WO 03/ 044800 PCT/ US02/ 36464 1 ASYMVETRI C MRAM CELL AND BI T DESIGN FOR

| MPROVI NG BI' T YI ELD [0001] This application clains the benefit of U S.
Provi si ol -Bat4sné  Application No. 60/331, 421, filed on Morardo®se4&b, 2001,
the entire contents 5 of which are imcorporated herein by reference.

FI ELD- OF THE | NVENTI ON [ 0002] The present invention relates generally to
menory devi ces andASYMMEPRIC MIRAM CELDL AINDLWBYERESIGN el | and bit

design for inproving the HORIMPROVING BIJNEIBLEBS| stive random access
menory (MRAM device. 10 BACKGROUND OF THE I NVENTI ON [ 0003] I ntegrated

circuit designe[gofieye Bhsappliadogilaimbehe bemdfit ofdifiSc Brabisioral Datemsry:  a
device that is randomly accessible, can be witten or read very quickly,
i s non-vol APgh@aﬁMd. 609BBD402| fled| SrENabt@ibeni, 200k, the sntifet ddngentsover .
MRAM t echnol 6gy has been increasingly viewed as offering all these 15

advant ages o¢ Q¢ reARcAYBOMdEME e by Rife@hty. i ncl udes an array of magnetic
menory cell's. A typical "magnetic menory cell has a structure which includes

magnetic | ayers separated W Magneti c vectors in one
magnetic | ayer, typically e ptnned | ayer, are magnetically
fixed or 20 pinned in one direction. The magnetic vectors of the other
magnetic | ayer, ferred to as th , e not
fixed so that i t[gbhzgne{rﬁ?gﬁ%%t IF e fcg%t%% g&?ﬁggﬂe}p §Oo§1§€\nl% ch gétsmaég{%
"parallel™ and "anti-parallel” states relative t ' I In
response t SKPIHEFY %ItOM%[?n’teﬁr C ﬁ"é{ﬁ‘é‘ﬁ’% dr%ri%lﬁg rf9E gﬁ?lll%k’%%ﬁ?‘c bﬁ%ﬁglda | ow

resi stance state. Conversely .and in res onsgI [TR%ItIB]% anti-parallel state,
ora magnetoresmtwe random access me ory CVICCE.

10 BACKGROUND OF THE INVENTION

[0003] Integrated circuit designers have always sought the ideal
semiconductor memory: a device that is randomly accessible, can be written or
read very quickly, is non-volatile, but indefinitely alterable, and consumes little
power. MRAM technology has been increasingly viewed as offering all these

15 advantages.

[0004] An MRAM device typically includes an array of magnetic
memory cells. A typical magnetic memory cell has a structure which includes
magnetic layers separated by a non-magnetic layer. Magnetic vectors in one
magnetic layer, typically referred to as the pinned layer, are magnetically fixed or

20 pinned in one direction. The magnetic vectors of the other magnetic layer, often
referred to as the storage or sense layer, are not fixed so that its magnetization
direction is free to switch between “parallel” and “anti-parallel” states relative to
the pinned layer. In response to the parallel state, the magnetic memory cell will
have a low resistance state. Conversely and in response to the anti-parallel state,

25 the magnetic memory cell will have a high resistance state. The MRAM device

associates these two resistance states with either a logical “1” or a “0” bit value.



25 the magnetic nenory cell will have a high resistance state. The MRAM
device associates these two resistance states with either a logical "1" or
a "0" bitwoabets00AD 03/ 044800 PCT/ USO2/ 36464 2 [0005] A Ipcgiusat/36484 or " 0"
is usually witten into the magnetic 2nmenory cell by applying external
magnetic fields (via an electrical current) that rotate the nagnetization

di ti inth «y YPLGAL | h i ent at,i f

mmgneti ati on 1 1ORRIS0 R RS sy PP L7 dsualy SslenSHiT Bedagartcs 1 he
-axis. 5 Th I tig field lied to flip th

or T ontat ;oM GPORREAILEY SaRYEE amime e A G rorgel et s t o

either the parallel or anti-parallel, rientatjon wth respect to the

ori ent at i orfORLe HaGHAGRSUFALOL ‘?‘FFCPHE %itﬁﬁg@re}gyléyer. \gféiﬂéﬁﬁg ,rfgc@r’ilcle?élQ!’esi red
| ogi c state.. [0006] NRAM devi ces usual ]y include an array of row |ines and
10 col unm |affRegnatizatign dn gacworage Jaysr plignsalens ap aais knaynesithe easgtagis. t o t he
magnetic nenmory cells during witing. The magnetic menory cells are
usualdy | ocHtertgtnal magaetie Selds are w%pﬁéo démtha erentation ebmagnetization. A

sel ected magnetic menmpry cell is usually witten by applying electrical
currents t dntthe siosngs lytralongits sa-axis torpither theparalieltoriantirasadlel at t he
sel ected magnetic nenory cell. 15 [0007] FIG 1 illustrates a portion of an

array 10 oforieaiaiéan witheiespagt ta 8id erigntatido of thagnetizasionyipitbe pinvedNaydevi ce.
The cells 11 are arranged into rows and columms with each row having an
associ at ed depandingeon theadesired ddgicstatemm  havi ng an associ ated col urm |ine
14. In addition, the cells 11 are arranged with their |long axis extending
paral l el to the [0086]i n@dRAM dadceshesunlly irehslecarsaraxofaortlirgstaaddi ng
parallel to the colum |lines 14. Referring to FIGS. 1 and 2a, each cell 11
has #&n easyohxis lik@s ofiatrarg netd wedpiphntii exeanabmpgnaid fdldsdd dhetrhgedeitg axi s
(length) of the cell and a hard-axis 20 of nagnetization directed parall el
with the memory cells during writing. The magnetic memory cells are usually located at
intersections of the row lines and column lines. A selected magnetic memory cell
is usually written by applying electrical currents to the particular row and column
lines that intersect at the selected magnetic memory cell.
15 [0007] FIG. 1 illustrates a portion of an array 10 of magnetic memory
cells 11 found in the typical MRAM device. The cells 11 are arranged into rows
and columns with each row having an associated row line 12 and each column
having an associated column line 14. In addition, the cells 11 are arranged with
their long axis extending parallel to the row lines 12 and their transverse axis
20 extending parallel to the column lines 14. Referring to FIGS. 1 and 2a, each cell
11 has an easy-axis 19 of magnetization directed parallel with the long axis
(length) of the cell and a hard-axis 20 of magnetization directed parallel with the
short axis (width) of the cell. Each cell 11 has a column line 14 that generates an
easy-axis magnetic field when current is applied through it and a row line 12 that
25 generates a hard-axis magnetic field when current is applied through it. The

manner in which currents generate magnetic fields in magnetic memotry devices

is well known in the art andis not discussed herein.



short axis (width) of the cell. Each cell | | has a columm line 14 that
generates an easy-axis magnetic field when current is applied through it
and a rowbDion@44B80 t hat 25 generates a hard-axi s magneti c PCelusomb@m current
is applied through it. The manner in3which currents generate magnetic
fields in magnetic nenory devices is well known in the art and is not

di'scussed her ei ool OSFUAABARAUNTARAGOASthe Ghsy QAR reflieedmaiatine |1 el d

aligned to the easy-axis Is referred to herein as the easy-axis wite

field whilg %@{%@{-Qﬁﬁ v{:/:it@lﬂQki @Pn@hﬁrm@r he1das rdfb@ed 26 ds fhd BardWiist e fi el d.

