EXCHANGE- BI AS BASED MULTI - STATE MAGNETI C MEMORY AND LOG C DEVI CES AND
MAGNETI CALLY STABI LI ZED MAGNETI C STORAGE [ 0001] This application clainms the
benefit okoWod/01PoVvi si onal Patent Application No. 60/ 58¢ri8%msntiit ed
"MAGNETI C STORAGE MEDI A BASED ON MAGNETI C PROXI M TY EFFECT" and filed July
13, 2004, the disclosure of which is incorporated by reference as part of

t he specL{; C I E UNDI NG
[0002]  TRIGERIGERERS PUED Hh8xe B Gle i rihods AR Adise Hevetad hder
FA9550- 04- 1- 0160 oAb PRGRECBCALIERSIBBBLIZEDT NAGRETET rATORAGRAs certain rights
in the invention. BACKGROUND [ 0003] This application relates to nagnetic
mat eri als and nmagneti c storage nedia. [0004] Magnetic nmaterials may be used
for datl®092drage.Thisgappl cagdodsclaapeghedbgksfitarnd Hagd Rirdwiedonak

exagpl s S i €S f i An nost
corr;regPrc H%Bt Aﬁe%%%tggéoﬁcgl né%ggll Z%ne\élachltr?ggorgeg bI8 Eﬁ'gsﬂdEa ogl c states
"0" and®ASED ONaIﬂACa?Eé?IﬁebR@S@&MédEB?EQ% agidf fekedtIutwghet i 20&t.atths of t he
recordifig Aedife EVQHQRROSL tﬁc@'rb@?éééﬁ‘%y%e%@?ez{@g%%t bzAt ion gk a magnetic
domain In a magnetic material, for exanple, be used for the binary

st at es.SResifyeht ormetfetnas aRHiéCéléh@ilty of stor ed i nformation coincides

with the density of therimgRat fRrEHBRINGS FRPERAY FENDERET YI NG the
i nformation. Therefore, i Ze O € magnetic domains in such binary

magfet i P%082or di T igednEent iararias nade sltnoPaé‘é Wells iV § - PO0OEIMEdke appr oach

to inCre&apoRd L MaaRethcos100age senid-¥eos-§ma-aduge. t hendragneti ¢ domain
size or_the bit size. Many techni ques may be used to achi eve. For exanpl e,

hi gh- difSiEymPRE dtaR r‘f@rﬁﬁ’trérlilél@swl?ht%lnl"ea*bm n si zes devel oped by
Fujitsu and other conpanies have gaorssdunat ed storage densities at about

100 Goit/s inch., A decrease in the magnetic bit size, however, may | ead
to a dekq'oé)gée in THe €hB Jrr‘?ﬂtlé’r‘?drgﬁheest g°(9 DRERFTiG PaSPI iRk flghet i CZJ ly
st ased naynertiat sesradenstabal ity in nmagnetic nedia may

[0004] Magnetic materials may be used for data storage.
Magnetic cards, tapes, disks, and hard drives are examples of
storage devices made from various magnetic materials. In most
commercial magnetic recording media, each recorded bit has two logic

20 states “0” and “1” that are represented by two different magnetic
states of the recording media. Two opposite directions of the
magnetization of a magnetic domain in a magnetic material, for
example, may be used for the binary states. In such a material, the
density of stored information coincides with the density of the

25 magnetic domains or “bits” carrying the information. Therefore, the
size of the magnetic domains in such binary magnetic recording media
dictates the storage density.
[0005] One approach to increasing the magnetic storage density
is to reduce the magnetic domain size or the bit size. Many

30 techniques may be used to achieve. For example, high-density
recording materials with small domain sizes developed by Fujitsu and
other companies have demonstrated storage densities at about 100
Gbit/sg. inch. A decrease in the magnetic bit size, however, may
lead to a decrease in the thermal and magnetic stability of the

35 magnetically stored information. Instability in magnetic media may
be caused by various factors, including an increase in temperature

and by presence of stray fields from the recording head when
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be caused by various factors, including an increase in tenperature and by
presence of stray fields fromthe recordi ng head whenoperating on the

adj acent Wwots¢e/mmzb7f romthe interaction with the adj acemtrhistesoZRdMVARY

[ 0006] This application discloses techniques, nmaterials, and devices to
achi eve hi gh-densit netic storage based on the magnetic exchange bi as
caused MBFTREHHELIC t%‘Su%‘g?ange“&eP&\E%n A% éFP’Bn%étnit@rF‘gVe‘?n dHdPahP@dj acent
anti f eracgaaghRetvicd.ayer. This magnetic coupling may be used to stabilize a
bi nary nmagnetic nenory devi ce and % %g §truct mul ti-state magnetic nenory

devices. [0007] In one inplenentati met hod is described to stabilize a

bi nary [rmgageti C mﬁsryppm(haaloﬁhdmdmishedteclm/jiqi&s amma@neﬂjsc shor age
§ LL3es, 2 %re “n?at 'n%tlaystof%“% $2di ¢

ant ferrgﬁfﬁﬁﬁe'i?c AFEF PHEYS ecafl §-Toifsl 8 T @ eac ot her to

provi dma@naag@eetx@ahgstleraslcsaulsedpbxasna@nbltmarqoumgnngt betwdor age medi um The

Ferr omagneLh Sd Qe 130d Uhey ad) agsl. ANLLLRELOMMANGLLS ! AL 2T fygont i gur od
to set e ce %,FIG magnetl C ?’Iysl} eresi| s

st abi | imegneath dmupariylgsma‘t eeagarAsto as@ﬂoriéyzera@rmma@:yf me¢r¢t1[00@681>ry n
anot NeradTRE LRI I0f e A,AEYLGE L o ARSGEEREE: L hhudey fdmanet | ¢ storage

mat eri al° conprises a ferromagnetic layer ad] acent _
antpf erl0@fAYnet i & aper implemeatat hemyneat meahey b%&bbéélb%déébhtébhb¢ZQo

store %atbﬁn9~£¥ axﬁhhg%%‘%rlét #\é'fgoxtf'iﬁéﬁ&ét Urﬁu‘é’“&n@?hbé ;Jr%"sﬁﬁe& ha gl @eki ng

tenperature o e antiferromagnetic er. The blocking tenperature is
| ower tﬂﬁ@ﬁageen¢ﬁ3¥nﬁénﬁé¥@ﬁlﬁQ@Pé#S?$n?f rreRagRfitic lageerand ann one

confi QW ALILOR: MfndilHeS rd/N St d REyORUNRL 6 rBBhE&IdAli ca®1§08fifldkedot 0 have
nore than two magnetic states. In another configuration of this device, the

f er r omeREt PENE BV PEAULIERE MRONPELE OHERGREERES | ERRM a5rd RE1Adted to of f set

a ABONgldsmclysSt &rasige hegpuef the ﬁ@iﬁfrﬂa@he@y\@ﬂefyrélmaﬁdzﬂﬁé) ddjakdnto a
magnetic field greater than a stray magnetic fi in the device. [0009]

The abcﬂi’élééﬂ%@%’&}lél %%Y‘?’har&déo’éf’c%ﬁ‘&é’r 5Pu?%t cfdm C6PtHetHarPém t o
| ocal | yne@Bts 8l hys tea@BeE al s61e sohyar s&h act-ed sagNEIHiq idenaidh ddakhe

mat er asltavt\gegggf'rgsqt IaS s\tl'.ml’”é&trr?angnlertl_gg }Peelds.el ect ed

[ooo8] In another implementation, a device is described to

20 include a magnetic storage material which comprises a ferromagnetic
layer and an adjacent antiferromagnetic layer that are magnetically
coupled to each other to store data at an operating temperature
which is lower than a blocking temperature of the antiferromagnetic
layer. The blocking temperature is lower than a Curie temperature

25 of the ferromagnetic material. 1In one configuration of this device,
the magnetic material is configured to have more than two magnetic
states. In another configuration of this device, the ferromagnetic
layer and the antiferromagnetic layer are selected to offset a
magnetic hysteresis loop of the material away from a zero field to a

30 magnetic field greater than a stray magnetic field in the device.
[0009] The above device may also include a temperature control
mechanism to locally control a temperature of a selected magnetic
domain and the material when data is written into the selected
magnetic domain. The temperature control mechanism may be

35 configured in various configurations. For example, it may include a
laser and focuses a laser beam from the laser to a selected magnetic
domain during writing, a conducting scanning probe microcopy (SPM)

tip which heats up a selected magnetic domain, a resistive (ohmic)
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magneti c domain. The tenperature control mechani sm may be configured in
various configurations. For exanple, it may include a |l aser and focuses a
| aser beawofwo@mitdse | aser to a sel ected nmagneti c donai npdwrisb@swesied ng, a
conducti ng scanni ng probe mcrocopy (SPM tip which heats up a sel ected
magnetic domain, a resistive (ohmc)heating nechanismas part of each
magnet PEHORRITECHGP 1 EM r 2% RSty 8F (AT (‘EBagH%‘g%‘F P e Bne?t AMAESASEEVE n cont act
wi th t henseteolad iRBoaeid tdQRBER. i QQ1@bndhés waRpl teatidnakao describes a
met hod for nagnetic¢ recording. A nmagnetic storage nmaterial is provided to
i ncl ud®24PFets GIPEGABti ¢ | ayer and an adj acent antiferromagnetic |ayer that
are magoetoral | y ra9upi@Esl icateas ha i elestoilsé Ore mdahad aformagpet &t i ng
tenmperature which is IOV\{e.r t han_a bl ocki.ng te era%u(rie of, tc[le

ant P f erFERBGHE T ¢ & BHEPE T h& HE B8k MY FéRpet AthF 8% BT HER A curie

t enper gewkemnaindtie feyeomagneni edimierti ahtifeacainagedtheatdyey ithapesdfeor ned
to rai se te erlg: ureuo;éa soelee%egthrrargr%%tisgorbét itg tFea maf eerriaglinabove t he
bl ocki AGPEhpEHAYUFR P 1Y t0e SPERpRF AT UME 3bdVe 4Né Bl odkiTy FeiPerature, a
magnet itzapepatyreoe@sshi ss dppleirethém & hé osklegtethperghete cohitheset a
remanent, rRopebiZAbton 18, Sehfgted dabye ol & Rleadpl efdidedngel, of

r emanent magnecfl ations 101 the multil-state s]?orage nediumto Wwite a bit.
Th&OextCarnal terggrrettiuce f ¢ £l theatfer hensmleddteta vagiedt.i cLbalized heatirnoved
and, at._t field,. r f ti it is
reduced Sbgggévg{r%g l%ﬁogﬁén%%teténgpgg?g%#é&tg g%%%%&ﬁgggg%a{n%%{ﬁnggn%ﬁ zation
i n themsgketeecrbvive, thetalidckthgstepprdiatareon Furthisetetreeariures ahpor her

met hod tfh%r? &y %eﬁﬁ&?{gjﬂw- 2P ARENGLILE i S 05 Age SHBE 8T 4Gl 1 iy REOVALlEd to
include a ferromagnetic |ayer and an adjacent antiferromagnetic |ayer that
are nagséerted IBAINEHHF Bl Fedaghrenant: paghetizatdra &P arsdserati ng

t egper alyi,e Miéﬂbriesdla@e\!‘ﬁﬁiﬁe@a@e@ & AGdanEnt EfRAIALYREi Os tﬂaﬁc the

antiferromagneti ¢ | ayer. The bl ocking tenperature is |ower than a Curie

t enper Auttd-gfateh S tPERPDRRFHAE ot & Pitocailiez 64tRERY MFINEtHEr f or ned

to rai sgchanperaldiie10ftéy selpeted pmonet kfeRi ferdvebinendptAt itak abgye the
bl ocki nfg tfejrrperature. At the tenperature above the bl ocking tenperature, a
on

nagnetié&ﬂ t?ﬁ(ﬁﬁgggrﬁgu%ﬁ”ﬂﬁ éae selected magnetic bit is reduced below
the blocking temperature to store the remanent magnetization in the

20 selected bit.
[0011] This application further describes another method for
magnetic recording. A magnetic storage material is provided to
include a ferromagnetic layer and an adjacent antiferromagnetic
layer that are magnetically coupled to each other to store data at

25 an operating temperature which is lower than a blocking temperature
of the antiferromagnetic layer. The blocking temperature is lower
than a Curie temperature of the ferromagnetic material. Localized
heating is performed to raise temperature of a selected magnetic bit
in the material above the blocking temperature. At the temperature

30 above the blocking temperature, a magnetization process is applied
to the selected magnetic bit to set a remanent magnetization to a
selected value of a pre-determined set of remanent magnetizations
for the multi-state storage medium to write a bit. While
maintaining a magnetic field of the magnetization process, the

35 temperature of the selected magnetic bit is reduced below the
blocking temperature to store the remanent magnetization in the

selected bit.



to the selected magnetic bit to set a remanent nmagnetization to a selected
val ue of a pre-determ ned set of renmanent magnetizations for the

mul ti - st awe 28deonagse nediumto wite a bit. Wil e maintaPoirng2@smegpet i ¢
field of the magnetization process, the tenperature of the selected
magneti c bit is reduced bel ow the bl ocking tenperature to store the

r emanerf®0f&ynet i ZRESBATH THETs ETREIEH B 0T DO 1P1° Thare! Hi#t ‘6rhard

i mpl emet-abk 06Ss dridelbsapPldLahl gheatlk RERAL | BN hRr et desKkdd Redwinggr eat er
detail in the attached draw ngs, the detail ed description, and the clains.

