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Technical Field This invention rel ates general I'yY
devigces, and nore particularly to nonvolatile .magnetic random acceskes
menory (MRAM) devices forned froman array of gi ant magnet or esi stance
(GWR) or magnetic tunnel junction (MrJ) _magnetic menory cells.
Background of the Invention A nonVol atil e magneti ¢ random access

menory ( NRAWA@«@!‘ic%Eﬁwm ARIOWTH PAIRED ASYMETRIC MEMORYICEISLSf wor d .

lines and sense |ines, each pERUMPROVED WRITE MARGIN'AVi ng two magnetic
| ayers separated by a conductive or insulating layer. IBMs US Patent

5,343,422 describes an MRAM array wherein the nmenory cells operate on the
basi s of gi‘ant magnet or esi stance (GVR), where each cell is a "spin-valve"
cell conprising two thin layers of ferromagnetic material separated by a
thi'h | ayer of nonmagnetic netallic conducting material, such as copper.
IBMs US Patent 5,640,343 describes an MRAM array formed from magneti c
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Technical Field

This invention relates generally to magnetic devices, and more particularly to
nonvolatile magneﬁc random access memory (MRAM) devices formed from an
array of giant magnetoresistance (GMR) or magnetic tunnel junction (MTJ)

“ "

magnetic memory cells.

Background of the [nvention

A nonvolatile magnetic random access memory (MRAM) is an afray of
menriory cells fofmed on interseétions of word [ines and sense lines, each memory
cell typically having two magne_tic layers separated by a conductive or insulating
layer. IBM's US Patent 5,343.422 describes an MRAM array wherein the memory
cells operate on the basié of giant magnetoresistance (GMR), where each cellis a
“spin-valve"” cell comprising two thin fayers of ferromagnefic material separated by a
thin layer of nonmagnetic metallic conducting material, such as copper. 1BM's

US Patent 5,640,343 describes an MRAM amray formed from magnetic tunnel



2 nLunctTon (MrJ) nenory cells, where each cell conprises two thin |ayers
of " “ferromagnetic material separated by a thin | ayer of insulating
material, such as alumna. In the GWR type of MRAM array, the

magketi zati on easy-axis of both ferromagnetic layers in each nenory cel

or storage elenent is oriented substantially |engthw se of the storage

el ements and substantially parallel to the direction of an applied sense
current. In the MIJ type of MRAM array, the sense current is perpendicul ar

to the pl apmcidn (MR RGNS GRS, WtRN6 eadieelinBilRick S Wt Tayer@lof Megnet i zat i on
direction of one of the ferromagnetic layers is fixed in a direction
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di rection of the other layer is free to swt between two digital states
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substantially lengthwise of the storage elements, and the magnetization ;iirection of

the other layer is free to switch between two digital states in which the

magnetization is substantially paralle! or substantially antiparallel to the

‘magnetization direction in the one layer.

.. To fabricate a large and reliably accessed MRAM array containing

thousands or millions of cells on a single chip, uniformity and predictability of the

magnetfic response characteristic of each cell is of great importanée. Prior methods

of accessing unique cells for storing data involved two write currents, each

producing less magnetic stimulus required to write a cell, but together producing

more magnetic stimulus than required to write the cell. However, due to many

factors related to manufacturing uncertainties and intrinsic magnetic material

variability, cell to cell magnetic response variations can be very large. This

magnetic response variability from cell to cell directly impacts the electrical and

restltant magnetic writing stimulus needed to access each cell for storing data, and



resul t ant magnetic witing stinulus needed to access ell for storing
data, and . : - 3- ore

prevents array-w de selectivity to occur using a preP' | asflgie‘g&%d

el ectrical and resultant nmagnetic witing stinulus v . Dlgee prior
art approach to the magnetic cell variability probl e ﬂw & nprove
the manufacturing process. This has beenachal | engi ng beca gnetic

response .of the cells is sensjtive not only to | ocal defects but also to

edge and surthassforePilEessmay-wide seleci¥ifitoioscinassiiera pefaredyftdd electayart hat i s
operabl e even when there is variability of nmagnetic properties anong the

cells. and resultant magneticwﬁtin%stimulus wigerry of the Invention
Aceording to a first aspect of the invention there is provided a

nonvol atil e Wﬁgneﬁﬂé?pdﬁ?ﬁﬁra?gﬁfabﬁl(? hdridtieGell variability ?n%bﬁa%i)ﬁéé Bééh to

a plurality of magnetic nmenory cells, each of the cells being one of two

types of di ! IR0 rﬁé}ﬂﬁé‘&u@;d BrocestN i ad BierldreindingPBeclisé e has a

shape t hat mrror | m ape of e second type of cell, 'the
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electrically i |.nes formed on the substrate; a plurality
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of colums o y conductive lines formed on the substrate, the
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nonvol atil e %ﬁw&mggté p?{}{)eaersgx{fgmgtdeﬁs.t unnel junction (MIJ) nenory

cells conpri a first set of parallel
electrically conductive lines formed on the substrate; a second set
of parallel electrically conductive lines formed on the substrate generally

per pendi cular to the first set g I iges ﬂgg Iﬁﬁrﬁ{ ﬁﬁpi ng the first set of
. Gi Tection general Ly perpandicul ar o the SUbet T ale st face o detine a |
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checkerboard pattern, X
t&pes of cells have shapes that are miiror images of each other, i.e, the shape of

the second fype of cell is arrived at by rotating the first type of cell 180 degrees
about an axis through the cell. The two types of cells are thus a pair of asymmetric
cells because they are asymmetric in regard to the predominant axis of
magnhetization. In the preferred pattern, each of the bells has a parallelogram
shape with a length and a width with the predominant axis of magnetization lying
substantially along a line between the acute comers of the parailelogram. The two
types of cells are preferably arranged in the array in an altemating checkerboard

pattern, which means that one type of cell is surrounded by neighboring cells of the

THIS SHIEET HAS BLEN
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-3a- ¢ According to a third aspect of the invention there is provided

a honvol ati| e nmagnetic nenory array conprising: a substrate;

an array of two types of nagnetic nenory cells formed on the substrate in
an alternating pattern; a plurality of generally parallel rows of

el ectrically conductive lines fornmed on the substrate; a plurality -

of generally parallel colums of electrically conductive lines formed on
the substrate, the columms of |ines being arranged generally perpendicul ar

to the rowsobr dypéeseaéldsetthe prediotniriit agis lof agnetizatibh 68 all néighibarirgi def)s near
the menory cells; and wherein all the.cells of the first type have

a predom nagtyiferbit fRim W&érﬁﬁhh@ké Magrﬁtl%tloﬁrﬁf% 6l $edsdtedfor
countercl ockw se acute angle with respect to the rows of lines, and all the

cells of thg W%ﬂ%§r¥£’%dh@ﬁf§nﬁa gh%ﬂsﬁvﬂaat AR es@f, WHRBNGitb 2akb8 akd1at s

oriented to orma wi.se acute angle with respect to the rows of |ines.

Thes | nvent.| Giedisd iR OLab Clgﬁéwgﬁ@&aﬁmma%i@ &féh%}ﬁgé 4 Aghdatisrpes of

nagnetlc nmenory ce e at the intersections of rows and

colums of SlafELith 8Ll 4t HORHILELACR dr tiSelocttd (ol Y USlufh, irefe gonduct i ve

paths for t e curren ange t magneti zation states of the

megnetic ce {gést?uﬁi%ﬁy [e$8 ikeiRE34 Ha Fﬁﬁhg&gggtgﬁgéﬁ@g@ls%méllsﬁf bR wHitlen®b. | Mges

of each oth aeo e of ce I's arrived at by

rotati ngt;ggsfg;?%reqﬁ(uggrlﬂldefs%v{sdlﬁ S S AL FesaﬁJJQ&Uan?éCbegﬂf %rre ggh the cell.

The two are alr O asynmetr ecause they are

o et arr ed_ pilefit: eeteR %?ﬁ?ﬂﬁ@%@‘mﬁ‘&@fé“%ﬁé|d?‘%ﬁ‘§3 HecSERch, |2

| engt h and WI dt h t axis of magneti zati on | yi ng
subst anti al I t‘f‘\”&ﬁ? F%@%’&E@?gpﬁg acute corners of the parallel ogram

The two types of ceIIs are preferably arranged in the array in an

alternating checkerboard pattern, which neans that one type of cell is
surrounded by nei ghboring cell.s.of t
4 other type. Because the i zation of al
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memory cells of Fig. 1A.

f the Drawings

. Fig. 2A is an “asteroid” model of the magnetic response of an ideal single
domain'magnetic region used {o model the generally rectangularly shaped
magnetic tunnel junction cell.

Fig. 2B is an asteroid model of the ranges of magnetic responses of single
magnetic tunnel junction cells, each cell having an unpredictabie response, and
illustrates the narrowing of the margiﬁ of write current needed fo write one cell

withiout writing an adjacent cell.



For a fuller understandi ng of the nature and advantages of the present

i nvéntion, reference should be made to the follow ng detailed description
t aken toget her with the acconpanying figures.

Brief Description of the Draw ngs - Fig. 1A depicts a prior art I\/rI'J

type of. MRAM array having magnetic memory cells disposed at the

I ntersecting regions of crossing sense |isnes and word |ines. Fig 1
B depicts exerrpl ary | ayers form ng a single one of the nagnetic menory

cells of Fig. s. 3A and 3B-i€pict2dp had Side VRWserespeitivetydef a pfiotdrieGMRynet i ¢
response of an | eal single domai n- magneti c regi on used to nodel the

general l'y rigsd afdRrAM hitay ha«ﬁ@gimagﬁawm&mwdw@aispomﬂm@ interskcting
Fig. 2B is an asteroid nodel of the ranges of nagnetic responses of single

magneti ¢ t Yagehs bHBRLLAG s6R4d esthadrglikediaving an unpredi ctabl e response,
and illustFates the narrow ng of the nargin of wite current needed to

wide one. cell ;Ad\ﬂgn % gfg rldf Qsﬁﬂmgﬁgfﬁséfégﬂelo@%ﬁ@haped magnetic cells of

5 Fi gs. pict top e Views, respectively, of a
prior art ?"ﬂLnﬁﬁﬁNIarray havi ng nmagnetic nmenory cells disposed at
the intersec |ng regions of crossing sense lines and word |ines.

Th o eaep € v 10 B 1ot SEBeldgfarh 3habdLAShBRING 1L B FBERSeF C Cel | s of
antxparallel magnetization directions. |

Fig. 5B depicts the asteroid curve of the magnetic response of the
paralielogram cell of Fig. 5A. - -

Fig. 6 depicts the MRAM array of the present invention illustrating a pattem
of two types of parallelogram-shaped asymmetric cells arranged in a checkerboard
pattern.