It is desire only the selected magnetic nenory cell receives both

R N s

referred t&" ecause individually’they cannot swtch
the contept f cell..|npraeti . en : i ite field is
usual |y reg8ﬁ’r§’(§ca§¥f&§l§ ﬁ%aﬁ%la%ugggftgg igaé?%éaﬁgﬁﬁﬁog%@- Xis wite
field is referred'to as. th it chi -f1.el 9 i ored in the
sel ect ed né?fgﬁfvf E i a Palfislest Rl hegadie r“ﬁe‘?lﬁldqi'&[ g%gaéa“ggfse‘@éehd LS A of
t he remai ni ng nenp cells coupled to the cal o J whi ch
are not théoﬂ@gﬁ%égegeﬁgcﬁréﬁmfehwﬁwé’ %ﬁ%afae%nﬁeé%l %r%sgﬁw(' térﬁe ekt ed
cells" and their cqrrespaonding .bits are "unselgcteed hits," unsel ect ed
cells coupF%aSWhﬁésegﬁﬁtd]eg‘krl"g@Pec%’Fm -W%sémg%ﬁglﬁ@r&gggﬁl\t/%lgﬁ\cy t he
easy-axis wite field. Simlarly, the unselected cells coupled to the
particul ar swighing felde ysual | y receive only the hard-axis wite field. The

magni t udes of the easy-_axi s and hard-axis ite fields e ual | y chosen
to be high enoud@083]t hd etb,;,iéstoqudpége B?)i?CtF‘ﬁ:ﬁn?%o@'e‘fc dt %é%%ﬁoe ?r(?}}htsnory
cell switches its Io?hiyc state, but are |ow enoygh so, that,the stored bits

in tHe unseseadsdectedhiry Abof the remaining neragr «llf cPBPISHY) BAEOWMT he write

fields, do not swtch. An undesirable swtchi ncg .
line or row line, which are not the desired selected cell are referred to herein as

“unselected cells” and their corresponding bits are “unselected bits.” The
unselected cells coupled to the particular column line usually receive only the
casy-axis write field. Similarly, the unselected cells coupled to the particular row

15 line usually receive only the hard-axis write field. The magnitudes of the easy-
axis and hard-axis write fields are usually chosen to be high enough so that the
stored bit in the selected magnetic memory cell switches its logic state, but are
Jow enough so that the stored bits in the unselected memory cells, that are
subject to only one of the write fields, do not switch. An undesirable §witching

20 of a stored bit in an unselected magnetic memory cell (i.e., one that receives only
one of the write fields) is commonly referred to as half-select switching.

[0010] A serious problem that needs to be overcome in order to build
reliable MRAM devices is the distribution of the switching fields that occur in
the selected and unselected bits. A distribution of selected or unselected write

25 fields strongly degrades bit yield. This is due to an overlap in the distribution of

the write currents between the selected and unselected bits. It has been



20 of a stored bit in an unsel ected nagnetic nenory cell (i.e., one that
receives only one of the wite fields) is conmmonly referred to as

hal f - sel ewD 03mi480thi ng. [ 0010] A serious problemthat need®PCr@SoE3@eLr come
in order to build reliable MRAM devid¢es is the distribution of the
switching fields that occur in the selected and unselected bits. A

di stributign of .sel . | th&afed 1 Higps bF gRGh¥mdegr ades
bit yield. 8%%“\3;“{?6? %&%ﬁﬁ%Bgoryf%ég% ﬁ%sﬁtnaw% ee% stributi %n of the wite
currents betyween the sel ected and unselected bits. It has been WO 03/ 044800

PCT/ US02/ 38%64 4 determined that this problemis attributable in part to
the shape of th Fﬁﬂory ells, [.001 R 1L.0g; I nd as

di SCUtSSGd ab?yeio t ty%f%ﬁrlmgﬁ% 29%%‘%%%%2%?%@6})@{%@0_ ' ud
magnet or esi sti ve rial. For exanp e i . i ncl udes
afir s: ga?@??’?’ qrgggih¥6mﬁﬁﬂ’1%ﬁ¥8?&ﬁm?%ﬁ%e ?%mjlea%/{gérefl%,eﬁ%&ghi%%e .
separat e a first c uc or. insul ati SRacer .he stac
of mégnet i %ﬂh‘sﬁéﬁdrﬁi V‘Efulré%/érﬁg“é?%g%%]tcg%cﬁgg t ednae%%ﬁh?%& agsnfﬁTeret rical
shape such as an ellipse, rect | e.or hexagon. FlG, 2a il]lustrat a
memory cel Hayer 1 which qf%é?l%ﬂ‘iﬁtﬁag} %fiEgpgon ‘ff%l"ﬁeorilflflﬂgtf?%f%aﬁcrrl&%a%ul ar

cell 11, 10 the layers 16 and 17 have a ragnetiz tion vectar 21 that is
posi t i oned Thagsatkpfrmagneficang Pl MASEHE TS ArGQEED RAETHEA 0. ol | 11. The

vector 21 is depicted with an arrowhead ai each end %,(E ggg(rqfsent t he two
different spegmeitical shapmsushras enj dhipsenfeckngle prehexagpng FIG WEIESAEd above,

the nmagnetization in one of the |ayers 16/&17.'3 gener al | i nn whi |l e the
15 magnet i zatmory ofll hwith hesctangpdar shape cln eflh%%f%tegr*’cftt%ﬁl@ﬁ)ﬂfrﬂﬂ pt her of
the two positions represented by the vector 21. f_LOQlZ] .The (Pr oblemwi th

t he shape ahetldyersclé amhi 7y ethagnasizatign vector 21 that is positione

substantially along the length or easy-axis of the cell 11. The vector 21 is
depicted with an arrowhead at each end to represent the two different
magnetization directions within the cell 11. As discussed above, thf:
magnetization in one of the layers 16,/17 is generally pinned while the

15 magnetization of the other layer 17 /16 is free to rotate into either of the two
positions represented by the vector 21.

[0012] The problem with the shape of the cu-rrent magnetic memory
cell (i.e., ellipse, rectangle, hexagon) is that they are perfectly symmetrical. Any
slight deviation from the perfectly symmetrical shape due to, for example,

20 manufacturing process variations can cause a significant change in the magnetic
fields and currents required to write a bit into the cells increasing the distribution
of write currents within the array. This decreases write margin (i.e., the
difference between the write currents of selected and unselected bits), which
reduces bit yield.

25 [0013] Accordingly, there is a desire and need for a cell and bit design

that increases the write margin and bit yield in an MRAM device.



cell (i.e., ellipse, rectangle, hexagon) is that they are perfectly
symmetrical. Any slight deviation fromthe perfectly symetrical shape due
to, for ewerploeso®0 manufacturing process variati ons can CENSS0A36464
significant change in the nmagnetic fpelds and currents required to wite a
bit into the cells increasing the distribution of wite currents within
the array. This decreases wite nmargin (i.e., the difference between the

M AL HIINVENTION ch  reduces bit yield.
25 [0013] Accordingly, there is a desire and need for a cell and bit design
that increases the wite margin and bit yield in an MRAM device. WO
03/ 044800 PCT/ ugoaw]menhe preStdARN i Preid f oemyry Tels pf @ ent
i nvention provides a design for nmenory cells of an MRAM devi ce t hat
i ncreases WMIRAM ideGicotiaiincrands tid wyitehdrgih andebitvReld ofahe MRAM ggUsE. The
above and ot her features and advantages are achieved by 5 providing an
asymetric cel | [goU5pi t THeab&We aridbbther fédtares and ydwettages adesihjevedfhyr  an
MRAM devi ce. The design is-asymmetric when refl ected about the easy-axis
and has a ¢eniifRictht RomrhéridicePbad &t ddsitm, rivhebilfancesyhaneaic alesighh for
hard-axis. “"This “asymretry is | arge enough so that manufacturing process

variations é.g(i\/[MMSdH%&Efi NtHcAddsiirCl asgRmichec ok edfleagdfdbelud shotasyheisst or ed
bits. In addition, the 10 asynmetry causes the ends of the bits to align in

opposi te di | LR ARk ks digbifcedS@b@Cine Wit digeraichPeichdrélaxiso Baish ot her
at | arge hgﬁgﬁggﬁg%?h?feldsf mﬁ%cﬁ increases the difference in the

SW tchi ng %ﬁ%ﬂ%}&?&éﬁ?@eﬁ@d@fé&%ﬁ%ﬂﬂfﬁﬁﬁﬁg9?0&Est\&riaﬂibﬁs de@mbi ned ef f ect

of "t hese t rPstics results in increased bit yield (relative to

simlarly s hﬁgt%nﬁmaggg éﬁﬁ\%ﬁ%@mﬂg gll%l&s%f A6t & Bits "Bl h@didenetHeap bet ween

is selected Ing distributions.
10 asymmetry causes the ends of the bits to align in opposite directions in small half-

select fields and parallel to each other at large half-select fields, which increases
the difference in the switching fields between selected and unselected bits. The
combined effect of these two characteristics results in increased bit yield (relative
to similarly sized symmetric cells and bits) due to a smaller overlap between

15 selected and unselected bit switching distributions.
BRIEE DESCRIPTION OF THE DRAWINGS
[0016] | The foregoing and other advantages and features of the
invention will become more apparent from the detailed description of exemplary
embodiments provided below with reference to the accompanying drawings in
20 which:
[0017] FIG. 1 illustrates a portion of an array of magnetic memory

cells in an MRAM device;
[0018] FIG. 2a illustrates a simplified view of a memory cell in the

array illustrated in FIG. 1;



