WO 03/ 034437 PCT/ US02/ 30437 Witing to a Scal able MRAM El enent FI ELD OF
THE INVENTION 5 This invention relates to sem conductor nenory devices.
10 More pwotisosd4ar|y, the present invention relates to seqramozseBDr
random access nenory devices that utilize a nmagnetic field. BACKGROUND OF
THE I NVENTI ON 15 Non-vol atile nmenory devices are an extrenely inportant
conponent in electronic systens. FLASH is the nmgajor non-volatile nenory
device in use today. Typical non-volatile nenory devices use charges
trapped in a 20 fl oatiWglokhdetd agefcabakior¥RAM{BEaMERBN. D sadvant ages
of FLASH nmenory include high voltage requirenents and slow program and
erase tines. Al so, FLASH nenory has a poor wite endurance of 104-106

cycles before nenory failure. In addition, to nmaintain reasonable data 25
retention, the scaling of thElgaPeObxTdE FRVFREIONcted by the tunneling
barrigr seen by the electrons. Hence, FLASH nmenory is limted in the

di nrensions to which it can be scaled. 1 WO 03/034437 PCT/ US02/30437 To
overconme these shortcom ngs, nmagnetic nenory devices are bei ng eval uat ed.
One such device is

This invention relates to semiconductor memory

devices.

10 More particularly, the present invention relates to
semiconductor random access memory devices that utilize a

magnetic field.

BACKGROUND OF THE INVENTION

15
Non-volatile memory devices are an extremely
important component in electronic systems. FLASH is the
major non-volatile memory device in use today. Typical
non-volatile memory devices use charges trapped in a
20 floating oxide layer to store information. Disadvantages
of FLASH memory include high voltage requirements and
slow program and erase times. Also, FLASH memory has a
poor write endurance of 10-10° cycles before memory
failure. In addition, to maintain reasonable data
25 retention, the scaling of the gate oxide is restricted by
the tunneling barrier seen by the electrons. Hence,
FLASH memory is limited in the dimensions to which it can

be scaled.



magnet oresi stive RAM (hereinafter referred to as "MRAM'). 5 To be
comercially practical, however, MRAM nust have conparabl e nenory density
to currenwormaiey’ t echnol ogi es, be scal able for future gecErEnL/snms]
operate at | ow voltages, have | ow power consunption, and have conpetitive
read/ wite speeds. 10 For an MRAM device, the stability of the nonvolatile
menory state, the repeatability of the read/ wite cycles, and the nenory
el enent-to-el enent switching field wuniformty are three of the nost

i nport ant aspectmo of ovéscdibe degshgpechahaecteninihies. AageEiiy stmeEm®zyN MRAM
is not nmaintained by power, but rather by the direction of the magnetic
monent vectdsvidioriage dabaing acomiplatsded by Omepl gial magvécec fisel ds
and causing a nagnetic material in a MRAM device to be nmagneti zed into

ei ther of tmwogRe:quossidit evereRBMy (beaeénafRecarbfpyrad: &9 f5ac )shed by
sensing the resistive differences in the MRAM device between the two
statess TheTomdpeet fompestdslivr Meaethepl ar doedmred BRANASERRY ctirient s
through strip lines external to the magnetic structure or through the 25
magneti ¢ steerRaifakkle Hepmeryedenad tyhé ol SUEFER taMmBIRGYo i SFng ‘devi ce

decreases, three praoblens _occur. First, the switchi ng} Zaxr_\]o 03/ 03;1];137
PCT/ US02/ 30287 S¢akakle ncfeksedUfdrea §ePERashIRE andBFH TS hitknesd

requiring avclbﬁ ger:s,nag%é\ifec fifclwg toposv\é\éli(:h'cosr?scd)nr\]p icglt',e and have

competitive read/write speeds.

10

For an MRAM device, the stability of the nonvolatile
memory state, the repeatability of the read/write cycles,
and the memory element-to-element switching field
uniformity are three of the most important aspects of its
15 design characteristics. A memory state in MRAM is not
maintained by power, but rather by the direction of the
magnetic moment wvector. Storing data is accomplished by
applying magnetic fields and causing a magnetic material
in a MRAM device to be magnetized into either of two
20 possible memory states. Recalling data is accomplished
by sensing the resistive differences in the MRAM device
between the two states. The magnetic fields for writing
are created by passing currents through strip lines

external to the magnetic structure or through the

25 magnetic structures themselves.

As the lateral dimension of an MRAM device

decreases, three problems occur. First, the switching



total swtching volune is reduced so that the energy barrier for reversa
decreases. The energy barrier 5 refers to the anount of energy needed to
switch thwo oamgneri c nonent vector fromone state to the ®@CWars02/3g7 ener gy
barrier determnes the data retention and error rate of the MRAM device
and uni ntended reversals can occur due to thernofluctuations

(super par anaigined | sAkrehsdB ther bal rgevens diapesnmahl. £ Imj ahijpkeldsem with
having a snall energy barrier is that it becones extrenely difficult to
sel ecti vel we%ﬁeiitxcihagorse NAM flexh§Bet fic aBieddr BY. shekent abldddonyl,aldhewns

swi tching without 1nadvertently sw tching other MRAM devices. Finally, 15
because the swit chifgchield v81amneduted daaufapesot hehasw tighi rgreriget d
beconmes nore sensitive to shape variations as the MRAM devi ce decreases in
size. Wthpphotohi thagr apbveseal | neheGENg nomedli iyt darrSrel | er

di mensi ons, MRAM devices will have difficulty 20 maintaining tight

swi tchy ng distdtbutionspel tanouhe ber higlngyadyastageous, $lREeh Ore tO

renmedy the foregoing and other deficiencies inherent in the prior art. 25

3 WO 03/ 034437, BGU US0R430434c e erdhn@nt didades @6 ehbeeknek .t herpy esent
invention to provide a new and inproved nethod of witing to a

magnet or esi §ll e, r gNdemLaCcCesse ARIPEY Q8 Cat® hedchtdbiObhegt &Hrdhe
pr esent I nventi®h to provi de
rate of the MRAM device and unintended reversals can
occur due to thermofluctuations (superparamagnetism) if
10 the barrier is too small. A major problem with having a

small energy Dbarrier is that it becomes extremely

difficult to selectively switch one MRAM device in an

array. Selectablility allows switching without
inadvertently switching other MRAM devices. Finally,
15 because the switching field is produced by shape, the

switching field Dbecomes more sensitive to shape
variations as the MRAM device decreases in size. With
photolithography scaling becoming more difficult at
smaller dimensions, MRAM devices will have difficulty

20 maintaining tight switching distributions.

It would be highly advantageous, therefore, to
remedy the foregoing and other deficiencies inherent in
the prior art.

25



a new and i nproved nethod of witing to a nagnetoresistive random access
menory device which is highly selectable. 10 It is another object of the
present iwWoeawdaa7to provide a new and inproved net hod ofPCEiSV/BE3T0 a

magnet or esi stive random access nenory devi ce which has an inproved error
rate. 15 It is another object of the present invention to provide a new

and i nproved nmethQdQfingiitingito as nmegnet epgstst i WE r atideom acessntneNDry
device which has a switching field that is | ess dependant on shape. 20
SUMVARY  OF 1 FilentcN\IENTH O By iatehi 22 vieet hendbji pt svaddmaduadt afesrspeéciof i ed
above and others, a nethod of witing to a scalable nagnetoresistive
MenNory array iss nicsndtesed.i stierarermordon? B arassy rarsimydee s grmber  of

scal abl e magnet oresi stive nenory devices. For sinplicity, we wll | ook at
how the witing method applies to a single MRAM device, but it 4 WO

03/ 034437 PCT/ US02/ 30437 w || be understood that the witing nethod

appli &s to any TunberanfobRanrtdedi dde THRSNWHAMESREEONsE] PEOVMYASst r at e
the witing 5 nethod includes a word Iline and a_digit line positioned

adj acent t@ a meet b stinRroeRdry BeEReAt. The WRhePSresitSti vé nenory
el ement includes a pinhned mnmagnetic region positioned adjacent, t}? t.he digit
line. A t@EISHRFEHESSISR | £3POSM | BREFSSn THECHY n %lvjrfjé%n@qujcc 1S

highly selectable.

10 Tt is another object of the present invention to
provide a new and improved method of writing to a
magnetoresistive random access memory device which has an

improved error rate.

15 It is another object of the present invention to
provide a new and improved method of writing to a
magnetoresistive random access memory device which has a

switching field that is less dependant on shape.
20 SUMMARY OF THE INVENTION

To achieve the objects and advantages specified

above and others, a method of writing to a scalable

magnetoresistive memory array is disclosed. The memory
25 array includes a number of scalable magnetoresistive
memory devices. For simplicity, we will look at how the

writing method applies to a single MRAM device, but it



10 region. A free magnetic region is then positioned on the tunneling
barrier and adjacent to the word line. In the preferred enbodi nent, the
pi nned neyOEBi08448Bgi on has a resultant nagnetic nonent v@CTArSoy/BEB7 i s
fixed in a preferred direction. Also, in the preferred enbodi nent, 15 the
free magnetic region includes synthetic anti- ferromagnetic (hereinafter
referred t@ias 'beAmnddray®od it idhe Whetbyqthethedampbiliesr boagnetic

| ayer material includes N anti-ferromagnetically coupled |layers of a

f er r omagnehugbeat ofFi aRAMMERRAcNsi.s a whol e nunber 20 greater than or equal
to two. The N layers define a nmagnetic switching volune that can be
adjusted by changing N. In the preferred enbodi nent, the N ferromagnetic
| ayers are anti-ferromagnetically coupled by sandw ching an o

anti - f erronagnetiihe cdBBM ngleypacer %A ayer Bafluesraégehthg) awsating
ferromagnetic layer. Further, each N layer has_a nonent adjusted t

provi 8e anmegpiody zethudtes | ag Wesde. L Re\RBS/ 0344PA PCIRBOPPSEEIPReMN t he
preferred enbodinment, Nis equal to two so that the synthetic

anti - f er r oREIGREENE | &Per AmaPESRETATESE SIS | IFEPLt r & fof a The
ferromagnetic | ayer/ anti- ferroma neti«r;LI cougl in Sf)acger | ayer/_. ned
f er r omagnefPENSHAREES 1S EHYE t wBSFerFonaGnEPFetl ayets 19T he @ ri PHaVET
structure have magneti,c nonent_vectors.M and , S Lvel an t he
magneti ¢ MBS Shée 16T 4t @W??e(gr?%%?%%ntan%f@- tfﬁgr g?%%:t %}éte he %
coupling %funtnhe i%rétl5;§££8ga%nset b%sitioned on the pinned magnetic

10 region. A free magnetic region is then positioned on the
tunneling barrier and adjacent to the word line. In the
preferred embodiment, the pinned magnetic region has a

resultant magnetic moment vector that is fixed in a

preferred direction. Also, in the preferred embodiment,
15 the free magnetic region includes synthetic anti-
ferromagnetic (hereinafter referred to as “SAF”) layer
material. The synthetic anti-ferromagnetic layer

material includes N anti-ferromagnetically coupled layers
of a ferromagnetic material, where N is a whole number
20 greater than or equal to two. The N layers define a
magnetic switching wvolume that can Dbe adjusted Dby
changing N. In the preferred embodiment, the N
ferromagnetic layers are anti-ferromagnetically coupled
by sandwiching an anti-ferromagnetic coupling spacer
25 laver between each adjacent ferromagnetic lavyer.
Further, each N layer has a moment adjusted to provide an

optimized writing mode.



coupling spacer layer. Anti-ferromagnetic coupling is 10 al so generated by
the magnetostatic fields of the layers in the MRAM structure. Therefore,

t he spacewoloagars3need not necessarily provide any additi @calus02/30437
antiferromagnetic coupling beyond elimnating the ferromagnetic coupling
bet ween the two nmagnetic |ayers. More information as to 15 the MRAM devi ce
used to illustrahe ¢the wreEbpgedetdsbdiatenthe fodrd édual capendisgsb. S.

