGS. 3Ato 3C, it should be appreciated that
the firstwonsul/sdbms 14a and the second insul ator 14b maychscaomionghs

i nsul ator layer or a continuous insulator layer configured to surround the
respective magnetic junction 25a, 25b, 25c. Each of the magnetoresistive
devi ces 300, 310, 320, further includes a top electrode 10 and a bottom

el ectrode 12 which may allow an electrical current to flow perpendicularly

t hrough t.he,l.ayer.s .the rnespective magneti,c junction 25a,, 25b, 25¢.
00767 FiiEerBY R 0hid B EFRET b RS il RingP At gt OF

magnet or eSIGSt i3we tdlel| eeshdQd heppiecidedagiahé GritUnGilaten 186 ahd) ¢hd!dcdgd SpPi n
filtering layers, according to various 10 enbodi nents. [0077] The magnetic
j unct i on pelitarthamay be yriasle inatetlaves oF 3 covanounrsulaign fayprendeusditn val ve
(D-PSV) w rr.ent.. LG JGu : - l:rection.
A current Igt\?\nd gﬁé Llreﬁ&'%ﬂ{éé Hng net g?%@ﬁgﬁ%éb%vﬁéﬁg%og %33“ 4%5%}?8%&12@ ’

per persdi adevaes 3D0,e310, 3204 Buther asludepraspe riettods) 16 add ubbatone abtetdoder tDW i n

the x-diregctjon t he .pl.ane of the |ayers 15o0f the magnetic junciion 26.
[0078] ek et 8y Bt BHECT sBet AOhErpanT ot bR dRe ek hhgnet + -
| ayer st ridgiebtivd mhgteti€ JoRb:£25, by, dst.ayer 34, as a reference layer and two
free magnetic | ayer structures, for exanple a first soft layer 30 and a
second sdPP741EIEr 43howad scheypafifecrpesysseionabdiagrant of penagRe@restpjise dgvice t he
first sofjygl e ' i | C easy
axis in a‘{op())e}?%g{r%d? %&?ggwdinl?%%? ?%gﬂf 1;%18%1% %gfygg%xéfgc@?%?’ %E?@gﬁ' opy§ %{1% or
exanplle asnbodpnesent ed by the doubl e-headed arrow in the x-direction. The

hard | ay as a larger .cogrcivity than each of. the fi oft |ayer 30
and t he” J0EA A Gp el BFu5P2 Gk agheh paat et GMRE R Pt hown | n
the hard dF&yﬁlvé’:e})-PsWsﬁmaat &asrehhBowing Petpendic@hr FRH Blah ECPONiIREHAN AL | on of
the hard layer_34. Wi le the arrow is_shown pointing in a 25 downward

di r ect i orfurient figyyng én the magpeterssist wdavisertOPreav flewup Angrrerdicylprdirectiored as

poi nti ng ! j 10 ; e i [ i iLon.in

t he oppos(}e{éégé(;ﬁe#&gﬁk%nﬂ%&?ﬁg{%g? %ﬁg"%ﬂnﬁ%‘%?gﬁ%?@%&%ﬁ%@q%@%r ovi ded
for the hdithe magnstic 3hctibom2@ddi tion, the arrows shown in the first soft

| ayer 30 t-he f ayer 32 illustrate the t directions of -
magnet i za@ %rl fc%lrei @%@gp ?%%\96)& df“héaig?er Souagip :{()giln@}'udgf)a H‘ﬁdtrﬂaegngé%gaﬁ' " soft

| ayer 303&uctatts fort dxampld€ hard g 32k ® fefeveh@Maddri DA tWofrdeenadhetit 1dyeF Of

t hese two directjons. [0%50] As shown in FIG K 4, each of the hard | ayer
34, the fYMSPresorr ckapRlp adpsaod lpwe S0eegideedid softdyuar 33pas sterage fyetit ed from
each ot hetacR¥rans BRA @AYo, RY st sbRMNafY¥ APAR Be SBAMATsofOMGE- 37 REs fde
enbodi ment of FIG 4 with the magnetic junction 26, the hard layer 34 is

di spd¥ed meangke reashexisi inset panpendicalae rdigotiem di-¢. heersadonbir sasfitotropylerfo82. | n
addi tion, j rst I ayen j ' sed .bef ween t ard | a 34 and
the fir stexg%l {e ﬁ%éfp:r?&§%fl b\Xﬁ?{? %ou;h?eéié%ag%%glg%ggrgghel xé%?‘:ﬁﬁ%hﬁ]s? nlc?‘f ngggéé%{ bet ween
t he har d Haay éarg&4doamilityhkanssacloafiths dikdt sbfayger BPandRRE kecohd §dfelafér32t spacer

| ayer 40 t he secaqn pacer |ayer 42, be .conducti ve and npon-nmagnetic.
For exanﬂﬁ&g’] drictioyp ‘?%éaf‘ﬁrﬂ%et argQyk shawi Q{}E%/hgg 1@%%# Sérétgﬁ’%%t? ‘gfi’é‘@i‘é} | ayer
42 may befandpabPAtion SHntSRACHTthd B8 Nayel 94 OB thEReroWBig RRIAE pbitfkS IO 26
further includes a plurality of spinfiltering (SF) |ayers IL))etvveen the hard

| ayer2534,dopmevard disqetignfit shoulddre appreciated that demairayomay bajlbistrged as peinting st
spacer | n - er. . : [ gur te tune the spin
ol arl zathan P ae Ak, S6APMA FRARRL A bidRcH I USRS BdliBfid oF The
r esi st anahkatlogved entfodirhentsefJifl€L Yangyuegirboide® for the hard layer 34. In addition, the

arrows shown in the first soft layer 30 and the second soft layer 32 illustrate the two

directions of magnetization orientation of the first soft layer 30 and the second soft léyer :

30 32, such that the magnetization orientation may be in either of these two directions.
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15[ 0082] As shown in FIG 4, a first spin filtering layer 60 is disposed
between the first soft layer 30 and the first spacer |ayer 40, a second
spin fil twoi2op/izeassr 62 is di sposed between the first sparsc0m@yesi7#0 and
the hard layer 34, a third spin filtering layer 64 is disposed between the
hard | ayer 34 and the second spacer |ayer 42, and a fourth spin filtering

| ayer 66'is di sposed between the second spacer |ayer 42 and the second soft
| ayer 32. 20 [0083] As shown in FIG 4, the nagnetoresistive device 400

i ncl udes @OSHPRE FEOWRHEFIG! 4 UGEN 08 #Dhard8yR NenLARP OB 14,RY 80 atlgrtigt ure 20
i s disposed over the magnetic junction 26.” The nagnetoresi'stive device 400

further isseonidendt leyeredd 15 agparatet frowtasele other Waerssparéomirgereforceample 2 on 26
is dis possggce?\r{]%fe&t eg tlgeeff‘ei?brclsc@%gr{t o?}l’%(?g% \lf'vrtﬁ tl?ezm T’r%ﬁc @ﬁl%{}%rg 96 qﬁl ﬁtrld\{aeyfggyl (_:e

400 furth rnsu a an second insul ator 17
Wi | e not32hB didpesed hetwtdniht fiadt gt ilayet B@ asd the vaddnd softdsyzer 32 Clni add&longh agr am

of FIG 4, it should be apprecjated that the first insulator _14a and the
second i nit SRAGFT Iy ?bﬁagﬁ GEposed prigieen F‘ﬁshﬂréﬁw Payeef 187 st sofit lryriolts

i nsul at or whigy £5ecoRMEp LY BEeri4D i§ UisheABetwitn FRADEI 1aGed 3&1d BE s&dnd 1€
magnet or esi stive device 400 further includes a top electrode 10 and a

bot t om el lexarr BHeEach afhthehfinsaypasei davemA0 endcthe iscedndcsnaremlayero4? lmay be |
per pendi cul ar 30 .thro he.| ayers, of the etic juncti 26., [0084]
oflaske MM COp MBI cpls L BRPAR frckt Bl 20 8

In various e inen S prn fi he
second spdetorid dphédrilaygr 423y b62 coppee (Ch)ispakespiyer.fil tering [ayer 64 and the

fourth spjn filtering.|layer 6 include a single layer or nultiple
| ayer¥, fﬂ?Psbxg}?p‘Pég’{e%J‘I“é%? g? gt inc uds® p plurgliy of P@péﬁg@nag (Ghlayiryher

number  of hdrRydtfie hAHANSRA BAGHO Brdd 36K layBes0, 9t RBChARM 1h§2 30 Ofhe Effrﬁ%ﬂéée?”e”t S.
[ 0085] In various enbodi nents, at |east one spin filtering layer is

provi ded lpgari@candche sesbnd pracpralaser| 42y eenf@gredt thdunq thg spigafolarizatjey raB0 atind t he
second soft. . 32 d h - ic fir ) er | ayer 40 and
the non- rigrsEes S uBRE 188, Madrh G3RoRIR R Gt 18lq RRBE iR

appr eci atjedctionads. any nunber of filtering |ayer may be provided 10 in

bet ween o f the har ayer. 34, .the first ft..layer 30 an he second
soft 1y e@(&%ﬁ,A%%W&HE%JA“" 4 Rdirsichi gyer Y adlgﬂﬁa%@bet‘mlége B At e
non- magnethid 39aaa Mk SRAGRAEer 186810 42sec iPSItdrM laydh 62 8s difUsed BEwRRY hi gher
nunber of spin filteri ng | ayers. ({;0086; ile FIG 4 shows four spin
filteringhp Aysspacer layer #¢and thedrardsigyer 34, jatthird ppjn |fdigeng &oyer 6hés dispased spin
filterin r t LLE i [ j a .t ; spi n
15 111 or ot apehard 1fer sFulduSRidnl odcEl 102U Rbr At b B 0P
filteringdiadepssedivgtviren pieosecaheldspaden tayexdhpldghosweond saft laydr3@e, four, five,

six or. a i.gher, nunbe f spin filter.ing layer dependi ng _an uyser,

cesi of arbORIT ot et ot ABrdebero Rtk Al HERSRGe Horite BRon, ¢ e
second spjticiukd 2@ WHge 1he)eppifiR]a9tr fthGurd20MRYdisRséERy Bt MRt halubhe hard
| ayer 34 be in contact with the first spacer:|ayer 40, or a fifth spin

filteri nng%%hF apgpetpisyistes davingi W8 durthesindyderg|seedlaytetimctire2? whete tBof t
Loher 30, SRR b s e 28 QORI 1 G
“device 400 further includes a first insulator 14a and a second insulator 14b. While not
25  clearly illustrated in the schematic cross-sectional diagram of FIG. 4, it should be
appreciated that the first insulator 14a and the second insulator 14b may be a single
insulator layer or a continuous insulator layer configured to surround the magnetic
junction 26. The magnetoresistive device 400 further includes a top electrode 10 and a

bottom electrode 12 which may allow an electrical current to flow perpendicularly

30  through the layers of the magnetic junction 26.
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magnetic junction 26 where the hard | ayer 34 is di sposed between the first
soft layer 30 and the second soft layer 32, simlar to the configuration of
t he GVR BvBSViwf39t3ee 25 nmagnetic junction 24a of FIG 2AcTisG2ehmudids be
appreciated that spin filtering |layers may be simlarly provided to a
magnetic junction with a simlar configuration to the GVR D-PSV of the
magnetic junction 24b of FIG 2B and the magnetic junction 24c of FIG 2C,
and also to the TMR D-PSV of the magnetic junction 25a of FIG 3A, the

tic jupgtion 25b -] G, 3B t ic junction 25 Fl G 3'c,
ston t hat PHBACABRT sRtodPifie Reh Pb e E D B e Hafe o (o508 s ng 10
spin filtgkdritg lapered2s thethird GpineSRanE [BEHr6abmdaRp fbGabifn filleRRASye 66S. SA

to 5C show schemati ¢ cross-sectional diagrans of a magnetoresistive device
500, 510, mapmclyds\4 single lavgy Aemubtiplelayersoler sxample two layges, three fayersi foary

i ncl udi ng, i,z pl.a ol I Zer : ' - var : i ments.
[0080] THaSERncaf Bkl RABL 6 laef Mebonf Shihadf SighTind UpofaRat T
r nagnet orequiséments. (GVR)- dual pseudo-spin valve (D-PSV) with a current

flowing p icular to the plane (CPP).dLrection. .A current flowng in
the r espadPRIamanE: b ButiBErb e st oie ol &g 18%s ¢ piakided Powseh oa° |
per pendi caHl g hekdr B Gri 3N tHelfirdt soTlahEILHRINGLE deddvid 3oH ARE 82 ARG srthew 1N
the x-direction) to the plane of the |ayers of the respective magnetic

j unct i on Wpgmagelc Hrpt spacg dao]40risad AR onpPEAgNGTic tsseonde sprser ilaxer rEgnet i ¢
junction . . i f gﬁgqi]m Efod 1. hor

exanpl e a&%cg)rr%ﬁglg %rgl?%r}‘d bé;?ﬂzggcﬁazt?gtrhg{nc aye?3%%5&{1:%1@??2%{%%&%&l ayer
st r uctour eig,befverenennamblties bardl ilayst 34,0h¢ firdpeft 186r Addnd tleeseond df kayéradper 32,

O S0l Bl S8 e el AV P WS,

t he seconf’s

di rect i onagdr.42; seRap ansliterdt, dburl? adPhigRéd miber of Hin BXSNY 18ycks represented by
t he doubl e-headed arrow in the x-direction. The hard |ayer 34 has a | arger
coer ci vi t ip08¢ahde EHG ot shores foyry spin GKering layess (3o thedférst span Shenglagesto, | ayer

32. [00914, ég%ozhgs}yplehﬂcfdﬁyeﬁﬁ,ttﬂe fird gﬂ?ﬁ ﬁ‘fl‘trexrif?%’tl ; PYR an tf(l{l ZOLEg'{ gau:x ayer 34

illustrates t ctio magneti zation orie Ion O ayer
34. Wil | efiltdmmgdayen\§6),st shoolinbe2&pppesiiated thgt any mungdwwofiapid fdierieg layers may shoul d
be appreciated. th the arrow may be idlustrat.ed as poi,nting,in an.upward
v oot orbe gidertafor <RSmG B OB ffe dprb RS b By PR pRBLRT o it ber | on
to that ofiitdring 18yepqdicp@idirdg & udet, @sighAnd apSifeatitry rda@irehens. dedad exanifle hard

| ayer 34. In addition, the arrows shown in the first soft layer 30 and the

second sdfd nohyatitagen, ithq seepndatpin thernglaydio?ed tlEnd may brdemeridach gt
ori entatiQohaly ke 3f4'1ﬁa31 bSHf donlaBY®fth 8 first spacer layer 40, or a fifth spin filtering

20 layer may be provided, for example between the first soft layer 30 and the seed layer
structure 22. _
[0087] Furthermore, while FIG. 4 shows that spin filtering layers are provided for the
magnetic junction 26 where the hard layer 34 is disposed between the first soft layer 30
and the second soft layer 32, similar to the configuration of the GMR D-PSV of the

25 magnetic junction 24a of FIG. 2A, it should be appreciated that spin filtering layers may
be similarly provided to a magnetic junction with a similar configuration to the
GMR D-PSV of the magnetic junction 24b of FIG. 2B and the magnetic junction 246 of |
FIG. 2C, and also to the TMR D-PSV of the magnetic junction 25a of FiG. 3A, the
magnetic junction 25b of FIG. 3B and the magnetic junction 25¢ of FIG. 3C, such that -

30  descriptions relating to the embodiment of FIG. 4 relating to spin filtering layers may

correspondingly be applicable.
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25 and the second soft layer 32, such that the magnetization orientation
may be in either of these two directions. [0092] As shown in FIGS. 5A to
5C, each wbd wheishmssd | ayer 34, the first soft |ayer 30 aod/scherimesiond soft

| ayer 32, is separated fromeach other by a separation |ayer, for exanple a
spacer |ayer. For the enbodinments of FIGS. 5A to 5C, the hard layer 34 is
di sposed 30between the first soft layer 30 and the second soft l|layer 32. In
addition, a . first spacer |layer 40 is disposed between the hard | ayer 34

and t he -f jgpgg) Fl@g saeesC IRow Wiidnfati® SRS 95@10591%@&&11@36? fa Iﬂ%feﬁ)rgs'lsstﬁgs ed
between the hard | ayer 34 and the second soft |ayer For .t he

enbodi mendevade iQOG51@NZ\WA havinghe maggﬁ@tjunct}omrﬂ?@; b?b 27e., re$metlvﬂ:gna¢lud:mg unction
27a further ,include ane o Ar Ia er 70 adjacent to the

first soft" P lglﬁsé’me?slgbzer%\ﬁﬁ cc‘t)rﬁm%dosp t8 n18 WM di sposed in bet ween

the first[o9ss] Tlhagee;secﬂ% Aaghetib gurictiop R 2) 276,170, iﬁ@ﬂudési Z giantl Ay@letof@istivbe
I n-pl ane spin polarizer layer 70 is provided in qgrder to reduce the witing
current O@Mﬁé dual meu%ﬁmnéﬂ»@r (g VFO’G@MP qugient Hawiigopapsasdipulasftophbe 5B

with the DBENEEPE dikBGdd. A cdfdhe ﬂb%g”ﬁgﬂﬂés?edtf'&@%&dgﬂ&o&?ﬂgw&é@&r%dd‘d udes

an in- plane spi n polarlzer l'ayer 70 "adj acen secon 10 so | ayer
32, with 310, 520,0ngpleern Iaaa,eaqendmuldr élp@senl (¢.p dotpesntadry sdoubicthedtd | ayer

32 and the |n Iane n r 70. Jhe in-plane s ol.ari zer
layer 70 TE% % 8“9 n°8$ g"eﬁl tpéa”ree%fq}é% TQgEs O § rﬁsﬁe‘gtﬂ'rer%ﬁ% eh? J‘F 4o%econd
sof t Iayerh§2ﬂ390995] For the enbodinent of FIG 5C with the magnetic
junction 27 netic junction 27c further includes a flrst |n pl ane

spi n Pol aWP?@rT}I‘%QB/P? PoPSYjof e tespestivh gagpstisyjungtipnsaia 27t 2df, moludgg ah a
third spaggly hayklic %epétﬁﬁﬁﬁ@ q“of Eka%tlé’\@ ﬁ&dtlg'?el f3’4r ala ﬁe?%rﬁ:nc!eqx;ee[r @ ofed the

first in-plane spin polarizer |ayer i n-plane spin polarizer
| ayer 70 free pagnetiddayer strugtudes; fctr@xmplg@éirstheft\hyet B@ngnd:m secend saff layers2f i r st

|S(r)1f :)I Lﬁge;ps;’%ora%i ?Ogrfg]zer I'h Ofn%g (f l%y!:r%éf: fleoﬁrs% ngt flé"yre} 98 and t e! ls'le%ggd g‘ot% ec—ond

layer 32 has its magnetlc easy axis in a perpendicular direction (i.e. perpendicular
15  anisotropy), for example as represented by the double-headed arrow in the x-direction. -
The hard layer 34 has a larger coercivity than each of the first soft layer 30 and the
second soft layer 32. A
[0091] As shown in FIGS. 5A to SC, the arrow shown in the hard layer 34 illustrates the
direction of magnetization orientation of the hard layer 34. While the arrow is shown
20 pointing in a downward direction, it should be appreciated that the arrow may be
illustrated as pointing in an upward direction, such that a magnetization orientation in the
opposite direction to that of the embodiments of FIGS. 5A to 5C may be provided for the
hard layer 34. In addition, the arrows shown in the first soft layer 30 and the second soft
_ layef 32 illustrate the two directions of magnetization orientation of the first soft layer 30
25 and the second soft layer 32, such that the magnetization orientation may be in either of
these two dirécﬁons. .
[0092] As shown in FIGS. 5A to 5C, each of the hard layer 34, the first soft layer 30 and
the second soft layer 32, is separated from each other by a separation layer, for example a
spacer layer. For the embodiments of FIGS. 5A to 5C, the hard layer 34 is dispbséd
30 bétween the first soft layer 30 and the second soft layer 32. In addition, a first spacer
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72 adj acent to the second soft layer 32, with a fourth spacer |ayer 46

di sposed in between 20 the second soft |ayer 32 and the second in-pl ane
spi n pol avozeri/izessr 72. The second in-plane spin pol ar ipzerschey®no172 i s
provided in order to reduce the witing current of the second soft |ayer
32. [0097] In various enbodi ments, providing a respective in-plane spin

pol arizer layer to either one or both of the soft |ayers may be effective
for adjusting or nodifying the 25 smﬁtching current of t he soft Iayers for

swi t chi ng, t he magnet i jon-qrientatio sof tmeen .

