;]"e3e_K HL(tP6T17%$2 c1l ~~ 2002 Four State Magnetoresistive Random AccesrfS
Memory FIELD OI' THE I NVENTI ON s The present invention relates to.g MAT 2002
magnet or esi stive random access nenory (MRAM having four states, and nore
especially to the MRAM having the capabilities of witing each state by one
step. BACKGROUND OF THE | NVENTI ON 10 Recently, nmagnetic nultilayer
structures with two ferromagnetic | ayers separated by a conductor |ayer
have been ut 'FbmdetﬁtémgB@mwsﬁbtiwse Raad@n W@&@Memo% _
magnet oresi stive (GVR) effeCt. Magnetization vectors of the two ghetic

| ayers are enployed as |ogical states. ~s A two-state MRAMwith two | ogi cal
states indicated by "0" and "I" is achieved by utilizing two nagnetic

| ayers in which the nagneti FELIN GRAMWHEINNENTIONO magnetic | ayers point
in a parallel direction under zero field. The magneti zation vectors of both
magnetic | ayers can be switched to an opposite direction when an external
magnesi c fi el Thé prédent iigekntonerdlatesadi D mapmotdiesisiévd radioas srckaghemdyy, and
the zo other direction can be defined as a logic "I" Alternatively the

magnet i zQViRchM)ebaving doura statest amhgmers ccspegially i ® dhaadylRAM rhasiingdthen one
direction, for .ex l. i nned by. exchange coupling to an anti—ferromagnetic
layer, whtRabilities %ggﬁgpgfé&‘éﬁt%%f)f}?é%gf the second magnetic |ayer can be -
swi tched between parallel and anti-parallel to the nmagnetization vectors of
the zs first magnetic | j LG " 1" states. For
exanple, a parallel dir t&ﬁﬁgjﬁgﬂ]ﬁg}?@&%%hgquéﬁ an anti-parallel
diregtion for a logic "1" state. 2 - 2 MAY 2002 A prior art tw state
MRAMI's constructed froma GWR elenment, a word line that wites data to the

GM R and a sepeé&ntlyhembagheticadunia élesdﬁb@lresTWitHatwﬂeﬁdrﬁﬂﬁagﬁ&icdﬁlﬁféﬁs bed
in United States patent nunber US5477482 in the nane of Prinz and United
St at es psapanated dbybecondBETa3ger havet beennatizedfto Chen MRAM. witteh ik daset os

description is incorporated herein by reference. A four state MRAMi s
achi evedtsysiany magnﬁt@rq%wmgﬂ\éﬁ)@f&%%gw%ﬂam@e&o@w?&%%ﬁv ragpetic

separ at eﬁj Yo ﬁe%ﬁ%ﬁ?éﬁs g)%%cedr] staT&e two magnetic layers with different
be™*o :

coerci vi can al ne y using different magnetic materials or the
sane yrat eri al AWvidLsitd MRAN WhihC kWBSPogidadr stite Gubicatcdt By MM @l F1> gs
nondestructive i o readout (NDRO has been described in a paper entitled
"Quart er achigved hyutilizgreetvor esigatanday drand s dc tesmaibetorayionpedeitors eddhen J.
Appl . Lett. 79 (8), P.6639, ( 199&2hé A net hod of wrig;i gg and detecti.ng four
states i VIR Y GE PRI L @ Rpgaldel; diraglign ypder 2k, figd7Be anagncdzaden't o

Tem 2 ol b B Pl M, LR RGN 50 WL 17
external magnetic field is applied, one direction can be defined as a logic “0”, and the
20  other direction can be defined as a logic “1”.

