", fghi e3ezz4ZX6TWD 03/ 08' 5674 PCT/ US03/ 07843 SYNTHETI C- FERRI MAGNET
SENSE- LAYER FOR HI GH DENSI TY MRAM APPLI CATI ONS FI ELD OF THE | NVENTI ON [ 0001
] This i wensessersr el ates generally to the field of nonvol BET/IRMEHSry
devices far use as conputer storage, and in particular to nonvolatile
nmenory arrays that use magnetic nmenory el ements as the individual data
bits. BACKGROUND OF THE | NVENTI ON [ 0002] Integrated circuit designers have
al ways sought the ideal sem conductor nenory: a device that can be randomy
accessed, witten or read very quickly, is non-volatile but indefinitely
alterabl e, and consunes little power. Magnetic Random Access Menory (VRAM
t echnol ogy has been increasingly viewed as offering many of these
“advant ages. WO 03/085674 PCT/ US03/078~3 [ 0003] An MRAM device typically
includes an array of magnetic menmory elenents 11 located at the
intersections of rowline 13 and colum line 15 conductors as illustrated
in Figure 1. A sinple nagnetic nenory el enent has a structure which is
shown in nore detail in Figure 2. The nmagnetic nenory el enment includes
ferromagnetic |ayers 17 and 19 separated by a nonnaegnetic layer 21. The
magnetization in one ferromagnetic layer 17, typically referred to as the
pi nned | ayer, is fixed in one direction. The magneti zation of the other
ferrogagnet!c | ayer 19, often referred to as the sense |layer, is not
pi nned, so its_nagnet] zat] i i i v and
"anti-parall eﬁ%ﬁﬁf&cﬁﬁﬁ@é@%@g@gﬁﬁgﬁ@’E\E@Gfp’ﬂ2’%% | ayer.
The sense |ayer may al so be r eMRAMIAPBLAGATRONS ree" | ayer or storage
| ayer, thus it should be understood that when the term "sense layer"” is
used, the neaning of this termshould not be limted to this term nol ogy
but rgther the function the | ayer perforns. (0004J The | ogical value or bit
stored in an MRAM nenory el enent i s_associ at ] a resistance val ue, and
the resi stance of the nenDryFEE%EHQFfﬂgEdgpgﬁﬁﬂﬁtggby the relative
orientation of the sense |ayer magnetization with respect to the pinned
| ayer magnetization orientation. A parallel orientation of the

magnet i zati ¢go@f ]t Menis GRRAHLA YA Yigkherap REGHe ficdd LARORVAINER théyiery 2

devices for use as computer storage, and in particular to nonvolatile memory

arrays that use magnetic memory elements as the individual data bits.

BACKGROUND OF THE INVENTION

[0002] Integrated circuit designers have always sought the ideal
scmicondu’ctor memory: a device that can be randomly accessed, written or
read very quickly, is non-volatile but indefinitely alterable, and consumes little
power. Magnetic Random Access Memory (MRAM) technology has been

increasingly viewed as offering many of these advantages.




WO 03/08s674 PCT/ US03/ 07843 magnetization results in g |ow resistance.
Conversely, in response t'o the antiparallel orientation, the magnetic
menory el agpkoehd show a high resistance. Referring to Fipgtﬁ‘fso%msg&w
manner in which the resistance of the nenory element is read I's dependent
on the type of material used to formthe nonmagneti c spacer |ayer 21
separating the pinned |ayer 17 fromthe sense layer 19. if the nonmagnetic
spacer layer 21 is made froma conducting material, such as copper, then

t he resistance value of the nenory el enent can be sensed via the giant
magnet or esi stance effect, which usually involves running a current parallel
to the long axis 20 of the nenory elenent. If the nonnagnetic spacer |ayer
is conposed of an insulating material, such as alum na, then the resistance
val ue can be sensed using the tunneling magnetoresistance effect, and this

is acconplis r ORI I . _perpendi cul t t he
nonmagneti c Eggggi |§9§?‘WF‘§“§%§ B&técaggﬁlgczu&asyag‘rﬁﬁag Cf?(g}] %ﬁ%ﬁﬁﬁﬁ%}g | ayer 17.
[0005] A logigal "0OY or "1" is usually witten.in t he neti ¢ _nmenory

el ement by ARy bitwrsiat te gHereetonuron Uas Sanarebins Gar 180 r ent)
that rotate the magnetization direction of the sense layer. Typically an
MRAM nenory €padegtorsias ibessragadoia Kigurenht At srapleagasnqticdpe@erpelepicat bande

| ayer and 3 ri WO 03/085674 PCT/US03/07843 the pinned | ayer aligns al ong
an axi s knowstrasturhwhichsiy sl irp horExdewilrinlFignung et ilhefrnagniticamemappl i ed to
flip the orientation of the sense layer along its easy axis to either the
paral l el or gakimenpandhdslfe@omaghedd apersilVhindeSpasparatad bha mnneagneticon of

t he magneti zation of the pinned | ayer, depending on the logic state to be

st or ed. 00061%32!4 a9 fSnckiy MisRld ¥né &Qfdiﬂ@gxﬁ'ﬁc(l%femg?f}@ﬁcaﬂ? réf¢rredl |t60W and

colum Iines ctrical CTonductors) that are used to apply externa

n lines onduct | Lo apply |
e used to Sanay DRy HPARERIE O deEble I SpARalioh or etk Pl 1 =0
Addi ti I it d d dyct I b t in.th ay. |
the tvo condCTAPIRIEIEEIPeRtie LifmHe in gl whes e movhipihdnl c

menory elements are |ocated at the intersecti of .,the row 13 and col um
15 lines. [OMPBNCHEALAN B fige g syjtgh beW‘Eqﬁ‘e?H?éﬂﬁgf?‘l‘I f%‘&a?wﬁltl’ std€Yener at ed
by running a current through the colum line 15 is referred to herein as

t he easy-axi &clpiye @ theanagnetigetiemel thepianeg layer. 1 Tlos senise laysr masialso Bgi t h t he
easy axis 23 of the MRAM bit 11 (Fig. 2a). The magnetic field that is
gener at ed wheefeed to aetite ffecel dayer lor swghge laper; dwisdostdudd ibeairiderstodd thay
referred to as the hard-axis wite field. 4 W) 03/085674 PCT/ US03/ 07843

- The har d- axi svhenithe térireFstngeheérditie dsdil) thd eanigasiittlisatini shbuldendtda uns

parallel to the hard axis 25 of the MRAM bit 11. [0008) A menory elenent is
sel ected for Jiitcdi rathWheAninbldgy MRABRY thOARREBNANO BFEr pXifSmad an _

easy-axis wite field. Each wite field, by itself and when generated with
only one of the two conductive lines, is therefore commonly referred to as

hal f I hgi d ' ' [ ; f
Cut i ci ont - miORPEL G RO B¢ REDE kg B MAARY me i el B o *cense
< of ten rof BRPRH<ES AR Skt vabie, 860 BY HRHBngrof £ MSiai §LegMRt Gt

field is oftgn referred . to gg the switching field. These two fields are

used to per f FtFEREnedbHerslatiys srigntagion of the pensedayer pagnegationwikh appl i ed

in conjunction with each other by passing current through conductors 13, 15
(Fig. 1) infespsedpithe pinnedtayes ehagnctidatidrearentatihe Aparaliel erisdtasiont dfe

sel ected nenory el enent being accessed for a read or wite operation is
referred to beymagnezadohéithe e biyet with respect to the pinned layer




[ 0009] This nethod for selecting a bit for witing is not ideal. During a
wite operation, the unselected nenory el enents coupled to the particul ar
col unm | iwie 03/8856%e exposed to the easy-axis wite field. BCHUSEH17§43 t he 5
WO 03/ 085674 PCT/ US03/ 07843 unsel ected nenory el enments 11 coupled to the
particular rowline 13 are exposed to the hard-axis wite field. It is thus
inportant to limt stray nmagnetic fields in the array of MRAM nenory
elements to a value that cannot cause half selected bits to be witten
Some sources of stray fields include fields from neighboring wite
conductors, stray fields emanating fromthe ferromagnetic | ayers of

nei ghboring nenory el enents, and fields generated by sources external to
"the MRAM devi ce. These stray fields may also inhibit a selected nenory

el ement frombeing witten, if the conbined value of the stray, hardaxis,
and easy-axis fields is too small for a bit to be witten. Another source
of non-i deaimdppbeixitivn tesalts ifaniohektistants eConverséipanwespomse w thendnti-equi r ed
to wite a nenory elenent results fromthe difficulty in making an array of

MRAM nrenor ygﬁéaﬁ%ﬁ&tw@ﬁ, th@?rp%ﬂ@tié HeM g diiedtOviliRBodPhighdesithhe. f i el ds.
Sone sources of this effect include variations in el enment-to-el ement

geomel Iy, Va(fatih R %%h,glze,m@mam;ﬁh%%ﬂ@%wﬁgg RF MEHichy and

thermal |y acti vat netrzation fluctuations. T ore, the particular

val ue of the, hard.and.easy-axis wte fields, t he,row and col um
line wite 8]1?”6@31‘55{639%8 égpggéﬁl?to%géc %’B‘Eﬁ’f{rhaé?&gg'lsée%@@r%e%ry el enents are
selected with enough 6 03/,08567a PCI/ US03/ 3784§V7gfarrgi that .they are
alvays wr i t PERTAERCYnRacEeE ToBak tor Ehe RinAed yeh dVaroB s UYL | el d
| arge enough that they are unintentionally witten. [ 0010 ] Thernal
effects, sudf. déthaperpagrgtisgpacardacoelinmadafiom acopduetns magsabi zat i on
reversal, and the effect of stray fields emanating from nei ghboring bits
may cause psadi sn®ppar,MRed\ldevistese vaiie bétheohemorg eleofent has be sersbdni ss
can result in unpredictable wite and read behavior. Using a conventional
si ngl e- | ayewniashepadtangineréresisanas éfiect,swivich usidlyeaxvolessatupndigf 4 cwudrit t o
overcone as the bit density of the MRAM device is increased. [0011] Thernal

fluctuati onphhllal ©ABR1108E Yxib D0 dfehdl Alcnitthy FRGAGIC TPtHe ARHALRRBIL Spateant i ty,
such as the nagnetization of a ferronagnétic material, is an abstract
concept . Th?aggf lsec%h?ﬂqsgﬁl ofthd hﬂﬁﬁ@ﬁlglfﬂftcﬂgl G 4% fa? ﬂ&énoﬂ]lc%si&?ncc
ferromagneti ¢ materital are 1n actudlity sfatistical qhantities. [n any
material, fluctuations in thermal ener are contjnual occunRrinNng on a
mcr oscopi ¢ “HBA R biEtsd b R SR s SRR S R LRI RS o
determned by the tepperature T of the material. These fl.uctuations when
aver aged ovéﬁ'cot"‘l"éls ﬁ%yéu()’éllngr?ec‘ﬁmﬂﬁ’érpsﬁﬂé!ﬁ“ foithe HE@&Q%‘F‘F determine the
macr oscopi cal |y observabl e property of the system On a mcroscopic |evel,
t he probabi Roppagpetigspacer layer 21 from the sensc layer 19 to the pinned layer 17.

[0005] A logical “0” or “1” is usually written into the magnetic memory
clement by applying external magnetic ficlds (via an electrical current) that
rotate the magnetization direction of the sense layer. Typically an MRAM

memory element is designed so that the magnetization of the sense layer and




.Fl'y WO 03/085674 PCT/USQQLO7843 any atomin a ferrog&gnetic material to
have a nagnetic nonent oriented in a particular direction is proportional
to the BolyguBpgseiactor, e "~ x~T. Here, Uis the energy apeefisaipmaM th,
in this case, a particular magnetic nonment orientation and K,, is
Boltzman's constant. As the energy of a particular atom c nonent
orientation decreases, or as T and thus the thermal energy increases, the

| i kel i hood of an atom having a nonent oriented in a particular direction
for a fixed period of tine decreases. If the ratio of U KIT becomes snal
enough, the magnetic nonent of the atomw || spontaneously change direction
under the influence of thermal fluctuations. The sense | ayer of an MR AM
menory el ement nmay be thought of as a collection of atomi c nmagnetic nonents
or spins that are tightly coupled together and aligned in the sanme
direction. The energy required to orient the magnetization of the sense

| ayer can thus be cqnsidered gs the product of, sone _en Y, nsikty timnes
the vol une o ?B@%aﬁ%r %’é‘ra,qo%%‘éﬁf}%wwﬂsastth%c?sg%gggtgﬁ’géf%%reases or
as the sense | ayer, volune decreases, the likelihqod of the sense.layer to
be found in anigncti igldsrreapriicddeithp terentagen O?x&?ﬁ eS¢ RYHRPPE IE-T | s
smal |, the orientation of the sense |ayer's magnetjization is unstable to
thermal fl ucteasytdxgnto, eitiemthe parallel orati-pardled pricntation;withi respestdn thel ues of
UsW/ KeT tend to have poor data retention 8 wo 03/08s67~ PCT/US03/ 07843
times. Wit loergtaionugfithamhgnetizatisruef therpinand kpantepeuling pnithe rgie t he
magneti zation. A magnetic nenory el enent that can spontaneously reverse its
magnet i zat i oORRO bt kidRedcCal e short conpared to the required data retention
time is said to have hit the superparamagnetic limt. As the
superparamagnetic limt is approached, magnetic nenory el enents al so becone

TSR, SAMES AL B iR ok 1
om0 B BREE L LIRS o A S e fse L o o

necessitates a, decrease in . the volu of an MRAM.bit and thus ,pushes the
t echnol ogy clf5stot °%"§Hﬁ§?%?‘¥ﬁ%ﬂ%qt?§upf‘ﬁi“fn%g ?Ibcpfnﬁ‘g SRATE R8s e
thermal fluctuation becones a problem (0012J Conventional NMRAM nenory

el enents al s@crsgrtheresistannci afanempry ¢lamsphdunpg scading, |44<§g°$%ldYﬁ“§taP§y
magnetic fields that emanate fromthe magnetic nenory el enent 11 sense

| ayers. The gembeonduceorsahaysalsaVRApesertonthe keapnin the procendistenlessl i el ds
because it is not a closed nmagnetic flux structure. It thus fornms poles at
the edges of ifplers&itagon sly®wn iirnﬁgeﬁ:pnrtherﬁagnetic moMd Y I GBERY 4re located

PCT/ US03/ 07843 the orientation of the sense | ayer magneti zation. The
orientation Qk thdBudbséabnkiofhll tdvenshadeofltanasslingst h the orientation of

t he magneti zation of a sense layer in a nenory elenent. The stray fields
produced by these poles decrease in value with increasing distance fromthe

sense | ayer. y g t l\w LEAY: r ymh[ngi from
t he nei ghbor i[@rgogir]t sﬁgngggd%g({)/\ggg’ d})é;mgg%m I égrﬁ{lﬁcl?) Elgkﬁgﬁht% t he %jil d
required to switch the bit. In future. MRAM designs, . menpry el ement.s will
need to be pddKEHt fIHQé‘gHé‘f‘c ﬁ%ﬁ“@“b#‘%%g?ﬁrcglﬁl{fcéjﬁto\%’ﬁrf:mca(ﬁ%%éﬁsa ¥ S obl em
A need t heref or ists to redu the stray fields prodyced b ghetic
l ayers in an fﬂ*&lﬁﬁ%ﬁﬁ?}’yﬂé‘] %Hﬁnﬁgéﬁ"r@‘%‘éé‘“% re;?s)g?’%ﬁgglo?é%%é’# ty to
thermal fluctuations. SUMVARY OF THE | NVENTI ON [0013J The present invention
provi des a métihbl (Eigd 2apphhemagneimfield thatis gepergtosh wheAsuESBOETERed Wit h

i ncreased MRAM nenory density due to thermal fluctuation instability and

stray field ithtarghctheanw, cdnduotighlind1k3 issrefarfedam dsrbe baatiaxiensice figder . The
proposed stack of the nodified VRAM bit 11 is




10 ~., ~, WO 03/ 085674 PCT/ US03/ 07843 constructed with a synthetic
ferrimagnet as the sense | ayer. The sense |ayer is designed so that the
synt het i VO&P§(Wgnet ' s ferromagnetic | ayers are both strBGTAUSE8¢oupl ed
and antiferromagnetically exchange coupled via an RKKY interaction through
a spacer |ayer conposed of a netallic conpound, such as Ru or Cu. BRI EF
DESCRI PTI ON OF THE DRAW NGS These and ot her features and advantages of the
invention will be better understood fromthe follow ng detailed
description, which is provided in connection with the acconpanyi ng

drawi ngs. Figure 1 shows a top section view of a portion of an array of
magneti c nenory elenents in an MRAM nagneti c nenory device; Figure 2a shows
a perspective view of a sinplified Fig. 1 magnetic nenory bit; Figure 2b
shows a top view of a magnetic nmenory bit constructed in accordance with an

.exenpl ary enbodi nent of the invention; 11 WO 03/ 085674
The hard-axis write field generated by the row conductive line 13 runs parallel

to the hard axis 25 of the MRAM bit 11.

