8 May 2006 1 ASYMVETRI C MRAM CELL AND BI'T DESIGN FOR | MPROVI NG BI T YI ELD
[0001] This application clainms the benefit of U S. Provisional Patent
Application No. 60/331,421, filed on Novenber 15, 2001, the entire contents
5 of which are incorporated herein by reference. FIELD &MayROGGNWENTI ON 10
[ 0002] The present invention relates generally to nmenory devices and, nore
particularly, to an asymretric cell and bit design for inproving the bit
yield of a magnet or£§YMMRTRICIMRAN CELIAIND BITRPBSIGN ce. BACKGROUND
OF THE | NVENTI ON [ 0003] I nt t}ﬁﬁ? [ VENG i have al ways sought the
| deal sem conduct or rns\rrt)ry;i;‘i’%tR ewggt at gi‘rgln%%;n%y accessi bl e, can be

e o ! S2d {001 ]9 Pl pplhRReh the bénefs UFIkovikbakIPatser bl o
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and consunes litt ower . M t echnol ogy has been increasingly viewed as

of feri ng al |p4hesaolNaciarssnes ARAO NAOCABEM 307007, hiRHERL kantefe] udes

an array of typi cal magnetic nenory cell has a
structure whi Jncl ude l.c: | arated by a non-nmagnetic

| ayer .ymgn§$%m§§§%ﬂ§%mg%%ﬁéﬁ%€n®ﬁf& agée)'r, typically referred to as
the pinned | ayer, are magneticall ' 20 _pinpned in one direction. The
magnetic vectors of the ot heXlbidbdl® P DINALMN. referred to as the
storage or sense l|layer, are not fixed so that its magnetization direction
is free to switch between "parallel” and “anti-parallel"” states relative to
the pinned | ayer.[0002]es B presenttiecnsionatelases genarally thmemosy devicesandy v
cell will have a |low resistance state. Conversely and in response to the
anti - par al | ahost pargicularly, to an asymmetric cell and bit design for improving the bit yield

of a magnetoresistive random access memory (MRAM) device.

10 BACKGROUND OF THE INVENTION

[0003] Integrated circuit designers have lalways ;souhght the ideal
semiconductor memory; a device that is randomly" acccssiblé, can be writtch or
read very quickly, is non-volatile, but indefinitely a_ltcrablc, and cdnsumcé litdc '
power. MRAM technology has been increasingly.vicwcd as offering all ﬁhcsc ,
15 advantages. | i | | _ |
[0004] An MRAM device typically includes an array of magnetic
memory cells. A typical magnetic memory cell has a structure which incindes
magnetic layers separated by a non-magnetic laycr. ‘Magnetic vectors in one
magnetic layer, typically referred to as the pinhcd lasrcr, are magnetically fixed or
20 pinned in one direction. The magnetic vectors of the other magnetic layer, often
referred to as tﬁc storage or sense layer, are not fixed sQ that its magnetization
direction is free to switch between “parallel” and “anti-parallel” states relative to
the pinned layer. In response to the pa.ra]iel 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
devi cer associates these two resistance states with either a |ogical "1"
or a "0" bit value. 8 May 2006 2 [0005] A logical "1" "0" js usually
witten into the magnetic nenory cell by applying exteﬁﬁﬁﬂy%@@%etlc fields
(via an electrical current) that rotat@ the nmagnetization direction in the
storage layer. Typically, the orientation of magnetization in the storage

| ayer aligns alon xi ne hey,eas xis. 5 The xternal magneti c
fields are appli e O%% Bkr \g’g“f’zﬂfaﬁ” P&Pl fmagRetife st or age

| ayer along i |s t.0. ei t her the qQr anti-parallel
orientation \ﬂgéﬂgﬁﬁé apply HEecherrF%lrFPé @S‘ﬁﬁﬂﬂé@l tricshcumentidhat nned

| ayer dependin n the desired,logic state. [0006] , MRAM devi ces usual ly
i ncl ude an aF?‘égc g? ¢ pRgnezationdiee %GHGEItbﬁﬁtqfﬁﬁ%%ﬂymaTm@!wﬁwonmmpphy

t he external gnetic fields to the magnetic nenory cells during witing.
The magnetic tizanon in the storage layer abgnsajong anraxis lewomtr aschewdasy-agis/ oW

| ines and colum lines. A selected nagnetic nenory cell is usually witten
by appPying dibecxtsraal magnednfields arctapplisdito flip kiar oriemeation of ohagmerizaties t hat
I ntersect at the selected magnetic nenory cell. 15 [0007]" FIG 1

i |l ustrates i prstpmgedtyermlong its/easp-anis toeithet itihe pantiehor i-psrafldl found in
the typical MRAM device. The cells 11 are arranged into rows and col ums
with each roaibematiog with zespeci wt the dridﬂtidid]ﬁoﬂﬂn%ﬁdﬁﬁﬁdh iﬁ%l&?hnééﬁ&}r&ﬁ an
associated colum line 14. In addition, - the cells 11 are arrange t

their |ong adeperelibe odithe desiied logic §tatel he row lines 12 and their transverse
axis 20 extending parallel to the colum lines 14. Referring to FIGS. 1 and

2a, each cell 11[0Q66RN REEANPIdviced hsh ium%%&‘%‘?s %&ﬁ.ﬁ%&ara”e'

with the long axis (length) of the cell

Tooheuer | peldhneTAainRes e i poblty hE oxRbA Al B e md e -

Each cell 11 has a colunn I ne t genera
memory cells during writing. The magnetic mcmory cells are usually locatcd at

intersections of the row lines and column lines. A sclcctcd magncnc xnernory cell
is usually written by applying electrical currents to t:hc parucular row and column .
lines that intersect at the selected magnetic mcmory ccl[ o

