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The present invention relates generally to magnetic
menory and nore specifically to magnetoresistive
nmenory el enments. 2. Rel ated Art The di scovery of the
gi ant nagneto ﬁﬁy@ to the
devel opnent o lﬁén‘.%; spi n g?(]a ielgtér oni c
devices. The GWR effect is observed in certal n
thin-filmdevices that are made up of alternating
ferromagneti c and nonmagnetic layers. In a typica
device, the relative orientations of nmagnetic
directions of theGOVERMMENTRIGELS:s define a bi nary
state of the device. The resistance across a device is
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commonly referred to as a "spin valve."” GWR devices,
i ncludi ng spin val ve d as data storage
el emrents i n magneti CSB#%@ @.I.Q s nmenory (MRAM
devices. In this regard, exenplary MRAM applications
of GVR devices are described inU S. Patent Nos.
1. Figdi47,922; 6,175,525; 6,178,111; and 6,493,258, all of
whi ch are incorporated
The present invention relates generally to magnetic memory and more specifically to

magnetoresistive memory elements.

2. Related Art:

The discovery of the giant magnetoresistive (GMR) effect has led to the development of a
number of spin-based electronic devices. The GMR effect is observed in certain thin-film devices
that are made up of alternating ferromagnetic and nonmagnetic layers. In a typical device, the
relative orientations of magnetic directions of the ferromagnetic layers define a binary state of the
device. The resistance across a device is generally lowest when the magnetic directions of the
ferromagnetic layers are in a parallel orientation and highest when the magnetic directions are in an
antiparallel orientation.

One type of GMR device is commonly referred to as a “spin valve.” GMR devices,
including spin valves, can be used as data storage elements in magnetic random access memory

(MRAM) devices. In this regard, exemplary MRAM applications of GMR devices are described in



herein by reference. A spin valve typically includes
two ferromagnetic |layers that are separated by a thin
wo 20080071889 a non- magneti ¢ netal (usually copperBPCHOB2005/000664
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U.S. Patehi"Ro8BE0£1, 6ZALd, 075 i F; &17801 10ndB493{2380@ll of which are incorporated
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in a particular orientation. The arrow in fixed |ayer

form) the Yyer'Hi £ Bfpicul apineemEl (Rasyseph et a ideeribwt iAsnshowmaudtigure 1a, spin
in general, the orientation could be pinned in either

valve 10 ﬁgl;’l/lg%sl ff%alr“nea R laﬁégf %\??ﬂ&‘ 21 E@[ﬁ?d‘t&f‘sﬁ h hB8ffb ekt llafer 16d1n a typical

I ns vely fixed en operati onal

magneti ¢ fields are applie [ S :
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“pinned” by at fraetichdarbdréentationw Byendrodw i fixed dayesyldrindizategyn exemplary pinned
appl ying an appropriate magnetic field to spin valve
orientatiohQ thdulR, magaedrﬁl; alid ofiemthti@c cowld of pinmeé ihagjther Hiectaom. Thus, the
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the fixed \llaeylfle}/ 1e4,]flcl)e r%];grllzeltf%gtrign éilae'ctiél? oi? Prgm’yert {beis free to switch between parallel and

antiparallel orientations, as indicated by the double-arrow symbol in free layer 12. By applying an
appropriate magnétic field to spin valve 10, the magnetization direction of free layer 12 can be
inverted while the magnetization direction of fixed layer 14 remains the same. However, a more
robust means is needed for inverting the magnetization directions of the ferromagnetic layers (12
and 14).

Figure 1b shows a three-dimensional view of the spin valve 10 of Figure 1a. As shown, the
spin valve 10 has a hard-axis (short-axis) and an easy-axis (long-axis). In general, the
magnetization directions of both the free layer 12 and the fixed layer 14 run substantially paralle] to

the easy-axis.



spin valve 10 has a hard-axis (short-axis) and an
easy-axis (long-axis). In general, the magnetization
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magnetic | ayer has a first bit end and second bit end
and an el ongat ed body connecting the two bit ends. The
whraosemndss each have an expanded magneti c vol uneCT/U82005/000664
supporting hard-axis end nmagnetization for driving a
switching process. Simlarly, the elongated body is
configured to STUYPARYYONOOHEENVENTION:0on al ong an
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may also theeactiplished by magnetically hardening the bit ends. Another embodiment further

comprises an expanded surface area along each bit end.

According to another aspect of the invention, a method is provided for switching the logical
state of a current-in-plane magnetoresistive bit. The method comprises applying three magnetic
fields to the bit. A first magnetic field is applied along a hard-axis of a first end of the bit, wherein
the first end has an expanded magnetic volume for supporting a hard-axis magnetization. A second
magnetic field is applied along the hard-axis of a second end of the bit, wherein the second end has
an expanded magnetic volume for supporting a hard-axis magnetization. A third magnetic field is
applied to a body of the bit, wherein the body is configured to support an easy-axis magnetization.

