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Statenment of Governnent Rights This invention was made with Gover nnent
support uwoes/ogroant contract nunmbers MDA972-96- C- Z0030 amdT/US02/36816
VDA972- 99- C- 0009 awarded by the Defense Advanced 5 Research Projects
Agency (DARPA) of the United States Departnent of Defense. The Governnent
has certain rights in this invention. Field of Invention The present

i nvention general R} SEORA G e VIGIE W HEATINGRLEMENT and nore
particularly to a nenory storage device with a heating elenent. 10
Background of the Invention Magneti c Random Access Menory (MRAM technol ogy
utilizes SiRLAGE: AEovernhRht RPHP!I €, magnetic tunnel junctions (MMJs),

whi ch general Ty each have at Teast two magnetic regi ons or layers with an
el ectrically i hislinvantignbyeasmate Wiy Soverameneswpppe dathgranideomniragit orRges

mechani s | | rel atjye ien Lon of .t neti.zati of the
foo 15 1 2B b Eab O S ot P 2 e o ot B EerBE At

el ectsr Odekeééa}&Cﬂ%fE&SOAtga@zE{DA@'@@f thEQUnika TaEo WRPartheftesfeaDERndes THRde to
United States Patent Nos. 5,650,958 and 5,640,343 1ssued to Gall agher et
al . on JulGpv@2mehOlgs carteinJights ia This i98tiom.especti vel y, which are

i ncorporated herein by reference. Typically, each storage cell includes a
magneti cal ly changeable (reversible) or 20 "free" region and a proxi mate
magnet i caﬁé[dq)p?ﬁ;eﬁﬂgﬁed "fixed" region arranged into a MIJ. A storage cell
can be wri y reversing the free regi on magnetization using applied

bi - di rect i onal Tht ee¢seitc aveativh pesudllyaratesagnekinors tirayd pf giosaget ells.eaplect i ve
bit line and ward line. The stora 8 cell.can | ater be read by neasuring
the resul f4¢ P%rﬂﬁlﬂéqlYWgamF’é‘g%ﬁt%ﬁ‘&% BT agﬁaém@ie'ﬁeni“?“r‘i'e and word |ine,

whi ch assunmes one of two val ues depending 25 on the relative orientation of
the magneti zation of the free region with respect to the fixed region.
VRAMIar r aBackpuadlof yhé hnlentden an array of data storage cells respectively

ositioned at intersections of word lines and bjt lines. Wien witfi
gt orage cells, Magngtic Random Access Memory (MRAM) tecimology ut?hzes storage ce{ls,r}gr

example, magnetic tunnel junctions (MTJs), which generally each have at least two

-

magnetic regions or layers with an electrically insulating barrier layer between them. The
data storage mechanism relies on the relative orientation of the magnetization of the two
15 layers, and on the ability to discern this orientation through electrodes attached to these
layers. For background, reference is made to United States Patent Nos. 5,650,958 and
5,640,343 issued to Gallagher et al. on July 22, 1997 and June 17, 1997, respectively,
which are incorporated herein by reference.
Typically, each storage cell includes a magnetically changeable (reversible) or
20 “free” region and a proximate magnetically referenced “fixed” region arranged into a
MTJ. A storage cell can be written by reversing the free region magnetization using
applied bi-directional electrical and resultant magnetic stimuli via its respective bit line
and word line. The storage cell can later be read by measuring the resultant tunneling
resistance between the bit line and word line, which assumes one of two values depending
25 on the relative orientation of ‘the magnetization of the free region with respect to the fixed
region.
MRAM arrays typically include an array of data storage cells respectively
positioned at intersections of word lines and bit lines. When writing storage cells, it is

desirable to write only selected storage cells in the array, without affecting other
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desirable to wite only selected storage cells in the array, wthout
affecting other 1 WD 03/092014 PCT/ US02/ 36816 non-sel ected cells.

However, wbasmemnetic fields generated fromthe bit and wecda/usonsssieuri ng
writing can disturb the nagnetization state of adjacent non-sel ected cells,
thereby reducing reliability of the array. In addition, the magnetic state
of a cell can be affected by the nagnetization state of adjacent cells,
especi al | yon-selectetbndls. apwgverSthaguagndtiadiclds genereted fexndhe bitoand; weidohiieng t he
wite selectivity of nory stora cells wi.thin menoy rray.. summary
of the | noWing BAREa, AEBE e RodRt et Phadaral nirgtiesed spfs Ml ng
the write 36Laetévibity OF thelfrdE MR AditoR! BGan&RkliS saftdof £EIEEAObE higedidpes of
errors describ&d above. I'n oné aspect of the invention, the invention

provi des hy thenpagnestaioagataefadgasent CEHs espastadlyen ddensgeaariapicl udes a st or age

cell _having a changeabl e magnetj c. regi on. The hangeabl e .magneti c regi on
i ncl ddes a mat é,cpadr gl Age4 Rt gt f’g%rf)?”é’ﬁ tg? g{@e ﬁqgﬁwiltg of %rHsS?OJ%g 0 a
change incﬂgr{pi%ﬁlta%&mr}lgﬁaﬂenory storage device also includes a 15 heating
el enent. The heating eléenent is proximate to the storage cell for

selectively changing the tenperature of the changeabl e nmagnetic region of
said storage cell. In a preferred enbodi nent, the storage cell of the
menory stmﬁwﬁ&—%es a magnetic tunnel junction, and the
changeabl e magpgl ?gesé\ﬁgigﬁéhtﬂoﬁ oViB¥ElethlllSes"BE RRkdaSing! BE viite RRNL Mty

[

magneti zati on sta can be reversed by applying thereto a sel'ected 20
magreét i ¢ friealody stdhge cellsamdirbdieingatye gipes of @girpdescnbédidmsea materi al having a

magnetization state that |s respaonsiye.to g chan in the tenperature

t hereof . Pref eF‘hB’Il%/?SpFﬁteOfln‘;@ﬁ’é‘ﬁnHO{"u ﬁéﬂwﬁnﬂﬂ%ﬁ’f%’g‘ﬁﬁsuﬁ Heaery ﬁ@?"tﬁﬁéﬁev%' | east
one fixed | §aif £04 [ ihZatd t | RANnothde
changed o;rhgrggg)gr ee(?ievgc%gfng%g ylxrfg& %%e@%gﬁgsg{lgég dn}%fgggn%%)iﬁc{%ﬁcal %tgﬁegﬁt he fixed
magneti c tlegigedble 2mghetoreliow ihdudesps efiaeriachagivigodi magctindtionhstatenthents on,

sel ective heating is applied to the storage cell by passing an lIéff?ctric
current tFISBRRFVE Heardapgmy &rapgsnitice. THES Hemewysetss é@(‘élc& P U Tur t her

i nclllgde aﬂea?fngcéléﬂl&ﬁ! I’i‘hec thq!ffl%t ¥ Beltes rBrS‘)ﬁ&na‘eh?c} tﬂesstorage cell for selectively

changing the temperature of the changeable magnetic region of said storage cell.