o al | el B0 Apate tehiee s BB RET St St PEERORT 11 dHoBRb e bner e

the mag nestQé&%y%E 4y & HPOs&Ebetwech tHORRE 1dyer TR He %c@ﬂ@éﬁft lay&yes 2 especti ve

in-plane s ol ari zer |ayer g¥ be configured to facilitate adjustnment of
C

the sw tclIQl)?Fij rther@tnbpd)mwnbof 8 %amtlséwamegne@ﬁ Jwictign Zi7asthegpagrgtia

storage. 3QLAQR, fﬁﬁhe'srqg%’i@dés %%F% tpﬁ}élgﬁf dltag%) d?a{XﬁEJ‘tgl e F&t Lhe

i n--pl ane spln polarizer Tayer I n-pl ane
spi n ol aayere30, haghes thrd sf;EdeSlay’élOM dapaked ne betseern tie ﬁrl§t— yoiftelagers3i andpht ar i zer

| ayer 72 (FIL.G" 5C |IIus he djrect.ion of neti.zati on orientation
of the d.mfpéw@r?p"? pel ‘b‘V&h Télawap a%%ﬁplpa?g)@rlgerq%?ﬁ 7R Brovitled SaPREE i on

per pendi %'r@&uc&%é%@tlﬁ%éﬁ%i mh@ﬁrsmﬂﬁ%ér%@t' on orientation of the hard
| ayer 34, the first so | ayer 30 and the second soft layer 32. In other

wor ds, t hig094]- Fsirahe em;bpdvmest pﬁFHﬁu iférwmagh@rmme(m:nmtlolsmb,ndneamgn@nc t he
first in I r n plane
oo o FHG0R P2 ARl AL e it bd s PO STR L

di r ecto onsofttﬂlayetr:mt; iwadhl aythpars@hdeellayeo% dispased 1de>fetw1=.ed they/sertind Bdfe tdyac &2 bet ween

t he hard I and .ei t her he, first soft r 30 and.the second
soft | ayetndd §e i RleBtIEt PBlﬁnZ‘?Xﬁf‘Yeé%h RIS SQ‘%PMWF%E‘TYH’E .9%9 I?rﬁ"‘g

di recti onipteRddr Aeredhiéthe wirfting Qr&h0piid sb&naresftweaized that the arrow may be
illustrated as pointing in a direction to the I'eft, such that a

magnet i zalOPYH Kori theembpdiment of FEG.oYpasit tednagnetit gwnction 2t thgfmagnetic
embodi me LﬁctPofn ﬁc%nhé‘\ﬁg%egg {]i%}’ arper %\{1’1 ﬁgﬂ dEeer??{eP"%othdL S{t%tt rsP' ane

spi n poI rirzer Tayers I ou s for
varyi g osroftntaszhrfwg withtahibird wpdcehlager 441dismised mﬁetwéentthe ﬁssmfsbft Ilzwpe B& amdhy be

enpl oyed, | udi but no ted |d| osite s ft yers

i g mihe TeHai e e Spiageer bt RRGE SRS AR eyt OHF ovi di ng
i n-plane ;%B{nﬂecpm &aér&ﬂedhamesmdn@ chReRef eRe BrNAyer 30he in- pl ane spin

pol ari zer ?&ers may be optional and therefore, the nagnetic junction nmay

i ncl ude, 108 eﬂma@et@mﬁﬁw P7s frthamigcludes actseprssmrplansoipin pelgiazes 1ay20101001

'I[ R the er%&ﬂj&%ﬂgtﬁ tﬁ’é se@n@sofﬁ%ér%ZS\glth %Q&Ht}PJpaEé?‘?aJek hé Hlsﬁ&%ﬁqﬁ bét%t% 40,

20  the second soft layer 32 and the second in-plane spin polarizer layer 72. The second in-
~ plane spin polaﬁzer layer 72 is provided in order to reduce the writing current of the
second soft layer 32.
[0097] In various embodiments, providing a fespective in-plane spin polarizer layer to
either one or both of the soft layers may be effective for adjusting or modifying the
25  switching current of the soft layers for switching the magnetization orientation of the soft
layers between the parallel direction and the anti-parallel direction. In embodiments
where the magnetoresistive device is a magnetic memory element, the respective in-piane
spin polarizer layer may be configured to facilitate adjustment of the switching current to
provide clear separation of states for data storage. |
30  [0098] As shown in FIGS. 5A to 5C, the arrow shown in the in-plane spin polarizer layer
70 (FIGS. 5A and 5B) or the first in-plane spin polarizer layer 70 (FIG. 5C), and the
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second spacer |ayer 42, the third spacer |ayer 44 and the fourth spacer

| ayer 46 nmay be conductive and non-magnetic. For exanple, each of the first
spacer | ayernotid3oisBe second spacer |ayer 42, the third spaseroliayers44 and
the fourth spacer |ayer 46 may be a copper (Cu) spacer layer. 25[01011 As
shown in FIGS. 5A to 5C, each of the magnetoresistive devices 500, 510,
520, includes a capping |layer structure 20, where the capping | ayer
structure 20 is disposed over each of the magnetic junctions 27a, 27b, 27c.

Each of ‘the nmgnetoresi.stive .devices 500 10, .520, further .includes a seed
Fayer st U dRBIGngRE BHBHAST R Tadhidi oG uACEIEHS B7adiSfisn Bc. | s
di Spos ed Q¥SetitARnSQRMAHIBY VT tBd differdht Gn-plane %ﬁﬁlhpcflﬁriiema}%%fm{]@ﬁ N psastive
devi ces 500, 510, 520, further includes a first insulator 1l4a and a second

i nsul at ordireghion pEpendigudar te thegdireption o magnetieationprichiatior pbthgthard layer 34,
Cross-secGt | | i F 5G, 1.1, b I at.ed t hat
the fir stct}1 |E gg%l Sé)?-tlolr%%fia gﬁ% t}fehgee@@%dc S%H%ﬁgﬁ'ajtno?tﬁ%woﬁhgyaﬁgﬂgg lgr?én Ig ’

i nsul at orpdlajzer layer &70c FIGSN AL and TBY| @t e fidy éf-preafspyupeldrita ayer ound t he
respectiv etig junction 27a, 27h, 27c. Each of _t etoresistive
devi ces 5@63-84%5@,& 28 FEPERE 'H?*H‘EI Eﬂ@fsp%{a’i‘%?balé}’eéc{n o&szL %ﬁnH‘C dS_o?_tom

el ect r odendghewhitfoll SFRMtafibh ONVaddiredli & bistalialGHpAaINdl th & plapVapgideRdbgul arly
through the | ayers of the respective magnetic junction 27a, 27b, 27c.

[0102] | tintgefdeq basween the bardaxer Bé anghpithes pag elthe Fiest sefhayer 3thaidethe picand
filterin . DI QY f ( A C:] i FlL G 5A,
the mgnectabft a2 adbGie! SHIERR iy SIFoPREOREREu ¥BELER S IR St G
5C, such shbald Wegprdcpitédothst thelambivnigay be dpistrated lat pointigg 1 a ldirgetich wfthe he

enbodi ment . of FlI 4 may corr.espondi ngly be appli.cable.. [010 I arious
obod! morlE Sulh. flapra PHEncEtios RACRAI T e (PBYSIEAEctio 5, ek ol he ot
i n-pl ane gfiodiMedt@bf ZIETS. BAWEB5C iRay B sholided fof e fibien PindgheSPidp AL | Zer

| ayer 72 may include a single layer or nmultiple |ayers, for exanple two
| ayers, tlAY®® | ayers, four layers or any higher number of |ayers. 15[0104]

In vario @qu . l.eas j | liat 4 ! 1S
provi dedulgoj Ceﬁ{aﬁtﬁ{gst glfllt) érrnelgt?’ tl&%ﬂﬁgt;}lg%ﬁ?gﬁ?’? PZ‘% g%ﬁ%dﬁg?éﬁﬁ%éagﬁ{ n% he
secon safutrehiapfthe3Roft Anyeor diagghey employed)ointidding ap proe dimaitedtd patvidiny nunber

of in-plane spin arizer.|ayer be provjded .adj acent to ej.ther or both
of thet1PaIoS potF Ly TRyt oteH B i A Qi ot g BRSSO alBmaheely
three, fQitbviBingaflyldik GpiaHolki&ahyedd. Ih firefd @filSodsRbdls, IR RALPIZRS sphByRirSzer 20

[ 0105] ile FIGS. 5A to 5C shows that one or nore in-cgjldiane spi n pol ari zer
| ayers arlaysss Biay e priional pd thegafpree theyeagngahBnriion may ichlepfoy example, 27¢

wher e t hg,hafded B0 4mbSsiRisSRY _between the first soft layer 30 and the
second so at {agﬁer 32,0 s-Ilnh?ilars toa%)t% e configuration of the GWR D-PSV of the

magnetoi ¢ [0Letinahe 2adodimeris®f PIGS. i JA ¢h6Cl dadbeofathpriost siaeet lakiert 4Q,the one or

magnet | c FUNR ARG % CEr R P SRl B PelrisT Bt B e

nmagnet i ¢ doddgdtiveAnd 4bn-dlaghttlc. FeBe:antpld, RecBhe first spatRe ldyendd4Be &cold G 2C,
and also to the TMR D-PSV of the magnetic junction 25a of FIG 3A, the
magnet i ¢ SPAYREd3EH 4258 Grrdmpeser dayen Ad) andy thefaytiotnasey laye hodmalea 69PPEr G 3C,
such thatcdesactPbigns relating to the enbodiments of FIGS. 5A to 5C
relating to in-plane spin polarizer |ayers my

25 [0101] As shown in FIGS. 5A to 5C, each of the magnetoresistive devices 500, 510, 520,

includes a capping layer structure 20, where the capping layer structure 20 is disposed
over each of the magnetic junctions 27a, 27b, 27c¢. Each of the magnetoresistive devices
500, 510, 520, further includes a seed layer structure 22 where each of the magnetic
junctions 27a, 27b, 27c, is disposed over the seed layer structure 22. Each of. the -
30  magnetoresistive devices 500, 510, 520, further includes a first insulator 14a and a second

insulator 14b. While not clearly illustrated in the schematic cross-sectional diagrams of
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30correspondi ngly be applicable. [0106] FIGS. 6A to 6E show schematic
cross-sectional diagrans of a magnetoresistive device 600, 610, 620, 630,
640, haviwg1mmsgnstic junction 28a, 28b, 28c, 28d, 28epcrsspeqioomesy,
according to various enbodi nents. The respective nmagnetic junction 28a,
28b, 28c, 28d, 28e, includes a giant magnetoresistive (GW) triple
pseudo-spin valve (TPSV) with a current flow ng perpendicular to the pl ane
(CPP) direction. A current flowing in the respective nagnetoresistive
device 6 , 0 i e i 1 Len (e.qg.
as T opr ososoa by Chdunta b A0 apiTBatey Min e BRCRARAGL 3 Bha S EEERE R O
t he | ayerimswdétot b meyg peatingle inmujmert liagerjon acbntimuod 8msuldtdi lay2Bognfiz8rkd t@8e.

[0107] The GVR,T-PSV of. the respective etjc punction 28a, 28h, 28c,
28d,  28e, “UIOUThIHERCHYS FERRTICORESIT,Y- AGdE: EXiMge dnFRE ot a g
r ef er encegdvaersoof 910, S28MRIrBicA iftRdes lad¥B reledfrod®M0 anfli 4 Bétidddletbetraye2 34 and
a second hard |l ayer 36, and three free magnetic |layer structures, for -

exanpl¥e avhichgpaysafow pmgleetrigd, cugrentdodinw perpendieyjarty dpoughdhe lavers of thef t

| ayer 33, ' - e the hard layer 34 or the first hard

| ayer 34,1‘-e gﬁégég “E§¥§5@35535§%?5?he first soft layer 30, the second
soft | ayej0162] Iandditibe it $honlll tsodpprdciyel thaBonkorhmareispin filegingtlayeremsy baxi s i n
a perpendicul.ar .direction (i.e. r icular anisotro I o] anpl e as
Fepr econtBEV faicheraeeneas b B D 4, e BT uLERay 2 RCH IO T he har ¢
llayer 34 gid thbgabhdtRtjulldiot 27@¥EFIGAC, 3t thiteicS@fRles Rdifhg!i@¥sih Merhas a

| arger coercivity than each of the first soft |ayer 30, the second soft

| ayer 132 laygss phibie embpdimest of H1Gy ¢ mayzorpprodipgladesnpligeblen FI GS. 6A to 6E,
the arro ' - yer r. t fik l-ayer,:. and the
second h\:ft(rog &ﬂé@e‘;raﬁgg%] Q?P%%te Jrltg’t egdgh t‘?5 ﬁ (tal%dlln r}g%[ei gc? E\é E? lg‘?r%"g 2%’% z7 gtol? cg}rllé5 frs

ori ent at i infplafe spive phlariderl laysar7034ndrthd¢ kecohd risdpldnarsgin pylerizeBdayearid tnae second

hard | ayer 36. Wi the arrow | s shown pointing in downwar i rection,
e Shou! diphds p el e r FHAPTE e POR R b0 T tls Bré B oS ng 1 1
an upwar dorGiny @edhePRumiset©h1afyB8t a nmagneti zation orientation in the opposite
direction to that of the enbodinents of FIGS. 6A to 6E nay be 25 provided
for tHe hALeH Iayvariogs embodiments; akleaptaons naglate spin palpgizehlayereisopravided d | ayer
36. In adgitl i [ r fa .l econd
soft | ayg&% Hgﬁodte? %aélil?ar‘\@ (Z#c:@t@nfi{asgesﬁ)ﬁglg%rl ?? tf??r%teeé%( él g‘\%\ho IZI| ?e%t’i ons of
magnet i zaA¢wndioglyeittshould rbecdpptemtefdi thatt argofiumbenyodrinplane tshin pdandeed lgeft | ayer

32 and the third soft |ayer, 3 such .t h t netizati orientation may
be i i vt Db prRGiedif e Sner s Tt ot ot RBYRHS Y s SsoRE st o Be
adj acent la%gel suehlaayeds, tigke, delrwr @by highér nudnbas inl xRl sparbl@iRplaersayer, or
two soft |a eré%fare separated from each other by a separation |ayer, for
exanpile al%ﬁﬂc ilg F@$- 54 tpL107hebt thehencepiyBareamlansrspm rolargzsr [yel ape

magneti c j4atd @ #Sfespldie frﬁargﬁ&ﬁcf(}ﬁmidn%r 2% I, Qh&?%@ﬂar@%%’?%a if he

first soft layer 30 and the second soft |ayer 32, while the second hard
| ayer 36 dispoded boiswedn tlag fiest rsoftheyerelfoant dhef secbrd) eoft 3@yenrdd, tsimalar o rthe sof t

| ayer 33. ln additi i er |ayer. 40.is, di ed, bet we t he
firet narssTaffoniPle b By fEe maanidigh 2l RIG A R BE &7 4,
i s di spossp@rdetitatednt théend e Wotediy-pland4piarpdldrizer Beas thybefsimilalyeprodided a t hird

spacer |l ayer 44 is disposed between the second soft I%yer 32 10 and the
secont hdPd magnstic senctigp Wi ssimglar eepfighration te HipdPMRDES Y pk PissBeenstis ween

the secongdnfiphtbdNHG3EB ahd iHeBadnbii find@dd 24cak81G33¢, At tofihE TMiE
enbodi mrent of FIG 6B with the nmagnetic junction 28b, the hard | ayer 34
' D-PSV of the magnetic junction 25a of FIG. 3A, the magnetic junction 25b of FIG. 3B

and the magnetic junction 25c¢ of FIG. 3C, such that descriptions relaﬁng to the
embodiments of FIGS. 5A to 5C relating to in-plane spin polarizer layers may

30  correspondingly be applicable.
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i s disposed between the first soft |layer 30 and the second soft |ayer 32,
and bel ow the second soft |layer 32 and the third soft layer 33. In

addi ti on,wa2bive23§pacer | ayer 40 is 15di sposed bet weenPCHSGRANI001G§er 34
and the first soft layer 30, a second spacer |ayer 42 is disposed between
the hard layer 34 and the second soft layer 32, while a third spacer |ayer
44 is di sposed between the second soft layer 32 and the third soft |ayer
33. [0112] For the enmbodinent of FIG 6C with the magnetic junction 28c,-

the hard {OQUQVFI%‘S i6A & SIPRAH s%ﬁ%@@rés@%e&%ﬁ&lrﬁlaﬁ%ﬁ of A%Rhgmitorédidivt he

third soft |ayer 33, and over the first 20 soft layer 30 and the second
soft | ayedevm 6005 6484620, $A0, é40,|h’d§mgsfpa@eneticauae¢tm1028as Mbsm%dbéwveen t he
first soft 30 d t he second S segcand spacer  fayer 42
is di sposeapelgg T acc?r ghto ¢ b%‘% Iﬁta ?ﬁe res%éc(t)lﬁla ma(%flf lc‘l ]ay ?onﬁé Lwhile a
third spazsh, 28gyed, 284, inﬁludb§¢)glaﬁdn@bmh’ktlklbK}M')dn}blaped’udalkpﬁlnﬂlhtef(ﬂ“ third
soft | ayer 33. %8113] For, the enbodinment of FIG 6D wth the nmagnetic

j uncti‘on PBY Withea (3Fany Bowinegsperpendiculay; topthe glanse (G figectipRs A SEFent| ayer

30, the Sﬁ&@i‘ﬁg i HelredRYGVe éggtéwijesﬁslﬁ@e itNiEdsGPkl 0, |@y§66303§40 Irﬁ'a diiden, a

first spacer Fayer 40 is disposed between thé hard 1ayér 34 the first
soft | ayepemdicalasd@gﬁmns(pac@rrep@y@nedﬂZy p dodblshemied abyetiedhe xwaettiomst sof t

| ayer 30 an the s 32 mh er 44 is

i Sposed Gatcafe PEEDYeS Rt tes RS uf et fpdiqrddp 28 ppa L, 135 °

30[ 0114] F-)QO7]tTlﬁ: GMK)CII-BWtonﬁe Fds&ctlﬁE dghbtid j"tﬁixcﬁ&gﬂﬁ, i28b] 28 Iisan2ge, the
hard | ayer ﬁ di sp osg_ $ver the first soft |ayer the second soft

| ayer 1032 Bpkydena leant oge dgpd magpetic lager stpptuzgyan ¢ Fifﬁren%e hw?rstfors@%@ﬂe fayer 40

is di sposgfq PREVES R, Bhﬁstfﬁafcﬁltayecr@wanhQYS%Eorl%%a?@Qyém sReaRd ﬁé%f hagBYEr 32, a

second spacer "l ayér 42 is disposed between the second soft |ayer 32 and the
third sof 1@Y¢reﬁ§4@¢tu8& fopekareply at first &sbftslpmre&ﬂ, hamdz}sdftll%}’ed B3 pod eghibvésefeen t he

hard | aye rééags stct)rage r}]fl?rrﬁdE Bfotf the%% la P’erl 3; (grqgi%fglst kuhrg lasyeeé gﬂgtgd Iﬁmmégé s of

FI GS. 6A 56 each ¥t space | ayer

42, the tlird thyspa6ahe lﬁasy 86ft Mzeﬁ&ﬁl thé\ gecond @6ﬂh 1882 and di¢ahird Sofiayeb 83

conductl ve and non- ma%net.i ¢. For ’i?éar{'pl , each of the first spacer | ayer
ﬁ‘ I{fc T

40, the sWEdfidnagngierasy &yisan apeme o PyrBdiculas aaisalremd: Pbur t b
spacer | ay@mpftbasRyreBntdd BPMRIoublcthkadakRfw [rP€ x-direction. Each of the hard ‘

" layer 34 or the first hard lay¢r 34, and the second hard layer 36 has a larger coercivity
than each of the first soft layer 30, the second soft layer 32 and the third soft layer 33.
[0108] As shown in FIGS. 6A to 6E, the arrow shown in the hard layer 34 or the first

20  hard layer 34, and the second hard layer 36, illustrates the direction of magnetization
orientation of the hard layer 34 or the first hard layer 34, and the second hard layer 36.
While the arrow is shown pointing in a downward direction, it should be appreciated that
the arrow may be illustrated as pointing in an upward direction, such that a magnetization

_ odeﬁtation in the opposite direction to that of the embodiments of FIGS. 6A to 6E may be

25  provided for fh_e hard layer 34 or the first hard layer 34, and the second hard layer 36. In
addition, the érrows shown in the first soft layer 30, the second soft layer 32 and the third
soft layer 33, illustrate the two directions of magnetization orientation of the first soft
layer 30, the second soft layer 32 and the third soft layer 33, such that the fnégnetization

orientation may be in either of these two directions.
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10[ 0116] As shown in FIGS. 6A to 6E, each of the nagnetoresistive devices
600, 610, 620, 630, 640, includes a capping |ayer structure 20, where the
cappi ng lwpenistpasst ure 20 i s di sposed over each of thepgagoebii®o¢amncti ons
28a, 28b, 28c, 28d, 28e. Each of the magnetoresistive devices 600, 610,

620, 630, 640, further includes a seed |ayer structure 22 where each of the
magneti c junctions 28a, 28b, 28c, 28d, 28e, is disposed over the 15 seed

| ayer structure 22. Each of the magnetoresistive devices 600, 610, 620,

630, 640, Jurth | | at or .14 d t
Tab, i | WISE AT IR B rd b dEptBh i e eSS ey
di agrams gid fls&ﬂayéAot ewb boft 1dyeshondl sdphitred BN EdcAloRlkr byal sehhtibh I5kr,

i nsul ator 14a and the. second insulator 14b may .be a single insulator |ayer
or a cont fogsampleASPACSE BYen ayer configured to surround the respective 20

magneti c Bdé'i'ﬁ]t F(%’Wh%%%boéglg%t éggIGZ&Q’Wlﬁg@ne i ponell ur;clﬁgn rﬁ%?nﬁ%q‘ﬁ eha}g' ve

devi ces 6 further 1nc es’a top el’ectro and a
bot t ons el lagtrHde disposedibetwern yheafistsafidayaz|36 ahd m}teedeccnﬂrspﬁdaydr 32§ White the

per pendi cul a hr ou ers of the r e ction 28a,
Do D Sl Has b 8 A hon e b S SO B AR b B b Bibo o
of FIG 643, hhaditibh,Sd filResrcérayRi 40 Zﬁdﬁﬁ%s@&]ﬁetﬂ%eﬁjtlﬁﬂﬁ%r&ﬁ@%ﬂ"aﬁd"ﬁeSeed

| ayer structure 22 and the first soft layer 30, with a sgacer | ayer in

bet ween t Hest saff leyen30s @ speppd spasar lawer 42He disppssdl betyeen theyhard Boer dhapdthet hat

t he secon

Struotur o Sgn ol RYE IR TR spler PR S0P BV EIPUE RORRIRO R, 22

t he se&ronghdhtiedetandehardBayando6s while Ial fodrtls spacet dayer 483s dBPPCd AR}wean theldi t | on,
it should be [ eci d at, .foor .the odinment of FIG 6A, a third hard

| ayer maySHe" @ﬁ%ﬁ@gﬁgiﬁﬁg&hu&dﬁg g@'«?ﬁl??gyer structure 22 and the first
sof t | aye[018f), Forwhé BmBodiReftesf FI@Y6B with tB@h‘M@ﬁfﬂxct]ﬁﬁ:tlbﬂQBEI thenskdllapen4and the
first soft |layer 30, or that a third hard | ayer |sposed bet ween t he

cappi ng | léyhsrposﬁdr brivesre thedirstnggfy lﬁéert}ﬂ qng %fstecqnéy’@i[t lager 3% apd hel §Wa@ér | ayer
in betwee r,dq! i r I;

addi tion, &IC%IQE i 3)@ b2 an rtl?a%?grtde t ha?r %%rm% ﬁgﬁghb%)g%q ng’c%rfl £)%I}JC:’-:% I%A,

t hi r dihar dispc&yébetwmyn tine hdrdslpméé alnéttlweﬁmt sdielazaed, b ageond spacerclayeret22® and
the first soft pa a bet ween the hi.r d hard

| ayer andVPRE% | stee‘% g‘ﬁ hgg 1%’?“ 338 a“é 56 > OPdé"E& h&Pde 2 {‘?39 8 be

di sposed Iagéxwaemdisb@seaaptmea@tﬂeay@fndsbﬁuuyeuwarmhanﬂrdtsiaﬁ liyer B8, soft | ayer
33, with a spacer |layer in between th Lourth hard | ayer and the third soft
| ayer 33.1 iéﬁo&ozdﬁle Shbagiment 4f FIGESG Nl the RBRBRCIURS 98 256 Akt P dayerPagr ans

of a mag nﬁ%p@@d%W&nQﬁé’ ée‘é@nd7 Q)Qt’ layet@2 ahdPhe thd sofl Her SAULAGVE tHBGREL I C

junction 29a, e, respectively, according to various
enmbod?drensodt la5r¢re30rzmsipb@ s¢0@ed ﬁ@fghef@n . jluyadditiom 2Dlirst spacy, layz9é0 ipdigposede,

i ncl udes net Sty seu o] in_valyv (T PSV)
With a Cu%’t‘gﬁ I?lFolr gs & 19 egélr(]) nd t rec%@é tsif{e iagrf:r 3P @& %acer lﬂlergﬂ 18
current 1&5@@@& bgtWeEn Ttlh’ﬁahziréSWBMV@drthg rsectoﬁd esftslhyevezdez\hilea thQQ,spadced, 720,

