2 9 AUG 2006 1 MILTI-STAGE PER CELL MAGNETORESI STI VE RANDOM ACCESS ME&YORTG
FI ELD OF THE | NVENTION: 5 The present invention relates to a nulti-state
magnet or esi stive random access nenory (MRAM and nore particularly to an
MRAM that wites data by thermal assisted techniques and reads data using
angul ar dependent magnetoresistance. 10 BACKROUND OF THE | NVENTI ON: The
storage capacity of MRAMs can be incredsed either by reducing the size of
each cell or increasing the nunber of states stored in one cell. Recently a
three-level and six-state nulti-Ilevel MRAM has been described in a paper
“written bpUMN-SHEGE FERGEL MAGNE TORESI S ENVE RANDONISELCERSI MEMGRe! 15
magnet o-resi stive RAM (MRAM, J Appl. Phys 85, No. 8 4782, 1999. However,
the three-level, and six state structure nmakes it difficult to wite a

cel | indep@aﬁwlﬂ yHEI i'ﬂl\ﬁQgTRﬁ!{lor art MRAM a half-selected witing of a
cell wll sel ected cell because of the cell's | ow
coercivity. Another nulti-state MRAM structure with nenory cells is

di sclLosed in %g Uni tec& St ates Pa\tent nunbe&_ US6169689 (rNalj i.). The free
ferrBmagnetic I 3§ePent PHENiRIA(RIEY i ppeticTatle QagaelPrgs SE‘Y%@'E@BPdi ng
layer. Houev&ls mbhfory r(mmnhféﬁ@"m&%%érﬁgmauﬂo BAsIRAW ﬁﬂéﬁ:@r‘itb@%ﬁ?ﬂgr gy.
Hence, as the cell size Is reduced to Increase the storage capacity of the
MRAM t hetheimahabssisiedgyieshhiqueausedt headvRAMat wdieg oarguinst depender
Recently, _a Cu[i e .gpi nt witten (CPW MRAM has been proposed to inprove
the MRAM SPEHFIGEYS'%E descri bed in the paper by R S. Beech et al, "Curie
point witten magnetoresistive nenory". J.Appl. Phys. 87, No. 9, 6403-6405,

2000. The paper discusses a two state Curie point witten structure. In
t hi 40 st r BAGKROUMND Off hHEdNVIEMFIGN: a storage | ayer. The pinned | ayer has

Cayer Tor i nf SprstradecRPebe S PR Bold B R Wi BeRbrbyRall owng

the cell sizegefieacheell or increasing the number of states stored in one cell.

Recently a three-level and six-state multi-level MRAM has been described

in a paper written by Won-Cheol Jeong et al, “Three-level, six étate multi-level
15 magneto-resistive RAM (MRAM), J Appi. Phys- 85, No. 8 4782, 1999.

However, the three-level, and six state structure makes it difficult to write a
cell independently. in the prior art MRAM, a half-selected writing of a cell will
affect the other unselected cell because of the cell’s low coercivity.

Another mulii-state MRAM structure with memory cells is disclosed in

20 United States Patent number US6169689 (Naji). The free ferromagnetic layer in
the MRAM cell structure is used as the recording layer. However, the free
ferromagnetic layer has low anisotropy energy. Hence, as the cell size is reduced
to increase the storage capacity of the MRAM, the thermat energy will cause the
MRAM to become unstable. . -

25 _ Recently, a Curie point written (&FW) MRAM has been proposed to
improve the MRAM stability, as described in the paper by R.S. Beech et al, “Curie
point written magnetoresistive memory”. J.Appl. Phys. 87, No. 9, 6403-6405,
2000. The paper discusses a two state Curie point written structure. in this
structure, the pinned layer is a storage layer. The pinned layer has a higher

30 anisotropy than the soft unpinned layer. The use of the pinned layer for

information storage provides improved thermatl stability allowing the cell size to be




2 9 AUG 2006 2 reduced before thermal instability beconmes a |imainug 7108
factor. One drawback of the proposed CPWMRAMIis, it is difficult to heat
and wite to individual cells in the MRAM structure. The prior CPW MRAM
does not allow individual cells to be selected when the cells are heated
to their Curie Point. 5 The current through the sense |ine and the word
line heats the cells. However, as the Rurrent passes through the sense and
word lines it also heats neighbouring cells and i nduces a nagnetic field
in those cells. OBJECT OF THE | NVENTI ON 10 Accordingly it is an aimof the
i nvention t@jm@d\béi@rermbtmaﬁhéia%uWﬁ%@ﬁ‘]'els% I:Ml‘ﬂh(j'?a@tb? capabl e of being
witten to or read fromindependentl further“aimof the inventionis to
provi de a new aRde ¢gmbael ahine |Df@m%ﬁ@ CWMAM‘IRANHs iitsis tdificataltd yest abtie. 15

ndeed the" E??%@@Whh?&"% T EREER st Bgll8: e prghTren DA doBS et ¥ "

magnet or esakiw v&il\nammlaw% SelE WhéViMellstib heaiPld tﬁbﬁ@ur@e SdiRetrate,
ceIIs formed on said substrate, a bit line and a

20 | t
wor 3 i lrjlre he éP&?f‘{nﬁ eihstserselne engdhe “@T@Jh@@ hegtsdhe eetinr Iyloweedaﬂ, ss each
of said pl Weaédﬂfé’nt as%ggﬁﬁguﬁﬁlthé s'eﬂg{e lé(?]'dr\/gon% | jL?m%%égb oahﬂ% at

second nmgnetic | ayer on- magnheti c space

el ement adjeltseand muducashavhdgadatnocfeaéld im thezi ebllpl ural ity of menory cells
heats said first magnetic |ayer of said cell to near its Curie point

i ndependently of other cells, and the nmagnetization vector of said first

magneti c | @BgEdTSOE TiIgpadwiNoly magnetic field generated by a current
applied to the bit Tine an e word line. 30 In a preferred formof the

i nveh®i on the phesardingly ibfs amain pf the insentoratopprovald mylti-state MRAM cells
which are capable of being written to or read from independently.