[0008] A memory element is selected for writing when it is exposed to both
a hard-axis and an easy-axis write field. Each write field, by itself and when
generated with only one of the two conductive lines, is therefore commonly
referred to as a half-select field because a single field by itself should not be of
sufficient magnitude to switch the magnetization orientation of the sense layer
of a memory clement. In practice, however, the hard-axis write field is often
referred to as the half-select field, while the easy-axis write field is often referred
to as the switching field. These two fields are used to perform write operations
on a specific memory element when applied in conjunction with each other by
passing current through conductors 13, 15 (Fig. 1) intersecting at the selected
element. The bit stored at the selected memory element being accessed for a

read or write operation is referred to herein as a “selected bit”.

[0009] This method for selecting a bit for writing is not ideal. During a

write operation, the unselected memory elements coupled to the particular

column line 15 are exposed to the easy-axis write field. Similarly, the




~"~. , PCT/US03/ 07843 Figyre 3 shows a cross section yiew of a magnetic - |
menory el ement constructéd in accordance with an exenplary enbodi nent of }

t he invent‘*,B%/ §:5i6gyre 4 shows a cross section view of a rrag?.%;dsﬁyg%gpry
el enent sense Payer constructed in accordance with an exenplary enbodi ment

of the invention displaying magnetic field and nmagnetic nonment attri butes;
Figure 5 shows the relationship between stray field and synthetic
ferrimagnet top | ayer thickness for an exenplary enbodi ment of the

i nvention; Figure 5b shows a cross section view of a nagnetic nenory

el ement sense | ayer constructed in accordance with an exenpl ary enbodi nent
of the invention; Figure 5c shows a view of two neighboring bits with stray
fields fromone bit interacting with the neighboring bit; Figure 6 shows a
conparison of a magnetic hysteresis |oop for a nagnetic nenory el enent
constructed in accordance with an exenplary enbodi nent of the invention

wth a hystercsis |.gop for, g sense | ayeh Wt BoUl, B SHnkiekhg 155k | mmanet:
exposed to the hard-axis write field. It is thus important to limit stray magnetic
fields in the array of MRAM memory elements to a value that cannot cause
half-selected bits to be written. Some sources of stray fields include fields from
neighboring write conductors, stray fields emanating from the ferromagnetic
layers of neighboring memory ;lcmcnts, and fields generated by sources
external to the MRAM device. These stray fields may also inhibit a selected
memory element from being written, if the combined value of the stray, hard-
axis, and easy-axis fields is too small for a bit to be written. Another source of
non-ideal behavior that manifests itself in the write current required to write a
memory element results from the difficulty in making an array of MRAM
memory elements that respond identically to the applied write fields. Some
sources of this effect include variations in element-to-clement geometry,
variations in element-to-element magnetic properties, and thermally activated

magnetization fluctuations. Therefore, the particular value of the hard and

easy-axis write fields, and thus the row and column line write currents, is a

compromise such that selected memory elements are selected with enough




PCT/ US03/ 078N3 Figure 7 shows a conparison of a magnetic hysteresis | oop
for a magnetic nenory elenent sense |ayer constructed in accordance with an
exenpl ar YWeRpBE6Hent of the invention as conpared to a hyBCEAS8I/88%00p f Or
a magnetic nmenory el enent sense | ayer w thout antiferromagneti c RKKY
exchange coupling; Figure 8 shows a conparison of magnetic field intensity
required to performa wite operation on a synthetic sense |ayer
constructed in accordance with an exenpl ary enbodi ment of the invention
when antiferromagneti c RKKY exchange coupling is varied; Figure 9 shows a
processi ng sequence for manufacturing a nmagnetic nenory elenment in
~accordance with an exenpl ary enbodi nent the invention; and Figure 10 shows
a processor systemincorporating MRAM nenory devi ces having nenory el enents
constructed in accordance with an exenpl ary enbodi mnent of the invention. 13
WO 03/ 085674 PCT/ US03/ 07843 DETAI LED DESCRI PTI ON OF THE | NVENTI ON: (0014J
Ref erring t enargia thntadiepgse aliiags wititichlandturatlested napomyi demerits arshegeki f i ed
portion of an array 9 of magnetic tunnel junction nmenory elenents 11. A
plurality okxseedid adeitilaggd sodghdar ey 8¢ GRintetdeAllg dlritten, | i nes, is each
respectively forned over a plurality of nenory elenments 11 in each colum
of the array 9. A plurality of row conductive lines 13, also called a row
lines, is e S j I : in each
ow of the BoAUF G PPt o e g R e PRARS P UL R S T, ST

al so known 1l f s I h i | ene 1, while the
columm |1 ne;ﬁ%afgcg%p%opyr%{'ﬁghbladsd;gh%x%fgxé%Fﬁﬁ%égsf%%g%f%@ menory el enents
11. Thus, to wite to.a particul ar. nenory. el nt 11 _requires signals on
bot h 1 nes DsiEaharing bt mayicauscpieblan RVEAMAIsh: Brick 9 Beof 13 and
columm 15 lines cap al so be used to read magnetic nenpry elenments 11 in
addition tothGSe meshanisas ﬁg}ﬁﬁsylt in unpredictable write and read béehavior. Using a

conventional single-layer sense layer, these effects will be extremely difficult to

overcome as the bit density of the MRAM device is increased.

[0611] Thermal fluctuation in a seemingly unfluctuating macroscopic
observable quantity, such as the magnetization of a ferromagnetic material, is
an abstract concept. The orientation and magnitude of the magnetization of a
ferromagnetic material are in actuality statistical quantities. In any material,
fluctuations in thermal energy are continually occurring on a microscopic scale,
where the magnitude of the thermal fluctuations is determined by the
temperature T of the material. These fluctuations when averaged over the

entire volume of the specimen in question determine the macroscopically

observable property of the system. On a microscopic level, the probability for




el ements 11. j0015) As is Il known, the array 9 can_also be constructed
with row line 13 above and the colum |ine 15 bel ow each nenory el enent 11.
Al t hough Ryg. icts one arrangenent for an MRAM arr ay, al so
possi bl e. Yol aseTs P USos 07845 A So. a plurali FCTAPOOAE 90
menory el enments 11 nmay be provided in an MRAM nenory devi ce stacked one
over the other. Also, reading of the nagnetic nenory elenents 11 can be
acconpl i shed using a variety of conductors as well as conduct or
arrangenments including additional or different conductors situated above,
bel ow or in the sane |layer as the sense |ayer. [0016] Fig. 2a shows a
perspective view of a nmagnetic tunnel junction nenory bit 11, which is
sinplified for illustration purposes. A first ferromagnetic |ayer 17,
formed of a plurality of stacked thin magnetic |ayers, and a second
ferromagnetic layer 19, formed of another plurality of stacked thin
magnetic layers, are formed with an insul ati ng non-pmagnetic spacer, .| ayer 21
such as al umi¥¥ %Mé‘rfrcffﬁ&?gﬂﬂ%nw“d@t? sévetﬁ m@ﬁ’éc%g%‘?‘?c’éﬁ gd igaj g
defined as the di %t ance along the hard-axis 25 of the rrec([}})r')(r el ement's
sense | ayer. Parecylardirestiop)is propordonal te the Bplipmann fartos edéf | ndderss U ise

di stance al ogg the easy magnetic axis 23 of the nmenory elenent's sense

| ayer. The | éngtehergy)asyicrasedvith, Z0thif caster parnioulyr mlagnemt mbindms nor mal |y

| arger than the nmenory elenent's width dinmension (W 18. The aspect ratio
of the sense dripeatioreandk, SeBoltmmarels cddsWiintTHe the kaergyayfer patficilsr atomic

manuf actured to have a 15 WO 03/ 085674 PCT/ US03/ 07843 preferred axis for
the two equi IrhbmcHbABGAEbH Hakre¥es BB ad HARIdE RO EnblgylilGesRbse | ayer
19 in the absence of an applied magnetic field (H). There are two possible

di rections oftht iRellFRHAEL S Mtb%ﬁn%%cﬁﬁ&ﬁ%x{ﬂ%#gp ! Qfr R EES Yor2 X!

S
23, which defines the two magnetic nent states e sense [ayer 19.
In contrast, _t [ I nay fabri only have one
equi | i brium orlﬁ%?i gﬂfe glr% rag)cfJ tﬁrrégﬁice%lz%sc f #téﬁf r%ti‘? 8@?%%{%86%#&%;@%%%“
this directiogp i s usuall aral]el to the easy axjs 23 of the sense |ayer
19. The magnépf B’algﬁﬁ’éﬁfn%ﬁg O%t‘h%a%ﬁ%ﬂ FW&F"CPPS&@F@% dirsctyen yAden ong t he
L dinmension 20, of easy_axis 23, of the nmagnetic nenory elenent 11. [0017J
Wil e Figs. mheailusacepbhesmakiinstyationsnarhe sensadayertofian MBAMmemery i n
shape, it nust be understood that the nenory elenents 11 may be forned in
any desired shapent mychetiqught of ana edlldcponiaf asimiganagnetic memghover i n Fi g.
2b. Bit shapes other than a rectangle nay be used to inprove the magnetic
charact eri st ispins ofiataune eghdy coiplo® togethel idedlighed Thklse sanYEdiré@idbn. SThe

applicable to nenory el enments of various shapes, and is thus not restricted
| to the rect argedgyreghite RAGEeit AWM IghetitsibrPoMe sdifse layer can thus be
considered as the product of some energy density times the volume of the sense
layer, U,,, = U,V. As the temperature increases or as the sense layer volume
decreases, the likelihood of the sense layer to be found in a particular

orientation decreases. Again, if U, / K, T is small, the orientation of the sense

layer’s magnetization is unstable to thermal fluctuations. Memory bits that are

characterized by low values of U,,, / K,T tend to have poor data retention




WD 03/ 085674 PCT/ US03/ 07843 (001%$] Fig. 3 shows an exenpl ary inproved
magneti c tunnel junction nenory el enent stack 11 constructed in accordance
with the WOWSM8363h. The nenory elenment 11 is forned of a PETUSE3/HT843 ayers
of materials forned one on top of the other between a word |ine conductor
13 and a colum |ine conductor 15. The magnetic tunnel junction stack of
Fig. 3 frombottomto top conprises a substrate 31, an insulator |ayer 33,
t he non-ferromagnetic nmetal conductive row line 13, a non-nmagnetic netal

| ayer 35, a seed layer 37 for growth of an antiferromagnetic (AF) materi al
| ayer 39, a first ferromagnetic |layer 41, the antiferromagnetic |ayer 39
and first ferromagnetic |layers 41 conprising a pinned |ayer 43, a

non- magneti ¢ tunnel barrier |ayer 4S, a second ferromagnetic |ayer 47, a
conductive spacer layer 49, a third ferromagnetic |ayer 51, a
.non-ferromagnetic netal |ayer 55, and the conductive colum line 15. A
synt heti ¢ femes.nBiirdongsnpngly aodd fhstseionaah apentab@wshnevesse tlie t he second
ferromagnetic | ayer 47, spacer layer 49 and third ferromagnetic |ayer 51.
The second megiaivagon! iAmagy@ic iémospaleaicnt dysicad Spandnésly feverde its
ferromagnetic | ayer 51 are constructed so that the second ferronmagnetic

layer 47 angafphQiZafibh Gnf £HMRIEBALShAE cbMpRFedXb hEed\@Edd data retention
antiferromagnetically exchange coupled via an RKKY interaction through the

PCT) US03! 07405 CiprL s ARkl by A hetibitiameds 1<

known as the Ruderman-Kittel -Kasuya- Yosjda thegor i s a nodel of,.effective
It er act | or B ‘STHRGHtc MHEPERS MEOPRITIFIE Beesasds Biadt orcrauoe
antiferromagnetjc, ferrinmgnetic, and paramagpetic need {o be described in
Tore det ai 11 BRI glecs VYR SYEES Rt pcpsieny L0 e PG SEMETRY e |
conposed of atoms, with magnetic nonments or nore accurately, "spins", that
tend to al igempat, as h shermal Huctwationenay inhibigd bitirany wiritBeciaswpeeisdspi ns of
the atons align parallel to each other, the material has what is known as a
spont aneoustimegmetval,adriiomay tWrétt ai talf-delechaksbiaime spavifipdeatimne imormmabt i n t he
absence of an applied field. This is strictly only true on small |ength

scal es. WieNotethaf RIORINgCMRAM! 68y démity aceRsiedlteglecredieln Blieak up into
magneti ¢ domai ns whi ch reduces the energy associated with stray fields

emanat i Ng ¥ iinkRf JTBRAM bi thits PRYEesARE k&b sy dodepYOHRD! €. Not e that

in order for the spins of nelghboring atons In a teriral to align parallel
to each other 1 ort. Wt e ' t OIS.

Thi o1 nt o abBeBAT GodEl 0Fs BF RE aRCHeutt vl CERF O RASIE Reconfes
interaction.f%pe exchange interaction alternatively nmay be described in
terms of arP™®€™M\WD 03/ 085674 PCT/ US03/ 07843 exchange field. For the

pur pose of this disclosure, a positive value of the exchange field denotes
a ferromagnetic coupling between nei ghboring spins. Some caommon

f er r omagnet Q02 eﬁ?%vgnﬂm MRAM sneanennsigment alsgsufferfaomgntegrhit var i ous

all oys, the nost common of which is N Fe. [0020J Antiferronagnetismis type
of magnet i simtdractipisirdsiltisg fhnagrayamggmedicdds thet ¢mame fromm tiwhi ch adj acent
ions that behave as tiny nmagnets (e~g. nmanganese ions, M2 +) spontaneously
al i gn t hensghyegicahemerptlenehy 11 Gensedageey. aThi¢ shsé tiver oPaOMRAM or
antiparallel, arrangenents throughout the material so that the materi al

exhi bits al meslorPelcHcas1Prb&icedlstrAPHAAE behusd It i8R { ElosITRABREHC
materials, which include certain netals and alloys in addition to sone

7L, 51 ot GRS O EAPS St BPR AP kst L0 o1

netic atons” or | at are

aligned in the opposite direction. For the purpose of this invention,
antiferromagneti c exchange coupling will denote a negative value of the
exchange field. Antiferromagnetic materials are known and can be
constructed or found in nature. Exanples of relevant antiferronmagnetic
materials that are often used to pin the pinned | ayer of an MRAM nenory
el ement include Feivh, N M, PtWh, and k{hh. 19