15 [0007] FIG.1 lllustratcs a portion of an array 10 of magﬁct:c mcmory
cells 11 found in the typical MRAM device. The cel.ls 11 are arranged into rows
and columns with each row having an associated row hnc 12 and each column
having an associated column fine 14. In addition, the cells 11 are arranged with
their long axis extending pare.ud to the row lines 12 and their ﬁnnsvcrse 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 para;lch with the long axis
(length) of the cell and a hard-axis 20 of magnetization directed parallel with the
short axis (width) of the ¢ell. 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 curreat is applied through it. The

manner in which currents generate magnetic fields in magnetic memory devices

is well known in the art and-is not discussed hercm




easy-axis magnetic field when current is applied through it and a row |line
12 that 25 generates a hard-axis nmagnetic field when current is applied
through it. The manner in which currents generate nagnetlc fields in
magnetic nenory devices is well known in the art antis &M¥eydPussed
herein. 8 May 2006 3 [0008] The nagneti@d field aligned to the easy-axis is
referred to herein as the easy-axis wite field while the other field is

referred to as the[dgogh ﬁfnﬂ ﬁch&ﬁ'ﬁgﬂb&tﬂ)%@@é&%&k&@%ﬂ@ﬂ't&hﬁ:ﬁ’&

sel ected magnetic nennry ce celves h the easy-axis and hard-axis
wite fields. 5 I eéfepddt hQ&1 el ect
field because I ndi Vi duanJrit@ %d@ggg@?giﬁe{gdﬁe cont et%tag .0f ce fmé

practi ce, hovgygs ﬁa&iheﬁﬁ? 388 hat'bhy Sl LLAed g NURE nfed RPLIAReeif@ a5 the

hal f - sel ect f|e € easy-axrs wi Isre oasthe
eterred to ﬁ%ﬂa#’%%‘ 1 3nd fard apls e ieldd Rl ﬁc"ﬁ#&ﬁ%ﬁ% Tory
5l bot o8 e riRetd B 6% Bifbsclert ek Al Bl fab el > o
Che. part1 cul SfORSBRS A ellndn Eragheey bPUEwH, Mg SRHOVIEAg 5 a@#p' teflel .

Simlarly, the unel ected ceIIs co Ied to the pq_él cul ar rowt 5 line
usual I'y recei Weasdiehatfrselecs ovihe asyraws writerheldnis seferred g9 2pthe he easy-

axis and hard-axis wite flel ds are usually chosen to be high enough so
that the storevtdieg fisld.he sel ected magnetic nenory cell switches its logic
state, but are |ow enough so that the stored bits in the unel ected nenory

cells, that are s}t tTheobitstoned intthe seleated meniony atfl is deferved teheteih. An
undesirable switching 20 of a stored bit in an unelected magnetic nmenory
cel | (itoe., oxea ¥debdcredbii’™v il ofithe remaming midmomrdelle cbuplbdsa: the colamonl y
referred to as hal f-sel ect sw tching.
line or row line, which are not the desired selcctcd cell are referred to herein as -
“unselected cells” and their corresponding bits are “unsel.cctcd bits..‘” The
unselected cells coupled to the particular column line usually receive only the
easy-axis write field. Siﬁlijarly, the unselected cells coupled te thc pamcular rovxlr
‘ 15 line usually receive only the hard-axis write field. The magnitudes of tﬁc easy-
axis and hard-axis write fields are usually chosen to be high enough so that the
stored bit in the selected magnetic memory celi switches its logic state, but are
| low 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 switching |
20 of a stored bit in an unselected magnetic memory cell (i.e., one that receives only
one of the write ficlds) is commonly referred to as haif-select switching.
[0010] A serious problem that needs to Vbc 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




[ 0010] A serious problemthat needs to be overconme in order to build
reliable MRAM devices is the distribution of the swtching fields that
occur in the selected and unselected bits. A distribution of selected or
unel ected wite 25 fields strongly degrades bit yield. BVay 280Que to an
overlap in the distribution of the witd currents between the selected and
unsel ected bits. It has been 8 May 2006 4 determned that this problemis
attributable | t I,ng
2gai n o Fi o 355RRlecfat 45 BRAERCE shuBIP Y purt € e sl o FEIGRENTD
mul tiple layEéﬁFOf magnet o resistive material. For exanple, $ the
Illustrated c 11 includes a first magnetic |layer 16 and a second

magnetic |ayer 17 i.ch ;are separ at ed first gondugting or insulating
spacer |ayer 18. ta f@éﬁ?%@ﬁ%aﬁaﬁgﬁéﬁﬁﬁ%&w&?é‘ﬁ@ﬁlten
patterned into symmeirigal sh uch an el lipse, rectangl e or hexagon.
FIG 2a ill usﬂe&!‘éé! ‘:Sﬁ ih{é’ﬁ’éﬁ?“@& fa!?%afffﬁa@elt%@f‘g‘ﬁﬁﬂnéﬁ a%@!' CXampiRe
illustrated rectangul ar cell 11, 10 the layers 16 and 17 have a )
magnet i ¥at i onthecillingfrated celhad ingludes p firgrraagnesicdayes %HJ 3 segasdgmagreticengt h
or easy-axis of the cell 11. The vector 21 is depicted with an arrowhead
at each end tlayerpf.ouhigh areecpapsed ibyracfiesh condusgingtorAnsulating spacer layas 1§ t hi n
~the cell 11. As discussed above, the magnetization in one of the |ayers
16/ 17 i s genelht istachioh nagnetic lhaditon -t gmago yewsare oftcofpattesnastinte | ayer
17/16 is free to rotate into either of the two positions represented by

t he ‘vect or 2lsynhfi@drith! shape suchhe an silipse teetanpleper lndxaghn. EIG. Qatillustcuoesta ¢ _
menory cell (i.e., ellipse, rectangle, hexagon) is that they are perfectly
symetrical . mieyhorglcelidl wiehiadet@nghleshige InctHedlitdtyated searinguiad celiibpe due
to, for exanple, 20 manufacturing process variations can cause a '
si gni fygant clrnafer 16hE IPHARL A fhagnetization vector 21 that is positioned

substantially along the length or casy-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 cefl 11. As discussed above, the |
magnetization in one of the layers 16,17 is generally pinned wh:lcthc

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

[0012] The problem with the shape of the current 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.c., 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.