In a preferred embodiment, the storage cell of the memory storage device includes
a magnetic tunnel junction, and the changeable magnetic region is a reversible magnetic
region having a magnetization state which can be reversed by applying thereto a selected

20 magnetic field.  The reversible mégnetic region includes a material having a
magnetization state that is responsive to a change in the temperature thereof.

Preferably, the magnetic tunnel junction further includes at least one fixed
magnetic region having a magnetization state which cannot be changed or reversed by
applying the selected magnetic field to the fixed magnetic region.

25 According to a preferred embodiment of the invention, selective heating is applied
to the storage cell by passing an electric current through the heating element. The
memory storage device can further include an electrically conductive terminal that is
capable of receiving the electric current passing through the heating element.

As will be understood, it may be desirable to maintain the aforesaid reversible

30 magnetic region at the compensation temperature to maintain stored data in the storage

cell.



capabl e of receiving the electric current passing through the heating
element. As will be understood, it may be desirable to naintain the

af oresai dwoesme®ibl e 30 nmagnetic region at the conpensatipem/usenpmi@t ure to
mai ntain stored data in the storage cell. 2 WO 03/092014 PCT/ US02/ 36816

I n anot her aspect of the invention, a nenory array is provided. The nenory
array includes two or nore nenory storage devices. At |east one of the
menory st or ageln awitiec especnef the ewentiot, emaggeory @ley krgvpviged Bhe memesy dmay wor d

| i ne associ ated therewith. The t .cell ,jnclud h bl i
regi on ¢ RECTHRSINIBGE BOWRIMEROR SREFEGFices il et 955 DA PTG Raroae

responsi Vﬁeﬁ&es@nﬁﬂ%%stbﬁﬁé eaPeLAhYE Bit IR BAfwordNmeRERINed SeRfage Tevi ce
al so includes a heating elfenent proximte to the storage cell for

sel ect i vebtgragehatiginngdeshe dhengmeblat mrgnetic rsgiod thitamgbulss @ matgniat havingdi on of
said storage cell.. 1 n another as?ect of .the . ntventi n, ,an inteqrated
circdit i BRBRYVAURILSIAEHERS ISERCATEY to éicpﬁllﬁep 10; ﬁ@P?f&ﬁgé hergoda s REM hor y
storage .dﬁt\éfagg d@ﬁcéglrso fRItdRs 2heMm AR DEERER to U dibvabhiedll foekabdtiveRr i ef
Description the Draw ngs FI G schematically illustrates a magnetic
menory ar tlanging thikMpeeagure tof said shangegide omhdicsugivabf eaid storagseelh th t he
present invention; FIG 2 schematically.illustrates. an i.deal hysteresis

| oop for a rev@?@Oﬁ}eé_aﬁﬁﬁh%ttptFEmvi%“cfneﬁf\{éme%?teéc ﬁhsﬂ%‘?gﬁg ’gﬁxpfegﬁ?@s.
3(a) and Ok HAAEL 8l ¥nd hdiidl Alctade ABAPRE Yol RitAR @SR GesBri DM
storage cell] 4 graphically i1Tlustrates the magnetic selectivity of an
i dedl0 maghAethecheremory cell for selectively switching the magnetic state of

the menory; 20 FIG 5(a) schematically illustrates a nenory storage device,
formed in accordance w th one aspect of the present invention; FIG 5(b)

3\;3{1(;Wg;i)fﬁuey]jegér@wﬁg@e@%% S%/ ;s;\c/)(raﬁ?ieog?vi ce, formed in accordance
FIG. 1 schematically illustrates a magnetic memory array of MRAM magnetic
storage cells suitable for use with the present invention;
FIG. 2 schematically illustrates an ideal hysteresis loop for a reversible magnetic
15 region of a MRAM storage cell;
FIGS. 3(a) and 3(b) schematically illustrate a geometry for addressing a MRAM
storage cell;
FIG. 4 graphically illustrates the magnetic selectivity of an ideal magnetic memory
cell for selectively switching the magnetic state of the memory;
20 FIG. 5(a) schematically illustrates a memory storage device, formed in accordance
with one aspect of the present invention;
FIG. 5(b) schematically illustrates a memory storage device, formed in accordance
with another aspect of the present invention,
FIGS. 6(a)-6(c) schematically illustrate the temperature dependence of the
25 coercive field of selected ferrimagnetic materials suitable for use in the magnetic tunnel

junction, according to the present invention.

Detailed Description of Preferred Embodiments of the Invention

MRAM arrays include an array of data storage cells 50 typically positioned at the
intersections of wordlines 1, 2, 3 and bitlines 4, 5, 6, as shown in FIG. 1. In a preferred

30 form, each cell includes a magnetically changeable (reversible) or “free” region, and a
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FIGS. 6(a)-6(c) schematically illustrate the tenperature dependence of the
25 coercive field of selected ferrimgnetic materials suitable for use in

t he magnewpesmeonel junction, according to the present i mreentsoosssidet ail ed
Description of Preferred Enbodi nents of the Invention MRAM arrays include
an array of data storage cells 50 typically positioned at the

intersections of wordlines 1, 2, 3 and bitlines 4, 5, 6, as shown in FIG
1. Ina pp@fxgnatedmagmetlrc@mmef@ra@q@dm fixedhc reginss agangegriatol £ MTY devisn gl e

ot A Sy’ BN oS BT RET OIS e

proxi mat e, Into

devi ce. TREopetRioM wilth ¥RUTréLEH hangdableusEon bieQaal iy ah&it@itarblé aaxéermhedarwe type
of region Whl ch, in cooperation with the free or changeabl e region,
resul ts insawlieteect abl e state of the device as a whole. 5 Generally, t he

prin ipIe under] yi n n such ahi

change, and evé‘f}{?régértilg P?R%ﬁ‘é’?er%‘?‘%f%‘/{}lé Sé?ra%%f) a ?%r%nosﬁ ]% ke dﬁéetta?{lzlﬁ %n of
the free pR@iBNshd WehReve@®Paktrelafvd bﬁerﬁmdne&pﬁema@getfzjamdof a@fmaeemns
changi ng t he d| rection of nmagnetization along the easy axi sv(é EA") of the

free regi oith aespetthdo abiel |op§resp@nd1mgr dapd eregiond aly t phangingl dhe ff@F‘P’énPfétl on

the froo MBI HRDASPESAE PN o RGO earereoiuuld &R Pty o RKEERH 20,

resul tant [ JROARL defativh i dRehiativh Aiffdréndee SPIBES pMecHlhlly,| d BRrags ek dvritiddeby The
storage cell is later read by neasuring the resultant tunneling resistance

bet iden t hevelsing |thaefreendegion dnagngtizatigni usingsapphed Wirtirestionahoelogrica sand

depending on the relative. orientation.of.th t| zation of the free
region wi f??“}t@gﬁ‘&@ett“bsqrﬂ‘@ i yia)jis fespectps fitlipe a\“fd ‘Ycﬂg ¥'¥ee region i s nodel ed

as a sinple el geniiglodrrenat 10aYr& By Fhé8ehin® Mo tesuBdnahhmg RBiswALEN s
free to rotate but vm% a strong preference for aligning in either