BRI EF DESCRI PTI ON OF THE DRAW NGS [0016] The foregoi ng and ot her advant ages
and features of the invention will becone nore apparent fromthe detail ed

descri pt iwo oef44saenpl ary enbodi ments provided bel ow wi t hPcefusezses t o t he
acconpanyi ng drawings in 20 which: [6017] FIG 1 illustrates a portion of

an array of magnetic nenory cells in an MRAM device; [0018] FIG 2a

illustrates a sj [fi | £ W,,0f (I lustrated in
FIG 1: WD 03/0 %Mﬁ%ﬁ%gﬂ{%ﬂ%&ﬂ%&%at& %tg%ﬁrfé’% es a bit
center and,coaqrdinate syst mfor def| ning bit symretry/asymetry; [0020]
FIGS. 3a-3%€ 5?[“? Bt shapes that can be used in an MRAM

device; 5 [0021 trate dif t 1.0 terns
for a bit shapt @1& élaGd%M St £ EOR L@’?lsgﬁ?ro, sBp lglscgghfromthe
bit center alon the hard-axis; [0022] FIGS. 5a-5d il Iustrate di fferent
rragnetlzatiué)lM Miges or a bit shape that is rotated with respect to the

row |line; 10 [0023]. FI GS. Il lustr dlfferent nelzalo atterns
f(ﬁr a4 symmetri£@92hl t E?ﬁ%e&a f@dJZWFaﬁ‘%gr%WWCPF RATEFTBY n%‘?y bi t
shapes used in an MRAM device; [0025] 8.s tlon of .t he

swi t chi ng slsapeghatisgbymmetsical aad haea 6611 maqeﬁlafF?fé%}{ %& cggter along

the hard-axis;

[0022] FIGS. 5a-5d illustrate different magnetization patterns for a bit
shape that is rotated with respect to the row line;

10 [0023]  FIGS. 6a-6d illustrate different magnetization patterns for a
symmetrical bit shape;

[0024] FIGS. 7a-7d illustrate exemplary bit shapes used in an MRAM
device;

[0025] FIG. 8 is a simulation of the switching astroids of the bit shapes

15 shown in FIGS. 7a-7d;

[0026] FIGS. 9a-9c. illustrate an example reversal mode for an
asymmetric bit shape with a centroid that is displaced fr-om bit center along the
hard-axis with a small hard-axis bias;

[0027] FIGS. 10a-10c. illustrate an example reversal mode for an

20 asymmetric bit shape with a centroid displaced along the hard-axis from the bit
center with a large hard-axis bias; and )

[0028] FIG. 11 illustrates a processor system incorporating an MRAM
memory circuit constructed in accordance with an exemplary embodiment of the
mvenﬁon.

25 DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0029] In the following detailed description, reference is made to

various specific embodiments in which the invention may be practiced. These



[0026] FIGS. 9a-9c. illustrate an exanple reversal node for an asymetric
bit shape with a centroid that is displaced frombit center along the
har d- axi swaiosl4@oemal | hard-axi s bias; [0027] FIGS. 10a- 1®@cT/tUsol/s@b4 at e an
exanpl e reversal node for an 20 asymm®tric bit shape with a centroid
di spl aced along the hard-axis fromthe bit center with a | arge hard-axis
bias; and [0028). FIG 11 illustr.ate r i LRg an
VRAV memoehadspe s et sageht G0 niE iR RACHARR A e
of the invention. 25.DETAI LED DESCRI PTI PREFERR MENT S [ 0029]
In the fol ItB\Hr?'Fﬁlcﬂéﬁﬁi“P"é"&u&Esﬂd 1505 ho° FRYE gg’r?ég%? garraggl%tl@%arl ou
specific enbodinents in ich the inyentjon be practic . se WO
031 044800 PewmeRlsyrdensuthay SEuast And Fecirical dingdt Bgaéi%\ﬁ‘{‘%‘%g‘ﬁ’*t@'ieent
detail to enable those skilled in the. art to. ra%tice t he invention, and
it isto b@cﬁﬂﬁ%ﬁﬁwtﬁ%ﬁ!ﬂt&rﬁéﬁ’?“‘eﬂﬁ i%ﬂ“ﬁ‘ﬁ? %Be enpl oyed, and that
structural and el ectrical changes may be nmade w t hout, departi fromthe
spirii or scope [®0300e dsased 2boKpe ipdrmentplpy: CW%&CE té’ol?) e, a
fundanental problemthat needs to be qvercone ifﬂs an NR@IYI device is the
di stri but i everforsein any NRAMedeyicetinghe disgihytion ¢ V\GE%‘E% gy hat fesilis to an
overlap between the wite current distributions of selegcted, and funsel ected
bits. It hds peeebitgekt dintvan avarlaprherweer the WHIOUETNs HAHRYERRS Ot i nsi ¢
to the MRAM cel | /bit that could affect the selected and 10 unsel ected bit
di st ri but i celeswet arbunshessed bits | lidws boen dateamipad thagthesg aiegaFggom
variations in bit shape frombit to bit, randomyvarjations in materi al
par amet er s pdrametdps inttiosibite the NRAMeadlnbit it poeldadteps tharselesredipadpi ¢ i s
witten, the value of the

10 unselected bit distribution overlap. These include, but are not limited to random

variations in bit shape from bit to bit, random variations in material parameters
from bit to bit, the sequence of fields by which the bit is written, the value of the
fields used to write a bit,‘and magnetic noise.
[0031] A mafor contributor to the width of the switching field
15 distributions relates to the magnetization reversal mode. The magnetization
reversal mode can be defined as the sequence of magnetization patterns during
the magnetization reversal process (i.e., the switching (;f the magnetization
direction of vector 21 illustrated in FIG. 2a). These magnetization patterns can
be selected by bit shape and by different combinations of the write fields. The
20 term “bit shape” is used throughout the remainder of this specification, but it
should be appreciated that bit shape results from the shape of the memory cell
storing the bit. Thus, for example, a reference to a symmetrical bit shape should
also be deemed as referring to a symmetrical memory cell.
[0032] It has been determined that if properly selected, the bit shape
25 and write fields used to write the bit can be used to increase the distance between

the mean of the selected and unsele‘ctcd write field distributions (i.e., iricrease the



fields used to wite a bit, and magnetic noise. [0031] A major contributor
to the wwdth of the switching field 15 distributions relates to the

magnet i zawoDon/os80er sal node. The nagneti zati on reversal mroGa@SoABH4bE
defined as the sequence of nmgnetizatBon patterns during the nagnetization
reversal process (i.e., the switching of the magnetization direction of

veetor 21 L iiShialeflfuShGreelne TRRRRARSNRIETRI] Buitioas bp can_ be

sel ected by S erent conbinations of the wite fields.

The 20 term "hit .sh s ughout the remai nder of this
Tk i A ppEierS PR TRL IR,

speci ficat appreci ated that bit shape results from
the shape of th ry £ell  stori o] , a
reference to a j&@?ﬁgﬁri fpg'{'fs}’t?ffarsl 58{;%%%%&%?@%@@{&%%&%{ ?eeferri ng to
a symmetrical nempry. cell . .[]0032] 1t . has.. j . f . properly
sel ect ed, t%@ng'%ggé%%ﬂ’f?lgﬁ%&#ﬁi P%dfr?%ltlgg%tqist,ggésﬁ %Epmtltra ﬁﬂ%tc{;ﬁ{edlﬁt% can be
used to increase,the dist e en _the ng f ng:

unsel &ct ed SMﬁtFFbﬂlflﬁgﬂﬁddPg{iﬁ? @gt itlﬁf?sxﬂ“.s & ;,)arlal%lcg rt§ e‘i%ée p(g‘lyl gﬁé\%&g gﬂ%gg&f 0

PCT/ US02/ 36464 8 wite nmargin d to decyrease the w dt.h,of Wte
field distrfBaralghto e qu'b‘egi%- ?ﬂ’ealeﬁgri?r %f:&‘&g’l? s pagasuied dlone &{}%b%‘f Bi t
shape and correspondj ng symet{ry/asymetry .gan be .. quantjfied ing the bit
centroid ar?dldr@lea‘ﬂdéiﬂ isynesured plopg the Y- cjglber 8‘?%&?@%”&?& g?ﬁ¢fqust r at ed
in FIG 2b. The x-axis is parallel to the rcf%/'vfeﬂone and t -Axis is

paral | el t clefindng BIGHFMEHEYS/ STREGUF I CRLISFC p show "¢t al ong t he
x-axis and the wdth is nmeasured algng th -axis. The c di,nate system
used for defini QP3kk sihsrengyse9 ?11‘390?%%6%5}1?%‘13’56%93§h0vm in
FIG 2b. [0034] The x and y coordinates of a bit's centroid are defined as
10 f dbl ows: follows:

(1) <x> = dexdy / dedy; and
2) <y> = |[[yaxdy / [[dxdy.
The bit rotation is defined as:
(3) <0>= [[6(x,y)dxdy/ [fexay.
15 Using these definitions, bit symmetry/asymmetry is defined as follow:
(4) <x> = 0; <y> = 0; <0> = 0 = symmetric;
(5) <x> = 0; <y> = 0; <0> # 0 = rotated; and
(6) <x> = 0; <y> # 0; <0> = 0 = lopsided with respect to the hard-axis (i.e., the
centroid is displaced from the bit’s center along the hard-axis).