Pat ent Application entitled "Magnetoresistance Random Access Menory for

| nproved SewltahiHd tgynitddd: afntevefedaimedresteid t Tgyandnaiecbrboiat ed
herein by reference. 20 The nagnetic nonent vectors in the two

f er r omagnettird - llagpeer s strudterRAMeva cef eanomeyreth ¢ f et @Yi€r{ hi akkésses or
material to provide a resultant nagnetic nonment vector given by AM

=(M2- ML) arf@raroselgriedjer aeEind rapa¢onalapsr haf arcenaghieblcvbavertve M)
_ AM. The resultant (M+M M2 1 total magnetic npment vector of the
tri-1&yer Sheuctweefesrppagnetdcr dafarsni iR dReappli ePYRIGnEFFECEPERd. In
zero field 6 WO 03/034437 PCT/US02/ 30437 the resultant magnetic m&ment
vector wil haye ftadetih BmeRt e¥erbATSdéh ef R nder b‘f/esf?i%‘:%\gﬁi‘{i can

ani sotropy, .that is either parallel or anti- ara#iel with re pect .to t he
resul tant  rnePPELRBFENEWED or VBFEPRE Sitmed®e Yenoc%leélqea@e DO Wil

be underSt%%%gffgltrg§te£ﬂé r%%%b %%b of the anti-ferromagnetic

coupling spacer layer. Anti-ferromagnetic coupling is
10 also generated by the magnetostatic fields of the layers
in the MRAM structure. Therefore, the spacer layer need

not necessarily provide any additional antiferromagnetic
coupling beyond eliminating the ferromagnetic coupling
between the two magnetic layers. More information as to
15 the MRAM device used to illustrate the writing method can
be found in a copending U.S. Patent Application entitled
“Magnetoresistance Random Access Memory for Improved
Scalability” filed of even date herewith, and

incorporated herein by reference.

20
The magnetic moment vectors in the two ferromagnetic
layers in the MRAM device can have different thicknesses
or material to provide a resultant magnetic moment vector
given by AM =(M;-M;) and a sub-layer moment fractional
25 balance ratio, M, _M,-M,)_ M The resultant

r—(M2+M1) Mtotal .

magnetic moment vector of the tri-layer structure is free

to rotate with an applied magnetic field. 1In zero field



magneti c nonent vector"” is used only for purposes of this description and
for the case of totally bal anced nonents, the resultant magnetic nonent
vect or cawowa/028D in the absence of a magnetic field. Aecaasorsded bel ow,
only 10 the sub-layer magnetic noment vectors adjacent to the tunnel
barrier determne the state of the nmenory. The current through the VMRAM
devi ce depetiils pastibheantumaghienfcmagnehtr essianceilWhbehsicabfevdmned by
the 15 relative orientation of the magnetic nonment vectors of the free and
pi nned | ayedsretitioh) ydatdpanentdtloyt hbe magneltiig amdsoitecpyl, f thiae megnet i ¢
nonent vectors are parallel, then the MRAM device resistance is | ow and a
vol t age bi asivhér ipmiteklal | angenntdrpemeliliedouyhthher2speei cee THIS state
is defined as a "1". |If the magnetic nonent vectors are anti-parallel,
then the MAMsEkare mposesiangementhitgriam ah &ppl PAAN@S| t IR W | |

i nduce a smaller current through the device. This state is defined as a
"0". 1} Wi Ilaﬁb%runde?"stwéélltﬁ%ﬁ ‘#%‘é@és?%oﬁefqlﬁttl%]ﬁ% SPEMar HiaTel AN

could be reversed, but are wused in_ thi s ffé> |IIustrat|ve urposes

Thus, in R besPSRERE W%%?JE/" LT T2 EERSSSh&F
200 Vg, o 30 et {atipoaP ERE RRANEORS 5&9’%‘3%@@1&? F%%ag{c%i“‘é’ﬂ?fﬁ’é%?’iﬁfof
Vector i n HAS pf RRGA oForBweE sy arong T ke rkos B 571 Eohg 8 (HE
Scalab|6|wgﬁééﬁyéc%f a magnetic field. As described below, only

10 the sub-layer maghetic moment vectors adjacent to the

tunnel barrier determine the state of the memory.

The current through the MRAM device depends on the

tunneling magnetoresistance, which 1s governed by 'the

15 relative orientation of the magnetic moment vectors of
the free and pinned layers directly adjacent to the
tunneling barrier. If the magnetic moment wvectors are
parallel, then the MRAM device resistance is low and a
voltage bias will induce a larger current through the

20 device. This state is defined as a “1”. If the magnetic
moment vectors are anti-parallel, then the MRAM device
resistance i1s high and an applied voltage bias will
induce a smaller current through the device. This state

is defined as a “0”. It will be understood that these

25 definitions are arbitrary and could be reversed, but are
used in this example for illustrative purposes. Thus, in
magnetoresistive memory, data storage is accomplished by

applying magnetic fields that cause the magnetic moment



relies on the phenonenon of "spin-flop" for a nearly bal anced SAF
tri-layer structure. Here, the term"nearly balanced" is defined such that
t he magniwode/08f431 he sub- | ayer nonent fractional bal ancePCatiso2/s@37 n the
range 0 S 10 JIJ <_ 0.1. The spin-flop phenonenon | owers the total

magnetic energy in an applied field by rotating the magnetic nonent
vectors of yEheof-ar FenagrRetiran aysric s o thatot heytated neptinat | gner bfiogonal
to the applied field direction but still predomnantly anti-parallel to
one 15 anobherllEhe sabatanvi-pardlDel chideaetons t redssniatd  tdef thetion of
each ferromagnetic magnetic nonent vector in the direction of the applied
field accomabaecfde tomentdesreedase iin thiealo imagdetries egreaxagy 1ageri-n gener al
using the flop phenonenon and a tinmed pulse sequence, the MRAM devi ce can
be witten to using two distinct nodes; a direct wite node or a toggle
wite node. These nodes are achi eved using the sane_ tined ul_se,sequence

as w5 be descfiisednebned dictf evripinde tes Erpi e62dRbHEy S6BiFsyer
nmoment and polarity and magnitude of the magnetic field applied. i WO
03/ 034437 PELAES02PBO4Be QR hg Ofet hBB1Ras1PPS abRanfagB8arEYr

exanpl e, when using the direct wite node, there is eed to determ ne
the initiaPadeRcedofSATh & WRANERV | e U Dettise %‘ﬁﬁ%tgg& fggr%n}‘E}eéﬁA&%’ched i f

the state being S5 witten s different.fromthe state that.i t d.
Al t hough t%@%ﬁ%Qﬁﬁ vﬁ?t?ﬁglﬂ% hﬁﬂcﬁoggaﬁot ediieEt P! En8' 8B
layer moment fractional balance ratio is in the range 0 <

10 | ¢,

| < 0.1. The spin-flop phenomenon lowers the total
magnetic energy in an applied field by rotating the
magnetic moment vectors of the ferromagnetic layers so
that they are nominally orthogonél to the applied field
direction but still predominantly anti-parallel to one
15 another. The rotation, or flop, combined with a small
deflection of each ferromagnetic magnetic moment vector

in the direction of the applied field accounts for the

decrease in total magnetic energy.

20 Tn general, using the flop phenomenon and a timed
pulse sequence, the MRAM device can be written to using
two distinct modes; a direct write mode or a toggle write
mode. These modes are achieved using the same timed
pulse sequence as will be described, but differ in the

25 choice of magnetic sub-layer moment and polarity and

magnitude of the magnetic field applied.



know edge of the state of the MRAM device before the witing sequence is
initiated, it does require changing the polarity of both the word and
digit |inwodependi ng on 10 which state is desired. \Wen w®€TAHoL/BE31 0oggl e
witing nmethod, there is a need to determne the initial state of the MRAM
device before witing because the state will be switched every 15 tine the
same polarity pghs® SeaUMENGRy | Sm@ened at Rdsf r dms batdvdreagwr.d andFdigi t
lines. Thus, the toggle wite nobde works by reading the stored nenory
state and cgefpae, ngridiat usihat echid t Aitbetnewisteatmode, Faemei tienno After
conparison, the MRAM device is only witten to if 20 the stored state and
t he new st akedarto didkterenne Tiiee MRAM Heli cgate cofstthect MRS UERVERSGL t he
magneti c anisotropy axis is ideally at a 45 angle to the word and digit
lines. Henbegcatise nelymetstateniat andat orwipshefl afd Mrearetars eheédYin a
preferred direction at a 45 angle to the directions _of the word line and
digit 5 inewrdttent i fe t 6ifAsrantex&hphe Bret HERFS t | TR hettFodSTPESIswi t ch
the state of the MRAM device using either a direct . 9 WO 03/ 034437

PCT/ US02/ 384%hougih t 65§ e Simacs e HHE0 oMty otur FERE piicde LEFHEAEE i s
used. At a tinme tl1l, the word current Ls incr nd, ML .a V% into
rotate eitKEOWLESHIGN S& ofhe cAMRE c?lgcM%e&%eﬁa}’ﬁﬁeonb{hgoeredi rggl%ti on of
the word 5 cyrrent, to align.thenselves nom.pal r I field
direction d&FeéHE% h%e@b??lggl o lel?Jgtc a.eteié]’ g]l?i rcrileé/eso 10899081 chinbifio

the polarity of both the word and digit line depending on

10 which state is desired.

When using the toggle writing method, there is a
need to determine the initial state of the MRAM device
before writing because the state will be switched every

15 time the same polarity pulse seqguence is generated from
both the word and digit lines. Thus, the toggle write
mode works by reading the stored memory state and
comparing that state with the new state to be written.
After comparison, the MRAM device is only written to if

20 the stored state and the new state are different.