di r ect i onbetweay the bitdms yandxwed (EAWbIch-aEsYmesaamg off twohealpesf depenrieg pedhon i s
L S LB TRET R R LT R
tunngl i ng L Bs| STARE Gre¥ A HGP1s RERIGELS @ﬁ%pﬁ@éleﬁl@ﬁapﬁﬂaénet hd0inglal ARRHo®Obf
par al | el (é% +EA) and anti-aligned or anti-parallel (- EA
magnetlzatlon which is free to rotate but with a strong preference for ahgmng in either
direction along its easy axis (+EA or -EA), and if the reference region is a similar
elemental magnet but having a direction of magnetization fixed in the +EA direction, then
two states, and therefore two possible tunneling resistance values, are defined for the cell:
20 aligned or parallel (+EA/+EA) and anti-aligned or anti-parallel (-EA/+EA).
| An ideal hysteresis loop characterizing the tunnel junction resistance with respect
to the applied EA field is shown in FIG. 2. The resistance of the tunnel junction can
assume one of two distinct values with no applied stimulus in region 20, i.e., there is a
lack of sensitivity of resistance to the applied field below the easy axis flipping field
25 strength +/- H, in region 20.
For example, if the applied easy axis field exceeds +/-H,, then the cell is coerced
into its respective high resistance (anti-aligned magnetization of the free region with
respect to the fixed region) or low resistance (aligned magnetization of the free region
with respect to the fixed region) state. Thus, in operation as a memory device, the storage

30 cell can be read by measuring the tunneling resistance to infer the magnetization state of

the free layer with respect to the fixed layer.



An ideal hysteresis |oop characterizing the tunnel junction resistance with
respect to the applied EA field is shown in FIG 2. The resistance of the
tunnel j uwotososeocean assume one of two distinct val ues w PhTrusozpgsié ed
stimulus in region 20, i.e., there is a |lack of sensitivity of resistance
to the applied field below the easy axis flipping field 25 strength +/- He
in region 20. For exanple, if the applied easY axis field exceeds +/-H,,
then the cell iThegdesldoaterdsist 1@0P,t @OW@sqﬁé@WW@ IhigFlEegdi ﬂ@ﬁ@@éble émcf‘v -th¢ i gned
rragnetlzatlon of the fr ect 1ﬁl%rthe fi o] | ow

resi st anc&S{HICG A ?r‘hegﬁgttwgg S?‘W@g? 0, Tk 2 la%(lﬁ °|feS§ }f 0 the

fixed r eg'ﬁ&uﬁ& ?\zts?stan-gg‘t@the' dﬁpﬁ&fﬁ Al ibeR wathe MipRAP Fi¥lddeéh S8 H.t mﬁ)vﬁv@f age 30
cell can be read by nmeasuring the tunneling resistance to infer the

magnet i zata pactsblatesicef suchhideal bdmvicap8en fils o exstptheteby gaising nfanypgotlemer . 4
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to the applied field belowthe flipping field strength Hc. However, in a

practical lohevi meyorduote 2,deahote Ima\FI@r3(@)‘ wenlefths h@gtlﬁlcefifrléfg,en‘trh@?gequal si ng

o omosed sinaibe i e T i et RebEY frargRads it BN aolar e by
the arrow thr Og?hlohgﬁ tﬁeeét!ﬂl@%fdléa%y %%@Ibtit (chir89oRdihg tMrekéd@ & th@s

shown in FIG |l e the magnetic field-generating current flows in
ei t hed bi tfrdei lagerGnothe wmraigd celk gomani dideusatdeabdyy) tish énportamivsthars is vather n

FIG 3(b). Although the abilit cleanly bi t ( r i.ng to
the rever JEIPORENLGsRCCt 1igr { eeé“qcéifé’(ri qRgTatiRR ot Fﬁ%‘@ilmaéeo l’fﬁe?aﬁ 1gd%sed
above) 1S dopgid BfikhadsOere? Wﬁtuf)g”@ét@eénl SERGH HUmAFREAL if Ghe by SkeReST U
operation o array ecifica it desirabl e to choose, for

witing dahaurbmy any s ktlecdtbet nmmreytedeblllssdurmgttlme va‘rtc ayocessi t hout  di st urbing
any of the other _non-sele this wi process Fl G

graphi cal I'y i| 1dGt # &4 lcla t@lﬂﬁﬂgtlélf q’g{é}ng ‘i?e\y‘?cl“v‘t}f)f)% (]iealéﬁf‘g%%ﬁ?mogy
L, S by USSR SELBLBISHS g Erd sipapir) and
boundar i esinah @&tagbi The yolfd)tma 49i tragke thiedsmindzeed of stability for a single idealized
particle for magnetization pointing either left or right as a function of applied magnetic
field. The axes of the plot correspond to the easy (Hes,) and hard (Hy.a) axis fields (1.e.,
parallel or perpendicular to the direction preferred by the crystalline anisotropy).

20 Inside the astroid boundary 40, there are two stable states and, depending on
magnetic history, either can be achieved. However, outside the astroid, there is only one
state of magnetization which is parallel to the applied magnetic field. Because of the
shape of the astroid, the magnetic field may be used to isolate a particular data storage cell
for writing.

25 As shown by the dotted lines forming a box 41 in FIG. 4, easy and hard axis fields
(generated by currents through the bit and word lines intersecting at a selected cell), each
of amplitude H,, force the storage cell into the right-pointing state. Neighboring storage
cells, e.g., those either on the same word line or same bit line, having either insufficient
easy or hard axis fields within their astroid boundaries are not expected to change state.

30 Thus, in theory, a specific selected device can be written by simultaneously applying

current to both the word and bit lines.



particle for magnetization pointing either left or right as a function of
applied magnetic field. The axes of the plot correspond to the easy
(Hcasy) am0obasxi{ Heard) axis fields (i.e., parallel or perpsnzseud ar to
the direction preferred by the crystalline anisotropy). 20 Inside the
astroid boundary 40, there are two stable states and, depending on
magnetic history, either can be achi eved. However, outside the astroid,
there is only die atswatmpoodduremfvewritiag iresmvinghivery tishpmeaapfaeturing telgeanggspl i ed
magnetic fjeld. Because .of fhe . shape of the astroid, th net | Leld
may be useWCEHCR Il%Péacﬂc‘ba{ﬁet F‘élﬁsgl?ep‘g)a?éthgté PGS ‘?Xpaflgsr g\%gi‘lt%f“ﬁg.wfhﬁ% As
shown by thgsidaidLee 'radg%%ffs%mt?@oraa Bsp1ibniof fu'ﬁ{cﬁonél IfeAS)baAd Bedbtidd 18X S

fields (generated by currents through the bif and word |ines intersecting
at ﬁ sel edsrgd, thehltheredaagio cafibinatisini efucksy Hndflord axishiéelds ovhagewalbidefinitely t he
right-pointing state. Neighboring.storage .cells, e.qg., those either,on the
sane or d SP"lltﬁg agy desiprd %?It%g? FﬂL‘%HWFHGg ?’Vlltﬁ@flgio#é%f@f%lii%ﬁfSto%%%f e@ bgard
axi s fiel dgisiict hirAud RAIabilRY béRLEs ApHoMiani es are not expected to change
state. 30 Thus, in theory,  a specific selected device can be witten by

si nul t aneous| y Rapthery ithgmaguaticdreld ate $iotabe celbisvadfedtedriy it only the dields figm