Fig. 7 depicts the asteroid curves of the magnetic responses of the two
parallelogram-shaped asymmefric cells of Fig. 5A which are used in the MRAM
array of Fig. 6.

. Fig. 8 depicts the. MRAM array of the present invention illustrating an
alternative embodiment of an altemating pattem of two types of paralielogram-
shaped asymmetric cells, wherein cells of the same type are arranged in rows.

Fig. 9 shows asteroid models of the magnetic response of single magnetic
tunnel junction cells, each cell having an unpredictable response, for A and B type

cells in the MRAM array, illustrating the additional write margin provided by the

regions where the asteroid curves overlap.



Flg 5A deplcts a parall el ogram shaped cell showing the two free | ayer
antibparal l el magnetization directions. Fig. 5B depicts the asteroid
curve of the magnetic response of the parallelogramcell of Fig. 5A

Fig. 6 depicts the MRAM array of the present invention illustrating a
pattern of two types of parallel ogram shaped asymetric cells arranged in
a checkerboard pattern. Fig. 7 dépicts the asteroid curves of the
magneti c responses of the two parallelogram shaped asynmetric cells of

Fi g. 5A whi ch arfg.utedepicts atiep VB aaBiMBtymd of flBAMBarray accordingtoghe8 depi ct s
the MRAM array of the present invention illustrating an alternative
enmbodi nent  pfesent iavdriion dlaving apphinetrie mégrietio mMenmeg cells areargjeldah agr am

shaped asymmetric cells, wherein cells of the sane type are arranged in

r ows. checkEmar@pﬁth\@naaﬁapbwwbmﬁ@l?:ié‘rsélftmg hegipROofkdrbssingsanease of
si ngl e nagnetic tunnel junction cells, each cell having an unpredictable

response, f piesfarifWord IEHRith trfew rédétﬁ«n’éhﬁhm&bhéﬁzwbh bmg'cahtea®brt he

additional wite margin provid by the regbons where the asteroid curves
over| ap. %led from the conductor Itnes 6 Fig.
10 depicts a top view of a GWR type of IVRAM array according to the present
i nventi on havi n%aswaahéthw@m ¥ the bresenl indEHRA iltudtrating an

checkerboard pattérn and di sposed at the i ntersecting regions of crossing

E g I” f] g c Ll'nt”gglt%}'irigh\)%rﬁbéd iMEst oFahittRBting: Bél?é?ﬁ ¥ Riypa Sﬁpé}éllélafgg}aﬁlt i zation
shaped cells, wherein cells of the same type are arranged in rows with the ends of
the cells overlapping the widths of the conductor lines. -
Figs. 12A-1 2E illustrate other embodiments of paired asymmetric cells

usable in the MRAM array according to the present invention.

<

Qetalled Description of the Preferred Embodiments -
Prior Art MTJ Array

An'example of an MTJ MRAM array is shown in Fig. 1A, Wherein the MTJ
cells are positioned at the intersections of an exemplary rectangular grid of
electrically conductive lines 1-6. The MRAM array includes a set of electrically
conductive lines that function as parallel word lines 1, 2, and 3 in a hotizontal plane,
and a set of electrically conductive lines that function as parallel bit or sense lines 4,
5, and 6 in another horizontal plane. The sense lines are oriented in a different
direction, e.g., at right angles to the word lines, so that the two sets of lines
intérsect when viewed from above. A memory cell, such as typical memory cell 9

shown in detail in Fig. 1B, is located at each crossing point of the word lines and



angled fromthe conductor |ines. Fig. 11 depicts the GVWR MRAM arr ay
of the present invention illustrating an alternative enbodi nent of an
alternating pattemof two types of parallelogram shaped cells, wherein
cells of the sanme type are arranged in rows with the ends of the cells

over| appi ng the widths of the conductor |ines. Figs. 12A-12E
illustrate other enbodinents of paired asymmetric cells usable in the MRAM
array according to the present invention. Det ai | ed

Descri pt i onS¥etines iy the dnteseciorregionyertticallyrspased hetwadnthéfings; Three An
exanple of an MIJ MRAM array |Is shown in Fig. 1A -wherein the MIJ cells
are positi owed limesand three sepselinesrase dlustaated jrefig] t& ybut &t mumgbsraf figgs d of
el éctrically conductive lines 1-6. The MRAM array includes a set of

el ectri cal | yould dypicallyibeeniichilarger.hfihe menwiry osll Giis gyeangkd il a vortidallstavks 1, 2,
and 3 in a horizontal plane, and a set of electrically conductive lines

that functiamd may frectualel eediode 7 iwadditioste the Regndtic tunneldmttioni(Tayet her
horizontal plane. The sense lines are oriented in a different direction,

e.g., at riDbfingagbssing or rchding@peration o thesrayh@irrdnt flowsin $eéEcaf | i nes
I ntersect when viewed from above. A nenory cell, such as typical nenory

cel | 9. shodirection tedagh thercelfiog TheBertical dusat pathAhiro8 gl thecrhemdhy@ipoi nt  of
the word lines and sense lines in the intersection region

R et o i
lines, the MTJ, the diode, and the contact to the bit line all occupy the same area.
While not shown in Fig. 1A, the array may be formed on a substrate, suéh asa
silicon substrate which contains other circuitry. Also, a layer of insulating material is
usually located between the bit lines and word lines at regions of the MRAM other

- than the intersecting regions.

The structure of the memory cell 9 is described in more detail with reference
to Fig, 1B. The memory cgall 9.is formed on and in coﬁtact with a word line:3
(Fig. 1A). The memory cell 9 comprises a vertical stack of a diode-like device, e.g.,
silicon junction diode 7, and an MTJ 8 in electrical series connection. The diode 7
is a'silicon junction diode that comprises an n-type silicon layer 10 and a p-type
silicon fayer 11. The diode's p-type silicon layer 11 is connected to the MTJ 8 via a
ohmic contact layer 12 which would include a barrier layer such as titanium nitride,
It is beneficial for the contact layer 12 and the diode 7 to be thin to reduce spacing
between the word line and MTJ. The diode's n-type silicon layer 10 is connected to

word line 3.



woul d typically be nmuch larger. The nenory cell 9 is arranged in a verti cal
stack and nmay include a diode 7 in addition to the nagnetic tunnel
junction (MIJ) 8. During a sensing or reading operation of the array,
current flows in a vertical direction through the cell 9. The vertical
current path through the nenory cell permits the.nenory cell to occupy a
very small surface area. Contact to the wgrd I|ines, the MIJ, the diode,
and the contact to the bit Iine all occupy the sanme area. Wile not shown
in Fig. 1A, theTaeNilJ 8ig/fobued of areetiesrof ayerhefimatedal stackkd ape an tep bf con
substrate which contains other circuitry. Also, a layer of insulating

mat eri al i sthewthenl The MBS efiFigetBreempiides eifiemplate layeat®| swoh ds At fédomt
regions of the MRAM other than the intersecting regions. The
struct ure ofi, amnitiab fepromaymketic Byes16] sact adpermatioy(MicFe) carnantifedrdrhagradtier ence
to Fig. 1B. The nmenory cell 9 is formed on and in contact wwth a word |ine
3 {Fig. 1A)ayer-|(h9? 8 Buch e Win-F8, £ fxgarorspinned™tgpd ofaeferericedbrromagnaticode- | i ke
device, e.g., silicon junction diode 7, and an MIJ 8 in electrical series
connect i on. jaydte0]s@élad Coi Fe ar férhvialiey) a tHinGAIRING @il bBrder RYEP22 6£S an
n-type silicon layer 10 and a p-type silicon layer 11. The diode's p-type
sidicon | ayfinminh (A3,0910861, RahgeableiEdfefrokiagnétic 19Y6r 24, 6GeH &¢4 | ayer 12

which woul d i nclude“a barrier layer such as titaniumnitride, It is

benef i ci al {iividtPortARICAFo Wi pemhdlonNehd Aeotagiayef 2605 ddPrPLGr TRduce

spacing between the word |ine and The diode's n-type silicon layer 10

i s connect ed t0 THAGFLS hyélS243s fabricated to have a Ipreferred axis for the direction of
8 : The MIJ 8 is formed of a series of layers of nmaterial stacked one

SECLO P Ofpt | h%gn%iﬁféﬁén cdilkR the dady-lis (EA). TheRe &R pdssibia direeirale? | ayer 15,
' magnetization of the free layer 24 along this easy-axis which define the two states
of the memory cell. In contrast, the reference layer 20 may be fabricated to have
- enly one preferred direction of magnetization, called its unidirectional anisotropy
direction, and this diréction is parallel to the easy-axis of the free layer. The desired
easy-axis for the free layerjs set by some combination of intrinsic anisotropy,
strain-induced anisotropy and shape anisotropy of the MTJ. The MTJ and free -
tayer depicted may be made in the shape of a rectangie of length L and width W,
where L'is larger than W (Fig. 1B). Thé mag.netic moment of the free layer prefers
to align along the direction of L
As shown in Fig. 1A, the electrically conductive lines 1, 2, 3 and 4, 5, 6 are
arranged in rows and columns, respectively, that cross, thereby forming intersecting
regions at which the cells are positioned. As discussed above, each cell comprises

a frée ferromagnetic layer 24 and a fixed or reference ferromagnetic layer 20. (The

term reference layer is used broadly herein to denote any type of ferromagnetic
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kY
Ti, . an initial ferromagnetic |ayer 16, such as permalloy (N -Fe), an
anttferromagnetic |ayer (AF) 18, such as Mh-Fe, a fixed or "pinned" type-
of reference ferromagnetic |ayer 20, such as Co, Fe or permalloy, a thin
i nsul ating tunnel barrier layer 22 of alumina (Al 203), a soft, changeable
"free* ferromagnetic |ayer 24, such as a sandwi'ch of thin Co-Fe with
permal | oy, and a contact layer25, such & Pt Pd or Ti. The free
| ayer 24 is fabricated to have a preferred axis for the direction of
magnet i zat | 'GHOSH Y 1 FRERS. nwﬁh@ﬁ?&g _or%p?é\ggagpéegp% BRHSIBRe directions
of rmagnetization of .the free |ayer 2 ong, thi s easy-axis which define
the two sta %%Cta@?' SE%%OM'CE @_Wip(ﬁe.i‘kh? g?{'@%’?ﬁ%‘%@f’g?@mé@rﬁyer 20 may
be fabricated to have only one preferred direction of nmagnetization,
called its %!ﬁ?fa?a'@acp%mme Aladingesop eleptiop tunnsiing hetween tResgitvect i on i s
parallel to the easy-axis of the free layer. The desired easy-axis for the
freé | ayer fegomegnefic lavere. whiahindueyis dependent on Hsirelatiye disrqtiops of
st.rai n-i nduced ani sotropy and shape ani sotropy of the MIJ. The MIJ and free
| ayer depi cméanefaﬁh%ofrﬁgg@w feromagsetiglayess. BOE/%BQ theymagestizationyinkhe. and
width W where Lis larger than W(Fig. 1 B). The magnetic nonent of the
free | ayer teekyecintoaneiitye seleelablewdireciinsdr aibbatable manner results ids shown i n
Fig. 1A the electri cally conductive lines 1, 2, 3 and 4, 5, 6 are
arranged i nbinaystate stared imthe celf. clf theaellieorigntedwith ity megneticraasyaxisi(BAN ng
intersecting regions at which the cells are positioned. As discussed
above, eachaloag theobapisiteersan eletirical writing cusiept dioivingl thspugh ive 8nd a fi xed or
reference ferromagnetic |ayer 20. (The termreference |layer is used
broadl y her éperpandicutanto thefraxis)uill apply anromagneticifield to the cell, and a
9

current flowing through fline 3 (perpendicutar to the Y-axis) will apply a hard-axis
(HA) magnetic field to the cell.