WO 03/085674 PCTI US03/ 07843 [002] ] A sinple ferrimgnetic material woul d
be one which is conposed ‘of magnetic atons with different spin values on

i nt er meshi . The exchange coupling between nei ghboj 5.1 S
antiferro&ggﬁéﬁégwio that the different sub lattices are o?Fgﬁ#§%8?§3
opposite directions. Because the spins associated with the different sub

| attices are different, a net nagnetization exists in equilibrium
Ferrimagnets thus can exhibit a spontaneous nagnetization. The nost
commonl y observed class of materials that are ferrimagnets are ferrites.
(0022] A paramagnet is a magnetic material where thermal fluctuation energy
is so strong that it overwhel ns the exchange interaction between

nei ghboring spills. In these materials, the randomorientation of the
atom c spins results in zero net magnetization in the absence of an applied
magnetic field. Wien a nmagnetic field is applied to these materials, it
becones nor r lLe f f i e i Al i lel to
t he appli ed%?&qgﬁp“@ ntcﬁ;mggp Fé{ﬁ? |He cﬁisanfo?]xé r'glgésglg?ﬁt? %glll r?ggﬁcgﬁ;?ati on of
t he paranmag i,ncreases. Co n, paranmagnetic, materials.include Al and K
Not e al so- ¢ M FBFFERE SRanert WiT oF CrR SR M bE SHERE JFRIL b G
tenperatures, where the effect qf thermal fluctuatjon overwhel ns the
exchange i ntl&feAdR A SRCMaTy] @cm%gﬂaﬁ ﬂr@rﬁédkmcgilw Heesepols EFRIES Wt ur e.
20 WD 03/08567:1 PCT/US03/ 07843 (0023) Two ferromagnetic |ayers can be
exchange couwlusdwith inciedsing distancsfromgthesenssiayesr Asraaymeemenhele@entin  and
this effect is of great inportance in MRA Mtechnol ogy. Two ferronmagnetic
| ayers can ba MRANenrayrdgnsetay drldsyframithé adighbbeaihg ibéts fnoayg ddwicoergbegn i n
opposite directions, by stacking one |layer, e.g. the third ferromagnetic

layer 51, onigrificat cohparidnerthk &R reqirdd tb bRitsle elnbitf ¢h FORRgMERAM | ayer
47, with a thin conductive spacer |ayer, e.g. |layer 49, between the two

layers 47, Qﬂesiﬁﬁg,:?éﬁm%?%clgﬁchmméca%r&&?%?!@@& 'to%H{e)f rﬁ&lépélﬁ%lyf SrHigragneti

| ayers is ofte erred to as a syntheti errirmgnet 1f t Aet nonent of

f erromagneti C.yl aver n ngel ynthetic antiferr gnet if
the net momsr SHHahe PR RobIRE AT el SR BFH e ok ERR
coupl i ng occurring, across the conductin er layer 49 is

ant | 1 er r omagHEHRCEEhesmagRcs 18ieFs BanaRARmEmoRg Clemsat and reduce

Ruder man- Ki tt el - Yasuya- Yoshi da (RKKY) interaction between |ocalized
magnet i ¢ morfBEETY deRgnescassiNgE 9 shemad flngmatans-at ed by conduction

el ectrons of a host netal. In general, this exchange coupling decreases in
magni t ude and oscill ates between ferromagnetic coupling and
antiferromagnetic coupling with increasing spacer |ayer 49 thickness. The
oscillation of the magnetic coupling between ferronmagnetic and

antiferromagnetic alignnent, as a function of interlayer thickness, is a
general 21 WO 03/ 08S674 SIPIMABYSOF7BHE INVENTION

[0013] The present invention provides a method and apparatus, which
minimizes problems associated with increased MRAM memory density due to

thermal fluctuation instability and stray field interactions, through the use of an

improved sense layer. The proposed stack of the modified MRAM bit 11 is
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‘phenonenon of transition metal ferromagnets separated by a nonmagnetic
conductive interlayer. [0025J The spacer |ayer, e.g. 49, of a synthetic
ferri mgrw0 00085mn | f err omagnet nust be of suitabl e thi ckne€T/U&o078¢posed
of a suitable material (e.g. Ru Cu, or various alloys) so that the exchange
coupling produced between the two ferromagnetic layers is antiferronmagnetic
and of the desired magnitude. Two nmechani sns for antiferromagnetic coupling
are used in this invention. They are stray field coupling, which is a
result of the fields emanating fromthe edges of |ayers 47 and 51, and
exchange coupling, which is an interaction that occurs through the spacer

| ayer 49. For all intents and purposes, stray field coupling is not
‘relevant until the magnetic nmenory el ement has been patterned. Exchange
coupling through the spacer |ayer 49, exists imediately after the nagnetic
films are deposited. Stray field coupling is dependent on magnetic nenory
el enent si z@mnsancket vatles syrahgec footmhgneg as khosagise ldyer. sphe sensk dayer is49 i s

i ndependent of the nmenory elenent's L and Wdi nensi ons. 22 WO 03/ 085674

PCT/ US03/ 0 784igned 86 2RatlthEisgitherid faimagner sfeheiimignetié pesseabatt arayof a
cross-section of a synthetic ferrinmagnetic sense |layer portion 53 of an

MRAM devi cegelbghledahl ahafeﬂﬁﬁﬂaﬁrfeueﬁfrf é}%hé}igé‘?&ﬁiﬁ%isviﬁﬁﬂ Raacenet ers

essential for describing the inventio The synthetic ferrinagnetic sense

| ayer 53, i, S f .G 7 , parated by a
conducti ng l?’rfeﬁgg{%glp%g%?él}lg\,gﬁcﬁg[ag'?'rs@%‘gf(%gﬁgrOf? 3eﬂr?‘lrs%urrlggcr?e I éél #b?é& B

antiferro netic. The three | ayers of the synthetic ferrimgnetic sense

| ayer 53 ar uﬁ’étctc% ned into a shape with a length L and width W It is
assuned for the purpose of disclosing the synthetic ferrimgnetic sense

| ayer that the shape is an ellipse, but it need not be restricted to an
ellipse in order to practice the invention. Layer 47 is conposed of a
ferromagnetic material with nagnetization ML, saturation magneti zation
Msatl, and a thickness tl such that if layer 47 was magnetically isol ated
fromthe rest of the sBREEF DESGBIPTIOMVQ@FAIHEDRAWINGSf Hcl. In the
absence of an applied nmagnetic field, ML will orient in one of two possible
directions along an easy axis. Likew se, |layer 51 is conposed of a
ferronagneti c mat’ElidsalandidtheifegnedsiandtddoindRes sfaht idfentionneif betbezri on
Msat 2 and thickness t2, such that if layer 51 was magnetically isol ated

fromthe stgsorstobd With Qh@ﬁi{ﬁm?ingGéiaﬂéd’li&éérigﬁoh'?%lﬁchris gmi&mance of an
external magnetic field, M2 will orient alohg an easy 23 WO 031085674

PCT/ US03/ 07 1S . ' directions. Because |ayer 47 is
patterned i%ﬁ%cgéélﬁ%% %?%?é\?@%é’%?%%%ktent, it produces a stray
magnetic field 73 that passes through the volune of |ayer 51. The stray
magnetic field 73.is defined as Hdl.2. Wthin the voflume of layer 51, Hdl 2
points in a directisBi bpRdYs 1 toR ?fcf‘ﬂ%vtﬁ“fgé*l PR gy I\?\“l‘?m}!’a?flép &'f%ei ng
simlarly patterned into a shape of finite spatial extent also produces a
stray magnenemory glegents infpsy agnatisugemeRedMifeane of | ayer 47. The
stray magnetic field 71 is defined as Hd21. Wthin the volunme of |ayer 47,
Hd21 points in a direction opposite to the orientation of M2. If conposed
of an appropri at eFigatee2d shovarndpasrotie edwvaftarsimplifi¢chBigs 1 magnetite spacer

| ayer 49 wll nediate an antiferromagnetic exchange coupling between

f erronmagnetmemloaybits 47 and 51. For sinplicity, the exchange coupling is
represented as a magnetic field that is of the sane magnitude, Hexc, in

| ayers 47 and 51. This definition of the exchange field is for illustrative

purposes onl . angghRex VAN & A5h tiswdth rhilRAN erhOn e EGRFICHP L0 a case

th
of equal exchange Tield magnitude 11i layers 47 and 51. The exchange field

"Hexc is inten ntj fenror 2t | C, refore in layer 47, Hexc will
point in a ﬁggcg?%gﬁp%‘p%oés%cpil% cﬁ%%rzgﬁr?aﬁrt %@‘gi‘gﬁ%ﬁ‘g’é‘ >field in layer 51
~wll point in a direction opposite to M.. 24 WO 03/ 085674 PCTI US03/ 07843
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[0027] In order to build g, synthetic ferrimagnetic sense |layer and realize
its benefits, which include decreased inter-bit interactions and inproved
ihermal St\@Bioslokagrs t WO condi tions must be obeyed. Fi r's"t,_l\/li,q\:trlmS’;B,BJ,843~ Msat 2

t2, which ensures that there is sufficient net nmoment in the sense |ayer
that it can be witten at a reasonable wite field value. Second, M nust |
remai n oppositely oriented to M at all tinmes. In a real device, however,
there will be sonme deviation fromcolinearity, the greater the deviation
fromcolinearity, the poorer the device performance. In order for ML and M2
to remain oppositely oriented the stray fields Hdl 2 and Hd2l, and exchange
" field Hexc nust be set so that the antiferromagnetic orientation between M
and M2 is stable under all operating conditions. The designer of a
synthetic ferrirnagnetic sense |layer thus has to properly select the

appropri-ate conbi [ 2 ; , s, Hcl,
Hc2, and the spacgla %ng{]%rsﬁé‘fé ?grdé?é%?i% bg};%wgﬁa@gggge%éb’i%%gmﬁ]e
~inclusion of Hexc pravides nore f|exi bili&é}’in devi ce %etgl gn t han the use
of stray ficIRNSEOGEH MGCErgRRCS I8t AN sXEPPIA crbofipert Rl Tie INGBBER,) |'ous ( he
designer nore freedomin choosing tl, t2, and bit shape than would 25 WO
03/ 085674 PCT/ US03/ 07843 be possible using only Hdl 2 and Hd21 to produce
antiferromagnetic E‘SB{E‘?ﬁ’@o‘ﬁ%%ﬁééhsqcééyérvéc‘ﬂ?f&ﬁé?%‘ﬂc[’WZ@']YCM“@?POodi ment
of the invention can also be inplenented using giant nmagnetoresistive (GWR)
sensors. | n sngMRysermetrncteddniansardandenwith ancsemphary embodinet|df the r epl aced
with a conductor such as copper. Witing would be perfornmed in exactly the
same manner inkedtiosdppliogmagiionic ivkPAddbintagndic nsinxntatitiiftegnse | ayer 53,
but reading would be perforned by running a current parallel to the plane
of the bit 11 (as opposed to perpendicular as in the TMR MRAM bit 11 case).

A different arrang_ﬁgﬁ&ts@ﬁo@pmek%la@aﬁstﬁpIueavcelﬁstwmmah&%hha@@ or
addi ti onal conductive lines may be required to read a MREIMbit with a GWR

sensor. [00 - F iBlcrfd | at] i = by ray: field,
H b, at 1502%}1%"5%%“#%? ?Rg%?%hrﬁ an Le ia%télxgg\p %@%Bﬁ&%%%&?ﬁ%%@*og énse
| ayer ‘53 as a fixnction of thickness if the bottom|ayer of the second
ferromagnetic | ayey. 47 '$s nmthick. .-The.inter-bit stra fiehd H b, is
Shown schenat | cal | JERTE 77 S8 SEross stgn i pho aeasB AR wETmide ed i n
Fig. 5a conprises a ferromagnetic layer 55 forned from Ni Fe(6n a spacer
| ayer 49 ande@%¢ EV?"O%{@HHFFC 1n ggeqrdancespith apexepaplasy Oé@wrwszr?ébemm
formed of Ni Fe(4nm). (See figure 5b) The spacer 49 material is a conducting
netal i c | aywvertiorjet ween 0.5 and 2 nmthick and can be forned from Cu, Ru
or alloys of various netals. Conpared to a single |ayer sense |ayer, a
synthetic ferrimagnetic sense | ayer would produce a smaller stray field at
the location of a Figughboshowp dview dRefvermcdigithboaiyay bitd withisguay Gelda fram 4 nm
thick single layer bit would produce an interaction field at 150 nmfrom
the bit end @he BR idRracOngivith i sdigiessridy bithe top |ayer of the synthetic
ferrimagnetic sense |layer is increased, the stray field at the nei ghboring
bit | ocation decreases and then changes sign. As the top layer is nmade too
t hi ck, the interacg; 1 L e 1 ar : t stray
CF:?;QFE% }h&%’& cggxﬁlhﬁs M'Eag.g&éér g}gtgiﬁ'cmmgg) fobg

fields at the | ocatfon of nelgh g bits a y reduced when the top
ferromagnetic |layer 51 is deposited in the range of . 0 m Fig. 5a
shows that tHa8} %CU'PFFW@'Y F%Hﬁ:@? féﬂ&f%t%&eingﬁg?l ct‘)"il%’ %’ﬁ’éﬁ?‘ Rq ?&I ds woul d
al | ow magneti c, nenor its.to be spaced closer in.an arr 9 wi,th reduced
Stray 1ol STbERIRA GhAhE I ARBAn NEGhBETITRY AOELoL 5 SeRis TP U 2 and
-Hd21 to antiferromagnetically couple layers 47 and 51 limts the range of

relative Iay%ﬂtt!qﬂc kRyfEBagnaghi ch makes it difficult to produce a working
sense |l ayer that shows reduced inter-bit interactions.

12




27 WO 03/085674 PCT/ US03/ 07843 [0030] The inproved thermal stability of
a synthetic ferrimgnetic sense |layer is denonstrated in figure 6. Fig. 6
shows a CURWHB%Fh of a hysteresis loop for a single 4 nmPCRTUSRI/AISEE
elliptically patterned sense layer (270 nmx 1% 0 nm) with a hysteresis

| oop for a synthetic ferrinmagnet sense layer 5 3, simlar to that shown in
figure 5b, of the sane dinension and shape conputed using a m cronagnetic
cal cul ati on based on the Landau-Lifshitz-Glbert equation. An alternative
way to view thermal stability is to look at the energy required to wite a
bit. For an unselected bit, this energy nmay be expressed as E = 1/2
Msat*Hc*V. Note that the coercive magnetic field (Hc) value of the
synthetic ferrimgnet sense |layer 53 is about 35% hi gher than the He val ue
for the single layer film and that the magnetic volume of the synthetic
ferrinmagnet is thrigere 7 shews hapmphrisdreoti mggactiahwsterssisdappeiore vol ume. The
i ncrease in magnetic volune and He effectively increases the thermal
stability fangAetidyemodd elentent sénsdTayier osstrudtabin arodbriahbawvithhen r equi r ed
coercive field is not so large that it would require excessively high

current to Hélﬁ;?mg ARG WHent BY thelihvaiftitifas @¥9pareédto dhysteblsAsoP &rtar 4
PCT/ US03/ 07843 10031 ] Figure 7 shows a m cronagnetic simulation of a
I

.synthetic f i i MM =3 igagey = 200 Ce. The
compari son ﬁ%%&gggﬂﬁhgﬁ¥§§@§§n5é%§landwﬁﬁgﬁ%éQngmgggﬁ%gCcases is made in
order to show,the advantage of including an antiferromagneti c exchange
coupling befﬁg@ﬂgqﬁ. Y847 and 51 in the synthetic ferrinmagnetic sense
| ayer 53. The vertical axis in figure 7 refers to the nornalized magnetic
nonent of the synthetig¢ ferrimgnetic sense | ayer, and the horizontal axis
refers to the eas@QQ&ﬁgsh?“?écppﬁPﬂgnvﬂf@aEVHg Id iptspsitysregpired Wef erred to
as a hysteresis or MH loop. Three Hfield values of interest are evident
in each of pexfom Mwrito@psratibineorn asynthetic seasefjaygr ¢anspracteddn agerdaaceat t he
field HO2 results when both |ayers 47 and S 1 reverse directions
si mul t aneousiith agkehplary reeibudiment efithednventioppoldnt antiferrentagaesc RKE j unp i n
Mthat occurs at the fields HO1l and HO3, results when one of the |ayers 47
or 51 changegcdhgeebiplihg v9enRendent |y of the other |ayer. The existence of
the junps at HOl1 and HO3 inply that M and M2 can orient in the sane
direction when the sense layer is witten with too strong a wite field.
The synthetic fergd i : kd . er than
desired stray fi efgﬁsﬂ?ﬂ?gshbwIﬁﬁ?ﬁ%s?ﬁ%?{ﬂn%ﬁg{"ﬁ#}l% S cgtrE'Hgié?ll gﬁﬁ%%xgc[]uﬂms is
therefore not desired. Further, it 1 ossible th 1 . . VO
03/ 08567a PEMUBS A% a5eQtdance F"?‘Hpiaﬁf %mgég‘gg?%ermg;‘fﬁt%ﬁg e
ferrimagnetic sense |ayer is unstable, and can nagnetize into several
undesi red sfBdes. The val ues HO1l, HO2, and HO3 all depend critically on the
val ues of the paraneters Msatl, Mat2, tl, t2, ts, Hcl, and Hc2. It should
be noted that all _other device parameters being the w ne, the inclusion of
an anti f er r omagneFigure}0showe a fpre¢egsarsystemsneorphaatingoMPdMonemerieen fi el ds
HO1 and HO2 by noving the fields HO1 and HO3 to hi gher val ues. The
ant i f er r onagevitéschaeinghmogerf clehttnad cmstredied és atdredahdefveitle ap exétraplasen HO1
and HO3, an effect which results in a nore magnetically stable sense | ayer.
Hexc t hus akh®odingémadfahe ineadoem i n synthetic sense |ayer optim zation. |If
the condition HO2<HO1 is obeyed, it can be shown that a m ni mum val ue of
Hexc that results in antiparallel orientation of ML and M2 for all relevant
wite fields exists. Although it is difficult to solve for the condition
analytically, it can be approxi mated as ~Hexc~ is greater than
~approximately ( ( 1 /2 ) * [ He 1-Hc2+Hd21-Hd 12 ] ) bcause Hexc can be
used to stabilize an unstable synthetic ferrimagnetic sense | ayer design, a
wi der variation in the choice of Msatl, Mat2, tl, and t2 can be
.accomodat ed, resulting in the capability to build a sense layer with both
i nproved thermal stability and reduced stray field, Hib.
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30 WO 03/ 085674 PCT/USQ§£O7843 (0032] Provided the_mi ni num exchange
coupling condition is net, the nagnetic properties of“ihe synt hetic
ferri mgngy £ layer 53 will be stable over a large r exc
val ues. Fﬁ%ﬂ?%ﬁﬁﬂfﬁ used to denonstrate the effect of vary?ggﬁﬁgigﬁgéigure
8is aplot of the wite field Hsw for a 272 nm by 180 nmelliptical
synthetic ferrimgnetic sense |ayer as a function of Hexc and the hard-axis
bias field Hy_selected. The sinulated stack is N Fe(8nm/ Spacer/ N Fe(4nn),
and it was chosen to allow the Hexc = 0 Oe point to operate as a synthetic
ferrimgnetic sense |ayer over the entire range of wite fields, that is,
for Hsw < H02. Referring to figure 8, wite nmargin may be defined as the
vertical distance between the Hsw sel ected and Hsw unsel ected curves. It is
desirable to have a large wite margin, since this allows the sense |ayer
to be witten at a field value that can be chosen to maxim ze bit yield in