03/ 092014 PCI/ USQ2/ 36816 _The above procedure f iting,requires Mery
ti ght nanl};%l@tt@fl h’ﬁ)rggﬂnﬁ’é’%@@? t$ﬁ@5ﬁ?gn83? ISS?& ?ﬁhﬁ%&%ec%,n_s %émgéﬁ' i%hlfi ne
40 of the e?i%hr, Whgn%‘tfls\{@e_r&i(ﬁgtﬁ@i_éall}mﬁﬂﬂﬁr haneswher scleeiiatydering the range of
stability for a population of junctions. If this band becones too | arge,
t henl@ here i s reeremily thetpreferred embsdimentofithe Ppreseitsinf eénglodspramidesa wenmory
definitely 5 switch any desired s o.ra%e .cel.l, w.thout alsqg.sw tching other

unsel ect ed" @Y SHAGHER MCEI0BY, SIS 1AgkIES UetER I PEIGha W te ﬁelﬁ%tbvét\éfmeqf StB‘%é%l em
Fur t her, té@ﬁ, ?ﬁg neNirs, & d&y\gllg g? s@ravk QLAY R1aG He! seledti A1y Gedr&Med By Mehtifddnly t he

fields from bit an l'ines, but also to the nmagnetic state of the
st orage cahé sclactodiedllfs),. thdieby redatingche likhkiwodorfsiieteationsilyt Wweting afljagent

T e oot b e kg ae oPhele fed g men
0092 vt SR WHED st sl Bl b bl
heati ng ondoyductive lines that function as parallel word lines 1, 2, and 3 in a horizontal plane, and
a set of electrically conductive lines that function as parallel bit lines 4, 5, and 6 in
another horizontal plane. The bit lines are preferably oriented in a different direction,
e.g., at right angles to the word lines, so that the two sets of lines form intersecting
20 regions when viewed from above.
A storage cell 50, for example, a MTJ device, which is shown in greater detail in
FIGS. 5(a) and 5(b) with regard to the present invention, is located at a plurality of
intersecting regions of a word line and a bit line, vertically spaced between the lines.
Three word lines and three bit lines are illustrated in FIG. 1, but the number of lines
25 would typically be much larger.
The storage cell 50 will be described in more detail with reference to FIGS. 5(a)
and 5(b). Storage cell 50, e.g., a MTJ device, is preferably formed of a number of
vertically stacked regions or layers. In particular, cell 50 comprises both a fixed layer 52
and a changeable or “free” layer 51 separated by an electrically insulating tunnel barrier
30 layer 53. As will be understood from the above referenced patents issued to Gallagher et
al., the magnetization of fixed layer 52 is oriented in the plane of the layer but is fixed so

that it may not be rotated or reversed in the presence of applied external magnetic fields
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the selected cell(s), thereby reducing the |ikelihood of unintentionally
writing adjacent cells, and inproving the quality of the sw tching

char act erwetosos0of the selected cell(s). 15 Wth referencecrwsbhi/gsicl, an
exenplary nenory array includes a set of electrically conductive lines
that function as parallel word lines 1, 2, and 3 in a horizontal plane, and
a set of electrically conductive lines that function as parallel bit |ines
4, 5, agd @nénaéedahy)t\fvrﬁle huorentso fitraiiglhp bitnkne Phandyiveord j lines 2ar Bypeedteashbihg
oriented in a different direction, : at right ang]es th r.d
lines, so MHEICUEHIONARAICE eFIST # c r}nhee’é‘)?aftgqq?fir%"teﬁslﬁggl&tﬁﬁgianﬁﬁ%%é’aﬁ @n%?a\%gn

vi ened from ﬁ@%&g a5 6€1dyeP 82, fPhe @XATM 6f nmnMidy damMbRethatVlo®l i S
shown in greater detail In FIGS"™ 5(a) and 5(b) with regard to the present

: nvent i gn,peiqsenkitwmtlgdthglanpgnnt'al layeys bF and 32 andstbrstigh gher intfrmndiasftuanelivg d
ine and a bit. linpe, rtica spaced between,the |lines. .. Three word,lines
and three IB?“tlathgngé’erag F'Igl’uéiziéat apqnﬂs @t“(;&glr,el M TF%‘eﬁa%Oélr diggetions of " 55

woul d typi ¥ hnhapger. The storage cell 50 will be described in
nore det airﬁgéhlet%pas'ggg?e#ce to FIGS. 5(a) and 5(b). Storage cell 50, e.g.,

a MIJ device, iAs pilebeuatdrytobdyrtiredreoflayar Alinhabriodted taehavecabrefersdapxietpr
regions or _layers. In parti.cul ar, Il 50 conprises both a fixed | r 52
and a charf§edBiestion O?frF‘%%‘et‘FaéSpé‘r ?@%ﬁs%a‘?aﬁi’ é’(’ingbys@ﬁreela%ecf‘?’? (Péﬂs?lglei ?%ﬁfeati ng
tunnel baryl&tinilalr¥ibhs BB mdfcitidion R O IRESRAGS I kM (1R abpweis! whiehi enced
patents issued to I'l'agher et al., the magnetization of fixed |ayer 52 is
ori emp ed idefinbewpkiable softestdfehd sigpe belt 50.s fixed so that it nmay not be

rotated or reversed in the presence of | i external. magnetic fields 6
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rotated (or e pl ane relative "to the fixe
magnet i zat fopexahpleayksn Hauffidientlptpgmeureht tsyrsedi thpughibotid woithling P ang a
per pendi cul arly through magnetic |ayers 51 and@?é] and .t hrough the
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of the single particular cell 50 located at the intersection of the energized word and bit
lines. Alternatively, the field generated by current passing through a single word or bit
line alone may be sufficient to rotate the magnetization of the free layer 51 of the cell 50
when the cell 50 is selected as further described below. The current levels are designed so
20 that the field produced exceeds the switching field of the free layer 51. The storage cell
50 is designed so that the field required to switch the magnetization of the fixed layer 52
is much greater than the field required to switch the free layer 51. Another example of
changing the magnetization of the free layer is via spin injection, wherein the spin state of
the electrons of current passing through the cell operatively affects the magnetization of
25 the free layer.
The state of the storage cell 50 may be determined, for example, by measuring the
resistance of the storage cell 50 when a read current, much smaller than the write current,
is passed perpendicularly through the cell. The field generated by this read current is
preferably negligible and therefore does not switch the magnetic state of storage cell 50.
30 In U.S. patent application Serial No. 09/708,253 entitled, “Thermally-Assisted
Magnetic Random Access Memory (MRAM),” filed November 8, 2000, incorporated