The MRAM device 1is constructed such that the
magnetic anisotropy axis is ideally at a 45° angle to the
word and digit lines. Hence, the magnetic moment vectors

25 M, and M, are oriented in a preferred direction at a 45°

angle to the directions of the word line and digit line
at a time t,. As an example of the writing method, to

switch the state of the MRAM device using either a direct



t2, the digit current is switched on. The digit current flows in a
direction such that ML and M2 are further rotated in the sane direction as
t he rot atworsmaused by 10 the digit Iine nagnetic field. ARCTIUSOZ3@OT nt in
time, both the word |[ine current and the digit line current are on, wth
ML and M2 being nomnally orthogonal to the net nagnetic field direction,

which is 45, WiddyJ1eSREEitd 0 the founbeihg idesertd pilés bepaehaat iko
realize that when only one current is on, the magnetic field will cause M

and M2 to waldggn noidatiyei B 2 €haewdbrancparahkelist dreindzered ead vigrd |ine
or digit line. However, if both currents are 20 on, then ML and M2 w ||
align nom gald y quthogewrginto @045 rangike to eitgawrd tilackwhdedi got | i ne.
At atinme t3, the word line current is switched off, so that ML and M2 are
bei ng r ot atetnirye loykieai glepdending 26nnagretdicddtdlan af thesvwestnt, M
and M2 have generally been rotated past their hard-axis instability points.
At abtimecthrerte digi aligne tbemsedveiss nomitedy v¥thedont!l 5AdTHE wil |
align along the preferred anisotropy axis, At. 10 WO 03/034437 .

PCT/ US02/ 364324 tdixeqoion fHet itee, the sREnelpayvEeLEesh rotdt el F88Cand

t he MRAM devi ce has been swi tched, Thus, by sequentially, switching,the
word and ditgi t ther Cdgis HEIRRBf 15 RV I&RECIMENof tmel\/éﬁﬁ’tlgne\‘fiufge &n be

rotated by f]i%?/vos S(J?.nt haa t éihreect5iosrg ats%c%f Eﬂgtd%‘yll C&ndS l\iw r;[u?eh e%‘urther

rotated in the same direction as the rotation caused by
10 the digit line magnetic field. At this point in time,
both the word line current and the digit line current are

on, with M, and M, being nominally orthogonal to the net
magnetic field direction, which is 45° with respect to the

current lines.
15
Tt is important to realize that when ‘only one
current is on, the magnetic field will cause M, and M, to
align nominally in a direction parallel to either the

word line or digit line. However, if both currents are
20 on, then M, and M, will align nominally orthogonal to a 45°

angle to the word line and digit line.

At a time t,, the word line current is switched off,

so that M, and M, are being rotated only by'the digit line

25 magnetic field. At this point, M, and M, have generally
been rotated past their hard-axis instability points. At

a time t,, the digit line current is switched off and I

and M, will align along the preferred anisotropy axis. At

10



BRI EF DESCRI PTI ON OF THE DRAW NGS The foregoi ng and further and nore
specific objects 10 and advantages of the instant invention wll becone
readi |y awpases431o those skilled in the art fromthe folPcowisay3wder ail ed
description of a preferred enbodi ment thereof taken in conjunction with
the followng drawings: 15 FIG 1 is a sinplified sectional view of a

Tagnet or esiypli/e, 4 ANIOM ategss PMAKN JVireRie fldan 2rbsadeal MBPT bad pl an
view of a magnetoresistive randdm access nenory device with word 20 and

G101 Ly FhRed sy 8 VAR LLUSLE L ngaa SR g lties amgnet |

field anpl ons roduce direct or toggle wite node

in the ma : 0 St i a m S S Y I §8¢ WO 3 4437
PCT/ US02/ g%ﬁ"#&ﬁ@ \'%ﬁ:l. S gr(gr ggﬁ iﬁ]@:}lgt r%at I ng t%/Shcej&?t{i fsn'ﬁqrillgJagifélgrMa%m"Lﬂ%]ca t he

word curre and .the djgit-c n us ped ; [ 5is a
di agrami | %sf’%attlthneg P{Bﬁ%& r% '\gﬁ%nggﬁh?}%e%ﬁén}gtﬁegi@ rr%?rgntgc\g/egﬁ%?sg?gr a
magnet or esi sti ve rﬁan om_ access nenor d%s/i ce for the toggle wite node
when 2writiStgte o geigce 1§ A4S a diagramillustrating the
rotation of the nmagnetic nonent vectors for a nagnetoresistive random
access nmenory device for the toggle wite node when witing a 10' to a

11 BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and further and more specific objects

10 and advantages of the instant invention will become
readily apparent to those skilled in the art £from the
following detailed description of a preferred embodiment

thereof taken in conjunction with the following drawings:

15 FIG. 1 is a simplified sectional view of a

magnetoresistive random access memory device;

FIG. 2 is a simplified plan view of a
magnetoresistive random access memory device with word

20 and digit lines;

FIG. 3 is a graph illustrating a simulation of the
magnetic field amplitude combinations that produce the
direct or toggle write mode in the magnetoresistive

25 random access memory device;

11



15 FIG 7 is a graph illustrating the rotation of the nmagnetic nonent
vectors for a nmagnetoresistive random access nenory device for the direct
wite noowowhesu43writing a 1' to a 10'; 20 FIG 8 is a gwreplusod/Basstrati ng
the rotation of the nagnetic nonent vectors for a magnetoresistive random
access nenory device for the direct wite node when witing a 10' to a

state that is akready 3glQ grpr!G 1t tadi g apie | tinbhg adiagraheofi m ng
diagram of the word current and the digit current when only the digit

current isthdl NREraN;cubnk? WRJI0HNS443 4 IRCTLUBD2AB04BTen Flb@thlOaks a
graph illustrating the rotation of the magnetic nonent vectors for a
magnet or esisirinee lbandom access nenory device when only the digit current
is turned on. 5 DETAILED DESCRI PTI ON OF THE PREFERRED EMBODI MENT Turn now
to FIG 1, which illustrates a sinplified sectional view of an MRAM arr ay
3 in accordance with the 10 present invention. In this |IIustrat|on only a
singl & magnet oFési-st vie membragnieyi tElustrat rewrhe bEPERELGR| PT

understood that MRAM array 3 consists of a nunber of NRAM devices 10 and
we are showaspesriloy pamestchveevpre Fof rrﬁ‘laigé‘leﬂ:?rlel’?lﬁé?'&é’rei bFﬁBgP

witing nmethod. 15 MRAM device 10 is. sandw ched therebetwee WB
access memory device for the toggle write mo e

writing a ‘1’ to a ‘0’;

10 Fig. 6 is a diagram i1llustrating the rotation of the
magnetic moment vectors for a magnetoresistive random
access memory device for the toggle write mode when

writing a ‘0’ to a ‘1’;

15 FIG. 7 is a graph illustrating the rotation of the
magnetic moment vectors for a magnetoresistive random
access memory device for the direct write mode when

writing a ‘1’ to a ‘0’;

20 FIG. 8 is a graph illustrating the rotation of the
magnetic moment vectors for a magnetoresistive random
access memory device for the direct write mode when

writing a ‘0’ to a state that is already a ‘0';
25 FIG. 9 is a graph illustrating the timing diagram of

the word current and the digit current when only the

digit current i1s turned on; and
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line 20 and a digit line 30. Wrd line 20 and digit line 30 include
conductive material such that a current can be passed therethrough. In
this ill uaoreatsdaa7 word line 20 20 is positioned on top ofPCIVRAN/BEST ce 10
and digit line 30 is positioned on the bottom of MRAM device 10 and is
directed at a 90 angle to word line 20 (See FIG 2). MRAM device 10

includes a firstEraEones i £sr 80yeRph5;i1125 taraltumael dig beitatvsn 16f ahd a
second magnetic region 17, wherein tunneling barrier 16 is sandw ched

t her ebet wegagnbicist nBgRELi Cveegbps lHomand semomne tmagsdisitd vieegirendd | n
the preferred enbodi nent, nmagnetic region 15 includes 13 WD 03/034437
PCT/ US02/ 3643éssa mbmok@yeﬂegucectwhen18mnmm|dﬁuhaéhanianpwlﬁ@mﬁonagnet|c
coupling spacer |ayer 65 sandw ched t herebetween two ferromagnetic |ayers
45 and 55. tAmhedf err.onagneti ¢ coupling spacer |ayer 65 has a thickness 86
and 5 ferromagnetic |ayers 45 and 55 have thicknesses 41 and 51,
respebtively. Further, magnetic region 17 has a tri- layer structure 19,
whi ch has an anti-ferromagnetic couplln spacer | ayer 66 sandw ched

t her ebet ween t WBETRd RIETINePS FEEaARESERRER EMEODIS et i ¢ 10
coupling spacer |layer 66 has a thickness 87 and ferronagnetic | ayers 46
and 56 have thicknesses 42 and 52, respectively. Generally,

one. of the. el et RIVCED YHE- G -2, TR ot T ofe E LA
Further, sectional view of an MRAM array 3 in accordance with the
10 present invention. In this illustration, only a single
magnetoresistive memory device 10 is shown, but it will
be understood that MRAM array 3 consists of a number of
MRAM devices 10 and we are showing only one such device
for simplicity in describing the writing method.
15
MRAM device 10 is . sandwiched therebetween a word
line 20 and a digit line 30. Word line 20 and digit line
30 include conductive material such that a current can be
passed therethrough. In this illustration, word line 20

20 ig positioned on top of MRAM device 10 and digit line 30

is positioned on the bottom of MRAM device 10 and is

directed at a 90° angle to word line 20 (See FIG. 2).

MRAM device 10 includes a first magnetic region 15,

25 a tunneling barrier 16, and a second magnetic region 17,
wherein tunneling barrier 16 is sandwiched therebetween
first magnetic region 15 and second magnetic region 17.

In the preferred embodiment, magnetic region 15 includes

13



ferromagnetic |ayers 45, 55, 46, and 56 include at |east one of elenents
Ni, Fe, M, Co, or conbinations thereof. Also, it will be understood that
magnet i ¢ wogBosas31l5 and 20 17 can include synthetic anti - fPETrusongNIst i c

| ayer material structures other than tri-layer structures and the use of
tri-layer structures in this enbodinent is for illustrative purposes only.
For exanpl @, tnie siedy sSynideids B} i wheehohagneh entdyéermehemnaltic
structure 25 could include a five-layer stack of a ferronmagnetic |ayer/
anti - f err oxeaRaliing catddaly dpgeer 68yerandwdchedgidicirebetween  two

| ayer/anti-ferromagnetic coupling spacer |ayer/ ferromagnetic |ayer

struct ure. feAAMRRDU4A37LREHUSOL? 30483  BEr r onadmétii-¢ sraparegnet ignd 55
each have a magnetic nonment vector 57 and 53, respectively, that are
usual | y helcticdnittis pasaitetr byaveupl i¢fy ohashe aantihidimesmgndei c 2%
coupling spacer layer 65. Also, magnetic region 15 has.a resultant nagnetic
monent vectermmagne Hagnéeyers edidonand7 Fashaveediiicamesassnet t c ddhent
vector 50. Resultant pagnetic nonment vectors, 40 and 50_are oriented al ong
an ani sot Pdpy &RE8eEkI e R a BFEReT onmeHRETES $Fgéﬂnaﬁgl gl,aslé‘ preferabl y
45, fromwyrd line 20 and digjt |ine,30 (gee FIG 2).. Eﬁurther, rra%‘rilcetic
regi on 15 il€¥veH re%trW%??%%&éti c"PLglonPafeafithg trdr HEENPIRS Fagnet i ¢
nonment vector 40, is free to rotate in the esenc |.ed netic
field Mg 1i otPAF" s ]ﬁyﬁﬁneé(} 15%\‘r{ejc{r“?locﬁ'laegdﬁe?clfhce%rr%oée?cgﬂ;r%énrre;ﬁg t hat

resul tant @%¥¥%ﬁé§netic layers 46 and 56. Anti-ferromagnetic

10 coupling spacer layer 66 has a thickness 87 and
ferromagnetic layers 46 and 56 have thicknesses 42 and

52, respectively.