fields and currents required to wite a bit into the cells increasing the
distribution of wite currents within the array. This decreases wite
margin (i.e., the difference between the wite currents of selected and
unel ected bits), which reduces bit yield. 25 [0013] AccoMayRE8Py, there is
a desire and need for a cell and bit desisgn that increases the wite
margin and bit yield in an MRAM device. 8 May 2006 5 SUMVARY OF THE

| NVENTI ON [ 0014] The present |nvent|on provides a design for nenory cells

of an MRAM devi ce that incr 3k Y OF TEIEENYIBNEHONbit yield of the MRAM
device. [0015] The above and other features and advantages are achi eved by
5 providing an asymmetric cell and bit design, rather than a symetric

design, for an MYOODEVI CEhe priesicinivention pasyidesel ddsipnfoe menbhyesdlie df aRout
the easy-axis and has a centroid that is displaced fromthe bit center

al ong the har MIRAM devibé Ehat HSorEANRS tie Whitd g{a%n%ﬁqﬂ’ﬂ yiell &f@dle- MIBIM diGAde! 1 NQ

procegsbvarl atlonz do not substantially cha ge the switching fields of the
I @éﬁ’fg]
th ?éﬁ inI E);posintg g?(?le nl o'ir‘lﬁs@fn sma E{ﬁ& - se g@%{tagl e aa%%ia%g[r a‘%zi{lseslS
h Vi I

?E% S\C/)\A't ;Li EE} *I e‘?@@%’%@g‘k seféu?h‘g %&tﬁiﬁg Wlﬁgﬁﬂd&éﬁ Y %r:1edl "
(relative ot MRANEARVER, Thedsid rg%/%e%?f%”vgh%*éﬁ%ﬁ fouhe elyaps,,

BRI EF DESCR PRORRCE e %@v&‘déﬁ Geomrbe £E OB AP e fardr ity Db ages
and features of the vention becorre m)re appar ent from he detailed
descri pti on- ofSYERBf{SY nlﬁf \Hnsé’n | epatiersAe fot to the

d
acconpanying dra tannaily IcEangc the smtcbmg fields of thc storcd b1ts In addmon, the

10 asymmetry causes the ends of the bits to align in opposite directions in small hé.lf-
select fields and parallel to each other at large half-select ﬁélds, 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 bité) due to a smaller overlap between

selected and unselected bit switching distributions.
BRIEF DESCRIPTTON 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
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 2 memory cell in the
array illustrated in FIG. 1;




20 which: [0017] FIG 1 illustrates a portion of an array of magnetic
menory cells in an MRAM device; [0015] FIG 2a illustrates a sinplified
view of a nenory cell inthe array illustrated in FIG 1; 8 May 2006 6
[0019] FIG 2b illustrates a bit center and coordi nate $¥e¥dP9%r defi ning
bit symmetry/asymetry; [0020] FIGS. 3a-3& illustrate exenplary bit shapes
that can be used in an MRAM device; 5 [0021] FIGS. 4a-4d illustrate

di fferent magneti zat,i pa res.for a bit. shape that is asymmetgical and
has a centroid di sibgiéa fﬁﬁr?ﬁéﬁ‘ﬁ:‘iﬂ%‘&?‘éf"%ﬁcgﬁﬂdc @%Féysws‘f‘"[oozz]
FIGS. 5a-5d il]Justrate diffwt magnetization patterns for a bit shape
that is rotat S&GORAMEDIt SEMMGUY/ISHRBEY | i ne; 10 [0023] FIGS. 6a- 6d
illustrate different magnetization patterns for,a sy trical hit shape;
[0024] FIGS. 7a-7d [ﬂpaaitrﬂ(&se&eﬁﬁﬂbﬁyﬁmx@dﬁ@shﬁg cs thag wsadence;
[0025] FIG 8 is a simulation of the switching astroids of the bit shapes
15 shown in FaGMBAMMEvifed026] FIGS. 9a-9c. illustrate an exanpl e reversal
node for an asymetric bit shape with a centroid that is displaced from
bit centser al ong tH{802hjr d FiGSs4avitd lillastsare diffdrentimagnetidation pateasrpr BIbES.
10a-10c. illustrate an exanple reversal node for an 20 asymretric bit shape
with a centroigsHapgh thak &cagnaherrigaltand Hagracceaxiodd tisplaced froli the bit center 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 diffcrent rﬁagnctization patterns for a
symmetrical bit shape; | | | o

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

[0025] FIG. 8 is a simulation of the sWitE.h.ing astroidé 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 ﬁ';)m 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 B

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

25 DETAILED DESCRIPTTION OF PREFERRED EMBODIMENTS

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

various specific embodiments in which the invention may be pmc&céd.’ These



center with a large hard-axis bias; and [0028] FIG 11 illustrates a

processor Sys
accordance wi

descri ption,

the i nvention
described wt
practice the
may be enplo

temincorporating an MRAM nenory circuit constructed in

th an exenpl ary enbodi mrent of the inventiagn. 25 DETAILED DES
| PTI ON OF PREPEREFT) EMBODI MENTS [0029] In the fol | owi SgYae£8?q ed

reference is nmade to various specific enbodi nents in which
may be practiced. These 8 May 2006 7 enbodi nents are
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d, and that structural. and electrical, ch . be mad
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[ 0030] As not
any MRAM devi
poor bit yiel
sel ected and
parameters in
and 10 uhel ec

d aboye, ,a fundanmental problem. hat needs tp be B overcone i
T Smplsdnand Mo Frperadl SIE R FhaRErs fRat Refade SEbGH | ¢

n

d due to_.an overl ap betweg%tghe wite current distributions of

siepagiag fom the spirt epssope
trinsic to the MRAMcell/bit that could affect the sel ected
ted bi(0GB0M: r iAnmoted abows, lafandmmental preblemethabneedste heot

limted to random variations in bit shape frombit to bit, random
vari ati ons i n owereomefn poy MBAM devite isrthbidisttibution of switcling fiekisahaf resules ds

by which the

and magnetic

switching fie
node. The mag
magneti zati on
t he switching
FIG 2a). The

10

15

25

bit is witten, the value of -‘the fields used to wite a bit
inipoor HiOHAIY) due omamovertapt bedaetniche orité enwenlt distoibutions of
| d 15 distributions relates to the nagnetization reversal

electat ardhunsedacted bits. ideasden i tdafined chashékars egience of
patterns during the magnetization reversal process (i.e.,

gg}%gﬁ:gf{ri&gg?i&ig ﬁ@t;‘;‘%’?‘éi‘;‘s‘ el stifink -;b&la ﬁfec?_ thd dd#ﬁéd ﬁ@d in
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 vatue of the
fields used to write a bit, and magnetic noise.