BRI EF DESCRFETH N G°ECHRMNGS3 8053 BPE"S1 shows an exanple o f a
ferromagneti cantiferromagnetic coupl ed rredl um [0014] FIG 2 is an exanple
o f_a magnetic storage dle i el antiferromagnetic coupl ed
medPa. [0015] FIGS. 3 and ¢ AodttVdiERt s o f
ferrorre@mtsucantlfﬁerrmnﬂgnstlaa emmi]@l orfedl gerfdi@bapt FtSS. 5A and 5B.
Magnetic h sterea5| se . 00ps u the easy axis with magneto-optical Kerr

ef fect MORES ﬁr%lgélr?m R dF ﬁT?O ran) /Ni (70 nm/A (4 nm sanple at
differ e[rOtOlparts FIG.t Reisanplesamplée nufi @amednenid olragerdsviviet bsang-500 nm
| aser as t ansition tenperature o f
FeF 2 Zﬂ%tef)m eeg% ?{w?%r%%do ng%g J?o g\rgg ﬁ%d%{etl c field fromthe
dedfignelitioddd st atEEIG\SA t B &d 4 shhe bfa:@kvg;lrsomﬁdSMImntlsnOQ jenrropresenis t he

| ocal djr, Lo t_Lge gegqbias: red - negative, blue - positive.

[ 0017] t(é%sé <F}ilaf%nsfettr at es aréggrrgl n structure frozen in the antiferronagnet
upon co®olgy i n FIHEr oSheaptettBe HMagdetrimhysperstts Aeanpentontmmdhet 23 i on o
fthe fang Owgﬁ%a%n[nglérltlFéa@KeZé 2Pk ABubkk U ratemhNg Shirf t and change

in the hysteresis a ferromagnetic-antiferronmagnetic coupled nmedi um
in conp@fi §6h n# t/Hlé7 ermdrddhetnc stEdilantt [UEE9Fert @3- SsRéwsheasy axi s
magpet i t % b B / 21 N, . sanpl e
vvhq?:)h vsv;aéngﬁgo% din %‘HE%&&% ?%%dfil%g?'e% %‘é&’ %m%@i@' %?%%tgzgogty i nduced b y
t he antricfeasureramgnets idnhe hbéleow dheohagrsttios témperature of FeF, after

the sample is cooled in a zero magnetic field from the demagnetized

state with M=0. The background color in a) represents the local
direction of the exchange bias: red - negative, blue - positive.

20 [0017] FIG. 6 illustrates a domain structure frozen in the
antiferromagnet upon cooling in a zero magnetic field in a preset
remanent magnetization of the ferromagnet.

[(0018] FIGS. 7A and 7B illustrate the shift and change in the
hysteresis loop of a ferromagnetic-antiferromagnetic coupled medium

25 in comparison with a ferromagnetic medium.

[0019] FIG. 8 shows easy axis mdgnetic hysteresis curves above
and below Ts for a MgF,/FeF,/Ni sample which was cooled in 2 kOe
field, where the uniaxial anisotropy induced by the antiferromagnet
into the ferromagnet is shown.

30 [0020] FIGS. 9A and 9B illustrate magnetic dots patterned from
the ferromagnetic layer (e.g., Fe) on a continuous AF layer (e.g.,
FeF,) in comparison with ferromagnetic only material (Fe only).
[0021] FIGS. 10A and 10B further show measured stabilization
data for Fe only dot medium and Fe/FeF, dot medium.

35 [0022] FIG. 11. Easy axis magnetic hysteresis curves for a
MgF,/FeF,/Ni/Al sample cooled in the specified magnetic field. The
remanent magnetization depends on the cooling field, and is fixed at

that value after the sample is cooled below Ty of FeF,.
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[0020] FIGS. 9A and 9B illustrate magnetic dots patterned fromthe
ferromagnetic |ayer (e.g., Fe) on a continuous A F layer (e.g., FeF 2) in
conpar i sonowddnifmrr omagnetic only material (Fe only) . pc®aRijoskbz®» 10A
and 10B further show neasured stabilization data for Fe onI y dot nedi um and
Fe/ FeF 2 dot nedi um 55\%)022 FIG 11. Easy axis magnetic hysteresis curves
for a NPR23}Fer F11G-/ Iéx&f)o‘l‘aé(f%tﬁct Res SIES i EUF TRy AERPETER el d. The
r emaneme 16RgNEt (azati om depends @ngtEbﬂmeamngalﬁpla dzeabdfie df c¥edeat that
val uen%{jt er the sagpl e is cool ed, bel ow Fe .[ﬂ0023 FIG 12. Easy
axi s 8t VET Yt FE‘@P%“%W&?thé%‘%%ﬁ"e&tBEFBWWQ( af™""e" M0 K ) for a MyF
2/ FeFZ/nNignsﬁmﬁ,orzeB@tflbﬁhdar(t@@llederﬁa’cﬁmuiaétmm arerenento fmegngt iizat i on

t Th t t t t b N
ot PerErerETET Aot ed B L O e St ] S4BR! B AP Gl SYRES SR our v
shows ttihe hysteresiss couvy ealaiyeveéhe hg, NT(—JF &0 80 K) [0024] FIGS. 13 and 14

St or agd el a. DEFRPLED BSCR P o BN 1005 il tanar & pad Par 2o for age

t echni diges wantisd gladgeideviloestdescsidedei metthd s application use two

magnetical ly coupled magnetic layers, i.e., a ferromagnetic (F or FM | ayer
and an adj acent antiferronmagnetic (AF or AFM Iayer, to provide stabilized
bi A8ry nmagnetic storage nedi S gnetic storage nedia.

St abi | '[Zo%fis?' nar wh%aaassé&cs&r%rt@gﬁaﬂedls%oq%?grw&guaﬁag e Lalggant to

magnetic i nterference caused various factfors, including stray nagnetic
fi el ds davéwes heeyaHdrdr ip ethiéaéppéﬁ?%@ém ugaghe? inedpetscabhy cotRrépdsour ces

and henceeancbeapsed t0eachi eve bhafot idenses Fagnehiagebi f5 g the nedi a.
Mul ti-state nmagnetic storage nedia described here provide nultiple renmanent

magnet iZFHECEAT VA idS TEEMR EPESe P el thif)e L3V af estq RTEHERC idgRdtiEedit to

I nqseasgemta&? M&roétm%t ls@Pr QN R aSHA 8¢h1ith -8 88 Fe matgne[c@@%doralg@ 1 shows
one exanpl e of magnet i ¢ medi um havj ng coupl ed ferromagnetic |ayer and

ant i fer“ﬁﬂ%égne??%bl{lalféfjsbl%%y WEB%H%H%?“% %eci:lq AFEFT Rt RELeFRES and a
F | ayerc8WehAn@stdanagaeiidl i e r@leRehcd crmis@bswrvmtoaﬂs ahteyss,are formed on

a substrate MF 2

including stray magnetic flelds from the read/wrlte head, adjacent
magnetic bits, and other sources and hence can be used to achieve

20 highly dense magnetic bits on the media. Multi-state magnetic
storage media described here provide multiple remanent magnetization
values to represent multiple states in each magnetic bit to increase
the information content stored in each bit.
[0026] FIG. 1 shows one example of a magnetic medium having

25 coupled ferromagnetic layer and antiferromagnetic layers. As
illustrated, an AF layer such as FeF, and a F layer such as Fe, Co,
Ni or other F metals or metal alloys are formed on a substrate MgF,
(110). In this example, the AF layer is directly deposited on the
substrate. In other implementations, one or more seed layers may be

30 formed between the substrate and the AF layer when the material for
the AF layer and the substrate are very different (e.g., lattice
structures). The AF layer may be made of an AF material that is
either a single crystal material (single crystalline)or a
polycrystalline material. The grain size of the polycrystalline

35 material should be grater than the size of each magnetic domain that
defines a bit. An optional capping layer such as an aluminum layer
may be formed top of the F-AF layer to protect the magnetic medium

and the choice of the capping layer material may depend on the
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(110) . In this exanple, the AF layer is directly deposited on the
substrate. In other inplenentations, one or nore seed |ayers nmay be forned
bet ween twe 28edmatisat e and the A F | ayer when the nateri acTfuseosshesidd | ayer
and the substrate are very different (e.g., lattice structures) . The AF

| ayer nmay be nmade of an AF material that is either a single crystal

mat er | POLEE nyF NS FsPareiifd) oPuE FA e FERPHRY i1y ekafle? &1°F The grain size
of the ppekyeiystaldiraetptiar itk phesdsd be geadiidghanpite i ze of each

magnetic domain that defines a bit. An optional capping |ayer such as an

al um ndAOP&yEra el “He tFor med%t 6p° of ~t'hé&° Piﬁdl’%\ 8 g?-*d? é’cf[ % he nagnetic
medi umparditteahemaaent ndypctappt Ngh ladyar temperdtalremayodtepaiad on t hechoi ce
of the F material. Such as appi ng | ayer does not participate directly in
Chebpr GOESEIEY SRIPSEATHES Tar T8¥Tiagn dArcAPTSE YA iTeon® | G CREUFE AR

coupl edberedi ahé rolfoakinhgf temmeatatuecel s thenaneatwnegeet nZgtd e ataae,

t enper at.ure_abave the bl ocking t erature, of  AF | ayer..The tenperature is
t hen reedgg‘ga De lonv?/rtyhgg?ﬁeoc% %gsgaén%eor a ﬁ?%lg%e t%ta%%tshel?/vr]i trérggﬁ%glrlneti C
st at e, thiet hét i thiowar e sn@taf fectad Shatamyofmagne tiglfgedtiapessentsdunprg nt ed i n

the bit,w %Q?H&l bo§>' 09, aff 66 ec%ebé{%@@é’t"@%ﬁ Lo {48! ‘Eii%.e Nte;dyping the
nor mal operation  fre magneti c nory 1 ncluding the fields fromthe
r edd/ wirce headreasdvadiackesrd bntdsadBudsngqbéns . r sadoggueperzadons are t hen

per for : d u | L rat of the
A | ey e Bl O e Rl S e e
bi | ayerblpcAEng yeamnaraxhrdies tércREnGRY 43i-as TheExerafgaobrarrs mtysaal s y

obser ved a3 oA 804 2RNLaE 0w Nidilenotnd hei MRGREFLZAL R MUEYRI KiDESt er esi s | oop)
and usual |y acconpani ed by enhancenent i'n coercive field of the system The

bl ocki ¥chenperitas-e E3Chfigd Pdpsshalusued lyhelsemies epod honperatlre of the

AF;sNeelhstremper aldinRgndbe- &widh caupd ethymdirasi o 1ddps apal hsahilgn can be
designed so that the Curie tenperature of F layer is higher than the

t he
bl ocki MFCBRPRISA U1 cBhaRFRINERE [RyePeTH et RaChE HattBFi VSTt t FBAF | ayer

sel ect 80 c2®ihl StdipRGkic0ge t BRRALUSE dnfa1hi gBethd hannkhei sppeimpeiratard €. g. ,
80 OC or_higher) of the operating tenperatures_ for such, devices. As such,

the terffetdEuRlr dfealhéemReFates  ushRl § VP EbEPBRF Th& S8kt ng  tSenper at ur e

application can be designed so that the Curie temperature of the F
20 layer is higher than the blocking temperature of the AF layer and
the AF material for the AF layer selected so its blocking
temperature 1is higher than the upper limit (e.g., 80 °C or higher)
of the operating temperatures for such devices. As such, the
temperature of the medium is usually below the blocking temperature
25 and can be raised above the blocking temperature by heating for
writing data. Hence, magnetic devices using the F-AF bits include,
among others, a magnetic read/write head and a temperature control
mechanism.
[0027] FIG. 2 shows an example of a magnetic memory device 200
30 for F-AF coupled media under either the stabilized binary
configuration or the multi-state configuration. A medium holding
mechanism is provided to hold a storage medium 201 with coupled F
and AF .layers. As an example, if the device 200 is a disk drive,
the medium holding mechanism may include a cartridge for holding the
35 disk and a motorized spindle to rotate the disk. A read/write head
210 and a head actuator engaged to the head 210 may be used to
control and place the head 210 over the medium 201. A temperature

control 220 is provided to control the temperature of the F-AF
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and can be rai sed above the bl ocking tenperature by heating for witing
data. Hence, magnetic devices using the F-AF bits include, anong others, a
magnet i c weaddoirice head and a tenperature control nechaoraseos002zy FIG 2
shows an exanpl e of a magnetic nenory device 200 for F-AF coupled nedia
under either the stabilized binary confi %El’atl on or, the nmulti-sta