an MRAM array. It is i f I < 200 Ce, there
is no change in wri tﬁ%&@ﬁ]r) Qg%gﬁébfggﬁt?gemﬁ 0 Ce, Wwite
margin slowy decreases. At sone |arge value of Hexc, wite margin becones
zero, and t ense | gyer cannot, be selected for witing wfhout witing
21 %hi £’ 1 odDO3ETon Rebring e Bemmingr loe lrﬂléasgsfféﬁ tPPIHAY Pa BRI
strongly dependent on the paraneters Msatl, Mat2, tl, t2, ts, Hcl, and
Hc2, and it psoonefpe agay 9 ofimaggotig3roee GractiqaneusyBelrsass bt &r ni ned
enpirically for each device design. Hexc can be set by proper choice of
spacer mat erplatalityspfamduminitonkinese, lids A5, alsdveaic?] caliumnadirkss i2 eadh0033]
Referring to Fig. 9, one possible process for manufacturing an enbodi nent
of the inventipeotively (iratddosrd a piralityt dfahetbsy ¢laxens Inird dehsbAskn ofin al so
be inverted, which may result in a change in the process steps and possibly

met hods. | n BEYrEASe.A bty JF 6w ROABRELVlinkeg 18! F6 fall e Phowd finkss ileposi t ed
at processing segnent 113. The pinned [ ayer 43 can be a coupl ed

antiferroma i éﬂﬂ | I r ; i
ferri magnet ?ﬂglrr1 'rcg{R ANt If@%@gang)gﬁge%tﬁéh ?éﬁ“@?&%é&gﬁt‘%?tl %%%%é%mp ?(t:hc
ferrimagnetic s . The .pi nngd | r 43 materials.c be selected from
nown mat or 1518 9 e o Beq LEqundy S fiteesapadndlis Bl BT 5 hol udi ng
FeMh, |r M, Ni.Mh, or NiO For a single |layer pinned |ayer 43 or, in

t he case of @fl\cglf& @%ﬁa‘ﬁt F&F?‘B‘ﬁ%(gﬁ%@’f‘?é‘s&gdw\*‘é?r%%@}ﬁé}q qsg’ie%u,ppwwh could
be used for the antiferromagnetic |ayer and Ni Fe could be used for the

f er r omagnet itbe leasyexis sNgxchingafieldrtodhe stampyelpreents 115 Thusetpwnitetd tayer 43
is snoot hed sufficiently by, for exanple, by sputtering etching or other

t echni que t pargdilarentimeryrelgnent &1 frequhicessgnplsiorgboduised 3yaridal/® forsthef ace
irregularities (Neel coupling). At processing segnent 32 WO 03/ 085674
PCT/ US03/ p78aRctcd memory element 11. The row 13 and column 15 lines can also be

used to rcad magnetic memory elements 11 in addition to writing the memory

elements 11,

[0015] As is well known, the array 9 can also be constructed with row line
13 above and the column line 15 below each memory element 11. Although

Fig. 1 depicts one arrangement for an MRAM array, others are also possible.
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117, a thin tunnel barrier layer 45 is deposited. The tunnel barrier may be
sel ected from known materials including alumna (Al20a). |In processing
segment ™9 030%¥7s5econd ferromagnetic layer 47 is formed PESHSPHIBShagnetic
materials, such as NiFe, so that sufficient antiferromagnetic exchange
coupling and stray field 71, 73 coupling is present between the second
ferromagnetic |ayer 47 and the desired third ferromagnetic |ayer 51 which
wi |l be subsequently deposited. Finally, and depending on the choice of
materials, the entire stack should be annealed in the presence of a
magnetic field, in order to set the correct nmagnetization orientations for
the various layers. [0034J Sufficient antiferronmagnetic exchange coupling
refers to a sense | ayer 53 design which provides for antiferromgnetic
exchange coupling between the second ferromagnetic |ayer 47 and the desired
.third ferromagnetic |ayer 51 (subsequently fornmed) such that the

ant i f er r omafylses 4 pluslish af geraysdlipf inemary elements hhmaydiepramidedds gnt han a val ue
which requires a significantly increased magnetic switching field intensity
(Hsw) af t er MRANY mamorpdevite sthckedtodeasveo degonbict.cABrcteadie aftthpl | ng of

| ayers 47 and 51 across spacer |ayer 47. 33 WO 03/085674 PCT/ US03/ 07843
[ 003 5 ] Amafhdic Bemddy ElehRits Tl ¥abeasaflishetiusyghhatiey dfer ri magnet

di rension and naterials, after a certain point of antiferromagnetic

exchange c Oébq{du;ﬂﬁ)rg Gs Gl a3 cormthctsy arrdrpenRAR haqgg%g%f%%%% o lagkrd ki)

required to pertorma wite operation nust be | ereby i ncreasing

the current_regujred t el for w Lt ching of the sense 53 magnetic
nmonent 75, PP koé'ﬁflé‘ﬁ%fﬁ(ﬁgbo‘f&t’ ng(s?%o'b%‘i tﬁ'?,sa% o cf—‘%sx{glci sglmé’%glgksrt rong, a
hard-axis bias (at 90 degrees to the easy axis 19 ) will not be sufficient
to wite the magnetic nmepory bit ( 11 ) sense layer 53 (switch the
orientati oanﬂlqg]heF%r?@éggé’ﬁérpcwcﬁ%\ffn@?‘iv@r}wgc FHONSIYNCUARN36] Next

t he second ferronmagnetic |ayer 47‘£€y be smoothed to reduce Neel coupling
(magnet i ¢ cowepiom §itbld:, webeh issjraplifiedrfos ilinsgation pyempsey Adirdtr f aci al
irregularities) in processing segnent 121. |In processing segnent 123, the
spacer el enfentordi@nictic tayen®, formad wht @liraliy dfetackghthen rhagretis layierch permi t
antiferromagneti c exchange coupling including Ru, C or Cu, such that
sufficient aidafaohdfagomhgtetiXapands feomgd ofghoahd puradiyy 6f ehakedahjpl ing is
present across spacer |ayer 49 between the second ferromagnetic |ayer 47

and the de%&gﬂcﬁéw&s,fﬁé f&mm%&hanliﬁwm%flnod-ma@h@ﬁ@wegxamnt 125,
the third ferrfomagnetic layer 51 is fornmed Tromféerromagnetic material s,

e.g. NFe onp3g ajunfs taf%%éxggc%G&%nfoﬂchﬁﬁQW)“gf&9%%0%3&5&??8 if ayer 49

so that sufticie erromagnetic exchange coupling ‘and stray field

coupling is esent. agross spacer lLayer .49_between the second ferromagnetic
| ayer 47 an‘a&rﬂ? Bipe SFWFﬁﬁﬁléﬁéFil%yC?W%?Sﬁmgﬂgﬂ?wicmllc r}isrfc’ﬁ'géct ant to
note that the antiferr nef | c exchange coupling.attrihute i s dependent
upon magnet fR¥es ?‘158}”&%1063‘&?‘&5“?‘3(&?%?%32%’@ fing 9%8‘%@??@?1:, bit size
and materials and thus nmay be varied to achieve the desired effect of
sufficient dangthe easimeagaetic axs 2Rnfghe mmony iEreny sFaRsdeYS. nidient

swi tching point separation in the sense |layer 53. [0037J Fig. 10 shows a
processor sleagenill)sdimeasipni2d ofitha néadtyndernenyt bk isanortally lqrgerstbdndhe magnet i ¢
menory bits 11 constructed in accordance with an enbodi nent of the present

invention, geHyredlenidnt’savigftodiasaeion @VY18. Theaspdcakatiy of ¢rsensalaydr 15 3
for data exchange. The magnetic nenory bits 11 are electrically coupled to
the pr ocessexa{%éhcﬁﬁe&as LOWPETHE kedseslleP 9930 halifabiuRed ehaved £ and fromthe
menory bits 11. The magnetic nenory bits 11 may be coupled to the processor
- 151 through a nenory controller and bus system not pictured or coupled with
ot her conponent's through another data transfer architecture. 35




WO 03/085674 PCT/ US03/ 07843 [ 0038] Reference is rradgmto various specific
enbodi nents of the invention. These enbodi nents are described with

suf fi ci entyg@bpeds74 © enabl e those skilled in the art to pr
invention. It is to be understood that other enbodinments o?%trhfeﬁl n@g?htlon

may be enpl oyed and that structural and el ectrical changes may be nade

w t hout departing fromthe scope or spirit of the present invention. 36
WO 03/ 085674 PCT/ US03/ 07843 [0038] Reference is nmade to various specific
enbodi nents of the invention. These enbodi nents are described with
sufficient detail to enable those skilled in the art to practice the

i nvention. It is to be understood that other enbodi nents of the invention
may be enpl oyed and that structural and el ectrical changes may be nade

wi t hout departing fromthe scope or spirit of the present invention. 036
WO 03/ 085674

preferred axis for the two equilibrium magnetization moment orientations 27
of the sense layer 19 in the absence of an applied magnetic field (H). There are
two possible directions of the magnetization of the sense layer 19 along the
easy-axis 23, which defines the two magnetic moment states 27 of the sense
layer 19. In contrast, the pinned layer 17 may be fabricated to only have one
equilibrium or preferred magnetic moment direction of magnetization and this
direction is usually parallel to the easy axis 23 of the sense layer 19. The
magnetic moment 27 of the sense layer 17 prefers to align along the L

dimension 20, or easy axis 23, of the magnetic memory element 11.

[0017] While Figs. 1 and 2a show a memory element 11 which is
rectangular in shape, it must be understood that the memory elements 11 may
be formed in any desired shape, including in an ellipsoid shape, such as shown
in Fig. 2b. Bit shapes other than a rectangle may be used to improve the
magnctic characteristics of an array of memory elements. This invention is
applicable to memory elements of various shapes, and is thus not restricted to

the rectangular bit shape shown in Figure 2a.




PCT/ US03/ 07843 said | ayers being fornmed of a material and thickness
sufficient to provide antiferronmagnetic exchange coupling between the first
and seconyO[03485634 acr oss sai d spacer |ayer such that the R&FAVSPI8tbnent s
of the first and second |layers are free to rotate substantially

simul taneously in the presence of an applied magnetic field so that the
first and second nagnetic nonents of the nagnetizable |ayers can be
oriented in the other of said first and second directions. 2. A sense |ayer
of claim1 further conprising: a thinner |layer, relative to the first
magneti zabl e | ayer, of Co interposed between the spacer layer and the first
magneti zabl e | ayer; and a thinner |ayer, relative to the second

magneti zabl e | ayer, of Co interposed between the spacer |ayer and the
second magnetizable layer. "' ~~1 38 WO 03/08567=4 3. A sense |ayer of
claim1l fi.~rther conprising: PCTIUS03/07843 a thinner |ayer, relative to
~the first nghA] zXig.63 shoperan ofempddy inprevcgdasaghdsisttuand junkiatpacer | ayer
and the first nagnetizable |ayer; and a thinner layer, relative to the
second magngiehwapkizmeany etack Al coateudrad et pasedante widethetiheersjpac €fhe¢ ayer and
the second magneti zable |l ayer. 4. A sense layer of claim1l wherein the

first and sgefidy ERAEL 128D Féinl VST aSsehiedTBf lap@s oF mRédls Pimcl ayeromdf N Fe.
5. A sense layer  of claim1 wherein the first and second magneti zabl e
top of the other between a word line conductor 13 and a column line
conductor 15. The magnetic tunnel junction stack of Fig. 3 from bottom to
top comprises a substrate 31, an insulator layer 33, the non-ferromagnetic
metal conductive row line 13, a non-magnetic metal layer 35, a seed layer 37
for growth of an antiferromagnetic (AF) material layer 39, a first ferromagnetic
layer 41, the antiferromagnetic layer 39 and first ferromagnetic layers 41
comprising a pinned layer 43, a non-magnetic tunnel barrier layer 45, a second
ferromagnetic layer 47, a conductive spacer layer 49, a third ferromagnetic layer
51, a non-ferromagnetic metal layer 55, and the conductive column line 15. A
synthetic ferrimagnet is provided as sense layer 53 comprising the second
ferromagnetic layer 47, spacer layer 49 and third ferromagnetic layer 51. The
second ferromagnetic layer 47, spacer layer 49 and the third ferromagnetic layer

51 are constructed so that the second ferromagnetic layer 47 and the third

ferromagnetic layer 51 are both antiferromagnetically exchange coupled via an

RKKY interaction through the conductive spacer layer 49 and stray field




| ayers conprise at |east gne layer of CoFe. 6. A sensg layer of claim1l:
wherein the first and second nagnetizable | ayers conprise at |east one

| ayer of &oo o38Bss74 WO 031 085674 PCT/ US03/ 07843 7. A sense b /%%09578@ aimil
wherein the first and second magneti zabl e | ayers conprise at | east one
layer of Fe 8. A sense layer of claim1l wherein the first and second
magneti zabl e | ayers conprise at |east one layer of Ni. 9. A sense |ayer of
claiml1l wherein the first and second magneti zabl e | ayers conprise at | east
one layer of N FeCo. 10. A sense |ayer of claim1l wherein the spacer |ayer
thickness is such that the antiferromagnetic exchange coupling between the
first and second nagneti zabl e | ayers has a magnetic field value which is

| ess than the coercive field value of that one of the first and second
magneti zabl e layers with the | argest coercive field value. 40 WO

03/ 085674 PCT/ US03/ 07843

coupled as further explained below. RKKY interaction, also known as the
Ruderman-Kittel-Kasuya-Yosida theory, is a model of effective interaction of

spins in a metal.

[0019] The terms ferromagnetic, antiferromagnetic, ferrimagnetic, and
paramagnetic need to be described in more detail. A ferromagnetic material
can be considered to be a material composed of atoms, with magnetic
moments or more accurately, “spins”, that tend to align parallel to each other
in equilibrium. Because the spins of the atoms align parallel to each other, the
material has what is known as a spontaneous magnetization, that is, it has a net
magnetic moment in the absence of an applied field. This is strictly only true
on small length scales. When ferromagnetic substances are large enough, they
break up into magnetic domains which reduces the energy associated with stray
fields emanating from the material and is thus energetically favorable. Note
that in order for the spins of neighboring atoms in a material to align parallel to
each other there must be some sort of interaction between the atoms. This
interaction is a quantum mechanical effect, known as exchange interaction.