" e in one implementation of MRAM cells, the writing of individual cells adheres
to a concept referred to as the “asteroid” for swifching. The switching threshold of a
single free fayer in a cell depends on the combination of EA and HA magnetic fields
applied by the write currentg This-“Stoner-Wohlférth" asteroid model, shown in
Fig. 2A, illustrates these threshold values in the plane of applied EA and HA fields.
Switchiné of the magnetization direction of the free layer from pérallel to antiparatiel
to the magnetization direction of the fixed or reference layer, or vice versa, occurs
when a combination of EA and HA fields at the cell results in a vector outside of the
asteroid. Selectively switching a single cell within the array is achieved by applying
electrical currents through a selected pair of conductors along the X and Y axes.
Thése ¢urrents generate a combination of EA and HA fields only at the cell located

at the intersection of these lines, theoretically switching the selected cell, but not



regi on which, in cooperation with the free or changeable region, results in
a detectable state of the device as a whole.) The ability of this type of
cell to store electrically accessible data hinges on el ectron tunneling
bet ween these two ferromagnetic layers, which in turn is dependent on the
relative directions of nagnetization of the two ferromagnetic | ayers.
Rotating the magnetization in the free hgyer into one of two selectable
directions in a bi-stable manner results in binary state stored in the
cell. If ththeseighbbeng céltsntAdidheicells in asowparaiiel to thmXyaxiswill expexiencaktieng -t he
X-axis then an electrical witing current flowi ng through line 5

( per pendi cusame applicddHXfialdi Simitarlylalldipptslisdama Edlurmagpaeallet tof the Vdaxiowillhe cel |,
and a current flowing through Iine 3 (perpendicular to the Y-axis) wll
appl y a har dxgerieace {hdSanmaapplied EAf field. dHowevehantethe cell at the intedsectiomeof

i npl enentation of MRAM cells, the witing of individual cells adheres to a
concept r ef theselinéwillexpbhericathetamiindtivn of bothdleidsthecéssary furisedtctigg.t hr eshol d
of a single free layer in a cell depends on the conbination of EA and HA

magneti c fi gkétdrs rapiiseRlhdapplibe milghétR fidlds taat IR insidié the 'dStaroidrwilasd f ar t h”
asteroid nodel, shown in Fig. 2A illustrates these threshold values in

the plane okwiidhthe @all frbmAdtié difts CuRbitbi-stabitd St&Bs."Th, il G, IR Wirdikampld, ON

direction of the free layer fromparallel to antiparallel to the

nmagnet i zat i giyritd 6RfdritOthreightthe chhaiRtbrd in the LR RN OB dirédiBhs gBfiertitece Ver sa,
occurs when-a conbination of EA and HA fields at the cell results in a

Vect or out Sjriignfc Adk® cobreitl fith BALESSH HIG bid $AY, FedpeBel, Sidvakatiag! | Wi thin

tHe array is achieved by applying electrical Currents through a sel ected

pai r of congisgheicicd 9880l Wilt b¥ ifsidh the B&Foid and BietmagHdtieaich ARIAGMEE 2 -
conbi nation of EA and HA fields only at the cell located at the

|n$ er sect i OghePfed IBFSSWill nBESwitchheor etical Iy switching the sel ect ed cell, but
Problems arise when the thresholds of the asteroid vary from cell to cell, and

from hysteresis loop fo hysteresis loop in the same cell. This variability in the

magnetic properties from cell to cellieads to a broadening of the asteroid into a

band of threshold values, as shown in Fig. 2B. Since the ability to selectively

switch cells hinges on all cells except one along a line not being switched under a

single-applied HA or EA field, if this band of the asteroid broadens too mdch, then it

is no longer possible to selectively write individual cells with consistent values of

write current, since other non-selected cells along the lines may also switch.

Prior Art GMR Array

GMR elements have at least one fixed ferromagnetic layer and at least one
free ferromagnetic layer, which is used to store data by its direction of

magnetization, arranged in a sandwich structure with-intervening thin copper layers.



10 the neighboring cells. Al the cells in a row parallel to the X-axis

wi 'P experience the sane applied HA field. Simlarly all the cells in a
columm parallel to the Y-axis will experience the sane applied EA field.
However, only the cell at the intersection of these lines will experience
t he conbination of both fields necessary for switching. Vectors }
representing applied magnetic fields that;lie inside the asteroid wi'll not
switch the cell fromone of its current bi-stable states. Thus, in Fig. 2A
f or exanpl e,in aiGMRItypecMRAM amirite bMdmu@ingbdmametMrltmthdmsyééxM -Y
directions generate nagnetic field conponents wth val ues of Herr] and

H err], respreGMRE¥mdnhpasestiver edch GMBretémentS The densedineritself id uded dsnsi de

t he asteroid and the magneti zation direction of the free layer will not
swi tch. ‘a secolld Wit BBndicto? AR titcoftiRAMNSHoWh ift fpldnendocrbsy sdction ar y
fromcell to cell, and fromhysteresis loop to hysteresis loop in the sane

celi. This Vadvsiiri 4. BALIB, liflGudJEeE bhidutcv® 71, [7i2endl depse figdd 73,74calhk | eads
to a br oadeni ng of the ast'eroid into a band of threshold val ues, as shown

ih Fig. 2B. g3ines ﬁnéﬂﬁctﬁ@é wa spifl vafb fdmerid %éucﬁ&b behend 75 7TBiinpes7on al |

ceI | s except one along a |ine not being switched under a 'single-applied HA

EA field, tfar&%bﬁnﬁécuﬂm%f Fé@ﬁyﬁ:@}é&ﬁtﬁc@m%ﬁ%ﬂé&w TREGMR T 1S Nno

Idnger possi e to se tive Ite individual cells wth consistent

val ues of V\Elétﬁént%‘lﬁcflgf‘détaf%d}%%hg?éuc%r%ﬁ& ﬁ%@%ﬁ&hé@\eﬁbﬁ%rtf@ l'i nes

may al so switc rior I'enent & have at | east

one fixed feLa@iRIBRIR &nmxe%u 7NE witte étﬁ'?e?ftle?,@g}an tﬁéﬁsqdn%wtemnstlc layer,

Whl ch is used to store data its direction magneti zation, arranged

In a sandw Careatibnl G Mé&né’ifz&fbd &ttﬁé #6848 ily8r i paBsciRREGh RS conductor

71, and a second write current is passed through the sense line 73. The
combination of fields produced by the two write currents has to be sufficient to flip
the direction of magnetization of the free layer of cell 77 but not so large that if flips
the direction of magnetization of neighboring cells, such as cells 78 and 79.
Variability in manufacturing and material properties make this difficult to achieve for
arrays of many cells packed closely together in the same way it does for the MTJ

array described above.

Description of the Preferred Embodiments

The invention is a pair of asymmetric magnetic memory cells, denoted as A
and B cells in Fig. 4, each with a magnetic layer with a predominant axis of
magnetization for storing data states, where the predominant axes of magnetization
(shown by the dashed lines) of the two cells are not parallel. Preferably the

predominant axis of one of the pair, e.g., A, is rotated counter clockwise from the



In a GWRtype MRAM a write conductor generally perpendicular to the
easyxaxis of the GWR el ement passes over each GWR el ement. The sense |line
itself is used as a second wite conductor. A GWR type of MRAM shown in
pl an-and cross section .views in Figs. 3A-3B, includes wite conductors 71,
72 and sense lines 73, 74. The sense lines include GWR spin .valve el enents
(such as elenents 77,78 in line 73) that are connected in series by |ow
resi stance nmetal stitch regions 75. The GWR elenents include a fixed

f er r omagnet i eondagter 2@wtlich carries o write coagmteand thegredomifiant axis ofthé bthecbR VRAM
cell 77 a wite current less than that required to flip the direction of

magnet i zat i dhe phirteng., Br isaotatgtean equab ameent didukeisgfrdrh theneoridactoopzluct or 71,
and- a second wite current is passed through the sense line 73. The

conbi nation of fiRefetingtoofigcs,dhdyelisishatefitst wtite contdueiot 38 Waithtlies BRdng
sufficient to flip the direction of magnetization of the free | ayer of

cel E 77 but thety-&ds bfd E@sum@a X-Y chbrdipate $yaeentfor@ied plan vighy oftBe eélisz atdron of
nei ghboring cells, such as cells.78 and 79. Variability in manufacturing

and nat er i al cl@ftp BEthel explafiBiich, ti éaseiofrfﬁem&ﬁwﬁtepaﬁduc@of%fwin%aﬁmxﬁeof nany
cell s packed closely together in the same way it does for the MIJ array

described abpygnetic eldMidritiand thdothef wiittohd@iters 282 F BEIRE IbeRM the magnetic The
S

invention is a pair of asymetric magnetic nenory cells, denoted as A and

B cell's in Riigmedis 885D i dtaAPORR difcult@N€ bortldctedio MEWRE I8 Yo axi s of

magnetization for storing data states, whére the predom nant -axes of

nmagnet | zat | Gghable write currents to be directed in either direction along their lengths. Because
the first write conductor is assumed to lie above the magnetic e!ements.- write
current in the +Y direction will generate magnetic fields in the -X direction. The
cells of the pair have separate write conductors 26, 27 of a second type which run

* perpendicular to the first write conductor 28 and are below the magnetic elements.