Alternatively the magnetization vectors of a first magnetic layer is always
maintained in one direction, for example pinned by exchange coupling to an anti-
ferromagnetic layer, while the magnetization vectors of the second magnetic layer
can be switched between parallel and anti-parallel to the magnetization vectors of the

‘ll’)

25 first magnetic layer, representing logic “0” and states. For example, a parallel

direction for a logic “0” state and an anti-parallel direction for a logic “1” state.
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t s conplex. Accordingly, it is a purpose of the present invention to

provi de new and i nproved four state MRAM cells with the capabilities of
witing each state by one step. zo SUMVARY OF THE | NVENTI ON T;‘fﬁ\éﬁ%
probl ens of waste €onplexity in the prjor art four state VRAM"; ol

and the purposes of witing each state in a four state MRAM by one step are
realized in new MRAM unit structures conprising a GVR nenory cell with two
i s ferromagnetA pribagetworsiatic g R ¥if isrconstrected diom ayGIWR clenaed, sepanddied by
a nonmagnetic netallic conductivye |ayey., mor&.li e,, a sensor |ine, and an
enabl e | ithal wipgsidata gt GMR apd arsen |Tea '§‘8égﬁéﬁﬁﬁri§ﬁé¢dﬂ §§Viges A wor d
current 3 1 ~ = 0 10 i :

magnet i ch{élggﬁ]@é\;{ggrﬁ o[g%l%%(% Séa%f“ 145 E)errr%gl}luer?‘ig% ﬁasz;sg?r]gmg? Hhst#gm&nggeéfg?\r}% yZ}ndand

fol I ovned (yyjtdts iStateyWatert U8R, USHITIAB94 URr @it namBdo e Tmehee CHI.r BAE Thler
switch the magnetization vectors of a ferromagnetic |ayer with | arge

coer cisvi tdesciatiathsngesrporatediherent by mefengicey in the word |ine sensor |ine
and enable line are required. 5 BRI EF DESCRI PTI ON OF THE DRAW NG FI G,
shows a side perdepestatgeMRANM ds achigyad by viliziggrive omagRGHe dageseMdth ¢ of

the bit | t . of n [r of .t i S i opal

vi ew of éﬁﬁ?&& cgﬁﬂcg‘él?fré arg%aabx 3%“:;{85 Wg%}% k‘% ? %“@fé?&)%’rcdgaﬁ@és \%Al@]h t he
present ifipefent e&rciﬁgda%é@otéﬂeulﬂwﬁﬁg\aﬁf&e@; Wi &icORgfepial OHSthefsakiee
MRAM unit shown in FIG3; FIG5 is a cross sectional view of a second
enbodi nemnatefial witludiff¢rane tivBlddsaniFor i  faarc statta MB At ¢ell, he mmdsstmactive
invention; 20 FIGS 6a-6d illustrate the wite operations of the MRAM unit

shown9j n readous: (NPRQ) dias beern despahed i @ A dWPeF aritiedr a(Quarteray MRAMIuNi t s
of FIG 5., ,DESCRI PTI ON THE PREFER ENBODI NENTS, 25 FI G 1 ingl e
VRAM uni M EGRRIDISRELRNe: RAioB aaree VIETIP Y neb B 37 ARl etk 7 B S
const r uctege T ($996) hRShdd YHeh PG tE P Foulr Stated HTR VIR A M has2bd¥hY
2002 4 of MRAM'unit’s. An electrically conductive |ayer forns sensor line 2
m cont actdisulédedGMRUMBRMRaty Neels|, 703,80 ssshiad o Tayan & sephovadves, tHeewtiiRg
menory cell 5 and sensor line 2 froma word |ine 4, )

process requires multiple steps to write the anti-parallel states and is therefore

15 complex.
Accordingly, it is a purpose of the present invention to provide new and
improved four state MRAM cells with the capabilities of writing each state by one

step.
20 SUMMARY OF THE INVENTION

The above problems of write complexity in the prior art four state MRAM are
solved and the purposes of writing each state in a four state MRAM by one step are
realized in new MRAM unit structures comprising a GMR memory cell with two

25 ferromagnetic layers having different coercivity which are separated by a
nonmagnetic metallic conductive layer, a word line, a sensor line, and an enable line.