conf i gBESL B0 nddruhPIRE Rt e nERMAR s AP P sMd¥ RA dEa1eBehdi S&pgi%rage
medi umn2@t whbtdh wnupked &@md;oélflyay@rfalsé Stﬁnte@dp@ﬁfﬁt&relébdvhetﬁew ce 200

is a di rive, the medi um_hol nmecha i.ncl cartrjdge for
hol di nd’ itoﬁglﬂ? SRS 25U Rt orthegeg HIIE IlSCTL‘T%{%%/de 8|§{lecﬁefie%ﬂ?wi te
head 21Mlgndwathwead saghmai@a“ntalygageﬂlrtg) thieelbead t&i:@elfrayu:bse afsed to control
and5pl ace the kti d 2 0 JOVE! tb%cge mZQ%a @\ te nrd%'g:u e; cont. troI 220 is
provi déd£5°8bntrsl 2PRESt Bhper attit EY R Eme il G 2612 ° F158 1P 8hper at ur e
contr OleaZBOma@xyeﬁme: @emagmwlr tbatsupptlye hrealtLutnocal el éotiédidndlllyobabtedt o

rai se |fts 'gﬂ(ral s@gve the bl ocking tenperature. The heating is

| ocal i zed t Jﬁeg se ed bit only, without significantly raising the |ocal
t enper a[t0m2§]of ad]mcént:abllt®talo9veay He Bhoéknenfradkernperatirws Under this

desi gn, cf ?‘&ci P?‘lgﬂa%ts' CFQQ”&&an?SOZE% %en?p@?agFg%%nct§@lb§26 %Qy\”ugga l y

heat ed rting new dat l oca eatin be i nplenmented in
varlpousla@@mf i—'—gLF!UeZIGIC@ng tropsaskanpee, baare tpeﬁpé‘ﬂeﬂqj:reél beht%lth@zmeﬁwn use a

| aser tzQ)ld'fEFC hé fo%%‘isﬁgaiiar%er 91%@”%5&15%@9!:?0{1?@ 1Risk r OBe 4 GnayBgE UM 201

for the | ocal heating focusing o | aser beam may be achi eved by
usi ng redvievead| by Oﬁtlinésn%%ﬁl@éda%bmsd Sluﬁ?ﬁe?%l dredldds immer Hegt AeRs exanpl e,

el ectrigalinhegdstdmaplehnd tdcdigabi N dBy 1B YsHRL d)0 h%QBEﬁQ'matyh%ehﬁé‘éd ng and
the tenperature of each individual bit position in the F-AF nedia. The

resi st i%e CRBAEPhg-hfajeBEI RIFATEERE BPRRS I9&PE S 0P L ter?é:hFlNilWéHiaé Pétheat each

bi t 5i t §R)sfi th¥n ' UNNIHAD FanheRdding CHhE efgs@heacmbaltngpmsytb@n
AIternatlver, a separate resistive eatlng el enent may be used to be in
h

cont actiMRLERRRRA A% R28F Pheths €28 Brdigt tPhBed S PeltFoht B &t R bit/ word
lines lide@ihg & heeaMinl BAredntd aRi babi 1w tCCYOBi t yPe. NBIREYnativelgt, anot her
exarrpl esepaargggdllrjecstllsr‘]c vsecgggtl.ln% %rlgrtr?eentmmcaryogopgséé I\éb bEeI angonntg%tu;sv?gn
the area of the bit, e.g. at the intersection of the bit/word lines
20 like in the writing of a bit in a CMOS-type memory. In yet another
example, a conducting scanning probe microcopy (SPM) tip can be used
to direct a current to a selected bit for local heating. Notably,
the thermal control 220 may be integrated as part of the read/write
head 210 so that a single positioning mechanism can be used to
25 control the positioning of the local heating and the magnetic head.
[0029] The F-AF materials described in this application may also
be used to construct MRAM without any moving parts. Such MRAM
includes a temperature control to individually control the
temperature at each bit position of the MRAM.
30 [0030] The following sections first describe materials designs
and properties of F-AF coupled media based on exchange bias. Next,
domain stabilization for binary F-AF media and multi-state F-AF

media are described.

35 Properties of Ferromagnetic-Antiferromagnetic Coupled Media
[0031] Exchange bias due to magnetic coupling of F and AF layers
causes a change in the magnetic anisotropy in both F and AF layers.

One theoretical model for explaining the exchange bias is the
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to direct a current to a selected bit for |ocal heating. Notably, the
thermal control 220 nay be integrated as part of the read/wite head 210 so
t hat a siwgl2e0gmsiszi oni ng mechani sm can be used to cont polr/ushespesipg i oni ng
of the local heating and the magnetic head. [0029] The F-AF nmaterials
described in_this application_my alsqg be used tg construct NRAM wi t hout

any novPh§EphriRot8uere MrRANGS el LR d9CENPRTRANE Ebntt oIl o LPRBF R dual |y
fcolnf r o!lehbehtsadm%rsa‘]gyr @x@idar@@ctlti)b& 1 mbbihﬂwidéﬁ Tefte e MRAML [130:3Q] o he]c

ol low ng sections first describe materials designs and properties of F-AF
Coupt o SHEar & THaRadbh: SHRTROESD! G5/ RbxPn T s EMbYT | 10N For bi nary

F- AF nmedhadanéd d abpséatin koA nediaulgr eodescrinzednt Propeirddiesusé of

Fergromagnetic- Antiferromagneti c_Coupl ed Media 1] Exchange .bi as_due to
et TSl P R U el bidrantt T

ani so ¥ apphi ibnan apkasati eqretdidake . noEgbe fimenexpl ai ni ng
t he exchange bi as .is_thel.ateral engt.h scal del . . See, |l gor. Ro chin et
L O TIRREReD Aatat NG A1 Beal SRl A5 88! £ SRR pPES A I HORERE

publ i shted sémply ree.dathht tpde yamamdenp st eheesxclamgee piasnodhimal the 2005, and

| s SCh%qlé!o?giééltiao%pggE%f—;ﬂ?uv%l aﬁ%&ﬂé’i‘%t@@@ﬁerﬁ%ﬁ t%@hhﬁ%éjé $Ghosure of

whi ch is i ncorporat eference as part specification of this
appPi cathioohd 6% hmsgxpednta ildms t ayvar iyoss b bemdhyadriione nded cfibedi hys

expl ai ning ¢ lagal,,regi me of exchange bias are used here to sinply aid

t he under staﬁ%}lng of f he exchange bias behind the stabilization techniques
and nul{0033] at €hererpofprrevdgiiafudés apRdPEHGTLEY bee chSntdEBr¥PNdInRitt vari ous

i mpl ementiathonse Jrscsiheds idhdhhhs anplieeabionve [MAQ3RL i Whetha of ghLosmgnet is
in proximty to an antiferromagnet, lateral |ength scales such as the
r espectiafe draghetdld YABAEFF SihPeS§XERINTH RitFc Bl pverFeef T¥e 8R€hange bi as.

Bi hgyers +8t - FeF2 c@nd ekt here Nituafod As g 8b815taHl edadshng, SQIbPyaad
spatially resolved MXKE, Wen the antiferromgnetic donains are | arger than
or co bl Bhen thige 2PEt FORMPREPPELGSARTAAES ATF dN9eTnBR AT agi ng exchange
bi as | £oaRaeEyed toThhs 8éMesnalghe€it adiausEl a arvtd1ynabheavagighyC
hysteresis curves. . _ , _

exchange bias is observed. This gives rise to unusual and tunable

magnetic hysteresis curves. .

20 [0033] When two dissimilar materials are in contact, the proximity
effect is often observed, where one material modifies the properties
of the other. Because of the finite extent of electron wave
functions, the proximity effect is typically described as the
spatial variation of an order parameter across the interface. For

25 example, the proximity effect that occurs in superconductor-normal
bilayers is characterized by the decay of the superconducting order
parameter into the normal material with a length scale referred to
as the coherence length. Interestingly, no correlation between
characteristic length scales of physical quantities changing in the

30 plane parallel to the interface has ever been claimed to play a role
in the proximity effect.

[0034] The relation between the lateral characteristic length
scales on the two sides of the interface is important for exchange
bias. Exchange bias (EB) is a proximity effect between a ferromagnet

35 (F) and an antiferromagnet (AF) in intimate contact with each other
[1]. Usually, EB is described as an additional unidirectional
anisotropy induced by the AF into the F via exchange coupling at the

interface. This produces a single magnetic hysteresis loop shifted
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[0033] When two dissimlar materials are in contact, the proximty effect
is often observed, where one material nodifies the properties of the other.
Because oWotbhes/di73sit e extent of el ectron wave functi onspcrhs2@s02310 ty
effect is typically described as the spatial variation of an order

par amet across the interface.  For exarrple t he oxim ef fect that
occurs aﬁr‘?ngub}é‘? d‘&ﬁ%‘ﬁéfﬁrgrﬁj]ﬂrﬁ‘ﬁlﬁrl%‘?ﬂé?”s the' %ﬁaorrfglréflgzé %Y the decay of

t he supempendtetd Na,Ordey maahat®derofi Rhost 416l firongabe iRt aal twéth a | ength
scal e refﬁrredtoa her ence I%ngth Interestin % 8ﬁorre tion
Yeas Up

bet weerf *CHAPAL 12135 tfllﬁyge h2R2 538 P§f PRRLSE Ea Pt qliad ity in the
pl ane paifakkehgto tkesi dﬂlﬁ*&ll’cflﬁﬁenbaSsﬂﬂery heea @Jlfiﬁumdttﬂopﬂ&}eraerd)be in the

t. 4 | at t I t t
engt h DEaPEESen Yhertud U1 ale BFRRE 1o i1 b s [Phportdht ol Eithange
bi as. %)Etlcangéoztm a&g@EB)clcmnauplsoxwmcuy lebflecto batangen aafnsa‘tll@magﬁet (F)

d ti AF), in iLpti
and an it | ga 1L fl%% gn dhd Iagé: e s 51%8@ dclﬁre Cq{nI t?% £ 9 Ner chblap

Usual |y °E escr as an a ona ani sot ropy 1 nduced
by the mFthntpleu‘me PRrul debxchahgeivormpiaasg auetthe tihet mpfazle. inFiuenpe oduces

2,5 N9 ARIeLAL. Susbengsl i 9RReshidtadabonacddia gneth Gty Bhd: i s

bel ow t orderin erature magni tu
i sl@ef ivignidscaniel vexehangrathiods tflieew‘éllk K, apAdt cam EélBOS¢RQ% shenkat i ve.

Unli ke d%%fa%éefﬁim Excnb s makuiqu saag#nsuweéiytd’r%@ Qkéélﬁwtt to observe

is the effect of the F on the properties of the AF [2] . Both the F and A
F can flé}dmcﬁﬁgﬁéftﬁ?%oﬁﬁ%@ﬂsre%loéﬁllthrepgpat| al variation of the

magnet i Zatais®N jRed NG a8Ndohdien S EREIEE AL TRAARL bZaddPRArkB1E N Al B the
' pl ane paral el to the interface. Due to the nutual influence between the F

and AF, qxrﬁénﬁntb?qadm BPRSHT S A0GRET BBir bt |°6’ﬁeﬁﬁ§rdd@)| -atBChi YriFPLEnERY from

thag Ofsptlh% Rugke i da1apdifro thid EObSys@RRr tvithhenAHD Q@rmien%ainé the
exchange- bi ased systens refer to the area that |nduces the s

uni di r S9ndR4EAe a?H%&PPBB&rte [0§35] TP atE AS Fa%fb‘r?é’leﬁlseé}ﬂée‘? é‘rygéfar?ﬁan or
conpar afileg gt @obhtnd adpaBL NSL1Y @eabgndOicaV shRPl OIHEByI &o@bﬁﬁj’ wed [3] . Such
a sanpl e can lit magnetically into two suis?\ﬁtem; W.th_t H6 of the sane
magni t GREPEEL Ep?)d%‘?opgréi"g‘f‘POS’H% SORPHAY PPP4L é\‘/aegdleéll{:hgjre Z8rofield

either case, the two magnetic subsystems behave independently of

20 each other, and no averaging of EB occurs. This manifests itself
clearly as a double hysteresis loop. In addition, the local EB sign
can be manipulated by either creating domains in the F during the
demagnetization process or by varying the field-cooling procedure
[4]. These results reveal new physics of heterogeneous magnetic

25 structures and proximity effects with inhomogeneous order
parameters.
[0036] Typically, a 38~100 nm thick layer of FeF, is grown on a
(110) MgF, substrate at 300°C, followed by a 4-70 nm thick
ferromagnetic layer (Co, Fe or Ni) grown at 150 °C, coated in situ

30 with a 3-4 nm layer of Al to prevent the magnetic layers from
oxidation [5]. The FeF, antiferromagnet (Ty = 78.4 K) grows
epitaxially and untwinned in the (110) orientation on a (110) MgF,
substrate [6] as determined by X-ray diffraction. Based on the bulk
structure, the ideal surface of (110) FeF, is assumed to have