In one embodiment, the first and second magnetic fields are applied for ensuring that both the first



magnetic field, retaining a body magneti zation

direction along the easy-axis. The body nagneti zation
walreosntieen i s indicative of the |ogical state PET/UR®05/000664

bit. In yet another aspect of the invention, a
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is arranged near the bit for applying a first magnetic
magnetizatioglditettiort i éndicative Bhithedegical stitaef the bek ectri cal |y
connected to the bit for delivering a read current to
IntRE albthef Q¥pedEbLTHE Mivogion, laogkgmdtorstistiie ofll fshprobided comprising a
dditionall'y, the sense line may apply a second
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provi des a magnetoresistive device conprising a .
center magAgivation dsectionwadorty an ¢rayianty afthabitledhpaiopd lirg is arranged near the bit
magneti zation volune at each of two ends of the bit

for applyin@ra ﬁﬂdpﬂﬁgﬁétﬁq‘léldl kd ithetbionTid saassliae & aeditictliyngpnnected to the bit for
process. BRI EF DESCRI PTI ON OF THE DRAW NGS: Figure la

deliverin%ﬁ‘ re%d%ﬁp%ﬁﬁ e Gt ?&rcﬁfen‘?ﬁniﬁ%"@ 1AV sBtOSf tBe BIti Xddaidnally, the sense
pin valve. Figure Ib is a three dinensional view of a

line may %ngrra sg{:qtndsrfg%gn{lee%/ig lrﬁ\eégdl té){:tlhg g{tgi l ?eﬂiﬁo&nteﬂtpfu\ﬁjhglv‘fn‘a(fid@s that the center
magnetization direction of the first magnetic layer is fixed, and that the center magnetization
direction of the second magnetic layer is free to rotate its direction in response to a magnetic field
applied to the bit.

A further aspect provides a magnetoresistive device comprising a magnetoresistive bit

having expanded hard-axis magnetization volume at each of two ends of the bit for supporting

initiation of a state switching process.



Figure 2 is a sequential diagramof a magnetic
sw tching process in a nmagnetic layer. Figure 3 is a
wao opseTesy of an enbodi ment of a magnet or esi st i RET/D51005/000664
with an expanded nmagnetic volunme in each bit end.
Figure 4 is a top view of another enbodi nent of a
magnet or eSBRIEF OIS CRIPTION O THHH IRA VEINGS:i ¢ vol une
in each biT end. Figure 5is a top view of yet another

.enbodi nent of .a.magne i St [ j xpanded
Fl%@iéf% &s Wﬁﬁ‘éd’taﬁ&&é’ﬁthgﬁﬁ}esn%% %otél#é estpgl ‘lagsiveg three
_dinensional view of a.nmagpetoresistive cell in <'
Figure &b éfom theesilimensiand by PhE ROt & BRIPE2HCi s a process
fl ow di agram of a magnetic sw tchi ng nethod. DETAI LED
FipESCRIPAtopievt of Mpgneat magitershishee Pitocess In a
magnetoresi stive bit with a pair of magnetic layers, a
FigRebGah s&%@hﬁalQﬁagrElﬁ ofiatmdgnetiteteitehinaploeedsin mmdgeetic layer.
magneti zation directions of the magnetic |ayers. The

Fil B9 £ oS ?t SeBYr e caWobiief Jff & Manbiotdsistivt Hiwit® & expanded
econd state by swtching (or inverting) the

. net.i zatian djrection of one of the nagnetic |ayers.
ma@etlc@g@eﬁ?ﬁ@él’t%‘?ﬁ?dgure 2, a series of frames chronicle a
finite analysis of a magpet.ic sw.tching process.in..a
Figirg ieisi a topayiaw @fanathﬁhsmg?%mé?g? gf f‘\li’éagﬂgfto?es '%Vﬁ z’He‘?“&F an expanded
the series shows that the switching process involves a
magnetic volongtiin@bebit ewdat i on (or reversal) of el enental
magnetization directions within the magnetic |ayer. o
Fik@eks N9 d idpstviedt ofryeienidpr embodinett i« & apagneROBistise bit with an
shown as an el ongated el enent with
expanded magnetic volume in each bit end.

Figure 6 is a three dimensional view of a magnetoresistive cell in accordance with an .
embodiment.

Figure 7 is a process flow diagram of a magnetic switching method.



tapered bit ends (204 and 206). For conveni ence, the
bit ends are | abeled a first bit end 204 and a second
WheaosemdgsR06. An easy-axi s (long-axis) of the PEOSI008000664
| ayer 202 is shown running parallel to the elongation
of the magnetic layer 202. A hard-axis (short-axis) is
aligned in the ppanARED ESCRIFEYIION] ayer 202 and
runs perpendicular to e easy-axis. Wthin nmagnetic
| ayer 202, elenental nagnetization directions are
sho I ows poi nting along the easy-axis
L Am?%ﬁégg%ﬁﬁéggé%gﬁggbit end 206. Magneti c exchange
bet ween the bit ends and the body.of the bit.m?ulq f the bit ;
In remagnaoreaiséve hi Withne iRl ah BIREQFIC Gigisarfglogical state of the bit 1s
uni di rectional. (Magnetization exchange is the |
determinable rfcanalgnetapnetaatiomdgectionaof thanaegnasicniageret iThe lagical state may be
magneti ¢ domai n of an ensenble of atons in a given

switched f6rh 8ChkORatk 16 aSUEGHA Fata by @witdhillg $hoinseringpthermagnetzhtion direction
magneti zati on direction of the magnetic |ayer 202

of one of 1%% 'énncltg{'ll%g: l%kﬁg?g R%PE%W iggl'e_sz, b QU e R RBANEC1H b tfin@B Enalysis of