The exchange interaction alternatively may be described in terms of an

18




11. A sense layer of claim1 where the first magnetizable |ayer has a

magnetic saturation tinmes first layer thickness which is not equal

magnet i ¢ WABPE67on ti mes second | ayer thickness of the sBEBNGOHRIHeti zabl e
A sense |ayer of claim 1l where the spacer layer is a conductive
13. A sense layer of claiml1 where the spacer |ayer conprises an
14. A sense |layer of claim1l where the spacer |ayer conprises a
15. A nmethod of claim 1l wherein said spacer |ayer is a conductor
that is not ferronmagnetic or antiferromagnetic. 41 P vn WO 03/ 085674

PCT/ US03/ 07843 16. A sense layer of claim1l where the first and second
magneti zabl e | ayers are forned of difi'erent nmaterials having the sane

| ayer. 12.
mat eri al .
Ru | ayer.
Cu | ayer.

t hi ckness. 17. A sense layer of claim1l where the first and second
magneti zabl e | ayers are fornmed of diil'erent material, each having
thickness dif~"erent fromthe other.

exchange field. For the purpose of this disclosure, a positive value of the
exchange field denotes a ferromagnetic coupling between neighboring spins.
Some common ferromagnetic materials include the elements Ni, Fe, and Co,

and various alloys, the most common of which is NiFe.

[0020] Antiferromagnetism is type of magnetism in solids, such as
manganese oxide (MnO) in which adjacent ions that behave as tiny magnets
(e.g. manganese ions, Mn2 +) spontancously align themselves at relatively low
temperatures into opposite, or antiparallel, arrangements throughout the
material so that the material exhibits almost no gross external magnetism. In
antiferromagnetic materials, which include certain metals and alloys in addition
to some ionic solids, the magnetism from magnetic atoms or ions oriented in
one direction is canceled out by the set of magnetic atoms or ions that are
aligned in the opposite direction. For the purpose of this invention,
antiferromagnetic exchange coupling will denote a negative value of the
exchange field. Antiferromagnetic materials are known and can be constructed
or found in nature. Examples of relevant antiferromagnetic materials that are
often used to pin the pinned layer of an MRAM memory element include

FeMn, NiMn, PtMn, and IrMn.

19
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18. A sense layer of cl aiAmhl wherein said layers are fornmed in an
elliptical pattern. 19. A sense layer for a magnetic nenory el enent, said

sense | ay%og%ggﬁimsi ng: a first magnetizable |ayer having BetiussdoRpd eri al
conposition, a thickness tl and a nagnetic nonent oriented In a lerst

direction; 42 4 WD 03/085674 PCT/ US03/ 07843 a second magnetizabl e | ayer
over said first magnetizable | ayer, said second magneti zabl e | ayer having
said first material conposition and a thickness greater than tl and a
magneti c nonent oriented in a second direction opposite said first
direction; a conductive spacer |ayer formed between said first and second
magneti zabl e | ayers; said first and second magneti zabl e | ayers and
conductive spacer |ayer being formed to provide stray field coupling
between said first and second |l ayers such that said first and second | ayers

havi ng magngigea )P BVisiph fefrith&she thalALALS @ BLofAw RN EEmpBRY of
magnetic atoms with different spin values on intermeshing arrays. The
exchange coupling between neighboring atoms is antiferromagnetic so that the
different sub lattices are oriented in opposite directions. Because the spins
associated with the different sub lattices are different, a net magnetization exists
in equilibrium. Ferrimagnets thus can exhibit a spontaneous magnetization.
The most commonly observed class of materials that are ferrimagnets are

ferrites.

[0022] A paramagnet is a magnetic material where thermal fluctuation
energy is so strong that it overwhelms the exchange interaction between
neighboring spins. In these materials, the random orientation of the atomic
spins results in zero net magnetization in the absence of an applied magnetic
field. When a magnetic field is applied to these materials, it becomes more
probable for some fraction of the spins to align parallel to the applied field. As
the applied field is increased, the magnetization of the paramagnet increases.
Common paramagnetic materials include Al and K. Note also that
ferromagnetic materials become paramagnetic at high temperatures, where the
effect of thermal fluctuation overwhelms the exchange interaction. This

temperature is known as the Curie temperature.




said first and second nmagneti zabl e | ayers and conductive spacer |ayer each
being formed of a material and thickness sufficient to provide

ant i f er r oWe@a®©83684 exchange coupling having a val ue great ePCTRIRA/T84hd <=
200 Ce between the first and second | ayers across said spacer |ayer, the
magnetic orientation of said first and second |ayers rotating substantially
simul taneously in the presence of an applied magnetic field. 43 WO

03/ 085674 PCT/ US03/ 07843 20. A sense |layer of claim 19 wherein the spacer
| ayer thickness is such that the antiferronmagneti c exchange coupling
between the first and second nagnetizable layers is |less than the coercive
(H field value of the one of the first or second magneti zable | ayer which
has the | argest coercive field value. 21. A nagnetic nenory structure
conprising: a sense |layer conprising: a first magneti zable layer with a
‘magnetic no[@O23 pr iBwb Earomagndticrlsterdéancod exchange smpdeditoreapherthembl e | ayer
with a magnetic nonent oriented in a second direction opposite to said

first |ayerih@ugRaGRn-fefddfagnetitwshe&redl Wardeedfitct is'figrandngeeande in
magneti zabl e | ayers; said | ayers being forned of a material and thickness

rsrggl;]laf: ggtal Mﬁcﬂﬁoﬁ%{r?yl’v&a RO R M eReLWaRnt# ofafadicalyl second
coupled, that is forced to align in opposite directions, by stacking onc layer, ¢.g.
the third ferromagnetic layer 51, on top of the other layer, e.g. the second
ferromagnetic layer 47, with a thin conductive spacer layer, e.g. layer 49,
between the two layers 47, 51. The stack of two antiferromagnetically coupled
ferromagnetic layers is often referred to as a synthetic ferrimagnet if the net

moment of ferromagnetic layers does not cancel and as a synthetic

antiferromagnet if the net moment of the stack is zero.

[0024] The relevant exchange coupling occurring across the conducting
spacer layer 49 is antiferromagnetic and is often called RKKY coupling. The
Ruderman-Kittel-Yasuya-Yoshida (RKKY) interaction between localized
magnetic moments is an exchange interaction mediated by conduction
clectrons of a host metal. In general, this exchange coupling decreases in
magnitude and oscillates between ferromagnetic coupling and
antiferromagnetic coupling with increasing spacer layer 49 thickness. The
oscillation of the magnetic coupling between ferromagnetic and

antiferromagnetic alignment, as a function of interlayer thickness, is a general

21




44 WD 03/ 085674 pcT/uso3/o07s43 such that said firs%mgnd second

magneti zabl e | ayers have magnetic nonments oriented anti-parallel to each
ot her; sai rs, being formed of a material and thicknes jclent to
provi de ahﬁ?bgﬁggﬁagnetic exchange coupling between the fi?gfkéﬁ%&gggond
| ayers such that the magnetic nonents of the first and second | ayers are
free to rotate substantially sinmultaneously in the presence of an applied
magnetic field so that the first and second nagnetic nonents of the
magneti zabl e | ayers can be oriented in the other of said first and second
directions; a pinned |layer; and a tunneling barrier formed froma
non-magnetic material provided between said sense | ayer and said pi nned

| ayer. 22. A nmagnetic nenory structure of claim21l wherein
antiferromagneti c exchange coupling between the first and second

i zabl e | Sai ' = :
V0 03/ 0867 PHeEbREReR s panston meANERm BNEh kiR Wit piBigeeks 7 57

further conprising a roY/Iine conductor coupled to provide a magnetic field
to said sens@ndygiaie BEAIa%Ceol urm |ine conductor to provide a nmagnetic field
to said sense |ayer, wherein said pinned | ayer has a magnetic field
orientation which is substantially within 15 Qeg;ees of an axis of said row
l i ne when arfi0i0R2&]r okhgspadec lays e g9, obapyrnthgtipkaripagneter first and second
| ayers across said spacer layer is greater than 0 and <= 100 Ce. 24. A
nmagneti ¢ menmitifersémugidteustibecdfaninalid thickuess and kemppsatof 4 syitble

material (e.g. Ru Cu, or various alloys) so that the exchange coupling produced

between the two ferromagnetic layers is antiferromagnetic and of the desired

magnitude. Two mechanisms for antiferromagnetic coupling are used in this

invention. They are stray field coupling, which is a result of the fields

emanating from the edges of layers 47 and 51, and exchange coupling, which is

an interaction that occurs through the spacer layer 49. For all intents and

purposes, stray field coupling is not relevant until the magnetic memory

clement has been patterned. Exchange coupling through the spacer layer 49,

exists immediately after the magnetic films are deposited. Stray field coupling is

dependent on magnetic memory element size, and the exchange coupling

through the spacer layer 49 is independent of the memory element’s L and W

dimensions.




t hi ckness is such that the antiferromagneti c exchange coupling between the
first and second nagneti zable | ayers across the spacer layer is less than
t he coer cCWOH30B¥I4 val ue of the one of the said first or $ETBIFYI/07843
magneti zabl e | ayer which has the | argest coercive field value. 25: An array
of magnetic nenory el enments conprising: a substrate; 46 wo 03/ 0ss67a
PCT/ US03/ 07843 a first set of substantially parallel electrically
conductive lines formed on the substrate; a second set of substantially
parallel electrically conductive Iines forned on the substrate
substantially orthogonal to the first set of conductive |ines and which
intersect with the first set of conductive lines; a plurality of magnetic
menory el ements, each said each el enent formed between and coupled to the
first and second conductive line intersection points, said elenents
conprising a magnetic nmenory sense |layer conprising: a first magnetizable
llayer with oBgineFiguredrshoivs arscearmaric fepraehtatioh ofiarcecdsisactiorsefand

magneti zabl e |ayer wth a nagnetic nonent oriented in a second direction

opposi te tog E’iéﬂicfﬂzfrﬁﬁagﬂicﬁ@%ﬂs@'léycﬁ pSRMIES 3 LAYS MRAMBEvibe wisER wili d first

and second r@gnetizabl e layers;

be used to define dimensions and parameters essential for describing the
invention. The synthetic ferrimagnetic sense layer 53, is composed of two
ferromagnetic layers 47 and 51, separated by a conducting metal spacer 49, that
is neither ferromagnetic nor antiferromagnetic. The three layers of the
synthetic ferrimagnetic sense layer 53 are patterned into a shape with a length L
and width W. It is assumed for the purpose of disclosing the synthetic
ferrimagnetic sense layer that the shape is an ellipse, but it need not be
restricted to an ellipse in order to practice the invention. Layer 47 is composed
of a ferromagnetic material with magnetization M1, saturation magnetization
Msatl, and a thickness t1 such that if layer 47 was magnetically isolated from
the rest of the stack, it would have a coercivity of Hcl. In the absence of an
applied magnetic field, M1 will orient in one of two possible directions along
an easy axis. Likewise, layer 51 is composed of a ferromagnetic material with
magnetization M2, saturation magnetization Msat2 and thickness t2, such that
if layer 51 was magnetically isolated from the stack, it would have a coercivity of

Hc2. In the absence of an external magnetic field, M2 will orient along an easy
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said layers being fornmed of a material and thickness gufficient to provide
stray field coupling between said first and second | ayers 47 WO

03/ 085674 K& T56E03{ 07843 across said spacer |ayer such tha?,c%ﬁjsg /Iﬁ'&r‘it and
second | ayers have magnetic nonents oriented antiparallel to eac% ot her;

and said | ayers being forned of a material and thickness su~cient to
provi de antiferromagneti c exchange coupling between the first and second

| ayers across said spacer |ayer such that the nagnetic nonents of the first
and second |l ayers are free to rotate substantially simultaneously in the
presence of an applied magnetic field so that the first and second magnetic
nonments of the nagneti zable |ayers can be oriented in the other of said
first and second directions. 26. An array of magnetic nenory el enents of
claim25 fizrther conprising another conductive |ine situated near said
sense | ayer which is used to read the magnetic orientation of said sense

e, TR, ROl 8! ARELL S B SAEAERS 0L L

layer whi ch sihsapéJ of %g spati qugrllt? ?tSL?rE u?ccs:-l;/ sltJrSa?r?’n/mOg?n%Afi% field 73 that passes
through the volume of layer 51. The stray magnetic field 73 is defined as
Hd12. Within the volume of layer 51, Hd12 points in a direction opposite to
the direction of M1. Layer 51 being similarly patterned into a shape of finite
spatial extent also produces a stray magnetic field 71 that passes through the
volume of layer 47. The stray magnetic field 71 is defined as Hd21. Within
the volume of layer 47, Hd21 points in a direction opposite to the orientation
of M2. If composed of an appropriate material and deposited with thickness,
ts, the spacer layer 49 will mediate an antiferromagnetic exchange coupling
between ferromagnetic layers 47 and 51. For simplicity, the exchange coupling
is represented as a magnetic field that is of the same magnitude, Hexc, in layers
47 and 51. This definition of the exchange field is for illustrative purposes
only, and the invention is not intended to be restricted to a case of equal
exchange field magnitude in layers 47 and 51. The exchange field Hexc is
intended to be antiferromagnetic. Therefore in layer 47, Hexc will point in a

direction opposite to M2, and the exchange field in layer 51 will point in a

direction opposite to M1.




to rotate substantially sinultaneously the magnetic nonents of said first
and second nagnetizabl e-layers. 2%. An array of nagnetic nenory el enents of
cl ai m 25 W@03H8567¢onpri si ng anot her conductive |ine whi ch PCIAE03/A8d3gh sai d
sense |ayer and is used to determ ne nagnetic orientation of said sense
| ayer magnetic noments. 29. An array of magnetic nenory el enents of claim
25 further conprising anot her conductive |line which runs through said sense
| ayer and is used to rotate substantially sinultaneously the magnetic
nonents of said first and second nagneti zabl e | ayers. 30. A conputer system
conprising: a processor; 49 WO 03/08567=t PCT/US03/07843 a nagnetic
nmenory device electrically coupled to the processor, said nmenory device
conprising: a first magnetizable |layer with a magnetic nonment oriented in a
first direction;

[0027] In order to build a synthetic ferrimagnetic sense layer and realize its

benefits, which include decreased inter-bit interactions and improved thermal

stability, two conditions must be obeyed. First,
Msatl *t] # Msat2*t2,

which ensures that there is sufficient net moment in the sense layer that it can
be written at a reasonable write field value. Second, M1 must remain
oppositely oriented to M2 at all times. In a real device, however, there will be
some deviation from colinearity, the greater the deviation from colinearity, the
poorer the device performance. In order for M1 and M2 to remain oppositely
oriented the stray fields Hd12 and Hd21, and exchange field Hexc must be set
so that the antiferromagnetic orientation between M1 and M2 is stable under
all operating conditions. The designer of a synthetic ferrimagnetic sense layer
thus has to properly select the appropriate combinations of the parameters
Msatl, Msat2, t1, 2, ts, Hcl, Hc2, and the spacer material in order to build a
robust device. The inclusion of Hexc provides more flexibility in device design
than the use of stray field coupling alone would provide. In particular, Hexc

allows the designer more freedom in choosing tl, t2, and bit shape than would




a second nagnetizable laygr with a nagnetic nonent o‘rmj,%ent ed in a second:
direction opposite to said first direction; a spacer l'ayer forned between a

first and ghetizabl e | ayers; said |layers being fo
mat eri al ﬁl@ggﬁggﬁﬁess sufficient to provide stray field c%ﬁ%&?%oﬁgt ween

said first and second | ayers such that said first and second | ayers have
magneti c nonents oriented antiparallel to each other; and said | ayers being
formed of a material and thickness sufficient to provide antiferromagnetic
exchange coupling between the first and second | ayers such that the
magneti c nonents of the first and second | ayers are free to rotate
substantially sinmultaneously in the presence of an applied nmagnetic field
50 WO 03/ 08567N PCT/ US03/078N3 so that the first and second magnetic
nonents of the magnetizable |ayers can be oriented in the other of said
first and second directions. 31. A conputer systemof claim 30 wherein the

array of magnetic..nennry devi ar. trically upl ed to. the processor
Chr ough = maoPySESHEReE Pep Hb s0d HESF Shbaiss e dlurim S Sraihe so
wh [ h I hj ck

o e e Wy ey b g

[0028] An embodiment of the invention can also be implemented using
giant magnetoresistive (GMR) sensors. In a GMR sensor, the insulating tunnel
barrier 45 will be replaced with a conductor such as copper. Writing would be
performed in exactly the same manner that is performed for MRAM bits 11
using a TMR sense layer 53, but reading would be performed by running a
current parallel to the plane of the bit 11 (as opposed to perpendicular as in the
TMR MRAM bit 11 case). A different arrangement of row 13 and column 15
conductive lines or additional conductive lines may be required to read a

MRAM bit with a GMR sensor.