Generally, anti-ferromagnetic coupling spacer layers

15 65 and 66 include at least one of the elements Ru, Os,
Re, Cr, Rh, Cu, or combinations thereof. Further,
ferromagnetic layers 45, 55, 46, and 56 include at least

one of elements Ni, Fe, Mn, Co, or combinations thereof.

Also, it will be understood that magnetic regions 15 and

20 17 can include synthetic anti-ferromagnetic layer
material structures other than tri-layer structures and

the use of tri-layer structures in this embodiment is for
illustrative purposes only. For example, one such
synthetic anti—ferromagnetic layer material structure

25 could include a five-layer stack of a ferromagnetic
layer/ anti-ferromagnetic coupling spacer layer/
ferromagnetic layer/anti-ferromagnetic coupling spacer

layer/ ferromagnetic layer structure.
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nonent vector 50 is not free to rotate in the presence of a noderate
applied magnetic field and is used as the reference layer. 20 Wile

anti - f er reoagetdT coupling layers are illustrated betwe®aTiUse2/80467
ferromagnetic layers in each tri-layer structure 18, it will be understood
that the ferromagnetic |ayers could be anti-f erromagnetically coupled

t hrough ot her neans, such as nagnetostatic fields 25 or other features. For
exanpl e, when the aspect ratio of a cell is reduced to five or less, the
ferromagnetic IlFayeichadjretant itpsra | €5 sodplséd dacdm mgmet oseaneEift| ux
closure. 15 WO 03/034437 PCT/ US02/ 30437 In the preferred enbodi nent, MRAM
devi ce 10 hamenti Vvegyeor sEfucnd €53 18relpechavely .| edwth/ 3%t BSkadly in a
range of 1 to 5 for a non-circular plan. However, we 5 illustrate, a plan
that is ci helldaraSeepdtad 1) . byRap@dinge A Fhecpptdr&LTrAMEHRFELFN t he
preferred enbodinent to minimze the contribution to the sw cﬂing field
fr om $hape canbdémDBPagrRE alaehdtauser 10 sIRgRPELC FIyeR 1-> has™a

phot ol i t hographi ¢ processing to scal e the devi | er _di nensi ons

ﬁe 10, to sna%

| ateral | y. TIRSNE@NE | RagReFipe MogRasr SYOLE haP RV BRIRSE 90 €M Have

ot her shapes such as square, elliptical, rectangular.,or di but is

iIIustrate&75§ﬁﬁéiﬁgr€FPgGPQF eS| IFEFT?shhﬂeg?%%r%eéd pgggggggﬁbe. 15
magnetic moment vectors 40 and 50 are oriented along an

anisotropy easy-axis in a direction that is at an angle,
10 preferably 45°, from word line 20 and digit line 30 (See

FIG. 2). Further, magnetic region 15 1is a free
ferromagnetic region, meaning that resultant maghetic
moment vector 40 is free to rotate in the presence of an
applied magnetic field. Magnetic region 17 is a pinned
15 ferromagnetic region, meaning that resultant magnetic
moment vector 50 is not free to rotate in the presence of
a moderate applied magnetic field and is used as the

reference layer.

20 While anti-ferromagnetic coupling layers are
illustrated between the two ferromagnetic layers in each
tri-layer structure 18, it will be understood that the
ferromagnetic layers could be anti-ferromagnetically
coupled through other means, such as magnetostatic fields

25 or other features. For example, when the aspect ratio of
a cell is reduced to five or less, the ferromagnetic
layers are anti-parallel coupled from magnetostatic flux

closure.
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Further, during fabrication of MRAM array 3, each succeeding |ayer (i.e.
30, 55, 65, etc.) is deposited or otherwise fornmed in sequence and each
VRAM deviwe 03034948y be defined by sel ective deposition, preraisor/bagraphy 20
processing, etching, etc. in any of the techniques known in the

sem conductor industry. During deposition of at |east the ferromagnetic

| ayers 45 and 55, a magnetic field is provided to set a preferred easy
magnetic axis for this pair (induced anisotropy). The provided 25 magnetic
field creates arpreher pedranirsd capydaxient,oMRAVAGtiae Mdhéms viactors 53
and 57. The preferred axis is chosen to be at a 450 angle between word
line 20 antagégi btruicter3® B% vhat bevei scubsedtplfesdnb| yatie WD 7B/ 034437
PCT/ US02/ 30437 Turn now to FIG 2, which illustrates a sinplified plan

vi ew of a MAdkarafayl3 tion BcdordanceonChrehéarpralsdht | MPFRVESN. WD
simplify the description of MRAM 5 device 10, all directions will be

ref er ncedilbuahrateamd ylavordiahatiles s§sreniane @EeesHoli- afd-t o BN ockwi se
rotation direction 94 and a counter-clockwi se rotation. direction 9%. To
further sidpviee tHO deberi pirsulert il a@%"f‘?teasﬁ}ned:}ﬁatplf@%%méﬁ al to

two so that MRAM devi ce 10, 10 jncludes one tri-l.ayer_structure in.region 15
with rmagnetbediBreht GRedtR AR ahge 59oN5E 15?&1:,10\5/13 GO S a%‘?ltcrr%bl'ﬁ tic

ARG AL AU PRI e DL SE BEE AR
to'use photolithographic processing to scale the device
10 to smaller dimensions laterally. However, it will be
understood that MRAM device 10 can have other shapes,
such as sqguare, elliptical, rectangular, or diamond, but
ig illustrated as being circular for simplicity and
improved performance.
15
Further, during fabrication of MRAM array 3, each
succeeding layer (i.e. 30, 55, 65, etc.) is deposited or
otherwise formed in sequence and each MRAM device 10 may
be defined by selective deposition, photolithography
20 processing, etching, etc. in any of the technigques known
in the semiconductor industry. During deposition of at
least the ferromagnetic layers 45 and 55, a magnetic
field is provided to set a preferred easy magnetic axis
for this pailr (induced anisotropy). The provided
25 magnetic field creates a preferred anisotropy axis for

magnetic moment vectors 53 and 57. The preferred axis is
chosen to be at a 45° angle between word line 20 and digit

line 30, as will be discussed presently.
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15 To illustrate how the witing nethods work, it is assuned that a
preferred anisotropy axis for magnetic nonent vectors 53 and 57 is

di rect ed wD 0a/0383angl e relative to the negative x- and n@gatliSeB30437
y-directions and 20 at a 450 angle relative to the positive x- and positive
y- directions. As an exanple, FIG 2 shows that magnetic nonment vector 53
is directed at a 45 angle relative to the negative x- and negative
y-directions. Since nagnetic nonent vector 57 is generally oriented anti
25 parallel to maghetiss meBemIGec? pr whlchi tililsistinegrdsedaatsimplifiadgl e
relative to the positive x- and positive y- directions. This initial
orientatiomplan | vhewusefl ta MRAMDA3369343371PCHASIXIBOAZ7 WwidghowtBRanpl es
of the witing methods, as will be discussed presently. In the ﬁreferred
enbodi nent prasemtd tavemptow0 i <T'o Ssiwplhiyd abebelerfrpartion et f MRA¥W ng in
a positive x- direction and a digit current 70 is defined as bein

posi t iBve i fdeficw i i rmldl pdbresveoys driEktPenrefpeenparpbSe a8 Xm%&@ ine 20
and digit line 30 is to create a_ magnetic field 'tk‘{n MRAM.deyi ce 10. A
posi tive wifr¢oPFrdmatent seT R | LH0Qduge aS]%‘P‘f”&urﬁr\é\gilen ?al® m&#&cﬁﬂéﬁ’&i c

field, H 80, and a positive digit current 70 will jnduce a .
ci rcunf er edldt@tignyi B1HBGHECHC ?‘#elaﬂ}g HB éﬁ?uﬁ%éc%%ﬂ“ﬁ n& 5358 above

MRAM devi ce, 10 .4 e Pl apg of, the. ghaPPity Hhe 82:0hb8A3PRLI 64 tO
again assumed that N is equal to two so that MRAM device
10 10 includes one tri-layer structure in region 15 with
magnetic moment vectors 53 and 57, as well as resultant
magnetic moment vector 40. Also, only the magnetic
moment wvectors of region 15 are illustrated since they
will be switched.
15
To illustrate how the writing methods work, it is

assumed that a preferred anisotropy axis for magnetic .
moment vectors 53 and 57 1s directed at a 45° angle
relative to the negative x- and negative y-directions and
20 at a 45° angle relative to the positive x- and positive y-
directions. As an example, FIG. 2 shows that magnetic
moment vector 53 ig directed at a 45° angle relative to

the negative x- and negative y-directions. Since
magnetic moment vector 57 is generally oriented anti-

25 parallel to magnetic moment vector 53, it is directed at
a 45° angle relative to the positive x- and positive y-

directions. This initial orientation will be used to
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15 positive y-direction for a positive word current 60. Simlarly, since
digit line 30 is bel ow MRAM device 10, in the plane of the elenent, HD 90
will be applosestssdp MRAM device 10 in the positive x-dire®Crarsot/an43a

positive digit current 70. It will be understood that the 20 definitions
for positive and negative current flow are arbitrary and are defined here

for ill ustggg@,\,veep:gfngqggs. offherigd f egtieingeveeshodst he scur neiitl fllosv is to
change the direction of the magnetic field induced within MRAM device 10.