orm ma tion along the easy-axis as

.shown .in Frane, (a) is indicatdyv L  ogi :
a magnetig SWitghing PLopess tng )maggﬁtlc ]géﬁr of aaﬂ%a%%st@rfélstﬁié lélrlt].t g[tl %gllleral, the series

magnetic | ayer 202 in _sequential scenes. of a swtchi
shows thgr g@ewtclmngmroqeﬁs FaYelvesep ?Oc?éfﬁp%tﬁig Toptiop; foLy feBF‘nglg nogg clemental
204 is the leftnost end of the magneticlayer in each
magnetizatioariiectamd withen thegoaghetic tayend 206 is the rightnost end
of the magnetic layer in each frame. Junping to Frane

Ldofing fiRE af FRale (?,aar@agabm%ﬁlzom sisdviz a$ ianrelongated element with
directions are shown pointing along the easy-axis

tapered bi& MY @o& D& DbEStFS don§Bfert@dthe BitdHRs R 1aBLIBRRI it sbit O¥d 204 and a

OWs a generalized magneti zation direction

second big ol ;%ﬂ. ?ag%\;t{]a%ﬁg?&%;aié('s r?? h{eqfﬁﬁé%gg c Pa{y.ef: IS sﬁ@*f'n runnirhg paralle] to

_ _ ormTragneti zation along the
the elongi@%#ﬁ%%ﬁé@ﬁg g%l\ng :“282!1:-%5%4%8 Ig)s%olggeg(:laj 3£ é}flg%e%f in%he plane of the
switching process is to switch the |ogi.cal state of

magnetic fdyer 202 and runs perpendicular to the easy-axis. Within magnetic layer 202, elemental

magnetization directions are shown as small arrows pointing along the easy-axis toward the second

bit end 206. Magnetic exchange between the bit ends and the body of the bit would tend to make

the magnetization uniform and unidirectional. ~(Magnetization exchange is the ferromagnetic

exchange that tends to magnetize a magnetic domain of an ensemble of atoms in a given direction.)
A summary arrow 208 shows a generalized magnetization direction of the magnetic layer

202 pointing along the easy-axis toward the second bit end 206. The uniform magnetization along

the easy-axis as shown in Frame (a) is indicative of a first logical state.

Frames (b), (c), (d), and (e) represent the magnetic layer 202 in sequential scenes of a

switching process. Thus, in parallel fashion, the first bit end 204 is the leftmost end of the magnetic



magneti zation |ayer 202 fromthe first |ogical state

to the second | ogical state. Franes (b), (c), and (d)
w@rane/0fe8e her detail of the switching process.PCHUSR085E0664

(b), the elenental magnetization directions as shown

layer in ee@{.ﬁ?ﬁ% Ln@ LW ohd bt REd 786 iethe Gigdh@)iedt eAd @f ik n@pERic layer in each
uniformacross the entire nagnetic |ayer.

Specifically, elenmental magnetization directions at
the bit ends have begun to rotate cl ockwi se toward the

hard-axis. However, el emental magnetizati | ectian
Tumpingnhto ErasRy £8)e ﬁ% é'ﬂa# A ﬁl%‘rger%%g leigneti %gg}lg rc{nee%ﬁé)r% dre shown
continue to point toward the second bit end 206. Fraﬁrgs h
pointing aldng thevamraxintovens theofit bd ead 28f Frams (@) supgpary jgrow 256 shows a
el emental magnetization hi Frame (b), it can be seen
generalizddadgrictigatiowidiebiigpeintingasthe sppositeidaeetion of Kiamet(p} summary arrow
ends (204 and 206). In Frame (c), the el enental

Bk &Bkhakatbh %ﬁﬂ_goth% Sb@wkik Wst shetwnr it Btainen(e) s amdcative of a
208. Th(c surrmatrgg arrows (216-224) mrror the rotation of

the ol : : : ; ot _
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I e R R R

the magnetic |ayer has begun to rotate cl ockw se as
(d) give figHwndetpi} of thetsaritchIngPAPSESAr r ow 220. Edge summary arrows
(222 and 224) show little rotation and indicate that .
Inelranenbyl thergastntahmagnetitiation tdiroetions| anshasaydy wialk pgows in the
el ongated portion continue to substantial point toward
magnetic 1iRr $8E A8 doRddr 1BRBrR0frds the aftire( Aihgndiict lagerd Spenificajly, elemental
arrows (226 and 228) indicate continued rotation of

magnetizz%l?glzgigéﬁ: loaggg @l?érki?taéﬂdg Mok FRETh @ Sotafe tloRkWise ©RER] the hard-axis.

e center of "the el ongated portion
conti nues to r.otate.as_sho W, :
However 3REBUb T FebHRE FSEIE B8 ST PP H mumtc v
el emental magneti zation djirections. along the ed
continue tpepRint ﬁowar(bthgtsgcqqqi @5@%295 lgrame (%) sumtr%ry arrows %, B?ZQ', and 214)

frame.

mirror the elemental magnetizétion. In Frame (b), it can be seen that the switching process is
initiated in the bit ends (204 and 206).

