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1 Four St%te Magnet or esi sti ve Random Acéld$eSNekor'y

FIELD OF THE I NVENTION 5 The present invepddon & s to a
magnet or esi stive random access nenory ( MRAM Wg\;ﬁf@e?%%estat es, and

nore especially to the MRAM having the 1 capabilities of witing each
state by one step. BACKGROUND OF THE | NVENTI ON 10

Recently, magnetic | tilayer structuyes wth t ferrona ic | ayers
separ at ed by aﬁ@ua[gtate Mﬂnﬁﬁ‘)geﬁbﬁﬂvﬁtkﬁﬁgm mﬁ#mwmﬁr his
based on the gi ant nagnetoresistive (GW) effect. Magnetization vectors
of the two magnetic | ayers are enployed as |ogical states. 15 A

two-state MRAM with two | ogi }-ndl "0" and "1" is
achieved by utilizing two magﬁﬁf“!"i)t f’i‘ii?@?ﬁ%ﬁﬂaﬁ]e magneti zati on
vectors of the two magnetic layers point in a parallel direction under

zero field. The_,magnetization vectors _of both. neti.c l.ayers can be
Svi tohedl to an BRBNSER! HIYCBHEN JHIARRHO dhmABnCIORRI V| TAHEMe AFCESh | BPBOPX
applied, o {{&CHl c be..def i a EAre Q, 2 i

i Fect i on” CACAYS hptife bl St ARF! dre” cttidlly o, RIMRAN Rovite) the
magnet i zat tgmbviegdsasSwating cheh sthtetRgoed step] ayer is al ways mai ntai ned in
one direction, for exanple pinned by exchange coupling to an anti -
ferromagnetic |ayer, while the magneti zation vectors of the second nagnetic

| ayer can be switched BreCRGROUND OF THRINVENTEON | el to the
magneti zati on vectors of the 25 first magnetic |ayer, representing logic

"0" ando"1" states. For exanple, a parallel direction for a logic "0"

state and an a (ii(;eFl?lt ry?l rlngllgnedt}(':r en%ﬁitiqugroguﬁctltl?e ! (imthl tvs%[ a%e?r’omagnetic layers
separated by a conductor layer have been utilized to form MRAM which is based on
the giant magnetoresistive (GMR) effect. Magnetization vectors of the two magnetic
layers are employed as logical states.

15 A two-state MRAM with two logical states indicated by “0” and “1” is
achieved by utilizing two magnetic layers in which the magnetization vectors of the
two magnetic layers point in a parallel direction under zero field. The magnetization
vectors of both magnetic layers can be switched to an opposite direction when an
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

“17,

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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2 A prior art two state MRAMis constructed froma GWR el enent,

a word line __ that wites data to the GVWR and a sense line for reading

t he data. Typical devices are described in United States patent numnber
UsS5477482 in the name of Prinz and United States patent nunber

US5774394 in the pﬁﬂﬁaﬂftw Ite MRAM iIQ%nét?ﬁéA&? fiom gmﬂ @tﬁkﬁ’ﬁr}\t{ & word line,, 4

i ncor porated here y refterence.

by utilizi ngat weiteediietd thel QWA andvatsBnse lindlfdrireading tRORAG! T&{a%a?@@ﬁ&@é% by
a conductor |ayer. The two magnetic |ayers with different coercivity
can be obt alesedbér) imsUnigediStdtes @atentragmebdrc Usad@r482 sn dhe trieens axfePrinz and

material with different thickness. For a four state MRAM cell, a
nondest r uct[ijv’éech(gtatﬁééﬁ’é‘mt ke Usad 78884 1netier nyae oih Chepagienl. che datter

