wO 2006/017@@72])3&;%7%;005/025129 EXCHANGE-BIAS BASED MULTI-STATE MAGNETIC
MEMORY AND LOGIC DEVICES AND MAGNETICALLY STABILIZED MAGKEFESTHRZEGE [0001]
This application claims the benefit of U.S. Provisional 5 Patent Application No. 60/587,789 entitled
"MAGNETIC SFQRAGE ) N NETIC PROXIMITY EFFECT" and filed July 13,
2004, the disl%liosure o%%%%i%%ﬁa%d %}%%feﬁ%% A5 DA ST e WP LR oORERRES
application. STATEMENT REGARBINE EESERRE FUNBIN GXA0002Z THsisdavention was made in
part with U.S. Government support under FA9550-04-1-0160 and DE-FG03-87ER-45332. The
Governmenthas certain fights in, ;tﬂ% invention. BACKGROUND [0003] This application relates to
magnetic materials and_ 15 magnetic storage media, [66‘54?!9% tic’hateriald iy H5e eied for data
storags. Mardtic Eawis! (e di¥Rs, AAdTHard’ dAvenale exdmplasiolr storsmedevices made from
various maghetic materidsEi mastogommersiakmagneticresordingmediag eashy @go%eed bit has two
logic 20 st "0 "1" th represented by twaq different magnetic states of the recording
media. Twié%%%%%ﬁg%i r,](gcgtiogrfls@(%?ﬁt_h(i‘eB %%%%%%%ﬁ%%gogoay m%eg%eeliﬁ: G8nTainARE nfdgriete material, for
example, &y bedSEd T thethifady ﬁ%&?ﬁ%&f&h-a material, the density of stored information
coincides with the density of thes23 TREgNEtiBRAINSOFNS: careing e information. Therefore, the

size afgthe maggtic domajns in such binary magnetic recording media, dictates the storage density.
[0005] One%filjtggroach to increaéin the magnetic storaé(re1 o%arﬁtwas:% ?‘o ?ééﬂcg?ﬁgl?ﬁﬁ‘ﬁﬁ&ic domain
it'si

size or the FEEMEHIPE0 TECHMIGUES hal 58 (el BEadisiede BEBR eAGiple, High-density recording
materials wittvsaratiedomads sizestdevelopeby Fujitsie angdv ethersgompanies have demonstrated
storage densities at about 100 Gbit/sq. inch. Aldegrease,ip the magnetic bit size, however, may lead
toa decreafgoig tge thern}lal and r(rstagneti,c stability of the"35 magnetically stored information. Instability
in magnetic media may be casdit by VarSus FAbRS ifCIuBRfY ShliAcRease i kempesature and by
presence ofaazs/fields frormahenedbiding head when

[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/sqg. 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

T



-1 WO 2006/017367 PCT/US2005/025129 operating on the adjacent bits, and from the interaction
with the adjaceift Bits/SUKIMARY [0006] This application discloses techniquesyaiesialssand 5
devices to achieve high-density magnetic storage based on the magnetic exchange bias caused by

magnetic cogpling betwegn & Jey@magnetic javer and ap agiacent antiferromagnetic laver, This
magnetic cggggrl%ma%gg used to stabilize a binary magnetic memory device and to CoRstruct

multi-state magne f?:tmemosry devices. 10 [0007] In one implementation, a method is described to

stabilize a binary magnetic memory media. This fiéfHéé@ provides a magnetic storage material which

comprises g feremagnetie-layer gnc an- agiacent anfiferromagnetic layer that are magnetically
coupleg to gg\g{lc%the{(gogcr viggea magpgtic‘h)%steresis loop as a binary 15 magnetic storage medium.
The ferromagnétic layer and the adiacant antiterroRfgHaticlayer &t Tdtitfifed o St the center of
the magnefié Fiysteresidoprafayifront k2 Gitd stawilire achdinaiy rstate against & stray magnetic
field. [0008]rk-avather implementatianqaHevies isdescrbed 10,20 include a magnetic stgrage
material Wh&lcalhggg@.pcrisggua %gommaa%’n%tic ulgggr an an gd'{acent antiferromagnetic layer that are
magnetically cQupféd {0 each other to Store data at an ‘operafifig tefpEraturt™ Wsch SsT6WeF than a
blocking terfipgt&itiré ot thé aftieironsaghets layepr Chhabiocking tempenaturevisdewer than a Curie
temperaturg @soofithe fermmagsetisgnatenala tn ene configwation-ofihis. deyice, the;magnetic,