[0029] Fig. 5a shows a calculation of the inter-bit stray field, Hib, at 150 nm
emanating from an elliptical synthetic ferrimagnet sense layer 53 as a function
of thickness if the bottom layer of the second ferromagnetic layer 47 is 4 nm
thick. The inter-bit stray field Hib, is shown schematically in figure 5c. The
sense layer 53 embodiment modeled in Fig. 5a comprises a ferromagnetic layer

55 formed from NiFe(6nm), a spacer layer 49 and a ferromagnetic layer 51
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is such that the antiferromagnetic exchange coupling between the first and
second nmagneti zabl e | ayers across the spacer layer is less than the
coercive WO3@8%a# ue of the one of the said first or seco®§THRERYH8TIS4Iabl e

| ayer which has the |argest coercive field value. 33. A nmagnetic nenory
structure conprising: a sense |ayer conprising: 51 WO 03/ 085674

PCT/ US03/ 07843 a first magnetizable |ayer with a magnetic nonent oriented
inafirst direction; a second nagnetizable |ayer with a magnetic nonent
oriented in a second direction opposite to said first |layer; a spacer |ayer
formed between said first arid second nmagneti zabl e | ayers; said |ayers
being formed of a material and thickness sufficient to provide stray field
coupling between said first and second magneti zabl e | ayers such that said
first and second nagneti zabl e | ayers have magnetic nonents oriented
anti-parallel to each other; said |ayers being formed of a material and

t hi ckness sfdrired afiiVNiBe(4mndyv (Ste figure Sb) rTirespaetri 49 mxodrah pea cmdoktiing bet ween
the first and second layers such that the magnetic nonents of the first and

second | ayepgdli€lalyéess baweén oiFaridD s tHitlehhd i B féranbDitemyCia IRt he
presence of an applied magnetic field so that the first and second magneti c

RIS o SPRIRIASAEASIChAgERn 5 MUl de er st 5o
ferrimagnetic sense layer would produce a smaller stray field at the location of a
neighboring bit. Referring again to figure 5a, a 4 nm thick single layer bit
would produce an interaction field at 150 nm from the bit end of 15 Oe. As
the thickness of the top layer of the synthetic ferrimagnetic sense layer is
increased, the stray field at the neighboring bit location decreases and then
changes sign. As the top layer is made too thick, the interactions fields again
become too large. Note that stray fields at the location of neighboring bits are
greatly reduced when the top ferromagnetic layer 51 is deposited in the range
of 2 nm to 6 nm. Fig. 5a shows that the resulting reduction in neighboring bit
stray fields would allow magnetic memory bits to be spaced closer in an array 9
with reduced stray field interactions between neighboring bits 11. Using only
Hd12 and Hd21 to antiferromagnetically couple layers 47 and 51 limits the

range of relative layer thickness, which makes it difficult to produce a working

sense layer that shows reduced inter-bit interactions.




52 WD 03/085674 PCT/US03/07843 a conductive |ayer provided between said
sense | ayer and said pinfded | ayer. 34. A sense layer of claim33 further

conpri si ngg inner layer, relative to the first magneti er, of
Co inter p%%gyhgegtﬁeen t he spacer layer and the first mgne???}éﬁpie/@?égi/er;

and a thinner |ayer, relative to the second nmagnetizabl e | ayer, of Co

I nt erposed between the spacer |ayer and the second nagneti zabl e | ayer. 35.
A sense | ayer of claim33 further conprising: a thinner layer, relative to
the first nmagnetizable |ayer, of CoFe interposed between the spacer |ayer
and the first nmagnetizable layer; and a thinner |ayer, relative to the
second nmagneti zabl e | ayer, of CoFe interposed between the spacer |ayer and
t he second magneti zabl e | ayer. 53 r~-R °, '~'"~;,, WD 03/085674

PCT/ US03/ 07843

[0030] The improved thermal stability of a synthetic ferrimagnetic sense
layer is demonstrated in figure 6. Fig. 6 shows a comparison of a hysteresis
loop for a single 4 nm thick NiFe elliptically patterned sense layer (270 nm x
180 nm) with a hysteresis loop for a synthetic ferrimagnet sense layer 53,
similar to that shown in figure 5b, of the same dimension and shape computed
using a micromagnetic calculation based on the Landau-Lifshitz-Gilbert
equation. An alternative way to view thermal stability is to look at the energy
required to write a bit. For an unselected bit, this energy may be expressed as E
= Y4 Msat*Hc*V. Note that the coercive magnetic field (Hc) value of the
synthetic ferrimagnet sense layer 53 is about 35% higher than the Hc value for
the single layer film, and that the magnetic volume of the synthetic ferrimagnet
is three times that of the single layer’s magnetic volume. The increase in
magnetic volume and Hc effectively increases the thermal stability factor by
1.35 * 3 = 4.05 times. Also, note that the required coercive field is not so large
that it would require excessively high current to write a magnetic bit 11 sense

layer 53.




36. A magnetic nenory structure of claim 33 wherein antiferromagnetic
exchange coupling between the first and second magneti zabl e | ayers across
sai d spacWO 348%74i s between 0 and <= 200 Ce. 37. A nmagnetPCI/GHE¥0T8y3
structure of claim33 further conprising a row | ine conductor coupled to
provide a magnetic field to said sense |ayer and a columm |ine conductor to
provide a magnetic field to said sense |ayer, wherein said pinned | ayer has
a magnetic field orientation which is substantially within 15 degrees of an
axis of said row |line when antiferronmagnetic exchange coupling between the
first and second | ayers across said spacer |layer is greater than 0 and <~
100 Ce. 38. A magnetic nenory structure of claim 33 wherein the spacer

| ayer thickness is such that the antiferronagnetic exchange coupling
between the first and second nagneti zabl e | ayers across the spacer |ayer is
less than the coercive 54 WD 03/085674 PCT/ US03/07843 field value of the
one of the §00811i rEigunr7 sksowena miagneignzadbbiendlayar ofdsyithétis t he | ar gest
coercive field value. 39. A nethod for manufacturing a magnetic nmenory

el enent comirripdgpeté Ukt ycawithrHett 00 Oetad Hve 4 20@0eM The a
magnetization in a first direction over a substrate; formng a tunnel

barrier |aygbmpifbod Ba&wRERRRIHAY &0 ORNhd' (e FIEE ﬁZé@@@cis@é’ﬁrmﬁé% the
tunnel barrier | ayer, said sense |layer having a first and second

ferromagnet igg 4l a%shoR e abaftadd ofintRAGEY al B HerBRfigRetic exchange

coupling between layers 47 and 51 in the synthetic ferrimagnetic sense layer 53. |
The vertical axis in figure 7 refers to the normalized magnetic moment of the
synthetic ferrimagnetic sense layer, and the horizontal axis refers to the easy-axis
write field. This type of plot is often referred to as a hysteresis or M(H) loop.
Three H field values of interest are evident in each of the M(H) loops. The
jump in the M(H) loops that occurs at the field HO2 results when both layers
47 and 51 reverse directions simultancously and thus remain oriented in
opposite directions. The jump in M that occurs at the fields HO1 and HO3,
results when one of the layers 47 or 51 changes direction independently of the
other layer. The existence of the jumps at HO1 and HO3 imply that M1 and
M2 can orient in the same direction when the sense layer is written with too
strong a write field. The synthetic ferrimagnetic sense layer 53 will thus
produce larger than desired stray fields Hib. Writing the bit at fields greater

than HO3 is therefore not desired. Further, it is possible that HO1 may
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characteristic which results in stray field coupli ngﬂ‘,@\nd antiferromagnetic
exchange coupling between said first and second ferronagnetic |ayers. 40. A

nmet hod of ' wherein the act of forming said sense | r
conpri Ses:ﬁ?@bﬂhs%% 03/ 085674 PCT/LTS03/07843 form ng sai Sﬁmsfg!t%%%

magneti zation | ayer over the tunnel barrier |ayer; formng a spacer |ayer
over the first magnetization |layer; and form ng the second nagneti zation

| ayer over the spacer |ayer. 41. A nethod of claim40 further conprising
snoot hing a surface of the pinned | ayer before form ng anot her | ayer on
said pinned |layer. 42. A nethod of claim40 further conprising snoothing
the first magnetization |ayer before formng a spacer |layer. 43. A nethod
of claim40 wherein said first and second magnetizable | ayers are forned of
a material conprising N Fe. 56

approach 0 Oe, in this case the synthetic ferrimagnetic sense layer is unstable,
and can magnetize into several undesired states. The values HO1, H02, and
HO3 all depend critically on the values of the parameters Msatl, Msat2, t1, t2,
ts, Hcl, and Hc2. It should be noted that all other device parameters being
the same, the inclusion of an antiferromagnetic exchange field increases the
separation between fields HO1 and HO2 by moving the fields HO1 and HO3 to
higher values. The antiferromagnetic exchange field also reduces the difference
between HO1 and HO3, an effect which results in a more magnetically stable
sense layer. Hexc thus allows greater freedom in synthetic sense layer
optimization. If the condition HO2<HO1 is obeyed, it can be shown that a
minimum value of Hexc that results in antiparallel orientation of M1 and M2
for all relevant write fields exists. Although it is difficult to solve for the
condition analytically, it can be approximated as |Hexc| is greater than
approximately ({(1,/2)*[Hcl-Hc2+Hd21-Hd12]) bcause Hexc can be used to
étabﬂjzc an unstable synthetic ferrimagnetic sense layer design, a wider variation
in the choice of Msatl, Msat2, t1, and t2 can be accommodated, resulting in
the capability to build a sense layer with both improved thermal stability and
reduced stray field, Hib.
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WO 03/08S674 rcT/ uso3/ 07843 44. A nethod of claim40 wherein said first and
second nmagneti zable |l ayers are fornmed of a material conprising CoFe. 45. A
met hod ofWoOl0a/085620 wherein said first and second magneti zRETAISOHYBHE ar e
formed of a material conprising Co. 46. A nethod of claim40 wherein said
first and second nagnetizable |ayers are fornmed of a material conprising
Fe. 47. A nmethod of claim40 wherein said first and second nmagneti zabl e

| ayers are formed of a material conprising Ni 48. A nmethod of claim40
wherein said first and second nmagneti zable | ayers are forned of a materi al
conprising N FeCo. 57 WO 03/08S674 ,. PCT/US03/ 07843 49. A nethod of

cl aim40 wherein said spacer |ayer conprises a Ru | ayer.

[0032] Provided the minimum exchange coupling condition is met, the
magnetic properties of the synthetic ferrimagnetic sense layer 53 will be stable
over a large range of Hexc values. Figure 8 is used to demonstrate the effect of
varying Hexc. Figure 8 is a plot of the write field Hsw for a 272 nm by 180
nm elliptical synthetic ferrimagnetic sense layer as a function of Hexc and the
hard-axis bias field Hy_selected. The simulated stack is
NiFe(8nm)/Spacer/NiFe(4nm), and it was chosen to allow the Hexc = 0 Oe
point to operate as a synthetic ferrimagnetic sense layer over the entire range of
write fields, that is, for Hsw < H02. Referring to figure 8, write margin may be
defined as the vertical distance between the Hsw_selected and Hsw_unselected
curves. Itis desirable to have a large write margin, since this allows the sense
Jayer to be written at a field value that can be chosen to maximize bit yield in an
MRAM array. It is evident from figure 8, that when Hexc < 200 Oe, there is
no change in write margin. As Hexc is increased above 200 Oe, write margin
slowly decreases. At some large value of Hexc, write margin becomes zero, and
the sense layer cannot be selected for writing without writing all bits located on
the same column line. The upper limit in Hexc is strongly dependent on the

parameters Msatl, Msat2, tl, 2, ts, Hcl, and Hc2, and it should be
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50. A nethod of claim40 wherein said spacer |ayer copprises a Cu |layer.-
51. A nethod of claim40 wherein said spacer is a conductor that is not

f err omagnekibosRkseant i f erromagnetic. 52. A method of claim | ). Sai d
spacer Ias‘gp ?@ 51‘62‘{r1m3d with a thickness such that the anti ﬂ)gr]‘m/gﬁg%l C

exchange coupling between said first and second nagnetizable |layers is |ess
than the coercive (H) field value of the one of the first or second

magneti zabl e | ayer which has the | argest coercive field value. 58 WO

03/ 083674 PCT/ US03/07843 53. A method of claim40 where formng said | ayers
is such that the layers are forned of a material and thickness sufficient
to provide stray field coupling and antiferromagneti c exchange coupli ng,
said antiferromagneti c exchange coupling is within the range of 0 to <= 300
Ce between the first and second | ayers across said spacer |ayer. 54. A

met hod of claim40 wherein said step of formng the first and second

magneti zatiop_ |l ayers ingl.u form ng.sajd firnrst and,second | avers

el udi ng. N P riEed it Tor S alesgn: Al BBRFFH & { or e
with a thickness t.and first |ayer is for {th a_ thickness greater than
t. 56. A met C%?fs@%ﬁrrﬁ‘%”?lbigﬁcﬁﬂmmns&%:ﬁf%?ﬁ @“at?hi nner | ayer,
relative to the first magnetizable |ayer, of Co interposed between the

spacer l|ayer_and the first magnetizable |ayer; and 59 )
[0033] Referring to Fig. 9, one possible process for manufacturing an

embodiment of the invention is disclosed. Note that the layers in the stack can
also be inverted, which may result in a change in the process steps and possibly
methods. In any case, first, the pinned or reference layer 43 is deposited at
processing segment 113. The pinned layer 43 can be a coupled
antiferromagnetic and ferromagnetic layer structure, a synthetic ferrimagnet, or
an antiferromagnetic layer coupled to a synthetic ferrimagnetic stack. The
pinned léycr 43 materials can be selected from known materials, which are used
. for pinned layer 43 construction including FeMn, IrMn, PtMn, NiMn, or NiO.
For a single layer pinned layer 43 or, in the case of a coupled antiferromagnetic
and ferromagnetic layer, I[rMn could be used for the antiferromagnetic layer
and NiFe could be used for the ferromagnetic layer. Next, at processing
segment 115, the pinned layer 43 is smoothed sufficiently by, for example, by
sputtering etching or other technique to reduce the magnetic field coupling

caused by layer surface irregularities (Neel coupling). At processing segment
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~,..w WD 03/085674 PCT/US03/ 07843 forming a thinner |layer, relative to the
second magneti zable | ayer, of Co interposed between the spacer |ayer and
t he secorwlomagssstd zabl e | ayer. 57. A sense l|ayer of clai mPeU/USOI/@M8€x
conprisilig: formng a thinner layer, relative to the first nagnetizable
| ayer, of CoFe interposed between the spacer |ayer and the first
magneti zabl e layer; and formng a thinner layer, relative to the second
magneti zabl e | ayer, of CoFe interposed between the spacer |ayer and the
second magnetizable layer. 58. A method for manufacturing a nagnetic nenory
el enent conprising: formng a sense |layer over a substrate, said sense
| ayer having a first and second ferromagnetic | ayer separated by a spacer
layer and a characteristic which results in stray field coupling and
antiferromagneti c exchange coupling between said first and second
ferromagnetic layers across said spacer |ayer; 60
117, a thin tunnel barrier layer 45 is deposited. The tunnel barrier may be
selected from known materials including alumina (ALOj;). In processing
segment 119, the second ferromagnetic layer 47 is formed from ferromagnetic
materials, such as NiFe, so that sufficient antiferromagnetic exchange coupling
and stray field 71, 73 coupling is present between the second ferromagnetic
layer 47 and the desired third ferromagnetic layer 51 which will be
subsequently deposited. Finally, and depending on the choice of materials, the
entire stack should be annealed in the presence of a magnetic field, in order to

set the correct magnetization orientations for the various layers.