20 [0035] FIG. 3a illustrates a symmetrical ellipse-shaped bit
corresponding to equation (4). FIG. 3b illustrates a rotated pafallelogram-
shaped bit corresponding to equation (5). FIG. 3c illustrates a bit shape that is
asymmetrical with a centroid that is displaced from the bit center along the hard-
axis (y) that corresponds to equation (6). In FIGS. 3a-3c, the x-axis is the easy-

25 axis while the y-axis is the hard-axis.

[0036] Bit symmetry/asymmetry strongly determines magn‘etizat@on

patterns, since the magnetization prefers to align parallel to the edges of the bit.



(1) <x> =1f f xdxdy / f f dxdy; and (2) <y> =1f f ydxdy / f f dxdy. The
bit rotation is defined as: (3) <0 >=1f f O(x, y)dxdy / f f dxdy. 15
Usi ng t hewo odeidsnd ti ons, bit symretry/asymetry is defi neg#cagshobdiow. (4)
<x> = 0; <y> =0; <0> =0 symetric; ¢5) <x> =0; <y>=0; <0> ~ 0 =
Lgﬁgt:gisand (6) :E> = O;t<y? # 0; <0> =0 => |opsided with respect to the
- . centr : |:4 2
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swi t ched orpatterns for high hard-axis write fields. With high ﬁar\éi?f)}lso \svri‘gelﬁquss, een

10 patterns in the ends 32, 34 of the asymmetrical bit 30 align in the same
direction. In FIG. 4c, the magnetization vector 21 is pointing to the right and
in FIG. 4d, the vector 21 has been switched or reversed such that it is now
pointing to the left. The field required to switch the direction of the
magnetization vector 21 is greater when the patterns in the ends 32, 34 are

15 aligned in opposite directions than when they are aligned in the same direction.

[0037] FIGS. 5a-5d illustrate different magnetization patterns for a bit
35 having a shape that is rotated with respect to the x-axis (<> #0). FIGS. 5a,
5b illustrate the patterns for low hard-axis write fields. With low hard-axis bias
fields, the magnetization patterns in the ends 36, 36 of the bit 35 align in the up

20 direction when the magnetization vector 21 is pointing to the right and in the
down direction when the vector 21 has been reversed such that it is pointing to
the left. FIGS. 5c¢, 5d illustrate the patterns for high hard-axis bias fields. With

high hard-axis bias fields, the patterns in the ends 36, 38 of the bit 35 align in
the same direction and always up. As the hard-axis magnetic write field increases

25 it becomes easier to magnetize the vector 21 to the right than to the left.

[0038] | FIGS. 6a-6d illustrate different magnetization patterns fo; a

symmetrical bit 40. FIGS. 6a, 6b illustrate the patterns for low hardAa‘xi's bias



reversed such that it is now pointing to the left. FIGS. 4c, 4d illustrate
the patterns for high hard-axis wite fields. Wth high hard-axis wite
fields, tWooll4gaiterns in the ends 32, 34 of the asymet PCcraiSobsd4680 al i gn
in the sane direction. In FIG 4c, tHWe nmagnetization vector 21 is pointing
tothe right and in FIG 4d, the vector 21 has been switched or reversed

such that it is _now paointing to t left. .The field rrequired.to switch the
di rection ﬁﬁldﬁhWtHAQWéﬁ“ﬂ"&ﬂschﬁas\f@Efscﬂndzﬁe eSt SRIELY, HEIRREHEZAEP e ns i n

the ends 32, 34 are 15 aligned in ap it irections tha en fhey are

al i gned i npﬁﬁermaﬂﬁhﬁieflé%t’fgoﬁ Offftﬁ‘dﬁggalsp .Pcﬁ%t-%a?iﬂﬁ‘é’f‘y é‘:?,\g‘ itg“r"ér ent
magneti zation patterns for a bit 35 having . a shape that is rotgted with
respect t oaligge paraliel to the(kit eglge. (Hight dgyiatipp d bitssymmefgy, whigh £¢ t he
patterns for |ow hard-axis wite fields. Wth |low hard-axjs bias fields,

t he magnet iresadt rompprtacessnariprionsh wilkerise 3he bEgogpagnesizp s ﬂlslstraqeﬁgﬁ in the up
20 direction when the nmagneti zation vector 21 is pointing to the right and
in the doWiGS. dentd 5n Thirewill tresvebirge s@ttehins theewrita kgldy ayiredén that it is
pointing to the left. FIGS 5c, 5d illustrate the patterns for high

har d- axi s hewssd itel disectidit of thhingignhazaticaxyestdy 2k FI&Sd@% 6dribusseate Hiths in
the ends 36, 38 of the bit 35 align in the same direction and always up.
As the har gaeeeirss fordigh herdamiis biaf fieldsl Wich bidebard5uis bipelidde sheasi er to
magneti ze the vector 21 to the right than to the left. [0038] FIGS. 6a-6d
i | lustrat e pdidef6y i@ntheranglodi Zdtof dne piatilealign ihahe same glinetion azd pavatlel4.

FIGS. 6a, 6b illustrate the patterns for | ow hard-axis bias WO 03/044800

PCT/ US02/ 364 6Hhe hhed-fakRIbis fidMt h | ow hard-axis bias fields and perfect
symmetry, the nmagnetization patterns in the ends 42, 44 of the bit 40

spli g (poi nt up EyEB9doWNs Sewindovt Reth respéyroBIGSL Bel6d; bitt he bit edge.
Slight deviation in bit symretry, which could result from process
vari ations,gWhberf AMgtrhétey Rirdndlp deR@M@Ids 2R @ fetizhtion paatrasl Four
different bit shapes were simulated to détermine their magnetization patterns.
The shapes are illustrated in FIGS. 7a-7d and are defined as follows:
(7) ellipse = <x> = 0 nm; <y> = 0 nm; <6> = 0 degrees;
15 (8) asym#2 = <x> = 0 nm; <y> = -8 nm; <6> =0 degrees;
(9) asym#3 = <x> = 0 nm; <y> = -4 nm; <6> = 0 degrees; and
(10) asym#4 = <x> = 0 nm; <y> = 0 nm; <6> = -15 degrees.
All Bits in the simulation are nominally 270 nm long, by 180 nm wide and 4 nm
thick ellipses. FIG. 7a illustrates the symmetrical ellipse 40 corresponding to
20 equation (7). FIG. 7b illustrates a first asymmetrical bit 30a that has a centroid
that is displacéd from the center along the hard-axis (i.e., y-axis) and corresponds
to equation (8). FIG. 7c illustrates a second asymmetrical bit 30b that has a
centroid displaced along its hard-axis (i.e., y-axis) from the bit center and
corresponds to equation (9). FIG. 7d illustrates a third ellipse that is rotated
25 with respect to its easy-axis (i.e., x-axis) and corresponds to equation (10).
[0040] FIG. 8 shows the effects of changes in bit symmetry on the

mean magnetic field required to write a bit. There are four curves with each



5 FIG. 4 and 5. This wll cause a large scatter in the wite fields
required to reverse the direction of the nagnetization vector 21. FIGS.
6c, 6d ilwogBnasert he patterns for high hard-axis bias fiperdso2¥sh hi gh
hard-axis bias fields, the patterns iln the ends 42, 44 of the bit 40 align
in the sane direction and parallel to the hard-axis bias field. 10 [0039]