The behavi gf sefisaegUpt-eBentnguced magnetic 25 field is well known to those
skilled in the art and will not be el aborated upon further here. 18 WO
03/ 034437 PCT/ US02/30437 Turn nowto FIG 3, which illustrates the

simul ated swi tching behavior of a SAF tri-layer structure. The _simulation
consi sts of twoIsi ngle doefenredgretialingers at hrda¢ergrBse &% tHe sanme
monment (a nearly balanced 5 SAF) with an intrinsic anisotropy, are coupled
anti - 5f er r deignetli cz8 | peiagd mhotelvagadt | FheVHRI dyifanfc PAUE 1 VEes¥T i bed by
t he Landau-Lifshitz equation. The x-axis is_the word_ |ine magnetic field
anpl i tude areekipedsandnd ERELE- aGEreRE t HE dit§i td$f+ﬂ%e<§ra§‘ﬁetP811P9e| d
amplitude in 10 Cersteds._ The magpetic fields are applied.i n a pulse
sequence 180si&dvehohfi | FLEVE 94 Hherdi rpoﬁﬂw%eéfﬁ(%ﬁfeecqf(?&'i ncl JB%%S wor d

cury SNt 80,200 0Lt CULLPNY 70 85, hi"Gh2° 0hd 145 INerSatheal e
magnetic field within MRAM device 10. A positive word
10 current 60 will induce a circumferential word magnetic
field, H, 80, and a positive digit current 70 will induce
a circumferential digit magnetic field, H, 90. Since word
line 20 is above MRAM device 10, in the plane of the
‘element, H, 80 will be applied to MRAM device 10 in the
15 positive y-direction for a positive word current 60.
Similarly, since digit line 30 is below MRAM device 10,
in the plane of the element, H, 90 will be applied to MRAM
device 10 in the positive x-direction for a positive
digit current 70. It will Dbe understood that the
20 definitions for positive and negative current flow are
arbitrary and are defined here for illustrative purposes.
The effect of reversing the current flow is to change the
direction of the magnetic field induced within MRAM
device 10. The behavior of a current induced magnetic
25 field is well known to those skilled in the art and will

not be elaborated upon further here.
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FIG 3. In aregion 92 there is no switching. For MRAM operation in a
region 95, the direct witing nethod is in effect. Wen -using the direct
witing meDle@344shere is no need to determ ne the initialPCItENB3@B7t he
MVRAM devi ce 20 because the state is only switched if the state being
witten is different fromthe state that is stored. The selection of the
witten state ig.dat @R ned Byct he, ditrieet iidmwftwataenthéensbothawedd |ine
20 and digit line 30. For exanple, if a All is desired to be witten, then
25 the diregtitenialy asskigniorn doth |$aes twilllalyerposttugeurel f aThg' s
already stored in the elenent and a "1' is being witten, then the final
state of tkenkRAMiBavicemsisidd ebHntivnueinglee donaFurnaegpeti¢ 3ayersis
stored 19 WD 03/034437 PCT/US02/30437 and a "1' is being witten with
posi tive ctrhagntlsgve heflosehetbi rdle seame ofomant MRAMRRAE £e Rellpreeda 11' .
Similar results are obtained when witing a "0' by using negative, currents
in boBh t hEARIr dwahll demgi tintnessic RO LR her 2t SV He BREGranmed
to the desired 11' or 10" wth the appropriate, polarity_of current pulses,
r egar dl ess fefrriomegngitdicail 1at at @A TARARF olRIRRFL 2261 OB dS A GhePafi on in

region 95 will be defined as "direct jte node’, 10 F MRAM oger.ation in
a region 9Pescrabeggdve the i k3P WEY 157 | G V\ﬁ%ﬁ isfg~t A8 toggl e

writing ne%ﬂ&?Ww&nfrfihg %mgggajEQ féfén%%%lgg%d%nﬁﬁiabersteds, and

the y-axis is the digit line magnetic field amplitude in
10 Oersteds. The magnetic fields are applied in a pulse
sequence 100. as shown in FIG. 4 wherein pulse sequence
100 includes word current 60 and digit current 70 as

functions of time.

15 There are three regions of operation illustrated in
FIG. 3. 1In a region 92 there is no switching. For MRAM .
'operation in a region 95, the direct writing method is in
effect. When -using the direct writing method, there is
no need to determine the initial state of the MRAM device

20 because the state is only switched if the state being
written is different from the state that is stored. The
selection of the written state is determined by the
direction of current in both word line 20 and digit line
30. For example, if a ‘1’ is desired to be written, then

25 the direction of current in both lines will be positive.
If a ‘1’ is already stored in the element and a ‘1’ is
being written, then the final state of the MRAM device

will continue to be a ‘1’. Further, if a ‘0’ is stored
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state of the MRAM device before witing because the state 15 is sw tched
every tine the MRAM device is witten to, regardless of the direction of
t he currewDl3@344BDNg as the sanme polarity current pul sesprarasotdsen for
both word line 20 and digit line 30. For exanple, if a 1" is initially
stored then the state of the device will be 20 switched to a 10" after one
positive cyppent pulses $RAWGNGR-itScdnd owedht boeugh vieheworahtwnd dhent
lines. Repeating the positive current pul se sequence on the stored "0
state retughns i Fihala stateThas, tioe bairiM e devdiomr | we lilhebgenery ' &l enent
into the desired state, the 25 initial state of MRAM device 10 nust first
be read angimgosparedulast herstalbbeaimedewhent wedtifge ar edti gy anding
conparing may require additional logic circuitry, including a_buffer for
storing i nhegmativen andrentg0 Vﬂ)03¢©@4¢®ﬂeP@Wﬁ@@O@P@O4§?glgon%é?ﬁ?or f or
conparing nenory states. MRAM device 10 is then witten to pnlg if the
store8 statienged tdichamtstate BanwWPpt PERIXPENECS & drite 1589t he

advantages of this nethod is that the power consqud i S Iomereg because 5
only the difkf etd ngwbths thce aPESHSERLANPRUBFLEBNAT St agB of Sisi ng t he

toggle witing nethod is that only, uni-polar voltages.are requi and,
consequent BpgarshsiScer %ichhﬁ%el1¥F5ﬁ§hst5¥§“€hn begﬁgﬁﬁu oo%givéggﬁe MRAM

devi ce. Thrqughout this disc)osure, operationgin_. reqi .| L_.be
defined as GGG LG i t 8PFBAR O Botth Wt Ay %%t Ko g iﬁgofax}‘eésnuépﬁm %}F’ng

currents in ., .
“dlrect write mode”.

10
For MRAM operation in a region 97, the toggle
writing method is in effect. When using the toggle
writing method, there is a need to determine the initial
state of the MRAM device before writing because the state
15 is switched every time the MRAM device 1is written to,
regardless of the direction of the currents as long as
the same polarity current pulses are chosen for both word
line 20 and digit 1line 30. For example, if a .‘l’ is
initially stored then the state of the device will be
20 switched to a ‘0’ after one positive current pulse
sequence is flowed through the word and digit lines.
Repeating the positive current pulse sequence on the
stored ‘0’ state returns it to a ‘l’. Thus, to be able
to write the memory element into the desired state, the
25 initial state of MRAM device 10 must first be read and
compared to the state to be written. The reading and
comparing may require additional logic circuitry,

including a buffer for storing information and a
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word line 20 and digit line 30 such that magnetic noment vectors 53 and 57
can be oriented in one of two preferred 15 directions as discussed

previ ouslwoO 03034481 | y el ucidate the two swi tching nodes, ®p&aisbz/ao4exanpl es
describing the time evolution of nmagnetic nonent vectors 53, 57, and 40
are now given. 20 Turn nowto FIG 5 which illustrates the toggle wite
node for Wddmipagaftordl' £69 aock@artiabngmemdrse ssegasnce MIOM davidesl0
illustration at tine to, nmagnetic nonment vectors 53 and 57 are oriented in
t he preferried tidin eationsn aso stiolyn i H Eh& sRordli stetieenndt tbr witeltebe 25
defined as a "1'. At atine tl, a positive word current 60 is turned on,
whi ch i ndutes Bt , wgd titerbeaxk r stfédrentt he Posi pifveche 2dvany-a3¢930437

PCT/ US02/ 30437 direction. The effect of positive HW80 is to_cause the
near |y bal &fded metthod| i gneldevRane t PPweRyEpPnEENeR] O 18HET SHeOEFBVUSE ent ed
approximately 900 to the applied field direction. The finite, .

ant i - foer r omagnet itheex8hEf66189i Midractitén BWEREERY er r JagRECREIPRPdr s 45
and 55 will _allow magnetic nonent vec%ors 53.and 57.tqQ now ﬂlgflec at a
smal | angl @GRS Het nagied i Bhe i BPod ?r\é‘Ef*F&ﬂgaﬁ‘ﬁtths&th &4t i ¢

nonent vector, 40 will subtend the angle between magnetic_no n%ﬁt %ct ors 53
or

and 57 and WA TPHRGI i §R FSHWET HEREE I TRignet e’ mofeRt Veci 83 is

rotated in clockw se direction 94. .9 r | t,ant ghet i vect or

40 iS the \?é(b&{ erad I— Ii'lg.ﬁlng;[ r{:rans1§%(ifes SgH k?é.l U.Sga ql% &r.{@gm%the
MRAM device. Throughout this disclosure, operation in

10 region 97 will be defined as “toggle write mode”.

Both writing methods involve supplying currents in
word line 20 and digit line 30 such that magnetic moment
vectors 53 and 57 can be oriented in one of two preferred

15 directions as discussed previously. To fully elucidate
the two switching modes, specific examples describing the
time evolution of magnetic moment vectors 53, 57, and 40

are now given.

20 Turn now to FIG. 5 which illustrates the toggle
write mode for writing a ‘1’ to a ‘0’ using pulse
sequence 100. In this illustration at time t,, magnetic
moment vectors 53 and 57 are oriented in the preferred
directions as shown in FIG. 2. This orientation will be

25 defined as a ‘1’.

At a time t,, a positive word current 60 is turned

on, which induces H, 80 to be directed in the positive y-
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magneti c nonent vectors 53 and 57, nagnetic nonent vector 57 is also
rotated in clockwi se direction 94. 15 At a tine t2, positive digit current
70 i s turwed3wmss37 whi ch i nduces positive HD 90. ConsequentPlCr/Usoz3u4B1 ant
magneti ¢ nonent vector 40 is being sinultaneously directed in the positive
y-direction by HW80 and the 20 positive x-direction by HD 90, which has
the ef fect Bfiresdisimg effheceffechnghieosifdmentt,y &6t drs 400 t catiaet hbe
rotate in clockwise direction 94 until it is generally oriented at a 45
angl e bet weBfRY pusiancaad xantdmp lisgad i MRAN - o F etayensto CORBeFlienntly,
magneti c nonment 25 vectors 53 and 57 will also further rotate in clockw se
directi on 9khecemaNr03e0B4d3 AREHHISEYE04390° Attca thee apliwst dfceddent 60
is turned off so that now only HD 90 is directing resultant nagnetic nonent
vect or 40, dhireltiiol. now MEheor i Ehhedei n artel Psitdnveynet idi r eekichangBot h
magneti c nonent vectors 53 and 57 will 5 now generally be directed at

angl esSpasseéttielreicticanilsotwepy ferdomriosetnst dEeny pb6i msl 7F wifllilne t 4,
digit current 70 is turned off so a magnetic field force is not acting
upon resul t adiowl magmgidld aamsmntvestasy 0. ambnsequenndy, defigaeti atnonent
vectors 53 and 57 wi ||l becone oriented in their nearest preferred
directions ®o Fathi ZAndlfe 5AWasEr dpie eReggptic nfiald disectimn praflerred

direction for n%%netic nonent, .
resultant magnetic moment +wvector 40 will subtend the

angle between magnetic moment vectors 53 and 57 and will
10 align with H, 80. Hence, magnetic moment vector 53 is
rotated in clockwise direction 94. Since resultant
magnetic moment vector 40 1s the vector addition of
magnetic moment vectors 53 and 57, magnetic moment vector
57 is also rotated in clockwise direction 94.
15
At a time t,, positive digit current 70 is turned on,
which induces positive H, 90. Consequently, resultant
magnetic moment vector 40 is Dbeing simultaneously
directed in the positive y-direction by H, 80 and the
20 positive x-direction by H, 90, which has the effect of
causing effective magnetic moment vector 40 to further

rotate in clockwise direction 94 until it is generally
oriented at a 45° angle Dbetween the positive =x- and

positive vy-directions. Consequently, magnetic moment
25 vectors 53 and 57 will also further rotate in clockwise

direction 94.
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vector 53 is at a 45 angle relative to the positive y 15 and positive
x-directions. This preferred direction is also 180 fromthe initial

di recti onwofo3magseti ¢ noment vector 53 at tinme to and i sPpdefisamsh4as 0 .
Hence, MRAM device 10 has been switched to a 10'. It will be understood
t hat MRAM device 10 could al so be switched by 20 rotatlng magneti ¢ nonent
vectors 53, 57, &hda4C-ime eoumosd clusienseddi Lectiigmeds Aif 1P nghakgati ve
currents in both word line 20 and digit line 30, but is shown otherw se
for illustra®Vvelphif pdses’0 258Tu<ﬁhr%W% MSSula c RepRetder areaeRhe
toggle wite node for writing “1'" wusing pulse seguence 100.