35 compensated spins, oriented in-plane with the easy axis along the
[001] direction [5]. X-ray diffraction measurements show that the
ferromagnetic layer for all samples is polycrystalline. A uniaxial

magnetic anisotropy present in all samples, with the easy axis along
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cooling a partially demagneti zed sanple or by cooling the sanple in a
properly chosen constant applied magnetic field. In either case, the two
magnet i ¢ wohsysatiesss behave i ndependently of each ot her, pemaisp@saysaeagi ng of
EB occurs. This manifests itself clearly as a double hysteresis loop. In
additiaon, the |l ocal EB sign can be mani pul at ed t her creatlng domai ns

b
in t he Bedfffh§orKed BhiadiVari 24t FOWIAEEERS HBJrChbélg $%imE A 9 el d- cool i ng
procedmrterﬁﬁbtea’he;se geswt i -si noaveal arﬁmtmbyssl Ctshe)ffehebﬁé@:gﬁnepus magneti c

structyres ag I‘tOXImt eff%c ﬁi \M&th [ us.orde%p raneters .
[0036] FFIRRER T8 CEHeRseYEF i ok Tas, AP TOPTRURES 4 SGPEhh T (140) MF 2
subst r atempataBife 0 T6e, iheplawedahyla rdhg?ﬂétmmtmmlpafrennenameﬂuiec Iayer (Co,
Fe or Ni t 150 0C at ed |n to
pre\g/ent bt o3 moer e Bt D8 Sty tedhedoePdt A PaBhebigner (1
= 78.0btKchl gkems edifietax(MOHB) .albe whindcatied of thHee s@hpD¢ orientation on a

éﬁﬁﬁ) strasesre it Baady Ehr Rih ol Brrdfef S halBr Y s loge " 1
conpensdreedysperssisodioent et tndgif ames wihieh EBheiems yrhaxnggad oig moment 001]

di rectiqn E?%llea( edi LT FAOH %Brg? S CIRNt Samhow Ghal 1 hgdigLgomagnetic

| ayer for sanp s I's polycryst ime . A uniaxi al nmagnef’i'c ani sotropy
pr é8entferpompyngbimpbebavigy rhove Easy axhglallsfenes RRPEPPasyyaR¢riceven at

t enper q}llﬁle%gyg& highge thapaTN is attributed to a grow h-induced
ani sotropy. The ferromagnetic transition temperature of all three

ferrond®8’d i snvighe EB6Veseobh CEnpErRtiNeAtSThERS migsPaReliganyl e

nmagnet i &atalgRB8e PALRldeel3ob Ok tie 2RRbL&Y fdiRledok St asagdntisi ng a dc SQUI D
magnet onet er and magnet ooptical Kerr effect (MOKE) . The direction of the

sanpl el‘lﬂa@@‘ﬁé%?%’é’tqrbﬂlﬁﬂﬁl GG Bvddr iMr dRITHRER Qsapddfsti ¥R the sign of

t he shy sdRi.@8k Soh aRyrehibhe def MBsst eadB sl @he Emarfagae&ch ramRRhsVS.
applied magnetic field curves for al| sanples. showa ty ;C)l cal ferromagnetic

behavi o tEps0h8 mAgnetdzefngte Jﬁyé’PB?%Js‘ies dl%&ﬁ“%’iﬁn?eltoﬂ’ﬁc OF t9AYedpétt to the
ori gi Nn.THOB3Tandd ddtmekhl Slie SRIGNES1 94t PRI ARALSVO ttly@esaﬁplcﬁmlains

demgnec}eltze?rgnlgés 3t e |1<:etsglgar?th?nséi%rr}e}:/f%altjtelo%f orfhte.her esrg?'n% . After the
sample 1s cooled in zero magnetic field (ZFC) below Ty, the low-

20 field magnetic moment is measured as a function of applied magnetic
field at various témperatures. The sample cooled from full remanent
magnetization, Mz » Mg, shows single hysteresis loops exchange-biased
to negative fields by H.(T) (FIG. 3A). In contrast, the sample
cooled with a reduced remanent magnetization shows double hysteresis

25 loops (e.g., FIG. 3A for M= 0.5Mg and Mz ~ 0). Each loop is shifted
along the magnetic field axis by the same absolﬁte value of
temperature-dependent H.(T), but in the opposite directions. The
loop height ratio is set by the remanent state, in which the sample
was cooled, and it is equal to the magnetization ratio of the two

30 types of domains in that state. Thus, the system "remembers" the
remanent magnetization state above Ty.

[0038] In the second series of experiments, the same sample is
first magnetized at T = 150 K by applying the magnetic field along
the easy axis, above the irreversibility field of the hysteresis

35 curve. Then the sample is cooled in an applied field (FC), Hg (FIG.
3). For small Hg,, the magnetization curves below Ty consist of a
single hysteresis loop, shifted by negative He(T). For large Hg, the

magnetization curves below Ty also exhibit a single hysteresis loop,
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magneti zation along the easy axis, MR between 0 and Ms, the saturation
magneti zation. This leads to the formation of F domains wth the

magnet i zavDanes/i1meopposi te directi ons al ong the easy axipeT/URb@shadiance
bet ween the magneti zation of the two types of domai ns determ nes the
resul tant magnetization of the sanple. After the sanple is cooled in zero

magnet PELf FtiFg9zEe) p%%’r"dvvel'l‘ﬁllel‘?h@yl S EBE H Yrddie £ FBe AR TP sV 3 s ur ed as
a flungb:cfon m; ﬁppl itk riRgnete cuf) el ahgﬂetimOhﬁﬁﬁweé lHel&Swhﬂ”le sanpl e
cooled fromfu nent magneti zation shows sj ngl e teresis

| oops §>?Bﬁhhbe°ﬁolt§’§ngy?%e’??§dgt ﬁﬁ’/‘ép?'l s S g/gf'i-‘fed &) nfﬁ‘@v% ¥€?1 contrast,
t he samrpherconlw@ whind pogiedweedisBimment) Magnehi ziad i fir sshewsi ol e
hys%ere3|s | oops

VR Each | o is
shifted”® BFBH&G‘{)%(ﬁ&gn%l%?ra%teéf-a‘f: c)(lcsool%ﬁnghys%léprrerangs% W a ue&g
t enper athmeemllemeradehe Helc(k'ﬁ)e,ssbuf bhath MeaoppoRi tFerderagpicangorThiee | oop
hei ght t e the t he sa cool ed,
and it Er? {equgﬁ /?’ % r%%n e at’l on%aﬁ% dofllb?he&%lvé)s tafﬁegpgg ‘%adsnal ns in
t hat stf@ztrecod‘.tm& fuhédsyksstmehr enkrtsEr ehdt Be k@mvanent nagneti zation state
above T 00 e f t.S S agple is
apovs n[’a°39{ P8l; 4 ’}JFRQ%@% % at H el?ot‘?a eQéQ?{rhé’ch’él se%bs[ PR 1P '

gneti zed At yl ng the nmagnetic 'd al ong the easy
axii§, abdveegdielver HeVBr sithefinay éhS@IldterQJI‘V@ hyret éped @itcaive. Then the

Sa”P' € de F&Pﬂ&% %e%waﬂp' F?@' fhyel del 131p41‘|%9c(1|f£9te3n;9erat59é Sl HFC

t he magnefizatlon curves ow TN cons| sin hysteresis | oop,
shi fted’lﬁyhn@@dﬂtqt\hellalem')ls Eepal atgetnarcof thre siagnet PYatsHFiéut e’ bel ow

TN al sq+gxhibife &3k Bgle fster egl)s kaeR. fdc9buf tesk {Q1R9si bbMe dHeel ds by
virtually the sane absol ute val ue of HeT ) . For internediate HFC , the

magnet iSA881&nl Uy @8dbed v OENtEBNIP WO LOPRE B @#éeFéwfd@peamene shi fted

t o1pegahibye A ddpelhbefe tdiiei SAMBrRESi bhyerfderl dg H@de(p-@ndeﬁﬁ in the
first series of experinments. The characteristic coolin ranges depend

on t he GPELERT ATANGTTAE YHiCKASEEICR! PEPReEC Loy ABS POFL Ié“ df e t he
FeF2 (33mBY ALgat(idRm)y, éﬂ@mglr@e( Ghi&ed), the double Ioops are observed for

.cooling fields_between O. d 30 k}ﬂg EL8039|_J']€5 & kabl e that in
bot h e%ﬁ@ﬂphenf%llt}?ef‘tel é@mpjp%ss’lt el 3Ry heddarideh i? {Hif‘a{'l 5Bsol ut e
val ue amerftpunce atH.aklH,. The condition H. < H. is essentlal for clear
20 observation of the double hysteresis loops. In contrast, the results
presented in [7,8] were in the opposite limit: H; >> H., thus the
double loops could not be resolved.
[0041] The conclusions of the first two series of experiments are
unambiguously confirmed by spatially resolved MOKE, measured as
25 intensity difference of the reflected p-polarized light [9]. FIGS.
5A and 5B show the relevant measurements.
[0042] For this experiment, a 5 mm x 5 mm FeF, (70 nm)/Ni(70 nm)
/Al (4 nm) sample is demagnetized above Ty and then cooled below Ty in
a zero applied magnetic field as is done in the first series of the
30 experiments. First, the MOKE signal (generally considered [9] to be
proportional to the magnetization) as a function of applied magnetic
field is collected from the entire sample surface area, illuminated
with a wide beam. The curve consists of a double hysteresis loop
(FIG. 5B). Without any change in the experimental conditions, MOKE
35 measurements are performed using a ~ 500 pm diameter laser beam at
16 spots arranged in a 4 x 4 matrix, in the positions shown in FIG.
5A. The resultant signal (FIG. 5A), which is proportional to the

magnetization, varies spatially: on one side of the sample the
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tenperatures below TN (FIG 4 ) . At any particular tenperature, the width
of both loops is equal to that of the single hysteresis |loop (tw ce the
coer ci ve woeabab/01246C) . When rescal ed vertically, both thecsiusgésobiops and
each of the double | oops have exactly the sane shape and tenperature

evol utiagn. Thus, two types of mdegendent regions are formed with identical

pr oper t5-8§1e okRPM S PW%‘FV’%% SPhetether hBgatthrdl §ieEkcnEhfyeiBPated. [0040]
In the%o§aﬂ@|;&mttlbelbomﬂt@ldf whatih |b‘ét§8&|1-1 &loulhannié Sesd¥ikt 1obpe. HC <
The caondition He i s essenti al ?r cl ear observation of the

doubl e Aystares; QWeOBBEm]tWe@OﬁPV‘a%“E theg [ RsTHTYESpr BERTR & 12RILGS 81 wer e
in the FapposBy eid iifl Hoodicagredment bt hdednybt erdsaepsuenell dbtadhebe

resolv [ 0041] . The conc Usj ans of . t eflr t t ri,es. of experlnents are
unagb §d8f3‘s]:9e d AR Jﬁg CEI TR G §§3)I v I&el\%@%% gfj BdSs intensity
di f f er ercecof 1tthae tlwef tected i3 pokate Zedohpyate [c9:]verEt;é§Sof %aarsdrBBcs how t he
rel evant rresur 004 For this erinent, .a_5.nmm.\x FF2(70
nm/ Ni (a'/r 8‘ mea ure s egl s I?Per‘rﬁ)ﬁﬁg?li Va}jr 5378 %bns rrg]nw%%ol ed
bel ow TNei aalaplzeerlcs aﬁpl fecdn rtmgnétllb fargngnasmagneddretiont he f| rst series of

e SR £ g R, el SSBCLEL Y, SISLRETAIL 0 Do,

pr opor tion 2s A FUNGETO gne
i sléol leeebed $iyrorhet heseﬁrwles sanpb easurshadeedriag, thiel bamefdted with a w de

beam %1%953%%91”%h§t §ré)J anHQ% f%% eﬁﬁstl.ﬁe oq:?lgr( FdJkgén E’c@s laygf hout

any change in the experi rrent condition MOKE neasurenents are perforned
usi ng &eam500venna dazivet ef Pdderrpeam Hre meggﬁm@tappaﬁgéﬂe igprgigty of

Mat ri X,¢jon 15585 RGSickbQNsy SR 118 Eix%céénsTh%E@%%EE?n}eﬁdtﬂ%' (FIG 5A) ,
which is proportional to the magnetization, varies spatially: on one side

of the hsdnpre defesmagre Pudpie $ahegard V8eyteRi F1%8E- on the other side -the

si ngl € 109aRr] | STRON tdxpekynsfidit edsudpd idadbebvess ma(;.QxUl?E.ﬁdﬂYg%t Lergsks, | oops
are found. The normalized sum of these 16 curves %ﬁeen triangles in FIG