Write operation in the MRAM cell is accomplished by using word current and sensor



Each GWR nenory cell 5 includes a first magnetic |layer 6, a nonmagnetic s
nmetallic conducting |layer 7, and a second nagnetic |ayer 8. The GWR nenory
cell 5 is rectangular with a-width Wand a length L, where Wis snaller
than the width of the magnetic domain walls of layers 6 and 8, L -3 Mhcr002
| arger than W therefore magneti zation vectors of magnetic |ayers 6 and 8
prefer to align along the length L direction (longitudinal direction). For
the four stuamtet MRAMitdl thes heyneiimtidnGvectothefto fewormaggetit ileydrayetts smadind 8
have different coercivity, A nunber of MRAM units nmay be conbi ned as shown
in FIG 2 cecichyii, andifpllpygd by yseng waad keEcah sa)soreasisnevRdeiiable cesent ton
the array of Munits i s addressapl as wll be well, known to .persons
ki | ed | e Tt eiakngTp Tl YRGS oY a errPiahets e Syt SO bR ialPor

FIG 1, 2 bionkaR chircAPRRAIHQIn ISkoRE IREAIAYGHind id BRaHIE 1Rk oF¢ Rl 08

magnetic fields produce y a sensor current flowng in the sensor line 2
and a word current flowng in wrd line 4 are utilized sinultaneously to
wite the magnetization vectors of the high coercivi t‘xl | ayer to a desired
direction. At this ste@BRURE INEYQEIPAION O dHERRAWING snal | coercivity
| ayer inevitably point to the sanme direction as that of~the nmagneti zation
zo vectors of the high coercivity layer. In the second step, a snmall -
magnet i ¢ gl dsHatwdd 'sﬂd’e(zs)‘%gs LotiveM feGhof ARIRBIAGIZat i on vectors of the small
coercivity layer to an pp&l te direction wthout swtching the

magneti zati on vectors of the high coercivity layer. The change of magnetic
field direction in a MRAMis. achieved by changing as the direction of the
word dor r o 2 shewschsgheanasic oftthe hijtlayeit afidenpaigiiays ef MBAM pritachi eved by
changi ng the nmagnitude of the word or sensor current. The above nentioned
two step operation, especially the requirenent of change of current - 2~
~~Y zcoz i rat.d CWEA iz R A {ates
in a fourﬁg atfeé%ﬁ%ﬁfégﬁp@w%%%ﬁ%gﬁ?ﬁ%&ﬁ@%&31%?%erreg’l ufit
embodi mentcardand¥RAvh i presei@ndmidr; 0 the principles of the present
invention is illustrated. The MRAM unit conprises a s suitable substrate
21, such as glass, ceramc, or a sem conductor, a first electrically

conducti v yer in transverse enabl e |ine 22, first_ insulator
aver 15, PIG8UEcThiliatk e sy bsiies coens MRAN iissRavedidst i ne. 24
which is in electrical contact with GWR el enent 27, a second insul ator

| ayer 25, and a third electrically conductive |layer formng a word |ine 26.
The GVR eFpI®NIs 2droshgbatitenl @idwbt aetond enbodhgastdfta FayedstatdVRA N smvel |
coercivity, a nonmagnetic netallic conductive layer 29, and a top

f er r omagnwt accordanee vaith thetpreseat gevendionci vity. As in the prior art, the GWR
el ement 27 is rectangular with wwdth smaller than the width of the nmagnetic
domain walls, which results in the alignnment of magnetization vectors al ong
t he | epgt i ' j [ - o : ' . ', and
32 or%§2' m@l‘s%%g%g&ngﬂs{c} catgée&gﬁ%ng%a 10§S,O%r espelg%(wg]lq{t/gﬁ%mﬁﬁ?gio%ér ation
is acconplished by simultaneously applying a longitudinal field and a
transverse field. The longitudinal field is induced by a positive (O+) or a
negat i ve FIGviosd schemenc view phamerrdy lof lee MR AVhunits aﬁél@ﬁse fieldis

i nduced by sensor current 1S which mainly flows in the nonmagnetic netallic
conductive | ayer 29, as shown by Zo right arrow 33, (representing current