|l [ ustrat edV%‘FEOFhé m@‘ﬁ@t‘i}b "ﬁgolr%rﬁowv]@‘ét 8F§e§1§e9n&r57t QLAY X~
resul t ant gnet c none 23 WD 03/034437 PCT/U 02/30% 7@9&‘3%fr 4£

each of the?tFfE5tPB; °Y§ magnehiq fpment &€§E‘Fﬁ%d g ou’! y g %mnng

the ability to smntc ate of device_10.from_10' t wi L h the
same éurrelﬁ? anc(iyer?a #)SI dd&frlgggt |Mons Heﬁgglefc’he &S do5 o]fle

devi ce 10 |§n¥%é§£§ByFor tgxégggkgt ?gtgggglnxphlch corresponds to

region 97 in i'rec i s assuned t hat
magneti c nonent vector 53 is larger in magnitude than 10 magnetic nonent
vector 57, so that magnetic nonment vector 40 points in the sanme direction

as magnetic nomeAt ectdhe 33, BYhibax AR | €6 M%&ﬂ@@dlafzer&faeld
This unbal anced nmoment all ows the di pol e energy, which tends
magnetic field force 1s not acting wupon resultant
10 magnetic moment wvector 40. Consequently, magnetic moment
vectors 53 and 57 will become oriented in their nearest

preferred directions to minimize the anisotropy energy.

In this case, the preferred direction for magnetic moment
vector 53 is at a 45° angle relative to the positive y-
15 and positive x-directions. This preferred direction is
also 180° from the initial direction of magnetic moment

vector 53 at time t, and is defined as ‘'0’. Hence, MRAM
device 10 has been switched to a 1'0’. It will Dbe
understood that MRAM device 10 could also be switched by
20 rotating magnetic moment wvectors 53, 57, and 40 in
counter clockwise direction 96 by using negative currents
in both word line 20 and digit line 30, but is shown

otherwise for illustrative purposes.

25 Turn now to FIG. 6 which illustrates the toggle
write mode for writing a ‘0’ to a ‘1’ using pulse
sequence 100. Illustrated are the magnetic moment

vectors 53 and 57, as well as resultant magnetic moment
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to align the "total nonment with the applied field, to 15 break the symetry
of the nearly bal anced SAF. Hence, switching can occur only in one

di recti orwDms/0344g7 ven polarity of current. Turn now to FIPGI/USomBIN46h
illustrates an exanple of 20 witing a 1' to a 10" using the direct wite
node using pul se sequence 100. Here again, the nenory state is initially
a 11' with weagbeti dhwonent evctt @f Shali teweedt, 452, with rtgspand ttq &he
negative x- and negative y- directions and nmagnetic nonent vector 57

di rect ed 45de88riber respeteusdyt FRoYEFIA | Yeex-akind osiei viwitchyi £Bet i ons.
Fol I owi ng the pul se _sequence as described above with positive word current
60 and posi EFe&edi ¥ t MEAY r 8AViZe, 1hefHiPPt iy ofBurks’ | Wikhsithe aFaR&nner
as the 24 WO 03/034437 PCT/ USP2/ 30437 toggle wite node as descri bed

pr evi ous| y. SREEEREhANG HRAIRBRERt §1S§§i ﬂlr%%@onét- a H¢meet 15hguftRRE

resul ti.ng angl i anted from 902 e to_the,unbal anced nonent and

ani sot Popy. Ot TN | EVEAS MRAMTIS R0 Fide it SUAT et T oPRE " 10

state with resultant ma netéfc nonent. 4% or.i e t a 452 angle in the
y

positive x- "and 58§irtels &N e SEPGRE 57 d&sired. “Sinilar results are

obt ai ned when witing a 10' to a 1' only nowwith negative word current
60 and negative digit current 70. 10 Turn nowto FIG 8 which illustrates

an exanple of  Wglti ngpysi oy A& difeek Whble, Mode when hLAeuReY StAke IS

magnetic moment vector 53 is larger in magnitude than
10 magnetic moment wvector 57, so that magnetic moment wvector
40 points in the same direction as magnetic moment wvector
53, but has a smaller magnitude in zero field. This
unbalanced moment allows the dipole energy, which tends
to align the total moment with the applied field, to
15 break the symmetry of the nearly balanced SAF. Hence,
switching can occur only in one direction for a given

polarity of current.

Turn now to FIG. 7 which illustrates an example of

20 writing a ‘1’ to a ‘0’ using the direct write mode using
pulse sequence 100. Here again, the memory state is
initially a ‘1’ with magnetic moment wvector 53 directed

45¢ with respect to the negative x- and negative y-
directions and magnetic moment vector 57 directed 45¢

25 with respect to the positive x- and positive y-
directions. Following the pulse sequence as described
above with positive word current 60 and positive digit

current 70, the writing occurs in a similar manner as the
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the sane as the state already stored. In this exanple, a 10" is already
stored in MRAM device 10 and current pulse 15 sequence 100 is now repeated
to store wO03/0344bmgneti c nonent vectors 53 and 57 attenptrCrwSoFs@®” at a
time t1, but because the unbal anced magnetic moment nust work against the
applied magnetic field, the rotation is dimnished. Hence, there is an
addi ti onal &reggdy hariticemale tas rarswird pfevheuskyer sNoseatbat Athei ne
t2, the dom nant nmonent 53 is nearly aligned with the positive x- axis and
| ess than 4BOUERGSH BCS i FLQP ‘anits 6t gPpye tdi roeti she Aesultine eBglehe
magnetic field is directed along the g ositive x-axis. Rather than rotating
further 25 &Fock@arsed tFeCBy i AUR | BRer She t LnbrekaRcesy Eragitngantehe SAF
nonent sym‘retr\é Wt h respec% to the applied field. The passive npnent 57
crosses t he®RIEQEEORNA t het E?gt e’ abhisr i 2RAV t9ETiRe dc}rﬂ naff nBRERt 53
returned to 034437 PCT/ 2/30 its origipnal direction
Ther ef gre Swlg ﬁof#e%t %n égﬁgﬁngﬁ f]?eeﬁliaj{t?%m?e% at l%nﬂopﬁﬁlcstate
stored in 10 | | 10' Th| uence_illustrates the
mechani sm o%eAh fg?g% vv?lwte démsho%h a2 1 &6 on% i VE gX"B.aﬂénce,
in this conygntioRe to_ o',re posi rr iJL b wor d
line 60 an}(}iS %}Lglt lite %éan%i, %oﬁ&er%%%%?é?b wé%}ﬁﬁlgﬂ Ieé%\%%l %%Q
current is pgadihed | gnbat hyword,ding 6@ .and, digity i ng 40 nwf with

negative word current 60 and negative digit current 70.
10
Turn now to FIG. 8 which illustrates an example of
writing using the direct write mode when the new state is
the same as the state already stored. In this example, a
‘0’ is already stored in MRAM device 10 and current pulse
15 sequence 100 is now repeated to store a ‘0'. Magnetic
moment vectors 53 and 57 attempt to “FLOP” at a time t,,
but Dbecause the unbalanced magnetic moment must work
against the applied magnetic field, the rotation is
diminished. Hence, there is an additional energy barrier
20 to rotate out of the reverse state. At time t,, the
dominant moment 53 is nearly aligned with the positive x-
axis and less than 45°¢ from its initial aﬁisotropy
direction. At a time t,, the magnetic field is directed
along the positive x-axis. Rather than rotating further
25 clockwise, the system now lowers its energy by changing
the SAF moment symmetry with respect to the applied
field. The passive moment 57 crosses the x-axis and the

system stabilizes with the dominant moment 53 returned to
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If larger fields are applied, eventually the energy decrease associ ated
with a flop and scissor exceeds the additional energy barrier created by
t he di polwoamsgy7 of the unbal anced nonent which is preveaTiusg2/z48Dggl e
event. 15 At this point, a toggle event will occur and the switching is
described by region 97. Region 95 in which the direct wite node applies
can be expasdedite. eripdggledimgetieyi onTORrednrise Abdved tiae 20 Wieher
magnetic fields, if the times t3 and t4 are equal or made as close to equal
as possi bl ethenmaginetdgsefiehd Ifagreitqcedi epadditthet pbAtst torest U5
relative to the biit ,anisotropy axis when word current 60 turns on and then
noves to pa¥Bffel dgViRet hd Opi ¢iddi sEEFGRY ad s Vthen di gheios IRAVERES 70
turns on. This exanple is simlar to the typical nmagnetic field

appl i cat | on SLUREREESS HEREy SIEChaTAT et EUYr BRECSG 3 T gId% FRem 70
turn oftf substant.ially.si.nult.aneously, so that the.magnetic f.ield 26 WO
03/ 034937 PET B85350 il FaQ 1 o doBETNEY 1Bt atBLany FURTHGOT THET of or e,

Y e

nove rd-axis 1nstabrlity point

with both wgpd GlyT 3?§i§° o5 7 é{;d?“rcfo‘?ﬂztegs%lé,i“,r ned ap-; e £ 999l £

j
writing node event now less |ikely to occur, nce the magnetic field

di rection i 5cgow bat aed-anly 45, ddisteat oh a8 wWeboreindn sadvanyage of
having substantially coincident fall times, t3 and t4, is that now there
are no addi §ignel 1ine 70. |
10
If larger fields are applied, eventually the energy
decrease associated with a flop and scissor exceeds- the
additional energy barrier created by the dipole energy of
the unbalanced moment which is preventing a toggle event.

15 At this point, a toggle event will occur and  the

switching is described by region 97.