Because write conductors 26, 27 are below the magnetic elements, write currents
in the +X direction will generate magnetic fields in the -Y direction. Note that all the
write conductors could be above the magnetic elément or below it. The same
benefit of improved write selectivity occurs by adjusting the pdlarity of the current in
theconductor that has a changed relative location fo the magnetic element.. The -
write conductors are separated from each other by insutating material.
The rotation of magnetization direction is preferably created by a difference in
shape between A and B. Various shapes will produce a rotation of magnetization
direction away from the X or Y axes. Parallelograms, rectangles not aligned with

the axes, trapezoids, fruncated parallelograms and others are discussed below. A

simple way to produce a pair of cells which have magnetization directions rotated



(shown by the dashed lines) of the two cells are not parallel. Preferably
the* predom nant axis of one of the pair, e.g., A 1is rotated counter

cl ockwi se fromthe _ , 12
conductor 26 which carries a wite current, and the predom nant axis of the
other' of the pair, e.g., B, is rotatéd an equal anount clockw se fromthe
conduct or 27. Referring to Fig.q#4, the cells share a first wite
conductor 28 which lies along the Y-axis of a presunmed X-Y coordinate
system f or away fomrthe Xeaw Yoaxeshene elotlawisg-and one apuntgr aibciwise, bupwhinht i on, t he
case of the first wite conductor 28 being above the nagnetic el enent and
t he ot her wefetequabindoagnitudeds fo ptath dicshapel abaut the XoigYiexes 18k degrees. i s
described in detail. Wite circuitry is connected to the wite lines to
enabl e wr it Becausemftie bidirdntionalrsyotnrtryi of thes twoemaghietiestatesiobd magnefiei r

| engt hs. Because the first wite conductor is assuned to |lie above the
maghet i ¢ el elementalong theemagnetizetion directibe, rotétidn by d 80 degnsiek labgetthe X @
magnetic fields in the -X direction. The cells of the pair have separate
W ite conduYtaxes pafiluced asimitarsesuitnd type whi.ch run perpendicular to the
first wite conductor 28 and are bel ow the magnetic el ements. Because

wri te conduct or sTtibexplahatios oPthleawrité Beletity rhprovernenteot an a?niuhétd@lﬂ)hrrent s in
the +X direction will generate magnetic fields in the -Y direction. Note
that all thefceMsiA endBRELBE Béscribad fot draralgrarhad i goetios asbtimant or bel ow
it. The sane benefit of inproved wite selectivity occurs by adjusting the
pol arity of Xtdigs. dMEWERr, any pdittf shapskiohioh bioducd asinilae dsypardtryal at i ve

| ocation to the magnetic element. The wite conductors are separated from
each ot her Bitedtion df Adghetizaiba Wilbdchievelesimpartidnefit. Fig /Br0siRdwsztki on direction
Is preferably created by a difference in shape between A and B. Various

shapes W | | niigRéfiation diréétidnk Piréiws SB B35 bf thattivé Btable magnetic states of the
free feromagnetic layer in the-A type of cell, for a 60-degree parallelogram with a
length-to-width ratio of 2:1. Fig. 5B shows the asteroid curve corresponding to
cell A. 'i'he asymmetry of the asteroid curve in Fig. 5B, i.e., the switching -
asymmetry of the paralielogram shaped cell, is due to the fact that the stable
‘magnetization states are not aligned along the X-éxis but are off-axis (by
approximately 20 degrees-for the 2:1 60-degree parallelogram). This shape of the
A call asteroid curve can be understood by first considering the case of a
rectangular cell with its length along the X axis. The stéble magnetization state is
along the X-axis due to shape anisotropy, i.e., the rhinimum magnetostatic energy
state is when the magnetic poles are the farthest away from each other. It is well
known and described by the Steiner-Wolfarth asteroid curve that for the rectangular
cella larger field is required to switch the state when the field is applied along the

X-axis than when the angle of applied field is about 45 degrees to the X-axis. This



direction away fromthe X or Y axes. Parallel ograns, rectangles not aligned
with the axes, trapezoids, truncated parallel ograns and others are

di scussed below. A sinmple way to produce a pair of cells which have
magneti zation directions rotated ' :

13 away fromthe X or Y axes, one clockw se and one counter clockw se, but
which are equal in magnitude, is to rqiate the shape about the X or Y axes
180 degrees.  Because of the bidirectional symetry of the two nagnetic
stat es of aiSrhegadsd itis edsiarinrotaie thgymepeeticripmains than do diestycppose theot at i on

by 180 degrees about the X or = Y axes produces a simlar result. The
expl anat i onmagineticemoament Riedoly pposing thepnementeedudesithanetavggnatizaiian fpai r  of
cetls A and B will be described for a parallelogramand its rotation about

the X-axi szeradydorsing arandpmi arieofatioh ap dise intiviluapmedoetie donsdins.| @n tlessynmet ry
in direction of magnetization will achieve a simlar benefit. Fig. 5A
shows the otignkand, avtation dicwsthe indbidual magnélic dafdineto sthe alignedswhiche
magnetic states of the free ferromagnetic layer in the A type of cell, for

a 60- degr eeisithe ehegleticalig favarabie statd. eTigréfotetheimtdnitudé obthefapplidd fidhig. 5B
shows the asteroid curve corresponding to cell A The asymmetry of the

asteroi d curequiredtdflig thésliatd is greatérivhenthié applitd fickbdirattibn ¥s ©vatdthe
paral | el ogram shaped cell, is due to the fact that the stable

nmagnet i zat i ansmheas@r@d B@ive AWhigH RCthe dRedtion! the stiuble nugnetizgtionfstataxi s ( by
approximately 20 degrees for the 2:1 60-degree -parall el ogramy.. This shape

of. the A c®hé sambeffetiboelfswehenttie pardiiBidgram eslitis Rnditét, B@nRé depliedy t he
case of a rectangular cell with its |ength al'ong the X axis. The stable
magnet | zat | geld$d ritated off the X-axis. As shown in Fig. 5A, the magnetization directions are

rotated about 20 degrees by the shape of the parallelogram. The minimum

magnetostatic energy is when the poles are in opposite acute angle comners, as

~ shown by the arrows 37, 39 in Fig. 5A. The applied magnetic field vector that ends
at point P of the asteroid in Fig. 5B is the highest applied field to switch, which is at
an angle of about 20 degrqes from the X axis. Therefore, combining a positive Hy
. field with a positive H, field gives a fotal applied field vector directed toward the

point P of the asteroid. But if Hy is negative, the applied field vector is in the

direction of the midpoint M of the curved side of the asteroid and only about 50-70

percent as much total field is required to switch the magnetization direction.

Fig. 6 depicts an MRAM array with the two A and B types of parallelogram
cells arranged in an alternating checkerboard pattern. Fig. 7 shows overiapping
asteroid curves for A and B cells of Fig. 6, which are 3:1 length/width ratio 60-

degree parallelogram cells, and the write margin provided by the paired asymmetric

cells,



al ong the X-axis due to shape anisotropy, i.e., the mnimum nagnetostatic
enérgy state is when the nmagnetic poles are the farthest away from each
other. It is well known and described by the Steiner-Wlfarth asteroid
curve that for the rectangular <cell a larger field is required to switch
the state when the field is applied along the X-axis than when the angle
of applied field is about 45 degrees tqgthe X-axis. This

14 is because it is easier to rotate the magnetic domains than to directly
oppose the nmagnBeferingodiig. 6, Bhe exbbginmmp obthapredent inverfinn is adiBAN! t he net
magneti zation to zero by forcing a randomorientation on the individual
magnet i ¢ doiapvhe@in thedtwogtifferentishapes ofonembogrcells bbthe asmniatit paidual
magneti c donmains to stay aligned; which is the energetically favorable
state. Ther dflenated asArandB typdeofdell ishepepipl Fig. &) fareefoimed eq the substratef ihigp t he
state is greater when the applied field direction is toward the point of
the ast er oi dheclerioardipaitéri Theipattehnrieat'clastkeibobie betausedheagnpegof i on
state. The same effect: occurs when the parallelogramcell is considered,
but the applceltehagesalitdmate, liké tHecslack dnd WikiteXsqistes of AscHeBRevBoard, & that &IN. t he
magneti zation directions are rotated about 20 degrees by the shape of the

par al | el ogr ane nddrestticigHbartellSR agiafticutic c6ll areadtate Biﬁehﬁf\etj}lpt&h?r&@h%/ are in
opposite acute angle corners, as shown by the arrows 37,39 in Fig. 5A The

appl i ed magnies two fypes 6f oelis tiffer. by the shRBS of e Adrttic Fayer, vHieh asthiferd in Fig.
5B is the highest applied field to swtch, which is at an angle of about

20 degrees fimages ofond anetifer, iE1a6R1I6N 6f 0 b of Stthpe 1805ddgracs dfigatad  fiel d
with a positive Herr] field gives a total applied field vector directed

toward the dxy thioubhWe Edifresditsan Hetothitypé of silper ITheIwo RkIof Bellsdap app! i ed
field vector is inthe direction of the mdpoint Mof the curved side of
the asteroi ghase RiférYecRUslpanBd A8ymmetric cells because they are asymmetric in

regard to the predominant axis of magnetization, i.e., the predominant axis of

magnetization is not parallel to'either the X or Y axes. In.the preferred pattemn,

each of the cells has a parallelogram shape With a length and a width. Electrically

conductive write lines 31, 33,35are paraﬁel tothe X axis and located below the .

rows cells, and electrically conductive write lines 30, 32, 34 are arranged parallel to

the Y axis and located above the columns of cells. Write circitry is connected to

the'writ-'e lines to enable write current to be directed in either direction through the

rows and columns of write lines to enable writing to the individual cells. Because

write lines 31, 33, 35 are located below the magnetic elements, write current in the

+X direction will generate magnetic fields in the -Y direction. Similarly, because

write lines 30, 32, 34 are located above the magnetic elements, write current in the

+Y direction will generate magnetic fields in the -X direction.



percent as nuch total field is required to switch the nagnetization
ditection.’ Fig. 6 depicts an MRAM array with the two A and B types
of, parallelogram cells arranged in an alternating checkerboard pattern.
Fig. 7 shows overlapping asteroid curves for A and B cells of Fig. 6, _
which are 3:1 length/wdth rati'o 60- 1gdegree parallelogramcells, and the
wite nmargin provided by the paired asymmetric cells. '