herein by reference, the inventors of the instant application disclosed the use of heat to
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the direction of nmagnetization called the easy axis. There are two possible
stable reversible directions of magnetization of the free |ayer 51 al ong
this easywemasi ch 10 define two stable states of the sronmsgesased | 50.
During a nenory array operation, the cell 50 can be witten by changing the
magneti zation of the free layer 51. The magneti zation of the free |ayer can
be changed, for exanple, when a sufficiently large current is passed

t hr ough bdtelp selewtivelyl write @n M0 devidsi thhmnaensn*@ry dRecet dn dbrprsdidusizofiledhe

field generated b eI ds at 15t nt e n of
the word dR¥EmSiOp: %/ PHE% Ogn Ptrerrr‘]to‘tg é‘?%g?%hel@' ﬁé’ﬁ G 2ation Cl@)ftﬁztei tg 7 egnqcptag%r 51
of the singts §H%r§ete€tét1€€e11<t8|dhre&% hé&t aeRvakibldmabmitierispstdfane @efledté'd%cell
ener gi zed wor l i nes | ternativel the field generated by,

current paBss hgptmgrsenfghtcalsgiategﬂhedmr:fdtoobe¢§i ess¢d, Hrusdmprievingyriveselertivity ent
to rotate the magnetjzati.on g;h {)reel éer 51 of the cell 50 when the
cel | 50 i Anddmapaving the aplfy R ecf&'st(? B ERRLF RIS The current levels are

desi gned so 20 1 g{ btmfédnalﬂapw&queds&ee%eée‘n 508s Atk Hyng pfddefeemmied t he
free layer 51. The storage cell 50 is designed so that the FI eld required

to switch dnhengegnes0-480i°0n tief mapeetici fiedd réqayred t&2witcls tlnnncspecgﬁeaelelcam han the
field required to swtch the free | ayer 51. Another exanp (1:han

t he magnettedugeronf dfc magnetie dield iyaplied sipputaspRusly, 9f é&tqaétnbef%?eth%l 3¥eE AL sp| n
state of thee r.r-ant

affects tH& 1 ﬁﬁ% {zhgtrh %8%50% i Eritehegﬁ%{éggq\g&%d?ﬁ&%ﬁ%qg%%% i g Rie{]éhgt}ﬁg% )altge

cel | 160 mtm%rg@ttﬁﬁmme@erﬁﬁty extuaicated oyl mﬁasuranagthrahehe cmctlsttﬁnﬁethef t he
storage cell 50 when a read current, much smaller than the wite current,

i s passed ypdepedheilbul arly through the cell. The field generated by this

read current ref erabl i f h
magneti c st at esle}fepgltefs‘?”églgv%lé %ga‘gidg%g Bﬁoé}”‘&%% gn VQQ |<E:h§§ |r%ﬁ4)§g?tlhgl eNo.
09/ 708, 25%&ith dg hé flrRdeon ﬁBﬂem&vdtdrxgé@@ 50, @Heretianadvi E&tﬁd&mmeﬁ&hb&my
(MRAM, " filed November 8, 2000, incorporated herein by reference, the

i nvent or s wéragheellsnsigaritnzgh Parriess havinglasertagdanghel wsistapee.hdapddigon, 7th9\o
morml . dovPEROR: HOTRe 57591 Bty el Enisbieht e S Sy Bephiallel
appl i ed byjeasivied &ptggnse%grygrrsych t hat the current passes
As shown in FIGS. 5(a) and 5(b), the memory storage device 58 of the invention -
includes a heating element 56 and a storage cell 50 as described above. The heating
element 56 is separate from the storage cell 50 and preferably comprises a conductive
20 layer having a low resistance, €.g., from about 1 to about 100 ohms, in order to permit
sufficient heat to be generated by a given electric current passing through the heating
element 56. Suitable materials for forming the heating element layer 56 include, for
example, tungsten, copper, aluminum, and doped silicon.
The heating element 56 is heated by an external energy source (not shown). The
25 energy source can be, for example, a voltage or current source, or a heat source. As
shown in FIGS. 5(a) and 5(b), electric current can pass through the word line 2 into the
heating element 56. Although other configurations are possible, it is preferred that the
heating element 56 be heated by current passing from an adjacent word line.
In a preferred embodiment, the memory storage device 58 of the invention also
30 includes an output terminal 54. The output terminal 54 can be formed of any
conventional material, such as metal, suitable for carrying current. It is preferred that the

conductive terminal 54 not be magnetic. The output terminal 54 can accept current
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through a selected cell to directly heat the reversible nmagnetic |ayer of
the selected cell. This heating serves to isolate the device to be

addr essedyotobasoi4rproving wite selectivity 5 and inprovi mgTiuse2/sisad i ty of
the switching characteristics. It has been found that when the sel ected
cell 50 is heated by a predeterm ned anount, e.g., 50-100 C, the magnetic
field required to swtch that specific cell can be reduced. If the

magnet i c frasding iteosgiptticdbatingrelenent 6Ging sewye agta resysttopaf externelheolagger 51
recools, only the heﬁlted cq?ll will be witten, provided that the magnetic
field strehgent jourcedhyipray ded B8 FUTHin the coercivity of the heated cell and

smal | er than t haaeos(fiaki tsyb)dhoivi&o pERERE Qftak@inkentsTORhR RS ReHts WitRNthEON

provides a nenory storage device 58 that renoves the heati n?_ function from
t he st or ageemetyldeSlte S8handethy coepting ofghe mestonademies Thtot the vahdilises dpnd Bitor age
cells, e.g,, tunnel barriers having .a tajor of resistance. In

addi t1 on, qtnr?é 18 aBEHPY ALYy zfgses\i’d’é‘gﬁ lt?eﬁg'g' ?zﬁg a?‘ﬁsgﬁ’t ﬁno%p@iwepm%erge&t si bl e
limts on @idrahgy, @enRhtdLsleRbnt 58 iTRIRNt & thdYwordSliDWHIwevEt, GS.
5(a) and S&ﬁgﬁ?%}/he r?rerm%/’y stor aggg gev?ce l538 of et he ir_lv_ecr)lti (l)n i ncludes a
heating el@herdrrabgeraerds aregtossiblge FoelckaSpleathedeadranddit latesweuldThrerereraed- ng

el ement 56_is cﬁe arate framthe stogagt:?x cell 50 and tﬁ,)lreferably corﬁoricges a
conduct i veRed" %“gé’lft FAYC APRAFIESPS MO 29 OF PEM AR 18 0 a5t
100 ohms, 58'1w§’[flgletrhet39ra2,e{h ﬁeatiﬁ%glfehféh?% sh&ald veQproanteN &y Blceglordye delgisuen

el ectric current passihg through the heating elenment 56. Suitable

mat et al s duoh thaor the rigat frenhéset hengingl ddereertt Jaypar bsGubstentiadky, lotalizedeteathp| e,

tungsten, copper, alumn and doped silicon. The heatin enent 56 is

heat ed by S&H’Cgﬁ?ts@rr?% Ce@éb%?r@ﬁﬁ?légg%?Wﬁ@%? .Op%ﬁé%r% ‘%ngoggﬁ%"d’ﬁf‘ & can
be, for e : current source, or a heat source. As shown
in FIGS. éé aghgﬁﬁ%xg%t?ﬁ%gﬁsh c current can pass through the word line 2

into the heatihDg e ®osing &bthe Atdragaigll 60 herdesarifedgaboat, tescoarcavefeldi isl e,

it is preferred . that the heating element 56 be heated current ssi ng
from an adcdesain {ssterpgsiel! I ﬂ‘eb‘?f%rfee? pugh empldimagetc ?‘ﬁléi cr?‘BE?B plge?ic}f"age

SerLTE o Bl M ST ATt TSR B o B,

met al , suigprabdse, 4 Gmatiar cutreng i typiely. used, whempbeftier readirgheperative leaves the
stored magnetization state intact. As will be understood, such thermally assisted
switching ensures that when the cell is not activated (e.g., heated), the cold-state
coercivity is comparatively large and thus unintentional switching is minimized.