730, 740, m W in ctl e, g. as represented by a
doubl e- helaaeyd* 4 fighpsen Detee ﬁa%@g‘f e Bita § ™3
[0113] For the embodiment of FIG. 6D with the magnetic junction 28d, the hard layer 34

25  is disposed below the first soft layer 30, the second soft layer 32 and the third soft layer
33. In addition, a first spacer layer 40 is disposed between the hard layer 34 and the first
soft layer 30, a second spacer layer 42 is disposed between the first soft layer 30 and the
second soft layer 32, while a third spacer laYer 44 is disposed between the second soft
layer 32 and the third soft layer 33. |

30  [0114] For the embodiment of FIG. 6E with the magnetic junction 28e, the hard layer 34
is disposed over the first soft layer 30, the second soft layer 32 and the third soft layer 33.
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to the plane of the layers of the respective magnetic junction 29a, 29b,
29c, 29d, 29e. [0121] The TMR T-PSV of the respective magnetic junction
29a, 29b,W2011/13%$5 29e, includes at | east one fixed na@a@ESIGRI1149ETS
structure as a reference |ayer, for exanple a 20 hard |ayer 34, or a first
hard | ayer 34 and a second hard |layer 36, and three free magnetic |ayer
structures, for exanple a first soft layer 30, a second soft layer 32 and a
third soft Iayer 33, as storage Iayers .Each of the _hard |layer 34 or.:the
first har er 34 thescond the.first soft |aye ‘the
second so I?’t q%ialipélr afyst ?P&C?r éyﬁrh‘id:t? Eﬁofsy‘fh%‘é"ree%g’%g‘?t £e l??ﬁﬁhg é%\sy axi s

in a per prosidcsdferaysi 3266 tstnd shaRr 1a36F #ERAi kAT baARbEOhE 8836hd sbRNayepexanpl e
as represented by the doubl e-headed arrow in the x-direction. Each of the

hard | ayel? @y e thipksofy lager Rawhile ayleird gwcerdavprdfds dispesad batvegn thekard 36 has

a | arger rgl tt f the first soft. |layer 30, the second soft
| ayer 32 lg 3t ﬁﬁéht g@ tfpdgl{:}%er 33. [0122] As shown in FIGS. 7A to 7E

t he ars ow03hgjvim uha ehfhedimmntk ORVEIS. A cms 6Eheadh| ofsthehfasdspaagrelay@440,ahel t he

second hard i l.l-yst es th ect n .of g netizatjon

30ori ent af F‘Eﬂﬁla CEHaY eﬁélrzd&ﬂea{b‘é‘ﬁ S%a&e ‘gf’ fopthys 8‘§felf‘y°§zf‘6 I445¢ he
second hadoldh@ierandGon MHgh&tid F6r aXanie, 'eﬁclﬁgpt\ﬂe fRAIsPhden thybN4@ (HOWRWARY d
direction, it should be appreC| ated that the arrow may be illustrated as

poi nt i ng SPACEaYEp e e dhirdewrsashayes 44 and Fhetfowrthvengaen lnyestdbanaiobs @ aerper on i n
t he oppos(lfdus ﬁ]éﬁ%gé ;on to that of the enbodinents of FIGS. 7A to 7E may be
provi-ded rd layer 34 or the first hard |layer 34, and the second
har d 1ocayef01B8§. Ad shosabdntFIGR, 6A he6Braadwsft thbmmgnettnrembteva‘dewszbs 600,16102628¢; 30,

t he secon r 32 andthe hird .5 so aer3 illustrate the two
e oot onE0s B0 inAUEls A pRE S st 200 heiruth RSN et tafBire 303 ( e
second safipos@y eker3dachnét ihBQnﬁégiele Jﬁﬂ&fbné agLr2853,288Ugsd, t 1t Hab€ of the

magnetl zation orientati on ma in either Of these tV\D di rectl ons.

[0123] Asm%meﬁlﬁﬁlvrzldmcew}% 610z 205680 6 M tfurthgy weqlpdes |apged layer ipctwes (e. g
a hard | 0 | By.ep €;.S fy meach
ot her bya%?egg%g%gﬁl gﬁt}fealtlg%&?{w :llg{ lg}r{p%%a%% eﬁ% S %ic%% (ﬁg,%l’s.?(%ﬁ&% fl‘?orm of
a tunriel dead tayer strt[dm:@&]Z Each bﬁléxeemigndion&mtlvoﬁeﬁtﬁ 6010A6\I\ﬁ) t620t 080,nEdnet i ¢

junction ard. | ay 34, is disp bet e first soft

over 90 S inshiget Bl L Sy Bl S b isePod PRERl e Pl St seRn el &

di sposed iligétmeanint the @B@ﬂzﬁd &eistsehwﬁr didgraaiddoft REGS.N6A do $Bf it SHRYRI b33, I N
addition, a first tunnel barrjer 50 is disposed between the first hard

| ayer 34 aRREciatrd thesthe) fisst insplator| ldpaandathe sgeand dpsiater At ayabs peingo | s
di sposed Qghneeh XEP%r r&a&%tllnﬁé(fsr méﬁllaﬁpqa}tep%oﬁfi‘glﬂm te Q{utr bR Bl I%gpecgvé hird

tunnel barrier 5 di sposed between t'he second soft ayer 32 an
secom$ hamagnetiy gancen 28hi 28b, 28¢,01Rd; B8¢.ukavh| ofshe magnetEESISBVede\pmei!)Obet ween

Che secono oSt ShotP i 3 RSl b0 AR T oo
may allow an electrical current to flow perpendicularly through the layers of the
respective magnetic junction 28a, 28b, 28c, 28d, 28e.

-[0117} It should be appreciated that for the embodiment of FIG. 6A, the first hard layer

25 34 may be disposed between the seed layer structure 22 and the first soft layer 30, with a
spacer layer in between the first hard layer 34 and the first soft layer 30, and/or that the
second hard layer 36 may be disposed between the capping layer structure 20 and. the
third soft layer 33, with a spacer layer in between the second hard layer 36 ahd the third
soft layer 33. |

30  [0118] In addition, it should be appreciated that for the embodiment of FIG. 6A, a third
hard layer may be disposed between the seed layer structure 22 and the first soft layer 30,
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20 i s disposed between the first soft |ayer 30 and the second soft |ayer
32, and bel ow the second soft layer 32 and the third soft layer 33. In

addi ti on,wa2piwvee23unnel barrier 50 is disposed bet weenPCHSGRANH001G§er 34
and the first soft layer 30, a second tunnel barrier 52 is disposed between
the hard layer 34 and the second soft layer 32, while a third tunnel
barrier 54 is disposed between the second soft |layer 32 and the third soft

| ayer 33. 25 [0126] For the enmbodinent of FIG 7C with the magnetic
junction R - : i&. g t d spfi |ayer
5" and T nat py e SR i BSesthel B L BRORGR S UERR SR AR A0 0Pkt o' YE
second sothird hayddaye3 Znayltre dispdsddi benyeea the tappingUayee btrindure 26 rand thel thirdissfiposed
between the first soft |ayer. 30 and the secqnd soft |ayer , a_second
Cunnel | baArsd, Sih faptiet YSan Dkt thRLhag el aybihe Bisnli Tive 3decond sof ¢
llayer 32,0918 Rdfdh & shétl8t ageded LRE fG¥4hé SmUbGRRACSK 1Xef waen thi\e hard

| ayer 34 and the third soft layer 33. [0127] For the enbodinent of FIG 7D
with tshe hradkeer way badispesad between the spest ldydrajraetuy2) and dhesinst eadt lagérai, t he
first sofy. / : ' hesthi rd.soft ..l ayer 33.
I n addi ti%lrtll%l §§§ %Cle?g e{ ﬁﬁonee g%gg? ?}g{d %g¥a§[eﬁglgdp%§giégtt§§{t {2 eerrlc‘!’t0 h%’%%lra gx_l ayer
34 and t hieuith haid agdrtmayayedispéhed deswen it tappingl lafmrstrugare5R) ikl theshios ed

between the fir soft layer 30 and the seco soft | ayer , ile athird
tunnel ba¥ -1é¥er§*§’ Vih gispagst erbl@%x@\s%nt%feog&gg}ﬂ@ laygrient élgfetilrééggwf he
third sof43 layer 33. [0128] For the enbodinent of FIG 7E with the magnetic

junction 29e, the hard |layer 34 is disposed over the first soft |ayer 30,
t he sWcon@12UrkIGSayArtoF/E sheyv sthiemat¢ expsssefctionalydiagrass of a magetoresistive i r st
tunnel b j er-m0 4 j e dr. f30.l 3¥Er~30,8R he 10
second so etR’ icﬁa@(}?f 7%@ ﬁgs ? g?ﬁ’o%‘ t?1 tﬁ?\f’\\ﬁg% %’gg?eﬁlgﬁﬁéa%?siggi g%%szegg %gg’\?\zeééah t he
second saftpettwaty, d2ording tbharibhs edb@intnth.dier reSictivd) imagndict jahétibnt 20anel

barrier 54 is_disposed.between the hard | ayer d.the third soft |ayer
33, [ 01260 PP R oaFodmittie & Bk resgneipis vy B MEAGHPIE PseHle-Pit SV unnel
barri er PSVIE W COAGTdnt MRARAingddBérpérlicuba  to 1the plahk [(BPPHBR& oRAAl EfifenP4 and
the fourth tunnel barrier 56 may 15 be non-conductive and non-nmagnetic. For

exanplle, Roying 1 thenesppetiveimagypteedsisiyg dovige BYY, 71hd26.eB86nd0 mmydlovbir g i er 52,

the thir %GWQHEhIaFﬁfréétﬁ)ﬁl(ggé %@Pﬁgﬁ%ﬁ% i Bodblﬂélpgideﬁ’%smﬁ ﬂ?e%-ggxc(t.%gban |

electric Insul at1 ng one of nagnesi um oxl
al um na (tAilE'plamnaf the kagers ofithe xesgect(vEin@ghetid jJOAG DI 288, 20hoe, ROd,RPOES. 7A to

7E, each e i stive devices 700,. 710, 0,,20, 73 740,

el v 12 BT ESSE of e Grtetht Tietsd iohdRin A o 25et0d Mot ur e 20
i s di sposigdlu@sedt 16a€bndfixédgapRgighyes siriéiGie LN reddencedQor, &R CoxadBR} a 29¢€.
Each of the pagnetoresistive devices 700, 710, 720, 730, 740, further

i ncl Wes herdlaer 14aper fist hawklayes 33 andpspeondderd laverifeanteretiies pagsetis ons
28 A ey SRORNT01a0. LG AESHH s Sh ik P2 e
layer 33, as storage layers. Each of the hard layer 34 or the first hard layer 34, the second
hard layer 36, the first soft layer 30, the second soft layer 32 and the third soft layer 33
has its magnetic easy axis in a perpendicular direction (i.e. perpendicular anisotropy), for
25  example as represented by the double-headed arrow in the x-direction. Each of the hard
layer 34 or the first hard layer 34, and the second hard layer 36 has a larger coercivity
than each of the first soft layer 30, the second soft layer 32 and the third soft layer 33. |
[0122] As shown in FIGS. 7A to 7E, the arrow shown in the hard layer 34 or the first
hard layer 34, and the second hard layer 36, illustrates the direction of magnetizaﬁon :

30 orientation of the hard layer 34 or the first hard layer 34, and the second hard layer 36.

While the arrow is shown pointing in a downward direction, it should be appreciated that
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25 further includes a first insulator 14a and a second insulator 14b. Wil e
not clearly illustrated in the schematic cross-sectional diagrans of FIGS.
6A t o 6E,wbtwsimaudzd be appreciated that the first insul acerscidacandst he
second insulator 14b nmay be a single insulator |ayer or a continuous

i nsul ator |layer configured to surround the respective magnetic junction
29a, 29b, 29c, 29d, 29e. Each of the nagnetoresistive devices 700, 30710,
720, 730, 740, further includes a top electrode 10 and .a bottom el ectrode
12 whi ch theayowinhavbedtiugtasltasipomiting it dreiigwdrd dirt@ionpaich el eadgactiaatibmr ough
the |l ayers of the respective nmagnetic junction 29a, .29b, 29c,_ 29d, 29e.
[0131] | torisHistirn ihihe gpposite idipetipniio that ?%t e emBodmsBRCFEHTS JA 1o T manbe ¢ he

first hargolay®lor3e RBY 1Bt 54 BRI R haRE1LSROSRIIREEVRR At R ySeRH 1) aver
structure 22 and the first soft 5 layer 30, with a tunnel bafrier In

bet ween tddditiony the atrawd shawyrein B4 figgh doft lagerf30; dte ssodnd sofylayer 30 anditie/third t hat

t he second rd J.ayer . 3 be,.di sposed between the ¢ i | r :
T uotor congatdt 3 Hsualt, AR Yup Rtk R SRR onEROD & e ¥ oot ween
t he secondydta@odtHeay@nd3oftamngdr Bhand Hierthird odft 1dyay®3, sdch thhOthd 2laghetiAaden t i on,

it should be appreciated that for the enbodinment of FIG 7A, a third 10hard
| ayer nayPTisBtalPR gy b 1 eithes ehthesrdwosligctioper structure 22 and the first

sof t | aye[mz?ﬁ,Aﬁhgg;omn%tmge&A wﬁ,ia%{acm nba%hw@rayéra@m&tmersge.ggg fariduer and

the first soft yer 30, or that a third hard layer nay be~ di spos bet ween
t he cappiang 4 ®felayet outrausat RPeranate tsepmrdted frdmseath othgy by a3@parafiarhlagert unnel
barrigr iprb%} en t he fr&ﬁgﬂqugnlﬁygr e@g the third soft |ayer 33. [0133]
In addit i ShTFP'SHRIH B appre "afed L6t the enbodi ment  of FIG 7A a
third 150hx)dFdrakeembadinteat 6f S® SR vt e ahadnbic paeton a9€rths tirstcHand € 22
and the first soft layer 30, with a_tunnel barrier in between the third
hard | ayefYdnd is ﬁ@pQSF%{g?wslf-thwfgvépftéwer At an Watse%?nfl@aﬁwehé%dvfpwa? may be

di sposed Qi@ Ia?@r SERRIiPIsddDeBlees b S EsofUlaf B 2tng thehinfed s5Rfidyet ayer
33, with a tunnel barrier in between the fourth hard |ayer and the third

soft | ayei3. Bgadditgyno a $ugt tunnekbesi¢rchOoe dispgred bitateen thetfirst handlayer Ioand thopi n
filteydng:l rs.a r..one .or . 1. 35 pl ane i ol arizer.,la S y be
or ovi Hed oL v Aoith & R0HR, el Bifish 32 & ARRosBe bR e EL 1oBYS4 Bl o1
28b of Flthe séddndtshf lawegr3@t b ahirdinginelobard&c5dis dbgased Getwiche theagiend soff unct i on

200 Of PGS LNt e Ut Len 20 . 5L R e gmangt e funct o
29¢ between the second hard layer 36 and the third soft layer 33.
[0125] For the embodiment of FIG. 7B with the magnetic junction 29b, the hard layer 34

20  is disposed between the first soft layer 30 and the second soft layer 32, and below the
second soft layer 32 and the third soft layer 33. In addition, a first tunnel barrier 50 is
disposed between the hard layer 34 and the first soft layer 30, a second tunnel barrier 52
is disposed between the hard layer 34 and the second soft layer 32, while a third tunnel
barrier 54 is disposed between the second soft layer 32 and the third soft layer 33.

25 | [0126] For the embodiment of FIG. 7C with the magnetic junction 29c, the hard layer 34
is disposed bétWeen the second soft layer 32 and the third soft layer 33, and over the first
soft layer 30 and the second soft layer 32. In addition, a first tunnel barrier 50 is disposed
between the first soft layer 30 and the second soft layer 32, a second tunnel barrier 52 is
disposed between the hard layer 34 and the second soft layér 32, while a third tunnel _

30  barrier 54 is disposed between the hard léyer 34 and the third soft layer 33. -
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25 of FIG 7C, the magnetic junction 29d of FIG 7D and the nagnetic
junction 29e of FIG 7E, such that descriptions relating to spin filtering
| ayers ofwophetienbndi nent of FIG 4 and the in-plane spi rcpsicasiiaesi7s ayer s
of the enbodinent of FIG 5A to 5C may correspondi ngly be applicable.
[0135] In the context of various enbodinents of FIGS. 2A to 2C, 3A to 3C,
4, 5A to 5C, 30 6Ato 6E and 7A to 7E, each of the capping |ayer structure
20, the seed |l ayer structure 22, the hard |ayer 34 or the first hard | ayer
34, the sp@t2TdFdrahelethbydimedmf FIGL7D iwnﬁltthesmfagndtiaymctioﬁQ9d,tth_ehaddayed 340ft

| ayer 32,.the third sqft r. 33, e first acer er 40, t second.
spgcer | 2l &ispgse hqf@"&ﬁf?rat {oﬁaew a% rsegpd Spffﬁaxeaé?taﬂ @érfl Spﬁfl@feue t he
first tungelm B@ifibeh & nidRebSR6SWs Uphl veatdeh fie éd latyE'Ie34 M dle Hranel

barrier 54 and the fourth tunnel barrier 56 may include a single |ayer or

mul ti pl e sodileyss 30f dpecenchimphel bawger ISAy%til@oscmb@@e@I thy &irst soft bayer $Gigndthe or any
hi gher, ”“st@é’c?ﬂdf sofhfa?grebs whjigja?tﬁxlrd %ldt%r}xé s dﬁstpﬁpe%%e%&% PRI GGy aled 't hat

a pIurall ppi ng Iayer s ruc ayer StY dCture 22,
the fi rstlasaaaalhdltlwtﬁfrdé@ftlatyble33second spacer | ayer 42, the third spacer

| ayer 44, the fourth cer |ayer e first tunnel r. 50, the
second t ukfies] IBHrﬂlg‘? me‘ﬁtlﬂiﬁﬁ ?%“i“ﬁ}ﬁg ’lna%%f’r“f’ﬂ'é‘}mgazgﬁdﬁ? h@dﬁﬁﬁf 8% tunnel

barri er 51@d1s58§ed%@%k%rs¥@oﬁt‘l@er 30) tRSvecdRINofQhyeRBY alM %Qﬁlrd[‘%ﬁ)ﬁ?exoﬁ each of
the structure or provided. As an exanple and not Timtations,

and usi ngIntitdéltBJQ}pplfyn”gt uuamirbamqr $Otis dispospd hetvageni the disstrsaftilayer 3@h®dpth@|r ality
o L0 CARBLOOEALGL 3511 UELHA R WIS i PHLANIE Bl FuRBEHSBRTL AT AL on.