material is configured tg have more than two magne ic .states. in another configuration of this device,
the ferromagnetic Ia%eragﬁft e anﬁ err mnéegn%eati'c Ia%/(;éfL Sarg\%sgllé)é?e}a %V(%ﬁéeestg ﬁ%ﬁﬂ%?i%chysteresis
loop of the MEtEAGCaREY Frorm a YRIGHietd6 4130 tnagiete erdprsdter than m strdy anagnetic field in

the device. {8088 T he=ahiovie deviceymay alsainolude adesmperatyre eopirol yneghanismdg locally
control a tempgrature of a gelecied &gagqgggngggkaig@sr%cietrhe% material when data is written into the

selected magnetic domain. The temperaturé control mechanism may%ea§5 con%i%ﬁ?é’d in various

con‘ﬁé&n{ﬁ%ﬁg?ﬁB?%Xéﬁﬂﬁé?ﬁlﬁgﬁﬁﬁﬁhﬂkgae ferromagnetic layer and the adjacent

antiferromagnetic layer are configured to set the center of the
magnetic hysteresis loop away from H = 0 to stabilize each binary
state against a stray magnetic field.
[0008] 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.
(0008} 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

(0%
o

configured in various configurations. For example, it may include a
lasexr 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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laser and focuses a laser beam from the laser to a selected magnetic domain during writing, a
conducting scanfiiig{¥fdbé3iicrocopy (SPM) tip which heats up a selected magnetic.don @j%@
resistive (ohmic) 2 WO 2006/017367 PCT/US2005/025129 heating mechanism as cart onf7 each
magnetic domein.iel;anesisiave Johumic) heating, element which is in contact with the selected
magna-tic damn in .C[%az)hloe This appli a%%ﬁ%@%&%i&asggen%%odd) ot Maghetic TeEdrfing A
magnetic storagé matetial is Providelid intitide' a fertomaghietictiayer, land ansadjacent
antiferromagfiétie taver thatare - magnetically coupled to each other to store data at an operating

temperature wiiclo is lowetrthan ablocking tempetature of the antiferromagnetic layer. The blocking
temperature Lselé)gyf%{.than a 10 Curie temperature of the éf’r’bgrﬁa}gr?eﬁ%e}:ﬁhct rié?xLﬁE@H"z@erLﬁeating is

performed to raise temperafuré of & Sefectéd TREGNBARE bt ithes mratevistetove the-blacking
temperature.%ﬁﬁé“t‘é?ﬁﬁé#@tu%ém\@dherbladlgimgdﬁm@&l’@iw@;x&;mg(@gig@tmggo%%stisa%peplied
to the selectedbmagneticibit setgiremanentmagnstization 1o a Eeele{g%g 15 value of a pre-determined
set of remanept, %gélr%%tifzeat‘i%f&oritgel muly-state storage medium to write aBit. °Arééxterdal
magnetic field at the selecte rﬁagn“’etic%f? fs (HEH rémbBved e ateneezeroufield)therttemperature of
the selected Magnétic Divigredbeetyelow thedlockingtempesataresto.storetheggmanent
magnetizationuinither &thselected bits [09L1]-Lhis icatio her.describes another method for
magnetic recording. A magnetic lst%rsagetmaterial%p%}é%%e% %ﬁﬁgﬁfgé a %Pr%?rjl“éé REtE Tayerand an
adjacent antiferromagnetic layer that areerrﬁ%%’f'naeﬁ’ééﬁy%&ﬁ)lé&%@%’é%ﬁ Sther4o stoke data at25 an
operating tefipefattire \ihiehss 18 er thak ablooking termpesaturacokthe astiferramagnetic Javer. The
blocking lemperatuteds nyet a3 Guts emasiale afheferomagnetc malerial Localzed
heating is petformed to I@@getgpcogria%urs% gf a selected magnetic hi- in the matera aeb%v%oth%nﬁlocking
temperature. At the temperature 30 above the BIGCRINY teNERRGIE 3 hragristization proesss is
applied o th&<8fectéd AgRetle Hittiseta semanememagnetizationdoia selected yalug, of a
pre-determined. set-ofrermanent MagnetZalioNS write a bit. The external magnetic