[0034] Sufficient antiferromagnetic exchange coupling refers to a sense layer
53 design which provides for antiferromagnetic exchange coupling between the
second ferromagnetic layer 47 and the desired third ferromagnetic layer 51
(subsequently formed) such that the antiferromagnetic exchange coupling is
more than zero and less than a value which requires a significantly increased
magnetic switching field intensity (Hsw) after a certain point of

antiferromagnetic exchange coupling of layers 47 and 51 across spacer layer 47.
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WO 03/ 085674 formng a tquel barrier |ayer over the gense |ayer; and

PCT/ US03/ 07843 formi ng a ‘pinned or reference layer with a nmagnetization in
a first diywesi ver a said tunnel barrier. 59. A nethod 8
wherein the agpgo pforn1ng sai d sense | ayer further conpr|§g§1%#orn1%g sai d
first magnetization |ayer over the tunnel barrier |ayer; formng a spacer

| ayer over the first nagnetization |layer; and form ng the second

magneti zati on | ayer over the spacer layer. 60. A nethod of claim58 wherein
said spacer layer is formed with a thickness such that the
antiferromagneti c exchange coupling between said first and second

magneti zable layers is less than the coercive (H) field value of the one of
the first or second magneti zabl e | ayer which has the |argest coercive field
val ue. 61 WD 03/ 08S674 PCT/ US03/ 07843 61. A net hod of claim58 whore
formng said layers is such that the

[0035] As Fig. 8 indicates, given a specified synthetic ferrimagnet dimension
and materials, after a certain point of antiferromagnetic exchange coupling
(e.g., - 200 Oce), the applied magnetic field (Hx) required to perform a write
operation must be increased thereby increasing the current required to perform
switching of the sense layer 53 magnetic moment 75, 77 orientations. At some
point, when Hexc is too strong, a hard-axis bias (at 90 degrees to the easy axis
19) will not be sufficient to write the magnetic memory bit (11) sense layer 53

(switch the orientation of the sense layer 53 magnetic moments 77, 75).

[0036] Next, the second ferromagnetic layer 47 may be smoothed to reduce
Neel coupling (magnetic coupling between layers 47 and 51 caused by
interfacial irregularities) in processing segment 121. In processing segment
123, the spacer element 49 is formed from materials for spacer layers which
permit antiferromagnetic exchange coupling including Ru, Cr or Cu, such that
sufficient antiferromagnetic exchange coupling and stray field coupling is
present across spacer layer 49 between the second ferromagnetic layer 47 and
the desired third ferromagnetic layer 51. In processing segment 125, the third

ferromagnetic layer 51 is formed from ferromagnetic materials, e.g. NiFe, on
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'Iayefs are formed of a material and thickness sufficient to provide stray
field coupling and antiferromagneti c exchange coupling, said
anti f err ONQ@H0856% exchange coupling is greater than 0 andPEEUIHOBE bet ween
the first and second | ayers across said spacer |layer. 62. A nmethod of claim
58 wherein second magnetizable layer is formed wwth a thickness t and first
magneti zable layer is formed with a thickness greater than t. 63. A nethod
for manufacturilig a nagnetic nenory el enment conprising: formng a pinned
or reference layer with a magnetization in a first direction over a
substrate; snoothing a surface of the pinned |layer; formng a tunnel
‘barrier |layer over the pinned |layer; and 62 WO 03/ 085674 PCT/ US03/ 07843
form ng a sense | ayer over the tunnel barrier layer, said act of formng
sai d sense |ayer conprising: formng said first nmagnetization |ayer over
.the tunnel barrier layer; snobothing the first magnetization |ayer; formng
a spacer Iaymrofaherspadwela‘ypr 49 sqm@ateuﬂkmmufmmagm:wmcsecond
magneti zati on | ayer over of the spacer |ayer;

coupling and stray field coupling is present across spaccr layer 49 between the

second ferromagnetic layer 47 and the third ferromagnetic layer 51. Again, it is

important to note that the antiferromagnetic exchange coupling attribute is

dependent upon magnetic memory bit 11 design including sense layer design,

bit size and materials and thus may be varied to achieve the desired effect of

sufficient antiferromagnetic exchange coupling and magnetic moment

switching point separation in the sense layer 53.

[0037] Fig. 10 shows a processor system 151 comprising a MRAM memory
array 9 comprised of magnetic memory bits 11 constructed in accordance with
an embodiment of the present invention, coupled with a processor, ¢.g., a
central processor unit 153 for data exchange. The magnetic memory bits 11
are electrically coupled to the processor 151 so as to permit reading and writing
data to and from the memory bits 11. The magnetic memory bits 11 may be
coupled to the processor 151 through a memory controller and bus system not
pictured or coupled with other components through another data transfer

architecture.
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said first and second magpetization |ayers and spacer,| ayer being forned
such that said |ayers are stray field coupled and antiferromagnetic
exchange C@HBI[;/@Q@FVOSS sai d spacer layer; said first and %%5%93/07843
magneti zabl e Tayer are fornmed having a magnetic saturation tines sard first
| ayer's thickness which is not equal to said second |ayer's magnetic
saturation tinmes second | ayer thickness of the second magneti zabl e | ayer.
63 WO 03/08567:1 PCT/US03/ 07843 64. A nethod of claim 63 wherein said
spacer layer is formed with a thickness such that the antiferromagnetic
exchange coupling between said first and second nagnetizable |layers is |ess
than the coercive (H) field value of the one of the first or second

magneti zabl e | ayer which has the | argest coercive field value. 65. A nethod -
of claim63 wherein sense |layer is fornmed having antiferromagneti c exchange
coupling between first and second nagneti zation |ayer of nore than zero and

| ess than a i.eh prey i i tJ. i L f said
sense | ayer C"? %gae\l\grc%é%r%g e ﬁﬁagﬁggg%ﬁ%l&ge%c%ﬁ %&%bl%éh ’?'?%ﬁ\(lj&{"ég %nﬁ\g?hod of
claim 63 wheprein said.first neti zation_layer, spacer layer a econd
mmgnot i st GHSASBIDORIBeRS ARG br Pt AR foch At Htse SR e 1 o
provide stray field coup!igg and antiferronmagneti c exchange coupling
bet ween sai dfthe aft tagaciics she invegHeR Ahisite bedindesstapd that aiher

embodiments of the invention may be employed and that structural and

clectrical changes may be made without departing from the scope or spirit of

the present invention.




64 WD 03/085674 PCT/ US03/ 07843 said spacer |layer, said antiferronmagnetic
exchange coupling is greater than 0 <_ 200 Ce. 67. ‘A nethod of claim63
wher ei n tWe 0308em] nagneti zation layer is formed with a tRCTRISé®67843 and
first layer is formed with a thickness greater than t. b$. A nethod for
manuf acturing a magnetic nenory el enent conprising: formng a pinned or
reference layer with a magnetization in a first direction over a substrate;
form ng a conductive | ayer over the pinned |ayer for creating a giant
magnet or esi stance effect; and form ng a sense |ayer over the tunnel barrier
| ayer, said sense |layer having a first and second ferronmagnetic | ayer
separated by a spacer layer and a 65

WHAT IS CLAIMED IS:

1. A sense layer for a magnetic memory element, said sense layer

comprising:

a first magnetizable layer with a magnetic moment oriented in a first

direction;

a second magnetizable layer with a magnetic moment oriented in a

second direction opposite to said first direction;

a spacer layer formed between said first and second magnetizable layers;

said layers being formed of a material and thickness sufficient to
providc stray field coupling between said first and second layers across said
spacer layer such that said first and second layers have magnetic moments

oriented antiparallel to each other; and
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WO 03/ 085674 PCT/ US03/ 07843 characteristic which re§g£ts in stray field
coupling and antiferromagnetic exchange coupling between said first and
second fegpgggggﬁ&jc | ayers. 69. A nethod of claim&68 mherghgnkggwﬂﬁg of
form ng sard sense |layer further conprises: formng said first

magneti zation | ayer over the tunnel barrier |ayer; formng a spacer |ayer
over the first magnetization |layer; and form ng the second nagneti zation

| ayer over the spacer |layer. 70. A nethod of claim 68 where form ng said

| ayers is such that the layers are formed of a material and thickness
sufficient to provide stray field coupling and antiferronmagneti c exchange
coupling, said a.ntiferronmagnetic exchange coupling is within the range of
0 to <= 300 Ce between the first and second | ayers across said spacer

| ayer. 66 71. A nethod of claim68 wherein second layer is fornmed with a
thickness t and first layer is formed with a thickness greater than t. 72.

A sense | ayer of claim rei h in I i ic

ferri magne%/. 67 . A .lﬂl—%g R\é\@%@g{}%& RE%%Qr%imiéﬁ{&%ésﬂgu%{ékgg 3?. A AFe. A A
e.A A (RA&A (,. A& AF?. A& A, .

,( A& A3,( . AU .,.CA%E?.‘FQN??. notecxchange,coyphingPsrxeemhicfinpand 1#crBdavr Ag. A3R

. A& AF, . A9. AF?. A9. AFe. A9. AFR A& A ?. AL. A3R A& A3R A9. AY?. A& AY, . A A

.. A(s_byXt 1|loeraperessssid spavgrdayee apel fhasthamagardamomens ehthedisad a] ca] ca]

ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! {U>

?" $$$$%* } * szcomyblay¥s avaNikc &) oatheasupstankialy simultaneously in the presence of

WV] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca]ca]ca]ca]c

a] cal] ca] ca an applied magnetic field so that the first and second magnetic moments of the

***_W\/]/ /)jlyl 2y23333335' 50555*6] 6666) 7/ 707=7D7S7{vql ga\ VU] ca] cal] ca] ca]

ca] ca] ca] calf 'zﬁsikqgl&@&ﬁﬁa&aﬂi&ﬁk&@d aalberl ealadhedlanalseair] cal] ca] ca] ¢

aJca]ca]ca] cal'S7778h888<9~999: G ::;1;7;:;D; S

;| <<=Y=v==>> >c>cﬁ>11¥vr mhc”YU] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal]c

a]ca]ca]ca]cafca cd] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! >>>>>>>BBB* CvC| CCCCEHH

HHHHHK2 VB M

MEMIMRRRRyt oj e” Zmhc”~YU] ] U] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca

] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca

RRS" Sr SWAWWWAK\ A\ A\ \\ “bb*b9beggaggggghhk~ysni d_ZU] ca] ca] ca] ca] ca] cal] ca] ca] ca

] ca] ca] cal] ca] ca] ca] dapew) leysr o diaag|lchrthsr eam@sPEg] cal] ca] ca] ca] ca] cal cal] ¢

al kkl I aqaqqqaqvvvwzZwww{ { { {{{

a thinner layer, relative to the first magnetizable layer, of Co interposed

between the spacer layer and the first magnetizable layer; and

a thinner layer, relative to the second magnetizable layer, of Co

interposed between the spacer layer and the second magnetizable layer.
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| U o| ~~yt oj e_ZU] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca]
cal] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] cal] ca] ca! "#01@w h| vpkfa\We_ZU] ] ca]ca] c
a] ca] caUlweldBnsgeéea] ca] ca] cal] ca] ca] cal] ca] cal] ca] ca] ca] capcajusay/empxral] cal c
ay] ca] ca] cal ca] ca] ca
%+8C8>AKZ%p~yt oj e” ZU] cal] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] cay
cal] ca] ca] ca] ca] ca] caU] ca] ca] ca]cal cal]cal] ca]lcalJca!n_"fgtUR7/R-6 {vql gb] X]c]c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca
] ca] ca] ca] ca] ca] ca] ca]ca! fgjt8b"(5D#ggLw}{vqgj d_ZU] ca] ca] cal] ca
UV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] cal] ca] ca] ca! (m bn[ GdDe
{vqgl ga\ W] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] caU
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! . w 8gBHKUdF4| wr mhb] X] ] ] ca] calU] ca] ca] ca
Jca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]c
a] ca] ca] ca! , ant WO& BO&nsdBarqbfoidi 1 haahaadonegdrisalgoal cal] cal ca] ca] ca] cal ca] ¢
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] calU] ca] ca] ca] ca]ca]ca! Ow &t hBb[ f
czupkfa\ W] ca] ca] ca] ca] ca] ca] ca] caU] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
]Ca] ca] ca] ca] cal] g aliaatclayératelaive abahé GMNY ARldn&Bzable layer, of CoFe

=H{ vql gb] X] ] ] ca] caj ca] ca] ca] ca] ca] ca] ca] caly] ca] ca]yca] ca] ca]ca]ca]ca]ca]c

? ]95%]@361} ﬁ?]& %ﬂxp ni d g]ﬂégfd fdcafd{af’gc?cgﬁ} lﬁgcnguzablc layer; and

UV] caV] ca] ca] ca] ca] ca] cal ca] cal] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca]ca]ca]ca]c

al| ?a@g*i . n{vqgl gb o £Falca] cajca
ca] ca] cg] ca] {ca]chT %8‘%\ g#@f%éﬁgfﬁ% %%@)Zgl?ﬁ%]cgao%éﬁ Joalcalcal
dl | - 4xCR{ vpkf a\ aj ca ajc aj ca cal ca] ca] ca] cal] c
aj l:a] ca] f:a]oﬁ‘af géﬁgﬁéﬁ‘]ﬁ&%} ll?ﬁf‘t{]éyga’]“%f] EQW@L%&F]I I ]gb] ]X] ] ] ca]U]ca
] ca] ca] cal] ca] ca] ca] ca] caj ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca]
cal calca]ca] ca]ca]ca!' f7HQ+7{f{vpkfa\W]ca] ca] ca] ca] caU] ca] ca] ca] ca]ca]ca]c
a] ca] ca] ca] ca] ca] ca] caU] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca!-1$j *+: ~
w s5={vqgl gb] X]]]ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca)] calca]calc
aUl ca]ca]calcalca]calca]calJcalca]calJcajcal*z$t z { ~ )n

$j wz| wr n{vql gb] X] #] dtejenad kag¢rcat] dixia ballrcedmallcﬁiscaiidaf}m}dcailmﬂzablea] ca]calc
a] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cabyf G@ 10%& () -

S 10%& () - }&%‘@&n(ﬁmeﬁ&&%’@&dc)la]c&lEW&c() 10%g& () - Xt xmbCY10%& () -Z 109
10g 10gSF410%g& () - S+t10%& ()--(10%& () - SF"MLO%g&' () -

1| dEmbCLO%& () -310%& () -

5. A sense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of CoFe.

6. A sense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of Co.




109 () -"109%& () - 3mLOY%& &) - FLO%& () - OQRSTapThC, 109G &+ () - z! &109F°& () - L109%F&
'()- 10 10 10" 8109%& ()-*10%& ()- T~ @ 10%& ()-310%& ()-!s10%@g ()- 10T 10T
10Tf 81090 &ybo3/08sk9PA & () - I {} ~xmbCl0%& () - 10 10 PCT/US03/07843
10810%&' ()-*10%& ()-, 109%& ()- 10%& ()- ' UJEnbC 109%0& ()- ,-1090& ()- .
109%7& ()-S@10%& ()-@ 109F& ()-"&L0%& ()-UbC 109%& () - FLO%&' ()- 109%& () -
10T 10T 10T, 8s109%F&" () - 1s10%& ()- bC'910%& ()-&10%& ()- 10 10

108109 ()-010%& ()- 10%& ()- > 2" $$$$$SdYNC 10T 10T

7. A sense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of Fe.

8. Asense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of Ni.

9. A sense layer of claim 1 wherein the first and second magnetizable

layers comprise at least one layer of NiFeCo.

10. A sense layer of claim 1 wherein the spacer layer thickness is such
that the antiferromagnetic exchange coupling between the first and second
magnetizable layers has a magnetic field value which is less than the coercive
field value of that one of the first and second magnetizable layers with the

largest coercive field value.
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11. A sense layer of claim 1 where the first magnetizable layer has a
magnetic saturation times first layer thickness which is not equal to magnetic

saturation times second layer thickness of the second magnetizable layer.

12. A sense layer of claim 1 where the spacer layer is a conductive

material.

13. A sense layer of claim 1 where the spaécr layer comprises an Ru

layer.

14. A sense layer of claim 1 where the spacer layer comprises a Cu

layer.

15. A method of claim 1 wherein said spacer layer is a conductor that

is not ferromagnetic or antiferromagnetic.
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16. A sense layer of claim 1 where the first and second magnetizable

layers are formed of different materials having the same thickness.

17. A sense layer of claim 1 where the first and second magnetizable
layers are formed of different material, each having a thickness different from

the other.

18. A sense layer of claim 1 wherein said layers are formed in an

elliptical pattérn.