Cor r espondi ngl'y FUctures or 1'ayersmay be
arranged 3Marmi thé &ﬁid soﬁrlﬁyeg esmmmwa thirﬂ [texndVBartier 34nie dcspaiea%twa‘en\ﬂ&r hapdis

enbodi nent s of Flg 2A tp 2C _3Ato 3C, 4, 5Ato 5C, 6Ato 6E and 7A to
7E, the ri@xgeéinddeihyisebluei i ve device 200, 210, 220, 300, 310, 320,

400, 500, (0336}, mIBO ,enﬁ@@lmeﬁﬂsoof By, 7836 7540 ch 690he firk? m:&%ﬁbarﬁépso 0, may

be a nmagnetic nenory el ement. The respectl ve magnetoresistive device 200,

210, 220,s808! tugud bagy 52416 thighignng borries 38 angihe fornsly tunaebbasrien Yomay hr ee.

or four rgs t@o'ﬁgﬁ tﬁz‘egh n?n% lccﬁoﬁ‘% § apl o??ﬁeaﬁé&%f@aq 96% gr nore

t han one single ¢ y al'l ow ng nu orage

The res pa}:bontbtunm;nmtrmrézj me |thmi aewdl berrd G4 a6d the ok t\ﬁﬁel, baﬁ:ﬂér 567ﬁ9y 710,
three, .four, five, en or eight

720, 730,, 740, ovi de one, t. ,

{esi st ance & Begetoali M {aieg U ha thQUYEF ARE IR SrdeMiRF aNERAR one
si ngl e bita10f) dnaftRidiih oRite (titgy.eby allowing multi-state storage. 25[0138]
In the context of various enbodi ments, each of the at |east one fixed

magnet i ¢ 1033@rAsshoger infdG8r 7he 6. | eagle pf the macpetgisasyeedaviges 7@0,dd0i B9, wi t h
GW\R og, T gﬂ% | f! L ted
fromO%) g?@om%x? 1%%1%1 g%?a cons é’s?tsltrggm%ff(ggﬁl F@{h%%ogﬁﬁ%iq%a Ium f %9)@0 ©

pl at i num diBfios¢d owbrakdachi ofothe(ﬁ@gie)lg: Jomdti@hsg 29a,029H3cﬁ90n29cDoI%B)Each radrthel at i num
(FePt), Cglggrlegorgsm%ve ev1c SC%Dt )710 aﬂg ?ﬂ)b%é fﬁgﬁer nc ane% a seecgl Payer structure
22 where each of the magnetic junctions 29a, 29b, 29c, 29d, 29e, is disposed over the
seed layer structure 22. Each of the magnetoresistive devices 700, 710, 720, 730, 740,
25  further includes a first insulator 14a and a second insulator 14b. While not clearly
illustrated in the schematic cross-sectional diagrams of FIGS. 6A to 6E, it should be
appreciated that the first insulator 14a and the second insulator 14b may be a single
insulator layer or a continuous insulator layer configured to surround the respective
magnetic junc.tion 29a, 29b, 29c, 29d, 29e. Each of the magnetoresistive devices 700,
30 71 0, 720, 73v0, 740, further includes a tdp electrode 10 and a bottom electrode 12 which
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30(CoCrPt). [0139] In the context of various enbodi nents, each of the at

| east two free nagnetic |ayer structures or soft |layers of a
magnet or espIitvdomevi ce with GVR or TMR may i ncl ude a neCesicad1mnoas
conbination of materials selected froma group of materials consisting of
cobalt (Co), palladium(Pd), platinum(Pt), cobalt-iron (CoFe),
cobalt-iron- 5 boron (CoFeB), iron-platinum (FePt), cobalt-platinum (CoPt),
and cobal t-chrom unpl ati num (CoCrPt). [0140] In the context of various

nbodi ment ch t fixed tic | truct d
The at 1 onet {5 RcdRgRcren i AR ptErraeny bval Bhd e s b "

mat eri al sre\g@gcﬁvanﬁgﬁmgmcﬁuhgga , B8t mdapdssot. ropy. 10[ 0141] In various
enbodi ments, each of t | east one fixed magnetic | ayer structure and

the at |ew§€*11t Iusheuld be paprieinted th@éi@rthg@n@edlmeésow i 7 [tegsBrshhardrlaeeri ng
| ayers Of 'Jlteﬁn‘ég%%}?%g s eacéht@ Oﬂ’hﬁ%éci“ﬁﬁ/erpél}dc?ﬂé Y aﬁﬁ’gﬂe Bt RbAL i num

(Pt). In er e nment e at Feast one magneti c | ayer
structaur ela&ech(); h&thaittum&abambx/\m Hetveren nisgiet lnard Ia@zye34 atdrthe first esft bayyr 30ycl ude
alternatin of ~15 either

al
P it Mg e R oS ERRh ol Sl BE Blep St 2 BE L BB IR SRUMEE 1o e

| east one@ hﬂ@dleffﬁig@%ﬁ FayExaB/ﬁrwxﬁii Hinh&l Rin#idn bB&vedh thee@ebnd M&Qdf]g}@mgagnet Ic
| ayer structures miﬁytdl nclude alternating | ayers of cobalt-iron-boron

(CoFeB) awnl the thatdeoftdpyesB3ei t her pal | adi um (Pd) or platinum (Pt). [0142] In

various egﬁ gllsﬂie ﬁlon H%h th' %p%f)?r%&aka lg:{t FoCthe %Pl%BglfmegPo e7Aarldth1§:8 FeB, 20

and the c pondi ng nunD ayers one o ’be’I'n a
rangelof hat \Myenm]aybe dibﬁoseﬂd)etvexmﬂm seechlayamyacmfe Weindeha fist scuft Exyexa3(r ange of

bet ween 3 t ran of be rio nts, the
t hi cknes SWBE aéﬂ’&l?? ﬁ?’gf gb]?et%en %5&3 %A ﬁ%{? Lﬁlralﬁyfff b ﬂr % ange of
bet ween afpgdthafd ﬁyé}rﬁw(yaoe%sﬁo@e@muéenhhécz{yﬁx{glléye&\)stmét@xre aAdRhSthad kepge of

bet ween about 0.3 nmto about 1. a range of between 25 about 0.3 nmto
about 0. 6lasen B Withadweel b#marelp\hé@weaﬁw’@lr@hgdmer andathe thirdjsoft layar 380143] | n
vet urt NRRs@OiaTRAL 8 shGiag e Abprbhficd hd fSthe A obimtGeloMRANSAL G hyor
structure an e at [eas Pee magneti c Fa er structures ray I nclude
one ots nohad layemsy bt dlspmdﬂ)bmelemtlms(sﬁblayér stm:oﬂum 22 pidahe ﬁtsltm((fdamxﬂo or

Cobel Lo LB T gy BV St SRR IS S I SRS 1
10, for eparh/Rrdlayangey 8¢ dipbiveaRtwechAhdcappidelage sdiuctied Y€ end thetdir® or a
range of between 3 to 10. ] n various enhodi nents, the thickness of each
| ayer of softlayer 33, witha tunnel barrier in between the fourth hard layer and the third soft layer
33. ‘
20  [0134] It should be appreciated that one or more spin filtering layers and/or one or more
in—plane‘ spin polarizer layers may be provided for the magnetic junction 28a of FIG. 6A,
the magnetic junction 28b of FIG. 6B, the magnetic junction 28c of FIG. 6C, the
magnetic junction 28d of FIG. 6D, the magnetic junction 28e¢ of FIG. 6E, the magnetic
junction 29a of FIG. 7A, the magnetic junction 29b of FIG. 7B, the magnetic junction 29¢
25 of FIG. 7C, the magnetic junction 29d of FIG. 7D and the magnetic junction 29 of FIG.
7E, such that descriptions relating to spin filtering layers of the embodiment of FIG. 4
and the in-plane spin polarizer layers of the embodiment of FIG. 5A to 5C may
correspondingly be applicable. |
[0135] In the context of various embodiments of FIGS. 2A to 2C, 3A to 3C, 4, 5A to 5C, -
30  6A to 6E and 7A to 7E, each of the capping layer structure 20, the seed layer structure 22,

the hard layer 34 or the first hard layer 34, the second hard layer 36, the first soft layer
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FePt, CoPt and CoCrPt may be in a range of between about 2 nm (20 A) to
about 5 nm (50 A), for exanple a range of between about 2 nmto about 3.5
nmor a rwogelofiyisst ween about 3 nmto about 5 nm [0144fT/Reeo@todieast one
fixed magnetic |ayer structure and the at |least two free magnetic | ayer
structures may include materials with different properties such as
coercivity, in order to allow their nmagnetization orientation to be
reversible at different external nagnetic fields or different spin torque
current values. In_various_enbodinments, the spin torque switching current
may be rethtkaisecend prit lypsd, thpthurd;saftdayes 33 nthe diretrspacsr laygr 4Q.dbe sepondn
magneti zat| i _ , t eqsd i agneiic

| ayer 102%?%%%?% ﬁfnéﬁ%ﬂgﬁi%p%%rg%%}t% thcé&%ag %gg?i 189 alilée’rtﬁggirructures.

[ 0145] | nbarhe ¥ mhieesetomf tuupelibaurser Shthdithehtuapeldmalierd# andehafourthastnebne seed

| truct. f a t i St i i ith GWR qr .TMR i nclud
msor i o | SERELTE oy RTREF § O Lot PRy PR LA A0 BT, A (Pa)
coppers (quirer_s,rﬂdﬁhﬁfﬁryﬂﬂ&Bllﬁihegﬁﬁlﬂbér@ﬂayeﬂl atinum (Pt), silver (Ag),

|

ni ckel -chrom um (N Cr), nickel- 15 iron-chromi um (N FeCr), and any

conbi nat | 436} Incaddision i seould he pprseciatpd that a phuality of thesapRIng Jayer SIS ncl ude
one or i t-he . ar oy I [(0146] In
the cont eop ' Vel RE s 220l APl er TR CUE cBRnliSpale 180 s lpgl )

sg r uct ur ethirdysphay dayar thj bk festh ispglcer lagarghs, dtie Hirst warenl bdyoert 5@).the &mohd)f about
10 nm e.g. range,of hetween. about nm,t @ ahout nm or, range .0

et ween 4BBE PRI Pdha BBt st BT 51 el B iag SPEer S6cu EFATPIE he

t hi ckpesswef, tes; fodfor tah@ hithet Mafter ONGacheTdhd AMRIuré bf GEA iRy WRYpreadend on
the material of each of the at |east one seed |ayer structure. [0147] In

t he cont ekt a8fexpmpicoand apbdmitsinnss and isigothet sppping lapersstrushie Appsi AY | ayer
structure . I Sdi i i inel
1119£trﬂlogpng{3?19{aﬁt§/' St fhY¥ ecag;rﬁ%{%ff@e}ggt?’lgtct < o%ag]"t@ a'm}{%égquf y@&cﬁ .

material or a co ation of mat froma gro material s
consi st i ngpnfigutation. aCamaspdradingl @, Sanyai] theliplumal{tPdf  the sqppéures Gulayersunimehe um

(Ru), gold (Au lLatinu Pt), and an alloy including at |east one of

tant al um zt“ié‘%l1 ?3 B’aqpﬁt%fﬁficﬁﬂﬁ?%‘%at}%n'copper (Cu), ruthenium (Ru), gold (Au), or
pl at i pum [OP87]. In[tRd ddhkextt Bf Vdtfous @bedimedis of FIGOUA NHOBAREGS 4, 64ab 5¢f the at
| east one capgi ng |l ayer_structure may have a thjckness in a ran

f
bet ween abbig 0B .28d @Jﬁawsmﬁvﬁww%@?e@qre%ﬂ% @&ﬁgéo%fﬂ@e%%&ééﬁggﬂglm 5 nm
to about 2 'Am)of]oo? 5&%@@, %b%b&to\mg, G900 8l0, 140N A §,077009Y6, 74, MAy B 2 Shoul d

be appreci at’eq that the thi ckness of* each of t_he at least” one cappi ng | ayer
may depenaagnetit meeonay etdnzdnt. SFheggspeciive mhgnetaredigvstdenive 200.pP1 00 §20.a30 .

Furt her no &f i € of each of the at,|east.one ¢ ing.layer may
not affec l%i’ ﬁga’pé ’ostroga(rguﬁg o1 the pn%‘é‘ﬁ%t%?’eﬁ@s:t@&% Oe{/olutr:éfmsiil Igcet 'Sness

nmay atso WhichMag dnhisle d3@ stoidesrf@ne abmidte tBan iy sikdlo bit of thformation, theeby S0
nn-. allowing multi-state storage. The respective magnetoresistive device 600, 610, 620, 630,
640, 700, 710, 720, 730, 740, may provide one, two, three, four, five, six, seven or eight
resistance states, which may enable data storage of one or more than one single bit of
-information, thereby allowing multi-state storage. |
25  [0138] In the context of various embodiments, each of the at least one fixed magnetic
layer structure or hard layer of a magnetoresistive device with GMR or TMR may include
a material or a combination of materials selected from a group of materials consisting of
cobalt (Co), palladium (Pd), platinum (Pt), cobalt-iron (CoFe), cobalt-iron-boron
(CoFeB), iron-platinum (FePt), cobalt-platinum (CoPt), and cobalt-chr‘omium-platiﬁum '

30 (CoCrPt).
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[0149] In the context of various enbodinents, the insulating |ayer of a
magnet oresi stive device with GVR or TMR may include a material selected
from a grwopotionsissti ng of al um na (A10"), silicon oxi dect8icadjeosi7ki con
nitride (SiN), magnesium oxide (MJO, and titaniumoxide (TiOx). In the
context of various enbodi nents, the insulating |ayer may have any

t hi ckness, dependi ng on the process design and/or nethod. 10[0150] In the
context of various enbodi nents, each of the first electrode (e.g. top

el ectrode t he second.el ectrode.(e.g. bqtt el ectrode). of a . :
magnet or e@llggid@‘et aSOPEEt Qf YWW“%’Pdw%ﬂﬁﬁc A ?H&daéqsa%éwa&fﬁ peefslteri al .
I n vari ougy&HARKIBNbS sofe M3ers0bf h HRaghblodsisal € Abvied vithe GMR toRPrigRemhy 0de)
and the second el ectrode (e.g. bottomel ectrode) nmay include a material or

a conbi nainrlyde ¢f materiak prascosdlination it maatials gelsetpd dromt giopplof mateddnsi sti ng

£ e e o NS | ) _ , _ ]
"hct ua norari4ing, 8 B, piltdsiuh B0 bR R, BMERIRRCORDL oAt i, ! OV
ni trogen {dpn (COFER) itan-pllnuew{Fedt), @balt-platiaus E@dPogliamndsbalt@hminiom- t he

first el ecltr.odehée 9 top el ectrode) and the second el ectrode (e.g. bottom
el ect rodej@ ‘?Fe‘ B thickness in a range of between about 50 nmto a few

m crons, R140] B thaReseR oPRIHRE BmBLAHenROedt JfAhed @t RRGWne1fkdMha efigange of
bet ween about 200 nmto about 5 gmor a range of between about 0O nmto

about 1 jlawsr sveevepnd the aiHeast 6vo dreapmsaceticalager stivgturesaighlude onper fmiaret
el ectrode gtgggls \Jit%paﬁﬁ%ﬁ%ﬁﬂ?%a@xﬁ‘éﬁe%ﬂﬁo&gynd el ectrode (e.g. bottom

el ect rode]}1 y have ‘a ness”may have ‘dny thickness, such that the
t hi ckress[0d#1] Ial woiobe elnbsdintch@anedsB afthd et gast athe Uixed ngnetabhaytr dthcaiie about

20 nm or about 40 n rr nmore than 10 gm (e.q. out.1 m about 201. un
or about 98 gt opsbiktes opte LRy detir ar glde SEuIHIE: ofB:

separ at i o) anera MEEriAING diher pallBiuel () o PIamuBA(Thy. M ekl QdolimdiRL eri al s
consisting of a conductive and non-magnetic material, a non-conductive and

non- magnet3ck ofrthecitileast onmidkedrmagnstic leyer strvatves prd the jah legstrtveftceantmgtierent s,
each of t S [ : e kgl e 30
group of i ?resﬁlfagfugésclgﬁ}é ?@{%gﬂ%ﬁa’g@%%@?ﬁ%}@%ﬁ#gﬁégﬁ g%% %&(d?%g( aﬁ%%,f

al um rra (eithe) paltadoind (R Briryhatoxnd@t). Th @b further ehibadidente, aplpoé cheastddast hat

ot her non- ngti c material or ot Beé i qul at Of mat eri.all nﬁé be used. '
[0153] | ""WdFie8 e eBftodY et e g eifarait MEhrPapasnedf ‘A halthr8re: BaY st i ve
devi ce Wi fhblu/Etdidtingayess tobat-irbebsBRAACEFIBIAnl aYeiter{a ofeitlRr pMMHARIM
barrier) of a magnetoresistive 5 device with TMR nay be one of MO, Al 0"
and Ti Ox.(Pd) or platinum (Pt).

[0142] In various embodiments, the number of layers of one of Co, CoFe and CoFeB,
20  and the corresponding number of layers of one of Pd and Pt may be in a range of between
1to 10,.for example a range of between 1 to 5, a range of between 3 to 5 or a range of
between 3 to 10. In various embodiments, the thickness of each layer of Co, CoFe,
CoFeB, Pd and Pt may be in a range of between about 0.3 nm (3 A) to about 1.5 nm
(15 A), for example a range of between about 0.3 nm to about 1.0 nm, a range of between
25 about 0.3 nm to about 0.6 nm or a range of between about 0.5 nm to about 1.5 nm.
[0143] In yet further embodiments, each of the at least one fixed magnetic layer structure
and the at least two free magnetic layer structures may include one or more 1ayers of iron-
platinum (FePt), cobalt-platinum (CoPt), or cobalt-chromium-platinum (CoCrPt). In
various embodiments, the number of layers of one of FePt, CoPt and CoCrPt may be ina-
30 range of between 1 to 10, for example a range of between 1 to 5, a range of between 3 to

5 or a range of between 3 to 10. In various embodiments, the thickness of each layer of
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[0154] In various enbodi ments, the thickness of each Cu separation |ayer or
spacer |ayer nmay be in a range of between about 1 nm (10 A) to about 5 nm

(50 A), fwo2exanpize a range of between about 1 nmto abegt/sg20moe0s17s range
of between about 2 nmto about 5 urn. In various enbodi nents, the thickness
of each separation |ayer or spacer |layer (e.g. 10 a tunnel barrier) of one
of MJO, AIOx and Ti 0", may be in a range of between about 0.5 nm (5 A) to

about 3 nm (30 A), for exanple a range of between about 0.5 nmto about 1.5

nm or a rp¢RIeCot dadtOwtRt MaYbE id a MaAge ®f doMiten bt nth {26 3]) tb Abé s mAnt ext
i pin filtering |ayer_ of amagnetore5|st|ve

of various di ments, each
devi ce wi H%rsﬁam}ﬂaﬁa@gq%@FW@ abavh 2 &y t9) abew) oo PEPTRTARECP @PBYPSIIlS of
mat eri al s, p§h§1ttbggmgf5 &ebalt (Co), iron (Fe), and alloys containing at

| east one o balt (Co) or iron (Fe). Each spin filtering |ayer may be a
magneti c lﬂa%]rThel at loant Dwﬁxmmemﬂm@r Sttd@alre hnd theet deast tvaaltée mpgnetic
filterjng be i.n ran en .about .0.2 0 .about 1
nm (104 A) lay? osr%mggla#ppléyén?h% %fla ea‘[%‘&ﬂmberﬁesnﬂ* a‘fﬁ?ﬂ% >8%hm or a

range of &aevese rauabomtelromégxfmzatt@na&wﬁatibnnm b2 QER:LS6 étndﬁfféﬁen@ Q! Of
various enbodi ments, each 1n-plane spin polarizer |ayer of a

magnet or eSpgRetiG éiehié\ﬂr@effwmwp@\mf%ﬁ cmmtﬁaylefs B varieusemadiments, the spin
conbi nat i e t i ng of
cobalt (Co thugl ron h?ﬂl—ée%ﬁ%rlﬁctﬁf e ";k{t %S%B }g?%% @‘Ee"%})ﬂ%&&d
cobal t-i rsnturzmmacmagmﬁmz(tmmﬂrt)ucms ah eacth m@/thlerm:lludn o EXedI magtetiorigyeof
cobal ni ckel (Ni. various enbodi nents, the

t hi ckL scqé‘ﬁwgf a’bdat ik ‘)lﬁasﬁf‘ﬁ%ﬁeesg'ia%“eﬁ%llagﬂ%tEJrcuir%ﬁ/er may be in a range of
bet ween ajpaus] Ih. thendBntekd o) vdriduaRaibodiments, (€2éh A thé Q. 1€ VAL &edd NanRge of
bet ween about 1.5 nmto about 3 nmor a rwe of between about 3 nmto

about 5 nfiUcR BT meepePresisiveedpres mat SMEK TMIRe jepry's inchide e amptensa) er
(e.g. thegieaneebive b p L¥Rling SAT fan!aﬁﬂﬁr(Tafepﬁgaﬁfu?rpgghﬁyc%g erS RER),

filtering |ayer andln- anesm l'ari zer | dye netlc
j uncti on wfheaiuma et aolés(lASIO,l pletlrdm/ (Rth Smluyr @eg),pmohaldbd)mldwsﬁl\gﬁe)d nigkel- changed

i ndep dent I of .ea As an g not ati.on, each,of the
sof t g;yer 3 ér{rhé?/m e th%E ¢ anigh any, com énraﬁgﬁ PRECHRF %Fhl rap);lé\ atleash HERRY on t he
conposi t i laps- ma{yailaﬂlle brie oraﬁoreu&teeﬁndebmr&retgiou;i dfamaxeridls @s?des&hﬁeﬂﬁ nt densities
for svmtchln §1ﬁ netization orlentatlon ?f the soft layer from
paral | el t?on&a*? At wriopmsbodimsnis; sagh of 4he) of epst Ape 15 laygp- >p may
be given J@aﬁcﬁb@mfap hh @ BECKAC4RA b Mtpe br BBRvedn HERR S AN & ¥bout 10 nm, e.g. a
| range of between about 2 nm to about 8§ nm or a range of between about 4 nm to about
20~ 6 nm. It should be appreciated that the thickness of each of the at least one seed layer
structure may depend on the material of each of the at least one seed layer structure.
[0147] In the context of various embodiments, each of the at least one capping layer
structure of a magnetoresistive device with GMR or TMR may include a material or a
“combination of materials selected from a group of materials consisting of tantalum (Ta),
25  palladium (Pd), copper (Cu), ruthenium (Ru), gold (Au), platinum (Pt); and an alloy
including at least one of tantalum (Ta), palladium (Pd), copper (Cu), ruthenium (Ru),
gold (Au), or platinum (Pt). ‘ ‘
[0148] In the context of various embodiments, each of the at least one capping layer
structure may have a thickness in a range of between about 0.5 nm to about 30 nm, e.g. a

30 range of between about 5 nm to about 25 nm or a range of between about 10 nm to about

20 nm. It should be appreciated that the thickness of each of the at least one capping layer
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AMst JP-4" (Hk - LlrcMs) p4(0(0)) (Equation 1), AM JAP-PSt (Hk -