20 In a preferred embodiment, the free layer 51 of storage cell 50 includes
ferrimagnetic material. As is well known, ferrimagnetic materials often include a
plurality (e.g., two) of sub-lattices with opposing magnetization. However, contrary to
the case of an anti-ferromagnet, because the two sub-lattices in a ferrimagnet are not
identical, the physical properties of a ferrimagnet are quite different from those of an

25 anti-ferromagnet. Ferrimagnetism is usually observed in rare earth alloys such as those
indicated in FIGS. 6 (a)-(c) .

Examples of ferrimagnetic materials include alloys of Fe and at least one of Gd,
Tb, and Dy, e.g., GdnFes, GduFess, TbioFes, TbaFesn, DyrFess, and Dy, Fes. QOther
examples of ferrimagnetic materials include alloys of Co and Sm.

30 Usually, the moments of the two sub-lattices of ferrimagnetic materials are
unequal so that there is a net macroscopic moment. The magnetizations of the

-sub-lattices have different temperature dependence so that there can be a temperature at
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conductive term nal 54 not be magnetic. The output term nal 54 can accept
current 8 WO 03/092014 PCT/ US02/ 36816 passing through the heating el enent
56 and sewoesaom return to an external voltage or curremCcTdsaz/said hat
provided the current. FIGS. 5(a) and 5(b) show two preferred arrangenents
of the elenents within the menory device 58, and the coupling of the
menory device 58 to the word lines 2 and bit 5 1lines 5in a mem)r_i( array.
As shown iwhigh @8y e3¢ctly compeB{aty forionc angthert etrtbel compensalénciempsratirnélaehor y

array, the heating elenepnt 56 s adjacent to

ot her arrathaéﬂeéﬁltvgyésr‘éerbg’sgglaﬁlﬂéere dioréeg eé‘t oth?rervc\’?v\a(t)er db%r%le% e 5\(,\@ glegoul d
be reverserqa%neﬁegr%fcﬂlﬁﬁﬁl E’rfang&emst%ﬁérﬁtu?e AbscABIRTBShpdifsati diEpdiRtah eaAdrtoay or
the nenory storage device hin the array, the }Izleatln el enent 56

shoul d be ¢amsiicrabangtoirt mrcsmy,aegeshgwhl1n5ﬂG$06(§bréE9)tBapertdmg prehowi gyt he
heati ng el enent 56 can be substant rage

cel | %0, tiheoREIPG{insEAtidS 1"8?1‘5%‘ t a@gi‘ﬁ a{@%ﬂ? 8 & %“‘cSe| t%égwqt@g
al so heat | n%r@&hggn %er%%?%?t\l}ggkl e d%"@letCQe gﬁ@%éf@hﬂhﬁgﬂ&éﬁ&ﬁ age Cel | 50

as descri béd Pabove e coer uce storage cell 50.
Therefore, a muah asieRtddeissuspgeiapdratufed edntrot amyblee pryvideddfot ohe itbragewetiste t he
direction of magnetization in the free layer 51. In_con during the
read procemere Rie@;m flafineche hetrindiceld gpsrcivs ﬁ%ld% J8i8e, f%é%“’é’ﬁ@etth% spidapgey

operation | e c{hh%s ﬁ%s‘grsﬁgw nﬁgﬁszaé\(}: f@ﬁ?t a{pRid Hqto?é;tpr %Atrol the

understoodgrg cﬁ asgiSte ensures en the cell

I's nep actipeaitRg t@ﬁp&atur@qaés%htmg h@uﬁbﬂ)dreﬁlhﬁé& smC@ﬁfeCd:hlp Tﬂyenl &uld operate
conparatively large and thus unintentional switching is mininmzed. 20 In a

preferred dotsodo m@ommméatme@rrmwe svhepss ﬂetréﬁea@fecl@égq obgosreive igls with

ferrimgnetic is well known, ferrimagnetic materials often
i ncl ude a tempuggqrefryre(ages , two) of sub- Iatti ces with opposing

magneti zati on. EQWeMEY of ¢@ipdratibe tife depenrdcas eh®masiantused, eandothagspetific
because the two sub-lattices in a ferrimgnet are not identical, the

physi cal peeopetyi cfshaoMRANeeH; rHayever, seeeral iimplednodely piovidertgRPERBERIS an
o e o AR b R [T RP G T R Bkt QDA oh) 1ERLEnREGE i
ohms and a voltage bias of 1 volt (V). The temperature rises further as dimensions in the
memory array are shrunk, so that scalability is feasible.
The speed of the thermal selection process is also expected to be quite rapid. For
example, other experiments on small geometries (e.g., see Williams et al., “Scanning
20 Thermal Profiler,” Appl. Phys. Lett. 23, pp. 1587-1589, incorporated herein by reference),
have shown thermal time constants in some cases to be shorter than 1 nanosecond (ns).
As discussed in Mee et al., “Magnetic Recording Handbook,” McGraw-Hill, pp. 540-580
(1989), the lateral diffusion time constant for heat to propagate in metallic films would be
on the order of 1 ns. Hence, the selection process of heating a junction need not be the
25 rate-limiting element in an MRAM array.
In another embodiment, an integrated circuit is provided. As will be understood
(e.g. from U.S. Patent Nos. 5,650,958 and 5,640,343 issued to Gallagher et al.) while not
shown in FIGS. 5(a) and 5(b), the memory storage device 58 of the memory array may be
formed on a substrate, such as a silicon substrate on which there may be included other
30 circuitry to form an integrated circuit. The integrated circuit of the invention includes a

memory storage device as described above.
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Exanpl es of ferrimagnetic materials include alloys of Fe and at |east one
of &d, Tb, and Dy, e.g., Gd23Fe77, Gd24Fe76, Tbh19Fe81, Tb21Fe79, Dyl7Fe83,
and Dy21Fwo93/0oher exanples of ferrimagnetic nmaterial s ipaclusdzsalié oys of
Co and Sm 30 Usually, the nonments of the two sub-lattices of ferrinmagnetic
materials are wunequal so that there is a net macroscopic nonent. The
magneti zations of the sub-lattices have different tenperature degendence
so that there cHmspe rebusemparsais previded fop ciigpsdsy abizd mep@y WSy 8€BAE towhi ch
t hey exactly conpensate far. ane anather. At the. conpepsation te rature
(Teanp) . RehdPisty andifps, THEIYEng ?ﬁl@%ﬂé@a{f\ rfé"ftéﬁin§ A OHEE afitent g@% Be*
rotated byy,aq gyﬁrﬁi Na1hikoPRPh ipBenti MENLLd Shahb€lflcocheTRit) iCMABIBSssible, and