19. A sense layer for a magnetic memory element, said sense layer

comprising:

a first magnetizable layer having a first material composition, a

thickness t1 and a magnetic moment oriented in a first direction;

42




'S; ;| <<=Y=v=dEbC8 10-u, - 109%@& ()- , 109%@& ()- 10%@& ()- f10%@& ()-
109%@& () - nf MLOY%@&' () - v==>>B>>>dEbC8 10-u, - 10%@& () -, +410%a& () -

y) 10%@8' (Wo 03/6850%@8' () -, LS 10%@& ()- f "10%@& ()- >>>>>>>BEPAUS03/07843
10- u" 109 () - 3109%& () - 3109%& ()- Z10%& ()- 10@ 10@

10@BL0%E& () - >>BBB* CvCdEbC8 10- uS2s109%& ()-f 0109 ()-fF. 109%& () -
f3+10%&' ()-f10%&' ()-MB F10%&' ()-vCyCzC{C| CCCEHbCS 10- ul0%@&' () - M
Y10%@&' ()-"10%@& ()- 10%@& ()- 10 10 10810%&' () - HHHHHHHHHKDCS

a second magnetizable layer over said first magnetizable layer, said
second magnetizable layer having said first material composition and a thickness
greater than t1 and a magnetic moment oriented in a second direction opposite

said first direction;

a conductive spacer layer formed between said first and second

magnetizable layers;

said first and second magnetizable layers and conductive spacer layer
being formed to provide stray field coupling between said first and second
layers such that said first and second layers having magnetic moments oriented

anti-parallel to each other; and

said first and second magnetizable layers and conductive spacer layer
cach being formed of a material and thickness sufficient to provide
antiferromagnetic exchange coupling having a value greater than 0 and <= 200
Oe between the first and second layers across said spacer layer, the magnetic
orientation of said first and second layers rotating substantially simultaneously

in the presence of an applied magnetic field.
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20. A sense layer of claim 19 wherein the spacer layer thickness is such
that the antiferromagnetic exchange coupling between the first and second
magnetizable layers is less than the coercive (H) field value of the one of the

first or second magnetizable layer which has the largest coercive field value.

21. A magnetic memory structure comprising:
a sense layer comprising:

a first magnetizable layer with a magnetic moment oriented in a first

direction;

a second magnetizable layer with a magnetic moment oriented in a

second direction opposite to said first layer;
a spacer layer formed between said first and second magnetizable layers;

said layers being formed of a material and thickness sufficient to

provide stray field coupling between said first and second magnetizable layers
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such that said first and second magnetizable layers have magnetic moments

oriented anti-parallel to each other;

said layers being formed of a material and thickness sufficient to
provide antiferromagnetic exchange coupling between the first and second
layers such that the magnetic moments of the first and second layers are free to
rotate substantially simultaneously in the presence of an applied magnetic field
so that the first and second magnetic moments of the magnetizable layers can

be oriented in the other of said first and second directions;
a pinned layer; and

a tunneling barrier formed from a non-magnetic material provided

between said sense layer and said pinned layer.

22. A magnetic memory structure of claim 21 wherein
antiferromagnetic exchange coupling between the first and second

magnetizable layers across said spacer layer is between 0 and <= 200 Oe.
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23. A magnetic memory structure of claim 21 further comprising a
row line conductor coupled to provide a magnetic field to said sense layer and a
column line conductor to provide a magnetic field to said sense layer, wherein
said pinned layer has a magnetic field orientation which is substantially within
15 degrees of an axis of said row line when antiferromagnetic exchange
coupling between the first and second layers across said spacer layer is greater

than 0 and <= 100 Oe.

24. A magnetic memory structure of claim 21 wherein the spacer layer
thickness is such that the antiferromagnetic exchange coupling between the
first and second magnctizabic layers across the spacer layer is less than the
coercive field value of the one of the said first or second magnetizable layer

which has the largest coercive field value.

25. An array of magnetic memory elements comprising:

a substrate;
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a first set of substantially parallel electrically conductive lines formed

on the substrate;

a second set of substantially parallel electrically conductive lines formed
on the substrate substantially orthogonal to the first set of conductive lines and

which intersect with the first set of conductive lines;

a plurality of magnetic memory elements, each said each element
formed between and coupled to the first and second conductive line
intersection points, said elements comprising a magnetic memory sense layer

comprising:

a first magnetizable layer with a magnetic moment oriented in a first

direction;

second magnetizable layer with a magnetic moment oriented in a

second direction opposite to said first direction;

a spacer layer formed between said first and second magnetizable layers;

said layers being formed of a material and thickness sufficient to

provide stray field coupling between said first and second layers
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across said spacer layer such that said first and second layers have

magnetic moments oriented antiparalle] to each other; and |

said layers being formed of a material and thickness sufficient to
provide antiferromagnetic exchange coupling between the first and second
layers across said spacer layer such that the magnetic moments of the first and
second layers are free to rotate substantially simultaneously in the presence of
an applied magnetic field so that the first and second magnetic moments of the
magnetizable layers can be oriented in the other of said first and second

directions.

26. An array of magnetic memory clements of claim 25 further
comprising another conductive line situated near said sense layer which is used

to read the magnetic orientation of said sense layer magnetic moments.

27. An array of magnetic memory elements of claim 25 further

comprising another conductive line situated near said sense layer which is used
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to rotate substantially simultaneously the magnetic moments of said first and

second magnetizable layers.

28. An array of magnetic memory elements of claim 25 further
comprising another conductive line which runs through said sense layer and is

used to determine magnetic orientation of said sense layer magnetic moments.

29. An array of magnetic memory clements of claim 25 further
comprising another conductive line which runs through said sense layer and is
used to rotate substantially simultaneously the magnetic moments of said first

and second magnetizable layers.

30. A computer system comprising:

a processor;
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a magnetic memory device electrically coupled to the processor, said

memory device comprising:

a first magnetizable layer with a magnetic moment oriented in a first

direction;

a second magnetizable layer with a magnetic moment oriented in a

second direction opposite to said first direction;
a spacer layer formed between a first and second magnetizable layers;

said layers being formed of a material and thickness sufficient to
provide stray field coupling between said first and second layers such that said
first and second layers have magnetic moments oriented antiparallel to each

other; and

said layers being formed of a material and thickness sufficient to
provide antiferromagnetic exchange coupling between the first and second
layers such that the magnetic moments of the first and second layers are free to

rotate substantially simultaneously in the presence of an applied magnetic field
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so that the first and second magnetic moments of the magnetizable layers can

be oriented in the other of said first and second directions.

31. A computer system of claim 30 wherein the array of magnetic
memory devices are electrically coupled to the processor through a memory

controller and bus.

32. A computer system of claim 30 wherein the spacer layer thickness
is such that the antiferromagnetic exchange coupling between the first and
second magnetizable layers across the spacer layer is less than the coercive field
value of the one of the said first or second magnetizable layer which has the

largest coercive field value.

33. A magnetic memory structure comprising:

a sense layer comprising:
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a first magnetizable layer with a magnetic moment oriented in a first

direction;

a second magnetizable layer with a magnetic moment oriented in a

second direction opposite to said first layer;
a spacer layer formed between said first and second magnetizable layers;

said layers being formed of a material and thickness sufficient to
provide stray field coupling between said first and second magnetizable layers
such that said first and second magnetizable layers have magnetic moments

oriented anti-parallel to each other;

said layers being formed of a material and thickness sufficient to
provide antiferromagnetic exchange coupling between the first and second
layers such that the magnetic moments of the first and second layers are free to
rotate substantially simultancously in the presence of an applied magnetic ficld
so that the first and second magnetic moments of the magnetizable layers can

be oriented in the other of said first and second directions;

a pinned layer; and
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a conductive layer provided between said sense layer and said pinned

layer.

34. A sense layer of claim 33 further comprising;:

a thinner layer, relative to the first magnetizable layer, of Co interposed

between the spacer layer and the first magnetizable layer; and

a thinner layer, relative to the second magnetizable layer, of Co

interposed between the spacer layer and the second magnetizable layer.

35. A sense layer of claim 33 further comprising:

a thinner layer, relative to the first magnetizable layer, of CoFe

interposed between the spacer layer and the first magnetizable layer; and

a thinner layer, relative to the second magnetizable layer, of CoFe

interposed between the spacer layer and the second magnetizable layer.

53




10710 & () -, 10978 () 109 () -S| 1090& ()  OZLOWE,L)- &109T% () -G bIEDC
10T 1098 ()= yY(109%& ()- FILOWE ()-,#: 1004& ()- ~TOT& ()-s10%& ()-
034567 % ()- 10T 10T 10T, & 10998 ()-2 109%&

" 0Z109%&' ( Oj‘%g%% () - 7DSAENDC 10Ty 10% () - f Z10%& () - T10§;£18593m7s43

100& () -" b ()- F10%: () - OwdE: / 10

108109& () - f 2F10%& () - SOY100& () - y&* GLOYE' ()-y(310% () - %10%& ()- & xY:/
10s10%& ()- fY310%& () -

36. A magnetic memory structure of claim 33 wherein
antiferromagnetic exchange coupling between the first and second

magnetizable layers across said spacer layer is between 0 and <= 200 Oe.

37. A magnetic memory structure of claim 33 further comprising a
row line conductor coupled to provide a magnetic field to said sense layer and a
column line conductor to provide a magnetic field to said sense layer, wherein
said pinned layer has a magnetic field orientation which is substantially within
15 degrees of an axis of said row line when antiferromagnetic exchange
coupling between the first and second layers across said spacer layer is greater

than 0 and <= 100 Qe.

38. A magnetic memory structure of claim 33 wherein the spacer layer
thickness is such that the antiferromagnetic exchange coupling between the first

and second magnetizable layers across the spacer layer is less than the coercive
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field value of the one of the said first or second magnetizable layer which has

the largest coercive field value.

39. A method for manufacturing a magnetic memory element

comprising:

forming a pinned or reference layer with a magnetization in a first

direction over a substrate;
forming a tunnel barrier layer over the pinned layer; and

forming a sense layer over the tunnel barrier layer, said sense layer
having a first and second ferromagnetic layer separated by a spacer layer and a
characteristic which results in stray field coupling and antiferromagnetic

exchange coupling between said first and second ferromagnetic layers.

40. A method of claim 39 wherein the act of forming said sense layer

further comprises:
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forming said first magnetization layer over the tunnel barrier layer;
forming a spacer layer over the first magnetization layer; and

forming the second magnetization layer over the spacer layer.

41. A method of claim 40 further comprising smoothing a surface of

the pinned layer before forming another layer on said pinned layer.

42. A method of claim 40 further comprising smoothing the first

magnetization layer before forming a spacer layer.

43. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising NiFe.
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44. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising CoFe.

45. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising Co.

46. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising Fe.

47. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising Ni

48. A method of claim 40 wherein said first and second magnetizable

layers are formed of a material comprising NiFeCo.
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49. A method of claim 40 wherein said spacer layer comprises a Ru

layer.

50. A method of claim 40 wherein said spacer layer comprises a Cu

layer. |

51. A method of claim 40 wherein said spacer is a conductor that is

not ferromagnetic or antiferromagnetic.

52. A method of claim 40 wherein said spacer layer is formed with a
thickness such that the antiferromagnetic exchange coupling between said first
and second magnetizable layers is less than the coercive (H) field value of the
one of the first or seccond magnetizable layer which has the largest coercive field

value.
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53. A method of claim 40 where forming said layers is such that the
layers are formed of a material and thickness sufficient to provide stray field
coupling and antiferromagnetic exchange coupling, said antiferromagnetic
exchange coupling is within the range of 0 to <= 300 Oc between the first and

second layers across said spacer layer.

54. A method of claim 40 wherein said step of forming the first and
second magnetization layers includes forming said first and second layers

including NiFe.

55. A method of claim 40 wherein second layer is formed with a

thickness t and first layer is formed with a thickness greater than t.

56. A method of claim 40 further comprising:

forming a thinner layer, relative to the first magnetizable layer, of Co

interposed between the spacer layer and the first magnetizable layer; and
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forming a thinner layer, relative to the second magnetizable layer, of

Co interposed between the spacer layer and the second magnetizable layer.

57. A sense layer of claim 40 further comprising:

forming a thinner layer, relative to the first magnetizable layer, of CoFe

interposed between the spacer layer and the first magnetizable layer; and

forming a thinner layer, relative to the second magnetizable layer, of

CoFe interposed between the spacer layer and the second magnetizable layer.

58. A method for manufacturing a magnetic memory element

comprising:

forming a sense layer over a substrate, said sense layer having a first and
second ferromagnetic layer separated by a spacer layer and a characteristic which
results in stray field coupling and antiferromagnetic exchange coupling between

said first and second ferromagnetic layers across said spacer layer;
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forming a tunnel barrier layer over the sense layer; and

, forming a pinned or reference layer with a magnetization in a first

direction over a said tunnel barrier.

59. A method of claim 58 wherein the act of forming said sense layer

further comprises:

forming said first magnetization layer over the tunnel barrier layer;
forming a spacer layer over the first magnetization layer; and

forming the second magnetization layer over the spacer layer.

60. A method of claim 58 wherein said spacer layer is formed with a
thickness such that the antiferromagnetic exchange coupling between said first
and second magnetizable layers is less than the coercive (H) field value of the

one of the first or second magnetizable layer which has the largest coercive field

value,
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61. A method of claim 58 where forming said layers is such that the
layers are formed of a material and thickness sufficient to provide stray field
coupling and antiferromagnetic exchange coupling, said antiferromagnetic |
exchange coupling is greater than 0 and <= 200 Oe between the first and
|

second layers across said spacer layer.

62. A method of claim 58 wherein second magnetizable layer is
formed with a thickness t and first magnetizable layer is formed with a thickness

greater than t.

63. A method for manufacturing a magnetic memory element

comprising:

forming a pinned or reference layer with a magnetization in a first

direction over a substrate;
smoothing a surface of the pinned layer;

forming a tunnel barrier layer over the pinned layer; and
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forming a sense layer over the tunnel barrier layer, said act of forming

said sense layer comprising:
forming said first magnetization layer over the tunnel barrier layer;
smoothing the first magnetization layer;
forming a spacer layer over the first magnetization layer;
forming a second magnetization layer over of the spacer layer;

said first and second magnetization layers and spacer layer being
formed such that said layers are stray field coupled and antiferromagnetic

exchange coupled across said spacer layer;

said first and second magnetizable layer are formed having a magnetic
saturation times said first layer’s thickness which is not equal to said second
layer’s magnetic saturation times second layer thickness of the second

magnetizable layer.
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64. A method of claim 63 wherein said spacer layer is formed with a
thickness such that the antiferromagnetic exchange coupling between said first
and second magnetizable layers is less than the coercive (H) field value of the
one of the first or second magnetizable layer which has the largest coercive field

value.

65. A method of claim 63 wherein sense layer is formed having
antiferromagnetic exchange coupling between first and second magnetization
layer of more than zero and less than a value which prevents magnetic

orientation switching of said sense layer in the presence of an applied magnetic

field.

66. A method of claim 63 wherein said first magnetization layer,
spacer layer and second magnetization layer are formed of materials and
thickness’ sufficient to provide stray field coupling and antiferromagnetic

exchange coupling between said first and second magnetizable layers and across
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said spacer layer, said antiferromagnetic exchange coupling is greater than 0 <=

200 Oe.

67. A method of claim 63 wherein the second magnetization layer is
formed with a thickness t and first layer is formed with a thickness greater than

t.

68. A method for manufacturing a magnetic memory element

comprising:

forming a pinned or reference layer with a magnetization in a first

direction over a substrate;

forming a conductive layer over the pinned layer for creating a giant

magnetoresistance effect; and

forming a sense layer over the tunnel barrier layer, said sense layer

having a first and second ferromagnetic layer separated by a spacer layer and a
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characteristic which results in stray field coupling and antiferromagnetic

exchange coupling between said first and second ferromagnetic layers.

69. A method of claim 68 wherein the act of forming said sense layer

further comprises:
forming said first magnetization layer over the tunnel barrier layer;
forming a spacer layer over the first magnetization layer; and

forming the second magnetization layer over the spacer layer.

70. A method of claim 68 where forming said layers is such that the
laycrs are formed of a material and thickness sufficient to provide stray field
coupling and antiferromagnetic exchange coupling, said antiferromagnetic
exchange coupling is within the range of 0 to <= 300 Oc between the first and

second layers across said spacer layer.




71. A method of claim 68 wherein second layer is formed with a

thickness t and first layer is formed with a thickness greater than t.

72. A sense layer of claim 68 wherein the pinned layer is a synthetic

ferrimagnet.
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