A further aim of the invention is to provide a new and improved multi-state
MRAM which is thermaily stable. i

15 SUMMARY OF THE INVENTION:

In one form, although it need not be the only or indeed the broadest, the

invention resides in a multistate magnetoresistive random access memory (MRAM)
unit comprising:
| a substrate,

20 a plurality of memory celis formed on said substrate,

a bit line and a word line in electrical contact with said plurality of memory
cells,

each of said plurality of memory cells including a first magnetic layer, a
second magnetic layer and a non-magnetic space layer,

25 wherein a heat slement adjacent an individual cell in said plurality of
memory cells heats said first magnetic layer of said cell to near its Curie point
independently of other cells, and

the magnetization vector of said first magnetic layer is aligned with a
magnetic field generated by a current applied to the bit line and the word fine.

30 In a preferred form of the invention the plurality of memory cellsis a plurality

of stacked cells including a magnetic tunnel junction cell (MTJ), or a spin-vaive cell




of stacked cells including a magnetic tunnel junction cell (MIJ),gqqwG 2006
spin-valve cell 2 9 AUG 2006 3 (SV) or a pseudo spin-valve (PSV) cell. In
a further aspect of the invention, there is provided a method of witing
data in a magnetoresistive random access nenory (MRAM unit conprising a
plurality of nmenory cells, a bit Iine and a word line in electrical contact
with said 5 plurality of nmenory cells, 3a heat el enment adjacent an

i ndividual cell in said plurality of nenory cells, the nethod including
the steps of: raising the tenperature of a first magnetic layer in said

i ndi vi dual(sggbk atp},e@g@rspm_t,gh,@.{pgw)Q@'u_nt i ndependently of other cells,
thereby reducing the coercivity of 'said layer; 10 witing a nmagneti zation
state in said fifesurthegaspeet ofdheineintion therads pravidgd ageethodyfyg8ieiong a

(e and SataAeBnRlerat i, AREORE e PP b T MR R iig a1, on

vect or i n phaatlityfofirabmorgoelld, bieles andtawardRgn e electrical dorgasewidt edidby
said current. 15 In another aspect of the invention, there is provided a
met hot of PHERlyatmRmor Gellsda bpatelement pdjagenbayhiadvidinl sell ipsaidpleéityaccess
menory ( i 0 | S : A nory cells, a bit |line and
a word I:\/ﬁl}{iﬁ%ﬁlg e%e{"(réi%mgﬂgg{ggw%ﬁﬁﬂeséﬁgggﬁral ity of nmenory cells, @&
heat el ement adaiateythedempedituretafa firstbabnetic Iagédn phidriadiivityalafell eneary
cells, the t hod i pcl,uding the steps of: 20 applying . a current through
5 bt T iERoiEEd SRR Ot WerPY TReURRH Be oSN of e of
said firstigpggnetic |ayer, wherein the resistance states of said first
magnetic layer is dependent on the relative angles between the

magrikl i zat i on wedingra nefgredizatidn siste inshiddrsihagegtielbyer bhyaid sndigdial

and T oadi AN Er &SP RLT By AEs TS AL ST SIS stored i n sai d
nmemory cells. the currentin said bit line and said word line acting cooperatively to align the
magnétization vector in said first magnetic layer with a magnetic field generated by
said current.
15 In another aspect of the invention, there is provided a method of performing
a read operation in a magnetoresistive random access memory (MRAM) unit
comprising a pfurality of memory cells, a bit line and a word line in electrical
contact with said plurality of memory cells, a heat element adjacent an individual
cell in said plurality of memory cells, the method including the steps of:
20 applying a current through said bit line and said word line,
determining the magnetization state of said first magnetic fayer, wherein the
resistance states of said first magnetic layer is dependent on the relative angles
between the magnetization vectors of said first and second magnetic layers,
said resistance states representing the magnetization states of the MRAM,
25 and
reading data represented by said magnetization states stored in said

memory cells.

BRIEF DESCRIPTION OF THE DRAWINGS

30 FIG. 1 is a schematic view of the magnetization of a two-state MRAM structure;

FIG. 2 is a schematic view of the magnetization of a four-state MRAM structure;




BRI EF DESCRI PTI ON OF THE DRAWNGS 30 FIG 1 is a schematic vie

magneti zation of a two-state MRAM structure; FIG 2 is a schevr;gtlc Vi ew of
t he magneti zation of a four-state MRAM structure; 2 9 AUG 2006 4 FIG 3A
is a schematic view of a nulti-state (SV) and (PSV) MRAM structure heated
by a current along the bit line through the cell, in accordance with a
first enbodinent of the present invengion;, FIG 3B is an illustration of
the cell's configuration of a PSV MRAM 5 FIG3Cis an illustration of the
cell's configuration of a SV I\/RAM FIG3Dis a schematic view of the cell's

b | |4} h
cel | hoat LIEP BRI sbEmENE R of cERRSE AR (S RERE sFlblle' "
i nvent i onhe&le@ HAaictin@ns @hﬂ@ﬂtﬂed)lwlmr@bu@w the tdlk st ateor@¥nes dithSQYVfitdRAM

structure ated 10 by the current through a heat el enent under the cell,
in accor dﬁﬁg@d\bﬁ‘?ﬂt% @éﬁﬁﬁlemémﬁml%nt of the invention; FIG4B is a

schemati c nt along the bit
and word }’(‘%Z:‘éﬁa ?Ee‘?ﬁjtsﬁgltégl%lf\ﬂqé E%[ggfzgﬁéﬁgﬁﬂgi%d 8ﬂeat ewAﬁ in F?G 4A,