47cMs) (Equation 2), p(e(n)) where M Hk and t are the saturation

magnet i zawpaoi/t3bssper pendi cul ar ani sotropy field and tlpeTisiG2ekmesss of t he
soft layer, respectively. 0 is the angle of the magnetization 10
orientation of the soft layer, relative to the nmagnetization orientation of
the hard layer (i.e. 0 = 00 when the magnetization orientation of the soft
layer is in a parallel direction and 0 = 1800 or it when the nagnetization

orientatiggy @Epetnh%nstﬁé tnaleR¥EST éaéh bfth@ht ﬁaétlonpesﬁlﬁ%eiayal F@&ﬁén%)e a;F fie
coefficient] p, the spin polarization, the coeftiCient, 1Is

spi n-tor qtb@keﬁi‘fSle |eé¢h:9/f theet blﬂst Oaﬁ danplm yeihachemaffectthe psrf@mmneof thal
et or b U AR 500 A TS 55 s 801 555Bher
| ayers wi ﬁH’oupe(D penot acboheso mragnet i zat lon orientation for each hard | ayer and
each SOf ' [0143 In thg ggntgxetrJf%EQ§§sC§medlments the insulating layer of a magnetore31st1ve
device with GMR or TMR may include a matenal selected from a group cons1st1ng of
alumina (AlOy), silicon oxide (SiOy), silicon nitride (SiN), magnesium oxide (MgO), and
titanium oxide (TiOy). In the context of various embodiments, the insulating layer may
have any thickness, depending on the process design and/or method. |
10 [0150] In the context of various embodiments, each of the first electrode (e.g. top
electrode) and the second electrode (e.g. bottom electrode) of a magnetoresistive ‘device
with GMR or TMR may include a conductive material. In various embodiments, each of
the first electrode (e.g. top electrode) and the second electrode (e.g. bottom electrode)
may include a material or a combination of materials selected from a group of materials
15  consisting of copper (Cu), aluminium (Al), tantalum (Ta), nitrogen (N), and an alloy
including at least one of copper (Cu), aluminium (Al), tantalum (Ta), or nitrogen (N).
[0151] In the context of various embodiments, each of the first electrode (e.g. top
electrode) and the second electrode (e.g. bottom electrode) may have a thickness in a
range of between about 50 nm to a few microns, e.g. a range of between about 50 nm to
20 about 10 pm, a rangé of between about 200 nm to about 5 um or a range of between
about 500 nm to about 1 pm. However, it should be appreciated that each of the first
electrode (e.g. top electrode) and the second electrode (e.g. bottom electrode) may have a
thickness may have any thickness, such that the thickness may also be less than 50 nm
(e.g. about 5 nm, about 10 nm, about 20 nm or about 40 nm) or more than 10 pm (e.g.
25  about 15 um, about 20 pm or about 30 pm).
[0152] In the context of various embodiments, each separation layer may include a
material selected from a group of materials consisting of a conductive and non-magnetic
material, a non-conductive and non-magnetic material, and an insulator inaterial. In
various embodiments, each of the separation layer may include a material selected fron a

30  group of materials consisting of copper (Cu), magnesium oxide (MgO), alumina (AlO,)
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magnet oresi stive devices (e.g. nenory cells, nenory el enents or nenory

devi ces) based on such structures nmay be inproved in terns of stability and
pot ent i alwban11sBb13520 transfer sw tched MRAM devi ces. | rcesioadivmat’s wher e
the hard layer is positioned or disposed between two soft |ayers, such a
configuration or arrangenent may mnimze the interaction (e.g.

magnet ostatic interaction) between the two soft |ayers. Therefore, various
enbodi ments nay provide an alternative approach to conventional approaches
using anti-ferromagnetic exchange bias |layers to define the hard |ayer (or
r ef er enceANiSHitARRY 9&13%@9%@9“%@ wREFCiel 8 OhFTRBsBAgELIG Materiad of

embodi MeN{ReSANIAEr ANEHNRAE KQOREJ Ol | abl e as the process may not require
magnetic fields during the deposition process or magnetic field annealing

after depl®d53]i lorvarius embediments, fhorseparatoomylagievoice mapedtoresistveudevi@ with i n
I I e T e e e R
size of tdwiceRtith TRIR @aRBOEd of M@@eAlO,[a8d G0),.| n vari ous enbodi nents,
swi tehi ng[09;4]rrl?lgvrellsiglilszgr;[xli)o%?mgnrtis,etﬂé t%gcikggss io? egc%aéu Ee%grggign layer or spécer layer
may be in a range of between about 1 nm (10 A) to about 5 nm (50 A), for example a. |
range of between about 1 nm to about 3 nm or a range of between about 2 nm to about
5 nm. In various embodiments, the thickness of each separation layer or spacer layer (e.g.

10  a tunnel barrier) of one of MgO, AlO4 and TiOy, may be in a range of between about
0.5 nm (5 A) to about 3 nm (30 A), for example a range of between about 0.5 nm to about
1.5 nm or a range of between about 1 nm to about 3 nm.

[0155] In the context of various embodiments, each spin filtering layer of a
magnetoresistive device with GMR or TMR may include a material selected from a group

15  of materials consisting of cobalt (Co), iron (Fe), and alloys containing at least one of
cobalt (Co) or iron (Fe). Each spin filtering layer may be a magnetic layer. In various
embodiments, the thickness of each spin filtering layer may be in a rarige of between
‘about 0.2 nm (2 A) to about 1 nm (10 A), for example a range of between about 0.2 nm to
about 0.5 nm or a range of between about 0.4 nm to about 1 nm.

20  [0156] In the context of various embodiments, each in-plane spin polarizer layer of a
magnetdresistive_ device with GMR or TMR may include a material or a combination of
materials selected from a group of materials consisting. of cobalt (Co), iron (Fe), nickel
(N1i), cobalt-iron-boron (CoFeB), cobalt-iron-zirconium (CoFeZr) and an alloy including
at least one of cobalt (Co), iron (Fe) or nickel (Ni). In various embodiments, the thickness

25  of each in-plane spin polarizer layer may be in a range of between about 1.5 nm (15 A) to
about 5 nm (50 A), for example a range of between about 1.5 nm to about 3 nm or a
range of between about 3 nm to about 5 nm.

[0157] In various embodiments, the thickness of each layer (e.g. the respéctive hard
layer, soft layer, separation layer, spin filtering layer and in-plane spin polarizer layef) of -

30  amagnetic junction of a magnetoresistive device may be provided, designed and changed
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spin valve (D-PSV) or triple pseudo spin valve (T-PSV) by spin torque
effect may enable 5 nulti-level MRAM In contrast, sw tching nmagnetization
by usi ng wo2exivsp3al field may not be suitabl e when thepbRAE2a@0EIEs becones
smaller as magnetic field MRAMis not scal able. [0161] In various

enbodi nents, a deposition process for producing the D-PSV or the TPSV is as
follows. 10[0162] A substrate is provided, for exanple a bare wafer or a
wafer (e.g. Si) with underlying transistor devices. A bottom.electrode nade
of copperindéendanky/ afr caah wrtieni Asmaf Akdmplerand noo iinitadér, eaclodf Qe sfidlagers Al wi t h

tantal um (Ta . .nitrogen i § deposited. [016 Three.or nore .
ferronagn%f}’ e&%@)‘éf%”?lg’.n .t%'f}?hﬂﬁeila{dﬁgyeé@qps%{lg% CIHSTEOTUSYT  and at | east
two soft (0A%8y®) vafiSusS uatRamhen®, YihdepABid efurrehePddndiiedl RY SwiERAS athkon

| ayer in 15 between two ferromagnetic |l.ayers. The separation |ayer may be,

f or exanpiegnesiz&ionsproationof the sofisayeafiomgparalleh @) thanti-iperallelf (AR "TH164]
Optionally, one or nore spin-filtering | ayers and/or one or nore in-plane

spi n pol agridzfesm APyt PS JEY heaydenesdnttgahe tolioning digatie3ASdndi2omsfre Ol :S .
[0165] A capping layer structure consisting of layers of tantalum (Ta),

pal | adi um (Pd), 20 copper ( apl Ut AR ( gol d u)..or.plati num (Pt)
may be deposited. [0166] FI G 8APs:h (O%L@@ﬁeauﬁ&{ﬂ)c croéagl}%té?ﬁp()nal di agram
of a magnetoresistive device 800 having a magnetic junction 801 including
spin filtering |ayers, accordipg to xmgious enbodi nents. The v
magnet or esi stive device 800 nay &~ 5 6ag] : i¢¥edor y qué‘ﬁté(?ﬂz.)’As an exanpl e
and not limtations for dem)nstratiﬁfg spin torque switching for a

mul ti - | eveher2 M)/ R\Mndavdre ehevdaturatiier pegrdticationr therpegehdiophr hnisaedpyr fikkddce wit h
vari ous enbodi nents, the magpetic junction 801 jncluydes dual pseudo-spin
val ve (D@évsh.e"tF@ of {Be R8K HRYS cTSRATEY 716N Y 88 therPRgle 9f PRy Magartiidien a har d

: :yer 10" (?rjécnita?{i%ﬁ JTRHD 8o FayleUElativd ' fHe Yh&en8i5aidh Wﬁgﬁﬁoﬁ"éﬁ the?hdrl rlgersof t
yer or first free magneti ¢ layer structlre 802 and a second soft” [ayer or
second fr@e. fregfetvhen thayegnaizatiot onent84.of Bactpfofythie imarpdrallel direction
and 0 = 180° or m when the magnetization orientation of the soft layer is in an anti-
parallel direction). The coefficient, p, is the spin polarization, the coefficient, &, is the
spin-torque efficiency factor, and the coefficient, A, is a numerical factor which may vary
15  depending on the model used for the critical current densities.
[0159] In various embodiments, by using ferromagnetic layers with perpendicular
magnetization orientation for each hard layer and each soft layer, the performance of
magnetoresistive devices (e.g. meméry cells, memory elements or memory devices)
based on such structures may be improved in terms of stability and potential for spin
20 transfer switched MRAM devices. In embodiments where the hard layer is positioned or
disposed between two éoft layers, such a configuration or arrangement may minimize the
'interaction (e.g. magnetostatic interaction) between the two soft layers. Therefore,
various embodiments may provide an alternative approach to conventional approaches
using anti-ferromagnetic exchange bias layers to define the hard layer (or reference
‘25 layer).v This makes the fabrication process of various embodiments easier and more
controllable as the process may not require magnéﬁc fields during the deposition process
or magnetic field annealing aftef deposition. Furthermore, for memory devices below

about 50 nm in size, the anti-ferromagnetic layer itself may become thermally unstable
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30l ayer 806, the first soft |layer 802 and the second soft |ayer 804 may
include alternating |layers of Co and Pd. The hard | ayer 806 may i ncl ude

al t ernat iwg 2oaysymsof five layers of Co and five | ayer ecofsGRaii/00ttzh each

| ayer of Pd having a thickness of about 8 angstrom (A) and each | ayer of Co
havi ng a thi ckness of about 3 A such that the conposition of the hard

| ayer 806 may be represented as [Pd (8 A) / Co (3 A],(5 The first soft

| ayer 802 may include alternating |layers of four |ayers of Co and four

| ayers of Pd, with each |ayer, of. Pd havi ng t hi ckness of aboyt 6 A and .
each | ayetnddpaksy ﬂf*rawff@n@ ip§ BRifisicat dye H’O%EH%“%‘% ingie fraithsige o thecdfiposi ti on
of the fig _Bmggr[etﬁcllggégr 802 may be represented as [Co (4 A / Pd (6 A)], c4.
The secong soft layer 804 may include alternating |layers of three |ayers of
Co and t hi02e0] laywrioupembadimgntshsweitahing of; magustiz@ghrherentagioa inhduek peswdo of

about-5 A and .ea ayer. of Co havi.ng_.a | ss _.of _abo A. sucGh that
he- conpo¥it 181 G-7ons ot bl roudiie Bl L PS8 e theisstav alE [P (s
A | G (ful}kxd MRAMEL cohtrahaulidhig nidppeeatian &9 ukingtanteR il FeRY may
alternating | ayers of Co and Pd and_the thickness of each |ayer of Co and
Pd may be'dhasgitadle waenathe MRAMavires beeiugssalipaasdnranetis ficld YR AMagI0E
coerci vi ts\éalaﬁlfe. each of the hard | ayer 806, the first soft |ayer 802 and the
second soft layer 804. 15101691 In various enbodi nents, the respective

coer ci vi tP16f] lpawhows etbmlithents) d dopesiti@Dprocessdorf producispthe D-RF¥rorgbe Tand t he
second soé%vla%ggrﬁm, may be in a range of between about 100 Ge (100

Cer st ed) Y %?Vﬁswsands Cersted, e.g. a range of between about 100 Qe

to abput HPOH0A Gabstiaté aNgovifed D EBirveaimpid @Ubard Gihféeot @ wifeti(e. 8080 with a
range of between about 1000 Ce_ to about 5000 Ce or a range of between about
2000 Ce tWdgipag tapsistondeveses: A baten elrpodrayata ofcoppiid Prbindéy rlyming e

i ncl udes @, iof § bomBRAGHS SENEndAR I8 niubD(18) PG BESE) A ddhGita. 20 A in
bet ween t ei’folfrs? so?t r1ayer n802 and1 thré sec%n()j solftgﬁgqe)r 804, a second
spacer | alf@63]8llgenpr Baranethmagndticdkyeese. mfindinbug a2igash ons hiwdt lgerendeé second
soft |ayer 4 an he hard | ayer 80 a.first spin filtering Layer 812 of
o vt st e R IS AR Bl Rep it B f R b BaRh 1¥EDR 302 and
t he fi¥ Stbedpemaivol faiyenadieBe lages T @psption falyért Ray by fdratampRl4 Cafspdderwi t h a
t hi ckness of ,ab?u.t 8 A Ln bet n.the first spacer |ayer 808 and the second
soft | ayer agdnsulating tupnehbargergfiMeR | tering | ayer 816 of Co with a thi ckness
of about  f164]i PptREaIEEshet HemSRCQIEL ARt 1AYRT 2B MRt 6rehRLSlal 288 806.
[0171] Fo[? tHedjpenbog?neﬁt o?l_'FI %?15_181, thge i_rs% sof t Iaryer e80 havi ng a

mul ti | ayepolarizgrlayg® mpoyrifeidgnesited dwringf th depostionprgcesd (6 A) 1,4 has a top

| ayer of n f Pd. T o Oof I j nt to a
maénet iC a?/gr‘g(c gp‘ggém%&yﬁg‘g} © %8néégm§rd}§? %egg& r?raé?‘ (laurn?g%) ph%@%ﬁ%@r t he
enbodzarendoppér (Eufzruteniamt(Re), fgoldstAug pi plafimirh €Pt) ngy bayeposBd of Co. In _
oo TG S ora hEHEle 05 A E el VB A AR o "
The top | goeavilg £habfetRGhAGBAIBO1 Indliting SR TheFfRE CTers| 246FdifE & Pdrioky Whi | e

the bottom | ayer of Co is adjacent _
embodiments. The magnetoresistive device 800 may be a magnetic memory element. As

an example and not limitations for demonstrating spin torque switching for a multi-level
25 MRAM device with perpendicular anisotropy in accordance with various embodiments,

the magnetic junction 801 includes a dual pseudo-spin valve (D-PSV).

[0167] The magnetic junction 801 with D-PSV includes a hard layer or a fixed magﬁetic

layer structure 806 disposed over a first soft layer or first free magnetic layer structure

802 and a second soft layer or second free magnetic layer structure 804. Each of the hard '
30  layer 806, the first soft layer 802 and the second soft layer 804 may include alternating

layers of Co and Pd. The hard layer 806 may include alternating layers of five layers of

34



5 to the second spin filtering layer 814 of Co. Simlarly, the hard |ayer
806 having a nultilayer stack configuration of [Pd (8 A) / Co (3 A 1,5 has
a top | aywo20f1/Bok3and a bottom | ayer of Co. The bottt ompcawenonfoodosi s
adjacent to the third spin filtering layer 816 of Co. [0172] For clarity
pur poses, other structures such as a seed |ayer structure, a capping 10

| ayer structure, a top electrode and a bottom el ectrode are not shown in
FIG 8 but neverthel ess are present for the nagnetoresistive device 800. As

an exanpl €o and fivelayetsoft B, ivitiSecach 18@E bO P dheiak haHRkhds bodbsg 8 Agktsahed Cu
and Ta bilayers may b rovi ded. £0173] Vari ous, magnet oresi stive devi ces of

di 11 er ent (A ndeeaginayBot Go hRvRE adhiskneseet araw fgh(Heh Hest &1e, commasiiorint s of
th i i i i t | th
e resil shancs | er%OB :ﬂﬂgaﬁfﬂgﬂg%ﬁgen%%zf’&@u%? gtr;? 3 %2 xss‘ TR tkkoﬁqg}rr]e?ﬁ)ﬁ/? e

resi stance as a tunct l'ectric , be subseque
per f or medmay Othule aFe@atis kiiossf fouplayersa@@a dridufstr layérngf Bd,hyish eachdayer | oop

902 of, et or esj, st i ' tic junction with D PSV,
accor di no i TATICA RS S AR S A HikoRy i BECE bR Asbsiest Hbtoit & & he
resi st ancg, QR# tias tike Jomkition o theTBGNGHi18yek 86 tha§tbeeaatinRAX9PCoOi4 Ay, appl i ed

ext er nal na?ngtic field, for a nagnetopesistive devi ce havi ng about 150 nm
di amet er Ph{& &k Toe speond|saftdpyar 8B¢ may inplddepitematingdayess pEthremleversef havi ng
asimlar AHIENTE cigsarelell t Eor ur pose
of the ne%gt%lﬁ enent sﬂ%r% o%c%’ﬁlll 6%Ehehﬁi‘e';rst er g{s!ﬁb{s};%{h&ggk@ééggf? gt gg\r ?I{edn cﬁ/as _
fixed at lapprafXionmvalgya thickhesé.of pEiT 5]A, Ascls thathe icompbs@ioDof the seohd asft t wo

states (e. Q. Si st.ance st at.es y: be.achieved 25 using an external
magnefol ce'??eélgl(’?g Webeﬁﬁ%rﬁ%elnfe?ﬁi)[%(ﬂ&o@ %ﬁ%g}o‘%ﬁ’ﬁhe ferronmagnetical |y soft
| ayer (st @168)€lt ki@ be appréceial Hhath@hurab of akerRatkd8ayehibt @ sdePdagNRe i zat i on

of the other ferromagnetically soft |ayer (storage layer) is reversed at
about 5 Kbiskness i eacks, lager ok CrpandpRd gpase g changedt depradinggerethe seqused of t he

ferromag i f i i t i.thh the
reasr ong s of Bkdinb BTN ! AR 6T B ARk BoBothe CER WL RS
| oop 908, and thersdcbndhsadt leyaHi04. | oop, as represented within the dotted oval

910, [y [la?6ﬁq§era\1{iggs er-lll_-gcinslmrerr?tg, tlhc(ia ?‘gsp;[:c iv%véger%fv?t%/% ’ea(];hocr)f {he %I;rlpd leayc\:ll\{h &J’é,a :

the first soft layer 802 and the second soft layer 804, may be in a range of between about
100 Oe (100 Oversted) to a few thousands Oersted, e.g. a range of between about 100 Oe
to about 10000 Oe, a range of between about 500 Oe to about 8000 Oe, a range of
between about 1000 Oe to about S000 Oe or a range of between about 2000 Oe to about

20 4000 Oe. |
[0170] The magnetic junction 801 further includes a first spacer layer 808 of Cu with a
thickness of about 20 A in between the first soft layer 802 and the second soft layer 804,
a second spacer layer 810 of Cu with a thickness of about 20 A in between the second
soft >1ayer 804 and the hard layer 806, a first spin filtering layer 812 of Co with a
25  thickness of about 6 A in between the first soft layer 802 and the first spacer layer 808, a
second spin ﬁltering layer 814 of Co with a thickness of about 8 A in between the first
spacer. layer 808 and the second soft layer 804, and a third spin filtering layer 816 of Co
with a thickness of about 6 A in between the second soft layer 804 and the hard layer 806.
[0171] For thé embodiment of FIG. 8, the first soft layer 802 having a multilayer staék
30 cbnﬁguration of [Co (4 A)/Pd (6 A)]x4‘ has a top layer of Co and a bottom layer of Pd.