Referring to HRefenfhg t0/Rg.cr7agslimean Adipd bl (aélmmtr:u]i;,remééleétea fora MRAM
array wherein the two different shapes of nmenory cells of the asymmetric

pair  (denetiegbpapplication Br iy BESied fiekitleto i Rsditedtdd 16 pofit S2MheffRidred on the
substrate in a checkerboard pattern. The pattern is a "checkerboard"

because t Rectb® gaimeESisthe veabt sl aPESHRLSMPAENE caldeliyiviifte BLAEH igNd White
squares of a checkerboard, so that all™ the nearest néighbor cells of a

parti cul atheat direttion Hrotigielig 34 G’ig?%%aﬁd’_ﬁeH E’érﬁé&feﬂ?b% segr wite types of

cells differ by the shape of the magnetic Tayer, whi mrror inages
i 5 hr ocumettin e G GRUER D03 [ B); T UaRe, R S SR L ed o
o 18 RS e MR AfodN B AR "=, o
o SO a8k 198t o AT €S g otk el TS of b
ShePe, ! Ind e BBl B FLARS bSBldpa SPAMMBRA YR | 1 20
el ect i cabhyrapafiiiilesor i SutdrEthretinife Wieiins XL H2NAGPRRGELH 1O
the case of cell 40.
The nearest neighbor cell along the Y-axis in the érray (cell 60 in Fig. 6)
would also experience the +H, magnetic field component because it has write
current passing through it only in the -Y direction (through line 32). However,
cell 60 will experience a much lesser value of the -Hy magnetic field component
because it is merely adjacent fo write line 33. The vector to point V represents the
magnetic field on-cell 60 due to the writing to selected cell 40. As shown, point V is
within the B cell asteroid curve and cell 60 will hold its state and will not be
switched. However, as can be seen in Fig. 6, if cell 60 were also an A cell, as in
the prior art where all cells have the same shape, its magnetic state would be
switched. This is because point V lies outside the A cell asteroid curve.
The nearest neighbor cell along the X-axis in the array (cell 50 in Fig. 6)

would also experience the same -H, magnetic field-component because it has write

current passing through it only in the +X direction (through line 33). However,



the Y axis and | ocated above the colums of cells. Wite circuitry is
cormnected to the wite lines to enable wite current to be directed in
either direction through the rows and colums of wite lines to enable
witing to the individual cells. Becausé wite lines 31, 33, 35 are
| ocat ed bel ow the magnetic elenents, wite current .in the +X direction
wil I generate magnetic fields In the -Y,direction. Simlarly, because
wite lines. 30, 32, 34 are |ocated above the magnetic elenments, wite

current in ¢élies0 w’t(eatpemncecamuc& lesganalustaf thmgtﬂ,eﬁuagnéﬁoa‘l@tﬁcompddwt X
di rection. 16

Ref erring tbedauge itTs mesesly adjasentAo wyipdinecdd. Khealdctobo poinfiWgrepfisents the! ect ed
for witing by application of an applied field vector that is directed to

poi nt S. Thmafhetiofield o6 tolf 50 du®t e witing td Setested tell 4G UPviaf Walieslibisig®nponent
caused by wite current in the -Y direction through Iine 32 (Fig. 6) and a

-Herr] conpeBoél sacsrrclve Bhd t6l SOWIlobbe bWitdHed, Hovtives ot deirsotvasreugh | i ne
33 (Fig. 6). The vector to point Sis outside the A asteroid curve so the

rfagnet i zat | giBo BhiACE41, RvoRid fall & hiIa fs beEENd WolilBRilsd iewitcheli] Thiags r ot at ed
180 degrees and the Acell will change its magnetic state. The direction

and magni tuggcéa,fsetpgﬁ,t@\pﬁgg Setsifib A wer hstbroRl &siveel ected by sel ection of the

appropriate val ues wite currents through the wite lines, e.g., lines

33 and 32 in thméa§§néti freﬂs xganenced by ceusT#a?fraﬁﬁhs%énee@u%mo gfi | along
the Y-axis in the arr woul d al so experience the

1 o X G Bptp, cy T  Go,
Wil experi geg. Aciirdiubs BRFardp mitoF foPs ceﬂ','[:.%f, %wffﬁﬂiﬂ%b?hé bfikd component
| points F are located, so rotation of the magnetization should not be larger than
about 30 degrees to ensure that cells are not disturbed while writing the selected
- cell. Therefore, the rotation of magnetization is prefe;ably between 5 degrees and
30 degrees and ‘most preferably about 15 degrees.
The additional write _margin provided by the use of asymmetric cellsin a .
checkerboard pattern is shown by the cross-hatched area in quadrant 2 of Fig. 7.
Assume that for cells 40, 50 the initial magnetization direction of the free layer in
each cell is primarily in the -X direction, i.e., toward the left acute comers of the A
and B parallelograms. Point S in quadrant 2 of Fig. 7 represents the vector sum of
the fields Hy and Hy generated by write currents through lines 32 and 33,
respectively. The write current through line 32 is in the -Y direction and the write
current through line 33 is in the +X direction. Point S is outside the A asteroid curve

so the magnetization direction of the free layer in cell 40 will be flipped to be

generally in the +X direction (toward the right acute angle of the cell). However,



because’it is nerely adjacent to wite line 33. The vector to point V
represents the magnetic field on cell 60 due to the witing to sel ected
cell 40. As shown, point Vis wthin the B cell asteroid curve and cell 60
will hold its state and will not be sw tched. However, as can bé seen in
Fig. 6, if cell 60 were also an Acell, as in the prior art where all
cells have the sane shape, its nmagneticigtate would be switched. This is
because point V lies gutside the A cell asteroid curve. ) The near est
nei ghbor cdgcalseiig adiacent Bygel S0 Aas the mirrasymaga-shapsef Arcelti4g, itsgstergicl d al so
experience the same -Herr] magnetic field conmponent because it has wite
current pas@lrygjistthe suiger image of hej A celhastamgidguneecaiashthe rd¥isgn | i ne 33) .
However, . _ ) 17 cell 50 wll
experi ence @uadian 2 tbe Sepelhastereideunvetiies erisidedha & Gell astaspid copgdient  because
it is nmerely adjacent to wite Iine 32. The vector to point Wrepresents
t he magnet fegiohiwhere ghe applied sragnetic ield vectonisidesigaed o liselle coritastdl | 40.
Point Wlies inside the B cell asteroid curve and cell 50 will not be
swi t ched. Healkbtchad the saaie shapewscell 49 asdn she priacart| ifs asterpisLeuwive wouldt o hol d
its state and woul d al so be switched. This is because point WIlies outside
the A cell bavedheisdmeshape as the asteroifinurvengficell 40 bt would likelpbeilargerat by cel | s
far fromthe selected cell 40, but sharing an X orY line, are shown by
poi nt s F i nsrhalter, due folthe vadation impmwbetties ofithieaelis, ds shown By the priarant ineduce t he
safety margin F for a cell, i.e., haw far inside the curve points F are
| ocat ed, soFigo2Bt Whiledlie tHhefislhgomporeat from thédradteccunent indine 38yeuld ban  about
30 degrees to ensure that cells are not disturbed while witing the
sel ected. cihelsamEniartkis cele50,tthe H; ficldtcomponént frogmitieiverite comertdn finee32r abl y
bet ween 5 degrees and , '

would be less because cell 50 lies on line 34 adjacent to line 32. However, due to

the variability in the cells, the precise location of the asteroid curves in quadrant 2
can not be predicted, and thus the write margin, i.e., the separation of the two .
asteroid curves in quadrant 2 for adjacent cells, can not be accurately predicted.
However, with the present invention, the shape of the asteroid curve for cell 50 is
also altered, as shown in Fig. 7, so that even if the asteroid curve of cell 50 is
smaller, 6r the asteroid curve of cell 40 is larger, due to variations from cell to-cell, -
the ' mere difference in asteroid shapes provides a write margin, as shown by the
cross-hatched portion of qua&rant 2inFig. 7.

As the cells are packed closer, i. e., the size of the cells are kept the same
but the space decreases, the points V and W move closer to S and the benefit of
the asymmetric asteroid curves caused by the paired asymmetric cells becomes

increasingly important. The V and W points move closer to S because the distance



30 degrees and nost preferably about 15 degrees. The addi tional
wWeite margin provided by the use of asymmetric cells in a checkerboard
pattern is shown by the cross-hatched area in quadrant 2 of Fig. 7. Assune
that for cells 40, 50 the initial nagnetization direction of the free |ayer
in each cell is primarily In the -X direction, i.e., toward the left acute
corners of the A and B parallelograns.;foint S in quadrant 2 of Fig. 7
represents the vector sumof the fields Herr] and Herr] generated by
wite curr ertbsdideeougdiisldenreas@Psathe fizk strangyat thosealejghbbheinomeases foua r ent
through line 32 is in the -Y direction and the wite current through line
33 is in thelangér tactoniofdine fieldiabtheSelextenitedi de the A asteroid curve so the

magneti zation direction of the free layer in cell 40 will be flipped to be
general l'y in the IfiNedhdgretization (direeindfthefréé Bér sieell 40 wepé gedratyhia thel | ) .
However, 18 because the

adj acent B ceX Wirbéliohpthehhitifiy td the dellM@BIdsduelEinQuadradtl | i.edQhe Write ast er oi d
curve is the mrror imge of the A cell asteroid curve about the Y-axis. In

quadrant 2 tagrditeilihes s anaizg widdid/Be initRS -R Hhée ke elireBions, fe8bbctivelyeThugd curve
in the region where the applied magnetic field vector 1s designed to |lie.