In Frame (c), the elemental magnetization directions show further rotation. Frame (c)
summary arrows (216-224) mirror the rotation of the elemental magnetization directions. Bit end
summary arrows (216 and 218) indicate further rotation of elemental magnetization directions at
the bit ends (204 and 206). A center of the elongated portion of the magnetic layer has begun to
rotate clockwise as shown by center summary arrow 220. Edge summary arrows (222 and 224)
show little rotation and indicate that elemental magnetization directions along edges of the

elongated portion continue to substantial point toward the second bit end 206.



Finally, Franme (e) shows a conpleted rotation and
reformation of the uniformty of el enental
wore@setiegat i on directions across the magneti c PEHES2005/000664
Figure 2 in general shows how switching of the
ﬁg{} tdiy abik QRadidShkiyO Brrofs t(DE6 nmdnels)cindawey comtinued rotation of
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preferred enbodi nent, a magnetoresistive bit is
- nine SOAT gur e ideblic f Olay¥ {snRiafkQ K bds, continues
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wi.th an

| ayers. Each magnetic. |layer, is arf e
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second bit end. Each bit end has_an exp%g%ed%d"r?%neﬁi C b
Asvelllbe upderstoop b rone slilled i dhe aitzthe i TBr 3dgisgong logical states may be
hard-axis of the bit, wherein the hard-axis )
arbitrarilynggpeeidi zBkisoswitthitghthebmsgretiddayes fresefthd sdcond jlogiead\siatg to the first
magnetic switching of the bit. The el ongated body is
logical st#8NhlAVELE rhitroP HRARES protedmenst swiathign frainotig filse logical state to the
easy-axis of the bit for storing a |ogical state of
t.he bit. i | 1 L3 @i process and should
second lofid stith EIFRLES 10 im0 Qi Cust AakpR o oo

first .hit end 302 and a second bit end 304 are
not be seep 38 iUBR%ect ed by an el ongat ed body 306. The

2. Magnetoresistive Bit Architecture

In a preferred embodiment, a magnetoresistive bit is configured as a tri-layer element with a
nonmagnetic layer (such as copper) sandwiched between two magnetic layers. Each magnetic layer
is arranged with an elongated body interconnecting a first bit end and a second bit end. Each bit
end has an expanded magnetic volume for supporting a magnetization along a hard-axis of the bit,
wherein the hard-axis magnetization at the bit ends is useful for improving magnetic switching of
the bit. The elongated body is configured to support a magnetization along the easy-axis of the bit
for storing a logical state of the bit.

Referring to Figure 3, a top view of an embodiment of a magnetoresistive bit 300 is shown.
A first bit end 302 and a second bit end 304 are interconnected by an elongated body 306. The

magnetoresistive bit 300 is shown with a “C-shape” asymmetry along an easy-axis. The shape is



magnet oresi stive bit 300 is showmn with a "C shape"
asymmetry al ong an easy-axis. The shape isdesigned to
W0 p@sezIse a hard-axi s magnetic vol une at each BPCT/US29A5/000664
(302 and 304). Summary arrows (308, 310, and 312) are
oned th MHrEAL i MBrRhx 8 hepashalolimg e thchabit omd (Bo2emdizony Summary arrows
designe tﬁer%it a306 a)r?d correlate roughly to Frame (d) of

(308, 3 10,?38 léi?} %r‘e \i/l{l)cpca(m/% of ﬁ@nﬁ RlagntidBitie Bﬁg&ﬁﬁlls R 5300 and correlate

arre al | ows r an 1 nproved transition from

Frame ﬁgQa%{_l{.o Frame (b) and from Frane (b) to Frane
roughly to(Ergme ( IgWFal magnet oresistive bit, magnetization

of the el ongated body 312 |s al ong the elas%- IS {and . d
In gmesarabodimagimibh SEPEI Hrdsptis gRATIFC b ABALLOWeyfor an improve
anot her enbodi nent, expanded hard-axi s magneti c vol une i
transition Offorh hBrabiet (&n¢ts Hrame ofbd i apdr &gt Framer (bdnte Frame (c). In a typical
demagneti zing field. Each bit end (302 and 304)

magnetorddfidié ibﬁ”ﬁ‘ﬂa%r‘/etﬁzﬁ@di@oﬁth% asigattd (Hody BUS iioaloax tlenetspgixis and creates a
along the Rard-axis. This protrusion is useful in

i ncr ' I | mdS@stic volume
demagnet {3 offhd BF oS, 1R AROTRORRbMButR, SAPuRRd P R mbERel
.. Figure a top view of S t.r ] magnet or esi stive
of the bit ?ﬂdg lﬂ?fﬁl%gé‘reéiﬁ&%e’icﬂmgglﬁeo e&%\a}r%még%n% (rf;’l%igh embodi nent. Bit
ends 402 and 404 each, have ag expanded, magneti c voldme 1 th
Eagh ditt erd (308 anda304radditionally showse pdapeyd aTEBtHPuegendng along the
Because of their shape, the bit ends 402 and 404 are )
hard-axis.t @hivgrotrosidxeisi usefuh it Incsfasipe the bibend aragnetemyolpme and ﬁwebe used in
of the bit 400 generally resenbles an |-beam) Bit
other bit sBRGES tH&hand-sh@de have an expanded end surface area hi
a further enbodi nent, the surface area of the bit ends