Region 95 in which the direct write mode applies can
be expanded, i.e. toggle mode region 97 can be moved to
20 higher magnetic fields, if the times t, and t, are equal

or made as close to equal as possible. In this case, the
magnetic field direction starts at 45° relative to the bit

anisotropy axis when word current 60 turns on and then
moves to parallel with the bit anisotropy axis when digit
25 current 70 turns on. This example 1is similar to the
typical magnetic field application sequence. However,
now word current 60 and digit current 70 turn off

substantially simultaneously, so that the magnetic field
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10 restrictions on the order of the field rise tines t1 and t2. Thus, the
magnetic fields can be turned on in any order or can also be substantially
coi nci dernwoO 03loa4ar i t i ng et hods descri bed previously are RCghiSg2/3@457

sel ective because only the MRAM devi ce that has both word current 60 and
digit current 70 turned on between tine t2 and tinme t3 will switch states.
Thi s feat uré@itectidhusioest edotn f41@Se Samyd flGthexG 9 THeugfiorst, estlpal se
sequence 100 when word current 60 is not turned on.and 20 digit current 70
is turned oappH &1 fheldl mststatles iéege cenevgpordi idiafehahe oreoilidetst ate
of MRAM device 10. At a tine to, magnetic nonent vectors 53 and 57, as
wel | as resagrapicnagerent MRRT véet ofag0,akreadyi S aP2SfestFfbed in
FIG 2. In pul se sequence 100, digit 25 current 70 is_turned on_ at a.time
t1. During RaFd-2x#E, inpbadd Lty Todnse WidduRodh Righet P aimet! 2%t or 40
to be _directed in the positive x-direction., 27 _ WO 03/034437 (5CT/ USO%/ 30437
Since word SUgFEnFUBHRS il Srhed cPied oft, TPESHS At HHFh TS nohEN

vectors 53 and 57 are never ot at ed_t hrough.their _ani sotropy hard-axis

i nst abi | i t y*Spdiait s:rLeﬁ§ alejr]é%{h’t,%orra%%%‘i“f'c FomST VRgt &agqﬁﬁgﬂdfg‘?fé will
reorient thenpselves in the nearest pref er{ed % recti %2 ghen di gist current
70 is turneBiBEFEAPNA 15 M@ OW 3TAKAER | A HKi *RasePSTERE i AftiBl dfPection
at time to. Hence, the state of MRAM device 10 is not switched.,K It wll
be under st obgfehat t M sadBarbagpt of Mavgegursystantially coincident

fall times, t, and t,, is that now there are no additional
10 restrictions on the order of the field rise times t, and
t,. Thus, the magnetic fields can be turned on in any

2

order or can also be substantially coincident.

The writing methods described previously are highly

15 selective because only the MRAM‘device that has both word
current 60 and digit current 70 turned on between time t,

and time t, will switch states. This feature is
illustrated in FIGS. 9 and 10. FIG. 9 illustrates pulse
sequence 100 when word current 60 is not turned on and

20 digit current 70 is turned on. FIG. 10 illustrates the
corresponding behavior of the state of MRAM device 10.

At a time t,, magnetic moment vectors 53 and 57, as well

as resultant magnetic moment vector 40, are oriented as
described in FIG. 2. In pulse sequence 100, digit

25 current 70 is turned on at a time t,. During this time,
H 90 will cause resultant magnetic moment vector 40 to be

directed in the positive x-direction.
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10 word current 60 is turned on at simlar times described above and digit
current 70 is not turned on. This feature ensures that only one MR- AM
device inwarm3as#ay w ll be switched, while the other devipcagsne/bi43T emai n
in their initial states. As a result, unintentional 15 switching is
avoided and the bit error rate is mnimzed. Various changes and
nmodi fi cati ons toSthecentortidrencyrrietei ®0choken PeVSsur pygdschgd on,
illustration will readily occur to those skilled in the art. To the extent
that 20 sucKeRBHFRREatTRFREEAE WAMSRY oHSCHO Y Rot>He At PF oRTeheRC¥BYrit of
the invention, they are intended,to be included, wi.thin the scope.thereof
which is as§8§§EﬁgonF9r%99 f '?lriﬁF@FﬁF@FﬁPToﬁaﬁﬁfﬁﬁésfoFPﬁﬁﬁﬁbl%FXinB.
25 Having fully. descrjbed the invention..n such c|ear _and nci_s § rnms as
Lo enabl e tRBSECSK | 120 fin &S M Uriter LOURAC angChOAet (2o THe Shme.

the inyention, clainmed is: 28, VWD 4437 PCI{ US02/ 3043 A
nethod%of sWi %rnrﬁf%f%ﬁ%&het%?&?ﬁ%ﬁ?%g néﬁ%rytﬂégvﬁgﬁg%%%%rF%?%gg%%gdsteps

of: 5 provi SgPQCEiBEQB&IeQ{ egi%jlvg\%gggggy 78 &Nt AdlAGHH L0 A Lifst

conductor and a second conductor reirn the nagnetoresistive nenory

el ement i nckudegh @cnfisiStePgnebse [e0iQlk and; 81 §8CNG-JIRIGNE! | £ T eghan
separated by a tunneling barrier, at |east one of the 10 first and second
magneti c regi onspbAekydend foidaegneiiReM device 10 is not switched.
It will be understood that the same result will occur if
10 word current 60 is turned on at similar times described
above and digit current 70 1is mnot turned on. This
feature ensures that only one MRAM device 1in an array
will be switched, while the other devices will remain in

their initial states. As a result, unintentional

15 switching is avoided and the bit error rate is minimized.

Various changes and modifications to the embodiments
herein chosen for purposes of i1illustration will readily
occur to those skilled in the art. To the extent that

20 such modifications and variations do not depart from the
spirit of the invention, they are intended to be included
within the scope thereof which is assessed only by a fair

interpretation of the following claims.

25 Having fully described the invention in such clear
and concise terms as to enable those skilled in the art
to understand and practice the same, the invention

claimed is:
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material |ayers that are anti-ferromagnetically coupled, where Nis an

i nteger equal to at |east two, and where each |ayer has a magnetic nonent
adj ust ed wo opoamBte a witing node, and al so each of thePCirresn2/amd7 second
15 magnetic regions has a nagnetic nonent vector adjacent to the tunneling
barrier oriented in a preferred direction at a tinme to; turning on a first
current flow through the first conductor at a tinme tl; 20 turning on a
second current flow through the second conductor at a time t2; turning off
the first current flow through the ¥ Sconductor at a time t3; and
turning off the second current flow through the 25 second conductor at a
time t4 so that one of the magnetic nonent vectors adjacent to the

tunnel i ng barriir is orhgnted in atd'rection dif%erent %non1the i9itial
preferred direction &t TFRECH & PYIES8 N 637632357 BETFGSES $6%437Y 2. A
met hod of gsw tchi ragnet sistive penory device as clained in claim1l
wherein a éﬁ%}?%yggm rg%gP§c%£§Dﬁ§%#¥f?g§tional bal ance ratio of the one of

the First > and second GRRgt! G ! eglonscbselisthfer ARy~ dMiiin: 0. 1.

3. A nethod of switching a nagnetoreststive nenory evice as clained in
claiml “hgﬁfigeﬁge thmes 19 r-dd, dohduckdd 3an@ndat 458E6n8UCEoi i@t tor

to<t| <t 2<t 3<
wherein the magnetoresistive memory element includes a
first magnetic region and a second magnetic region
separated by a tunneling barrier, at least one of the
10 first and second magnetic regions include N ferromagnetic
material layers that are anti-ferromagnetically coupled,
. where N is an integer equal to at least two, and where
each layer has a magnetic moment adjusted to provide a
writing mode, and also each of the first and second
15 magnetic regions has a magnetic moment vector adjacent to
the tunneling barrier oriented in a preferred direction at
a time t,;
turning on a first current flow through the
first conductor at a time t,;
20 turning on a second current flow through the
second conductor at a time t,;
turning off the first current flow through the
first conductor at a time t,; and
turning off the second current flow through the
25 second conductor at a time t, so that one of the magnetic
moment vectors adjacent to the tunneling barrier is
oriented in a direction different from the initial

preferred direction at the time t,.
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4. A nmethod of switching a magnetoresistive nenory device as clainmed in
claim1 further including the step of orientating the first and second
conduct orwoaw/oa430 angle 15 relative to each other. 5. APrcatusoz3aBd?
switching a nagnetoresistive nmenory device as clainmed in claim1 further
including the step of setting the preferred direction at the tinme to to be
at a 20 non-zero angle to the first and second conductors. 6. A nethod of
switching a nagnetoresistive nenory device as clainmed in claim1l wherein
the steps of turning on the first and second current flows in the first
and 25 second conductors resEEEtrvelé%}rncludes usi ng a conbrned current

magni t ude that #s | afg@ehcdy SERESR 1Hed HHE

| tt tch. 30 WO 03/03443 U 2/30437 7. t.haod t chi
2 ﬁgggeto?@§¥%?$vésnéﬂﬁ?§‘ vite® ;§“%Ié ﬁgﬁrennclaﬁﬁyi nereron q%eéﬁﬁlgycpg

of ferrona netjc ria arated.by a 5 ferr agnet
coupl i ng A %??%rfg%ﬁi%ﬂﬂ ?ﬂi Rei Fafder o gﬁgﬁrcrgouﬁFr SP ﬁgnethod
of switching a magnetoresistive nmenory device as claimed in Clalﬂ;
wher ei 1F t hendt pcondyrBedaEhyC IEAlsESTabPetier dehet readfendry d nt
i ncludes using at |east one of Ru, Gs, Re, O, Rh, and Cu or conbinations
and conpoufids.thereof in the anti-ferronagnetic coupling material. 15 9. A
met hod of switching a nagnetoresistive nmenory
3. A method of switching a magnetoresistive memory
device as claimed in claim 1 wherein the times t,, t,, t,,

2

10 t,, and t, are such that t<t<t,<t,<t,.

4. A method of switching a magnetoresistive memory

device as claimed in claim 1 further including the step of
orientating the first and second conductors at a 90° angle

15 relative to each other.

5. A method of switching a magnetoresistive memory
device as claimed in claim 1 further including the step of
setting the preferred direction at the time t, to be at a

20 non-zero angle to the first and second conductors.

6. A method of switching a magnetoresistive memory
device as claimed in claim 1 wherein the steps of turning
on the first and second current flows in the first and

25 second conductors, respectively, includes using a combined
current magnitude that is large enough to cause the

magnetoresistive memory element to switch.
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device as claimed in claim7 wherein the anti- ferromagnetic coupling
material has a thickness in a range of 4 Ato 30 A 20 10. A nethod of

swi t chi ngwe omgnetr or esi stive nmenory device as clai med i nPclraiSor/do4her ei n
the step of providing the magnetoresistive nmenory el enent includes using
one of N, Fe, M1, Co, and conbinations thereof, in the ferromgnetic
material. 25 31 WD 03/034437 PCT/ US02/ 30437 11. A nethod of switching a
magnet oresi stive nmenory device as clained in claim10 wherein the step of
provi di ng the magnetoresistive nenory el enent includes providing each of
the N layers of ferromagnetic material , 5 with a thickness.between 15 A and
100 A. 12. A nethod %f%&b?éhPﬁg %{“rFeF&Hét%r%sF‘éﬁP@&"ﬁ&ﬁ&F Ve T s

clainmed in.claim1 includin n ad tlon a

magnet or esIStiYe FEnofy Mg n% Wi 10‘@%%%?5%t| '$¥ c:f%%%ar Soss

t d. of swi tchi
ol ai o i rESTATTRE T R Lo T ) eﬁﬁ”zgé@% e e Hme. by
| ncreagl ngel fo%%%ﬁ%g}t thgoﬁ{ﬁeﬂﬁgf lnﬁaESPEh %Bbs %Tv'l"i‘iel Y GRNStAY; or

i ncreases an ractlona bal ance ratio of the one of the

first a”dﬂéﬁﬁﬁﬂ%ﬁgggfgté %Egh&ns remai ns constant as the _ _
magnet or esi sti ve nory e Is scaled laterally to snaller dinensions.
8. A method of switching a magnetoresistive memory
device as claimed in claim 7 wherein the step of providing
10 the magnetoresistive memory element includes using at
least one of Ru, Os, Re, Cr, Rh, and Cu or combinations
and compounds thereof in the anti-ferromagnetic coupling

material.