FI G 5A i sF#aléhmtarcillusteaticof obthmﬂdllis-mrﬁtgera(ﬂ\zﬂﬁbf AVRANV BAMy C t ure heat ed by
the 15 ¢ t. thr h the ML in accordance with a third eppodi nent
of the E&éﬁ’h 8@3%9%%@{’@8&*}%?%}&“}’%’]&% ?ﬂ“a&f’a‘ﬂr&f‘d‘t@[}%’@é‘(’%% of a
MIJ cel|; skl @&&?hhés aﬁé.cth@%wh%at@cﬁm Qécofr&\é%dmtr%ke'rrﬁ é@ﬁbédlﬁ%npé{ftﬁ@m ying
the current al ong the bit and word |ines after the cell is heated, in

accor dancpradest trviendoenbodi nent 20 of the i nventl on; FIGB6A is a schematl c
state MIJ MRAM.Stru ugh the

view of a | tai 1 ur r.ent t L
ool 1 B4R St PR G SubHikeE G7 A Y MR SR RAEEE e
i nvapti onp H&Lﬁl&ﬂtﬁroﬁgﬁ@ﬁé&@lméh%d@rt!@é‘c@ﬁ]m Y RPEnEd \Fvﬁh”atsecond

of - rrultl-state MIJ MRAM 25 structure heated by the current through the MIJ

cel | and &mbedépeqi ofdbe invertiog: 6A;

F1G.4B is a schematic view of the cell's writing by applying the current along the bit
and word lines after the cell is heated by the heat element, in FIG 4A;
FIG.5A is schematic view of a multi-state (MTJ)} MRAM structure heated by the
15 current through the MTJ cell, in accordance with a third embodiment of the
invention; '
FIG.5B is an illustration of a detailed structure of a MTJ cell;
F1G.5C is a schematic view of the MTJ cell's writing by applying the current along
the bit and word lines after the cell is heated, in accordance the third embodiment
20 of the invention;
FIG.6A is a schematic view of a multi-state MTJ MRAM structure heated by the
current through the MTJ cell and heat element, in accordance with a fourth
embodiment of the invention;
FIG.6B is a schematic view of an equivalent circuit of-muiti-state MTJ MRAM
25 structure heated by the current through the MTJ cell and a Zener diode, of Fig BA;
FI1G.6C is an illustration of an |-V curve of a Zener diode;
FIG.6D is a schematic view of the MTJ cell's writing by applying the current along
the bit and word lines after the cell heated by the heat element and itself, in
accordance with the fourth embodiment of the invention; and
30 FIG.7 is a view of the MR-H curves of a four-state MTJ MRAM cell.




"FiG6Cis an illustration of an IN curve of a Zener diode; FI GQ[U'RUE?ZUUE
schematic view of the MIJ cell's witing by applying the current al ong

bit and word lines after the cell heated by the heat elenent and itself, in
accordance with the fourth enbodi mrent of the invention; and 30 FIG7 is a
view of the MR-H curves of a four-state MIJ MRAMcell. 2 9 AUG 2006 5
DESCRI PTI ON OF THE PREFERRED EMBODI MENPS Referring now to the draw ngs, in
FIG 1 there is generally shown a schematic illustration of the
magnetization of a two-state MRAM unit in accordance wth the prior art.
The pi nne@ESERPOION BelTHH RREFEREAMENMBOUIMENT®gNeti c | ayer 5 wherein
its magnetization is fixed in one direction. The free |ayer a soft

magnetic unpi niRRIEITHige NOWh &2 dheredAutingsat inohl Gl tere o e%.mﬁra&v aﬂhpé“ﬂe@ An
external f4 |
current gsgﬁ%&a t,g :iﬁ%@ahﬁﬁg%ﬁﬁ%ﬁetﬁ@ﬁ%ﬁ@f;%@q ﬁtelﬂ:fk g@@” S matgnec';é i zation
in one di rvettt’uherprtor‘élﬂeril‘ rtd‘qmnnagrw’er obh neWirﬁheMRAMnsca‘h&rﬂenégMId1ayce1r i's

t hat _of the i nned | ayer, the cell tance R is |ow Wen

par al Si

Phe- hgnetThAIETLHS drogteelee s died oot dtecianal TBF GS Ies PRSI o 1 hat
of the pi rﬂﬁé‘&wétﬁ‘:\’@h inhB8 Iﬁﬁér' m%%e%égﬁ@uéa%oﬁ'&Flectz?Shecarf %'eaé!té’r%d(?hﬂhge in

t he resistance of etvvo ayers Is not ed R | ow and high

r esi st ancexternat éptce@ﬁpphad) vdmﬁ a5 emduczﬂdabesa ibit ewrréRABNd emrdanulrr&mh te
operation._ 15 I E ere r'}S S ? in‘ood I ment tOf t he rrag;m zation of
a four- ste%eger VESERt, JY@ msﬁfgﬁﬁ KPe YT SrRagietizgorain sty h? "shown)
can i ncl udgyra4 thel?ﬁé/?mnM ign @lﬁ‘@@tﬁdh &'thkgreel Qferr@%gféﬂbﬂ@) thﬁb’&‘rthe Pirthaldi Nned

| ayer such as CoFe/Trivnh or a hard nmagnetic 1ayer such as TbFeCo, FeCo,

CoCr'i®t . THhayearelhe cellagsistanseR isdow. \n?ﬁg&mthecma@w@rzab@n ﬁéﬂ@fmjﬁmri@an er or

Petor i no b o BiSE0 R BREASEne RARRLAVER BRLEFLSMADFER B0y e
set to a phutiakich¥ngé irtihe! resistRlcaldf e i kers IBRIBABIdFIRE ARD weqbwrar@f t he
read | ayer. The enbodi ment shown in FIG 2, illustrates four different

angl es at Mg é@ﬁlﬁh&@cmmeﬁpzeﬁa%ﬁwoeﬁﬁeﬁeni stajes in BRMRAM read and write
operation.

15 In F1G.2 there is shown an embodiment of the magnetization of a four-state
- MRAM structure. The memory cell to be magnetized (not shown) can include SV,

PSV or MTJ memory cells. The recording layer is a pinned layer such as
CoFe/lrMn or a hard magnetic layer such as TbFeCo, DyFeCo, CoCrPt. The read

layer is a soft magnetic layer or hard magnetic layer or pinned magnetic layer.