flows to the righ i by enabl e
current le in thebﬁ@gfggﬁpgg?mﬁ g’mmﬁ%@ﬁ%ﬁﬁﬁgﬁnam e line
22, (as shown by right arrow 34, defined as positive enable current le), or
both of them The magnetic field produced by any of Iw, 1S or le alone in
t he regi on of KHRI sheweatsitigle MRAM sinitreomstrietedayaecdrdand¢eewithrtbeprioedrtt o
change th ic zs, states of the magnetic,layers 28 and 30. The

conbi nat i ine?%?&%ég Het s Fonsirieiof egraubRtaa 1 Shid By HeSURMOPGOHBRBESE he
magneti zation vectors of small coercivity |ayer 28, however, it is not

enough to change the nmagneti zati on vectors of large coercivity - 2.
~'1~ 7," 2002



6 | ayer 30. The further conbination of magnetic fields fromlw, IS and Ic
is sufficient to change the nagneti zation vector of |arge coergiyitw?y h er
30 due to a larger transverse field produced by the conbination ™o Stand
lc than that produced by IS alone, and js not sufficient to change the
magneti zation of small coercivity |layer 28 s because the transverse fields
in layer 28 produced by IS and Ie are mutually canceling. Referring nowto
FI Gs 4a- 4off MEYA Brboids. vem eldcsricayvweonatuctive layse fatmossnsof line i2t inngpritactrwsh at es
represented by logic "00Q", " 11 ", "_10", and "Q1 " in the. NMRAM cell
shown in EMIanermary eelbe. bsulaipn laxak P sAPAralcS lhﬁgﬂ\@& PEMOBH CoHc #rd 8¥NSORe

| ow coerci-&ﬁxﬁolnq eror%SliIilestLshovm inthe figures by arrow 28 and the

magnetizaltllon VEetor %% "ot "t he hi gh coercivity layer 30 is shown in the

figures by ar rmwh3@MR ThemoRgrell i 5 iddigddisa alret RIa@HEEEthRY 6 G4 ROAMMBY 8tic
current Iwin word line 26, 1S in the layer 29, and le’in enable Iine 22.
The posi tinemllsgoemduotmgdayen,ant a secO@d magneto layyer i8ndhe & Mak eemdry cell 5
magneti zati on vectors of |ayer 28 point to the riwght when positive square
wave sensiéreeiangelar with awéépw 8nd & lsngthakewhiersy W isssraplétintian the vidth of s on
the contrary. the. conbinati gn negagiyv guar.e Nt W, i.n
word |i net%ﬁgh%rbe%gzogpﬁa% Wa acﬁglaxg%e%@lﬁl r%nﬁ aiF @W%{gg{ Iil%? %kg%e(r%ﬁ%e
magnet i c msgﬁa{z%ﬁ% VeRYSE o2 SndiRielit IhfersEah@Blprefs (N0WA 41BnE ik 4&%&1 L
Simlarly, To nake the magnetization vectors of layer 30 point to the left
or right discction (@daigitsdichlllireapph) iFuy the $oun state dviRddatel lvehosqquar E1Galy ehe
current Iw while aplol yi né; positive square wave currents IS and zo le

si mul tandd(psmagnatielaygrs @ pad &ihee differcatcoerovitynd "Q " are generated by

The required dlarbenas S RAN S RE vERgIPiRY b BT IRRHE B e T
be appr eclia%@da&rr@ﬁeﬁ&%ﬁ%\r/g?@h (AR hiddfor9Tcelivin the ansl be Mmmug???sef or

all states"wth only the ormof Iw, changing to wite zs the rent
stat es. Thidsedseblegaenild ba vedlpkndwe acpesonpblkifled & tierarconpared to prior art
four state MRAM - 2hl ~1°~" 2002 It is obvious that the wite
operations ar énsorder 4p wote patigessliclwstpics pBreaMRAM \iehlGot hat tweo ségsor