R%ﬂ%@to'ﬁgﬁr@@e&dt edigl/ ofea kRnAckichl BRABNMEILiFBve bithi09 is shown in

max| i zat fon énsures the greatest distribution of

magnetic _surfac ar i hdat i@Bnetic vol
accordan“ree‘? R én‘c%é}d%eé’?’n%tnee Pt O\Q/ 0 g%’e%%c% ﬁgﬁ;ﬁggﬁaﬁe nt ?%eelc vorme
and the tv%( gr?gsdzig irrlr';grgcgg;léc%edv‘t%l/ g rggd}g félO%.h%ega!u}se %?%:'eird' s%zape, the bit ends 402 and

404 are termed to be in an “I-shape” configuration. (The shape of the bit 400 generally resembles
an I-beam.) Bit ends 402 and 404 have an expanded end surface area. Ina further embodiment, the
surface area of the bit ends may be maximized relative to a bit end volume: This maximization
ensures the greatest distribution of magnetic surface charge induced by the magnetization relative
to the magnetic volume. In one embodiment, the expanded magnetic volume of the bit ends 402
and 404 is accomplished by an expanded surface area along each bit end.

Referring to Figure 5, a top view of an “S-shape” magnetoresistive bit 500 is shown in
accordance with an embodiment. Each bit end (502 and 504) has an expanded magnetic volume

along a hard-axis of the bit 500. An elongated body 506 interconnects the bit ends 502 and 504.
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and 404 is acconplished by an expanded surface area
al ong each bit end. Referring to Figure 5, a top view
w@bo0an716® shape” magnet oresistive bit 500 is sSPOMISI005/000664
accordance with an enbodi nent. Each bit end (502 and
This emb&BfhennRexaMpeXpansRdwithasahinetrios alon it rig lardakis-aadias easy-axis
of the bit 500. An el ongated body 506 interconnects
qﬁhebﬁthe bit ends 502 and 504. This enbodi ment is exenplary
‘'of bits with asynmmetries along both the hard-axis and
an easy:-axjs of th TR {0, ' :
T agor biehgpfrntr el Yssibae HaEhlifull be RBAREFutructive xather than
instructive rather than Linmitipg. It wll _ be. apparent .
limiting, (lowilhbe epRkeiedhdse SEEC i 1o 3rhiat atdiipaal 4 ARes. PO symmetrical
shapes, both symmetrical and asymmetrical, are )
and asynauetticaiblaze familablp afedi axgamhngi-lmx%/@xmgﬁgw@ velumee agithe bit ends.
the bit ends. Additionally, variations to the shapes
Additions30WiAIoRs 3 H% Svpéd dlohe. arbalsoewailifile, Fangkamsplefangles of curvature
curvature may be altered as can the degree of

may be aRSEFHE Lhy t&c&%%i J}gisgnﬁnﬁﬁ?%icéérﬁirftéﬁtgi@.@ciﬂ@ Aksigi@BBals and constraints.

constralnts. er arrangenents t increase bit end

magnet j ¢, vol une i.n t | | : - 2041 Vaxi b

Ot RN S0 S Yo OB e i may be
‘ magneti cally hardened or doped for expanding the

used.  magnetization volume of the bit ends. Afewto a few

hundreds of nonol ayers nay be subject to hardenening. X
Inhi fuathererbbetiment, theebit ends krromegesticplly hardpnes s doredriar sxpanding the
0.5 nanoneters to 500 nanoneters are subject to

magnetizB@sroestimg. of M bit teyids. CAlfby,toa foar enlrely dfmatolesss may be subject to
the bit ends of between approximtely 50 nanoneters to

hardeneni]n%g g‘?gﬁ’ NBiifinds, DanieRnes of IRtviéneappidlidiaiely 0.5 nanometers to 500
embodi ment, the nagnetization direction of the bit

ends_ i s .not eRp i f ahidkAsE Sat the bit ends of
nanometﬁﬁﬁeefﬁ%éecgotpaﬁﬁ%&é"%sﬁ%ré etzﬁlg%rlﬁixﬁ tg%e E?ames of ©
between all:pl)p%g)giglatzély %8 %anometers to 100 nanometers is hardened.

In an exemplary embodiment, the magnetization direction of the bit ends is not stable
despite the expanded hard-axis magnetic volume. Thus, as shown in the Frames of Figure 2, the
parallel magnetization of the of bit ends in the hard-axis direction is only present during the

switching process and is not apparent in either of the logical states shown by Frames (a) and (e).

3. Magnetoresistive Cell Architecture

Figure 6 shows an isometric view of an exemplary current-in-plane (CIP) magnetoresistive
(MR) device. In this embodiment, 2 MR element 602 is shown as a tri-layer element having a
nonmagnetic layer sandwiched between two ferromagnetic layers. The MR element has a hard-axis
(short-axis) and an easy-axis (long-axis). As can be seen, the MR element 602 has expanded bit

ends and an elongated body. A word line 604 is arranged near the MR element 602. As shown, the
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paral I el magnetization of the of bit ends in the
hard-axis direction is only present during the
W@EMosoMmeBy process and i s not apparent in eithRCT/U820051@00664
| ogi cal states shown by Franes (a) and (e). 3.
word line ¥B@R@1LAilePtd MR Hapd-hhs.c int imsdlatoe (ddt ghown)sephates therword line 604
isonetric view of an exenplary current-in-plane (ClP)

from the l\eﬁgﬁgﬁgﬁt‘g@%StA%ﬁ lﬁrM%l(ﬂﬁ\éin%ﬁge thetRhSthe MR emait,602. MRe bit line

i's shown as a trr-layer elenent having a

. .__hon net.i ayer Wi . f b & axi

610 s insplGFARET PR Era e HEEE AR YBR Tk ¥R e AGRPIE chsy-axis and
and an easy-axis (long-axis). .As n _bhe seen, the.MR

is perpendaruR BT kB EthaAdiet Brie H8 12 AT & RET BhirC e 14 abut the
body. A word line 604 is arranged near the M el enent .