In contrast, all A cefiPare sWitchédifrbiie1SEMB" SA1RE orddceiRda, BY switshing tHe \@rita! | OF

art, its asteroid curve would have the sane shape as”the asteroid curve of

cell 40 but ' 14 t 4 | @i in .
properties o?m‘t!ér?gs i(j:]g?i@gx "ggéﬁ%aﬁhﬁ {nﬁga%}rél ,gyrﬁeé@t&idnv (%??Négqéﬁéﬁﬁﬁe t he

jrerr] 11 el QukRamanenk (boqiiliheial)dnd nBalvl feid)n AadiBtl 4] ofGice! e

sane in this cell 50, the I'e onent fromthe wjte current in

vaver, o BRGSO Gablzobdd ASBrpleidsts s ipta ke |1 22
asteroi d Ccurya®e dufrefts?BiAReping the values of write currents the same. This is shown by
the applied field vector to point T in Fig. 7. Thus the use of the paired asymmetric
cells in the checkerboard pattern according to the present invention allows for fixed
values of write current to be used, while also providing the improved write margin
- as described above. Similarly, as shown in quadrants 1 and 3 of Fig. 7, all B cells
are swifched from "‘1" to “0'; states, or vice versa, by switching the write currents
through the B cells from both positive directions to both negative directions, or vice
versa. The increased write margin is available in all four quadrants.
In Fig. 7 the magnitude of H, is larger than the magnitude of H, so point S ..
lies closer to the easy axis (X) than the hard axis (Y) of the write fields. Thisis
often the case in GMR and MTJ MRAM arrays because one conductor is usually in

contact with the device and therefor currents through that conductor produce high

magnetic fields at the magnetic element which is in close proximity. The second



can not* be predicted, and thus the wite margin, i.e., the separation of
the two . asteroid curves in quadrant. 2 for adjacent cells, can not be
accurately predicted. However, with the present invention, the shape of
the asteroid curve for cell 50 is also altered, as shown in Fig: 7, so
that even if the asteroid curve of cell 50 is smaller; or the asteroid
curve of cell 40 Is larger, due to vari2qdions fromcell to cell, the nere

difference in er0|d es a Wit as shown by the
cr oss- hat ch&ah ?rl'%Hs‘ﬁQdﬁLFA’zq‘%]& i the,deyiep and there er}urtt)gg ¥ is are
packed cl oser, 1i. size of the cells are k t t he sarre but the
space decr edagreforg H@d%‘i’*%@a[\?rﬁﬁlgsWﬁﬁ@'@r&f'&‘é’r“qng e¥elsng the benefit of

the asymmetric asteroid curves caused by the paire nmetric cells
becones i ncr eas!igdy? Whee peahe is qiﬂ%er\mﬁw&ﬁ%ﬂﬁ@m@ S%%’é‘s dheallsmatings
because the distance . . . 19
t 0 -adj acent cbeskesbensd patierarevidesincrepsqdyviienearging ag indigated bydhgyhbor s
increases to a larger fraction of the field at the selected cell.

¥ the magneressahatehedareacTheaross-hatehed pea is where arveBiig Oﬁgdﬁ@wé/ed’ener ally
in the +X direction, then witing to the cell would occur in quadrant 4,
i _e., the wi(an@notedhatdhe Eixicomppnent of theawrite Seldinateatasghandhe ity - X and +Y
directions, respectively. Thus all A cells are switched from™" 1" to "0O"
states, or \omponenaSinog cunetBisioutsiderandneigbborgell 60(Fig. 6His tupgtB.tthe A cel | s
from+X (negative Herr] field) and -Y (positive Herr] field) in quadrant
2 to - X (pogieighber 41650 has & bighpr wiite field threshaltli acdedired fr HighelraWrité n quadr ant
4, or vice versa. Witing to Acells in quadrant 4 is acconplished by
mer el y r everraangin. thbext, cansiler a differamt situation wheesliin dgs lese thaal les Siicewr i t e
currents the sane. This is shown by

curve B and A cross at a point C (approximately equidistant from the Xand Y

axes), curve B is not outside curve A when Hy is less than Hy, as atarea D in

Fig. 7. It the write field vector for neighbor cell 50 of type B pointed to a point in
area D, cell 50 would not have a higher field threshold as desired. Therefore if the
Hy and Hy, magnitudes are _nearly equal, or the Hy field magnitude is larger than the
Hy ﬂeld for writing a celi, a different pattern of asymmetric cells is preferable. This
type of pattern is shown in Fig. 8.

Referring to Fig. 8 another embodiment of the invention is a MRAM array
wherein two different cells that are asymmetric in regards to the maénetization
direction of a magnetic storage element in the cell ( denoted A and B cells in Fig. 8)
are formed on a substrate in an alternating line pattemn. Celis of the same type are
in rows that alternate along the Y-axis, which is the axis closest to the hard axis

direction of the magnetic elements.



t he ap”pUed field vector to point Tin Fig. 7. Thus the use of the paired
asymretric cells in the checkerboard pattern according to the present
invention allows for fixed values of wite current to be used, while also
providing the inproved wite nargin as described above. Sinmlarly, as
shown in quadrants 1 and 3 of Fig. 7, all Bcells are switched from"1"
to "0O" states, or vice versa, by swtching the wite currents through the
B cells fromboth positive directions to?both negative directions, or vice

versa. The incregsg ﬁ%&%famgﬁwdiﬁ FRY/ 28, cabh Bf thB calld hdstaipardlislegrant S -

In Fig. 7 the magni r] 1s [farger than the magnitude of Herr] so

point S | 186 AR 1ehina8 &ith, Bibctridalf) coftittld\@niadings 811 33(35 of4 L he

wte fields. I's'1s case In J MRAM arrays because

one conduct $a5%l%&tb§f#§lrér%y Was ﬁﬂ(?é%%céféé Belb%: (g6 g@Hs‘?Qﬁd Blagfighy currents

t hrough tha oduce magnetic Tields at the magnetic

%:gﬁgéﬁ%ﬁ%ﬁ*ﬁﬂ?ﬁﬁi@jﬁ%@%@é@ﬁ ik e %%3?%%‘_‘“&35:&%3&*’; B her
LY A A S,
V\rrlﬁre ?ienihr \8/.2 .?Q’n‘??ﬁtggé‘gF%yW?tﬁ?nZ%?%‘gg'ﬁ'gﬁ%éga%cgg?y%&(%égﬁ%'?%gjI afﬁa S
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consi der a dtiyég?\r.ent sitgation where Hx is less than Hy. Since

Fig. 9 is a copy of Fig. 6 with original points of the write field vectors replaced
with points S', V *, and W', which represent the magnetic fields for cells 40", 60" and
50", respectively. The selected cell 40" of type A is written because S’ is outside
curve A. The neighbor cell 60" of type B is not written because V' is inside curve B,
and neighbor cell 50" of type A is not written because W' is inside curve A. The
cross-hatched region in Fig. 9 indicates the exira write margin achieved by

. choosin'g the alternating line cell arrangement according to Fig. 8.

Referring now to Fig. 10, another embodiment of the present invention with
GMR maghnetic elemeﬁts is a pair of asymmetric GMR spin valve magnetic memory
cells arranged in a checkerboard pattern, denoted as A and B cells in Fig.10, each
with a magnetic layer for storing data states with a predominant axis of
magnefization, where the predominant axes of magnetization of the magnetic layer

of the two cells are not parallel. GMR elements have at least one fixed magnetic

layer and at least one free magnetic fayer which is used to store data by its



curve B and A cross at a point C (approxi mately equidistant fromthe X and
Y "“axes), curve B is not outside curve A when Hx is less than Herr], as at
area Din Fig. 7. It the wite field vector for neighbor cell 50 of type B
pointed to a point in area D, cell 50 would not have a higher field
threshol d as desired. Therefore if the Herr] and Herr] nagnitudes are
nearly equal, or the Herr] field magnitude is larger than the Herr]
field for witing a cell, a different pa%3%2ern of asymetric cells is

pref erabl e. diddstign of magnétfza@at b8t n asahBRitA stricthiewittBintervening thin &KJpRFring to
Fig. 8 another enbodi nent of the invention is a MRAMarray wherein two -

different cgleés, ‘F‘?@f‘érébhﬁthé%)‘éﬂwuﬁairﬁ aki8 of Sﬁébﬂﬁebenéuh%é@ﬁf‘% ZR14 on
dirrection of "a nagneti c storage element in the cel (denot'ed” A'and B cel | s

in Fig. 8) rgdted E@ur’u’f@:dcl@dkmﬁses&mﬁiﬁea&u%ctséh&hé&ﬁdﬁ%ﬂ‘i‘%h‘idhr@n%é?«ﬁ@ Cell's
of the sanme type are in rows that alternate along the Y-axis, which is the

axi's ol osestught bR tAdadbingnt S Sithé emepéenta%aaan%tq ®, % RRBY n

21 In a preferred array shown in 8, each the cells has a

paral I el ogr auan@eﬁtabémsaeﬁaﬂatcbn ra?@ewﬂtahcarﬁb@swt&eu&é/nt? Mglive

wite lines are para to the array X-axis and are Iocated

bel ow a ro"‘inoff];g%'ﬂ’\é cheﬁl-éggié Qﬁﬁtle%o{ngtwa fiih i 4 gihgaxs?ﬁgo@a i &

34" (also us as se are subs 'y para

and are | 0GRS ool Tysiin CBliSapl! b i Ll 8% niR RS °0 1O

the wite 'l nas and cont as ‘descri above wite ce type A
a2 Y0 2. ok oSS A AT B B 2,
the X-axis bf%n?en?se ché’njthan all the conductors being-above the magnetic elements. In .

this way the average spaging of the conductors is minimized. Insulating layers

between the magnetic elements and the conductors are as thin as practical to

produce sufficient write fields with the smallest amount of current. Write circuitry-is

connected to the write lines to enable write currents to be directed in either direction

along their lengths. In addition to the write conductors described above, a sense

line connects a string of GMR celis in series. The sense lines 87 include the GMR

spin valve elements, such as elements 82,,84,'oonnected in series by low

resistance metal stitch regions 88.