t enperature c? se gb the conpensati on point can lead to dramatic changes

i n coer ci \liehye aalrgehowiteiseleFl @Brgi6(ia)proyidyd. DejskinatiaHy, wthhibermallyraskigted t he
operating tenperature is cantrol |l ed, .changes of as.little as,about .. to
about 10¢ ST BFFRHTIOR Bt B AR HaRERDAN i R 30 B BfhuSndr

ext ernal W{Uﬁhﬂg‘ls fiRleh THusidt@hsdd 8dsd-BIU8s welMRRk Rt EefRNre @hinffyYed)e
provi ded for t storage cel{ to nore precisely define the hot and cold
coerci ve fdndl dseldingiraguirchentsearanjekcesasadnéo gesutidncesmillergraphr dansh oxeratlhose
shown in FIGS. 6(a)-6(c). Wt re precise.control qf the 10 ope i ng

t enper at ursér,ucT“é%%fa ﬁé‘%uﬂoﬂrggglc’% YiProxling ﬁi?%é%’t“ﬁga%eﬁit tf%sgﬁgrégﬂtr%fn
operate cho %gfl th el HiGtedOMRANRRIIRE dneMPRE G HNBE Rell hee Fab&eaf tHeRdRge of
coercive fireld wth tenperature increases. Esfimtes of tenperature rise
depend@d on dllevingfuetheaflexibidigdin caidndnnéacgpeci fic geometry of the MRAM cel | .

However, several sinple nodels provjde te rature rises. 15 in the range
of a few tens ofYhiiég }&esmti%’lt@flugla? i @Fg%%g 284 SeRtt Pontey eﬁags?rgﬁ:ﬁges of

1K ohns ané}nl?od\flﬁleﬁtéﬂgtﬁo@ A& inlth¥ At wiiMecoddife HRAMBRS AVEItRN dpSk prdedd8r as
dinensions in the ‘nenory array are shrunk, so that scalability is

f easi bl e. Wi nsydéeedtions, ikirt the spieit asescept bHthepppadsd clasnal so expected to be
quite rapid. For exanple, other experinments on snmall geonetries (e.g., see
Wllians et al., "Scanning 20 Thermal Profiler," Appl. Phys. Lett. 23, pp.
1587- 1589, incorporated herein by reference), have shown thermal tinme
constants in sonme cases to be shorter than 1 nanosecond (ns).
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As discussed in Mee et al., "Magnetic Recordi ng Handbook," McGawH I, pp.
540-580 (1989), the lateral diffusion tine constant for heat to propagate
i n et al Iwo oBiop2es4 woul d be on the order of 1 ns. Hence, tPrhe/set/asté on
process of heating a junction need not be the 25 rate-limting elenent in
an MRAM array. |In another enbodinent, an integrated circuit is provided. As
w Il be understood (e.g. fromU S. Patent Nos. 5,650,958 and 5, 640, 343

i ssued to Gailnsagher et al.) while not shown in FIGS. 5(a) and 5(b), the
menory st oy g?_devi ce 58 of the nenory array may be formed on a substrate,
such as a $%9%%n substrate on which there may be included other 30
circuitry to fofm ana ey lceshetel el cbmprifiggl Ntegrated circuit of the
invention includes a nenoiy storage device as descri bed above. 10 WO

03/ 092014 PCT/ US02/ 3H8isforagthess] comprisingst chupgeable magnetiv ireizion, fsaid chhegseblag

whi ch_nenory storage cell .are to be witten, and for minim.zin .

Uni ntEnt | ORAECSGITaH) FRITRISRE hER RG] Boiig & Paendizptionstlelhgliresponsiye to a

Mor eover, alaggéﬁqgﬁlgé&%é&ré%fca%nge in coercivity is nmade possible, and
hence a larger wit Select mar gin is provided. Additionally, with

t her mal | y- assi st ed 5h)smhdathg aigmenhproxinhete tedald steragotelhbutseldstivehyeclookbiaigst at e

coercivity is large ar}d .léni ntentional .swtchi ngl ig}fredu ed. Thus,
intrinsic ©f&epgame of said ghpneeghlemasppticiesionof §8d sigragsficlli i zed, and
shielding requirenents are decreased, to result in a smaller or nore dense
overall structure of MRAM arrays. In addition, by providing a heating

| ayer that is skpar afle hemory dttrage édvice af dieemhle athedkin $dé sforagetcall comprisas t he
resistivity of the cel|l are renoved, thereby 10 allow ng further
f1exilBilitymREneistynnehiiBFaeture. While the invention has been described in
terms of several preferred enbodinments, those skilled in the art wll
recogni ze that the invention can be practiced wth nodifications, within
the spirit and %copeTlef memenagpeagddeviced af csim 1,1wiDe3aBDACheBETIS02IC36816
Clains W claim

region is a reversible magnetic region having a magnetization state which can be reversed
by applying thereto a selected magnetic field, said reversible magnetic region comprising
a material having a magnetization state that is responsive to a change in the temperature

15 thereof.

4. The memory storage device of claim 3, wherein said storage cell further
comprises at least one fixed magnetic region having a magnetization state which does not

reverse when said selected magnetic field is applied thereto.

5. The memory storage device of claim 1, wherein said heating element is
20 heated by passing an electric current therethrough.
6. The memory storage device of claim 5, further comprising an electrically

conductive terminal capable of receiving the electric current passing through said heating

element.
7. The memory storage device of claim 1, wherein said material having a
25 magnetization state that is responsive to a change in temperature thereof comprises a

ferrimagnetic material.
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1. A nenory storage device conprising: a) a storage cell conprising a
changeabl e magnetic region, said changeable 5 nagnetic region conprising a
mat eri al Wwewsngeoa4 magneti zati on state that is responsive POTASIDRANGE in
tenperature thereof; and b) a heating el enent proximate to said storage
cell for selectively changing the tenperature of said changeabl e magnetic
region of said storage cell. 2. The nenory storage device of claim1,
wherein said storage ceII conprises 10 a magnetic tunnel junction 3. The
menory storage gdevic

is a reversibl enmagn q‘@e%@' %]ﬂrag%lghvﬁﬁeg 2% ZIYVE% eabds‘%?t“ wﬁ % egﬁglbgn

reversed Ry ARRInYdiRGin-A 6k %tc%nﬂ)eﬁﬁln%ﬁtt&ﬂpém&ebf §aidl in®dtéhial 98 inthikt@MnestSicll €
magnetic region conprising a material having a nagnetization state that is

responsi veddtoinessachsiogee £ell.t he tenperature 15 thereof. 4. The nenory
storage device of claim3, wherein said storage cell further conprises at

| east one fixed magnetic region having a magnetization state which does not
reverse when sajd SeAQﬁ&&ﬁy@ﬁBﬂﬁQk@wEb@&.nhﬁgapp||ed thereto. 5. The nenory
storage device of claim1l, "wherein said heating elenent is 20 heated by
passi fig an el ect r| c Dur stemge @dhbqommmuwg&wha@geablﬁernﬁmp W%Qmﬁagéhwﬁa@é of

claimb5, further rising an e f |caII§][fil qnductlvF t%rn1na ca abl e of
recei vi ng ‘Pﬁ@‘e@f’é?ﬁ‘? EOTBRA TN T §1§ g BYRGRETLATP AN hald® TP URESO 27