MR elemd B02 ASesérally, the tremeange linesed 180ndalAare aletrically ¢gmegtgd to opposite
hard-axis. An insulator (not shown) separates the word

edges of thé RenBAhefic Gyt HRthYRIR lctimemt 6602 Thétvno terise lipessd drsl 614 may also
arranged the near the MR el enent 602. The bit line 610

'bereferre%?({ gﬁ%{é@ﬁ%s@ﬁ@the MR el enent 602. As shown, the

runs al ong the easy-axis and is
er pendj cular_tq.,th rd i j '
RSS! SPh8 s RSN 05, SFar b e SEES8 i o
cter oroay o Lt A Skt RSB 0 . K magnetc i

nonmagnetic |ayer of the MR elenment 602. The two sens%
created by & nexser passimgtheghmdinedlas 6 mrenets directigninsreadigular fyihg tlow of the
sense |line. Arrangenment of the word |ine 604 and bit )
current adcbfEnBiOthareightighdiriRt’ of ebamiangary phases. ngdditiovaltyh a further magnetic
either (or both) will create a magnetic field acting

field mayg)% c'i&?ed\ﬂ;y' @&ﬁ%@?a&%-mﬁugﬁgé}ﬁ% liges 6 shdgl@at ed by a

rrent passing through aline has a magnetic

oL RSE RO i hSOR AL e LB e

. L l'erent ary
e o e b T e R RSt gt o o

and 614. .
current passing through it will create a second magnetic field along the hard-axis of the MR

clement 602. In one embodiment, the two magnetic fields additively combine to form a composite
magnetic field that acts on the MR element 602. During a write sequence, a composite magnetic
field is created to invert the magnetization direction of at least one layer of the MR element 602.
Alternatively, the magnetic field applied along the hard-axis acts on the bit ends to drive a magnetic
switching process, and the magnetic field applied along the easy-axis acts to complete the magnetic
switching process.

In an embodiment, the configuration of the word line 604 and bit line 610 is designed such
that a current through a single line will not switch the magnetization direction of a layer of the MR

clement. This may be termed a “half-select” system, whereby each line “half-selects” the MR

12



The word line 604 is arranged so that a current
passing through it will create a first nagnetic field
W@bk@ag7teBe easy-axis of the MR el enent 602. Li REMUSHNS/000664
the bit Iine 610 is arranged so that a current passing
element 66@ %}%ﬁ‘uﬁé Winkh b6thesiraealifeasiachndag 0eit providihgla atwed then the two
hard-axis of the MR el enent 602. In one

“half—selecf‘tg ]agéhﬁg cohﬁ)?net gg%ﬁ:t:i fhefMR Semafdi Wingglive mldﬁ%nt is thus

conposi te gnetic field that acts on the

t.602. t
sclected, fpgenizanpi ey ottt P of 4R HEHGends %’;%%%?l zati on
direction of at |east one.l aq)aer of .t

(ol prefeneed vt mentetheetpraing e bl B & eoﬁgn%rr?@nc?‘uctmg lines
hard-axis acts on the bit ends to drive a magnet
that have swilbstdhitially greatee sedthahah heightmdya etifihs pf Bledverg pine é@4 and bit line 610
al ong the easy-axis acts to conplete the magnetic

are mere1§V§hBﬁrﬁ' AR ExBFPEBSFaridud vaidthe rdTadchdint ,is pbssildenhd ghe aidths should be
of the word I'ine 604 and bit line 610 is designed such

adjusted atcEg&Id r@ 16 Yeli ggh altle Qghcﬁ as 'tl‘&gM?{ ele&@ntvﬂse& mﬁ@ﬁoa‘i@’s&@ h

net | r ection of ayer of

PR vl R RabdErute S A g s s

witing. \Wien both "wite" |Iines 604 and_610 ar .
line 610. ¥l beTHeIBE &Rt apAiEcH e TD ERRPYBTbALIED Sersp@ile, the MR device is
additively conbine to fully select the MR el enent.
rotated byvde degrbes tRclaken@hetter switbisg petfeanange. Ihgeneral, the MR device may be
magneti zation direction of a layer of the MR el enent

conﬁgureﬁfat Ny foRdtRAk to) for axAmirslé eiltcetbad iob oditeraintractéristicswor d | i ne
04 and bit line 610 are pl anar conducting |ines that

ﬂ%fgﬁ}] reat i ddapendech ehise cilbent (i d
W dt hs o#@’i%tcéﬂﬁv\%%& ¥?G%éﬁ%0(§flh§§ﬂ§qﬁlt élall nle 610 a?g (is) Is passe

from the :}rg)grg lg‘geslis r%f) %enge] Zme ﬁgg% Slf%se\é e \Nng tégﬁ J@(foggﬁ(fﬁe MR €lement 602.