5B) is G §8BR agi@efBhtt WP ttf'f@ FR4aRsngsPs BHRWStEREaVHet PPemERe entire

sanpl e dihask €id GEeSkhis Thd Hel abhidlidd erense wetaRenny he dameiguryes is
due to |ncorrpl ete coverage of the surface area by the 16 rreasured sgots
spat i al°ov&PTBIFGH Y $eBRERF VPwfgRple in zero applied magnetic fiel

by cooling the sample in a judiciously chosen intermediate applied
20 magnetic field. The appropriate field range is determined by sample
parameters: materials, layer thickness, interface roughness, etc.
Second, the exchange bias for each F domain is not averaged over
various AF domains, so double hysteresis loops are observed.
[0045] The phenomenon of EB has attracted much attention; several
25 mechanisms of EB have been proposed of which many neglect variations
of EB on the scale of F domains. The dependence of H. and H. on the
AF and/or F domain sizes in patterned F-AF bilayers, or in diluted
AF has been studied. Enhancement of He in the AF-F bilayers with
patterned F layer was explained by suppression of F-F exchange
30 interaction in the small F domains. Correspondence of AF domains to
the F domains, and small spatial variations of the value of EB were
reported. Double hysteresis loops and a correlation of domain
structure in the F and the AF were observed in CoO/NiFe samples
zero-field-cooled from a demagnetized state and explained using the
35 exchange spring model [20, 21]. Exchange bias field and the shape of
the double hysteresis loops in FeF,/Fe [22] and Feq.¢Zng.4F2/Fe [23]
bilayers were found to depend on the remanent magnetization during

cooling in a zero applied magnetic field. Double and negatively
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the sanple is ZFC fromthe full remanent magnetization. [0043] This
experinment confirns that the sanple has two types of areas; single

hyst er esiwol2oepa7are shifted by the same He, positivel ypcmusp@saraa9 and
negatively in the other. When the | aser beam covers parts of both areas,
t he magneti zati on curve consists of two | oo site

s shifted in Ol‘ﬁ)rgé)
di r ect iSoA<LEeqi P ARe Py SFRTSRYS & ORBP gritee @8f Frihed EﬁMPﬁEe i567Bte% he two
aL eas. [[2?@4633;)3&@%'_ expest i &lnalﬁ&hﬁdgfr&tﬁeaﬂiém.i wm—naiaﬁe)f ividhegs. First,
the sanple can split into two independent subsysfens with opposite sign of
the 28 T rLotn FaR0dach A PN, TP OGER: N7 & R 2P T B conpl of oy
derralgnestpiamdlswmla&iion gerrpplipedl megiseired dl@lg,ther hbyd codlsi rgst he
sanpl e i.n.a judiciously chosen internedi ate applied mgnetic field. The
app oprcllé‘tlglebi E#Eg] T éﬁéen? sS‘%Pé’toéFﬁP?\e%lc%yw?in’?)’?%sep%regrret ers: materials,
Iayﬁr FtWO@IG@es@eiJnatmef acebenughmessrtet @xpSedoant; s tdee foxnbdnge bi as for
eac in_1s_not average I ri AF_ domai_ns, ouhl e hysteresis
| oops ar ce%l%ﬁglérvsea&\.plf504%t? %gg}éﬁgﬂ%ﬁeéﬁgLé%Sfifﬁgo asar;%t ﬁg%éjne%t%ﬁgch
at t ent imsulsevet@ibimechunis muldfiipEB irsheariyetat prroposédsolieadd dlo many

negl ect niations of By I d I . kN ce.;pf Hc
and He céj\rﬁn%tl g irlgdnfﬁglFSF@&&}oln%%ﬁ%g?z@%&{enEga?%ﬂ%&oﬁ- %@&P{g@g@s Igr in
di L0t ed: sARbNagubHedrrts bodY edl. compiahersiers sehdirewith tSeweprl Fidfifleapars with
pat ter naghelzihayes AREnexplil Nateb sUPRIEIShONOlidide Sxeliange,l aher acti on
in the small F donai ns. Correspondence of AF domains to the F domains, and
smal | gfsdte af vkg izstliaghge ofiagse ofatle At aPB RedemaidfoifeBB- Doubl e

hyst er egjoa7h0ops Ald R ¢oh& el iR RhcHOMR)imest GASdAHIS Gl Bnt g F and the AF
were observed in CoO N Fe sanples zero-field-cooled froma demagneti zed

state arfdasipnabpetetPelsithg 2henek Ehderls FizRg- nbbet [ 2ben2tle AfExchange

bi as figlhiagdatdesnshape efard h@edeuibma kst 8r eSisndi00RSeklgdeReFe [22] and
Fe0.6 nO EVFe [23] bilayers were found to depend on the renmanent

magnet i HHECEACHWR T g8 MRy 9t Ha Y0 SEPRFR e indlgRatre: fidisd™apotifi% and
negalt i Vt_éa[ 352}%3&@%&{@35@15\&@@@5@ dsﬂéDSuM@i%rDb}??E}iﬁ%dd&ilﬁgl\/bdégﬂi\mch

sanpl es . deposited in various small magnetic fjelds,(0- wi t hout
an;/mcl e lslléﬂﬁ?p NP tLERELF | FIWPSdefdst B NPFEY N eLaf eé%]sf)%ﬁi al

vari at iMr,0fe MKE sk@pbés MEdsunedarn|dongibhbeakared rgxsfalBs the number
20 of the AF domains interacting with each F domain is very large. In
this case, each F domain can be essentially treated as a separate
sample. When ZFC the sample, the sign for the net EB for each of
these domains is set by the direction of the magnetization of the F
domain, so double loops may occasionally be observed [20-22]. X-ray
25 reflectivity measurements [6] imply that the in-plane structural
coherence in the twinned (110) FeF, grown on (100) MgO is 6-10 nm
with the easy axes of the crystallites at 90° to each other. Such
spatial variation of the easy axis, combined with the small size of
the grain establishes the maximum size of AF domains, resulting in
30 the averaging regime of EB.
[0048] When the AF domain size is comparable to or larger than the
F domain size, each F domain couples only to one AF domain with a
particular direction of the EB, so no averaging occurs. This results
in the same absolute value of the H., for different cooling fields
35 and double hysteresis loops, as reported in this work. In this
regime, when the sample is zero-fieldcooled, the unidirectional
anisotropy in the AF is set locally through the antiferromagnetic

coupling [26] between the interfacial F and AF moments. Therefore,
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5 clainmed [25] , but no supporting plot was presented. [0046] The | arge
nunber of reported experinents perforned on different sanples, show

seeni ngl ywoanég@adicgt ory and unconnected results. Conbi nedTwistévsnegiee pl e
interpretations, this leads to a conpl ex and confusing situati on where no
conclusion can be made. It 10 is obvious that only a conprehensive study
with s&Derapcafi Hereff EXH&E fRAt 12T Ft Hemaiinel S IRHPENERGT MYobhBe definite

ansver 9i@Bct éh g Qh@fmégf}fetﬁ@b@-lbf!%fskhﬁﬁ 8bmd e bk iagdsdmglemebssindg. EB.
[ 0047] In EB, we find two distinct regi nes dependi ng on the relation

bet weedPPfie MR IBTICF Bl 141z eRPOS tes PaghRE e AR 43¢ doRaPReVar e
snal | e tiae tthe kafloRighs tude Fbuii)rmpasat/@rsag@sﬁhm de1eet rpn and magni t ude

of He over several A F donmmins may | ead. t t t f
fe be FOBRRE: I BieTor nensSRont 1% S P A0, ALY RPToFhe ) S4h0Bet “as o ound

intw metheE%(d?ﬁthBS]oﬂnQ %l;lr_erﬂsten[ PHé a&:mhesndﬂfdtmec A Etdbsmihes are
very snal |, q:malns |ntera ting %th each F domain
a

1 é tq'] c%o Ofoftg A e ea a
is veryParg enptrﬁﬁg gk er F Yo nocan™ b esé‘éﬁt’l ?y treated as a
separ atdetsanphes thkenigk@f hhesaopie ER.hE signtiortathé heta ERdodingach of

these qﬁ%@' nsensed'S%t QXet eqlfrag?%i 191f E?e kF%g%_r}gtziléa&;é)%at‘%f Sghghg domai n,

so double ps may Yoccast onal served
refld ectalp‘xoﬂnyd nmrteneﬁislqﬁ]ﬁsd,nphyl tiatlaché encirmee fdetdcdus do tbherence

|t he 4koned: [110} FEE2, 950w 00 G100), M08y 10 VALt Doy Sy axes

of the crys es at other ial variation of the
easy atios lnbotrmim@dtw oh HdaewRhel |insitrenofeadse tgr anphoreagenisitghes t he

maxi muy si ze,pf el It i.Rgsd O Lhe 2@ /g regh g of EB.
[0048] R iEn %\ ellﬁthgg(rafan?%Q? zee(isdsi clgrgrp?;% abtl%% {noao%é?/% ger %Lhan the F donain

si ze, emeRlFapbranatiedlpl LHogROFnER DN IRIRI B FoWRERR Partrcul ar

di FeCti;QR 0k, L&, iR, péelagf@\é%eagé@&lwu& mesmr es%h%mﬁm@,sam
absolute value of the He for different coo |n fie d 35 and doubl e

s
hyst er €903 ingopRe sagPLept ey Tinit Hind swht&1d Ilﬁatdﬁl 8Ot MEI2hMER at“rije sanpl e

I's zerayfl ghdconledts, tbesmtqlveegtlmrdaﬂFseé nepayl RekecAHtys set
| ocally through the antiferromagnetic cou [ 26] between the interfacial

F and AcPSHbfBRS [PhefRe ofslRES %E%‘Cté’lrﬁﬁ Sgh?’??élcEBlf‘o’fheeéE‘ﬁanH%%l nis
det er m nad)b¥e#NGrown on a (110) MgF2 single crystal substrate is ~ 28nm.

20 Moreover, due to absence of twinning, the size of AF domains can be
muchllarger than the grain size, unlike in the case of a twinned
FeF,. Large, mm-size AF domains have been observed in bulk single-
crystal fluorides [28]. In the ZFC case, the AF and F domains are
observed to be comparable in size and larger than the laser beam.

25 Simulations confirm that the relative domain sizesldetermine the
splitting of the sample into two magnetic subsystems and the regime
of EB (to be published elsewhere).

[0050] The relevance of the observation presented here to other
systems was illustrated in a multilayer system imitating an AF-F

30 system [29]. For the sample with the larger domains in the layer
playing the role of interfacial AF spihs, double hysteresis loops
were observed for intermediate cooling fields. It is not clear
whether such a model system correctly mimics the domain structure in
real AF-F systems. Those results, however, provide an additional

35 experimental configuration in which relative domain sizes play a
role.

[0051] Hence, the relative AF and F domain sizes affect ex-change

bias. When the AF domain size is larger than or comparable to that
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direction of the magnetization of that domain during sanple cooling. Thus,
domains of the F with opposite nagnetization direction above TN have the
sane nmagnwoudes/huds7opposite sign of EB bel ow TN . [ 0049pcWuspodshesisanpl e i s
field-cooled, also, only the sign, but not the magnitude of He depends on

t he coollng f|eId HFC . It is the sign of theth’OjectIOI’l of Hiotai the
easy axi'sthftbt ailtrucfH]é‘fld%a‘té‘PﬁPﬁ%Jsctlﬁ’é‘Og‘P%ﬁn%]f e CPBCETSER. 1t BRal |, the

t ot al |5@ﬁ@h_eC§£9_Lllﬂ'tgnf3| ehtb &@@sedd@yertdwtl phesfaml upph nSoddfinghe AF, is the
sum of the 2get1c field, HFC , and the | ocal exchangngleld due
to the P8P aEﬁ%ﬂAFFt PEHTOT ERTPYRRITEY PrhRGHeRet 4P TSR ERERYpl e | eads
t o I nh@amogenehd ysanie HEgny%udé1bun bfiryhd epdssite isihonogeneitgsuatsHot ai - t

i nternedi ate, HEC, this caus ude of Hotai to be small and

spabi aFRYRF EHERTEn CBELE gTvngors IR T AP EsEl oiooPire Fhfert ace wit

posi t i weaahtlgnegetyl waosiqg1nmh bretaging, CanselEmt IThiscoahawigrt he sanpl e
belom/TN |n th| f| Id Ie ds L9 t e ne tlve an SLti

respectl \E/)eP ]il?sl P ng 0 X P ray Pret IWIQ y n%aéfléfgﬁgn %G]E the®h n pl ane
struct @oal wn:oﬁneraenwm A arive Mmﬂwemetdn(cne)ssd,:eFZ T@ne@anomﬁraza(tlﬂzt)); MyF2

single gy Eﬁé chﬁstt hakeod h%ﬁg%p%\ﬂl%gvﬁ e flUG £3, ADRENCE Of LW NI n?h

the sizeé of omali NS ca er than the grain size, unlike
t hé0 caseeofodi fiRchriadEReFXe Isaggest mhaSq zelAthejdrmlemgl hbar thesnabbser ved

in bulk.gsi Bglﬁgfé@n | lL' érd%§oLgrﬁJ}ty detetbe ARG %gaglaifgﬁ AF and F

domai ns are observe € in size and larger than the | aser
beam &nﬂﬁemawmfsmc@ﬁﬂﬁr n@étl‘r?élet?hér reiclt P¥ed doMIUEagi ZBRS HRATCRLAE t he

splitting of %ﬂ%ﬁﬁ@' B0l PR A0 HBONE ¢ JUPSYStHRTR AL, the o egLAR, of EB
(to be publ i shed el séwhere) . [0050] The rel evance of the observation

pr esent'®d Hereino [BOher systens was illustrated in a nultilayer system

I nh‘satlm.sQFl AF- Frrgy ptesed 2 Hagne EOE sté&aganm@eﬂmatﬂa bhe d&rigRs g98@dns in
the | ayer aying the role of interfacial A F spins, double hysteresis

| oops & é‘aSB‘éEH/éd’uPélm‘? rReMrEdi %t%ercrc?ﬂ‘laﬁﬁ‘ét?? eﬁFds Layerianta cl ear

whet heragsdebn@ dmdelersynigrataer naes | yaydrmues the daanent Sxﬁa’gﬂéttli&eticﬁh real
AF-F systens. Those results, however, JT‘?R’r?OVI de an addl tion exper.i nent al
|

confi gufatP8nt i PXAH ER BRI ENAoMR “2es ptayfat coup ng produces

exchange bias. FIG. 6 illustrates the setting of the unidirectional

20 anisotropy of the AF (interfacial spins of the AF)'by a zero field
cooling from a state with a particular value of the remanent
magnetization in the F layer. This imprinting is used to write the
data in each bit. One of the results of the exchange bias is a
horizontal shift of M(H) magnetization curve by the value called as

25 exchange bias field, He. Large exchange bias can be achieved in
both continuous multilayers and multilayers patterned into

nanostructures.