P el u B2 ERoLE, GRR, B S D R BB b
of a NRA'\éeﬁg(%ﬂ %&F&erﬁigﬂﬂgtiﬁ tRs gaﬁel; lihBventd #Wdrd cﬁhewgﬂéwﬁ Erl@o‘éd 1i@r4 i ons

io
of FIG5 t ave t sane reference nunbers as FIG are e sane as the
cor r esporute ngilize & saneltamenk. toTWeitd ild magneiezanehwaetorklof tBe digh Ebéschviiys
that in FIG5 the large coercivity layer 30 is at the bottom and snall
coer ci vi tlgy¢rajeld desited diregtian. tAp thisndep.hhedinagaetizationoyedgisapt thensaall
current 34 in Jaﬁer 22 an schuare ve currdentt.33 i'rl}‘hl aéﬁ 29 are.i r[
opposi t e SACFAYLY JAYLBSYHARIE Hoant 't i sarme (dirpetion gsthat of the MASHFUZAUMS £ or
t he fQur "%, amad L 1 " " .| ) i . 6b,
b ot eyerirs ofthe, Bl cocshyity Ly In, B8 Gecnd. siepdlaoalt Mandelc Befifis
into an artileedofo MRffvhuthet fagnetization vectors of the small coercivity layer to an

opposite direction without switching the magnetization vectors of the high coercivity
layer.

The change of magnetic field direction in a MRAM is.achieved by changing

25 the direction of the word current. The change of strength of the magnetic field is

achieved by changing the magnitude of the word or sensor current. The above

mentioned two step operation, especially the requirement of change of current



‘by extending the substrates 21, enable lines 22, insulator |ayers 23,
sensor lines 24, and insulator layers 25 in the |ateral directioug%aﬂ@ n
extending the word lines 26 in the is transverse directions, as sh i 1002
FIG 7. Applying square wave currents to the enable, wite and sensor |ines
al l ows each GVR cell in the array to bedaddressed. Wile the present
invention has been particularly shown and described with reference to the
pr ef er r ednRBRARMHTENRARes the df!e}dtio@xeoﬂﬂ?i@i&l%tmﬁ%i}mlélhém@_s il ol siafe MIRAM

t hat various changes in formand detail may be made wi t hout departing from
t he Zo spcomplexand scope of the invention. What is clainmed is: - z M—~Y
zooz 1. A four_state magnetoreststive random access nmenpry unit conpri sing:
a substrate; SRefefingnow OFIG Sap pretsrrduempodmeny of a Nyuah assapiieg i ne
adj acent thg substrate; first insul.ating. | r i ty .t he, enabl.e |ine;
2t our st b DR B e piesPh EMGH SHARY. T ERANM UM FBPrSe i
second; el gGiblE gﬁéfra?@Q@P%th% RS cdrmild, N AsGRIBAUtbAS KiRsted18GHCALR

contact with sal menhory cell; to a second insulating Layer adjacent

sai d GWR ommducyivedhyerafsining d sensarsd enghledimt 32} hifidt éhsedator daydry23, a
conductive layer forming a word |ine adjacent the second insulating |ayer.
2. The metfisendraestsicplhy qorduehinea daves Sopmme yenser tlingr 24 vshigh 1iswive eleCiicshi d

coor ot vi 1 §origeh wiR R 1du R, o SodendOBIE JoPRiEEs, L Blne st gty
and an el &ﬁicrdcp% 'wy&Oﬂ%%?Tr;g YewbRY Bhe 2BPAMRL GMR S2derti 17 in@0desS 8§ BRSm

ferromagnetic layers. € magnet oresi sttve random access nmenory unit of
cl ai m® wheeroshaprichie Bgosa8 withesralli coeetieityy acadnmamtetict metdltic seinductive

el ectrically conductive |ayer separating said first and second

f er r omagnl@yeic29,aanerataps festamp 2GR hasres PP widh largagogcivitye nagnet or esi sti ve

ol is Toss ol it tf Rl eleETohE f b & Sl IR

second f efLONR ﬂletdfct}ln@}iﬁﬁﬁle%g HBﬁ{aiﬁa%HE,: Wi&l?nre\é@% QBSt}.ﬁeP aggngncint of

ferromagnetic l[ayers point substantially along the length o ayers.