The nennrylﬁ&gggﬁ@mggﬁhg@ﬂgkogbgan11 mhereln said material having a 25
magnetization state that is responsive to a change in tenperature thereof

conprises a ferri na@rmhaaﬁngrakmnn@espohzwm O8¢:0020lehcRYROWSO 2nE 6B KEMe The

menory storage device f cl wher ei n sai d chan tic eglon
o e ot o I OHEE G ENSEEFBYFY SR e R LAY BRER
storgg d%glomfﬁaa@t&agmg.e cel I

10. A memory array comprising two or more memory storage devices, at least

one of said memory storage devices comprising:
a) a storage cell having a bit line and word line associated therewith, said
storage cell comprising a changeable magnetic region, said changeable magnetic region
15 comprising a material having a magnetization state that is responsive to a change in
temperature thereof; and
b) a heating element proximate to said storage cell for selectively changing

the temperature of said changeable magnetic region of said storage cell.

11.  The memory array of claim 10, wherein said storage cell comprises a
20 magnetic tunnel junction.
12. The memory array of claim 10, wherein said changeable magnetic region is

a reversible magnetic region having a magnetization state which can be reversed by
applying thereto a selected magnetic field, said reversible magnetic region comprising a
material having a magnetization state that is responsive to a change in temperature

25 thereof.
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9. A nenory storage device conprising: 5 a) a storage cell conprising a
changeabl e magnetic region, said changeable nmagnetic region conprising a
mat eri al Wwewsngeoa4 magneti zati on state that is responsive POTASIDRANGE in
tenperature thereof; and b) a heating el enent responsive to an external
energy source and proxinmate to said storage cell for selectively changing
the tenperature of said changeable magnetic 10 region of said storage
cell. 10. A nenbly afheayemonparia crfgclatmmuowhmrx‘esanéﬁfgrqgestbrfm@@rdempn%@ at

| east one of said rrerm storage devices co ISI n tora e cell
having a bitledst q8e &xad efig 905‘5@ %?é’&?gpﬁ %te 3&‘%‘ (f]eéveﬁsgl I

COMPY | Si NG, Ao P HANRARL EIRANETHeF 1 SRIRR thbd changeable rragnetlc r egi on

15 conprising a naterl aving a naegnetization state that is responsive to
a change in tenperature thereof, and b) a heati ng el enent pI‘OXI mate to

said storage cell for selectivel an the t eratu 0 a
changeabl egmagnb"t i c FegMsHopy a%%}?/ @fc‘gﬁlf}? ia@q”’kl'?é‘?lp sa ea {?E"r‘?ﬁ? Vﬁﬁflﬁgg)byof
cl a| %gilhglaﬁl ef%@frfé Cﬁ%ﬁ@g&eg?g)d%hconprl ses a 20 rragnetl c tunnel

] unctl on he ‘menory array o ai m 10, wherein said changeabl e
magnetic region is a reversible magnetl c region havi ng a magneti zation

state which can be reversed by an t hereto ect ed etic field,
sai d reversi bl el ragn&h§ Brepogy Bﬂakﬁﬁﬁi"ir% ]éerelﬁsﬁa& ?tglle Sﬁ r‘?gﬂ %’{i memory
magnet i zat

thoreof - 135087 85} Sﬁfﬁﬁﬁefﬁé%pﬁ%%‘%%ﬁ%&%@ﬁﬁm% SR TR ol Rpcitie
wher ei n saihd efkcticagercaddssihg tirbnegh mohipmtisgslemant. | east one fi xed nagnetic

regi on having a magneti zati on state which does not reverse when said
sel ected magnetic field is applied thereto. 14. The mermory array of claim

10, wherein sai ¢ heat)ng, &l @pehbyi ot Q83 ¢4 Blereth AT A ARUSERCEK "JaSsed

current therethrough.
10 through said heating element for a predetermined time period, wherein said time period is

sufficiently short so as to prevent reversal of a magnetization state of one or more storage

cells adjacent to the selected storage cell.

17.  The memory array of claim 10, wherein said material having a
magnetization state that is responsive to a change in temperature thereof comprises a

15 ferrimagnetic material.

18.  The memory array of claim 10, wherein said changeable magnetic region is
maintained at a compensation temperature of said material to maintain stored data in said

storage cell.

19.  An integrated circuit comprising at least one memory storage device, said
20 memory storage device comprising:
a) a storage cell comprising a changeable magnetic region, said changeable
magnetic region comprising a material having a magnetization state that is responsive to a
change in temperature thereof; and
b) a heating element proximate to said storage cell for selectively changing

25 the temperature of said changeable magnetic region of said storage cell.

14



15. The nmenory array of claim 14, wherein said at |east one of said nenory
storage devices further conprises an electrically conductive term na

capabl e oWormso®ovi ng the electric current passing througlrcsaisdz/bsead i ng

el enent. 16. The nenory array of claim 14, wherein said electric current is
passed 10 through said heating elenment for a predeterm ned tine period,
wherein said time period is sufficiently short so as to prevent reversa

of a magnetizati®n sTha entedrated ecisnitnelr elagn ddageherein| sail adjlease ane Moy

selected storage cell.  17. The neno array o | aim 10, wherei i

mat eri al h%?/riaﬁ’ggﬁvw &t FYRRTSH agteji%égmtahﬁiéoriliucﬁ& %egﬁéqaegagag’ieaogﬁgﬁéglgi n

t enper at ur g, §168#6 0GR PRsinRBrodgh daid hedtingmeangdki c material . 18. The menory
array of claim 10, wherein said changeable nmagnetic region is maintained
at a conpensation tenperature of said naterial to maintain stored data in
said _storage cell. 19. An integrated circuit conprising at |east one
nEnDr§ storage device, said 20 nenory storage device conprising: a) a
storage cell conprising a changeabl e magnetic region, said changeabl e
magnetic region conprising a material having a magnetization state that is
responsive to a change in tenperature thereof, and b) a heating el enent
proxi mate to said storage cell for selectively changing 25 the tenperature
of said changeabl e magnetic region of said storage cell. 14 WO 03/092014
PCT/ US02/ 36816 20. The integrated circuit of claim19, wherein said at

| east one nmenory storage device further conprises an electrically
conductive term nal capable of receiving an electric current passing

t hrough said heating elenent. 5 15
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