The sensggvgrgerglr{g? EOuSe eté :og@i ?rﬁ?quﬁt@ 1%1 %ll%gs'fvﬁlg gfeerﬁﬁiﬁ %gee Bross the MR

shown positioned orthogonally to the word |ine 604 and
element G912t Because the sense current flows in the plane of the layers of the MR element 602, the

device is known as a current-in-plane (CIP) device.
In another embodiment, the bias current is only applied during a read sequence. In that
case, the write driver will not apply a current to the word line 604 at the same time that the bias

driver is applying a current to the word line 604.

4. Method of Switching a Logical State
A logical state of a magnetoresistive bit is determinable from the magnetization direction of
magnetic layers of the bit. Thus, the state of the bit may be switched by switching the
magnetization direction of the magnetic layer(s). Figure 2 shows an example of rotation of the

magnetization direction of the bit ends leading rotation a magnetization direction of a body of the
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line 610. This positioning is not required. In another
enbodi nent, for exanple, the MR device is rotated by

w@0degrees to achieve a better sw tching perfRPCTHSINES/000664
I'n general, the MR device may be configured at any

r Bhcd & Fib@e 2ANRIde Fighrd @sh6waen @hpived nethod of switching the
bit Wlthtﬂar adct eri stll?l% *“he MR deg31| ce |s conflgur ed such that

I e
first magReerehd 1q A3t GRCAORE oEdioN e IR o AL Q’%ﬂg 138 an expanded

i ndi cative of the resi stance across the NR el enen
hard-axis GO@netBeveluse; atistepsés epripmeariecqndonagnerio diedd i9) aafﬁ—‘emact bit end along
the layers of the MR el enent 602, the device is known '
the hard-83s, avietdin € secondbiaend haER) el:epalndezd. hard-axisonhgretic volume; and at step
enbodlnent the bias current is only applied during a

706, appl a IRV ERLRetid ReldRt thealsRly éheheVBit, tvehdleinvibe Budylis ohfigured to
y a current to the word I|ne 604 at the same tine

hat the ver is applying a current to the word
Supporta’ile?tsé(aé%s Qél&%ﬁgi Yod of Switching a Logical State A

| ogl@,rrﬁaqﬁ}ir%?r& e@gg‘tﬁattrﬂa%g%%g% gigfaisafgs( oorﬁtagfi ‘{}18 &%%ﬁtl%%tlon direction of the

magnetic |ayers of the bit. Thus, the state of thg o
first bit emhgo arctosmure tiead thsy fieshbit 6Ad hes ¢ HBSRRiFAEeR 21apg Hhe har axis. Likewise,
direction of the magnetic layer(s). Figure 2 shows an
the secondxaagletic dfeld attata winte the megmaigaten diatdtion ofithe second bgfend so as to
the bit ends leading rotation a nagnetization

ensure thg! fh%%b@t’ﬁl Bft cd g Mbgidtiehiidn aldhf hhé herdsedn)e Aseanpéxample, this is
Figure 2 in m nd, Figure 7 shows an inproved nethod of

shown by et bl@{s'ozf?ir ﬁ% I@rbf Piguff 2.2In another embodiment, the

rmgnefor esi st| od conprises: at step

first and %eﬁanch E@éﬁgr}%écﬁoargﬁ ;gle neté%lﬁg %h&ﬁ%tﬁ%oﬁ%ﬁ %1 L3hd dRHL% line arranged
s tho GpePanOet Nor oo MRONGLLE ) WIS, B B Bl iy  curent o
generatinzlt}?engrst and second magnetic fields.

According to a further embodiment of the invention, the bit ends are configured such that
during a resting state (no applied magnetic field), the bit ends have antiparallel magnetizations
along the hard-axis relative to one another. During switching, magnetic fields acting upon the bit
ends force a parallel magnetization of the bit ends along the hard-axis as shown in Figure 3, for
example. Thus, when a hard-axis field is applied, the bit-end states become parallel, so that an
easy-axis field can now switch the magnetization direction of the bit. When the hard-axis field is

removed, the bit ends become anti-parallel again. Thus, in this embodiment, bit end magnetization

1s volatile.
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the hard-axis, wherein the second bit end has an
expanded hard-axis nagnetic volune; and at step 706,
wappsyirwege a third magnetic field to the body oPCT/082005/000664
bit, wherein the body is configured to support an
5 Cﬁ%%ﬁ%ﬁﬁ%is magneti zation. In one enbodi nent, the first
* “magnetic field acts to rotate the nagnetization
direction of the first bit end so as .o ensure that .. .
A ety iof STbpgimasih S PosR HESHERS 307 CoMETes R eTRY i8ke sicitied in the
hard-axis. Likew se, the second nagnetjc field acts to |
art will undérsited thee chrangeetandanpdificaions apan he graderie @esopmbesitments without
end so as to ensure that the second bit end has a _
departing TREA@hd #aé b@peandngirithe thapebsenti isventionawhiphaispledined hy ghe claims.
I's shown by the bit end sunmary arrows of Franes
Thus, refeg%)gég &) fo?%x:ﬁhﬁig,r edfic kiiciaRet Shat @Y dhdibicatidieméthodt are meant to