As sh b i th,. t to FIGS. 3a+6 ' 17 t

stringw Sé‘t%\é’r%rﬁy‘%%%nﬁ%as é@?ﬂﬁ{%fsffﬁ 3gfa2);hhgga(%)%urw‘§}éﬁ Fstee%g/n ééﬁlitges[lépes wer e
i mul ated t o det ' ' ti ' . TI

| hstr at edbstanc 38 /-2 00 otk B BbCMfold S BPIES BIE
0 =0 = d i, 15 2 = =.0 -
nmnm<0§yz éefd%’gﬂé‘é’;; 7{&95589’5&’%;’:8‘% fQﬁiﬁsy—nggg ﬁ%‘isrg‘g# dét;ﬁ%m”dé}@ tﬁ%ﬁ}jégrges;

and (10) asyn#4 = <x> = 0 n <y> = 0 nn <0> = - degrees. . .Al |, bits in
t he si nul aﬂlpéﬁégﬁaeé%@ﬁ&}lwryg?@yﬁ‘rﬁ?’l %&Spﬂ9gﬁ§bﬂ}ems ﬁhl“&sﬁ‘% t hi ck
ellipses. FIG 7a illustrates the symetric ellipse 40.ﬁr.es ding to
20 equat i orf0p@nd theurys,fqr|asypats spresponds ta the sershth AR &ig il;m??wat’ hat has
a centroid that is displaced fromthe center along the hard-axis (i.e.,
y-axi s) an@0berresponds to equation (8). FIG 7c illustrates a second
asymmetrical bit 30b that has a centroid displaced along its_hard-axis
(i.e., y-axis) f[@@ﬁsﬂﬂhemﬁetaxeeefqréhegmh%éﬁh%gbr&ﬂgswt%gﬂét@hﬁ ). FIG
7d illustrates a third ellipse that is rotated 25 with r spec&t; to.its
easy-axi s (the easy-axiawiisy fieldd (Ela).r $§9bﬁdHYt1&ﬂ¥qb§f‘F@ﬁ“(f@iaﬂd[ saother . 8
shows the effects of changes in bit symetry 'on the nean magnetic field
required t owirchineg feldi tTheThaitsfon tlee fidds incthegraphiarhoersicd (@b)og?fWMsoo

PCT/ US02/ 36464 11 curve conprised of two |ines on the graph. Each curve
repr@sent s dupeeshiepsesented by lines 50a, 50b, 60a, 60b, 70a, 70b, 80a, 30b are usually

oo

referred to as switching astroids. The memory cell operating points are

represented by Hx, Hy pairs. If the operating point is between the two lines of

the curve (i.e., inside the astroid), a bit cannot be written into the cell. If,

however, the operating point is on the outer left or right of the two lines of the
15 curve (e.g., outside the astroid), the bit can be written into the cell.

[0042] The subtle differences in bit shape illustrated in FIGS. 7a-7d
cause significant variations in the switching field at ﬁxeci values of.the half-select
field, as indicated by the different curves shown in FIG. 8. From FIG. 8, itis
apparent that when a bit has an asymmetry characterized by a centroid displaced

20 along the y-axis (illustrated by the asym#2 and asym#3 curves), it shows a
stronger drop in Hx with increasing Hy and would thus be preferred in terms of
improving bit yield. Thus, the present invention uses asymmetric bit shapes that
have a centroid displaced from the bit center along the hard-axis to overcome
one of the major problems with the prior art MRAM cells.

25 [0043] It should be noted that the present invention also encompasses
the effects of material parameter variation as well as dimensional variation. Had

material parameter variation-and/or dimensional variation been intréduced into



illustrated in FIGS. 7a-7d. The curve for the ellipse corresponds to the
first and second |lines 50a, 50b, the curve for asym#2 corresponds to the
third andwboani4soo | i nes 60a, 60b, the curve for asym#3 coPcedsonsses o t he
fifth and sixth lines 70a, 5 70b and %he curve for asyn#4 corresponds to
the seventh and eighth [ines 80a, 80b. [0041] The axes for the graph are

the hard-axjs wite field nd . e -axis.wite fi S . That
is, Hy is tdh"e ahqye cxappRies ﬁ%ﬁﬁ%ﬁi@ﬁt@aﬁ%ﬁ@ a%@ﬁ(etdcYﬁ?‘heﬁ Qﬁfg‘f g.gmﬁ]e units
for the fields in the graph are sted (Oe The 10 curves represented by
| hes. S0a. Beduraessian dose shoun i SEG- Bods ke aPeve, JtpFne erlRERet o as
switching astroids. The nenory cell operatin ints a repr.esent ed by
Hx, Hy paiﬁ%I{¥beﬁﬁ€nd$éﬂﬁﬁﬂﬁ@f§épﬁﬁngfaéF“g%ﬁgYﬁéfP%i%WiﬁZ§15F”°Wﬁe curve
(i.e., inside the astroid), a bit cannot be mwié%en ia othecell. If,,
however, t it viglsh alhe §itsbape charagerizadsbpequationsq) woul &‘dYﬁ eH%E two |ines
of the 15 curve eﬁg., outside the astroid), the bit can be witten into
the cell. [0042][00K4]suiwe cxsmplaryamdehingmpdes arcabustated i FiedPa-He Fi cs,
7a-7d cause significant variations in the switching field at fixed val ues
of the hal fandelGeclOc.f FEGE, ufcillitrate the sjtching miode dhatriendy o REUEHywn i n
FIG 8. FromFIG 8, it is apparent that when a bit has an asymetry
char act er i zeymbyettic bimstchaiadtedizes by cge %20 (iag-othy cemerojd M@k{qﬁmf{@m ated by
the asym#2 and asym#3 curves), it shows a stronger drop in Hx with
i ncr easi ng deltardong thalhatduasdid) andre vaneedf Hy helows thteshpldpabie. nff®i%a yi el d.
Thus, the present invention uses asymmetric bit shapes that have a
centroi d dijipdteareda firsamigretizhtior pattemn H)bimgwhich ihemih megsetimtiond®@ome  one
of the major problens with the prior art MRAMcells. 25 [0043] It should be
not edot hat it peirtigsenthd lafren end sdgien 204 hapassanetivamorediration piintager i al
paraneter variation as well as dinensional variation. Had materi al
par amet er vigwatwlaR-asdbad eddregioh A0Sl hasar magnaivation mifentiom foinenhgi uyt.o
FIG. 90 illustrates an intermediate magnetization pattern 110 that consists of a
main magnetization portion 112 with its direction pointing to the left. The first
end region 114 has a magnetization direction pointing down while a second end
15 region 116 has a magnetization direction pointing up. FIG. 9c illustrates a
' magnetization pattern 120 after the reversal. The pattern 120 comprises a
portion 122 with a magnetization direction pointing to the right,an end region
124 has a magnetization direction pointing up while a second end region 126
has a magnetization direction pointing down. This switching mode occurs
20 because it is energetically favorable for the ends of these bits to align in opposite
directions and thus, they tend to form a domain wall (e.g., regions 114, 116) as
the Hx is increased (FIG. 9b).
[0045] FIGS. 10a-10c illustrate the mode that occurs in asymmetric
bits characterized by <y> # 0 (i.e., centroid displaced from bit center along the
25 hard-axis) but at high bias values of Hy (i.e., above a certain threshold value).
FIG. 10a illustrates a magnetization pattern 140 in which it main magnetization
142 is pointing to the left while its end regions 144, 146 have a magnetization

1349150 v1; SX0#011.DOC



WO 03/ 044800 PCT/ USO2/ 36464 12 the above exanple, the switching field
distribution at fixed values of Hy would be larger than those shown in
FIG 8. Asononego@bove, increasing the difference in Hx Ipermesern3dshe

unsel ected and selected states (Hy = 8 and Hy ~ 0) inproves bit yield. The
bit shape characterized by equation (6) would have this effect. 5 [0044]

T I i t chi. d il lustrat ' I - 10a-10c.
T EXETPL Bht, S SRR RS gV G Ty pelable 10°
tric bits ¢ch teri b > #.0 (i€, . th trokd i s displ d
From cent dReeReSTHLpRG Harn 9ty o T B balt et Bub8n Baf cohor -
va! ue. FIG 9a il]ustrates a,fi.rsft nma ncighzationd?attern 100 in whi,ch it
mai N magnetSCRASFISAHT I pagretzafigh PR&“?% Vil fts dirggtion poinfine b, 289 has a