[0031] A ma};or contributof to the width of the switching field
distributions relates to the magnetization reversal mode. VThc magnetization
reversal mode can be defined as the sequence of magnetization patterns during
the magnetization reversal process (i.c., the switching o.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
term “bit shape” is used throughout the remainder of this specification, but it
should be appreciated that bit shape resuits 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

and write ficlds used to write the bit can be used to increase the distance between

@ PECSERIBYCRMRA. t here are vari ous

the mean of the selected and unselected write field distributions (i.e., increase the



be selected by bit shape and by different conbinations of the wite 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 nenmory cell storing the bit. Thus, for Mgagpde, a
reference to a symmetrical bit shape shou¢d also be deened as referring to
a symmetrical nenory cell. [0032] It has been determ ned that if properly

sel ected, the bj. Lt eqfiel i{e the Dbi an be
used to incr ea@é&? w;tggﬁggddggmée cflﬁ‘?ﬁ@?ﬁ%%@%ﬁ%@p&%@ﬁﬁ

unsel ected wri field distributions (i,.e., increase the 8 May 2006 8
write margin) léﬁlﬁmﬁ}ﬂ&e@?‘%ﬁgfé?ﬁ!{;m 'rﬂ{’ﬂ"of the wite field distributions by
| ocking in a prefer versal] node, [0033] Bit shape gnd correspondi ng
symmet ry/ asymret ry (4t B %Rorqnéocq;sqsagll% TRMETH, PYPIARHCIP&L | on

with respect to the coordinate s systemijllustrated in FIG_ 2b. The x-axis
is parallel tdluandificdpsing ehebig cemfzoid and rotatien Bathy respectta the,eoerdinate | i ne.
The length of the bit is neasured along the x-axis and the width is
measur ed? al ongystea illusizated IHBIG Jdr. dTheuxeaxis is paralish toj theorow kg and thy paxis
symmetry/asymetry is centered at 22 as shown in FIG 2b. [0034] The x and
y coor di nat es ippatallel to thecenlumm linearEhellenignle of the bitlis ovessuréd alongtliy ¥-axis f
dxdy; and to(l) <x> =f f ydzdy / f fdxdy. (2) <y> = The bit rotation is
defined as: (3nd<dre-widthiq megduied glonf the yeaxis. 1 Thesioogdinmte spstemiised tfoons,
bit symmetry/asymetry is defined as foll ow

defining bit symmetry/asymmetry is centered at 22 as shown in FIG. 2b.

[0034] The x and y coordinates of a bit’s centroid are defined as
10 follows: | |
(1) <x> = {[xdxdy / [fdxdy; and
(2) <y>= [fyardy / [[axdy.
The bit rotation is defined as:
(3) <6>= [[o(x,y)dxdy / [fdrdy.
15 Using these definitions, bit symmetry /asymmetry is defined as follow:
(4) <x> = 0; <y> = 0; <f> = 0 = symmetric;
(5) <x> = 0; <y> = 0; <B> = 0 = rotated; and
(6) <> = 0; <y> # 0; <0> = 0 => lopsided with respect to the hard-axis (i.c., 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 pai:allclogram-
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 magxretizat@on
patterns, since the magnetization prefers to align paralle! to the édges of‘the bit.



(4) <x> =0; <y>- 0; <0> =0 syrmetric; (5) <x> =0; <y>=0; <0> ~ O =
rotated; and (6) at> = 0; <y> * 0; <0> O lopsided with respect to the
hard-axis (i.e., the centroid is dlsplacedfromthe bit's center along the
hard-axis). 20 [0035] FIG 3a illustrates a symretrical &Mayge8tshaped bit
corresponding to equation (4). FIG 3b il%ustrates a rotated parall el ogram

shaped bit corresponding to equation (5) FIG 3c illustrates a bit shape
that is asymmgy. qal el ERreRt tha @Ez&t?odj ﬁe?&%&@otéﬂstg't center
al ong the harc- axi s t correspo sto eq tion I'n FIGS 3a- 3c,
the x-axis | * figafa %.@ a5 3 i Yedibiig i b Qﬁsﬁo [£9036]
Bit symmetry/asymretry strongly de es magn BS At on erns S|nc

t he magneti zat | refers ar, f the bit.
2006 9 FI GS. Mt} v 54t P‘Ia{ik Jé*(%]e’#eﬁﬁ Jrl?gl&i‘é? t@%ﬁf%%ﬁgi? &P“saWBF‘i 30
that is asy nd centr spl aced al on the har,d- a rom
the bits % (Pies 100 5% S5 Wit feals, A% Brefip GH et i G 24 o
| ow hard-axi s fields.  Wth_|]ow hard-axis |tef|,elds th
magneti zati on %{&rﬁmm%ﬂaméé 86 5. QPO HEECHOP k-1 YOSHIT $ Is Bt
align in opp05|te directigns (i.,e., vector_ 32 up mhlle vect or 34
i's pointing dényhile peqrpe34 A% POBEE ARTHL: |I;_naﬂéfr&%é€e RARNEUZIBONACERT Tl
the right and in FIG 4b the vector 21 has been switched or reversed such
that it is novs peinsingtg the right andin FIG, db, thr:vector 21 bas been switdbed qrat t er ns
for high hard-axis wite fields. Wth high hard-axis wite fields, the 10
patterns in t hmevarsatbsi@h, thavitds nowepaastmgree thekft. PGBty Hdghustrate the sane
direction. In FIG 4c, the nagnetization vector 21 is pointing to the right
and in FIG @dmrﬁﬁmhigbhaﬁ}aﬁawﬁbeﬁddswwmmohwdeméswﬁdc Belds, thieat it
IS now pointing to the left. The field required to swtch the direction of
t he 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 (<6> % 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 a.hgn 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. 5¢, 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 for a

symmetrical bit 40. FIGS. 6a, 6b illustrate the patterns for low harét—ﬂd.’s bias



magneti zation 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 sane
direction. [0037] FIGS. 5a-5d illustrate different magnetizati on patterns
for a bit 35 having a shape that is rotated with respeéMep2t¥e x- axis
(<8> *.0). FIGS. 5a, 5b illustrate the paatterns for |ow hard-axis wite
fields. Wth low hard-axis bias fields, the nagnetization patterns in the