The rotation of magnetization direction is preferably created by a difference

in shape between A and B cells. Various shapes will produce a rotation of

maghnetization direction away from the X or Y axes. Parallelograms, rectangles not

aligned with the axis, trapezoids, truncated parallelograms and other shapes are

possible. For ease of forming the overiap region between the stitch conductors 83

and the GMR elements in the A and B cells, and to provide for high packing density



type A Fig. 9is a copy of Fig. 6 with original points of the
wite field vectors replaced with points S, V', and W, which represent
the magnetic fields for cells 40", 60" and 50', respectively. The sel ected
cell 40" of type Ais witten because S is outside curve A- The nei ghbor
cell 60" of type Bis not witten because V- is inside curve B, and

nei ghbor cell 50' of type Ais not witten because W is inside curve A
The cross-hatched region in Fig. 9 i ndi‘®ates the extra wite mar gi n

hi eved b | afiklodr ' |
achi eved bybothBER Heblls Pt e Birafilodraiifis BRI, "ARDEIERIasdGAAAIG N0 1O

Fig. 8. Referring now to Fig. not her ment o

present | nvaRd BRIEK 19 are SHRa(BARGS! ShoRnTRRS 9. Frﬁe%«rgg}e;{raggg ;dg%vp%q@efri c GWR

spin val ve magneti ¢ nenory cell'sarranged™ n a che rn,

denoted as ﬁsﬁ‘n}ﬁ?tﬁc CENd & ahd? Bhk e@zm@?fi Has b&r‘f &s@ﬁﬁr@@é‘ﬁ\)}éﬁl@ﬁ%% g&r e the

storing data’states wth a predom nant axi S 0O magn
predom nant F@x?s of magnetization of the magnetic |ayer of the tvo cells
are not paraFlel. GWR elements have at |east one fixed magnetic | ayer and

%% direction of RegnAp oo S . BV MM RREy Lo S0 SpbPbreaiy gt o
A e
ek SRR R SR By e
for cer b, colfy, Y rahopmankes SBovenRt walbn e femsBdiesc® a4 Lot cn

'1es along Eh%erMRaéién%er?tg tf?at covers just a portion of the element width so that currents

flowing through the sense line are predominantly paralle! to the X-axis in spite of
the asymmetric shape 6f the A and B type GMR elements. The stitch elements 88"
‘all lie on the same line. The write current paralle! to the X-axis is carried in the
sense line 87'. The write current parallel to the Y-axis is carried in a conductor 85'
insutated frdm the GMR elements. The write field vectors for selected cell 40" and
neighbor cells 60" and 50" are respectively points S, V' and W’ in Fig. 9 since the
write conductor 87" that produced Hy is in close proximity to the GMR element and
increased write margin is achieved as described with respect to Fig. 9. In the
embodiment of Fig. 11 the write conductor 85" is preferab& above the GMR
elements so the GMR elements can be fabricated on a smooth surface.

Figs. 12A71 2E lllustrate other embodiments of paired asymmetric cells.
Fig. 12A depicts trapezoidal shaped cells with the axis of rotation being the X-axis.

Fig—. 128 depicts trapezoidal shaped cells rotated about the Y-axis.



presumed X-Y coordinate system Preferably, the wite conductor 85 is bel ow
the€ magnetic elenents and the other wite conductors 81, 83 are above the
magnetic elenents, rather than all the conductors being above the magnetic
elenents. In this way the average spacing of the conductors is mnimzed.

I nsul-ating |ayers between the nmagnetic el enents and the conductors are as
thin as practical to produce sufficient wite fields with the small est
amount of current. Wite circuitry is @bnnected to the wite lines to

enabl e wri t e Curgate ghapordbSer el PhirigdllyiabaP Bt  hei

l engths. In addition to the wite conductors de d above, a sense Iline

connects a Scfléﬂ\léq? tHe JOMRd AR, iN?)téﬁ{a.i i %e-ﬁggallgié’b?%nﬁgl h%EFérl] R&fuge the

GWR spin valve elenents, such as el enent necte series by

lrrg\gljvne{ ?iiﬁtts |t g%‘égﬁérﬁg%ﬁ# 3%b:etsa%€rt‘ é?glrg(ég ;‘/A’ﬁg}rafa?ﬁ'seafﬁﬂ/n Ig&gll t?"gt&ée'{r?gélyoi n shape

b A Var.i ] ; tafi .
magnet | zat | SAPUEEMS e BRUGRRRBNRNE Sanehlin B RerdhdirageS e s
rectangl es trapezoi ds runcat ed paral |_el ograns

and ot her s %g%%@agfg’%%%s\gsﬁhg Igtg.gr%ﬁﬁél%ﬁs‘g S¥me rlyrﬂnﬂéﬁ% H'«?%W"gﬁx‘ﬁ &Yi on
et e bR T e B o By R oty Sty °
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avoid the problem of multiple magnetic domains caused by abrﬁpt changes at the |
ends of the cells, as described in U.S. Patents 5,767,695 and 4,731,757.
Fig. 12E shows a pair of cells having a truncated parallelogram shape,
where the axis of rotation is th_e Y-axis Thus in the present invention, even though
the drawings show pbinted ends of the parallelogram and trapezoidal shaped cells,
it is understood that such cells may have smoothly shaped corners at the apexes of
the cells.
While in the present invention the preferred embodiment has the A and B
cell'typés as mirror images of each other, this is not required so long as each of the
cell types is asymmetric, i.e., the cell has a shape with a predominant axis of
magnetization that is not parallel to either the X or Y axes. Thusitis pbssible in the
present invention to select any one of the A cell types from Figs. 12A-12E and any
one of the B cell types of Figs. 12A-12E in order tb form an asymmetric pair.

While the invention has been particularly shown and described with

reference to preferred embodiments thereof, it will be understood by those skilled in



Referring nowto Fig. 11, a GVR MRAM array uses two types of cells of an
asymmetric pair (denoted. A and B cells in Fig. 11) forned on a substrate in
an alternating line pattern along the axis (Y-axis) that is closest to the
hard. axis of the cells. The arrangenent uses an overlap regi on between the
netal stitches 88" and the GWR el enents. that covers just a portion of the
el emrent width so that currents fl.owing through the sense |ine are

predomi nantly parallel to the X-axis in28pite of the asymetric shape of

the A and B s 4R HoRSBRARaes TR o ddbtls BB mc tndfbh dituP L he sae

line. The wite current parallel to the X-axis’is carrie e sense
line 87'. Th i I i t; ~AXis is carried in a-

conduct or 85$eﬂgidﬁigﬁﬁr§#élé§%lgﬁdﬁégbgﬁf@Fe‘ﬂe&r@%& The wite field vectors for
selected cell 40" and neighbor cells 60" and 50" are respectively points
S, V and W in Fig. 9 since the wite conductor 87" that produced Herr]
iscinclose proximty to the GWR elenent and increased wite margin is
achi eved as described with respect to Fig. 9. In the enbodinent of Fig. 11
tthe wite conductor 85" is preferably above the GWR elenents so the GWR

el ements can be fabricated on a snmooth surface. ' Figs. 12A-12E
illustrate other enbodi nents of paired asymmetric cells. Fig. 1 2A depicts
trapezoi dal shaped cells with the axis of rotation being the X-axis. Fig.
12B depicts trapezoidal shaped cells rotated about the Y-axis.

24 Figs. 12C and 12D depict generally rectangularly shaped cells
canted relative to the X and Y axes. Note that the generally rectangularly
shaped cells of Figs. 1 2C and 12D each has a geonetrical axis of synmetry
t hat .general ly



coi nci des with the predom nant axi s of nmagnetization, but these cell shapes

are still asymetric because the geonetric axis of symmetry and the
predom nant axis of magnetization is not parallel to either the X or Y
axes. The generally rectangularly shaped cells in Fi F-¢=—12C have tapered

ends along the long axis. and the generally rectangul msha d celts in

Fig. 12D have rounded ends. These types ¢f§ cells avadi tﬂ']
mul ti pl e rragnetl c domai ns caused by abrupt changes at '

cells, d\%%{isb&?; .S. Patents 5,757,695 and 4, 731, 757 nos *FI g.
12E shows apar o S having a truncated parall eI ogram shape, where
the axis of rotation |s the Y-axis Thus in the present invention, even

t hough the drawi ngs show poi nted ends of the parallel ogram and trapezoi dal

Corher's at the dpexol AROREHadragé mthicly &y GRS coen T

i nvention the prefl&ﬁge{i enbodi nent has the A and B celltypes as mrror
i mages of each SHEPE i s is not required so |l ong as each of the cell
t'ypes is asymetyj S a sha{) nani axis of

magnet i zation t f&® ffas}"?fg‘f’°&ﬁ%ﬁa|°fmagf'%'°e'ﬁ?'ﬁ'8w eﬁ%}l‘\g}(}“gp%?qg?(ﬁg it is
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or der tofom nas tr| ai r Wil e the invention has been
parti cul arl{? §ﬁ B’BE&fWWh reference to preferred enmbodi nents
thereof, it wll be derstoo by .t hose skilled i

25 the art -that B s° éﬂ‘ﬁﬁﬁg‘%' éﬁc"’r"éfpﬂﬂ V%&%%@%@B@%&E@*ﬁherei n

wi t hout ,
a plurality of columns of electrically conductive lines formed on the substrate,

the rows and columns of lines intersecting near the memory cells.

‘ 2, The memory array according to claim 1 wherein the alternating
pattern is a checkerboard pattern with all the.nearest neighbor cells of a first type of

cell being a second type of cell.

3. The memory armray according to claim 1 wherein the alternating
pattern has ali first tybe of cells in altemnating rows with all second type of cells in

rows adjacent to the rows having the first type of celis.

4, The memory array according to claim 1 wherein the first type of cell is

shaped generally as a parallelogram.
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depart“i ng fromthe spirit and scope of the invention. —m

-26 - VWhat is clained is: 1. A nonvol at i ry
array conprising: a substrate; a plur ﬂ mmm
menory cells, each of the cells being one of two types x dk erentlsy *

shaped cells, wherein the first type of cell has a shape that is the mrror

i mage of the shape of the second type of @éll, the two types of cells being
formed on the substrate as an array of cells arranged in an alternating
pattern; 52 PlEHAnking éj%? [ S
formed on the substrate nPérr ﬁ%%f1%+réw;t§g§&yp\é?tfF%'leI

conducti ve I Qﬁédéﬁte gr’em)ry Wrﬁ@l@gmﬁthe rt)ws and col ums of Ilnes

i ntersecting near The nmenory array
according to claim1l wherein the alternating pattern is a checkerboard
pattern wth all the nearest neighbor cells of a first type of cell being a
setond type of cgll

wher ei n t]hel al tegnatl nhge %SY‘PEY?{?%S aﬁd?'—%fl rs%nly @%&Egﬁﬁ’g%ﬁ%ﬁé‘gﬁ;ﬂ Egl

fm“st “type STaBEr SaTortf S Slockihgleand s o RE BTGRPk B et B et m 1
he f f ' h Il el
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of cell is shaped generally as a truncated parall el ogram

7. The memory array according to claim 1 wherein the first type of cell is

shaped generally as a trapezoid.

8. The memory array according to claim 1 wherein the cells have a
{ength and a width and wherein the ends of the lengths of the cells are generally

smoothly curved.

9. The memory array according fo claim 1 wherein the memory cells are

giant magnetoresistive memory cells.

10. The memory array according to claim 9 wherein the rows of
electrically conductive lines include the giant magnetoresistive memory cells and

conductive stitch regions that interconnect the giant magnetoresistive memory cells.