20 Because of the high anisotropy energy of the recording layer, the magnetization
vector of the recording layer can be set to a plurality of angles relative to the
‘magnetization vector of the read layer. The embodiment shown in FIG.2,
illustrates four different angles at which the magnetization vector is set. The

angies between magnetization vector of the recording layer relative to the

25 ntagnetization vector of the read layer are represented by arccos(1), arccos(1/3),
arccos(-1/3) and arccos(-1) respectively. The cell resistance R created is
dependent on the angle between the magnetization vectors in the recording layer

and the read tayer. As shown in FIG 2, when the magnetization vector of the
recording layer are paraltel or aligned with the magnetization vector of the read

30 fayer, the cell resistance is at Ry, substantially zero. The magnetoresistance is

therefore denoted by the change in cell resistance, AR. Hence, the four resistance




angl es between nagnetization vector of the recording |ayer relatid8 A9Gt20§6
25 magneti zation vector of the read | ayer are represented by arccos(1),
arccos(1l /3), arccos(-1/3) and arccos(-1) respectively. The cell
resistance R created is dependent on the angle between the nmagneti zati on
vectors in the recording layer and the read | ayer. As shown in FIG 2, when
t he magneti zation vector of the record ng |ayer are parallel or aligned
with the magneti zation vector of the read 30 |ayer, the cell resistance is
at RO, substantially zero. The magnetoresi stance is therefore denoted by

t he changetitaseghlbelRS&ShiABS he: RT3 rres C 9 2006
6 states can ?)e det6ern‘i ne!d a?sgégr%%(?gl@0'§8T8563¥£§/§§&%§+3%3ﬁ§§d
Ro+AR,  whhieh respessrfouf statessinatreBIRAM asad/BAM atead operation. There are
two met hods to ect fhe netjzation state of the recording |ayer
during a read Jﬁ'%ﬁ%%f% Vo P}%?‘g%% {?e‘slf'ﬁ@ﬁt, theraagaefiation stalsiofdhaiecasdinghe 5.
readi ng | @@ duFingoh rebangrfatioclne fehegh ' St Q ,
appr oxi matela{ Ro,n@R(_)+AR/ 3, RO-IFOZAR/3 and %@§$?h§esp cttizég{@%?%rr% éfﬁtgef our
condi% i on&eading Lyspisehetichangee: fibd detacted greistaned ischeadfotehapproridiatglyl ayer

is ch f i i t] t bei ng_anti-parall el i sal j gned with
the inits i EOm BRI LR AR PSraedl o) e rceandiorgar ot
during repéifagedihethsd BiEhRIGhBEZ SR &t %P%aq%nbsaci‘éo’?xgabgrﬁf? |ei s a

: H%?eaéiﬁb
soft magnetic |ayer, which will allow the nagnetization~“vector
al i gned witate to being anthapralebaemisaligned avithHhedeitiabstatehby al inggnetid fielfl t he

tizatd P Sy d, f initial state, therefore, th N
oot ot ancndtbet ] Bluded RS TIARA HLATR Bradifly, s misRrBuAhPR Ot aihs and
RO+AR t o; r&tafind\Ryer B 28RhihgnBac A3, vamieh Rall BRsP e En\éghﬁtizét!bnt\}AHF%%or B

enbodi rrenb, t he amount of 15 chandge in the cell resistance Is
- AR/ 3 andPe¥anedsywitk (the epjemngl magnatisufieldr eldesecanas the atigament af bef i r st

the. secont oEehad o o SEhIRGR KM BNRER b BoRlepiedidires SRR S h 5
As it is mpprerged frave th GTRdl stateNR), SR, #6130 R, SHRR/Fand re+&R! @BF ged ARy the 20
second nethod, hence nore states can be obtained if the signal to noise
ratio i s Rot2AR/3, Re+AR/3 and R, respectively. In this embodiment, the amount of
15 change in the cell resistance is AR, +AR/3, -AR/3 and -AR, réspectively for the four
resistance states.
In the first method, the signal level betweén the adjacent states is AR/3.
However, in the second method, the signal level between the adjacent states is
2AR/3. As itis apparent the Signal to Noise Ratio (SNR) can be enlarged in the
: 20 second method, hence more states can be obtained if the signal to noise ratio is
sufficiently large. For any given N states per cell MRAM, the magnetization angle
of the ith state (i=0 to N-1) between the free layer and recording layer can be set
according to the equation arccos (1-[2*I/(N-1)]).
The four states are graphically illustrated in FIG.7 which shows an MR-H
25 curve of a four state MTJ MRAM cell. 1n this cell, the read layeris a fre_(_a-l_;elyer and
the recording layer is a pinned layer. The recording layer is set to be arccos(1),
arccos (1/3), arccos (-1/3) and arccos {(-1). It is apparent from FIG.7, that four
states can be obtained in the remanent state.
Referring now to FIGS 3A - 3D, an embodiment is shown of the writing
30 operation of magnetization states in a multi-state SV and PSV MRAM unit, in

accordance with the invention.




- sufficiently large. For any given N states per cell MRAM the n?gjﬂ%UBzgggﬁon
angle of the ith state (i=0 to N-1) between the free | ayer and™recordi ng
| ayer can be set according to the equation arccos (1-[2i/(N-1)]). The
four states are graphically illustrated in FIG 7 which shows an MRH 25
curve of a four state MIJ MRAMcell. In this cell, the read layer is a free
| ayer and the recording layer is a pirmmed |ayer. The recording |ayer is
set to be arccos(1), arccos (1/3), arccos (-1/3) and arccos (-1). It is
apparent fromFIG 7, that four states can be obtained in the remanent

state. Referri e the.,witin
30 operation opgnﬂg\r’]ée% ﬁ}{%ﬁ%sﬁ@vatag@%rﬁﬁq {Qﬂaﬁ a[@t a eas‘%%)%gg\} M uni t,g
in accor d’a\'macmemmhcelhélls tnwaatilbq&cun%nMB\b@s%@ﬁ@Ion@ the bﬁlhﬁe@A!h b&?;ﬁcbl shown
a menor i ne nd a word lin nory

heat ed ﬁyﬁ\@ﬁé\l"éﬂ?@iﬁ e preganyicel dﬁéorf’f*f%j 8 @ qupaksate (nphsfaaw'y)@féae MWM unit,
the meroryinkel heloit find oraiRwGRl fhe*y 878 bRIRICANILoRRUNL 1Bfers s RiMedn! ¢