ends 36, 36 of e bit 35 align.int up 20 direction when the |

magnet i zat i onﬂﬁ'@;‘t o‘%‘%‘llol"%ﬁ’ﬁé'r% bigs g"gd‘? ﬁ‘l‘f? T SYRUREtRY tthe MagafRZaHq%ct i on
when the vector 21 has, been reversed such that it is pointing to the |eft
FIGS. 5c, 5d PRitgEisinitheemds gds #éof he bit 49 split (Reiat p andyorsn) sothas they ¢ h
hi gh hard-axis bias fields, the patterns in the ends 36, 38 of the bit 35
align in thealigmpagilicbte tanbisedgel Slighs deviatian inHeit sgmmetty, whichgreedd c writ e
field increases 25 it becones easier to magnetize the vector 21 to the

ri ght than toresodt frefnt prock80R8RtIEACHIll 6ausddhe bitst magnetiid fsdthasttated in
magneti zati on patterns for a symetrical bit 40. FIGS. 6a, 6b illustrate

t he pattserns FOHGSL dwndh5! Thisxwill divesa Birilyca?fddin the hirité delds Yéqguirddaw
hard-axis bias fields and perfect symmetry, the nagnetization patterns in

the ends 42, fcvepie theediPictiohbfIhk naghe@rdtion Wecedrl20WIGSS B¢ idtbillukha thal i gn
parallel to the bit edge. Slight deviation-in bit symetry, which could

result from ppagests fahigh h&daxiy'bihd AGAYSWith Righ haddPaiRBREHEES, the
illustrated in 5 FIGS. and 5. This will cause a large scatter in the

wite fields ' r | J | ' ctor
o B s o, PRSI the cnllE Uy B of Bt i 407lighln‘the o RNEASH AL pARKECT

Wth high hargs i §a4- el the patterns in the ends 42, 44 of the
bit 40 align %\a&e saﬁsgﬁaseﬁ%ﬁl'on and parallel to the hard-axis bias

L on e bl e MR N L
symmetry/asymmetry strongly determines magnetization patterns. Four
dﬁcr@t bit shapes were simulated to détcrminc their magnetization patterns.
The shapes are illustrated in FIGS. 7a-7d and are defined as follows:

(7) ellipse = <x>=0nm; <y> =0 nm; <6> = Ohc-{egrces;

15 (8) asym#2 = <x> = 0 nm; <y> = -8 nm; <6> = 0 degrees;
(9) asym#3 = <x> = 0 nm; <y> = -4 nm; <0> = 0 degrees; and
(10) asym#4 = <x> = 0 nm; <y> = 0 nm; <> = -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 comresponding to

20 equation (7). FIG. 7b illustrates a first asymmetrical bit 30a that has a centroid
that is displac;:d from the center along the hard-axis (i.c., 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 iltustrates a third ellipse that is rotated

25 with respect to its casy-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 ficld required to write a bit. There are four curves with eéach



different bit shapes were simulated to determne their nmagnetization

patterns. The shapes are illustrated in FIGS. 7a-7d and are defined as

follows: (7) ellipse = <x>=0rim <y>=0nm <0> =20 degree@sé' 15

(8) asym#2=<x>-0run; <y>=-8rim <0> Odegrees; (9) asym#38Max20860 ryn; <y>
-4 rim <0> - 0 degrees; and (10)asynm4=<x>=0rim <y>=0run; <0>=-15 _

degrees. All bits in the sinulation are nomnally 270 rimlong, by 180 rim

10e a0 & | B i G165 i o 7 g HA S b Y 68 1P
ssymet | cal el RS 2SSO o 0 ol AL HAR SRR T
Te 1S o B SORRR RS UIRER S BiriOhy LBk MRS ST EEL S op) oo
R e X e

0040] EIG 8 o] he effects of changes in bit symretryon the nean
Lragnelié fie|ﬁagég§i$‘éw @@I%L%F?vwdét%ﬁlwwaa%m gightlh linesc8Qa 8
May 2006 11 cyrve conprised of two |ines on the graph. Each curve
represents théobits 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 thel[@®dkld akbefasesfonthd gmaph agothe ot -axishwricafield (Ehy) andy m#3
corresponds to the fifth and sixth lines 70a, 5 70b and the curve for
asym#4 cor r espenessy-wsiswritestialds(Eixp ifhati is) #T id thedsalB@dect Sl anfl @34 19 thehe
axes for the graph are the hard-axis wite field (Hy) and the easy-axis
wite fields gwitghingifieid.i The nits fot the flebds insht @eipH 1) skrsteddOdy. Thet he
switching field. The units for the fields in the graph are oersted (0c).
The 10 curves represented by lines 50a, 50b, 60a, 60b, 70a, 70b, 80a, 80b are usually

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.c., 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
I5 curve (¢.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 fixed values of the half-select
field, as indicated by the different curves shown in FIG. 8. From FIG. 8, it is
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 variatiomand /or dimensional variation been introdizced into



10 curves represented by |ines 50a, 50b, 60a, 60b, 70a, 70b, 80a, 80b are
usually referred to as switching astroids. The nenory 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),ggWBYgo@%nnot be
witten into the cell. If,, however, th& operating point is on the outer

| eft or right of the two lines of the 15 curve (e.g., outside the astroid),

the bit can bg, wjtten into the cell. 421 .The subt.l e, differences in bit
Shape i 11 ot ¢ RS APPYF SHpeple e ayitchirie Geld lmipRioR 56 hxed Sathsdd Ty Sonsd
switching field. at fixed val ues of, al f-sel ec field, ,as jindgicated by
The. i 1 or ent beJAkEss Bagouoer ARewain FIGK RorAsaie Q,LOY » ipgreasipg theo £
when a bit has an asymretry characterized by a centroid displaced 20 al ong
the y-axis (iin % befnegnitheunselsetpdnnd spleceedystares iy el pnd iy sh@limproves
stronger drop in Hx with increasing Hy and would thus be preferred in terns
of i mprovi ng bl vield el birtshape charagemzeshby equasion () wewld havy tirie effect. bi t
shapes that have a centroid displaced fromthe bit center along the

har d- axi%s to over cdf844pneTafo examplayewimhily modesataniliubtratpd i FIGE! 94/RAM
cells. 25 [0043) It should be noted that the present invention also
enconpasses hhd ld¥af Hii SFIGS . n@d-8¢ ilhistrpeer thestdtchingr made ahatendetd oasir in

di rensi onal variation. Had nmaterial parameter variation-and/ or di nensional
variation beeasyniinicattisies chithereBzddby 2096 2.4 headeavmie iedippleced! fism
switching field distribution at fixed values of Hy would be larger than

those shown i ac:EeGalo‘ﬁg dhie maleﬁds?aﬂaat vilied SEEYHEIdWA Hidsheldophg, FIG
ec

bet ween the unsel ected and se ed states (Hy'- 0 and Hy * 0) | nproves

bit yield Thaphkaeshamer ﬁf“ﬁ?&@ﬁ&ﬂi&iﬁf&&ﬁ mﬁtm@hﬁfhwmagn@@ﬁﬁopﬁg

effect. 5 [0044] Two exenp y swtching nodes are illustrated in .
9a- 9c d 10a- - El 9G, . ' L-DQ- : t f.e to
occur iﬁd1 asy%@%géﬁgeg m?&@f#‘?&iﬁ@iﬁs i%lg%Phg&}ég)ﬂg%%[g% g?"s

di spl aced from,.m while a second end region 106 has a magnetization direction pointing up.