"Quarternar l-ant .. n Sk stan Random Access Menory" published in
J. Appl .SnLe etsgl%&? hs)mcg{%%rag&gé%@m %XSS%%PTHCR' met hod of witing and -
detecting four & ab@p dtiteAMYGAM R@Sadiffed by HiifLingSedo ! Makhetic HaYers\Rith
5,703,805 issued to Tehrani et al. However, “the witing process

requi res mdiffepiné coeppsity geparated byhe entducrarlaitel Tist ave snagriticslaybeyr @ithr e
15 conpl ex Accordingly, it is a purpose of the present

i nvent i on tdffsreacaerciiy eancbe obtainegrhyusing differsntamagnatiannaierials o the same
ESWHYI &%ﬁpmm{%@%ﬁp tﬁitc%tleess.b ¥o?"¥ four st%tteeIMRAl\%ocell, a nondestructive
10 readout (NDRO) has been described in a paper entitled “Quartermary Giant
Magnetoresistance Rand?ﬁm Access Memory” published in J. Appl. Lett. 79 (8),
P.6639, (1996). A method of writing and detecting four states in a MRAM has been
disclosed in U.S. Pat. No. 5,703,805 issued to Tehrani et al. However, the writing
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



The above problens of wite conplexity in the prior art four state MRAM are
sol ved 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 25 ferromagnetic |ayers hading different coercivity which
are separated by a nonmagnetic netallic conductive |layer, a word |ine,
a sensor line nd an.enaphle line. .  Wite operation in the VRAMcell .is
acconpl i she&u‘gﬁgtug(? g’ IWE‘r E‘ec{]’ragaﬁtfzaé‘r‘?a g%qg{ﬁ oPd ferromagretic’ fayér Wltﬁ Small
3 cur r @Bt rehAyS Wit GBIIbWEd BRARFid %REd BBrUeCLaicdr @ rrénf, Shi QIBYRS Irfenk 3y €7
with small coércivity, and’foll%wed by using word current, sensor

current, angwitohhhe ngapineeinitidrovectors ¢fd feombgndtighgtr nath bingy eotrivtyNG
ferromagnetic layer with large coercivity. No _changes in current

i ntensi ty i ehangesvp carrenhiatenssy dothe waed éﬁ@i sensw ling andger@bée Heg are wquired,
BRI EF DESCRI PTI ON OF THE DRAW NG FIG 1 shows a side perspective view
of a MRAR unit; 10 FIG 2 shows a schematic of the bit |ayout of dense

arrays of MRAM unit; B%Wéémqulmmeqﬁ%mé%ﬁ??f a first

enbodi nent of a four state unrt 1n accor t he present
i nvention;

FIG 1 shows a side perspective view of a MRAM unit;
10 FIG 2 shows a schematic of the bit layout of dense arrays of MRAM unit;

FIG 3 is a cross sectional view of a first embodiment of a four state MRAM unit in

accordance with the presént invention;
15 FIGS 4a-4d illustrate the write operations of the MRAM unit shown in FIG 3;

FIG 5 is a cross sectional view of a second embodiment of a four state MRAM unit

i accordance with the present invention;
20 FIGS 6a-6d illustrate the write operations of the MRAM unit shown in FIG 5; and
FIG 7 is a schematic view of an array of the MRAM units of FIG 5.
DESCRIPTION OF THE PREFERRED EMBODIMENTS
25

FIG 1 shows a single MRAM unit constructed in accordance with the prior art.

The MRAM unit is constructed on substrates 1 which may be common to a number



15 FIGS 4a-4d illustrate the wite operations of the MRAM unit shown in

FI G 3; FIG5 is a cross sectional view of a second enbodi ment of a
four state MRAM unit in accordante with the present invention; 20
FIGS 6a-6d illustrate the wite operationg of the MRAM unit shown in FIG 5;
and FIG7 is a schematic view of an array of the NRAMunlts of FIG 5.

VRAM Ui CHRARE GBI, ALl alTE BRI ey fosms gepser e 43 ity Y ©
' S constr umumrﬁl)’@s%ﬁg s la%'l‘ri?ern?},‘e ?atE? MR rRetUPEEI] 5 and sensor

n electrica uctiv ayer for sensor line 2
|n cont act Nhé P from a@Mrdtaes.y cell 5. I nsul ator | ayer 3 separates the GWR
menory cell 5 and sensor line 2 froma word |ine 4. Each GWR
nenory cell 5 i figchdeMR memery ﬁd@rﬁemc@deawﬁrﬂ magrsitniayae o @ Bonmﬁgwth c

T et ;sﬂguq'n%?a‘?w Sondieling R T 3 imbzver by TE° CAUR Bietcissel e
wdth of er;ea%ngmp%ufa%@ﬁm W &ﬁé'aggﬁgthlsﬁo‘ghae%vaﬁds liér thn ghggvdh@ra@r

than W t hePerore nagnett zation v r magnetic layers
prefer to aﬂh'e%a?ﬂlétﬁgdéﬂﬁld Qals bflayers 6liah@c8,ilons (rh@cﬂgldrgleh figin W,rdetdfore .