The bit line 2 and word | ne are electricalfy conducti elayers
form& 5oontherabsiiaistrat e, FIGBB is a schematic view of the conflguration

f PSV MRAM The PSV | | | 11
?r e?at ively haﬁ%ﬁeﬁgﬁh?@%? V"ee%%fhg‘:qﬁ'%%?” SI‘ifg)a Sﬁgﬁ%é\gﬁa?%géggm ng
| 12 uah A hi
C?Iégr L F(ec)% anga]?a?;‘:ﬁ/e“ @@l?tgh?@éﬁ% ré&rdh%_?&}tferrﬂﬂqg\‘élé:h\%ﬂ/ HMR{ rﬁgégétlfbslé Owlnna

conf i gur aBH6R agfthig evmmmgnetwrﬁ@asmgdeyebr 12€Bq¢h|a;£@uh road fayer[18yer 4

(such as F antife eti,c | ayer 6
~(such as I&%\%"%Eﬂ%ﬁ{: p| nned &ér?&?'f\—"(esﬁﬁff )a%not pﬁggsyg} ?é%gﬁleti c

spaCiCng | ayer & FHBICIC wer€i shdwea coaligiiralioh 9880 saﬁMRm}f@élNl Fiee synebiicappi ng
| ayer %such as Tag‘é 15 Referring to FIG 3A, in operation, the cell 1 is

heat ed by QPMrisen g2 abullien daver 45(3usho@sh Telhe seed | layehen (sHeh tasrieiFabure of

S DRSS B LI, o PHNR) Hiha o (GEERA "0
CoFe), non-ferromagnetic spacing layer 8 (such as Cu), free layer 9 (such as
CoFe/NiFe) and capping layer 10 (such as Ta).

15 Referring to FIG. 3A, in operation, the cell 1 is heated by applying a current
15 through the cell. When the temperature of recording layer nears its Curie point,
the coercivity of the recording layer will decrease to be near zero. A small
magnetic field induced by the current 15 will change the magnetization of the
recording layer. After the temperature of the heated cell drops to room

20 temperature, the magnetization vector of the recording layer will be maintained to
the set direction. The recording layer is a pinned magnetic layer and the read
layer is a soft magnetic layer or a pinned layer which has a higher Curie point than
the recording pinned layer.

Referring now to FIG.3D, there is- shown an embodiment of a writing

25 proCess to the cell 1. After the cell 1 is heated, the cell's coercivity will be reduced
as described with reference to FIG.3A. Currents 16 and 17, applied along the bit
line 2 and word line 3 respectively, will induce a magnetic field, causing the
recording layer's magnetization vector to be changed. As it would be known to one
of ordinary skill in the art, the degree of change of the magnetization vector will

30 depend on the amount of current applied and the magnitude of the induced
magnetic field.




magnetic field induced by the current 15 wll change the rragnetldzzagt iABR 2006
the recording |layer. After the tenperature of the heated cell st
room 20 tenperature, the magneti zation vector of the recording Iayer wil |
be maintained to the set direction. The recording |ayer is a pinned
magnetic layer and the read layer is a soft magnetic layer or a pinned

| ayer which has a higher Curie point than the recording pinned | ayer.
Referring now to FIG 3D, there is- shown an enbodi nent of a witing 25
process to the cell 1. After the cell 1 is heated, the cell's coercivity

will be reduceﬁafaﬁhéeér%béﬁ%wéheéﬁéiéﬁré?ﬁ%t:@ r%v%e%ﬁmcféfrtﬁge%ﬁ 14 and 17,

applied along the bit Iline 2 and word |line 3 respectiv induce a
magnet i ¢ Shpwindn Fd@udPrigr aivlti-stase Sl agd IF'éB)XéMFﬁ‘\MWNGtuream ordare@heat to be

changed t o one or di nar t he

degr ee ofﬁgﬁgndﬁgﬁ%ﬁe@ﬂ 8}%‘??9’: ?’egﬁe 1& @rplﬁf‘?‘?{ “@geﬂgb@ﬁﬁ? ﬁh‘? & anount
of currewhappl votggansappiedBatiicendre dit Ihee hduweedindBonehienf ieWill 2 9
AUG 2006, 8 In a further enbodi nent, a heat elenment 18 1s provided under

t he Tel | Neat e elemam 1|8nwbllqa willAn fiesin Reahtheicelt ate SV and PSV VRAM
A | i
SHructure. | I9FSSIRRas bl by ARSI bt o MR eSS L2

| i ne 2 amibrgpthe: bli lives Band tioaicuresnt APaohylthe frohehvie 8 hteptren@mitis h8atashi ch

will in %)ur eat he ceII. In FIG 4B there is shown the cell's witing
operatio t}{]] U q{aeg o FrBﬁtCUZU?m@IOoRQ algRg Bie bitline anghwordéne & rent 21
al ong the Aivbivg t e 18. The
current 2%%521Walyongtoj'?ﬁg ffnatg#ﬂ%ﬁgef !d [%?%%%eﬁg%éé}ftgls& @tg ﬁ\%g%%[rbltnnduces a
maghet i ¢ VEC@IF@I ofithieciecoding kyet.oVden ilhleé\/l RAghebitz atd formea Wtecztroampﬁt_ t he

Cocel bl ok kYR JMRERe nias Mperia! il SiSe barily tieat pyver cals Brsaisaed |
because @ge shbﬁn@wﬂéaﬂm@&f\fﬁﬂ?be k'?&%vdﬁ to bbrd® Mma?ﬁ sﬁ‘zltﬁﬁﬁﬁ&gpec

ordinary skill in the art, in order to suppress the unting e
-di ode oPrgErtOBHRRKISSTDE Sb'ﬂﬂtﬂllmfaqtmldloée@r FEEFrtramsimrm@MDiSrtemsmd)rerrent

(NLE) cay, B%érq{o(?lgﬁr?eta?%lémmtegt NLGE)hc%ant be In%egrat[ed with the heat element.