O

FIG. 9b 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 (¢.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.c., centroid displaced from bit center along the
25 ha:d-aJ;is) 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 ﬁlagzléﬁ*zadon
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center along the hard-axis) and at values of Hy bel ow a threshold val ue.
FIG 9a illustrates a first magnetization pattern 100 in which it main
magneti zation 102 10 is pointing to the left. An end re%id\%n 104 has a
magneti zati on direction pointing down while a second eddpegPe¥nh 106 has a
magneti zation direction pointing up. FI@3 9b illustrates an internediate
magneti zation pattern 110 that consists of a main nagnetization portion
112 with its dj L ORinkRAe h T [ end regi.on 114. has
a magneti zati O%Hagi%?% tB Pgﬁlgj&é‘%la{r}g uhbg%sb %tlivl‘:lé’ f;ﬁ s%cfoo:lgdmélﬁ ) ECBWC%TBC
has a magneti zagLi dl.rect | § 14 xvFl 1] lustrates, a
magneti zati on %‘;"“F? gtr]%el %@gﬁ%ﬁéﬁ'g’\?ﬁﬁ& “G"rﬁéﬂb e R QisgEd o thatses o
portion 122 w Lzation . ditection ppinti tq. the right,. an end
Fogion 124 hasS N BELRIGE Rarpdtpomianb i il i dioertior noisuis v, and
region 126 h a netization dj ti 0 oi nting do This sw tching
node occurs th%gegﬁggﬁq ‘Enc&c%?l%srjg%‘ﬁic]gzﬁ MP%RFGPS %) - 10cllusatesn t hese
bits to align in opposite directions and thus, they tend to forma domain
wal | (e. 3 r sﬂggﬁaf&’,n Batesm JO0 afeer the reversabanchatser My issetapzerg.0Ths]
FIGS. 10a-10c illustrate the node that occurs in asymetric bits
characterized EﬁFteerJ‘ﬁ) EPIPPIIEES 2 WA MagRriyaspn seganilGpeintingantthe righting
the. 25 hard-axis) but at high bias values of Hy (i.e., above a certain
t hreshol d val Y eoddl gegionnl 644 164 having magmegrasionzdiredionsqidietimg ap@nidn  whi ch
It main magnetization 142 is pointing to the left Wile its end regions
144, 146 have alowmneespecsivelyn A sB2@150h us <EX@NDisvERERet that\bchibiBQist thade ar e
poi nti ng down and up, respectively. FIG | Cb illustrates an internedi ate
magnet i zat i on qhangerwithl i@reatings Hyds highlly destrable sioedt beesask whedmatpih e
consists of a main nmagnetization portion 152 with its direction pointing
up. a?d 1o | ef t antherdifftienenth swigtidng Gl bebRed &R repémilitA8desilluftffed HPC
illustrates a

FIGS. 9 and 10.

[0046] Thus, simulations of the lopsided asymmetrical bits (asym#2
and asym#3 illustrated in FIGS. 7b, 7¢) 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 cnough to
overwhelm any changes in symmetry that may L;csult du;: 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 asym#3 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 (c.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 tc; form cells with



5 magneti zation pattern 160 after the reversal and after Hy is set to zero.
The pattern 160 conprises a nmain nmagnetization region 162 pointing to the
right, and end regions 164, 166 having nmagneti zation directions pointing
up and down, respectively. A shape such as ry> # 0 asy®¥eYy®hat exhibits
this node change with increasing Hy is m4ghly desirable since it increases
wite margin due 10 to the difference in switching fields between the

reversal nodesgil ed i | GS. : 0 hus, sinul ations of
the | opsi ded a“shfn‘#gks'?{lgg‘fpd‘oif'é‘“ F‘Xg‘?r%élg Qﬁﬁ%gm-l TR el 15 Prasgce 7y,
7c) tend to shgw.that.it | 0ssi bl e to _design bit that. changes. it
magneti zati on f?’&d’é?%fﬁ?"%d@ngﬂa ShiFeiPRLEMmsE 1Bte BF aymm PR tgﬁ

i nproved wite nargin,oyer .that of .a symmetric bit. Secondly, it 1is
possible to de%ﬁ“@#?qéﬁépxﬂfsd@%n&g%%ﬁpwﬂ?%w hardragis, s 6he dglsodough t o
overwhel m any changes in synmetry that may result due to processing
variation. Thi3PPResidted|thatonly the swregeslayerigineadsdordave awhape withdtsrachtoidn
of switching fields by elininating nodes with different swtching
astroids? FI Gdisplagad Gemathebip centhnalogg ithe band-axis to practive themidvenyon: 3Thaw e
slightly different shapes, their astroids nearly identical. [0047] It
shoul d be not g8, if kds desimbletd bave 2 symmetrival/pimatd ilayep16 aidapers magnetic ldpet
the centroid is displaced fromthe bit center along the hard-axis can be
manuf act ur ed bi8,ahgn ghoimeation coaldill be praetbed splelydsydshiabinig the etdragehyéon
Is 25 not to be limted to any such nmethod. Mreover, the layers (e.qg.,

llayers 16-18 17 withtitsdedrdid displaced Hlorh il birakfte RIGAE tHeHdrd-adfse not
limted to any specific matehal or layers of materials. Al that is

required is the abiflgg4g]t 0 FIGL M1 iflabtrdtes'd pfocdssdt ¥y ReR02 incBibdiagig 54

shape. The layers 16-18"illustrated in FI 2a are suitable to practice

t -hiehi Vet | on MRAMHeRory BirYuid 2T 2RBnbEhAE ih BEQriAF AR IR i HimERABE

the invention. That is, the MRAM memory circuit 212 comprises an array of
magnetic memory cells that are asymmetrical and have a centroid displaced fiom
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,