Magnetically Stabilized Binary Recording Media

30 [0053] The above domain imprinting allows controlling locally
the direction of the additional unidirectional anisotropy induced
into the F from the AF. This additional unidirectional anisotropy
enhances the magnetic stability of the F bit or F nanostructure by
increasing the effective energy barrier for magnetic switching.

35 [0054] FIG. 7A shows the magnetic hysteresis loop of an
exemplary ferromagnetic material used in many conventional binary
magnetic storage devices. .The two logic states are represented by

the maximum magnetizations in two opposite directions (positive and
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role . [0051] Hence, the relative A F and F domain sizes affect ex-change
bi as. Wien the A F domain size is |arger than or conparable to thatin the F
, struct uwel2oewoimmgneti c i nhonbgeneities can result in Poe/samploesiapl itting
into two i ndependent subsystens upon cooling through the AF transition
tenperature, TN . Each sugjs%stem exhibits EB of the sanme magnitude but of
the oppG9RFEve) gn.TrenieoR eUIEE L PR hetin TPz at FUIF e uPPESS W 3%h Td64BI e

Byﬁt er edits LoppsLd shusngtrmrdinguausty showeAge NOThaaY ehagtddrcilveca@ie&B. Thi s
ehavigr is reproduci bly qgbserved in sanples with three different F: N,
Fo, andecht W9 HOUEPT R REARA REAager CH TIESoB. Thate dBstiat i ons

al so shewnthat dweiteonhy hidrecepreapeet ties sabrebeifduiatibhose ofmeiwhe AF are
nodified. in.EB.. W suggesi_.that .relative |ateral_length scal es be

el Bvanic ChTot A Gt 801 Pty GLPALLE TR SPat TRITY FHRoFgaHosts CoF der

par amethysseresich laspaagannidaar Hseperigoniducs arith8y the prasditiveyoto a nor mal
metal, Qi | QX LYo L0 AcE Jhal s dorming J[ 30 - [0Q52] The

pr esent ﬁﬁgne i'C storage naterials an evi ces based on magnetic coupling
bet weerresufler rorsgrat £ce[dF)wiltdy she ambrartuddj smehterathehet #0rdoetdan ( AF)

| ayer e t ggﬁ}.j [ ' h yer. _to_ i opr.i he AF

| ayer. q%hiléng?—‘{ coﬁgl Fﬁg pro zutg%s‘g%(dc gtrfggh ilg%e%rlj—'la&i e{é&lpl]l{'utstthrgat es the

seflfi ngraghithee afi dheeetranadiieddi sot sioPytasf te her ARe@gitaretfaiciisl. sPpsns of

the AF)s Ry, arperfdf 5n‘é't9:§£€'ﬁd€%%d{ Bgr@‘—e}\E?r%_@EE_lMé Hsf‘_sﬂ%ii%ﬁ@wi‘éﬁ' ue of the

r
remanent nmagnetization in - | ayer. is inprinting I's used to wite the
dat a i FeSRERt bEQ .va@ieusf sty faglfiss oM eRHELek@hartde Brabkange ®iRséri zont al

shift qfecVeEh fRgNeLhaahk Ofh etV eubndNEnrabuge cald edeasi fxciangeqbi as
field, He. Large exchange bias can be achi eved in both continuous

nul ti | &feitgeantBtiulofi FAy e eaerér kPl Mo thandit Madedies thiggnetical ly

St abi | 1 Ze4dnBi nainarRReOE Al NG dadiiay [ 953 Therabayvie deaBhst idqalynting al | ows
controlli n% |l ocally the direction of the additional unidirectional
ani sotr Pnduced into the F fromthe AF. This additional unidirectional

ani sot r@pEysenhangrsickheti@PRiskeat Shedidfi tye 0OF-AM&chpliihg 0Ofn MakaBeser uct ure

by media allows smaller bit size and alleviates certain limitations in
the ferromagnetic storage media. As mentioned above, the

20 ferromagnetic storage medium is adversely affected by the stray
field produced by the recording head operating on the adjacent bit
due to the danger of partial or full erasure of the stored
information. The design of F-AF coupled media to shift the
hysteresis loop and to increase the coercive field of the media can

25 significantly reduce the adverse effects of the stray fields. As
another example, the present technique can also remove or lessen the
restriction on the operating temperature range due to the danger of
partial or full erasure of the stored information by thermal
fluctuations of the magnetic moments within the magnetic bit. The

30 present magnetic stabilization may be used in magnetic recording
such as high-density and high-stability hard disk drives, magnetic
tapes, magnetic RAM, and other magnetic memory and logic devices.
[0056] The present stabilization technique may be used in
magnetic recording devices and magnetic recording media for both in-

35 plane and perpendicular magnetic recording to stabilize the
information stored in patterned or unpatterned magnetic media and to
increase the recording density and reach the range of 100s Gbit/sq.

inch and 1 Tbit/sq. inch densities and higher. 1In addition, the
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increasing the effective energy barrier for magnetic switching. [0054] FIG
7A shows the magnetic hysteresis | oop of an exenplary ferromagnetic

mat eri al weedog/mn73sany conventional binary nmagnetic storage/weswsoes2 The two
|l ogic states are represented by the maxi num nagneti zations in two opposite
directions (positive andnegative). The loop is centered at H=O._ Hence, any
stray PFEPENW ThPRd IiFaFHOStTeShGE AU MAvaPet BSF G eaFEF2Ihdiet ABNELEY ci ve

field He ohréheadion eRBEAGRIdtG cNMREES FdiingC@BpEaUSTRI tthe ibtteds® @hange its
magnetic state and hence erase the({iqséqred information. A newaggt erial based

on F- AKCRSLRYidRf ShReverY ¥hiFPEeritie 1OERTEE S H1” tite MAGREET RSP PBop away

from Haec@sbymdiodyo (BRAMEr tHietpeshddte/e the pegadrtvetabdeifdtidn= 0 . FIG 7B
illustrates.this shift. As a result, a stray field with the ni t ude

Srab) et e REAITE T Ao i ) DRGEICE FRRTCTHE TREBROL TS THPACEa bt ST

mat er i &dore¥emildr tdhepoagsl t ude of the stray field is simlar to or greater
t han ! such, .the new erial. based _on E-AF coupli is stahilized
W T rog8%) 1o e 6 RO SERBL DA En Lot N QUL (I BT3B 4

bet weemaighet Fc aretoAklihgymedid hevhey thier dade mbke idegecs vehdt éndlide or t he

w dt h h r esi of rial, i ces the
st abi | ickieftr(%?a?%%’l S ngr Sgulﬁgfpaélggln%g?efs}fo\r%ggﬂ ?él %‘ls.a [L,%Oég]{y%%?é}ﬁtgﬁggm esent
uséoof anie fErpfmagmep! i(BYFI n whaghet s chanedifaeal jowsidednliinte Hig Afi ze and

al | evi taiq Lim i 146 IS5ONBgnetd : L

ment i o%ﬁgggggé, I{%éh?e%?%n%g}%éltd?%& rs]ft';rooic%g;%' nmedi ?%@gﬁggég%eﬁ@gg? eﬁed by

t he st ri@gafiel thprdducedtaininge thecbralichgFhéade oper®evagtim Athe adj acent

bit du t éjé?ﬁﬂprr Qfe paFti atn arakubl @5 e Qhmt Hi& S genb RS or mati on.
The degjilté)(r%]‘{o?&F-A cgﬁpl eeg rredi_ant(?ss?hi.ft the ﬁystereﬁﬁs | oop and to
i ncr eadeathag cert diey €one el eF Gt VALY methi i@ 9c QRS JHASY-cahle yF rléd&€e t he

adyer s ghtect st Un e chl rddn filsekdSecfiss YOLPSTy SARPhecal MagRleesent
techni que can al so renpbve or |lessen the restriction on the operating
t enper dtigle PEAGEEFUEYL BPe Hee PAAGRE RFahant Pafa P FuPEmet &S % t6F t he
st or ed eixrlfs?.riﬂ'g} i ON By bhepsdda finuehsatiane ebchme Jganethe HENTRALSiy thin
the magnetic bit. The present magnetic stabi]ization nmay be used in
nagnetiq?ePeéﬂ%EﬁWﬁf off, and the bit 1s cooled below Tg, so that the
unidirectional anisotropy of the AF layer that gets induced into the
20 F, is set. FIG. 8 shows the measured loop along the easy axis of a
MgF2/FeF2/Ni sample under a cooling process in an applied field of 2
kOe where the uniaxial anisotropy induced by the F layer is
imprinted into the AF layer.
[0058] After that the magnetic field can be turned off. As an
25 alternative for the process, the magnetic field can be turned off
before cooling the sample to achieve the same result as demonstrated
in FIG. 8. This design and procedure increase the energy barrier
required for bit switching, and protects the bit from being erased
due to thermal fluctuations or in the process of recording adjacent
30 bits. Local heating is done by any method, e.g. using a laser,
near-field optics, conducting scanning probe tip or resistive
(Ohmic) heating of the bit itself or the element in contact with the
area of the bit, using, e.g. design with a combination of the
bit/word lines like writing a bit in CMOS-type memory.
35 [0059] The readout can be done employing existing, or future
magnetic information readout technology. The read head senses the
stray magnetic fields due to the magnetic moment of the F layer of

the bit. Due to exchange bias with the AF layer, the magnetic
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such as high-density and high-stability hard di sk drives, nmagnetic tapes,
magneti ¢ RAM and ot her nagnetic nenory and | ogi c devices. [0056] The
present swehknédmaision techni que may be used in nagneti c pceaseaisngsidevi ces
and magnetic recording nedia for both inplane and perpendi cul ar magnetic
recor di ngS to stabilize the information stored in patterned or, unpatterned
magnet i'& SFEAPEL AP W0 Of ndvgadd bt A8 PRGNS £ BRYIYE QRN he range of
100s QGiite/19g. inctheandop TiddgadiveDghsHianstl i ese akthahegher. | n addition,

thepresent stabjlization techniques may be used to jng¢reasg fhe density of
| o eI ORR At BOF ST GG, EHe AR of i FERLESS e el ) and
st abi | idgatefl rEEaidedibb§ ofdat itenhate Mapgnesd w Randem Acners, Meaorys ( MVRAM