15 Referring now to FIG.5A — 5C a multi-state MTJ MRAM structure 23 ié
shown, similar to the SV and PSV structure in FIG.3. In FIG.5A the MTJ MRAM
comprises a MTJ cell 23, bit line 22 and word line 24. An initial heat current 25 is
applied to the MTJ cell 23 by bit line 22 and word line 24. The MTJ cell 23
comprises the following layers: buffer layer 54 (such as Ta), seed layer 55 (such

20 as NiFe), antiferromagnetic (AFM) layer 56 (such as IrMn, FeMn), pinned layer 57

K (such as CoFe), non-ferromagnetic insulator layer 58 (such as AlQ), free layer 59

(such as CoFe/NiFe) and capping layer 60 (such as Ta).

The writing operation of an MTJ cell 23 in an MRAM is similar to the writing

operation of the SV & PSV cell described earlier. FIG.5C illustrates the cell’s

—25 writing operation wherein the currents 26, 27 are applied along the bit line 22 and
word line 24 respectively, after the cell is heated by initial heat current 25.

In a further embodiment of a multi-state MTJ MRAM, there is shown in

FIG.6A a MTJ MRAM structure heated by the current 29 through the MTJ cell 23

and heat element 28. The heat element 28 can be a non linear element, such as a

30 Zener diode, FET transistor or any other suitable non-linear element. An

equivalent circuit of an MTJ cell integrated with a Zener diode is illustrated in




15 Referring nowto FIG5A - 5C a nulti-state MIJ MRAM structure @m '
shown, simlar to the SV and PSV structure in FIG 3. In FI G 5A tae @Pe%vl
conprises a MIJ cell 23, bit line 22 and word line 24. An initial heat
current 25 is applied to the MIJ cell 23 by bit Iine 22 and word |ine 24.
The MIJ cell 23 conprises the followng |ayers: buffer |ayer 54 (such as
Ta), seed layer 55 (such 20 as NiFe), %ntiferromagnetic (AFM |ayer 56
(such as Irwvn, FeM1), pinned | ayer 57 (such as CoFe), non-ferronagnetic

i nsul ator layer 58 (such as AIO), free layer 59 (such as CoFe/ N Fe) and
cappi ng IFgeBB60 (such as Ta). The witing operation of an MIJ cell 23 in

an MRAMis simlar tot iLtin operation_of the SV & PSV cell _descri bed
earlier. FIG BE ?‘i\%@ﬂﬁlgﬁ&%h@ngewougve of s5/Ghet dikgedpd SSTAFA WS 1 ¢ ho

currents @?xim%?n ﬁbstiﬁgb@gf l(ra,;nagp% d é'&%y_d%\'rmm b*@ﬁﬁh Wohdrdih W6 i€the

respectively, after eate intial. Reat current 25.  In a
further enbiegée appliedécrasatha diodeaVgisMia biibwnhaltage of tieoal, and REISG 6A a

MTJ M, strugtur.e heated by_th t 29 th h th J cell 23 d
heatd ol orlbnCoBESISRBCRe AR LEF MHRES Binsed e 1B Vol dopafignes M&ch as a
30 Zener (b@slgan 5558%62%%%9% g}élﬂi@@/r (@l%ﬁn@%}éﬁihb?m@@éﬁé?%gfdeﬁieﬁfmnt- An

equivalent circuit o | integrated™with a Zener diode is
i || ustr atadeb serve @ el selector vifeayimg. Pee bipisah vplitage dropds abeut N7durve of

Vo Vi, R RUBPRP RN BRI B0 volale 1BBP LI D g D4R a ShRRea Bt W 1
t he br ealgaws fiomh tiege @iitddeciregs mayamst dddfficient foeh& ithe reirgihgnaer. | n t he

forward bi ased state, the | ow voltage drop across the diode can_be used to
sel Ktt a Hweveiuindhedeversgliipsryl siadelithg brankdorsheeltageeitheaienesidicdeser ve as
acell s I j t4 i VOl [ i V and
the typ ooy Hsr 2 ¥ THiardE ot Bl B¢ BBt b LBarY ¥
t he powdhe idicis, dnestherayt inge thie opsording (apér. bEne ofter cinsalectedl diedes trhe

r, in the reverse biased state, the breakdown

Vol t ;g'engh‘laWM%rb%fﬁgeIO%we%eﬁé¢%@ velage. £ONERMiS NS GHIEhe dr op
In this IRRGEGEER the oHREUNSRIJEA cells and diodes. Thus, the shunting effect -
15 even while heating the cell can also be suppressed sufficiently by introducing a
non-linear element such as Zener diode or other FETS and diodes.
Referring to FIG.6D, a MTJ cell's writing operation is shown similar o the
writing operations described above wherein, currents 30, 31 are applied along bit
fine 22, and word line 24 respectively, after the cell is heated with heat element 28.
20 Whilst the present invention has been described with reference to preferred
embodiments it should be appreciated that medifications and improvements may
be made to the invention without departing from the spirit and scope of the

invention as defined in the following claims.

30




the di ode, and thereby heat the recording |ayer. The other unsel 2@ &G 2008
diodes in the MRAM are bi ased bel ow t he breakdown voltage, so there is no
shunt current flow ng through the other unselected cells and di odes. Thus,
the shunting effect 15 even while heating the cell can also be suppressed
sufficiently by introducing a non-linear elenent such as Zener diode or
ot her FETS and di odes. Referring to H®eD, a MIJ cell's witing operation
is showmn simlar to the witing operations described above wherein,
currents 30, 31 are applied along bit Iline 22, and word line 24

respect i WelbAMSfter the cell is heated with heat el ement 28. 20 Wilst the
present invention has been described with reference to preferred

enbodi ments it should be appreciated that nodifications and inprovenents
may be nade tfonmuitstateveatnsioregistiveutandepeasddesg niaraont (MRAM)UNit and scope
of the invention as defined in the followng clains. 25 30 2 9 AUG 2006
-10 CLAI M5 1.CORRHANY st at e magnet o resistive random access nenory ( MRAM
unid conpri si ngaéugsﬁ?t@ubstrate, a plurality of nmenory cells formed on
said substrate, a bit Tinhe and a word line in electrical contact with said
plurality of meaplyralityldfsnemanhcalfs foandd pinusadd sulystedteprenory cel |'s