magneti zation direction pojntin g whi.l e a se nd,regi on 106 has a
magnet i zat 18t 2BA gt Hd rﬁ&%ﬂﬁ% b 8%@?@‘1@% 1Py &ﬁﬁf ;@égu‘b?ﬂgp"rsrtaer medi at e
magneti zation pattern 110 that consists of a I n_nagneti zati portion
112 whth | trBagRetizetipePapsIhiPf @ft@bﬂxerféwré?lt@dﬂ%rﬁﬁ lgpset %@f?egﬁqt?n 114 has
a magneti zation direction pointing down while a second end 15 region 116
has a nmagneratteaniléf eumpidses enngnimAgnagzaEon Feon 462inqiniang ta s nght,
magneti zation pattern 120 after the reversal. The pattern 120 conprises a
portion 122ng e regiemmbes, 26 aving magnetdration directigns poiiaguryd an end
region 124 has a nagnetization direction pointing up while a second end
regi on 126 ddws, espagivelyi Zashaps such ectyon Goymmetgy danexhibits shiswmedhi ng
node occurs 20 because it is energeticall g favorable for the ends of these
bits to al idmangn wigposirtasingdiy échigblysdesirableisinse it insyeasesdriteonxgimdse domai n
wall (e.g., regions 114, 116) as the Hx is increased (FIG 9b). [0045]
FI GS.1010a- ldcthiel diffetenat én twieching Gelds &k twoouths rieversal srillestrapéd m
characterized by <y> # 0 (i.e., centroid displaced frombit center along
t he FIGS. 9 and 10.
[0046] ‘Thus, simulations of the lopsided asymmetrical bits (asym#2
and asym#3 illustrated in FIGS. 7b, 7c) tend to show that it is possible to design
a bit that changes its magnetization reversal mode upon application of Hy and
15 thus shows an improved write margin over that of a symmetric bit. Secondly, it
is possible to design the <y> # 0 asymmetry so that it is just large enough to
overwhelm any changes in symmetry that may result due to procéssing variation.
This would lock in a reversal mode and narrow the distribution of switching
" fields by eliminating modes with different switching astroids. FIG. 8 illustrates
20 that although bits asym#2 and asyrri#?; have slightly different shapes, their
astroids nearly identical.
[0047] It should be noted that the cells with the asymmetric bit shapes
such that the centroid is displaced from the bit center along the hard-axis can be
manufactured by any processing method or technique and that the invention is
25 not to be limited to any such method. Moreover, the layers (e.g., layers 16-18
illustrated in FIG. 2a) that make up the cells are not limited to any specific

material or layers of materials. All that is required is the ability to form cells with



25 hard-axis) but at high bias values of Hy (i.e., above a certain
threshold value). FIG 10a illustrates a nagnetization pattern 140 in which
it main reigreni4Bet i on 142 is pointing to the left while PCI/EN23qeygi ons
144, 146 have a magnetization 13491508 v1; SXO#01l-DOC WO 03/ 044800

PCT/ USO02/ 36464 13 that are pointing down and up, respectively. FIG 10b
||l ustrat esth%'?ieéi?éc%lgﬁg' A% lag?}g'ig!f{fﬁhk@&eﬁ%ﬁ@ 2330 &litable BPrAcAe and Hy
have been turned on at “‘consisfts

of a nmain magneti zation portion 152 with
its directig@n.pointin I - . al so
poi nting upt?lelfﬁﬁn%c‘gi l#ﬁ%s? ? @g%ye%gklxgéﬁgane%gﬁgﬁhgﬁ?%?%%%%ﬂ%ﬁ%r t he
reversal and after.. LS set to, zero. The 16 Q ' a main
magnet i zat i‘i?r'?%ﬁpé(s fjgﬁ%fgé fﬁ%’il ﬁl?ff Ré et ﬁlé’ Ngi tglg%ltag({gﬁé gtn%oglgcgll’%&agelm, 166
havi ng magneti zatiqn, di rectj ons poi.nti up and, do respectively.. A
shape such 9&?&%@3 tha %@‘M@? F?r‘%)g?a{?yeég%i 15‘%‘1& tQ BRYE Ariippe %lﬁhﬁﬁgcrgﬁf%g
I ncreasi ng s hjighl esirable since it, increases wiit.e rqi n,due 10 to
the dPffer a?#é&ﬂé‘?ﬂﬁbc?r}tﬁﬁ g‘gn%g@%%f Pt RFsHeshe firadon | TRAY, 4t ed
in FIGS. 9 and 10. [0Q046], Thus, sinu]ati.ons, of t | qpsi ded asynmetri cal
bi't s ( asyrméds i ria dasitawbatd hatish vavmaticn pipass st 16 apdeimgeersiamathat | «
is possible to design a bit that changes its neti zatipn reversal node
upon appl i ch¥+ithenghe Hveaﬁenfeurﬁﬁél ‘%%B%Uﬁ"rf{ %q@?%yéhawgt c HQFagca¥fer t hat
of a symmetric hit. Secondly, it _is possible tp design éhe, <y> # 0
asynmet ry sb7/ widh its eentsoifl displacgd Jeora s it ceater &\&E!’rg/\ﬁ’éﬁ}# ¥Schanges in
symmetry that may result due to processing variation. . This would lock in a

reversal node antOQ#f]r oWFkGhel Jillystratesia preresior syitemn Hhincorporaing,in
elimnating nodes with different switching astroids. FIG 8 illustrates 20

t hat 1al t houyiRAM measymieircain@ 12ssomsguetad dn sr¢qydance with pacathodimepeal t hei r

the invention. That is, the MRAM memory circuit 212 comprises an array of

magnetic memory cells that are asymmetrical and have a centroid displaced from
bit center along the hard-axis and thus, have improved bit yield as explained
above with respect to FIGS. 3b, 4a-4d, 8 and 9a-9c. The system 200 may be a

15 computer system, a process control system or any other system employing a
processor and associated memory.

[0049]  The system 200 includes a central processing unit (CPU) 202,

e.g., a microprocessor, that communicates with the memory circuit 212 and an
I/0 device 208 over a bus 220. It must be noted that the bus 220 may be a

20 series of buses and bridges commonly used in a processor system, but for
convenience purposes only, the bus 220 has been illustrated as a single bus. A
second I/0 device 210 is illustrated, but is not necessary to practice the
invention. The system 200 may also include additional memory devices such as a
read-only memory (ROM) device 214, and peripheral devices such as a floppy

25 disk drive 204 and a compact disk (CD) ROM drive 206 that also communicates
with the CPU 202 over the bus 220 as is well known in the art. It should be



astroids nearly identical. [0047] It should be noted that the cells with
the asymmetric bit shapes such that the centroid is displaced fromthe bit
cent er alwog@3pisohard- axi s can be manufactured by any pr@cedasongs4net hod or
technique and that the invention is 26 not to be linted to any such

nmet hod. Moreover, the layers (e.g., layers 16-18 illustrated in FIG 2a)
that nake up the cells are not limted to any specific nmnaterial or |ayers
of mat eri ahstedAthiat theanemery 8¢jRinnadbd embbddeatort theysahe ¢lop s ded CEUMR O WO
03/ 044800 PCT/ US02/ 36464 14 the desired shape. The | ayers 16-18

i llustrateifsondesiréd. 2a are suitable to practice the invention as |long as
they are patterned into the asymmetrical shape with the centroid displaced
fromthe bit ce(0@F0]al oNGilt bige maedtix has bddn dhaibael] aldidlubeatedpyitieci at ed
that only the storage |ayer 17 needs to have a shape with its centroid 5

di spl aced téformtbed bidmpleRt@nbadiaitatd, Aganfakta@onisscahbeinagé he¢ t he
invention. That is, if it is desirable to have a symmetrical pinned |ayer
16 anrd noncg@RehisGubaitBicd &ﬁhoﬁ@&é};a&dﬂ% FrBMEMel PRHCAUEpS bl tle be practi ced
solely by shaping the storage layer 17 with its centroid displaced from
the bit CeEﬁv%htiéh.oMcéﬂ&lﬁmglﬁr&le%‘!r&rtiohqg’ﬂgl tdzlbé;un&érsidddua%tl{c%§ﬁm?cc3r ocessor
system 200 i ncorporating an 10 MRAM nenory circuit 212 constructed in
accordancepw .dﬁjﬁ'fo 0 i N i i t NRAM menor y
circuit 215W(§%€r{)(??%%§§g§ba ra3r/1’ %Ptis%%g'%ar@%re}% (:)%htcﬁgﬁc are

asymet ri cgf,; gnd have a centroid displaced from bit center along the

har d-axi s and thus, have inproved bit yield as explained above with
respect to FIGS 0(%31’ 4%9&3%13?&@ 9a- 9c. The system 200 nay be a 15

conput er system[l a dr ocess con rof1 system or any ot her system enploying a
processor and associ ated nenory. [0049] The system 200 includes a central
processing unit (CPU) 202,




e.g., a mcroprocessor, that communicates with the menory circuit 212 and
an .1/0 device 208 over a bus 220. It nust be noted that the bus 220 may
be a 20 swpioa®443h0 buses and bridges conmonly used in a pr®CFds0r/3@yst em

but for conveni ence purposes only, t¥e bus 220 has been illustrated as a
single bus. A second I/O device 210 is illustrated, but is not necessary
to practice the invention. The system 200 may al so include additional
nenory devi ce$ suc ‘Hgg%FnCrIB%fBQWn%( THARPYPE'ROM devi ce 214, and peri pheral

devi ces such as a floppy 25 disk drive 204 and a conpact disk (CD) ROM
drive 206 that also communicates wth the CPU 202 over the bus 220 as is
wel | known i na firs nazgnetic dayshbaving bpindBragnagatopdivedssry 36464 15 ri ot ed
that the nenory 212 may be enbedded on the sane chip as the CPU 202 if so
desired. [0050] Wiile the invention has been described and illustrated with

reference to gxefphagyetRhRdipievitied ofiald Mef imphedislag@naie made and 5
equi val ents substituted without departing fromthe spirit or scope of the

i nvention. Accordingly, the invention is not to be understood as being

limted byt r i ng. rJ.RL:1 i Sqonby i i : scope of
t he appended Qg?cfé)?l &45&9%%%%? 5{%?‘2@8 P%lﬂfrcrie%&? gﬁ%&%@%ﬁgﬁgé&&m