For the four st VRAM cel | shownln FIG1, the
magnetization vectors of magnetic layers 6 and 8 prefer to align along the length L
direction (longitudinal direction). For the four state MRAM cell shown in FIG 1, the
10 two magnetic layers 6 and 8 have different coercivity,

A number of MRAM units may be combined as shown in FIG 2 to form a bit
layout for a dense array. Each GMR memory cell in the array of MRAM units is
addressable, as will be well known to persons skilled in the art.

In order to write anti-parallel states in the MRAM of FIG 1, a two step

15  operation must be employed. In the first step, large magnetic fields produced by a
sensor current flowing in the sensor line 2 and a word current flowing in word line 4
are utilized simultaneously to write the magnetization vectors of the high coercivity
layer to a desired direction. At this step, the magnetization vectors of the small
coercivity layer inevitably point to the same direction as that of the magnetization

20 vectors of the high coercivity layer. In the second step, a small magnetic field is
utilized to switch the magnetization 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



!
10 two magnetic layers 6 and 8 have different coercivity, A
nunber of MRAM units nmay be conbi ned as shown in FIG 2 to forma bit

| ayout for a dense array. Each GWR nenory cell in the array of MRAM units
i S addressable, as will be well knownsgo persons skilled in the art.
In order to wite anti-parallel states in the MRAMof FIG 1, a two step 15

operation nust be enployed. In the first. step, | e magnetic field

¥ oduced by MAETUdEORERES B aPrudn ShMRGnEritrea BUHHer e BubsG SRR AN
current flo%%lé)? word |ine 4 are utilized sinmultaneously to wite the
magneti zati on vectors of the high coercivity | ayer to a desired

direction. At thRefestigPnowh® FEYBehi prafdradl srabodiitendlof taheRAM lnit according
coercivity layer inevitably point to the sane direction as that of the

magnet i zat i ¢otiROprinaiplesrodf thé prdsenhinyentior icillustrgtedafbe MRAMhmit eemptises 2p,
a small magnetic field is util'k}zedto switch the rragnetiz?tio vectors
of the shal Suiddde snbstrase 121y guch as glass, ceramie, QT & SemicoRENCIAr. 4 fikgf glectrically

The change SPARATE: 168 FaRYEY Malriired SRabe A PE & Sl noptaiot Bl 22,2 o

the directigecord tleerivallyd cotidueiive 14 fMANYE sehsoptli®N 4 hwhicht Reinrelzagidat
field is achi eved by changi ng the nmagni tude of the word or sensor

current. Theontaot/with GMR rdlermemtd2 7,wo secagl imselatari layer 25,pawd althirdt ¢lectrically
requi renent of change of .cur.rent

5 magnicPRgEtIvielayer forming & word hingr26yFhe GYR plement 27 ingludes, adotiom 5

four state om| . ferrin - F - a f ed
Lour oo She YRR RORIEP 28 it sl coBMAEL ol hReia o BLAFE

i nvention i $ayedr9shidh @h fekiinddRRMc Uy dr JOWRAIHGE cBeriviBli t abl e substrate
21, such as glass, ceramic, or a semconductor, a first 'electrically
conducti ve | ayer Afon thenpriar 4nt,zthe (eyiReclenmbt 27 S rest@@ulaa With stidinsmmalidrahan

| ayer 23, a second electrically caonductive |ayer forning sensor |ine 24
which is intlg eeidth c@qﬂ the n@gmtgctgqmln mﬁiSeWélwsKt resylts amsg]&% IgTHRENta Py