The top layer of Co is adjacent to a magnetic layer (e.g. which may be Co or other
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further optimzation of the spin filtering layer is carried out, for
exanpl e by varying the material conposition and/or thickness of the spin
filteri ngwbayar39i38177] The device as used for the neaswcesenima/osdoesn in
FIG 9 was used to study the spin torque effect and the results are shown
in FIG 10. FIG 10 shows a plot 1000 illustrating resistance 1002 as a
function of electrical current 1004 of a nagnetoresistive device having a
magnetic junction with D-PSV, according to various enbodi nents. The :
el ect ri camatatialsywhidiDfod tliiﬁaémlhﬁlirﬁﬁﬂbif@“m.a&is(lhé fissn kpip HleAfg 1aer S Co.n FI G
10, nore than two states ( ? resi stance stat esaﬂma be observed. [0178]
Starting P @HfitiRe thet 5q |Sat layer, 804 haxingen multilayey shgk 1op08igumtioneaf]
hyst er esi , y be
observed, Fp\ﬁ((egrzie)% Sa&) glgf ?%ﬁgéﬁgw%?ﬁ&%g&ﬁ)&%n%fgﬁugﬁl J’llgg%()f@ad to
four stat Essad{aeclg to dlse see«pxr@@ecﬁréwebﬁlola%u \mili@he Uit lag€riof)Cd Bradjdqent
magnet or e ive device ddi tJ Fl G, ,10 di.f ference
between ¢ et grett s dn s Uleen s SRSl hitg o Alehding & 0
appr oxi mihﬁlﬁ/laﬂer QU cbBfiQkARIn MhjPde(8FASB.Co8(3aA,s1Kkhsi 4 topsiayét 6f Phahd hhe
magnetlzatlon direction _of the hard | ayer 806 Is pointing in a downward

di r ect i onbottam daystpHCreThgpotiemdarsy of lstaFltéC?fﬁé‘héhei thydispin @itrngt iy may be
in an upvvgféj gty ection, depending on user, design and application
requirements. I'n other words, the nagneti zati on direction of the hard | ayer
806 may bE172KkEd, clenllyrnarrp@sas,anhummpmresrsuah dewnsead daydr sgottiien .a @Ppidg80]

evi o8 11B0onSPIRG o el FAE TS, HRCE 1 BNO LLO R 1t o AT R0 Bghbe | cal 1 y

coupl ed i ﬂe@hﬁél@ssszﬁ’e Fprévéhﬁfdrztﬁé Iﬂa@)(abﬁamsﬁvegde\acé B(D(EtAﬁﬁﬁ iek@hplenadngdti cal |y
coupl ed in-pl ane sg pol ari zer |layer 1122 and a seco

antiferr o?ﬁ'&ﬁ‘é‘ff}sc% tfpr%e}eﬁr%’a l?cﬁ“dﬂ!lgahgu%%?%c‘bém%ﬁ E‘é%ye{st@’rbelHTdee%ccor di ng
Lo var i oufGaPodhRN bepdiBiRsHRAN L ALaS! %talvf%req{evglfeg hi0 OpdTapriydd BRINet i C
25 nenory el ement. The first antiferromagnetical coupl ed 1 n-plane’spin
pol ari zer p¢twyngng e vafand Mepsirgraenth df atm rdseranmg raefiunctadnl gf wgmtsdﬁcld pI ane

spi 1 Tor qtierary uf Sie, feiestufiskd bofne dadicel SPederfObS fufkhioo”
[0181] Thperfmmadti ¢ junction 1101 i ncI udes a gi ant magnetoresistive (GWR)
Fer omgnBUTEariG St apier dBF MlsFHiRgce Feien loop 9By soprararesirsos
di sposed Qﬁlmlﬁgvpmagﬁéftfﬁﬁﬁgﬁﬁt\hﬁﬂblﬂsw qr:éorlhﬁg% SausidnftRdIRGRSiLe | ayer
structures, e.g. first ferronagnetlcally soft | ayer 1102 and a second
f erromag nbysteresiy 8009(90?- ifgpjrates theOusistaupetPOdres ar fonetiparadinagmatic ﬁﬁld\ﬂtréegth cI ear
oL ohP e PR URuEh LB b ER, BT BB RS

nm diameter in terms of its lateral size, and with a magnetic junction having a 51m11ar

Ween

arrangement as that of the embodiment of FIG. 8. For the purpose of the measurements to
obtain the hysteresis loop 902, the current was fixed at approximately 75 pA.
[0175] As shown in FIG. 9, more than two states (e.g. resistance states) may be achieved
25  using an external magnetic field. The magnetization of one of the ferromagnetically soft
layer (storagé 1ayer) is reversed at about 2.5 kOe, while the magnetization of the other
ferromagnetically soft layer (storage layer) is reversed at about 5 kOe. From FIG. 9, it
may be obseryed that the magnetization of the ferromagnetically hard layer (reference
layer) did not switch within the measurement range of up to about 6 kOe. |
30 [0176] By measuring the minor loop 908, a small hysteresis loop, as represented within

the dotted oval 910, may be observed. This may lead to two states, for example where
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5 the first ferromagnetically soft |layer 1102 and the second
ferromagnetically soft |ayer 1104 may be mnimzed, as the

f err omagnwoizealizy2seard | ayer 1106 is di sposed in bet weercT[set8djoodaash of
the ferromagnetically hard | ayer 1106, the first ferronmagnetically soft

| ayer 1102 and the second ferromagnetically soft |layer 1104 may incl ude
alternating layers of Co and Pd. The ferromagnetically hard | ayer 1106 nmay
include alternating 10 |ayers of six Iayers of Co and six layers of Pd,

wi th each 0 h . of Co
havi ng a F‘{@ng etgélzgﬂ) (gtv .?9%{?}&(1 tlghﬁ%%??ﬁls ¢ laogltto’nfggéf |ongg% 'PJH%V&

f er r omagneiaietial doynpoaitidn land/er thickfis ﬂﬁmebpxnrfﬁ&hﬁgemeﬁd as [Pd (8 A) / Co (3
A 6. The first ferrom |caII soft er may i nc| ude ernatln
l?’;lllegs of NIICIZJI o Wepd Tarclfs medon %tﬂ‘%’éd‘ﬁe‘l das'o o
having a éhh Q&ﬂﬁé%ffg& ﬁﬁoﬂ'ﬁe résult? afe @Mn@%? |Fld}aY@rF1Q§ 1@OsHORN 51910?1‘ IIOUI)Ck”eSS
of about 5 A - such that the conposition of the first ferromagnetically soft
| ayer 5Lloaluﬁ'mgtlnlaees1@mosslé>ﬁz @8l a dencfion of §le¢t)rlcril qndre(161 0Qp 1002 Mhgnetozesantiore
ferrorragntlc 1 I ernatin t hree

| aver o of Segsediaytner irben i dimehbR Sl B s ook 16 PR Vhpefids, The

t hi cknesseledtried)@uirernt 1404 Iﬁﬂlyﬁb&&bplheﬂyﬁ rcuﬁént@tnldaa\Amoamtlﬂ FoG.NEs sno@é thabo ut 5

A, such that the conposition qf t 20 sgcond ferromagnetically soft |ayer
1104 may BY FApY e FSISIANSE St 17(183/ obsergd- (5 A)]x3. [0183] It shoul d be
appreci at gq78) h%n&r@eﬂ&ﬁ TR nt@nedialeCtiital ANEptRURES b9f10§@ 258¢alPdyandsit he

t hi ckness of each layer of Co and Pd may be changed, depending on the

requi ted I@ap,aﬁ%tr‘mf@enﬂedrwmarfm eiott@darcerp i 1908, ofayebe lobesivadnewhere further

ferromagn | | I 110 petjcall 0 | ayer
1102 and ?‘%Im&gae%&én grrpﬁ%cﬁ rllcgl 8 eys%ra @ §IS afmgrr St%r%ge & 325%’ ff\f@iﬁé f)ﬁ
vari ous entosgiloeot $012, hle)ln)awemtermegrfeoﬁémti\vetdevw‘e @&aclddioibnt Be shown in

ferromagn rd I yer 0 the first ferro et| cally soft | ayer
1102 and ?’Eﬁ% @e%sﬂg* %311 3a$lre§t TEYPIAnqeAlT a5 Wt r?élS%ﬂceastrtange of
bet ween aRQpbrokf}fat 1(0]76)9_ Oer sted) to a few thousands Cersted, e.g. a range

of between about 100 Ce to about 10000 Ce, a range of between about 500 Ce
to abbut HKIGY While F1GanYandio Busie that Bsunag@etizayoo ddsctian ofsbeharddaGroe or a

of Che meeieh o ARdt P SRVE T RREA! InoSR0b Shreqi bl ke MR Y 57 07

Cu wi t h aditdetiok mess bofin alhowiward dkeétibnbelbpﬁﬂmgt be vkat rdesng:g raad |applxdayrohar d

| ayer 1106 and the first fe neti.cal l y..soft er. 1102, econd spacer
| ayer 11 1G9BrSTRT/IR URT pYor Bt Rt S0g0 PENE deidhEien Fl Hey B
f err omagngkdds aitey ihad ghwaaY of a ddPwarllAgeqRmONd ferromagnetically soft |ayer

1104, a first I%n filtering layer 1112 of Co with a thickness of about 8 A
in be2Weel1BNFIG 14 shpwp asabamasici csessisgctionpk dipgrpmrof mmesnsitesisivefderise spacer

| ayer 110 i I; s of
about 8 Aglron ﬁ{\%epglaglﬁééﬁfjprlést#ﬁslgggééﬂ%%%&ﬁa(g&%%%gn%%mfo g? lre?)rlrlgtg%gfél cally
har d | ayespid boByizankyerst &gr @ fegi antifértdneagnetgrallpyconpléd lﬁpbrhe Gpinvwpdlhrizer

t hi ckness, of ut .3 Ain between t second spacer. er 1110 t he
Second 1 oVt nag e Ftsond s8R AgreialfHoS R ahRs i e 1R e8| e
GVR- D- PSVactdf¥ng 1 vafipay @hesdithéEnTRe GlhgaétofdsRtivd d&iicean 0D nfyrerigagictic ally
coupl ed i n-pl ane spi n_[pol arizer layer 1122 and the second

ant i f &t r omagaBt elementy The fyslenti W&ﬂ%ﬂéﬂ%ﬂﬁ rFopBled in-Pne | spipcpolarizes laxer o

separ at| omhay8iine Find hirilrd g OARADELLABY InpISRY fpid BilEiact HAR: 9ad D6

GWR-D- PSV 1103 is sep arate from15 the first antlfl romagnet |ca l'y coupl ed
i n-plane ppvidegpab ahatzére svatghing 1cliZ2ntolyy apinhiorqhesgface mayalye redided8farfth€u wi t h
a thickness of ab ut 20. A 1(¥If" | e the second ferromagnetically soft |ayer
1104 of t WESREREELS ’I¥§\96‘_’L‘f6§ s separated fromthe second -

ant i f er r ojpa8MET lheC MdgiietiD ymicﬁdn [ 1r10pl maladespbnglml afapaabrebisiner (GRY Byal a
fourth spacer |ayer 1120 of a thickness of about 20 A 20[0187] .
Each ¥ tPssudq- rlgtl VaIrﬁ(Pe?Sf\Shhlgﬂ%eff Ile SNR-RESN B3 lﬁf?lﬁﬁ%ﬁn?é feggompepeiically zer

| ayer 1128, andyihensefongkathldien RRENSLLGRId V1 108 URLGoINHRIARE HR) N

pol ari zer layer 1124 i1s synthetic antiferromagnetic structure wt

i n-plane anisotropy. The first antiferronagnetically coupled in-plane spin
pol ari zer layer 1122 includes two coupled in-plane spin polarlzer | ayers
1124a, 1124b, with oppositely orientedsmagnetization 25 directions, where
each of the coupled in-plane spin polarizer layers 1124a, 1124b, is a | ayer
of Co with a thickness of about 20 A and is separated by a |layer of Ru 1126
with a thickness of about 8 A Simlarly, the second antiferromagnetically
coupl ed in-plane spin polarizer |ayer 1124 includes two coupl ed in-plane
spin polarizer Iayers 1128a, 1128b mnth opposrtely oriented nmagnetization

Y b1




30spin polarizer layers 1128a, 1128b, is a layer of Co with a thickness of
about 20 A and is separated by a layer of Ru 1130 with a thickness of about
8 A In ovbennvwyms, each of the first antiferronagnetipcalsicgonmuphed

i n-plane spin polarizer layer 1122 and the second antiferromagnetically
coupl ed in-plane spin polarizer |ayer 1124 has a conposition of Co (20 A) /
Ru (8 A / Co (20 A). [0188] For the enbodinent of FIG 11, the first
ferromagnetically soft layer 1102 having 5 a nultilayer stack
configuration of [Co (5 A ./ Pd (5 A],a has a top |layer of Co and a bottom
| ayer of fogrompegetically | sgfer layerscor i &readjuegneiic tlaye rHyfutesc ¢ayer fistg.

whi ch may 'y : i ) i C 11 is
the fi rstfeggfnn éi?llc%lg Fk%lalggl;gfrdz%lf 7 %e%&#ﬁ#%éltﬁﬁggg%g%pﬁ%l%rﬁgf Pd is
adj acent 4marrdngembitrmays pacele a dseediffddBedfetv@en differamtdiesistomce stdtes methond
ferromagnetical ly soft |ayer 1104 havin multilayer. stack.1

con | gur apetrasrs g desieny! Fho. i tehikfachi, b oagpeRYGhr S Sisnahergenor ¢ om
layer of &e firdhRrbRRghaally 8dft Bl $10hRC Rt sebéhd ferobREhdtRalPas®Nayenyer
1120 of Cu while the bottom|ayer of Co is adjacent to the third spin
filteringl104yesy bemwinizedas e frrpmpgnpticallyhardlayerild §f és disposed/inhetwreenay er
1106 havi ti . fid gunati Qraof ( ],c6
nas a ¢ opltr Sdiitbr Y T ShAREAGHD (Bl 1708wk B Brthabucalslh ]
adj acent lagd 1192t el thecenchds fraveraghaigelly $dft Qayet 1C04 whay enchude dbetdatiogn | ayer

of Co is adjac to e.second spin filtering | r 1114 of . [.0189] For
olar ity plvsseiLo ik Il TF derormamefoally b8 s o306 yt el AGmating

cappi g | Ry&E obdik Ulekt! 6T .Cotanld Rk 18V bf Pl QvitinAcit 16t 4107 IRlvAfp!d (AfRn&E 8f not
shown in FIG 11 but neverthel ess are present for the nagnetoresistive

devi ce 1180ut AsAqandeadhllayen o Gothaving 7 ithirkness @fisabont Bodt shshelthagtthode
i ncl udi . 3 hj ' 12
showe a TosfES Rk o iR fefthed bl PN BB 1 BERY BY ket Eentd 1300 B ) 2

1204 for €66 Aplgndhe fiesifstrimaezndacallysobfayeh 1 @nnaylinche atibrnkting lagdrs o he
vol tage 1204 ma ‘applied as l,ta | ses. .shown jn FIG .12, four
Coat oo’ (g 1iY pBCo BBRNEfivES of e P s 1255 1 PR L ISH " ikt At e

usi ng1¢ hes 4parid dack Wyer ef CS%&vin%_lthfEI&hHss 8t @ows 5 Boullethat the@Duposifies obt at es)
1206, 1208, 1210, 1212, are well

. separated and stabl e aggl rr}zagl bg
accessi bl e fist derimagnetisaly veft dayen | 1Q2vmavbe spresenspd aviCa el b Bd (51400: The
four stat %f(g}gﬁ 1 i i Lon of
t he ferro?nlgeg%l%tg ?%af y gg%%éapgy%rﬁ 1%{%%¥ﬁg§§?%§%g%§?§teh%§ngﬂg%ﬁ$ gg?ﬁe&?ayer
i | | ust r atlepers of Co hnd fhoee lagaraoERd, Wit6sach Rye; of PRUIGyint2thickaésd ofigbout hange

dur 10, TSR RTE byl e R4 SR SRS B e

20 - second ferromagnetically soft layer 1104 may be represented as [Pd (5 A) / Co (5 A)lxs.
[0183] It should be appreciated that the number of alternating layers of Co and Pd and the
thickness of each layer of Co and Pd may be changed, depending on the required
parameters, for example coercivity, of each of the ferromagnetically hard layer 1106, the
first ferromagnetically soft layer 1102 and the second ‘ferromagnetically soft layer 1104.

25  [0184] In various embodiments, the respective coercivity of each of the ferromagnetically
hard layer 1106, the first ferromagnetically soft layer 1102 and the second
ferromagnetically soft layer 1104 may be in a range of between about 100 Oe (100
Oersted) to a few thousands Oersted, e.g. a range of between about 100 Oe to about
10000 Oe, a range of between about 500 Oe to about 8000 Oe, a range of between about

30 1000 Oe to about 5000 Oe or a range of between about 2000 Oe to about 4000 Oe.

38



ferromagnetically soft |ayer 1104, corresponding respectively to the bottom
| ayer and the top layer for the four states 1206, 1208, 1210, 1212,

swi t ched Woder/B3p3sspin torque effect. [0191] In additi @T/S&E0KNOMWISI n FI G
12, for the ferromagnetically hard |ayer with a predeterm ned magneti zati on
orientation or direction, it may be possible to maintain the magneti zation
direction of either one of the two ferromagnetically soft |ayers while
changi ng the magneti zation direction of the other ferromagnetically soft.

| ayer. ['0@23%1] Hid BlaElips ¥ R dng L& gxﬂ]@f&?tllbi Iﬁllrtf?e%ii?ﬂﬁd sPAggg on the
negati ve changi ng voltage, the magnetization drrection o e e’[op sof t
| ayer mayspacerdsyend 108 bEGt edthanthickpess af hisdut @D .Aein ipowedni the farpaaigdsticalihi | e t he

magneti zat i dir i on of .the bottom saft er may first be oriented
parar | el S desep Tl iahh o RimharBOyaenPutaly b Therr, HD2n A gHent e ect | on
of the hardol e with. £thidkAésRtof RPN BEtweer\the feBroMabhH@8I1 RirdQbNer €Nt
driven through the magnetic junction) changes, for exanple as the magnitude

of the vollfgtheseeamdgmemagneticaltrgatitlivent 1 &h adirstespin Biterivg leyes 1662 obeiwsof t
layer may,, a El%gl%gg ﬁ?‘%;o%li %'1@% ¥e gerpﬁlle I}ﬂstatﬁ{rbﬁlgg{etﬁlﬁgl@ Softllﬁgreqlﬁ%b alncrl]

addi ti on, base e positive changing voltage e magneti zation
di r ect i ontheffirithspadenpayenfl 108, aysecomdypid fitainglayear i ldatefdCpaithlal thickfiéss @f

poi nti ng down ds) while the magnetizatjon djrection of t ottom sof t:
| ayer rrayadqow T e bsivresn E&ﬁﬁpgcﬁa}am Uoog(?. t.hepftarﬂmﬁtl&gﬁ@ﬁﬁe)leyerel ative
to the mapet irPd i sPin Redking Mayef 11 5ot With 818 Ekdeks 6F abBQ NRI iR BeRFRBAVar ds) .
As the voltage (or current driven through the magnetic junction) changes,

20 fYr ethasgsioad spacenlayerddhP audithe second eromagaeficafly cole laves! 106he il
et e 0480, SLERSFLARY "SRR X IR g USRS 00

to being paralle n a e porari age 1204
changes fantiferreg@netellyoc@pdddt iinnplant hepinmgieizer dayean 1 th2 eati tie eécohdhe t op

soft |ayer | be changed from being anti-parallel (i .e. pointing upwards)
Do bei o i rEnicalS e e b SR n B L1 b o B Fayt
25vol t ageThdfifs asiRmaghRfl) sWhildRr Fl65of hé GRIR-DHPIV I Us3 [sddeBarhfRatfrdnie

magneti zation direction of the ferromagnetically hard | ayer 1106 is
poi nt g tha figst gaiiswamasreticdbt soypled jin-plepe snin pplariggsdavee il Ba%hy a thind spagst

B s
di r ect i onlayer 1104 of the GMR-D-PSV 1103 is separated from the second antiferromagnetically
coupled in-plane spin polarizer layer 1124 by a fourth spacer layer 1120 of Cu with a
thickness of about 20 A. _
20  [0187] Each of the first antiferromagnetically coupled in-plane spin polarizer layer 1122
and the second antiferromagnetically coupled. in-plane spin polarizer layer 1124 is a
synthetic  antiferromagnetic  structure  with in;plane anisotropy. The first
antiferromagnetically coupled in-plane spin polarizer layer 1122 includes two coupled in-
_ plané spin polarizer layers 1124a, 1124b, with oppositely oriented magnetization
25  directions, where each of the coupled in-plane spin polarizer layers 1124a, 1124b, is a
layer of Co With a thickness of about 20 A and is separated by a layer of Ru 1126 with a
thickness of about 8 A. Similarly, the second antiferromagnetically coupled in-plane .spin
polarizer layer 1124 includes two coupled iﬁ-plane spin polarizer layers 1128a, 1128b,
with oppositely oriented magnetization directions, where each of the coupled in-plane -

30  spin polarizer layers 1128a, 1128b, is a layer of Co with a thickness of about 20 A and is
separated by a layer of Ru 1130 with a thickness of about 8 A. In other words, each of the
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30 of the ferromagnetic ally hard | ayer 1106 nay be fixed, either in an
upward or a downward direction. [0196] The magnetoresi stive device of the
enbodi nrenwve 20f1/BYBS. 11 and 12 nmay be used for a four-strarscapiimegios que
MRAM menory (i.e. 2 bits/cell) which nmay doubl e the storage density
conpared to a conventional spin-torque MRAM nenory el enent. [0197] Vari ous
enbodi nents may provide a witing schene for the nagnetoresistive device
(e.g. a magnetic nmenory el enent) of various enbodi nents. Using four

resi stance states for the magnetoresistive device ( a multi-|evel _
MRAM) , asfish astidgrrpmegnstigalhotoupled inaplpem apin tnadarisex éaymg 1%% and gheedeagsdng t he

four 1 es! ShaReSnabaaRy GRS i Wnl i AARHAL HGE 19584Ge ARG REOVEO DY
14 bl bR LG

enpl oyi ng” oné" or € of "curr S|n pul'ses may
appear toCogﬂhAp/R@&&épb@d(ﬂlhp t wo blts may be mmltten usi ng 10 two

hot ' be° colmBlnrhe Bpbabaraa £1615C dho it Bretmbmtiy iubrann DY meBER ot i g
the four pamsiRyes sfa%ﬁlcaﬁﬁgiﬁﬁxo%t&}t[@% CENAL @§A?}xpﬁ£seaﬁ$paﬂa Ser(dd)cd 380a

resi stance state (2 2, resistance state (3 , resistance state (4)
1306) , fobot@nnhgpreq Cb§‘hgtt¢n/bty@re@ﬁ (écelsmimcnlg ta arrnepneti¢ tayjeumg ivdnch mgy
accordin t n d a hard
faver (19745087 g2 BaBRRRE R By o FriRARG T FIUCH |3 B RTRRLTCD
sof t Iayehyﬁ82ﬂ2b$tz wﬁheﬂﬁﬂgﬂﬁhﬂhg&kﬂﬂﬂmea@emmce)mmymhbqﬁcﬂuhwnlhe&el,
irection of t he hard

MRAM For Sstr on r ne at
| ayer 130%tj 49% ﬁ% 5%1?%03‘515 ﬁ%ﬂoalﬁgferﬁ@ QSOé' lﬁéee't Bﬁﬂa‘gnﬁ pEulaYR SBFR ned
di rec{j ongop: %L%@&Lfme st RS 6b gslsz@],émtaet gyﬁyel%@@d aﬁ@%rb%ttbﬁqapawmd zation

directions of the hard ayer he bottom soft er 1310 and the top
sof t | ayeFhe@piayarof Rdi igndincen tethefourth spaser Hivere£12009f, Ci ithils thbottasme st

resi stanc th cq.: St ree e tion
directionﬁgymgae bot%%%%g%ﬁ% a&gﬁ %%ﬁ&ﬁéﬁgéqggﬂtgg% Igﬁggﬁﬁéfégare

al i gned afehbmpgmailchldy hetrd liyee 1 MEQhetingzamuliilaytr stack bmfﬁgnf’atltohe)f tibd @B Rayer