5. The nagaghetisiontveceors atshpmhadergth @engitudindidireetion), aisrshdwihby &cotosai d
first Zs ferromagnetic layer Is adjacent said first insulating | ayer and
has | ewer3kbeerki'vieng Ihan ¥Aifar gaegnedict byesnad§rand 80/ egppectively. Theowritey® ~

2002 9 6. The. (.S d it of claim?2 [
cai d SecKREFHIT ghasempLshe By SEARPRREn] AeRank  Sevgiadlindh Bl fager and
h hi gh Y ' i - tiG. ;

magnet or cEPEVEUE AR EhP Rl (38 i MCIFIRGARER) of g il ©

subst r at ewbid EQFEMAL,f IORNOEAETAETE, THE 3fhsPérss EElE RNAMGEQT %@E%d@éun&t iIna
magnet oresi stive random access nenory unit conprising a menory cel P,

sensor | iwbichemabilg flowein grdnommdghétremetalhetchodudivevhaier 29, dashowndiydi ng
the steps.of witi n}g a magneti zation state in a,Iaygr of said GWR cell
havi ng a TelfnaEewr 3T, Areprepsnting ﬁmratnéows darthe dighti fefigghas gogitivs: sensphe,

2 ayer crt b eBE (IBERE 1a ihdfe BEF MR, SolRERRY ESkL BB '
through s@iaBlaghél2bi AR KBANSH} FlgRensew 34, Mefined as positive enable current L), or
both of them. The magnetic field produced by any of I, I; or I, alone in the region of
GMR element 27 is less than the magnetic field required to change the magnetic
25 states of the magnetic layers 28 and 30. The combination of magnetic fields from I,
and I is sufficient to change the magnetization vectors of small coercivity layer 28,

however, it is not enough to change the magnetization vectors of large coercivity



twherein the current in said word line, said enable |ine and said sensor

| ine act cooperatively to align the nagnetization vectors with a magnetic
field generated by is the current flowing in said word line. 9. 7Tm§\(n26@od
of claim8 wherein the step of witing a nagnetization state to 4he'l ayer
having | ow coercivity is perforned befdte the step of witing a

magneti zation - state to the | ayer having high coercivity. 10. The nethod
of cl ai m|8yawy qikR fiRAcsEARbRAIBAIG MR HFERNES (roat 1N, sidl Sistsaffidien?too

| ayer having high coercivity is perforned before the step of witing a
magnet i zahhoge shat magoetizationayectohaofi hayge ovoaroeniyi Vayey. 3A 1dueTHe aeldnger of
claim8 wherein currents passed throuygh said.sens l.ine and sai d,enabl e
line are tf?@ﬁ&@ﬁ%lﬁel‘i?.rodﬂfé’%n@f ﬂ?ﬁcem%%% af fw@dgscnth@[]rtpéhpéo‘ﬁ’%ggﬁ’ PS

t hrough sai d sor_lin i : | I PAk . A
Four ot adorananre! S g snaged of AR Ea Al Loty Rlyer 28, 2 |
2002 3 WoedaldenBe HahdISIfiERs GE NS D8 Jﬂoﬁ@aﬂﬂﬁy‘lglaﬂéﬁe srangtiatlyfdaatéling) said
GWR nenory cell when current is passed through said word |ine; a sensor

| i ne arr angedRefergagarcw ¢o FIGsatesddy s enigdament fsi glovn of shé dpEivR oms midr y

cell when current is passed through said sensor 1ine,  such that a
magnet i z YTeRE {@gsHesrapresgnics P &iCi W9 t’y?llayép oAndsly i ﬁéﬁﬁw g |

aligns with said ngi tudi pal ic.fie i.d t e etic
field an&hg%YPd“! f&@. Y ioﬁa?asﬁa‘gfﬁggﬁf:anﬁ?zé‘}"dh{a%r\é@“ Sggatntﬂ’;“ YRAL SE T I e
ar r anged i ASYIRE B9 AFRAPOR! snd HR! HabRetpRiidnidremor y
cel l Meﬁbgﬂc?}ﬁgﬁ'!@%gzgéégﬁe%\bﬁm E)klrje;lhglga! d?enabl e line, suggﬁ% hat1 g io
magnefi zfitghis®cddREcility dayer 80 i§ SRS Wh i the ﬁ%‘u’t%ﬁ b9farsod 0GVR nenory cel |
aligns with said |ongitudi'nal magnetic field when said transverse nmagnetic
field, said fThtmesgrictiaflds @re praduetdity $queirel wvand camiedt l.omgwordilinal26, I
magnetic field are present. 14. The MRAM unit of claim 13 wherein said
t ransver se thaatpyer i28, an@ |l diraerabdariliaetd?: tlher pasitivs setase waygratrant i 4R 1ar e
ncelin said | o ercivijt