lzg?'e.rrhg5@%%@5;@2%&%%02@{5{%@@ gﬁ’eb%eﬂggﬁﬁﬂﬁgﬁﬁ&i}{ﬁ iR {ons,oésngw bWe%tolrg ne
15 31 or 31', and 32 or 32' for magnetic layers 28 and 30, respectively. The write
operation is accomplished by simultaneously applying a longitudinal field and a
transverse field. The longitudinal field is induced by a positive (@) or a negative (®)
word current I, in word line 26. The transverse field is induced by sensor current I
which mainly flows in the nonmagnetic metallic conductive layer 29, as shown by
20 right arrow 33, (representing current flows to the right, defined as positive sensor
current Ig), or enable current I. in the first electrically conductive layer forming
enable line 22, (as shown by right arrow 34, defined 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



| .
10 ferromagnetic layer 28 with small coercivity, a nonmagnetic netallic

conductive’ | ayer 29, and a top ferromagnetic layer 30 with | arge
coercivity. _As in the prior art, the GWR elenent 27 is
rectangular with width snaller than é¢he width of the nmagnetic domain
wal I's, which results in the alignnent of magneti zati on vectors al ong

532 BN B S BB R i
oper ati on | ol Lsedicy RubRGPYSIL ROBLKIRE 180001 el [Agho

posi tive ([eindverser fieldnsraahcadeby [tRE cbmbination'df 4, &l TetHan! thet blroduteddy I
line 26. The transverse field is induced by sensor current I[err]

whi ch mai nl 3lon¢,cansl ismat tse fina emtetgredtainge ee magnetizasivauek small icagrmiviey layes 28
shown by 20, right arrow 33, epr.esentj ng .current flaows to the right.,
defined &s PSR the tansygrse felds By s POAHES bY brandilaieamutialleranep bre

inthe first el j I .00 i.ne. 22 {as

shown by ri ght g(r:ér%w 4%18‘82@% g%g'gbg?{felrn\l};e&{elﬁ?aeg?les %}borvyrg%? %?edrﬂre?aﬁ&érof(

both of th%ﬁiﬁ@%ﬁﬁﬂ&&_&h‘@p&é&ﬂt&iW%@edO’QY‘H”)’“W_”, hR@r01” inl the MR AQVI cell

I[err] alone inthe region of el ement 27 is |l ess than the nmagnetic

field requishewvt oncilfhge Fore casmgoftaxpldfation; dhe snagnetinatiomyeetdrcof dyerlow28

and 30. The conbi nation of magnetic fields from Iz[ggrr%1 and IJerr] is
aad thewme,

suf fici ent GRSTENHNJRYArRS iswhawniindhe S8ULESAEOWY e BEBBEYZAHPN YEeseT
2% e ctbr pEhElieh bodiviS e hEwhATRE bbRes BAAED 331 On veetors of

| ayer 30. The f W}#e%s%ﬁﬁq@%&% 5%%1813115@9{5?%&&&@ ;cé]tfnregm 1Ln§¥vr8}d (BIIPL“IeZ:aGlr’ 35&;

and I[err] is sufricl change magneti ion™W

coercivity r | n; iel e
conbi nat i Onﬂngi?ﬁﬁll?yg’é}r%bj:arr]l qf eF rﬁ?&tg Agﬁ: %ZHa?EéSPté)%ﬁgigq%/rgl e‘ﬁ i qwg@ o)ﬁlfgl
and is not wofd liat 26 niakes hlen gerghbezathgnetdtaat oOayef 28ndiht ep elie right YWwheny er

28 5 Dbecause the transverse fields in layer 28 produced by I[err]_ and
| [err] are PRAIYE Squarewease sprpor current I is applegdesipiubigneeusty, @s mhosmia- BlgG 4an

?gg?gisgﬁ te dbﬁ),ﬁ{:] g%tégr&@&%?coo Eilragtgclnrggf pgéarliidfens(g}}\évrre: \%5?%@%,@?2(&5 |e1r51 word 1o n
ety T AT R TR WL Sl Vel o
magnet i zat i lagev2g point to the left, as shown in FIG 4b. Similarly, to make the magnetization
vectors of layer 30 point to the left or right can be achieved by applying positive or
negative square wave current I, while applying positive square wave currents I and
20 I simultaneously.
The anti-parallel states “10” and “01” are generated by reversing the current I,
in word line 26 without any change in magnitude. The required square wave currents
are shown in FIG 4c and FIG 4d. It will be appreciated that the current magnitude of
L, I5 and I is the same for all states with only the waveform of I,, changing to write

25 the different states. This represents a significant simplification compared to prior art
four state MRAM.