PCT/ US02/ 36464 16 1. A nmagnetjc nenpry cell nprising:. a f.irst netic

| ayerS haWirgpetc Bysnearsragragncszation ﬂa‘}trléé‘f’it‘éﬁi’?e Betivsen Adly t‘&ﬂpagggt

provi ded on said first magnetic |ayer; and a second magnetic |ayer provided
on sai d aiygnsreigh edid pihmyemagsaiztisaatirdtion and a second direction that opposes

said pinned magnetization direction,

wherein said cell comprises a hard-axis and an easy-axis, an intersection of the
hard-axis and easy-axis defining a center of said cell, and at least said second

10  magnetic layer has a centroid that is displaced along the hard-axis from the center.

2. The magnetic memory cell of claim 1 wherein said second magnetic
layer is patterned into a lopsided shape with its centroid displaced along the hard-

axis from the center.

3. The magnetic memory cell of claim 1 wherein each of said layers has

15 an associated centroid that is displaced from the center along the hard-axis.

4. The magnetic memory cell of claim 1 wherein each of said layers has
an associated centroid and is patterned into a lopsided shape with its respective

centroid displaced along the hard-axis from the center.

5. The magnetic memory cell of claim 1 wherein said second magnetic

20 layer comprises fifst and second end regions and a main region, said main region



5 magnetic |layer stores a magnetization that is switchable between a first
direction that aligns with said pinned nmagneti zation direction and a
second diweaBioesos hat opposes said pinned magneti zati on @®CTAISN2/84364 Wher ei n
said cell conprises a hard-axis and a¥ff easy-axis, an intersection of the
hard-axi s and easy-axis defining a center of said cell, and at |east said
second t beimggpueiliel to 33id eadyasxinambstoresi the tnixegnetigatibrs thaa desivisthably t he
hard-axis fromthe center: 2. The nagnetic nenory cell of claim1l wherein
sai d sec td I 'E=R r i j ghaee With its
centroi dggﬁgﬁgﬂggdﬂ rgﬁ aonr(lig%gﬁ%d ﬁ'largﬁil&gkl&?? érlgtr%(?stt%gh%gﬁdtng?en& Tﬁ:e magneti c
menory cell of clajml erein each of said layers has 15 an associ ated
cent r oi dMAFREUF ?eﬁisgb?%g& ipopREsife di e ‘ﬁ‘%gfdp?ﬂéoﬁ&fja pél%?rsv?hez{l. ﬁ)’f‘ﬁe
magnetic nenory cell of claim1l wherein each of said | ayers has an

associ at hdlfselett iclds arechpptiegpao tier ol i nto a | opsi ded shape with its
respective centroid displaced along the hard-axis fromthe center. 5. The
magneti c nenory cell of claim1l wherein said second magnetic 20 |ayer
conprises firg andrgeaonteRNHemds) 085oAAGINR 1 lidieingdidRcofidinthgiRtiB I egi on
WO 03/ 044800 PCT/ USO2/ 36464 17 being parallel to said easy-axis and stores
the magneti zati on. tzéit i S, SW tghaal e . bet ween t.he f.irst .(?nd.seconrcll

di rect | ofYer SOIPPLSFf1IFY 311} SchRRd SBE SHGOBN AT & BHR FHRGn Y LT ErRIQD ( hat
align in opposite directions with respect to each ot her when | ow

hal f - sel being pashldie] taseidpep-axisland stares thel hagstigatiqn ghatdgsreitchableenory cel |
of claim1 wherein said second nmagnetic |ayer conprises first and second

end regi gRewedidtiR Bt dhd REbAA dirtadiéndBha siiddrdrandieicogd padattoed to said
easy-axis and stores the nagnetization that is switchable between the

first and, second: i &5t iQSm AASAEddd $1in 30 SLODLRAE: Fhak figh

10 half-select fields are applied to the cell.
7. A magnetic memory device comprising:

a plurality of magnetic memory cells organized into an array of rows and

columns, each magnetic memory cell comprising;:
a first magnetic layer having a pinned magnetization ditection;
15 a non-magnetic layer provided on said first magnetic layer; and

a second magnetic layer provided on said non-magnetic layer, said
second magnetic layer stores a magnetization that is switchable between a first
direction that aligns with said pinned magnetization direction and a second direction

that opposes said pinned magnetization direction,



magnetic fields that align in a same direction with respect to each other
when high 10 half-select fields are applied to the cell. 7. A magnetic
menory dewDag/oessnpri sing: a plurality of magnetic nmenory e@e€rcsovsgani zed
into an array of rows and columms, e®ch magnetic nenory cell conprising: a
first magnetic |ayer having a pinned nmagnetization direction; 15 a

non- magneti c | ayer whereindaitl arll canprifes adtardragis end @nl eagyeaxis,andntersaetiond
magneti c | ayer provided on said non-magnetic |ayer, said second magnetic

layer stQeRe ﬁa@%ﬁf%ﬁ& @hdyORidt Mnﬂl? a SWhief BARIE@ cBIptAER 1&asf ddidbecolllr ection

that aligns wt pi nhed magnetTzation directi'on and a second direction
t hat opposes said pinned magneti zati.on di,rection, 03/,044800

PCT/ US02/Mmaghsiic laygr hﬂ%? é'rF?atfg 'chE‘at‘:@l s %ﬁ‘?ﬂraf%f&ﬁ’& fﬁévg‘&?%?i?%méﬁﬁ cefer-
easy-axis, an intersection of the hard-axis and easy-axis defining a
center of said cell, and at |east said second nagnetic |ayer has a
centroid that 8.s diEpd saegdead memaralchine of ahim 7f wheneirhsaid s¢road magnetife
magneti c nenory device of claim7 wherein said second magnetic 5 |ayer is

pat t e%neﬁaﬁe@quﬁtérﬁpé ifled BpaBed khae dhat ASyyiRictiicRkvith fefpdce tpeled edsp- t he
easy- axis and its centroid displaced along the hard-axis fromthe center.

9. The magnetic, nenpr vice . .of claim7,wherein yer has an

associ at Sca@rqtlpoﬁeglgﬁ(ﬁ%%ﬁp aca?{f‘lﬂnfc%&rpfaf%ﬁ“ts ﬁreonclzetﬁ;f?g‘l?htg'la'ong the hard-axis.
10. The magnetic nmenory device of claim7 wherein each |ayer has an 10
associ ated centroid, is patterned into a | opsided shape that is

asymmetri cal With Flespuenciemanodeyicsof slaimgrgwheey each laygsdies pye
centroid displaced along the hard-axis fromthe center. 11. The magnetic

menory depis@ated cehtabid thavietigplaceddtcsinthe oatterralpngtthe hard-axis.

10. The magnetic memory device of claim 7 wherein each layer has an
10  associated centroid, is patterned into a lopsided shape that is asymmetrical with
respect to the easy-axis, and has its respective centroid displaced along the hard-axis

from the center.

11. The magnetic memory device of claim 7 wherein said second magnetic
layer comprises first and second end regions and a main region, said tnain region
15  being parallel to said easy-axis and stores the magnetization that is switchable
between the first and second directions, and said first and second ends store
magnetic fields that align in opposite directions with respect to each other when low

half-select fields are applied to the cell.