second magnetic fields are applied by passing a

be illus‘rr{fﬁjvie_rl‘Fe tFttggr(tg QEggCOBQ\HSé #é%g%],h@f‘oc%s?@%ﬂ %@rcoh«lﬁgons all affect

inan e nt o igure 6, th

bit line 610 may carry a c réfnt ﬂor genera iqg t he
magnetizgtionsvilshipe SBRGRGTINkS o aEe Ftefors shorld BF §PRRAee® a
further enbodi ment of the invention, the bit ends are
configured such that during a resting state (no
applied magnetic field), the bit ends have
anti parall el magnetizations along the hard-axis
relative to one another. During switching, magnetic
fields acting upon the bit ends force a parall el
magneti zation of the bit ends along the hard-axis as
shown in Figure 3, for exanple. Thus, when a hard-axis
field is applied, the bit-end states becone parallel,
so that an easy-axis field can now switch the
magneti zation direction of the bit. Wen the hard-axis
field is renoved, the bit ends becone anti-paralle
again. Thus, in this enbodinent, bit end magneti zation
i.s volatile.5. Conclusion
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A variety of enbodi nents have been descri bed above.
More generally, those skilled in the art w ||
wanaenstesnd t hat changes and nodi ficati ons mayPOEUSBEAF000664
to these enbodi nents wi thout departing fromthe true
scope and spirit of the present invention, which is
defi ned by the cl ai ns. f&&gﬁﬂﬁéferences to, for
exanpl e, specific thicknesses, materials, and
Iclaim: fabrication nmethods are neant to be illustrative
rather than limting. Device design, processing, and

1 teStA%?agg%ettso%e%ﬁ?ivgKl{é[szbitecﬁﬁigm@et i zation switching

‘charac I CS a re therefore shoul d be
consi der. ed. CLAI

s l.elaim, 1. A et or esi;sii
 wags Earrgnoucheh Rt rEe PATRRIR T e
__two magnetic |layers, each magnetic |layer conprising a
comprisinigi r st bit end having an expanded magnetic vol une for
supporting a first end magnetization along a hard-axis
of tdfirsMBitbid having ex exphnted megutticawiunge for sexgraiage first end
magneti c vol une for supporting a second end

mASRASkt Aadlbifa BAraDgid dTehdMIRIbigxi s, and an el ongat ed
body i nterconnecting the first and second bit ends for

sup p%’/ésfcglﬁ?bﬁ‘ SH&) ﬂ%\g@&g i@%ﬂaé?&dd&g%tﬁ%hﬁﬁe ﬁ_ﬁ‘%ﬁ?}ﬁﬁiﬁg f%econd end

t he 1, wherein the first

and second bi nds each. have an asymetry al ong the
mé%ﬁf&‘?%tiansﬁ"%% ﬁ‘?ﬁ'@’f\‘%"ﬂf”tangf Claim 2, wherein the
asymmetry is a "C shape" as try. : .
Y an elor)xlgated body interco%necting){lqengrst Xnd second bit ends for supporting a

body magnetization along an easy-axis of the MR bit.

2. The MR bit of Claim 1, wherein the first and second bit ends each have an

asymmetry along the easy-axis.
3. The MR bit of Claim 2, wherein the asymmetry is a “C-shape” asymmetry.
4. The MR bit of Claim 2, wherein the asymmetry is a “S-shape” asymmetry.

5. The MR bit of Claim 1, wherein the first and second bit ends are arranged in an “I-

shape” configuration.

6. The MR bit of Claim 1, wherein expanded magnetic volume of the first and second

bit ends is generated by a tapered protrusion extending from each bit end along the hard-axis.
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4. The MR bit of daim2, wherein the asymmetry is a
"S-shape" asymmetry. 5. TheMR bit of Caiml, wherein

W b@s07w8e and second bit ends are arranged i nPEMUS2005/000664
"I shape" configuration. 6. TheMR bit of Claim1,
wher ei n expanded magnetic volunme of the first and
second bit ends is generated by a tapered protrusion

2 SRR S o P8 MR of o

vol ume of each bit, end, is.confjgqured to overco a
configured dpra¥ATeRme aﬁ@mﬁg@tlamgrf%q}@ &’diusiii ‘%h@leg’aéy Hﬁé&ﬁt&f’g% i on.
8. The MR bit of Claim1l, wherein the expanded
magnetic volunmes of the first and second bit ends is
acconpl i shed through an expanded surface area al ong
g.eachrii MRebid of Qlaithhe wiiBrehti the @kpa@idad maknetidreslemes ofthe first and
first and second bit ends are nagnetically hardened
- | kB Ade@ Burf Qe 4i® Qbnd Lihbittenands
second b%%d%%?ﬁ@%%%@%@ﬁ%%@%@ PP fong o 9,
wherein the magnetically hardened portions of the bit

ends each have a thickness within the range of 50 to

9.100 %I?enl(\)/ln@flt)i? [)? Claim 1, wherein the first and second bit ends are magnetically

hardened for expanding the magnetization volume of the bit ends along the hard-axis.

10.  The MR bit of Claim 9, wherein the magnetically hardened portions of the bit ends

each have a thickness within the range of 50 to 100 nanometers.
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