10 of the high coercivity layer 30 is shown in the figures by arrow 30'.
The magnetic fields are produced by square wave current I[err] in word |ine
26, l[err] in the layer 29, and I[err] in enable line 22. The
positive square wave current I[err] ([errd) in word line 26 nakes the
magneti zati on vectors of Iayer 28 point to the right when positive
square wave sen or rren% herrl is applied S|nultaneously, as shown in
FIG 4a. 15 On mvfse{ gt t @W@lf@&ﬁﬁrﬁmsaﬁeéfmﬂérg@tﬁhvé Q¥@ AYTEe\QpgEations

t | It
current 11 &g %tﬁ{té@ 8705 CRlERuLl IR evsn g9 oG sBRBle culent 1R (g Fng 22
poi nt to tHRw ed the R i FIOD, iR MeattPe sqidft ik urieft, Make the magneti zation
vectors of layer 30 point to the feft of right can be achieved by applying

positive or Anoglpatemvidimeat af a/\M&éAMceldaatcdrﬂmgrtbvph'ed;eelt apyntionds ghswhi ve
square wave cﬁgig{gnts llerr]_and 20  I[err] si rrultaneouslé The
anti - paral 118 + Rartiong @f Elfygd thpt havg,the samergferanesy numbemssan§IG Beareutheent

suar & vay TR coleSdrdind EIRE orPRéR SR R eBE Y EeR FILT B g 8°

appr eci at eds ttﬁ‘&tmtm GUihe8af e”@&%l\rﬂgel V\g 0 is a{ J)ttorin[ d ]snﬁﬂdcde[rﬁwr&ti S

the sanme for all states vmt ormo err anging to w
25 the di ﬂﬁym‘eZﬁ issatathe stop Tﬁndstheethrmmma)fesqmagﬂwhlveant'reﬁt tmlmfllayat 2®rand
conpared to prior art four state MRAM

7 squarne wave gigven 33 indayer 2 ang int@pnosise direhien fpesitivery aegativet hp

b t both,.th t , I 29
Znﬁvfhﬁognz% DRERE pBfRrops for BE Tolp Athds"sh AEPSST 5o ot 1617 e Raodith
FI G 3, eFI@@g%l %€, éﬂl@%ges?@g@‘(ﬂgr rent. Anot her enbodi msnt of

a MRAM ceII according to p ention is showmm 5 in FIGS5, portions

of FIG 5 that hdhe MRAMamits o FEGENGEFIG Shandbebuiltlifiodariseay BE MRAM S8 as
t he corres%gndl ng. FIG 3 elenents. The difference between FIG 3 and FIG 5
i s that in oy estending the selstiatesrZl, aneble hies 230nswlatar layers B34 sonsaxrinesrid, |

gﬁﬂ gin;/i gz aflﬂ 1115&9%}/)6 %2%%%? ma{hetlgt%ratlocp fec?lggs EIII?(? egtleglgl%tgl t%g swonZi hsncLu 6&6 int ve
15 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.



square wave current 33 in layer 29 are in opposite direction (positive
ITerr] negative I[err]). 10 The wite operations for the four states of
00", "11", "10", and "01" are shown in FI G 6a, 6b, 6c¢c, ard 6d,
respectively. The MRAM units gf FIG 3 or FIG5 can be built into

an array of MRAM units by extending the substrates '
22, insul at\%r I g%ers 23, sensor lines 24, and i nsul gﬁ“‘ﬁm@mghmmm
the | at er al V&Rt Bcqlp Bnd extending the word lines 26 inhsthe LR

transverse directions, as shown in FIG 7. Applying square wave currents to

t he enable, wite and sensor lines allows each GWR cell in the array
to be addrepsed.A four state magnéfursisti ierapdesedicessmeniorp aniad

particularly shown and described with reference to the preferred
enbodi ment s3 sulistatd;|  be understood by those skilled in the art that
vari ous changes det aj | he made w thout,..departing fromthe
20 spirit,2 Fﬁﬁei‘“&% CiyR AYET ing an enable line adjacent the substrate;