¢.g., a microprocessor, that communicates with the memory circuit 212 and an
1/0 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/0O device 210 is illustrated, but is not necessary to practice the
invendon. 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




centroid displaced fromthe bit center along the hard-axis. It should al so
be appreciated that only the storage |layer 17 needs to have a shape with
its centroid 5 displaced fromthe bit center along the hard-axis to
practice the invention. That is, if it is desirable to38e%280Gymretri cal
pi nned | ayer 16 and non-magnetic layer 18, then the invention could stil
be practiced solely by shaping the storage layer 17 with its centroid

di spl aced fromthe bit center along the hard-axis. [0048] FIG 11

i |lustrates arorededmsdic siaicem2d00niy bechiticdded 8nahe sandRAY 4K TGP LI JpRui t
212 constructed in accordance with an enbodi nent of the invention. That
i's, the MRAM iftysodasired,r cuit 212 conprises an array of nagnetic nenory
cells that are asymmetrical and have a centroid displaced from bit center

along the hard-ax! $0680) ¢ Mimile Ry v HBLAAS bBLA didcrbd 3 PERAIPRiAPOVE

Wi th respect to FlI , 4a-4d, 8 and 9a-9c. e system 200 may be a 15
conput er syst gifred, %gn&ﬁ J[.’ ; A t enpl oyi ng a
processor and asrsocc:ié)ag{'?gﬁﬁﬁ%1 ry.B %@%@ﬁ%@ﬁyﬁa@%gﬁq gg%l -ﬁ%?ﬂaﬁ e@ﬁg central
processikng unit... . : Lcroprecessor, .that co njcates with
t he menory ci#‘é‘ﬂﬁ‘ﬁt E%fggﬁgméeﬁi%t}lagﬁgl\ﬁafgﬂgg@ﬂbaﬁgpénb%“fﬁﬁpI €must be
noted that th 2 . b 20 series. of buses agnd brjdges comon]y
used in a pro%égisig?asg‘g{’%ﬁfnﬁﬂ’?&*d?wmﬁﬁoéﬁ?:gc b‘Bﬁﬁf?E‘&A %b??g&ﬁ@t%s 220
has been illugtrated as a sSingle bus. A secaqond |/O device_210 is

i |lustrated, %’(Jfﬂ? E’r?ﬁﬁm%éle%%&’é’ro% EH%?%‘EW&‘EB“%H%’ erieept Phic appsndsdt em
200 may al so’i,ncl ude additional nenory devices such as a read-only nmenory
(ROM) device @%ﬁ?&and peri pheral devices such as a floppy 25 disk drive 204
and a conpact disk CE% ROM drjve 206 that also communicates wth the CPU
202 over the bus 2089544 i $Vhetis claimedisn the art. It should be 8 May 2006

15 rioted that the nmenmory 212 may be enbedded on the sanme chip as the CPU
202

A ——— LT PR



I f so desired. [0050] Wiile the invention has been described and
illustrated with reference to exenplary enbodi nents, nmany variations can
be made and 5 equival ents substituted wi thout departing fromthe spirit or
scope of the invention. Accordingly,’8he invention is $d¥13Y 3% under st ood
as being limted by the foregoing description, but is only limted by the
scope o&tﬂdﬂﬁappended claims. [0051] What is clainmed is: 16 8 May 2006
CLAIMS 1. A magnetic nmenory cell conprising: a first nagnetic |ayer having
a pinned nagneti zat inagnétic amrhony; cel copfprigingragneti c | ayer having a

swi t chabl e magnet I zation direction; and a non-magnetic |ayer between said
first and se@dhst magnetc kyeapavingheinaed raagnetization éigstivRes a har d- axi s
and an easy- gxd ' | -AXl —AXL S fining
a center of gge?oggﬁpé&rg%@ g?éﬁ g'ggﬁ gs%%@ﬂg'i%gﬁ%@%ﬁ%g P@ a§g§h’h%®ea
centroi d t hat non-chagpktc tayenlbehgeéin esdidi fickt andsdcoathrhagnetenioger, 2. The
magneti c nenory cell ‘ﬂ?@ﬁl aim 11 wherein said second mag.net i C '

. |
patterned i ntJeEINGiR COMESR @_ﬁ‘qr EXRNY AueaRsArEc 8l 'Ht%g &trorﬁlbcs’hard-
axis free hhR-888 A e§sy—£9%_%'accéfﬁ8pby sEfl J:elf?‘;ﬁr? ?f [8a t‘fé’rgf%f §é¢;berﬁia‘3h

of said |layers has an associ entrord that Is place omt

cent er wlagngtic hayardas-axestroid.thahis disglased alomgribe hacaaxisofroml theroehterher ei n
each of said layers has an associated centroid and is patterned into a

| opsi ded shape with its respective centroid displaced along the hard-axis

fromthe cenper. FhelhagRBEOherRoRE BB bf Baim af whbAimdaidReEshd Mmagsetiecond
magnetic |ayer conprises first and second end regions and a main Tegion,
sai d nalayef éypatterned 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

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
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 opposite directions with respect to each other when low

half-select fields are applied to the cell.

6. The magnetic memory cell of claim 1 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 the cell.



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-Yelect fields are §ﬁﬂﬁygapQO t he cell
6. The magnetic nenory cell of claim1l wherein said second magnetic |ayer
conprises first and second end regions and a main region, said main region

bei ng paral | @ toASgiadnefs ynenibs diics EmPRisinge nagneti zation that is
switchable between the first and second directions, and said first and

second ends &t Blugalityegfneaonetic anagory fellal erganizedaintaan @ireycof sawsaiand

respect ' | f - fields are applied to the
cell. 195@%gfghgﬁ%gﬂéﬁnn@gh’g:pyggﬁghgﬁisﬁﬁ;l ce conprising: a plurality of
magneti ¢ nenarfirsicdbhetic Gt hading™ pinkedanagyetiatibawireatidn; col utms, each

magneti c nenory cell conprising: a first magnetic_ |ayer having a pinned
magnet i 2HECHAA dNAgRaticdayenhavieg dewitahable magaptizationdirections @ndchabl e

magnet i.zat i di o - -#}ng%ci : n said first
and seca(?;ﬁ @gaﬁgggﬁétfcg)%g?@@%egé@gﬁ}d@gg ce cgrr'*ﬂrgél‘s?éetéé)%y ard-axi s and an
easy-axi s, awhentiarssd tded rcovhprigdsea trard-axis andrah easy-aris| andefarsectipraof
center ,of ,said cell, and at |east said second k nagnetic yer

| h
Cent r oite 1R N4 faRveRrs EAGNGE RIS A padiGimaseat Baeh saithssons
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patterned into a | opsided shape that Is asy trical wth respect to the

easy-axis and its centroid displaced along the hard-axis fromthe center.