it oal |y U g TSt THeghe agpe; iy Ay e 28 50md ke KBl oMo y

array ingl ugdi I i r . I pty of
word’ 1 | n@obftyRaaft WhiE ignitobburtitl, B MificnIRARQUsEE a5 Shofnlh 1R ALY

sai d [GVROEHR sortiry,Sthe Wohthihdtiv@Sof 5@AH0E shiaresvarderablle (®) es/obéiling
arranged to forma plurality of MRAM units, each MRAM unit conprising: ao
one of s&ibdarfdbppsisivatsgquavRwarsesuyreoelly 8y 19ygr 29 makes thavoragnetipevestaranded t o
generate a | gngi t.udi ngl gnetjc field in said menqry . cel | en current
is passe&axﬁr‘i%@%ngw g"e\/\}g?td ap %‘f"“darﬁ%?bsgr@]aﬂsﬁrmn%%@ea‘p?% Fateg
generate a ie field i [ Jutpcos : CUry.ent
i's passe(ﬁ f%&%ggﬁ%gi%gr@ogﬁg%)r&ﬁllﬁg,djrsljl tsdt%hlg?e%a@zls ma ng§?i2}zli? ﬁgi\t/lggt(%r in
a | ow cogeghtivd ¥quary Wavefcus@ng I ORI IReDlying §ldsitBlel @jaremMviakie $at@nts I and

| ongi tudi nal magnetic field when said transverse nagnetic field and said

| ongizudilpsimulagnetsly. field are present; and m2 r~~s~ 2002 part of said

ard CuR momotPE BB PagA SBus i and HOCHR SERPBIHD LG BN BIRCYITRE L such
sai ¢ fyee et £ .
corl a1 aoap ANy MRERG| P AR TAY QN LlaBA R CIRERETY

nmagnet i ¢ atd Shdvn $RFUGTAE UEFIG 48 BRSNS gppragiagid thaf iRl chirfsnd ngdinitude of
| ongi tudi nal nagnetic field are present. 16. The four state nenory array of

cl ai m 15 Iwhigaedd. ssafhd sauredfor iaHestateaimdthsemlyghe wavefernuo§ hi dhangang ¢o wWrite ar e

arranged su t hat each_said MRAM uni.t .i.s indivi.dual.l )
2% the 8ﬂ”ferent states. Tﬁls represents a significant 31mp11%catlox¥ compared to prior art

four state MRAM.



l'addressable. io .A3. A A AS. AfL. Al ". AFUL_. AYH3, . A& A3. AH 9* ?W7~"1b\ | Z
#| wr mhc”Y] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cRaU] c: a] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca]ca] ca] ca] ca] ca] ca]calcalcaljca! Z g %\ -2 MAY 2002
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square wave current 33 in layer 29 are in opposite direction (positive I, negative I,).

10 The write operations for the four states of “00”, “117, “10”, and “01” are shown in
FIG 6a, 6b, 6¢, and 6d, respectively.
The MRAM units of FIG 3 or FIG 5 can be built into an array of MRAM units
by extending the substrates 21, enable lines 22, insulator layers 23, sensor lines 24,
and insulator layers 25 in the lateral directions and extending the word lines 26 in the
s transverse directions, as shown in FIG 7. Applying square wave currents to the
enable, write and sensor lines allows each GMR cell in the array to be addressed.
While the present invention has been particularly shown and described with
‘reference to the preferred embodiments, it will be understood by those skilled in the
art that various changes in form and detail may be made without departing from the

20  spirit, and scope of the invention.
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1. A four state magnetoresistive random access memory unit comprising:
a substrate;
s a first electrically conductive layer forming an enable line adjacent the substrate;
a first insulating layer adjacent the enable line;
a four state GMR memory cell formed adja—c;nt the first insulating layer;
a second electrically conductive layer forming a sensor line in electrical contact with
said GMR memory cell;

10 asecond insulating layer adjacent said GMR memory cell and said sensor line; and
a third electrically conductive layer forming a word line adjacent the second
insulating layer.