non- magnet ¢ spaB SN aBainedn sl ERaREt Aaf el tisity A oL
cell in said plur a!mémog}jce;@mry cells heats said first magnetic |ayer of

said cell to near its Curie point independently of other cells, and the
magnet i zati on veeaeh obsaidgilurafityrafimemgnecelts ingldding & fiegtinpanetigileyeraals

megpetic field generabed MigbiRiby& Und BRbhsHabReldSpdtid lal e and word
wherein a heat element adjacent an individual cell in said plurality of
memory cells heats said first magnetic layer of said cell to near its
Curie point independently of other cells, and
the magnetization vector of said first magnetic layer is aligned with a
15 magnetic field generated by a current applied to the bit line and word

line.

2. The multistate magnetoresistive random access memory unit of claim 1
wherein said first magnetic layer has a first Curie point and said second
20 magnetic layer has a second Curie point that is higher than the first Curie

point.

3. The multistate magnetoresistive random access memory unit of claim 2
wherein, said first magnetic layer is a recording layer.
25
4. The multistate magnetoresistive random access memory unit of claim 2

wherein, said second magnetic layer is a read layer.

5. The mulitstate magnetoresistive random access memory unit of claim 2,

30 wherein, said second magnetic layer is a soft magnetic layer.




line. 2. The nultistate nagnetoresistive random access nenory uthgcgpgﬂﬁmﬁn
1 wherein said first nagnetic layer has a first Curie point and'sa

second 20 magnetic |ayer has a second Curie point that is higher than the
first Curie point. 3. The multistate magnetoresistive random access nenory
unit of claim2 wherein, said first nagnetic |layer is a recording |ayer.

25 4. The nmultistate magnetoresistive thrdom access nenory unit of claim?2
wherein, said second magnetic layer is a read layer. 5. The nulitstate
magnet or esi sti_ve random access nmenory unit of claim2, 30 mhereln sai d
second mégnet iThe mybistate reaansterasisiivetrapdomyascess MemeRy Wi® claim2s.  The

nul Ui stat e Maguel grank Shidtfoh AR AEAEAS B RoHRIdPLodd Al fdnatiie! el n

the direction e magne Fzation v I'n Sal secon magnet ayer S

c hang'edbt 0 ﬁn Iavetrns paaﬂ%éce’lnodah 'agﬂmalée’lﬂaﬂibmﬁlb&t wﬁhtitsahltlahgﬁghetrmé:nlnn
vector by the nmagnetic fie gen rate e current in the r i ne
during s a ré’&&%%g’é’ theinagnetic f @gﬁﬂ?ﬁté‘#&Vé@rﬁﬁﬂ@%‘”r‘@@“&”ﬂ%eﬂé‘ﬁ'ﬂem
access nmenory Jini-by éﬁerﬁ{léﬂm 2 wherein, the nagnetization vector in said
first magnetic layer can be aligned at a plurality of angles relative to
t he magneti zation vector of said 10 second magnetic |layer. 8. The

| tistat t d t 7 ,Wh
The. ang! &-bot ARG LB IR gHReT Sar NG daaPE dreesa oemoRu L e ong -

magneti c | ayenghdrgin, e MatfntifatRf vaé@bt ln'\éﬁ%/flrét%adzﬂ&c'lé rsda%t i=0 15 to
N1, is represented by the equation: arccos z 9. The

mul tistate magligned @éanlusaity ofanglestelatie 'i@ethﬁrmagmﬁttzabﬂn (VBQ omo8 saidher ei n
in 12 four- statseecgﬁ@%aé%eﬁce}g%es bet ween the magneti zati on

8. The multistate magnetoresistive random access memory unit of claim 7
wherein the angle between the magnetizatio'n vectors of said first and
second magnetic layers for an N state per cell MRAM, for the ith state, i=0

15 to N-1, is represented by the equation:
arccos [(1-[2*1/(N-1)])

9. The muitistate magnetoresistive random access memory unit of claim 8
wherein in a four-state MRAM, the angles between the magnetization
20 vectors of said first and second magnetic layers representing each state

are, arccos (1), arccos (1/3), arccos (-1/3) and arccos (-1).

10. The multistate magnetoresistive random access memory unit of claim 7
wherein the magnetoresistance of said plurality of memory cells is
25 dependent upon the angles between the magnetization vectors of said first

and second magnetic layers.

11.  The multistate magnetoresistive random access memory unit of claim 1
wherein the plurality of memory cells are coupled into an array with each

30 cell being individually addressable.




20 vectors of said first and second magnetic layers representing?ehqliGs 285
are, arccos (1), arccos (1/3), arccos (-1/3) and arccos (-1). 10. The
mul ti state nagnetoresistive random access nenory unit of claim7 wherein

t he magnetoresi stance of said plurality of nenory cells is 25 dependent
upon the angl es between the nmagneti zation vectors of said first and second
magnetic layers. 11. The nultistate magdetoresi stive random access nmenory
unit of claiml wherein the plurality of nenory cells are coupled into an
array wth each 30 cell being individually addressable. 2 9 AUG 2006 -12
12. The r2-ti skhe @ullisiptetroagradosistiverrandem atcess snerpanrynitefielaist 11 ai m 11

wherein, 8 d LR WL A ATRIBE MaER Sohe i BUSRY L ties agked cel e

i ncl udi ng a magne nc a-spin-valve cell (SV)
or a pseudo dpiladingad @ghBRY MR jundbiohZel ThE JNWrtd spintvalwagep(SM)ani stive
random access nenory unit of claim 12 wherein the non-nmagnetic space | ayer
is a non- nagn@tP%e%i\;}ﬂﬁtyi’/’éel(B§¥r) celln a SV cell and an insul ator
tunnelling layer in a MIJ cell. 10 14. A nethod of witing data in a

magnet or esi stive random access nenory (MRAM unit conprising a plurality
of menor ytXel I'Ehe multistateimagretdresistivedantdomeadoess Ineernoncait oioclaiacd2wi t h
said plurality of pepory cells, a heat el enent adiﬂ&lta:ﬁ nt an, indivyidual cell