Furtherngre, the present s ilization techniques may al so be used in ot her
nmagiet in(r:g%r g&%f’ﬂ?%dtoapgllb(:aiﬁghs alngl‘ Lﬁ%f“}ﬁ | ar purposes. [0057] The descri bed
st abi | i [o®E0OON t eciiel @UBRE tmypllee apPpla echyt alsadgnetdat teesed dicgepadate havi ng
thin fil.multjlayers.that, include a ferromgne nd_ei.t her. a
G ) R A N IR R Aot L A R
her eaf tgrabiihctvided itheotbherahde tat egoaw .Likhds he BYGS.r 88oamid P process, the

recordi, t I I it nt.aL nj | ayers,
above tﬁguggggfgg%gﬁg&?gn%%?ga urtttgg‘&f%!l ﬁr%%cggé %%}grl\?ggaﬁgtg}:gg%ﬁyétrype of
meddry, (eh@at i Aig) can ebeodbheuqussASt Lyesy, (eugi- ngFeiuyi &n heempartisenPvitdyer
magnet i os) Qétw%ngktméﬁeﬁ‘é!ﬂ qhed Ilpjyy)a}ppl ying a local magnetic field
produced b tRe recor ing head in a fashion simlar to the existing, or any
proposelP96d1t he fREGS-elPRcablle§y fugtehedprngedineleftad tigsddonf f, and

the bityds ¢80l pd HALOWoT BresiQunt BAL FoErd#)i Gt ldigRal ani sotropy of the AF
| ayer that gets induced into the F, is set. FIG 8 shows the nmeasured | oop

along the easy axis of a MyF2/FeF2/Ni sanple under a cooling process in an
applsi ed4dgnRitdc O tordgee wiBR MuItiP1uNE Xt FRBMSAFS®RbublgHged by the F | ayer
is inmprinted into the A F |ayer. [0058] After that the nagnetic field can

be turnEtP&8Af. AsThenaRPYerHEG e 1P8r FiMe throkekdyen (e RBYreR il@YFrefd can be

turned 1f fuskaf o6 e1qaliynget Nenesanpket{6n aghicB¥eetdingaMBisestl lei@fer
dem)_nstrat_ed in FIG 8 .. This desi gn and pr ocedure increase the energy
barrlerp031t1ve or negative. . Therefof¥e, a bi-domaln magnetic state can be
created where the two domains have opposite directions of the
20 exchange bias. The ratio of the sizes of the two domains determines
the remanent magnetization of the magnetic area which is used as a
magnetic “bit” for data storage. This use of two domains at one bit
location allows creating a magnetic memory with multi-state magnetic
“bits,” which are well-defined and stable in a wide range of
25 magnetic fields. The states correspond to the values of the
remanent magnetization, M,, between the positive and negative values
of the saturated magnetization Ms such that M,;=M;/n, where 2n+1 is
the total number of states, and i can take any values between -n and
+n. The maximum number of the multi states is set by the magnetic
30 sensing limit of the device.
[0063] FIGS. 11 and 12 show examples of setting the remanent
magnetization of the F layer in a F-AF medium to different values by
cooling in various magnetic fields, or by zero field cooling in a
chosen remanent magnetization state from above to below the Neel
35 temperature Ty that in this case coincides with the blocking
temperature.
[0064] In such multistate storage devices, the readout procedure

of such multi-state “bits” can be done by various methods, including
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required for bit switching, and protects the bit from being erased due to
thermal fluctuations or in the process of recording adjacent bits. Local
heat i ng iwodommils7any nmet hod, e.g. using a | aser, near pCiraisdoospriies,
conducting scanning probe tip or resistive (Chmc) heating of the bit
itself or the elenment in contact with the area of &ge bit, using, e.g.

desi gn TROPRCE- SRAaPF BT CRECHH i BeFRAes- | (T MPHHTRFAED) t 1 1

CMOS- t ya@neen®ryatdrQ@29] madh g @ddauin can the s tdote reigpledy & Nfe @ddshgng, or
futureﬁ;ga netic (i'\nf or rrgti on reﬁdout t echnal Oﬁ%/. The read head senses the
stray e@fﬁgff‘ca‘? 8288°58 1ETHRE HelFetd ¢ChoRert ¥ PLABS P 4yer of the bit.
Due t o retpeatfeulirasmaghthi ¢ heecArBih@yemd tihemnbginettachy sé@reslenkovp. of

such bit is shifted t ositive.or negative fields. If the lo is
neggti VP Ishi FFEET Phe rrleeﬁaéiﬁ'gr?ttaﬁr%%’nge%ﬁcgafn?%%r%agspglsayt %‘\a‘/elfsea&r)l?fovi ce-ver sa.
Thi s defiaressé Otheamadghit i straimer yAdénsigttye biyak scongbichgt dnfiayreati®n>i808C . Thi s
i ncl udes,, . but. is t Llimted to, . NQ. | [ 0]l The F-AF
coupl egn%r%éi étér‘r%%/qna gélglcqb%e Sbgjttt e}tﬁé\nﬁ %O%ggg?g?cejt}l}ﬁwgﬁeg?@n%fgneti c bits

fr om onefamoeheen t o Mud ki hetatierprouetihdogtigbel ¢ngntandnthdetiolesr gagebe o

stray fér%'a@_éd lFASCé% o Atggda%?)ei ;nhyﬁ_rgaet_en’gggggi c dots patterned fromthe

ferromagnetic layer (e. _ on a continuous AF layer (e.g., FeF2) in
cofpar i POE5N t h fley vehgnetimpPlepEyt duitass) afugiFanadingpls POOAE UFRPES:© 10A

and 1054 thes showniBastspoStabi! i fali@nadal - dignEe 9fd Yardot medi um and
Fe/ FeF 2 dot nedium Magnetic Storage with Miultiple "States from AF-F

Coupl i g {id6E2PmAIRE CabBY o2 | TRNAL PAGS YHOM L Rea i1 gr&rmaane hel SATE/ | ayer can
be usedidiRalr0€R! 188k dt DR dlidiRCLhO8g Oy tAg . exchangathbass tiheistines
positive or negative. Therefore, a bi -c?lorral n magnetic state can be created
wher e tHe HRot O rAAMEE PRaYREDPHESE BDY| 1RNrB RN HE X e R aMyd i as. The

ratiso ofagnReisi Z8s @fs khRadvx idomi p8) detrdentRest thia ueeFBRNEAandRgnet i zat i on
of_the magnetic area which is us_ed as Qit_ngggeti c "bit" for data st or age.
Thi s ud¥ LR tIhEPRsPat ST i FOP btUti®on ¥l YRS 'Sr BAEPRG: 28 Tifnet i ¢
menory piddasBukti-state magnetic "bits,"” which are well-defined and stable
the W 0661198 Q. TBA0CL L P hdBnod 6! BLOS SR P ER0A%L G ihe val ues of
desired remanent magnetization levels in each bit. Two examples are
20 described below. FIG. 13 illustrates the first writing method where
the cooling is performed without an external field. More
specifically, the following steps are performed in this method.
[0067] 1. The chosen magnetic bit is heated above its blocking
temperature, Ts, i.e. the temperature at which the exchange bias
25 direction is set.
[0068] 2. The chosen remanent magnetization, M, is achieved
by following a minor loop. One of the possible procedures is to
saturate the magnetization of the magnetic bit by applying a large
enough magnetic field in a direction opposite to the direction of
30 My, and then apply a smaller magnetic field in the direction of My
of such a magnitude to produce the remanent magnetization to be
equal to M, upon removal of the applied magnetic field. Then the
magnetic field is removed.
[0069] 3. The bit is cooled below Tz in absence of an applied
35 magnetic field.
[0070] 4, The remanent magnetization value is imprinted in

this AF-F bit, and is not affected by either the magnetic field used

for writing adjacent magnetic bits, nor by the stray fields from the
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remanent magnetization, M, between the positive and negative val ues of the
saturated nmagnetization Ms such that Mi=Ms/n, where 2n+l is the total
nunber ofwetadearyssand i can take any val ues between -n aoua/usRoosHksE29maxi mum
nunber of the nmulti states is set by the magnetic sensing limt of the

devi ce. 50063] FIGS. 11 and 12 show exanples of setting the renmanent

magnet PLARFEMT SRIPRELE Piier 2PnlAnE-38F thEdP I B aF f ]Pt‘age’nsc kerFuRel vy

cool inggin various magnetic fields, or by zero field cooling in a chosen
remane netization statee.from above.to bel qw the el tenperature TN
that i OPREE casd GBS A PP HPTSIE B SEKIFILERPer & CR=FOBBa] I n such
mul ti steatersidvriagaddeyi agsliedhaur eagdatie pooratuperoakssuch nmulti-state
"bits" e done by, yarious nethod i.ncl udi ngnmagnet o- opti cal, or .
monor dOPZRT ot va et ERs R TRREFELs AT 1S MO R € sl im0 used
i n mul ttiempé adwueagmet iic o.etbe diempetteviicesatandhinhghied i exaheogedbiays nmedi a f or
both i rgj]-i%ggeonanld ggrcpendi cul ar magnetic recording, and in nmulti-state

| ogi ¢ €el'enents. Rm)ng’a nunber of the advantages, such nmaterials may be
used t dOOM3L ease 2t-he MagneégreEndiylderSia pabyicwlcor dirpgitwdeorisati on in a
mul ti -%%)gﬁgegragneti c "bit" that stores nore than one bit of information.

Mul ti-s € nagnetic logic elenments and devices can be created based on the
abd9e rilgPTR] st at &.bi t FhepOUES|bitn ivasdoies bepbentBntiat Fothisaprrdded materi al s
nmay bemlégggtig du thin filmnultilayers that include a ferronagnet and an
antiferromagnet, or a so-called synthetic antiferromagnet (SAF) , hereafter
i ncl udd@07h1 o t hé-cat €getyng Amme bTkeip at impoortifel Kifeefop RPIE itARd280mai ns

det er mgs;  ige rANRBASNE, RONGL b2 i ok ckher MRSk Chat 68 RudeMagnet i c
"bit") . The exact value of remanent magneti zation can be set and

cont r oMREHEBYC VRIStEuSS gl Yathoh Flascas¥esue qioGb6] rspA1Blts witing

et hodsngBRYt PeausRd t 9hor AgNGRnthRaglasiibadi bR MANRRL iBBOREetiA-W @A fevels in
each bit. Two exanples are described below, FIG 13 il|lustrates the first
wri ti ngPiat ABE Widr e 2PRel Tt AGTRSESEPYoFRB MRANSTAGt TA TU3EChEPT f i el d.
More spegicihgaddjacehRendghdtow BYLs) ens vane perdry medaiynfididcs FebRothe

adjacent magnetic bits, as long as the particular bit is kept below
Tg.

20 [0076] The recorded signal can be set to correspond to any
chosen remanent magnetization of the bit in the range between -Ms
and Ms that is very stable in a wide field range. Local heating can
be performed by any method, e.g. using a laser, near-field optics,
conducting scanning probe microcopy (SPM) tip or resistive (Ohmic)

25 heating of the bit itself or the element in contact with the area of
the bit, using, e.g. design with a combination of the bit/word lines
like writing a bit in CMOS-type memory. AF materials need to have
Tg > B0°C to be useful for applications. Examples of suitable AF
materials include, but are not limited to, NiQO, IrMn, and FeMn. The

30 readout procedure of this multi-state “bits” can be done by various
methods, including magneto-optical or magneto-resistive methods.

One of the possible scenarios is to measure the magneto-optical Kerr
effect (MOKE) signal that is proportional to the value of the
remanent magnetization, which corresponds to the recorded state.

35 [0077] Such multi-state bits may be used as a basis for a new
generation of multi-state logic elements and devices. In this case,
as an alternative to the laser heating, resistive heating can be

used in the writing procedure described above. The readout can be
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[0067] 1 . The chosen magnetic bit is heated above its bl ocking
tenperature, TB, i.e. the tenperature at which the exchange bias direction
is set. [WOG8B)6/@7367The chosen remanent nagneti zation, MpOTIS286h2EYed by
following a mnor |oop. One of the possible procedures is to saturate the
magnetization of the magnetic bit by applying a large enough magnetic field
in a diftERET PP BISFESPPEIG Pﬁemag?%iqrieéﬁ%wm ¢n &fa™PhenfHppP§ a snal | er

magnet ipeskisld md@nteherdsi&theomegaow ol dsue . hagRgnbLeles digepEosisse the
remanent magnetization to be equal to MO upon renoval of the agﬁl i ed

magnet 0@ £PBIY thfeReghetifaghdtic i datyerehosd repededcSB °f Thetbit is
cool ed skakew Stpdia ab$@lﬁ@Bj @oradspr | @d gmggs\@tﬂmntauel to {H%ALud of The

nen nefi zation v e is,i rlnt t hi F bit t

Cr dhreny OBt HbbneRie Eit: SiprEiH N EautFer erihig B IErhegit o
bits, neadbyeddw stray fields from t headj acent magnetic bits, as long as
t he parti ar bit Ls pt beIowTB [ Asecodwrltl 9 I’OCGSSIS
descri t}tggggi‘l ow \ﬁlﬁ’@?‘lc%% B & na‘llc}fl enlddogs %1 pé}tleer ar}rhclu[ mg%o?l ng
pr ocess:ecbﬁﬂmg] shich Tibehnnj‘rosiemsmagnzatd hikht st@oﬁea:tyedaadbodnesh tgibeocki ng
tenper at ur lenme&pat urne ' t n S ection
is set. FBS?%T 1:Z"‘pesThlvl‘El ne icfi tfhcfrg%“agﬂ%g%i%%logégﬁg %ﬁlu g |%l’éappl i ed.
[ 0004] nm@ltiThentd Hegbrt dew&molaed b tEBof nladies gppLieds ma@gibekc fi el d.
[ 0075] e gnetic field of a particular nagnitude
al | ows ?’81 gggiér[}g-ggrr%?%\é O%S?Fugge that has a doubl e magnetic hysteresis
| oop wili0@78] chosé?mlvaliuéevofe&ahlélﬁérmhb@pp#ﬂgﬁmqrﬁa?ﬂfénde%heénanent
magnet igati.0p p% arpgdﬂg\tn%gmégtg hlay AE-Fadit, and is not affected by
t he magnetlc e use for witing adjacent nagnetic bits, as well as the
stray fields fromthe adjacent magnetic bits, as long as the particular bit
is kept below [0076] The recorded signal can be set to correspond to any
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chosen remanent magnetization of the bit in the range between -Ms and M
that is very stable in a wde field range. Local heating can be perforned
by any mawbades/a7m7 using a | aser, near-field optics, cegtnstésg2aeanni ng
probe mcrocopy (SPM tip or resistive (Chmc) heating of the bit itself or
the elenment in contact with the area of the bit, using, e.g. design wth a
conbi nation of the bit/word |ines Imning a bit in CMOS-type nenory. A
F mat eminalsi ek iedhayewdat i8006stpidear uaef ullfraapp) i adivansg: Exanpl es