6. - * THe menory array according to claim1 wherein the first type of cell

i s™ shaped generally as a rectangle and is arranged on ith
its length at a nonperpendicular angle to the rows : et f lines.
7. The nenory array according to.claim1l wherein tﬁ"mﬂmmgﬂpﬂw! cel |
I's shaped generally as a trapezoid. ' 8. The rrenorys e

according to claim1 wherein the cells hag® a length and a width and
wherein the ends of the lengths of the cells are generally snoothly

curved. 119 ThahRmBiyBiy SédoRing &K rihdr S3ribBirk dBEREYY the

menory cells are giant nagnetoresistive nmenory ce

Menory arr aykop8e@ivaisBlsd fhed iﬁf'emo%n%ﬁ\g%é‘ faﬁ?mé@r}l@o@gisﬁ\% @%&@h@éﬂ% q

conductive lines include the giant magnet oresi stive nenor
conductive stitch regions that interconnect the giant nmagnetoresistive
menory cel | s. 11. The nenory array according to claim?9

further conprisigg elfed Heﬁ%d%‘g?‘f‘gé&%ﬁé %eclﬁﬁqg&hétjﬁe&gtﬁ i ﬂt eé)_():,%?{i]sg%ei ng the

gi ant magnet oresi stive nenor

accor di ng- t GnglABYdhnbEhGhdh hBfoRPEIEY cells are

13. The memory amray according to claim 12 wherein each of the
magnetic tunnel junction memory cells comprises: |

a fixed ferromagnetic layer having lts magnetization oriented in a- preferred
direction and substantially prevented from rotation in the presence of an appiied
magnetic field caused by electrical current flowing through the lines;
- a free ferromagnetic layer whose magnetization is free to rotate in the
presence of an applied magnetic field céused by electrical current flowing
simultaneously through both of the lines intersecting at the memory cell; and

an insulating tunnel barrierlayer located between the pinned and free

ferromagnetic layers.



magneti c tunnel junction nmenory cells. 13. The nenory array
attording to claim 12 wherein each of the magnetic tunnel junction nenory
cells conpri ses: a fixed ferromagnetic | ayer hatuummlﬁsmuwl" |"I
magneti zation oriented in a preferred direction and s | '

prevented fromrotation in the presence of an applied ragheticiéld”
caused by electrical current flow ng threggh the ['ines; a free
ferromagnetic | ayer whose nmagneti zation is free to rotate in the presence

of an applied magnetiqohidthfle FRighest P¥mBheStdY SFdhaghielic Ritinef juRMtoRd

si mul t aneously through both of the Iines intérsecting at the nenory cell;

and AT I oo | &Hgmg barrier |ayer |ocated between the pinned
and free f(err%mgrﬂF%gl ay rsi.ng'

-29 - L4 teA nNonvol atile magnetic nenmory array of magnetic
tunnel junction (Nﬁzﬁf{a nenory cells conprising: - a substrate;

afirst set of Badlsetbe SLaRd blesachiy GABCLALIINES IdAES oh BB e

substrat e; set 0 ectrically conductive lines
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parallel to one of the |ines, each of the cells being fornmed at an

i ntersecti dff9P8%i on on the substrate and the two types of cells being

arranged on the substragte in a checkerhoard. paLtern. 15. The

nMenory array ac@Bracﬁaﬂé’ﬁ%o bj]Pg? Hfmagqsﬁ@ﬁgtpq??{lﬁgﬁqq ?eglf’ fomed Btheel | i s shaped

generally ai%te?se%agﬁ Feeg;%nasn&uéh%rsugsab[a% {neé %cﬁgs]board pattem, the first type of cell
having a shape that is identical to the shape of the second type of cell when one of
the types of cells is rotated 180 degrees about an axis generally paralle! to one of

thelines.

15. The memory array according to claim 14 wherein the first type of cell

is shaped generally as a parallelogram.

16. The memory array according to claim 14 wherein the first type of cell

is shaped generally as a truncated parallelogram.
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16. ; - " The menory array according to claim 14 wherein the first type of

cell is shaped generally as a truncated parallelogram __ __——

30 17. The nenory array according to cIa|n114 mherel first
type of cell is shaped generally as a rectangle\ﬂ“ﬂ“ﬁ \; | ﬂ!&gagn the . -
substrate with its length at a nonperpendi cul ar on and
colums of |ines. 18. The nenorgoarray accordlng to claim14
wherein the first type of cell is shaped generally as a trapezoid.

19. The nenory1a r agheanembai dithyt atcotdirignto bibimhidnehigneih ige firet fype bhwal a
|l ength and a width and wherein the ends of the lengths of the cells are

general Iy issRapdal genertilly 88 a rectangle and is arranged @n thé\stisira®d @ith itSlengmnet i ¢

nenory array conprising: a substrate; an array of two types
of magnet | Cat@&i&bérp@ﬁhxb@laféﬂd@fb 8 réeasd/8sibmAs B finds, an al ternating
pattern; a plurality of generally parallel rows of electrically

conductive lines forned on

18. 'The memory array according to claim 14 wherein the first type of cell

is shaped generally as a trapezoid.

19. The memorty array according to claim 14 wherein the celis have a
length and a width and wherein the ends of the lengths of the cells are generally

" smoothly curved.



the substrate; . a plurality of generally-parallel colums of
electrically conductive lines formed on the su rate, the col ums of

| i nes bei ng arranged generally perpendicul ar tojm” l" #w"ﬁu es and th
rows and colums of |inés intersecting near the : ””Iund -
wherein all the cells of the first tyge have a predom'lhan“[ axi & of

magneti zat i onht hat is ](c)ri ented to forma countercl ockwi se acute angle with
respect to the rows, of lines, and.all the cel . _t.he second type have a
pr edoni nant axi<"of Am&@f%%ﬁ%‘*&@@"ﬁFé‘ﬁ?’g’%”% forma cl ggkwi se
acute angle with resz_o ct to the rows of I|ines. 21. The menory
array accordi ngaf:;%b 1% 'm 20 wherein the first type of cell has a shape
that is different fromthe shape of fhe secon Ef e of cell & 22.
The menory arr a0 8FBHPHMIJYRSS A IMAGRESY MRMONEPE!S %B‘efjiq"stﬁets%%r%? "cell  has
a shape that is the mrror inmage of the shape of the second type of cell.
?2 oy QB.a'teng!“%ﬁ%‘?fV; array according to claim22 wherein each of the
irst an second types of cells has a geonetric axis of s try that
general |y coi nc@ ablsalﬁmpmeneﬁélwa@lemowagﬁf e‘&ﬁ"@'yfmﬁﬁ%ﬁl'ﬁéﬁ%?a’ on:

24. The nmenory array according to claim 20 wherein the alternating
the substrate; :

a plurality of generally pa'rallel columns of electrically conductive I_iﬁnés formed

on the substrate, the columns of lines being arranged generally perpendicular to the
. rows of lines and fhe“ rows and columns of lines intersecting near the memory cells;

and

wherein all the cells of the first type have a predominant axis of
'magnetization that is oriented to form a counterclockwise acute angle with respect
to the rows of lines, and all the cells of tﬁe second type have a predominant axis of
magnetization that is oriented to form a clockwise acute angle with respect to the

rows of fines.

21; The memory amray according to claim 20 wherein the first type of cell

has a shape that is different from the shape of the second type of cell.

22.  The memory array according to claim 20 wherein the first type of cell

has a shape that is the mirror image of the shape of the second type of cell.



pattetr is a checkerboard pattern with all the nearest nei ghbor cells of a

fisrst type of cell being a second type of celT- The nenory
array according to claim20 wherein the alter mulnas all first
type of cells in alternating rows with all cnmllmﬂuu)mu) | S |n rows -
adj acent to the rows having the first type of cel Fs. * The
menory array according to claim 20 Wneret;@theflrst type of ceII S
shaped generally as a parall el ogram 27. The nenory array

according to clagsm 29h i abrBf addofrdibg Wcﬂﬁnﬁzﬁﬁ‘é&:m edch cfiRPmet arneral |y
as a truncated parall ogram he nmenory array according to

claim 20 W“?é ly?%r § of | bél d?ﬁetﬁt?éils of éy?nrﬁélﬂplﬁﬂt %%élﬁ'do)ﬁg?ﬁga

rectangl e an ange substrate with’its

nonper pe”d'@ﬂ'ﬂ ﬁ%}ﬁgﬁr@é]%@ %’{Lre%f;ﬁ%@‘cgf% ioh0l ums of i nes.

33 Ing to claim20 wherein the first
type of cell is shaped generally as a trapezoid. 30. The nenory
array according to claim?20 wherein the cells have a length and a width

a‘n_d wherein the ﬁ?ds TRfe n%er}\?oql/ %Pr% Qéoo?éiné H)eclgtﬂl ﬁ@wﬁé@irﬂﬁg%ﬁt@#daﬁng

pattern is a checkerboard pattern with all the nearest neighbor cells of a first type of

cell being a second type of cell.

25. The memory array according to claim 20 wherein the alternating
pattemn has all first type of celis in alternating rows with all second type of celis in

rows adjacent to the rows having the first type of cells.

26. The memory array according to claim 20 wherein the first type of cell

is shaped generally as a paralielogram.

27. The memory array according to claim 20 wherein the first type of cell

is shapéd generally as a truncated paralielogram.

28. The memory array according to claim 20 wherein the first type of celi
is shaped generally as a rectangle and is arranged on the substrate with its length

at a nonperpendicular angle to the rows and columns of lines.



srmgt-ﬁlﬁl cur ved. 31. The nmenory array according to claim20
wherein the nenory cells are giant nagnetoresistivernerory—cells.

32. The nenory array according to claim 31 whengj e
electrically conductive lines include the giant TWMMH,EH@IHN menory
cell.s and conductive stitch regions that intercénnectt _

magnet oresi stive nenory cells. 383. The nenory array according to

claim 31 further conprising electrically conductive sense |ines

i nterconnecting pdie OfrYhefBE v &%bmﬁdg/@d@ﬁ@%ﬁ&émheﬂrsuygeof‘cé:ﬁ- The
menory array according to claim33 wherein the nenory cells re magnetic

tunnel | unctgd §iapBRHRhY¥ralfab 8 trapezoid. |

30. - The memory array according to claim 20 wherein the cells have a
length and a width and wherein the ends of the lengths of the cells are generally

smoothly curved.

31. The memory array according to claim 20 wherein the memory cells

are giant magnetoresistive memory cells,

32. The memory array according to claim 31 wherein the rows of
electrically conductive lines include the giant magnetoresistive memory cells and

conductive stitch regions that interconnect the giant magnetoresistive memory cells.

33. The memory array according to claim 31 further comprising electrically

conductive sense lines interconnecting the giant magnetoresistive memory cells.

34. The memory amray according to claim 33 wherein the memory cells

are magnetic tunnel junction memory cells.