1308, sho i stance. As an.ex | e and tatlons
the hard CaybAIians Sl SROUPE BT 9&?@%%@%%?%&? Sch that
t hei rjant jo-akaloh8ls &ieau@%r 011001 O RFBINE (RRKoRObAVIagE oF Y BhafjadefSloSsthe@nce

t han when the hard Fa er 1308 and the bottom soft |ayer 1316 are aligned

ant i - par afecend pin ﬁlterrml-llaﬂfrl\VPL‘)O @ecordingly, the resistance state (2) 1302
maanet | zo0 o ety hstay ofR iR Rl ¥ Bty IEDERLAN, Alablfe o
| ayer 131Bym1mnmaméousmedbndﬂnemﬂs;b@nmneknumtumEpun@hOWmomﬂﬁGgé1dhtthe
exi sting rﬁe%%tl'tﬁélgsgca?e %%e%gn for {he grgpo?és?sl:ti%gid%\tlljcg 9 161(?\/1&5 gn example and not
20 - limitations, a bottom electrode including laminated Cu and Ta bilayers may be provided.
[0190] FIG. 12 shows a plot 1200 illustrating resistance 1202 as a function of voltage
1204 for the magnetoresistive device of the embodiment of FIG. 11. The voltage 1204
may be applied as voltage pulses. As shown in FIG. 12, four states (e.g. as represented by
1206, 1208, 1210, 1212) may be achieved using the spin torque effect. The four states
25  (e.g. resistance states) 1206, 1208, 1210, 1212, are well separated and stable, and may be
accessible as shown from the major and minor loops of the plot 1200. The four states
1206, 1208, 1210, 1212, are'achievéd as the magnetization of the ferromagnetically hard
layer 1106, corresponding to the middle layer illustrated for the four states 1206, 1208,
1210, 1212, did not change during the measurement for FIG. 12, and only. the
30 magnetizations of the first ferromagnetically soft layer 1102 and the second

ferromagnetically soft layer ‘1'104, corresponding respectively to the bottom layer and the

40



(e.g. a magnetic nenory elenent), it may be necessary to achi eve or provide
the resistance state (1) 1300, the resistance state (2) 1302, the

resi st anowoar,B938) 1304 and the resistance state (4) P8¥8G2011f00R09] FlI G
14 shows a schematic diagramillustrating a witing scheme 1400 for 5
achieving resistance state (1) 1300 of the enmbodinent of FIG 13. A current
pul se of a suitable magnitude nmay be applied to achieve resistance state
(1) 1300. [0201] The dotted lines 1402a, 1402b, show the threshold current
ith and - tdphlayesfoeché Yairystatése Y206 1208,c1210he2 Iy gmdtchahtindem the rspiat foague of t he
bottom sof Iayer 1310 and the top soft layer 1312 may be switched.or
reversed, e the magneti zation direction of the hard 10 |ayer 1308 nay
not' be rey(ﬁpspﬂl additiétt, NRrshRhda, Ficha ot se@babdombgnaplIs hdrd 14A02maRd -1th
1402b are |l ess than the current |evei or magni t ude needed to Teverse the
magnet i zapiedﬁemm@rbmagmﬁt@athm@lwwn|oa>derpctmos mayuie pgssibirptoamaintam thise
curren e ey | Z e _botitom s | ayer
1310 ahd PREMSBEREEHrRishe iy ohF SFAARTHoZRHoRRe Bkt DR AT 3Bk, o

that the chang@githaweaghedzition dirttiahomie dther fengmegnenaatllmftdayeect ion of 15
the botto fi la 310 ma b Iess han any on of the threshold
currents mlﬁgllltd@?&%iéd "I‘St‘H‘ ]mtAgo%qhB%ei R the ggatve changingg| ¢
current pubiage 1&@%&%&&@10@%@&&1&1&: oPqh&@kdg Yot layRr rhdy € bRESAtCanti-
direction) and havi ng a suitable magni tude exceeding the threshol d current
- Ith 140thralrlﬁi>@ H@ombipk upwands) whilgyhe mimenetizgtion dirention of merlmttpnm@t layert he
botto | ay.e er 312 ti IIeI to the
magnet i {nta% fﬁyllgeegﬁ?%%tg%gf ﬁ%ld(e% mh%?%ﬁg&’ﬁ‘f%gé rflnwg’rt Z{rﬁetn& {ration

resi st ancélrednah of (He hdr3 Qfyer Tie pounmgniowpuJaﬁﬂ) Mﬁﬁaermjnagww oarrpmtl d?rﬁ/ewl dth

dependi ng h de5| n of th net e5|s evi ce an NRAM
structure)hr%lﬁ?ﬁi‘/ F %‘bﬂ*“i"ﬁ 8esy g‘eﬂﬂ?g&“émaﬁ af Hh%f"’lﬁ’é?ween
about 0. 2d&geak&, 3ROUha tlﬂailohoﬂlr&ﬁﬁhl Giattlhé)%ttblﬂ Bt ieRR ful;e 2fared

about 5 GHz. 25[0203] FIG 15 shows a schenmatic di agram il ustratl ng a

writing séqfféfﬁéﬂ Boobaing andickArdlel.ng resi stance state (2) 1302 of the

enbodi gre Nio Ell aqmtx]o b ;ggﬁ)or? He SO %gﬁlth;othfes %%A#l%xé/ai@ﬁg r& on of .

magni ude o achieve: res ance
descripti thnstop esoét iamg tay tfhret bdoeedted gailelr Gret pointing LbBDsvadsil wH11ehthé402b of

!:: tG h i‘gorzm rZelé%n%t%:o?qir Qli}gelcgon op?hel lg:oatlttc))lme ngo latygre mta}r/] rf'?stm%l (9r1e(1:1ltJeI;1r 'ﬁl?lt-garzlll e? (i.e 1502a and
pointing upwards), relative to the magnetization direction of the hard layer (i.e. pointing
downwards). As the voltage (or current driven through the magnetic junction) changes,

20  for example as the magnitude of the voltage increases, the magnetization direction of the
bottom soft layer may be changed accordingly to being parallel.
[0194] In addition, as the polarity of the voltage 1204 changes from negative to positive,
the magnetization direction of the top soft layer may be changed from being anti-parallel
(i.e. pointing upwards) to being parallel (i.e. pointing downwards) as the magnitude of the
~ 25  voltage increases. | »
[0195] While FIGS. 11 and 12 illustrate that the magnetization direction of the
ferromagnétically hard layer 1106 is pointing in a downward direction, it should be
appreciated that the magnetization direction may be in an upward, direction, depending
on user, desigﬁ and application requirements. In other words, the magnetization direction ‘
30 of the ferrdmagnetically hard layer 1106 may be fixed, either in an upward or a

downward direction.
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30[ 0204] For the witing scheme 1500, a current pulse 1504 wth a positive
polarity (i.e. in the positive direction, and in the opposite direction to
t he currewd 2pu/3235404 of FIG 14 for achieving resistaoescatatoeoigdi) 1300)
and having a suitable magnitude exceeding the threshold current Ith 1502a
may be applied to first align the nmagnetization directions of the bottom
soft layer 1310 and the top soft l|layer 1312 parallel to the magnetization
direction of the hard |l ayer 1308. The magni tude of the current pul se 1504
does not: L i fec: : 8.4l -
Subsequenl Ty ZaSHRBIRLE R Reky Qo Spbarpl D Mo B beveed 1
t he negat forea fouretité spinatodjve nMRAM opgrosiyt @.edRrigittdein whicht tmay odoublenthepul se
1504) and havi sui.t abl e magni t ude, whjch smal ler or |ess than
the. 1 hr osHBrEe BehisteRtmb e BB etofagt sitlogghe UK AR v el © |

magnet i zajg10m Jafi@st bfboddhedth endyoprosideta MaXRE stBdme 6 BRI Megnkresistive
anti-parallel to the nmagnetization direction of the hard |ayer 1308, in
order Yo @RVMiGed@E. pavigaetimmemsryglement) ofj Guipus pbedipents hdsiag fousaesipaics es

1504, 150 Ul ' endi..n des] of 1
nagnetore%Fggﬁ%égﬁégﬁgﬁﬂfé§§@W%gﬁ€ﬁ%§ﬁkﬁgﬁggﬂ§e§ aﬁgigflfﬂg'gﬁégﬁgg¥ions,

f or exanplimitatigng| $weo Witdt hayfbe bxtdrad eningbthat foOr 2esissance sedvesyitwhzfe s fonr
applications in between aboyt 2 ‘}#t Ho.about 5 CGHz. 15[ 0206] FI 16 shows
a schemat FESHPER PR PAYL ?cjwﬁﬁ Y SIPRIPYIRG OLE 19L 1EC 1oHRET OF S BYisRy
resi st ancwhle akifg tWd pBEmSf apphsy 16 TERME tRRpedd theltéo bkSmay BB wiiHeh @fihg PUl S€S
of respectively suitable magni tude na befﬁgpfled to achi eve resistance

st at e1q 3) tWmespaltagyios cyEsrrnybics g hergeainp speaddeigh e wriing spegdr mey et e t h
1402a a”dc&%é&hﬁk%ﬁzb of FIG 14 may simlarly be applicable to the
threshold currents ith 1602a and -1th 1602b respectively. 20 [0207] For the
writing sinesieFI{sd0,shaws aisclentatip diageand 80¥tratirightha fove gpatsible rgsiitamce stgte§i . . i n

t he negatjve di.rection nd,jn the opposite.direction to the rrent pul se
104" of He& fpabEeie Shie QU gD, serublR ol faf 0555) MRt st A AEE
sui t abl e reBgAhéd S@teerds EB06)) ot Bembdhietsbintife Qelice Havinkl D nkBRAR [RYtkE -
applied to first align the magnetization directions of the bottom soft

| ayer 1331¢8rcaring Revarigps eapadimense Theanagngtin jungsigndpeludestachard bayphdBP8 at i on
25  di r echiyOne@Meliien AhskidrR%EH 13308 s,)THA OMBEN & f urfigntppul se
1604 doeslﬁggehaSe ansmﬁtching e%%%gtoon t he harﬂpﬁggé?%ﬁggé.t?%ZgB?
Subsequenmhgnetaposthver deyiner may beud swuld-6661 WIRAMa Fwsillustratiopghapases; the. e. i n
the positjve n.th direction .to the current pul se

60a)  anaRghtg AR R L RRO0k i e R ap R af G E0en P
t he t hr esidhéprdetegiined difeciiof2a, 30 may be applied to switch the
mag ne'% Z. afﬂilggl "Idliler r%(s:itstiar?czr!é s(t)a]:te u}el 3%)8,%}1%?2 ;[he lrr?a)égétiz]égg}% ditré)ctiggsi, Qfgthe hard layer
1308, the bottom soft layer 1310 and the top soft layer 1312 are aligned parallel in one
direction, shows the lowest resistance, while the resistance state (.1) 1300, where the
magnetization direction of the bottom soft layer 1310 and the top soft layer 1312 are
“aligned anti-parallel to the magnetization direction of the hard layer 1308, shows the
25  highest resistance. As an example and not limitations, the hard layer 1308 and the top soft
layer 13 12 rhéy be configured such that their anti-paralle]l states or alignment may
provide a higher resistance than when the hard layer 1308 and the bottom soft layer 1310
are aligned anti-parallel (i.e. MRy > MRy). Aécordingly, the resistance state (2) 1302 and
the resistance state (3) 1304 may be provided, depending on the magnetization direétibn _
30 of the bottom soft layer 1310 and the top soft layer 1312. In various embodiments, even

without prior knowledge of the existing resistance states of a magnetoresistive device
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parallel to the nmagnetization direction of the hard |layer 1308, in order to
achi eve resistance state (3) 1304. Each of the current pulses 1604, 1606,
may have wopuiisBewssdt h dependi ng on the desi gn of the megmsiGair®ISLs Ve
device (e.g. an MRAM structure) and/or the applications, for exanple a

pul se wi dth of between about 0.2 ns to about 50 ns for applications in

bet ween about 20 MHz to about 5 GHz. [0209] FIG 17 shows a schematic
diagramillustrating a witing schenme 1700 for achieving resistance state
(4) 1306 of the enmbodinent of FIG 13. A current pulse of a suitable

magni t ude(egaya iseagaphy imemory elarkindlydt mayi be awesssasy de eachigye 1Oprovitkethe

descr i pt1 ARGRE] 8149 1800 B8 SOLERAOL. P 10" B EludB3RaDg plgd 4020 of

FIG 14 may si m i'ca curren | 02a and
-Ith 1702b1erres$smmblsnae|(y) 131(16[ 0210] As shown in FIG 17, a single current

pul se 1704 wit o‘s'tive larity. in the posltlve direction) and
having a Lq}m’laﬁfg ﬂh hoWe gt @é%fd.df?@r%nhéllwasgﬁcﬂ e sheme 1097852 may

be appy i egriqid) iegl@taﬁ&est%%‘ﬁ?,@a&ﬂ 08 b @flchOHSFRE. 18hA QRtdnPphisobt al ayer

1310 and the top soft layer 1312 parallel to the magnetization-directions
of the hamutablay@agnm@amayhe anpdied to ashieypresistancegite(bnid@0st ate (4) 1306. The
current p 0 a 15 pendi the desi gn of the
magnetoregbﬁiJ ve c/llet{rlg )(gléles( ie/‘ﬁ)za %bﬁlﬁk ]\[{Mruceisﬂc(r’jlg)cugﬁlg? g Sp‘ftwe i ons,
for exanpbeoad m;hcﬁﬂhmndgiﬂetaﬁud)edlmeansadfohﬁ béitotn Bt Iagwexamwtana%emép fsoft .
applications jn_between about 20 MHz to. about 5 GHz, shoul d be
appr eci at ket hHE MeY Pe swHehegrorgeredr ™ ?ﬂi}ﬁﬂné%%e“é?témeﬁ?ffﬂcfig?’é(?%ﬂ&ﬁ' harg, e
witing SEDETEHSIAROn0t e FBverdt@O0fh othdiOfordS, 8RP AR EShYRI aﬁn%ts rl, %ozaléhd A 16,

17, 20 alternativel’y, one or nore voltage pul ses nmay be enpl oyed
Accor di ngl402btare lago thancthe pwreent deushar magmiuds negdrd to5evers; the Tnaghetizatine

[ eSPeCLi VELGLE Sl WEERDA! 93 JhB oA b B TS ARl RS L sl O

Vt h and respec I've tron, vari
provi de am‘agnettnzmg)ns@ihﬁermoftmﬁ sbftdayendA&d and giestop seft deycer (1611 dngxddmoﬁ;agnet ic

menory el ene of vario nbodi nment s ere for exanple,. coding

t echni quegh HW%@%@&C(’HEM hFyiTerbgered wr.swman%ﬁ»emﬂlgn iop dispionole state
(2) 1302 @mRadhokesl ARG 131 8hfiy(5?) 1ed3Bdn adhbsse 6%&%&01&1&1%@1 ngyospeed and
al so mnimzes the requirenents to achieve nmulti-level or the associated

errors. F@?d‘tldml%m\brl ting schene, a resistance state may be read first, so
e Ehe [RABEN 5B SRTAL SRSl ML MOFS I IR BERBRATTL A
directi onth@emganvpcdhractldny)mdrhgm@a appbleedagmudcem&hng)the threshold current -

I, 1402b may be applied to align the magnetization directions of the bottom soft layer

20 1310 and the top soft layer 1312 antiQparallel to the magnetization directions of the hard
layer 1308, in order to achieve resistance state (1) 1300. The current pulse 1404 may have
a pulse width depending on the design of the magnetoresistive device (e.g. an MRAM
structure) and/or the applications, for example a pulse width of between about 0.2 ns to
-about 50 ns for applications in between about 20 MHz to about 5 GHz.

25  [0203] FIG. 15 shows a schematic diagram illustrating a writing scheme 1500 for
achieving resistance state (2) 1302 of the embodiment of FIG. 13. Two current pulses of
respectively suitable magnitude may be applied to achieve resistance state (2) 1302. The
descriptions relating to the threshold currents Iy, 14022 and -Iy, 1402b of FIG. 14 may
similarly be applicable to the threshold currents Iy, 1502a and -Iy 1502b respectively. |

30  [0204] For the writing scheme 1500, a current pulse 1504 with a positive pblarity (i.e. in
the positive direction, and in the opposite direction to the current pulse 1404 of FIG. 14
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switch the magnetization orientation of either one of the two soft

to reach

parti cul aWDRoHEGM3Sand descri bed with reference to specPCrSGaniddITEnt s,
shoul d be understood by those skilled in the art that various changes in
detail may be nade therein without departing fromthe spirit and

f orm and

| ayers

the desired resistance state. [0213] Wiile the invention has been

it

scope of the invention as defined by the appended clains. The scope of the

invention is thus indicated by the appended clains and al!

cone W t hfop athievifigaedifighcaehtd ANAB00Y arRibiviRd 8REYabM naBfinfdeaix88edEthe
therefore intended to be enbraced. List of reference nunbers for FIGS. 2A
to 2C, 3Ahrehald cumentsly 13928 maya appligkto fimt pbe thegpagngtizoion directiomsxd, 300,

310, 320,
640, 700,

| ayer ;tr

10

15

20

25

30

0 t | stid ve dew ' 0) 630,

o 30uoBEBRPASI e b e 655 S Siflos Ay

14aFi r st dinstibabbihe bdtldeparid08. (e nsgaitu@Oahoeureent pyles 1 5Mrdoes notcha Seed

uct ur e %ﬂa 24Db %ﬁc, %iﬁ; 25b, 25c, 26, 27a, Magnetic junction
ing effect on the hard layer . : _

SWitc
[0205] Subsequently, another current pulse.1506 with a negative polarify (i.e. in the
negative direction and in the opposite direction to the current pulse 1504) and having a
suitable magnitude, which may be smaller or less than the threshold current -Iy 1502b,
may be applied to switch the magnetization direction of the top soft layer 1312 fo being
anti-parallel to the magnetization direction of the hard layer 1308, in order to achieve
resistance state (2) 1302. Each of the current pulses 1504, 1506, may have a pulse width
depending on the design of the magnetoresistive device (e.g. an MRAM structure) and/or
the applications, for example a pulse width of between about 0.2 ns to about 50 ns for
applications in between about 20 MHz to about 5 GHz. ‘

[0206] FIG. 16 shows a schematic diagram illustrating a writing scheme 1600 for
achieving resistance state (3) 1304 of the embodiment of FIG. 13. Two current pulses of
respectively suitable magnitude méy be applied to achieve resistance state (3) 1304. The
descriptions relating to the thfeshold currents Iy, 1402a and -Iy 1402b of FIG. 14 may
similarly be applicable to the threshold currents Iy, 1602a and -Is, 1602b respectively.
[0207] For the writing scheme 1600, a current pulse 1604 with a negative polarity (i.e. in
the negative direction, and in the opposite direction to the current pulse 1504 of FIG. 15
for achieving resistance state (2) 1302) and having a suitable magnitude exceeding the
threshold current -Iy, 1602b may be applied‘to first align the magnetization directions of
the bottom soft layer 1310 and the top soft layer 1312 anti-parallel to the magnetization
direction of the hard layer 1308. The magnitude of the current pulse 1604 does not have a
switching effécf on the hard layer 1308.