field at the selected magnetic bit is then removed and, at the zero

field, the temperature of the selected magnetic bit is reduced below
the blocking temperature to store the remanent magnetization in the
20  selected bit. ‘

[00111] 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 Lo 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 ki t : & ! i
blocking temperature, a magnetization process is applied

Lo the selected magnetic bit to set s remanent magnetization ro a

selected value of a pre-determined set of remanent magnetizations

for the multi-state storage medium to write a bit. While

maintaini ] ‘ ! i '
109 a magnetic field of the magnetization process, the

L
o

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

selected bit.



for the multi-state storage medium to write a biz. While maintaining a magnetic field of the
magnetization PFOEYEE &7 35 temperature of the selected magnetic hit is redutetdshedomzthey blocking
temperature to store the remanent magnetization in they elected big. -3 WO 2006/017367

PCT/US2003/025129 [00%2}dhese anthotherimplementations, thejr applicatiop and, variations are
described in greater detail in the attached drawin sﬂetheddgtailled,description, and the claims. 5 BRIEF
DESCRIPTION OF DRAWINGS” [0013] FIG. T shows an exampie’of 4 feflbhiggtic-awings,
antiferroma%%tiﬁ%jdléa MediRimPoC47 ©IG. 298 ar ekample of a magnetic storage device using
ferromagnetic-antiferromagnetic coupled media. 10 [0015] FIGS. 3 and 4 snow various measurements

of ferramagnetic- antiferr_omggnetic EQE‘E&E%& iflp{,(% 6].EIGS. %@ aréd 5B. Magnetic hysteresis
loops along the easy axis with ma mmm mm x 5 mm FeF2(70
nm)/Ni(70 ntRPAf4 vim) Saifiplet af BiftETeft pafeist herEsasafmpleca indicated on the figure, with a
-500 we lasersphHt-Thea greasurementlisddare betow the transition temperature of FeF2 after the

sample is coglpchin a zerpiyagpetic figld from the demagnetized. state with MR O, The background
color in a) represents the local direction of the exchange bias: rgejélc- Regative, bite € positivi¥ 20 [0017]

FIG. 6 illustrate s A YOM AN SRUSLE FIoPAPREHE &AHBIHIERSERUpon cooling in a zero magnetic
field ih® pré§&t Fémanertifiagnetization ofithe fexromagnet {6018KEHGS. 7A and- 2R lwsirate the

shift and changesathendyysteresis. efaferromagnetic-antiferromagnetic coupled medium 25 in

comparison \Mitlféﬁ ferron}aﬂﬁeticsme ium5é0019] FIG. 0 shows easy axis magnetic hysteresis curves
above and [oe‘ oW T(r) for a MgF/FeEZIN SBamBie\RHith WaS cobfsd in 208 fiekliavikbre tee viniaxial
anisotropy iR edisy: the amtiterronfdgitet FrtothefeaomeEgret isrshovenmd0:{0026} FIGS. 9A and 9B

ilustrate magneticdots paiterned: g the farpraagnatic Jayer (e 4. EE) q,2.c0tNuUQuSs AF layer