12.  The magnetic memory device of claim 7 wherein said second magnetic
20  layer comprises first and second end regions and a main region, said main region
being parallel to said easy-axis and stores the magnetization that is switchable

between the first and second directions, and said first and second ends store,



| ayer conprises first and second end regions and a main region, said main
region 15 being parallel to said easy-axis and stores the magneti zation
that is swtishaishe between the first and second directi om€T/tson3@ed d first
and second ends store magnetic field® that align in opposite directions

Wi th respect to each other when low half-select fields are applied to the
cel |l . 12 magretiodghdstthat alegroimya shane dizeatfoncwigih mespethier eich athéenwhert bigih
magnetic 20 |ayer conprises first and second end regions and a nain
region, %ﬁjﬂ’scfé@iﬂdﬁ@%@%ﬂﬁﬁ%ﬂ%@%&lﬁ' lel to said easy-axis and stores the
magneti zation that 1s swtchable between the first and second directions,
and said first and second ends store: WD 03/044800 PCT/ US02/ 36464 19

magnetic fiel th align i.n_a sanme diregtion-w th r.espect to.each other
when hi gh  hal ' sei LS mepgr e mapord dsriet B R o Whdrfif P8 denicl 80Nt o
menory device of claim7, wherein said device is a magnetoresistive random
access menRgnetenvrisiye tadooracagssimemanpMBANd deviget em conpri sing: a
processor; and a magnetic nmenory device coupled to said processor, said
magneti c nenory device conprising a plurality of magnetic nenory cells

or ganiszed i nt g4an %chegorspﬁm@mb@ig;ms, each magnetic nenory cell
conprising: 10 a first magnetic |ayer having a pinned magneti zati on
direction; a non-magnetic |ayer provided on said first nagnetic |ayer; and
a second magne} i e Layer, provided on said non-magnetic layer, said second
magneti c | ayer Sstores ’a nagnetization that is sw tchable between a first
direction that aligns with said pinned magneti zation direction and a second

direction 15 that opposes sai i nne neti zation di.rection,
a magngt?c memory cgvf%e cou&eg%g Said processor, said magnetit memory
device comprising a plurality of magnetic memory cells organized into an array of

rows and columns, each magnetic memory cell comprising:
10 a first magnetic layer having a pinned magnetization direction;
a non-magnetic layer provided on said first magnetic layer; and

a second magnetic layer provided on said non-magnetic layer, said
second magnetic layer stores a magnetization that is switchable between a first
direction that aligns with said pinned magnetization direction and a second direction

15  that opposes said pinned magnetization direction,

wherein said cell comprises a hard-axis and an easy-axis, an intersection
of the hard-axis and easy-axis defining a center of said cell, and at least said second

magnetic layer has a centroid that is displaced along the hard-axis from the center.



wherein said cell conprises a hard-axis and an easy-axis, an intersection
of the hard-axis and easy-axis defining a center of said cell, and at | east
sai d secowo o3towggnet i c | ayer has a centroid that is di spl aced/ushwsges he
hard-axis fromthe center. WO 03/044800 PCT/US02/ 36464 20 15. The system
of claim 14 wherein said second nmagnetic |ayer has a | opsided shape that
is asymetricb. wi hersystppcof ¢claim hé vdmssinaxidseeont] imagnetnlayeitis adi spl aced
al ong the hard-axis fromthe center. 16. The system of claim 14 wherein

each |ay l}f_})sﬂﬁ}ﬁ sBapC Mt ® Shyhtiaéuricsl with dspBéraatlc *fskid ] heednmids from the

center. e system of "cl ai m 14 wherein each | ayer has a centroid and is
patterned.into | opsi ded,shape having its respective centroid displaced
fromt he&ngﬁ?%glogg&ﬁﬁqPﬁ%aﬁ’ég’fﬂrﬁg?es? ¥ The system of claim 14 wherein
sai d second nagnetic |ayer conprises 1o first and second end regions and a
mai n region, said main region bei ng parallel to said easy-axis and stores
t he magneti zabon {IHwtsystensof clainmbft svhseeinecaeh tayer hasaeengradd thasdond
directions, and said first and second ends store nagnetic fields that align
in Oppogisbﬁcéﬂ amtgi&@shayaiamsrfﬁﬁﬂeﬁé cdm@efach ot her when | ow hal f-sel ect
fields are applied to the cell. 15 19. The systemof claim 14 wherein said
second magnetic |ayer conprises first and second end regions and a nmain
region, said in Fegl i ] I : j = x| .stores the
magneti zation that i's vﬁ?@hggﬁé‘?ggt&v\%ﬁﬁ agﬁ |y?¥s§%z%coi SOZ%% 1s(?li rections,
and said first and second ends staqre magnetic fields that align in a
directi oﬁawltnﬁdrl%%(béifpst deshape gﬁ‘ﬁég l%ﬁﬁeﬁ‘i‘wq‘i‘é‘fql‘i %PE‘E?‘?&PE} ¢ are
applied to 20 the cell. 20. The system of claim 14 wherein said magnetic
menory degnteealofigahe hard-axis.

sane

18.  The system of claim 14 wherein said second magnetic layer comprises
10 first and second end regions and a main region, said main region being parallel to
“ said easy-axis and stores the magnetization that is switchable between the first and
second directions, and said first and second ends store magnetic fields that align in
opposite directions with respect to each other when low half-select fields are applied

to the cell.

15 19.  The system of claim 14 wherein said second magnetic layer comprises
first and second end regions and a main region, said main region being parallel to
said easy-axis and stores the magnetization that is switchable between the first and
second directions, and said first and second ends store magnetic fields that align in a
same direction with respect to each other when high half-select fields are applied to

20 the cell.

20.  The system of claim 14 wherein said magnetic memory device is a

magnetoresistive random access memory (MRAM) device.



magnet or esi stive random access nenory (MRAM device. WO 03/044800

PCT/ US02/ 36464 21 21. The system of claim 14 wherein said nmagnetic nenory
devi ce i swoanbedded on a sane chip as said processor. 22. PATHSOhad6Of
storing information in a nagnetic nemry cell, said nethod conprises the
steps of 5 providing a nenory cell having a hard-axis and an easy-axis of
magneti zati orgl. anThespgtarofichimdi wherchasald axignetiothemagry-dexics itlef i ni ng a
center of said cell, the nenory cell conprising a magnetic field that is

aligneddyﬁég%kggn§g§ acggnkgmgéhbﬁé$%adirection, the menory cell having a

centroi di's al on rd-axis fromthe center; 10
applying a half-sel ect magnetic field to the cell; and appl ying a switching
magnetic fiel eII said s tchlngmanetl using the
magnetic to sg% %sfqrwmﬁrpgg{qwa{%agﬂgu%@gm%y 81%?&81{(]1 on. 23.

The net hod of cIa|n122, wherein a domain wall is fornmed on the cell before
t he magnatthod ¢ahprises thevstephefi t o t he second direction. 15 24. The nethod
of claim 22, wherein the nenory conprises a magnetic |ayer having first
and second end regions and a nmain region,-said nethod further conprises

the step of apRhiifg admb@AYr elMSRIges hald-glislakd ah Resycalid oft Magmdtizatian] i r st
magnetic field to be stored in the Tirst end reglon and a second nmagnetic

field to be re t.he,secan nd e r and second
magnet i ¢ F’é?fa%%h%‘)fz@’e&?%f‘é%ﬁaf‘ 3 ppost ?H%Q P ‘%’Elgér{s% f\tfs\/{‘ﬁt8 hcfelrlbé{eect to each
ot her. WD 03/044800 PCT/ US02/ 36464 22 25. The net otg of claim Zér wher ei n
t he nenmxynmyrpg:l.l sempaisingghmagretic field that is ahg ned with the easy-axis in a first

direction, the memory cell having a centroid that is displaced along the hard-axis

from the center;
io applying a half-select magnetic field to the cell; and

applying a switching magnetic field to the cell, said switching magnetic field

causing the magnetic to switch from the first direction to the second direction.

23. The method of claim 22, wherein a domain wall is formed on the cell

before the magnetic field is switched to the second direction.

15 24.  The method of claim 22, wherein the memory comprises a magnetic
layer having first and second end regions and a main region, said method further
comprises the step of applying a low half-select field to the cell to cause a first
magnetic field to be stored in the first end regi(;n and a second magnetic field to be
stored in the second end region, wherein the first and second magnetic fields are

20 aligned in opposite directions with respect to each other.



| ayer having first and second end regions and a nmain region, said nethod
further conprises the step of applying a high half-select field to the
cell to cwoga/oasho rst nagnetic field to be stored in thePCTrEsh2/ames regi on
and a second magnetic field to be 5 s22ored in the second end region,

wherein the first and second magnetic fields are aligned in a sane
direction witR5res a&@tmﬁr@daszlaémh%%.whercm the memory comprises a magnetic

layer having first and second end regions and a main region, said method further

comi)rises the step of applying a high half-select field to the cell to cause a first

magnetic field to be stored in the first end region and a second magnetic ﬁc%d to be
5  stored in the second end region, wherein the first and second magnetic fields are

aligned in a same direction with respect to each other.