[0208] SuEsequently, another current pulse 1606 with a positive polarity (i.e. in the

positive direction and in the opposite direction to the current pulse 1604) and having a

suitable magnitude, which may be smaller or less than the threshold current Iy, 1602a,

may be applied to switch the magnetization direction of the top soft layer 1312 to being

parallel to the magnetization direction of the hard layer 1308, in order to achieve
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27b, 27c, 28a, 28b, 28c, 28d, 28e, 29a, 29b, 29c, 29d, 29e, 801 30,
802First soft layer (First free magnetic |ayer structure) 32, 804Second
soft | ayewo(baeopmssf ree magnetic | ayer structure) 33Thi rdrschotijoayies (Third
free magnetic |l ayer structure) 34, 806Hard |ayer, First hard | ayer (Fixed
magnetic | ayer structure, First fixed magnetic |ayer structure) 36Second
hard | ayer (Second fixed magnetic |ayer structure) 40, 808First spacer
| ayer 42, 810Second spacer |.ayer :

- resistance state (3) 1304. Each of the current pulses 1604, 1606, may have a pulse width

depending on the design of the magnetoresistive device (e.g. an MRAM structure) and/or
thé applications, for example a pulse width of between about 0..2 ns to about 50 n.s for
~ applications in between about 20 MHz to about 5 GHz. ' _

5 [0209]. FIG. 17 shows a schematic diagrarﬁ illustrating a writing’ s;:heme 1700 for

| achieving resistance state (4) 1306 of the embodiment of FIG. 13. A current pulse of a
suitable magnitude may be applied to achieve resistance state (4) 1306. The descriptions
relating tb the threshold currents Iy 1402a and -Iy 1402b of FIG. 14 may similarly be
applicable to the threshold currents Iy, i702a and -Iy, 1702b respectively. |

10 [0210] As shown in FIG. 17, a single current pulse 1704 with a positive polarity (i.e. in
the positive direction) and having a suitable magnitude exceeding the threshold current Iy
1702a may be applied to align the magnetization directions of the bottom soft layer 1310
and the top soft layer 1312 parallel to the magnetization directions of the hard layer 1308,
in order to achieve resistance state (4) 1306. The current pulse 1704 may have a pulse

15  width depending on the design of the magnetoresistive device (e.g. an MRAM structure)
and/or the applications, for example a pulse width of between about 0.2 ns to about 50 ns
for applications in between about 20 MHz to about 5 GHz.
[0211] It should be appreciated that while one or two current pulses are employed for the
writing schemes 1400, 1500, 1600, 1700, respectively of FIGS. 14, 15, 16, 17,

20  alternatively, one or more voltage pulses may be employed. Accordingly, the dotted lines
shown in FIGS. 14, 15, 16, 17, for the respective current thresholds Iy, and -Ig, may refer
to voltage thresholds Vg, and -Vy, respectively. '
[0212] In addition, various embodiments may provide a writing scheme for the
magnetoresistive device (e.g. a magnetic memory element) of various embodiments,

25  where for exa'mple,. coding techniques may be used to minimize the writing currents of
resistance state ‘(2) 1302 and resistance state (3) 1304. This improves the writing speed
and also minimizes the requirements to achieve multi-level or the associated errors. For
this writing scheme, a resistance state may be read first, so that the magnetization
configuration or orientation may be recognized. Then, a current pulse or a voltage pulée

30  with an adjustable amplitude and direction (e.g. polarity) may be applied to reverse or
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44Third spacer |ayer 46Fourth spacer |ayer 50First tunnel barrier 52Second
tunnel barrier WD 2011/139235PCT/ SG2011/000175 54Third tunnel barrier
56Fourt h wononal3bssri er 60, 812First spin filtering | ayecTt82208hdEssond

spin filtering layer 64, 816Third spin filtering | ayer 66Fourth spin
filtering layer 70l n-plane spin polarizer |ayer, First in-plane spin
pol ari zer | ayer
- switch the magnétization orientation of -either one of the two soft layers to reach the
des_ired resistance state. . ‘ ' | '
[0213] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those. skilled in the art that various
5  changes in fonﬁ and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appénded claims. The scope of the invention is

thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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72Second in-plane spin polarizer layer CLAIMS 1. A magnetoresistive
devi ce having a magnetic junction, the magnetic junction conprising: b5at
| east onewbixadizpmgnetic | ayer structure having a fi xedpoagoebiiaasiron

orientation; and at least two free magnetic |ayer structures, each of
the at least two free magnetic |ayer structures having a variable
magneti zation orientation; wherein the at | east one fixed magnetic

| ayer structure overlaps with the at |east 10two free magnetic |ayer.
Struct ur epjsp UEReféreaée Murhbiérs Fox Ff(l;S)WA ® 20933l ol 3, UD5RUERCL ] tHBENTA it6
junction; and wherein the at | east one fixed nagneflc ayer structure
and the aIEPBd§t two free magnetic layer structures are respectively

confi gur tanh ixgd tiz t n and the variable
nagnetlzdgxgﬁﬁgT%%%?g?i§%f§é§ gﬁ?%ﬁ? ﬁébﬁﬂagﬁhggd%hC915 substantially -
perpend|cﬁuhﬁznoaﬂ)mﬂ&néunembnédLUQOan interface between the at | east one
fixedvnag? gg s& i s% ucture and either one of the at least two free
magneti c 0, 40y 2. The magnetoresistive device of claim1,

wher ei n egph of the at least two free dagnati ¢ | ayer structures is
configured such that the variable nagnetization orientation of each of the
at |east 12w free magnetic |ayer st r uctBettom ¢lgetiasle rel ative to the current

applied through the magnetic junction. pooocior

14b Second insulator
20 ' Capping layer structure
22 ' Seed layer structure

24a, 24b, 24c, 25a, 25b, 25¢c, 26, 27a, Magnetic junction
27b, 27c, 28a, 28b, 28c, 28d, 28, 29a,
29b, 29¢, 29d, 29e, 801
30, 802 : First soft layer
| (First free magnetic layer structure)
32, 804 : Second soft layer |
(Second free magnetic layer structuré)
33 Third soft layer
‘ | (Third free magnetic layer structure)
34,806 Hard layer, First hard layer
(Fixed magnetic layer structure, First fixed

magnetic layer structure)

36 | . Second hard layer
| » (Second fixed magnetic layer structure)
40, 808 - First spacer layer
42, 810 | . Second spacer layer
44 o ' Third spacer layer
46 _ : Fourth spacer layer
50 First tunnel barrier

52 : - Second tunnel barrier
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3. The magnetoresistive device of claim1 or 2, wherein the variable
magneti zation 25orientation conprises a parallel magnetization orientation
or an antweparaishss nagneti zation orientation relative torisiieofiioseds
magneti zati on orientation. 4. The magnet oresi stive device of any one of
claims 1 to 3, wherein the at |east one fixed magnetic |ayer structure is
di sposed between the at least two free magnetic |ayer 30structures. WO
2011/ 139235PCT/ SG2011/ 000175 5. The magnet oresi stive device of any one of
cl ai ms l% 3, wherein the at |east one_f.ixed netic layer structure is
di sposed ‘ger the at |east two free magndt tLmW‘e‘g;il?g‘i‘“‘3§tructures. 6. The
magnet or egg sti ve devi ce of any one of CrkRithBudnel Parder Wherein the at | east
one fixed magneti c layer structure is disposed below the at |east two free

magnetic $&pé? structures. 7. The magnérsoersifideiinglagevi ce of any one of
claims 1 further conprising at 1 n%[dw, yer structure,
wherein t 2éggﬁgneti Cc junction is di spogéeegg%%/%)%ﬁﬁgﬁ 2 _égast one seed | ayer
structureé4, 816 . Third spin filtering layer

66 | Fourth spin filtering layer

70 _ In-plane spin polarizer layer,

First in-plane spin polarizer layer

72 Second in-plane spin polarizer layer
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8. The mmgnetoresistive device of claim7, wherein the at | east one seed

| ayer structure conprises a material selected froma group consisting of

t ant al umwpabiadbissn 15copper, ruthenium gold, platinurcTsichyarnoi7s

ni ckel -chrom um nickel -iron-chrom um and any conbi nati ons thereof. 9.
The magnetoresistive device of any one of clainms 1 to 8, further conprising
at | east one capping layer structure, wherein the at | east one cappi ng

| ayer structure is 20 di sposed over the nmagnetic junction. 10. The
nagnetorgé% ' device of claim9, wherein the at | east one capping | ayer
structure Ises a single layer or nultiple layers. 2511. The

magnet oresi stive device of c/ajm9 or 10, wherein the_ at |east one capping
| ayer conbri sed Bagnstosssistive ¢fevige aniBEimaghetss Jupatieh  the dnagactc fwKtiPR om a
group of mRLeLi@l s consisting of tantalum palladium copper, ruthenium
gold, platinum "and an alloy including at |l east. one of tantalum palladium
coppers, rut herdtulepstgohel, fixpd plagedticutayeBGhRctlitee havigpet ofiesli sndguetiziton ce of
any one of.ck i 1B to 11, further conprising an insulator |ayer configured
to surrou%?“ﬁ%“naé‘ neti¢ junction. WD 2011/139235PCT/ SG2011/-000175

at least two free magnetic layer structures, each of the at least two free magnetic
layer structures having a variable magnetization orientation;
wherein the at least one fixed magnetic layer structure overlaps wifh the at least
10 two free magnetic layer structures such that a current flow is possible through the
magnetic junction; and
wherein the at least one fixed magnetic layer structure and the at least two free
magnetic layer structures are respectively configured such that the fixed magnetization
orientation and -the variable magnetization orientation are oriented in a direction
15  substantially perpendicular to a plane defined by an interface between the at‘ least one
fixed magnetic layer structure and either one of the at least two free magnetic layer

structures.

2. The magnetoresistive device of claim 1, wherein each of the at least two free
20  magnetic layer structures is configured such that the variable magnetization orientation of
each of the at least two free magnetic layer structures varies relative to the current\abplied

through the magnetic junction.

3. - The magnetoresistive device of claim 1 or 2, wherein the variable magnetization
25 orientation comprises a parallel magnetization orientation or an anti-parallel

magnetization orientation relative to the fixed magnetization orientation.
4. The magnetoresistive device of any one of claims 1 to 3, wherein the at least one

fixed magnetic layer structure is disposed between the at least two free magnetic layer

30 structures.
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13. The magnetoresi stive device of claim12, wherein the insulating |ayer
conprises a material selected froma group consisting of alumna, silicon
oxi de, siwoeonymbissi de, magnesi um oxi de, and titani um orcEsG2611/086175 The
magnet or esi stive device of any one of clains 1 to 13, further conprising a
first electrode disposed at one side of the magnetic junction. 15. The
magnet oresi stive device of claim 14, wherein the first el ectrode conprises
a 10conductive material. 16. The nagnetoresistive device of claim 14 ar.
15, wherefn th“éhefm%gtetwse%wéa@c‘mm apef glaims &1tp 3| wherein thegbleasionen of .

materi al sffe%l x?lggrfe lgigép B! E)s pg@h a(f\)epltl’?e G0 FE% dtsng gliegfngé)%gg 1 er

al um nium tant trogen, an "oy 1 n

15copper., stactndsni um tant al um or nitrogen. 17. The rragnetore5| stlve
device of any one of claims 14 to 16, further conprising a second el ectrode
di sposed at an opposite side of the magnetic junction. 2018. The

magnetsor egi st i MR HesHetResttive a¥iBe dfanyV i@ Richihde 16 gc@ﬁ&eﬁl BE b RER oRONPr i ses
a conductive material.
fixed magnetic layer structure is disposed below the at least two free magnetic layer

structures.

7. The magnetoresistive device of any one of claims 1 to 6, further comprising at
10  least one seed layer structure, wherein the magnetic junction is disposed over the at least

one seed layer structure.

8. The magnetoresistive device of claim 7, wherein the at least one seed layer
structure comprises a material selected from a group consisting of tantalum, palladium,
15  copper, ruthenium, gold, platinum, silver, nickel-chromium, nickel-iron-chromium, and

any combinations thereof.

9. The magnetoresistive device of any one of claims 1 to 8, further comprising at
least one capping layer structure, wherein the at least one capping layer structure is

20  disposed over the magnetic junction.

10.  The magnetoresistive device of claim 9, wherein the at least one capping layer

structure comprises a single layer or multiple layers.

25 11. The magnetoresistive device of claim 9 or 10, wherein the at least one capping
layer comprises a material or a combination of materials selected from a group of
materials consisting of tantalum, palladium, copper, ruthenium, gold, platinum, and an

alloy including at least one of tantalum, palladium, copper, ruthenium, gold, or platinum.

30 12.  The magnetoresistive device of any one of claims 1 to 11, further comprising an

insulator layer configured to surround the magnetic junction.
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19. The magnetoresistive device of claim17 or 18, wherein the second

el ectrode conprises a material or a conbination of materials selected from
a group olomaiensdmsss 25consi sting of copper, alum ni um ptasGabumonst rogen
and an alloy including at |east one of copper, alumnium tantalum or
nitrogen. 20. The magnetoresistive device of any one of clains 17 to 19,
wherein the first electrode and the second el ectrode conprise a sane or a
different material. 30 WO 2011/ 139235PCT/ S&G2011/000175 21. The
magnet or esi stive device of any one of clains 1 to 20, wherein the nagnetic
junction further conprises at |east one first separation |ayer disposed
bet ween thd at Thesnagneigesistivg devipaefrdainel 2, siperein the yesulatiag daver egmpréses ane of

the at le : efic | . St ures. b 22 ..The,. -
agnet or caretny eriet BEREACkpy By fting bHEMMERE sifton Bxad"Glicon, pinige.
separ at i omagreegem codg and eenmmmeide.i al sel ected froma group of materials
consisting of a conductive and non-nmagnetic material, a non-conductive and
non4nﬁbnetic material, and an insulator material. 10 23. The

magnet or efd. st i Tige gheyrctsteitivel RIEE 2 anyRE OF Blathe 135 1BEAFheP PEMPridisg a
separation |ayer conprises a nmaterial selected froma group of materials
consi st i niirsbeledtmde disposed gherd uds ohtheimagegtigoanstioarnd titani um oxi de. 1524. The
magnet or esi stive device of any one of clains 21 to 23, wherein the magnetic

15.  The magnetoresistive device of claim 14, wherein the first electrode coniprises a

10  conductive material.

16. The magnetoresistive device of claim 14 or 15, wherein the first electrode
comprises a material or a combination of materials selected from a group of materials
consisting of copper, aluminjum, tantalum, nitrogen, and an alloy including at least one of

15  copper, aluminium, tantalum, or nitrogen.

17.  The magnetoresistive device of any one of claims 14 to 16, further comprising a

second electrode disposed at an opposite side of the magnetic junction.

20 18.  The magnetoresistive device of claim 17, wherein the second electrode comprises

a conductive material.

19.  The magnetoresistive device of claim 17 or 18, wherein the second electrode
comprises a material or a combination of materials selected from a group of materials
25  consisting of copper, aluminium, tantalum, nitrogen, and an alloy including at least one of

copper, aluminium, tantalum, or nitrogen.
20.  The magnetoresistive device of any one of claims 17 to 19, wherein the first

electrode and the second electrode comprise a same or a different material.

30
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junction further conprises at |east one first spin filtering | ayer disposed
between the at | east one fixed nagnetic |ayer structure and the at | east
one firstweeparabizen | ayer. 25. The magnetoresi stive deg¢irse20fi/o0é@asm 24,
wherein the at |east one first spin 20filtering |ayer conprises a nmateri al
selected froma group of materials consisting of cobalt, iron, and all oys
containing at |east one of cobalt or iron. 26. The nagnetoresistive device
of any one of clains 21 to 25, wherein the magnetic junction further .
conprises_at |east one second spin_ filteripng | ayer di sposed between either
250ne of the afhd BABCWRRRSTEAY ghary eng a@%mﬂ tRet s rveheredm dhe MASNEIC| east
one fir st SeRaH Akth&ton¥REs at leastdne PRI BYEMisfosdPLAFYrChe A lekdral M 26,
wherein the at | east one second spin filtering layer conprises a materi al
sel ect ed éneofixesd magngpic dfyensirusitiraland eithes iogt iofi theadt 188t bivafres miagmatic layed al | oys
containingn% r&gast one of cobalt or iron. WO 2011/139235PCT/ S&2011/000175
28. The nagnet or esi stive device of any one of clainms 21 to 27, wherein the
magnets ¢ junction further conprises at |east one second separation |ayer

di sposed Eftmeen each of the at_Ie?st_tmo free magnetic Agger structures.

The magnetoresistive device of claim 21, wherein the at least o rst separation
layer comprises a material selected from a group of materials consisting of a conductive

and non-magnetic material, a non-conductive and non-magnetic material, and an insulator

material.

10
23.  The magnetoresistive device of claim 21, wherein the at least one first separation
layer comprises a material selected from a group of materials consisting of copper,
magnesium oxide, alumina and titanium oxide.

15 24 The magnetoresistive device‘of any one of claims 21 to 23, wherein the magnetic

junction further comprises at least one first spin filtering layer disposed between the at

least one fixed magnetic layer structure and the at least one first separation layer.

25.  The magnetoresistive device of claim 24, wherein the at least one first spin
20 filtering layer cbmprises a material selected from a group of materials consisting of

cobalt, iron, and alloys containing at least one of cobalt or iron.

26.  The magnetoresistive device of any one of claims 21 to 25, wherein the magnetic
_junction further comprises at least one second spin filtering layer disposed between either
25  one of the at least two free magnetic layer structures and the at least one first separation

layer.
27.  The magnetoresistive device of claim 26, wherein the at least one second spin

filtering layer comprises a material selected from a group of materials consisting of -

30  cobalt, iron, and alloys containing at least one of cobalt or iron.
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29. The magnetoresi stive device of claim 28, wherein the at | east one
second separation | ayer conprises a material selected froma group of
mat er i al swoensi/svizag of a conductive and non- magneti c NeRCEsiGad11/080175
non- conducti ve and non-magnetic material, and an insulator material.
1030. The magnetoresi stive device of claim28, wherein the at |east one
second separation | ayer conprises a material selected froma group of
mat eri al s_consj sting of copper, magnesium oxide,.alum na and titanium.
oxi de. 338 Théhemgaraigessivsideyise @bameeneddf chaips @hdo 37, whesginghomagrstigQ,

wherein t o]nﬁﬂfé i ' .ayer th | eas ne
second se a?%%nl %ﬁmﬁé@er cgsn%trlgisgogee%g@ é()‘aggraah%i)qaaf‘%f@gqosﬁg?%eg ga&?fg . The

magnet or ethesit leag tete fice enaghetarlyyepneuadrec| ai s 28 to 31, wherein the magnetic
junction further conprises at |east one third spin filtering | ayer disposed

bet ween either 200ne of the at least two free magneti ¢ | ayer structures and

the atslegst OTRe SRLABLrIRAN AelRD dfaYgin 28, whdreil 'ie "RIRGLHOLES issdonie
device of claim32, wherein the at |east one third spin filtering Iayer
conpr i sessepapiioRA4ysl ceaprises adndterighselegfed fomod grawp efinedteridoewisisting gf of

25cobal t, i : | ~ [0y t t f bal t 1 . 34.
The magnef Rl BhaneRERh AL BloTsol GRRe MU RgmEEREL el e
magnet i ¢ an insulator material. :

10 30. The magnetoresistive device of claim 28, wherein the at least one second
separation layer comprises a material selected from a group of materials consisting of

copper, magnesium oxide, alumina and titanium oxide.

31.  The magnetoresistive device of any one of claims 28 to 30, wherein the at least
15 one first separation layer and the at least one second separation layer comprise a same or

a different material.

32.  The magnetoresistive device of any one of claims 28 to 31, wherein the magnetic
junction further comprises at least one third spin filtering layer disposed between either
20 one of the at least two free magnetic layer structures and the at least one second

separation layer.

33.  The magnetoresistive device of claim 32, wherein the at least one third spin
filtering layer comprises a material selected from a group of materials consisting of

25 cobalt, iron, and alloys containing at least one of cobalt or iron.

34.  The magnetoresistive device of any one of claims 1 to 33, wherein the magnetic
junction further comprises at least one in-plane spin polarizer layer disposed adjacent to
at least either one or both of the at least two free magnetic layér structures.

30
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junction further conprises at |east one in-plane spin polarizer |ayer

di sposed adj acent to at |east either one or both of the at |least two free
magnet i ¢ Wayer/seact ures. 30 WD 2011/ 139235PCT/ S&011P0DBGZ2611/088.75 The
magnet or esi stive device of claim 34, wherein the at | east one in-plane spin
pol ari zer | ayer conprises a magnetization orientation in a direction
substantially parallel to the plane defined by the interface between the at
| east- one flxed magnetic | ayer structure and either one of the at |east two
free magndtic Thymegeaterasistiveedevice of claige34, wi@rmglweatdp@ss oge nrvpladevploe of -

claim 34 | an 0

conpri ses&ga%r%tr 1&3? &hgn%pgéﬁiﬁn ?érrl] o tatl eri Igecglg T &¢ L"lcr]l{l?l? %rg %roup of
mat er i al stoctwesplané defimdd by biad interfarcerbet\meﬁkthh at(:lezkwldmlﬁ@ﬂ megefic (18areB) ,
cobaltiron-zirco § @Z{;Q nd an alloy including at | east one of

cobal t, i TBIYMSF aﬁ‘d ‘E‘g]\? one f\*ﬁ FeoPRaneyt (Ve YRGS of any one of

cl ai mss 1 to 36, wherein the at | east one fixed nmagnetic |ayer structure
conprises a coercivity Iarger than each of the at least two free magnetic

| ayer strdt ur”élge mﬂmwél\mﬂgﬁ@@ of ekims Btz 3§ewhersinothe aniﬂasinmeofl-pdﬁnal ms 1
to 37, V\/ng one f]

single | a)P AH l? Yerl zral yersmaes §1d°rﬁ1g rﬁ%&ﬁté?%¥€??%%l% %‘é ?3@?@? Zﬁ; i
one of cl giotp oI ntaoera& cdﬂﬁx@ﬁ@ of esbah, ©én, trﬁlﬂceﬁtcobzﬁﬁﬁrbn-bmnf(C@EeB‘ﬁ@Bl%l'd-C I ayer
structur elsl‘Ol‘(l:-gl ornllusn$?C(%~‘e%lr)nanldeanla 03? Incﬁlrdmrgualt tlel:agtl oenelo?‘)égga?t iron or nickel.
10
37.  The magnetoresistive device of any one of claims 1 to 36, wherein the at least one
fixed magnetic layer structure comprises a coercivity larger than each of the at least two

free magnetic layer structures.

15 38.  The magnetoresistive device of any one of claims 1 to 37, wherein the at least one

fixed magnetic layer structure comprises a single layer or multiple layers.

39.  The magnetoresistive device of any one of claims 1 to 38, wherein each of the at
least two free magﬁetic layer structures comprises a single layer or multiple layers.

20
40. The magnetoresistive device of any one of claims 1 to 39, wherein the at least one
fixed magnetic layer structure and the at least two free magnetic layer structures comprise

a material with a perpendicular magnetic anisotropy.
25 41. The magnetbresistive device of any one of claims 1 to 40, wherein the at least one
fixed magnetic layer structure and each of the at least two free magnetic layer structures

comprise a ferromagnetic layer.

42.  The mégnetoresistive device of any one of claims 1 to 41, wherein the at least one

30  fixed magnetic layer structure comprises a material or a combination of materials selected
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20 40. The magnetoresistive device of any one of clains 1 to 39, wherein
the at | east one fixed nagnetic |ayer structure and the at |east tw free
magnet i ¢ weyel/gbrsctures conprise a naterial with a pepperdoeufoasi7gagnetic
ani sotropy. 2541. The magnetoresistive device of any one of clainms 1 to 40,
wherein the at |east one fixed magnetic |ayer structure and each of the at
| east two free nagnetic |ayer structures conprise a ferronmagnetic |ayer.
42. The magnet oresi stive device of any one of clains 1 to 41, wherein the at
| east onefrgffd xotp BREAGK AL doAYiStingSsfl d6bhII RIIGANR! bRESuB, E8Yaflitdd, cOfal@ :
conbi nation of materials selected froma group of materials consisting of
cobal t, p&En-BIPHHONaERWY Rpba bplatinun.aed cobalieliremivgnplsnem, i ron- pl ati num
cobal t-platinum and cobalt-chrom umplati num 43. The nagnetoresi stive
device of any one of clainms 1 to 42, wherein each of the at least two free
magnet i ¢ 43y erTist magtetoresstivedpvics efary ometofrcladhs drto 42 cohbreinadationf tie at
materials selected froma group of materials consis‘tf ng of cobalt,

pal | ach urleasI 01 TEm ™31 T4°F GHOCBH o riseh SoBAtHal PF o epaRtRfof

cobal t - pl @htenalSseleitedd GRRAA terély SMinkRRAIR oAU g of cobalt, palladium, platinum,

cobalt-iron, cobalt-iron-boron, iron-platinum, cobalt-platinum, and cobalt-chromium-

platinum.
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