(e.q., N
15 sample as indicated on the figure, with a ~500 pm laser spot. The

measurement is done below the transition temperature of FeF, after
the sample is cooled in a zero magnetic field from the demagnetized
state with Mg0. 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 magnetic hysteresis curves above
and below Ty for a MgF,/FeF,/Ni sample which was cooled in 2 kCe
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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FeF2) in comparison with ferromagnetic only material (Fe only). [00217 FIGS. 10A and 10B further
show measuréd&egbiligerion data for Fe only dot medium and Fe/FeF2 dot meqitighg35eH2022] FIG.
11. Easy axis magnetic hysteresis curves for a MaF2/FeF2/Ni/Al sample cooled in the specified
magnetic fielsh e remanent magnetization depends on the ¢ aling field, and is fixed at that value
after the sample is cooled below T, of eF2. -4 WO 20%)%/0f7§§§§éflﬁgﬁﬁ%%lﬁﬁéiﬁ§eﬁ)OZS] FIG.
12, Easy axis magnéticHysteresid cUrnvE8 maalaFedT BEIGNA TS p#tPE & 16 %) fof i MY FR2IFEFR/Ni
sample, zetd field’egeleds fromaariousiremanemd = i magnetizationstateshhe femanent
magnetizationyset by-padial demagpetization abve T, of FeF2, is 5 preseryed after the sample is
cooledﬁbeIovjxé‘;I'Sl\é.r‘[frga%l bl ke curve shows the hyster-é-rslis curve above the ﬁ(‘i}%: gﬁ%%) (60’24] FIGS.
3 and 14 illUSFate tWo différent writiJ MEthbds I8 Griting ¢4taTlin nililfstate dtorage mediavd 0
DETAILEDDESCRIFTISN 00257 T hiomeg rigtic mateTials, astorage techniques and storage devices
described indbissapplicatians ysetwae magneticallys;coupled. magnetic layers, i.e,. a ferromagnetic (F or
FM) layer apC)drarvlq r?%jagené @éifegom%%netéc AF or AFM) layer, to provide %fégﬁirzlgdn}l%f?%sry
magnetic storage media and multi-state r%ség?]e?icsstt%f:é‘é’g Miedita - Stabilized binary magnetic storage
media described here are tolerant to magnetic interference caused by various factors, including stray
magnietic fields from the read/write head, @gjaeeab magnetie Piis,and other sources and hence can be
used to achigye highl)fkggnse magnetic bits on the media. MUlii-state magnetic storage media
described were,[;%gvide mul'gig‘inéi1 ?gﬁ?glh%n ar%ﬁéﬁ%ﬁ%étiosﬁc VAIRBs 16 TRPrEYERt ATTtSIEPSAESs in each
magnetic bt 8 ifEre s thé iforitatidh BoRRstistarddn eaehthit (0826} E1Ga ll shewsmoneiexample

of a magnetisgnedium haxrg, 25 coupled feresnagnetic layer and anjifariomagnetic layers. As

illustrated, ap-Alz layer.such-as FeE2 and a F layer s s Fe, Co, Nior other F metals or metal
alloys are forr%%g on aasubstratg)ﬁ/l%%—n;a% l1%0 (J??lytﬁllé Léi%drapie%%ﬁé’AI‘:’?a;%roi‘él(‘}il‘?eétﬁ?aébbﬁgd on the

110).
substrate. mi&ﬁ@’iMﬁ%’rﬁ%h‘faﬁcFﬁ§,aSﬁeIﬁ#ér@%@eﬂ%ﬁé@ﬁm‘;ﬁb@agnetiC storage

media. Stabilized binary magnetic storage media described here are
tolerant to magnetic interference caused by various factors,
including stray magnetic fields from the read/write 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 laver 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