. di
' sal d pl ur alViSrely egiRS-1agBefiS sPere Ia¥st o nordBrad e RelYR lyelr . 1
raising the tqmvtdén%n@ufa@infsura‘iért@f\aem]bgcrayeay@é npJgajld i ndividual cell

to near its Curie point independently of "ot’her cells, thereby reducing
the coercivity of said |layer; witing a nmagnetization state in said first

magnet i ¢ §ayer oleiagh b AL WY D! o BELdnchircBROh Mndbrk WEESLS ridiglyan i ¢
(MRAM) unit comprising a plurality of memory cells, a bit line and a word
fine in electrical contact with said plurality of memory cells, a heat element
adjacent an individual cell in said plurality of memory cells, the method
including the steps of:

15 raising the temperatu're of a first magnetic layer in said individual cell to
near its Curie point independently of other cells, thereby reducing
the coercivity of said layer;

writing a magnetization state in said first magnetic layer of said
individual cell by passing a current through said bit line and said

20 word line,

the current in said bit line and said word line acting cooperatively to
align the magnetization vector in said first magnetic layer with a

magnetic field generated by said current.

25 15.  The method of claim 14 wherein the step of raising the temperature of said
first magnetic layer is provided by applying an initial current through said
individual cell.

16.  The method of claim 15 wherein the initial current is applied to said heat
30 element to heat said individual cell independently of other cells in said

plurality of memory cells.




the current in said bit line and said word |ine acting cooperatiye Wj5o2806
align the nmagneti zation vector in said first magnetic layer with a

magnetic field generated by said current. 25 15. The nethod of claim 14
wherein the step of raising the tenperature of said first nmagnetic |ayer
is provided by applying an initial current through said individual cell.
16. The nmethod of claim 15 wherein the1Bnritial current is applied to said
heat 30 elenent to heat said individual cell independently of other cells
in said plurality of nenory cells. 2 9 AUG 2006 -13 17. The net hod of

cl ai m 14 Wher dihg methad ¢ claim il ¢ whereing saidyplelifysof reegnopy aelly ista/Pluplitgt acked

cel1 (s or D AEIRTnOLA08 s ORGSRl luistio ke Plrd) B st 17,
wher ei n for Mialveessll (B\Cadr s psél HeiatvatveefRIW) ¢ell. a non-linear el enent.

19. The nmethod of claim 18 wherein the nonlinear elenment is provided by a
Zener diode in a reversed biased state during witing, connected to the 10

jungtion g Sgl'*eﬁnbelﬁ@g?d@@él&nﬁ'?'vﬁwér@irf@ ) méthory RENSRhE PdaPblefcHt @ 18

[
wherein said ode acts as a ce Fse ector “when 1 n the reverse
bi ased st ate. d solinedr elenterd. of performing a read operation in a
magnet oresi stive random access nenory (MRAM unit conprising a plurality
of menory cells, a bit 1line and a word Iine in electrical contact with

sai d pl ured.i YIRS niBRREY o Glh 98 wiRerBRrthotlchiRBAr dhRAR R pidideatbyadual cel |

in said plurality of menory cells, the nethod including the steps of: 20

appl yi ng a curdener divdeing revgrsed btasedrataterduriongi writing: éonneetedde g ni ni ng
t he magneti zat.j on. St at €., i [ r.st ic layer, wherein the
resi stance stal{’"g@'oi}%%'@Mfﬁm%%ﬁgflgﬁggg@é& i s dependent on the
rel ati ve angl es between the magnetization vectors of said first and
20. - The method of claim 18 wherein said Zener diode acts as a cell selector

when in the reverse biased state.

15 21. A method of performing a read operation in a magnetoresistive random
access memory (MRAM) unit comprising a plurality of memory cells, a bit
line and a word line in electrical contact with said plurality of memory cells,
a heat element adjacent an individual cell in said plurality of memory cells,
the method including the steps of:

20 . applying a current through said bit line and said word line,

determining the magnetization state of said first magnetic layer, wherein
the resistance states of said first magnetic layer is dependent on the
relative angles between the magnetization vectors of said first and
second magnetic layers,

25 said resistance states representing the magnetization states of the

MRAM, and
reading data represented by said magnetization states stored in said

memory cells.

30 22. The method of claim 21 wherein the resistance for an N state per cell
MRAM, for the ith state, i=0 to N-1, is represented by the equation:
Ro+ AR (i/(N-1))




second magnetic layers, 25 said resistance states representing tped AUG 2006
magneti zation states of the MAM and reading data represented by said
magneti zation states stored in said nenory cells. 30 22. The nethod of
claim 21 wherein the resistance for an N state per cell MAM for the ith
state, i=0 to N1, is represented by the equation: RO+ AR (i/(N1)) 2 9
AUG 2006 -14 23. The nethod of claim24d-wherein the direction of the
magneti zation vector in a second magnetic |layer is changed to an
anti-parallel alignnment with its initial nagnetization vector by a
magnetic field generated by the current 5 through said word line. 24. The

nmet hod of,.cl ai I Q.. fi : i i d | l.ayer
and the S5ond TR doli 21 snetbioon B Mgt MBRURRARY S
19 wherei n f ora secgpidmaghetic RYer iAdngedeocan disthparatiel allgpineard withricmgh sai d
bit line. 26. -The nethod of claim 19 wherein for a nmagnetic tunnel junction

cell (M), thHakyagestzationysotery a meangticdigidosneralsdiy Mgiced 1ine. 15
5 through said word line.

24.  The method of claim 21 wherein the first magnetic layer is a recording layer

and the second magnetic layer is a read layer.

10 25. The method of claim 19 wherein for a spin valve SV) MRAM, the current is
applied through said bit line.

26. The method of claim 19 wherein for a magnetic tunnel junction cell (MTJ),
the current is applied through said bit line and word line.

15