8 Wﬁatah?st%@l %)1a§1eraddacentjche en"ﬁbéﬁﬂé state magnet oresi stive random

access nmenory uni rate; 5 a first electrically
conductive éﬁw[ﬁrstét@(}MRgméﬂl adll @oﬂrﬁd&?ac?ﬁ(teh@&[ﬁﬁﬁshﬁls%w@ﬁﬁgﬂﬁy@r a
first insulating | ayer adj acent t he enab l'ine; a four state GWR
menory cel | a senomdcbleatiicalnconduetive dayerifaguing 4 sepsbajiae in electrical sootast with
el ectrical I (g%ré%ﬁctlve | a r forrri ng a sensor line in electrical contact
with IREMOFY Celsl a second insul ating | ayer adj acent

sai d ??é’c\énﬁ%éulwg Fa@efjacf’ g{?l it sa a ace%%q?%rg celland EH sgr{s%(f‘th'h %%r

conductlve ayer fiOrhi N Secon Phsir
layer . a 4hird Et&@trmsveb@ﬁcﬁﬁﬁu%l Va%/ef aﬂaﬂﬂmgfaCachrrﬁﬂ@wdju&ﬂt fHe %la@drra 1
wherein said GWR nefory cell inCludes a Tirst ferromagnetic | ayer

havi ng a fimsulatogilayerity, a 15 second ferronagnetic |layer having a
second coei-ci Vl’llhe m%ggeto?gsmtxevleercatnrdercnalalcgess memory unit of claim 1 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.



conductive |ayer separating said first and second ferronagnetic |ayers.
3. The magnetoresi stive random access menory un’ilmnunmlﬂunmﬁummrei n =
t he sensor line is in electrical contact with I y.

*

conductive |l ayer separating said firgt and second férr8madnetic layers
of said GWR nenory cell. 20 4. The magnet oresi stive random access

it of ¢lai 2 wh in th idth of th I
ooty unit OF CLalin 2 ahecel ke et Bl VIR P BaTEEH 88,
ferromagnetd, 0+@yfgfr%n§a%ng{?@tl%@gﬁea j%?%ﬂto;?ﬂiéf s P idsul&tir2 &l er and has higher
polnt s y a

f err omagnet’ ayers Stantia ong the length of said layers.

5. The rmaié@éiwmha&téaieﬂrgrfdﬂmgﬁeﬁslayemy unit of claim2 wherein said
first 25 ferromagnetic layer is adjacent said first insulati nlg | ayer ?}Ped
w

has | ower cher cilhiet pagnetoresistives eandone @eersst BememaghBt of qlaya I’ wherein

6. The magnet oresi stive_random access nmenor nitf of cl.gim2 wherein said
second f%rr%&bﬁﬁﬂ@tlﬁ@ﬂﬁfﬁﬁoﬁc"éﬂ% Sssoéisﬂmf“iyql’;éfm{oﬁ&ﬁtﬁ?ﬁng | ayer and has

hi gher oer gh\ré;rhé%%@)%sﬁﬁbg riddoth ab&s urfit é&ﬁ%siné_a GHMR méi8ry

magnet oresi Sti v ceéss nenory unit of cfarm 1 eréin the 5

substrate iglf aeAgst ik BnaBledMe; andl WoHd lihe,S# Metlosdl uf bwaitimpptiatai iakluding thes.
In a magnetoresi stive random access nenory unit conprising a GVR nenory

cell, sensosteps of;, enable line, and word line, a nethod of witing data
i ncluding the .

steps of: . writing. a. tization state in a.layer

of said GVRWEEINE Wgﬂ‘@u@“ﬁp@ﬁtﬁé}éﬁé?mrt‘& %&ggﬁﬁgﬁiaxglgaa blﬁ}} ?%‘?{Fwtlwmgh
said word line, said j ' : It Des el hhg a
o210 58 | BRI Bukh O FRIARDI R senor YL bR
passing a CWtTn%’H raBh et e ohadtste R adak b6 @dl GMRAcER®ANg hiloe; coercivity by
wherein the current I'n said word line, said enable |line and said sensor
l i ne act passizop enatany dhrpuphb saidi gord: livee anahseed sersor bneyvect ors with a
magnetic field generated by 15,  the current. fl ow nq. in said yword Iife.
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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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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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