2. The magnetoresistive random access memory unit of claim | wherein said
GMR memory cell includes a first ferromagnetic layer having a first coercivity, a

15 second ferromagnetic layer having a second coercivity, and an electrically
conductive layer separating said first and second ferromagnetic layers.

3. The magnetoresistive random access memory unit of claim 2 wherein the
sensor line is in electrical contact with said electrically conductive layer separating
said first and second ferromagnetic layers of said GMR memory cell.

20 4. The magnetoresistive random access memory unit of claim 2 wherein the
width of the GMR memory cell is less than the width of magnetic domain walls of
said first and second ferromagnetic layers so that magnetization vectors in said
ferromagnetic layers point substantially along the length of said layers.

5. The magnetoresistive random access memory unit of claim 2 wherein said first

25 ferromagnetic layer is adjacent said first insulating layer and has lower coercivity

than said second ferromagnetic layer.
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writing a magnetization state in a layer of said GMR cell having a high coercivity by
10 passing a currrent through said word line, said enable line and said sensor line; and
writing a magnetization state in a layer of said GMR cell having a low coercivity by
passing a currrent through said word line and said sensor line;
wherein the current in said word line, said enable line and said sensor line act
cooperatively to align the magnetization vectors with a magnetic field generated by
15 the current flowing in said word line.
9. The method of claim 8 wherein the step of writing a magnetization state to the
layer having low coercivity is performed before the step of writing a magnetization
state to the layer having high coercivity.
10. The method of claim 8 wherein the step of writing a magnetization state to the
20 layer having high coercivity is performed before the step of writing a magnetization
state to the layer having low coercivity.
11. The method of claim 8 wherein currents passed through said sensor line and
said enable line are parallel.
12.  The method of claim 8 wherein currents passed through said sensor line and
25 said enable line are anti-parallel.

13. A four state MRAM unit comprising:

a four state GMR memory cell;
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cell when current is passed through said sensor line, such that a magnetization vector
s in a low coercivity layer of said GMR memory cell aligns with said longitudinal
magnetic field when said transverse magnetic field and said longitudinal magnetic
field are present; and o
an enable line arranged to generate a further transverse magnetic field in said GMR
memory cell when current is passed through said enable line, such that a
10 magnetization vector in a high coercivity layer of said GMR memory cell aligns with
said longitudinal magnetic field when said transverse magnetic field, said further
transverse magnetic field and said longitudinal magnetic field are present.
14.  The MRAM unit of claim 13 wherein said transverse magnetic field and said
further transverse magnetic field are arranged to be mutually canceling in said low
15 coercivity layer and mutually enhancing in said high coercivity layer.
15. A four state memory array including a plurality of four state GMR memory
cells, a plurality of word lines, a plurality of sensor lines and a plurality of enable
lines, said GMR memory cells, word lines, sensor lines and enable lines being
arranged to form a plurality of MRAM units, each MRAM unit comprising:
20 one of said four state GMR memory cells;
part of said word line arranged to generate a longitudinal magnetic field in said GMR
memory cell when current is passed through said word line;
part of said sensor line arranged to generate a transverse magnetic field in said GMR
memory cell when current is passed through said sensor line, such that a
25 magnetization vector in a low coercivity layer of said GMR memory cell aligns with

said longitudinal magnetic field when said transverse magnetic field and said

longitudinal magnetic field are present; and
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5  transverse magnetic field and said longitudinal magnetic field are present.

16.  The four state memory array of claim 15 wherein said word line, said sensor

line and said enable line are arranged such that each said MRAM unit is individually

addressable.
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