of suitable A F materials include, but are not Iimted to, NNO IrM, and
Fewvn. The readout procedure of this nmulti-state "bits" can be done by
various nethqds, déntddidiongr BgRet-omaphétid saoraggneitediasi shise nmet hods.
One of the possible scenarios i.s to neasure the tg tlcal Kerr ef f ect
(VOKE) SSTERATST it FEORPOpOrl GRUFT 181G RE 021 T Phe v

magaet ilagkeir otha tMirehma ghé ©isangs cbop ldie toeecacidastistrate. s{a:/ B]atSueh

mul ti-state bé%is m% eratuerd a% a baS|lsowf8(l),rt}qanewbqen§rat| on or EU|'[I -state
| ogi c &"efBRt 3 Hitd Ices. tl I's"case, "as an LITEFRATT VEES "PRe T aser
heat i ngp,f tesi munferheaagmgtnarlaberusécbnennt blee Wlddkiggptegethwterdessr i bed
above. r t b r gnet.Q-.0 g esi stive. An
cxanpi dHSF ERET i ER0p Bl R RN OBl e TR AR G0
magnet or esi stive sensor on top of the magnetic "bit." The value of the
egbstance of BNBL.ASNSY (ANOMLh Ul GHELYLE RLeRRORC (DG REoper tipnal ) Lo
thé val ue of ‘the Tocal magnetfic field, simlarl e fec ni que used in
t he GVRangaduhehds hapeorsie Agpghi éamwe@f-cw‘éﬁ:%nd other materials

i ncl ude magnetic recording such as high density and high stability hard
di sk drives, magnetic tapes, Magnetic RAM ot her magnetic recording

devi ces, and -mhl BpvEeatas IlagFJsaJd@avllrc%eﬁ?\’eP éihent R SORFINCEGCcL YT @iNCs .

QG her ao@fél 'aﬁ@if@ﬂ%n@@%e@iéolag%ﬁs'a%esel[eQQza] O s tf @Wngdmlces and
applications are describ her variati ons and enhancenents may be

madé. CLOASKBT Skt JoPPcPai Heel matefhal 1@Yddseri petfindirtfuse raaf‘@anetlc

i ncl udin@ialgredrddeving® §0§HFdyS nAgné: MGGt HCistHaageviBseri al which
conprises a ?erromagnetl c layer and an adjacent antiferromagnetic |ayer

that are magnetically coupled to each other to store data at
4. A device as in claim 1, further comprising:

a magnetic head to read and write the material; and
20 a temperature control mechanism to locally control a
temperature of a selected magnetic domain and the material when data

is written into the selected magnetic domain.

5. A device as in claim 4, wherein the temperature control
25 mechanism comprises a laser and focuses a laser beam from the laser

to a selected magnetic domain during writing.

6. A device as in claim 5, wherein the temperature control

mechanism comprises near-field optics to focus the laser beam.

30
7. A device as in claim 4, wherein the temperature control
mechanism comprises a conducting scanning probe microcopy (SPM) tip
which heats up a selected magnetic domain.
35 8. A device as in claim 4, wherein the temperature control

mechanism comprises a resistive (ohmic) heating mechanism as part of

each magnetic domain.
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an operating tenperature which is |ower than a bl ocking tenperature of the
antiferromagnetic |ayer, wherein the blocking tenperature is |lower than a
Curi e temponradaunessof the ferromagnetic material. 2 . A devitseord®2smmoclaiml
, Wherein the magnetic material is configured to have nore than two
magnetic states. 3 . A device as in claiml , wherein the ferromagnetic

| ayer and the antiferromagnetic | ayer are selected to offset a nagnetic
hyst er esi rs1 loQop &Evﬁd&aﬁalﬁrél&#mﬁ\fﬁymﬁéﬁﬂrﬁtﬁ&ﬁelfqiéila(iutr@ eoragnetic fi Ie| d
greater than a str magneti ¢ fie n.the vice.as in claim
0 CPEHBAT LR LIS b AHGABETS (RS o7 R ahd URt e TGN ol al - and
a tenpepatace Wwomt the secIArdSIadediecabhyicontrol a tenperature of a
selgcted magneti c donmain and the naterial when data is witten into the
selected magnetic domain. 5 . A device as in claim4 , wherein the

t enper at ur e 100nArddvireechanismlcdnpi | stsrthdrasenp aiglifgoeusespardtaser beam
fronlt%e aser ¢ a%lgglgcted i) net|COQOna£n d%@tﬂ wwktlrg% ectedA devi ce
as in clParhis " BT HE Fengera iture Cont ol ant smconpri ses

near - f mebde bj¢ idzamatio ém@Lﬁha:mgtbas&w Mmeandaﬂa.lsAwdevteE iagao mhelaim 4

wher ei e gga rol mechani sm conprises a conducting scanning
pr obe %\gg§8%§qE%@%kF£ 7 trllch heats up a selected magnetic domain. 8 . A
deVPce as in claim4 , mhereln the tenperature control mechani smconprises
a resistive gohgigdy iALtngn BCARNLSIM A%eaRAN! (AL EaGR.IRARELIGdoRin. O - A
device as in claim4 , wherein the tenperature control nechani smincludes a
resi st Meehgnhift CPTREAEENE dleeRENRNIIARSES # nlaterit REEMWHETR tthe s@$%%t ed
magnet it¢, JOSR &kt etOnadnded COm@sn | duGindl Wricind Urther conprising a
temperature control mechanismto |ocally control a tenperature of a

sel ected magnetic domain and the material when data is witten into the

sehgcted magnet pCqdlprmi Bslin A LWVHNES RfeddlinChlMdihertharei fordtiel
t enperature contr ol nechanlsn1conpr|ses a laser and focuses a | aser beam

{1 om t REChARBIM (GOTRTABF B 1SAG - ABHRLTRE IS AP NSRS RGewi T ean-

13. A device as in claim 10, wherein the temperature control
mechanism comprises a conducting scanning probe microcopy (SPM) tip

20 which heats up a selected magnetic domain.

14. A device as in claim 10, wherein the temperature control
mechanism comprises a resistive (ohmic) heating mechanism as part of

each magnetic domain.

25
15. A device as in claim 10, wherein the temperature control
mechanism includes a resistive (ohmic) heating element which is in
contact with the selected magnetic domain.
30 16. A method, comprising:

providing a magnetic storage material which comprises a
ferromagnetic layer and an adjacent antiferromagnetic layer that are
magnetically coupled to each other to store data at an operating
temperature which is lower than a blocking temperature of the

35 antiferromagnetic layer, wherein the blocking temperature is lower

than a Curie temperature of the ferromagnetic material;
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12. A device as in claim1l, wherein the tenperature control mechani sm
conprises near-field optics to focus the | aser beam 13. A device as in

cl ai m 10,woheseiimsrhe t enperature control mechani sm compcirassod/ogarguct i ng
scanni ng probe mcrocopy (SPM tip which heats up a sel ected magnetic
domain. 14. A device as in claim1Q, wherein the tenperature control

mechani sm c RFPEPERENG 1ogel §£7Y GEFHRAP C§O Hedtsien § S hRY renPhsdpart of each

nagnet ise 1de88d Magh2tiA BHEYIGE tAs hat&diallmabbve WY 8ilBckhey t enperature
control_nmechani smincludes a resistive (ohmc) heating element which is in
cont act*SHPER*tHef 'sel ect ed magnetic domain. 16. A nethod, conpri sing:

provi di ng a aragnet tansirarage awiwer itak M\Ibd]hn@Olﬁ’Eﬂh}béﬁS:l&ef eappgigreti ¢ | ayer

d dj t tif t hat | I led t
ach Of AP CE b8t e PARF RS Bt A "Bpa LYA17G PRHPeYR Gre GRF ch 1N Gler than a
bl ocki mgghetpestaion @ooh $é\]eaca:|eti| frelm@nﬁgaepre—dla;e&mn\abesai roft he bl ocki ng

terrperateure |§ I og\nﬁ/%rtllzag A SJI’I enl ecr ature, o{ thg f%alrroan%e"tﬂrg
materlal per or'’m ocarize healng 0 rarse Fature of “a"sefect ed

magnet iac bkt i n the mat eri al above the bl ocking tenperature; at the

temper at ur e ARoYE.4 N DlSKLNG, LAIMEEALUES ABR! Vh0GA JBANCLIZALQN

process to the sée Sét a renanen net’| zat
selléct édtvabue of a pre- determ ned set of renmanent rragneti zations for the

mul ti-state St @rage, edi;ugyt oy él%gatgéttenrp%qewg 4y gxg@w&emgnet' c

field at the sel ecte maneflc at the zero f1el reduci ng the
t enper atagnetoés kite b§épéct1ef%i q;@g:hepg cteFmperp&PvRy ‘t%étﬁlréckﬁlﬁgfeﬁf@ﬁﬁét ature to

store the terpnend, TRI0SL | £atdRBqi Pithe selected bit. 17. A method as in
claim 16,” further conprising maintaining the tenperature of the selected

magnetic bit bel ow the blocking tenperature when sensing the selected bit
fopsreadout .1718a Aet®INQE, 1808PLinSi1RY: further comprising maintaining

the temperature of the selected magnetic bit below the blocking

temperature when sensing the selected bit for readout.

18. A method, comprising:

20 providing a magnetic storage material which comprises a
ferromagnetic layer and an adjacent antiferromagnetic layer that are
magnetically coupled to each other to store data at an operating
temperature which is lower than a blocking temperature of the
antiferromagnetic layer, wherein the blocking temperature is lower

25 than a Curie temperature of the ferromagnetic material;

performing localized heating to raise temperature of a
selected magnetic bit in the material above the blocking
temperature;

at the temperature above the blocking temperature, applying a

30 magnetization process to the selected magnetic bit to set a remanent
magnetization to a selected value of a pre-determined set of
remanent magnetizations for the multi-state storage medium to write
a bit;

while maintaining a magnetic field of the magnetization

35 process, reducing the temperature of the selected magnetic bit below

the blocking temperature to store the remanent magnetization in the

selected bit.
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provi ding a magnetic storage material which conprises a ferromagnetic |ayer
and an adj acent antiferromagnetic |ayer that are nagnetically coupled to
each ot hewot2oo6aticdee data at an operating tenperature whipch/ussoosowspo t han a
bl ocki ng tenperature of the antiferromagnetic |ayer, wherein the bl ocking
tenperature is lower than a Curie tenperature of the ferromagnetic
material; péffofnedaddl i2 et H&atPngt to-1ei semPehdi%arar_t i @9%el ect ed
magnet it@ebt Empdrdthe Bt efricilscabevéed @yl 06 kb g He@BREE RS Wisckahgt he

t enmper at ure above the bl ocki ng t enper at ur e, aR{)I yi ng a_magneti zation

pr ocesSeMBeE M e WEEP et HEG T tPE BT 1ET 6B ot Yo M@ABRE magnet i zation to a
sel ected value of a pre-determ ned set of remanent magnetizations for the
mul IEi -state %tora e nediumto. wite a bit; while maintaining a nmagnetic
fiePd of thémafrEHXali GR™BTHEEYS, reducing the tenperature of the

sel ect ed magrevigidhy ta hahowt i hesthiragki magrdrerpewat ot ecdnprsseseat he remanent
magnet isf%ati on i nc.t h? sel ea(l:r'{ dnbia;ti. 1§e.ntAarr§t Eg]groasa inrétclcai'‘_imelrs,th];11 rtlher
conpri AGRRI M A AGTT nE'T SMpdraiUre 6f "the selected magnetic bit bel ow
t he bl ceknagiteripercatpted werasbnstingy tthepseVtdd ed mbghetbr hysadoesis 20. A
met hod,, conpri si.ng:__providi.n etjc.stor mat eri al which conprises a
ferr on&&r?@ﬂg% ?éoylerargnﬁa%rhetégi gggﬁ%‘%ﬂﬁeﬁ#g}rﬂf o%g(gneti c layer that are
magnet i cal | yooduphethg cheadhr vinpametocpiawadend biagretiacehyst eresi s | oop as
a binar neti.c r.a i_u Lgur i t ic. layer
and t hea)ﬁé:gj? gﬁ%‘%\‘%agéﬁ%?? e?%%én%gr?etg}s Ea{%y%%%%gs%% n‘?ﬁeﬁg %fgg&o@g ? E%é%rla%neti C
hyst er ésiop bwoay vy Hf Fobn 9 Stabibize #sichi pénarcsHsitRarga it @ aguadnst a

stray npgnetic #Hald
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