9. Th i dev, f claim7 wher ei h | h .
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10. The|gyaenetitteiRa® iNtod8ibpSidel Qﬁédéﬁﬂat“f@%%}rﬁn@%%l'@ﬂf?rregﬁéct% the
associ ated centroid, is patterned into a | opsided shape that is
asymmet fReuRXiRians its centroid displaced along the hard-axis from the center.

9. The magnetic memory device of claim 7 wherein each layer has an

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

10.  The magnetic memory device of cilaim 7 wherein each layer has an
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 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.

12.  The magnetic memory device of claim 7 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



respect to the easy-axis, and has its respective centroid displaced al ong
the hard- axis fromthe center. 11. The magnetic nenory device of claim?7
wherein said second magnetic |ayer conprises first and co g nd, regions
and a main region, said main region Weing parallel to §§ﬁa¥2 @i-axis and

stores the bzation. that is swi.tchable. between the first and second
i reot i DHEnalRd s fatalion Ba ol EeaiRls Wit JRsPS g eae of far ash Bigh
align ihaﬁ%lé@dtﬁ‘iéld%iérécédmiéa iWithd cepspect to each ot her when | ow

hal f-select fields are applied to the cell. 12. The magnetic nenory device

of claim7 wherein said second magnetic |ayer conprises first and second

casy- i o and st on 8 MAGALE tueftef, ARe S gy, 2 Ol A eld 35
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2006 magnetic fields that align in a sane direction with respect to each
ot her when high half-select fields are applied to the cell. 13. The

magnetic nempy dg;%@geggogégi%?mrﬁ@%gm said device is a

magnet oresi stive r om access’ menor M device. 14. A processor system
conpri sing: agprpcessessangd and a nmagnetic menory device coupled to said
processor, said nmagnetic nenpry devi cg co | Si ng a plﬁlﬁal Ity of magnet I C
menory cel | s2dPEAREYCMEMRNY GRYICE FAYPIBH 10 SHIkPIACESER $RITs MAgRRHS MYREM ¢
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and second magfnetic Iagle[ﬂ? ¥¥ne.rei n saig cel | coErBri es..a _hard-axis and an
easy-axis, aff " '9PgREYS yeppavingea REPES ANAANellzata AVegloR; defining a
center @fseedhd &heticiBferhalifgalsvwithdbRERRGAtization direction; and
and a non-magnetic layer between said first and second magnetic layers;
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.

15.  The system of claim 14 wherein said second magnetic layer has a
lopsided shape that is asymmetrical with respect to the easy-axis and its centroid

displaced along the hard-axis from the center.

16. The system of claim 14 wherein each layer has a centroid that is

displaced along the hard-axis from the center.

17. The system of claim 14 wherein each layer has a centroid and is
patterned into a lopsided shape having its respective centroid displaced from the

center along the hard-axis.

18. 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




magnetic | ayer has a centroid that is displaced along the hard-axis from
the center. 15. The system of claim 14 wherein said second nagnetic | ayer
has a | opsided shape that is asynmetrical with respect to the easy-axis
and its centroid displaced along thel%ard-axis fromthd Maneedt 16. The

system of claim 14 wherein each |ayer has a centroid that | di spl ace
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each | ayethd@s.a centroid and is patterned into a | opsided shape having

its respective centroid displaced fromthe center along the hard-axis. 18.
The system of claim 14 wherein said second nagnetic | ayer conprises first

and second e 6 re 'hons nd rlmi N4 lon, said main reqiQn Ibei n ar.al | el
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store nH’(?n%Q' c fields that align in a sanme direction with respect to each
ot her when high half-select fields are applied to the cell. 20. The system
of claim 14 wherein said nagnetic nenory-device is a magneto resistive
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magnetic nenpry device is enbedded on chjp as said processor. 22. A
met hod g@ggpwgq%ﬁ@ﬁy%r@? ia&ﬁe%"‘%?'ﬂ%@r(&@gmﬁﬂlcﬁ cell, said

21.  The system of claim 14 wherein said magnetic memory device is
embedded on a same chip as said processor.

22. A method of storing information in a magnetic memory cell, said
method comprises the steps of:

providing a memory cell having a hard-axis and an easy-axis of
magnetization, an intersection of the hard-axis and easy-axis defining a center of
said cell, the memory cell comprising a magnetic field that is aligned with the easy-
axis in a first direction, the memory cell having a centroid that is displaced along the
hard-axis from the center;

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.

24, The method of claim 22, wherein the memory comprises a magnetic
layer having first and second end regions and a main region, and wherein the value
of said half-select field is below a threshold value so as to cause a first magnetic field

to be stored in the first end region and a second magnetic field to be stored in the



met hod conprises the steps of: providing a nmenory cell having a hard-axis
and an easy-axis of magnetization, an intersection of the hard-axis and
easy-axis defining a center of said cell, the nenory cell conprising a
magnetic field that is aligned with t4 easy- axis in aS3M¥p¥£0efi rection,

t he me | 1. havi. centrpi dethat s displaced al qng.the ard-axi s
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appl yi ngppositd dieédtictsvaign rddpect teeset etHepe cel |, said switching magnetic
field causing the magnetic to switch fromthe first direction to the second
direction. 23. The nethod of claim 22, wherein a domain wall is forned on
the cell bekgre i el gai i h i i.on.
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conpri ses_.a netic .layer having fjrst and second end regions and a main
regi on, a@lwﬁg"’l Rawmerdiraayep W'ﬁb‘?ﬁ#’ieg 'S ‘?EI“FZ‘ QNEF of appl ying a high

hal f-select field to the cell to cause a first nagnetic field to be stored
inthe first end region and a second nmagnetic field to be stored in the
second end region, wherein the first and second magnetic fields are

aligned in a sanme direction with respect to each other.