15 9. A method of switching a magnetoresistive memory
device as claimed in claim 7 wherein the anti-
ferromagnetic coupling material has a thickness in a range

of 4 A to 30 A.

20 10. A method of switching a magnetoresistive memory
device as claimed in claim 1 wherein the step of providing
the magnetoresistive memory element includes using one of
Ni, Fe, Mn, Co, and combinations thereof, in the
ferromagnetic material.

25
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20 14. A nethod of switching a nagnetoresistive nmenory device as clained
inclaiml including in addition a step of adjusting the nagnetic nonent
of the N weyefn3443D that a nagnetic field needed to sw tcirCrhsSomagaet i c
nonent 25 vectors renains substantially constant as the device is scaled
laterally to smaller dinmensions. 32 WO 03/034437 PCT/ US02/ 30437 15. A

nmet hod of switching a magnetoresistive nenory device as clained in claim1l
wherein the step of providing the witjing node includes adjusting the
nonment of each 11ayed Bethrd 0f agwkchingr 3y irgerg teresds Vet & at an
5 operating current such that the current in each of, the first and second
conduct or 9&LG5| se¥l wFiRiBeHosilti vELapBI alliotywtcht?lﬂﬁﬁnte Pt g€andt he

current in both of the first and second conductors i ul sed wi-t
negative HOTEIFIROt othRvPREFEHRST LT B Va0 FOW rre“?i%@e% SWTE qeﬁsg a

rRONCLor oo SR Lk, (Y1 60575, RIS Lo SRS MS B D e 13

i's magnet oresistivé  nenory device

oper at in the direct wit t he 5 ejating current. 17. A
met hod%(s)f ‘%Jvﬁlf c%i%%lcgkrrlr%%ﬁe %gggggﬁ%egnae%&or%/%)d%w ce as clained in claim
16 wherein the time tl is approximately equal to t2 so that the

magnet oresi stive 20 nenory device operates in the direct wite node at the
12. A method of switching a magnetoresistive memory

device as claimed in claim 1 including in addition a step
of providing the magnetoresistive memory element with a

10 substantially circular cross section.

13. A method of switching a magnetoresistive memory
device as claimed in claim 1 including in addition a step
of scaling the volume by increasing N such that the volume

15 remains substantially constant or increases and a magnetic
moment fractional balance ratio of the one of the first
and second magnetic regions remains constant as the
magnetoresistive memory element is scaled laterally to
smaller dimensions.

20

14. A method of switching a magnetoresistive memory
device as claimed in claim 1 including in addition a step
of adjusting the magnetic moment of the N layers so that a
magnetic field needed to switch the magnetic moment

25 vectors remains substantially constant as the device is

scaled laterally to smaller dimensions.
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operating current. 33 WD 03/034437 PCT/ US02/ 30437 18. A nethod of
switching a magnetoresistive nenory device as clained in claim1 wherein
the step wbopamsdi ng the witing node includes adjustingcrhesozsment of
each layer of the N layers to provide a toggle wite node at an 5
operating current such that the current in each of the first and second
conductors is pulsed with a sane polarity to wite a state and the current
in both of the first and second conductors is pulsed with,the sane
polarity to réversé thetkedtef FEYitghindned BAIBELSRPELRAFMYSaemOTY
magnet oresi stive nmenory device as clained in cl ﬁism 18 includin

addi ti on sleasgise gis rebaimedt He FhaHBt brBBPERITe CAENSIEYPIET (?gof‘jgdggﬁgai n
stored informati on and conpar,ing the stored information to,15 praogram
i nf or mat i dh& oWbe thPPt t%ﬂd%rilﬁc%t $he2S7 BPELDE ttqﬁ? nf“ﬁ_ﬁlegr%_ a%% %%F%ll ng of f
aqnet or eI oty SBVAEDI E8 BEORI APnBACiA CEralBits TReLuding™ n
i pol &1 GITRATSI9 CHPFERPE. SHOM0 b3 F0at 37 CeT (Ro2) J0F8y 217 Aliet hod
of switching 4 magnet oresisti ¥EnHRODLYs 4RV GRIGRPriALRY 4 Npodivnyof:
polarity to write:'a state and the current in both of the
first and second conductors is pulsed with a negative
polarity to reverse the state.
10
16. A method of switching a magnetoresistive memory
device as claimed in claim 15 wherein the time t, is
approximately equal to t, so that the magnetoresistive

memory device operates in the direct write mode at the

15 operating current.

17. A method of switching a magnetoresistive memory
device as claimed in claim 16 wherein the time t, is
approximately equal to t, so that the magnetoresistive

20 memory device operates in the direct write mode at the

operating current.
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provi ding a magnetoresistive nenory el enment adjacent to a first conductor
and a second conductor 5 wherein the magnetoresistive nenory el enent

i ncl udes wOpB/BRA7 Nnagneti c region and a free magneti c regiPer/USSZpEBAL ed by
a tunneling barrier, the free magnetic region includes N
anti-ferromagnetically coupled | ayers of a ferromagnetic material, where N
is an integer greater than 10 or equal to two, and where the N | ayers
define a volunme and each layer of the N layers has a nonent adjusted to
provide a witih§.node mepibdhef eewischibg| ay aragnefieresis woremenenyt i onal
bal ance ratio of the one of the first and second magnetic regions is in a
range 0 < dewmire<asi®lgimedarid: thei de whaprin cthegrbaPhal BraBEsAEREC
noment vector adjacent to the tunneling barrjer oriented in a_preferred
direction &Pea Wikeln®; MOSE apBryHAGSa abits il effepuneeerb Gfe 87<khe
first and second conductors at a tinme tl, and turni off 20 %he wor d
current pulé¥ent ofF et 3aMFT% HIRETONE 1F %?ﬁﬁ’:g‘?n‘ﬁrhtﬁilﬁ? e #heBurrent

I t ther.of the first d duct t ti t d
Pt ni ng? of POSERE i TUTTRAL Pt Lt S6T GUTTRRCt AT wherB A0 e
" agi on. ad) BEGAE CBOL REHhGTR Sar o TR Ere TasrRSortalTelrn o

etunnecilng arrier I'S OTlen In a
oo S S ek Aok pE Sl gt 4 .
magnet or esi;abbM8 de¥h&€ctors is pulsed with the same polarity to
reverse the state.
10
19. A method of switching a magnetoresistive memory
device as claimed in claim 18 including in addition steps
of reading the magnetoresistive memory device to obtain
stored information and comparing the stored information to
15 program information to be written prior to the steps of
turning on and turning off the first and second current

flows.

20. A method of switching a magnetoresistive memory
20 device as claimed in claim 18 including in addition steps
of providing the first and second current flows by using

unipolar direction currents.
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conprising the steps of: providing a nmagnetoresistive device adjacent to a
first conductor and a second conductor wherein the 5 magnetoresistive

devi ce i nwbwd®344a7 free nagnetic region and a fixed nmagnet IPCTIESQR/a337
separated by a tunneling barrier, the free magnetic region including an N
| ayer synthetic anti-ferromagnetic structure that defines a volune, where
N is an integer greater than or equal to 10 two, the N |ayer synthetic
anti-ferromagnetic structure includes anti-ferronagneticall cougled
ferromagnetic 2ﬂayeﬁsmmﬁhpénoﬁa@W@FPBlﬁEmﬂnm%Q%?B?r%ﬂf%E%%% PRECLY
tunneling barrier oriented in a preferred direction at a tinme to, and the
N | ayer syevAeei €oamEisiad Fhgyridtd™s ©f5 structure is adjusted to provide a
toggle wite node; reading an initial state of the m qggfresgﬁg'gﬁt menory
devi ce and conpari nTWEFHY i af sFPREERCERSASTéWS st'Are-tH be sbbred in

t he magnetoresi stive nenory.deyvice; -and 20 applyjn d ul se,
only if tﬁéJaFﬁPFialOstate¥éﬁ8¥th%p?éﬁfg?%téngg 5% g?%f%%{afgﬂagggkgfent,

t f _the fi d d adue td ' ff th

wor d cirr EREESUPbe thE aTEORE LB adi Ty Rl )T RBR vi ts SCATG e 1 ne

current pylise Lo 25.another oledife fidsi and secand aapduetersraied ime (2
e In

and turniFng o gl current pulse at atine t4.
separated by a tunneling barrier, the free magnetic region
includes N anti-ferromagnetically coupled layers of a
ferromagnetic material, where N is an integer greater than
10 or equal to two, and where the N layers define a volume
and each layer of the N layers has a moment adjusted to

' provide a writing mode, and wherein a sub-layer magnetic

moment fractional balance ratio of the one of the first
and second magnetic regions is in a range 0 < |M,| <

15 0.1, and the free magnetic region has a magnetic moment
vector adjacent to the tunneling barrier oriented in a
preferred direction at a time t,; and

applying a word current pulse to one of the
first and second conductors at a time t, and turning off

20 the word current pulse at a time t, while additionally
applying a digit 1line current pulse to another of the
first and second conductors at a time t, and turning off
the digit 1line current pulse at a time ¢t wherein
t,<t,<t,<t,<t, so that the magnetic moment vector of the free

25 magnetic region adjacent to the tunneling barrier at the
time t, is oriented in a direction different from the

initial preferred direction at the time t,.
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22. A method of switching a magnetoresistive device
comprising the steps of:
providing a magnetoresistive device adjacent to
a first conductor and a second conductor wherein the
magnetoresistive device includes a free magnetic region
and a fixed magnetic region separated by a tunneling
barrier, the free magnetic region including an N layer
synthetic anti-ferromagnetic structure that defines a
volume, where N i1s an integer greater than or equal to
two, the N layer synthetic anti-ferromagnetic structure
includes anti-ferromagnetically coupled ferromagnetic
layers with an magnetic moment vector adjacent the
tunneling barrier oriented in a preferred direction at a
time t,, and the N layer synthetic anti-ferromagnetic
structure is adjusted to provide a toggle write mode;
reading an initial state of the magnetoresistive
memory device and comparing the initial state with a new
state to be stored in the magnetoresistive memory device;
and
applying a word current pulse, only if the
initial state and the new state to be stored are
different, to one of the first and second conductors at a
’time t, and turning off the word current pulse at a time t,
while additionally applying a digit line current pulse to
another of the first and second conductors at a time t, and

turning off the digit line current pulse at a time t,.
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