-5 ~



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 singlCR)L A Féterial (single crystalline)or a polycrystalline materied:TT¢%2esinsiZe of the
polycrystalline 35 material should be grater than the size of each magnetic domain that defines a bit.
An optional capping tayerrsuch asanraluminuntlayer may-be faunedtop of the E-AF layer to protect
the magnetic, medium and the.chojge of the.capping layer material may depend on the 5 WO
2006/017367 PCT/US2005/025129" choice of the F material. Such as’a cap‘ab%ﬁglléyer does not
participate dif8&l§ ‘in thé Prodess G retdrding °DaTA is TRRBhEHcARFTitien fmtothetFsAF coupled
media in formeofta cparticulamreranem maghnstization:at a tempesaturer-abayethe-hlocking
temperature of AS Jayer.-khe tamperatire:is then redused below the blocking E%@Ref%tgf%§§ that the
written magrheg'coatattgé %iﬂ%rﬁ binaré/ state or a state of multiple states, is |mprintedr in_ the bit without
being affected by any magnetic field preseAtalib A8 tHE hofmMal Spéidtion Bt The MagAEaE memory
including thefiélasr10 frormahe reaaiwrite head ard adjareht nitse Subsequentsreadotit reperations are
then performegtabthe reduced temperalure: belowsthe. blockiag temperature of the AF layer, The
blocking temperatyre is t eratyre below which.the bilayer F-AF system exhibits exchange bias.
Exchange bigg étokhgs%ﬂatgllly% é(%érrg‘:/t‘r:(z:ldogsoaghk(%)(?rxi"zonﬁat%fi1 ”1% shitt of the MAGHStZStion Burve Kisteresis
loop) ahd usdafy &BEoripatiBd byEeARAfcaTent it EBBFCIVE figld of the systern. Tareidlocking
temperature eqeral orsrmal toltke transitiondemperatere «ofitheASNeeltemperaturgs. (He F-AF
coupled media in-this, applisation.can be designed sothat the, Curig temperature of. the F 20 layer is
higher than the blocking temperature of tkhle AF laver and the AF material for ?ﬁg Ax_lfai:ayer selected so
its blocking temperature 1s higher thah e Tpperlifit 80 & of Righet?s t6FtHEBpeidting temperatures
for such devieeShARISUER 2the tEFPETRMETe6f the meditan I usualy belowsthe blockire temperature
25 andcan berraised mhove thehiacking tempatatire bysheating the Jmediymsforwrting data into the

'“ed“”“-Heﬂﬁ%mﬂ@%%%%ﬁ:%?Vgﬁﬁancement in coercive field of the system. The

blocking temperature is equal or small to the transition temperature
of the AF, Neel temperature. The F-AF coupled media in this
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 1s higher than the upper limit {e.g., 80 °C or higher)

of the operating temperatures for such devices. B2as such, the

temperature of the medium is usually below the blocking temperature

o
w

and can be raised above the blocking temperature by heating the
medium for writing data into the medium. Hence, magnetic devices
using the F-AF bits include, among others, a magnetic read/write
head and a temperature control mechanism.
[0027] FIG. Z 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, 1f the device 200 is a disk drive,
the medium holding mechanism may include a cartridge for holding the
35 disk and & motorized spindle to rotate the disk. & read/write head
210 and & head actuator engaged to the head 210 may be used to
control and place the head 210 over the medium 201. & Temperature
control 220 is provided to control the temperature of the F-AF



using the F-AF bits include, among others, a magnetic read/write head and a temperature control
mechanism. [0 29¢@GL 7263hows an example of a magnetic memory device 2Q0r86:f08/b>Akocoupled
media under either the stabilized binary configuration or the multi-state configuration. A medium

holding meeharismisiprovided tehald a staragednedium,201,with coupled E _and AF lavers. As an
example, if. the device 200 is %d(ijsk driviéI the medium holding mechanism may “includé’ gartridge for

holding the 35 disk afid & motorized Spindf o fotaté tié tisk. /A FeaMRFTASAT 2 20 % Altfead
actuator ergsteet ftythechiead 210 ay Becused té neonitrolland place the heat 240 averthe;medium

201. A tempeirature icontiel 22Qprevided o, control the tenperature of the F-AFR 26 WO 2006/017367
PCT/U§209§%Oa2C§?Jf12C9 brggdiu 201.t'[;re16};t%n erature control. 220 m?/ e designed to supply heat to

a selected bit locally to raise its temperature above the BloekIngTemperitire: rrie fiestityis localized

to the seleét@@bifasHl \withearaighificahtly raisind thentobaine mperaturendfi5 adjadent biks above the
blocking temperaturei tndesthismdesign, each magnetic domain or bit of the medium can he
individually@%%tgg for nggggl%ec\g/ld%tgéiggZS The local h(iatin may be implemented in various

configurations. For example, the temperature cor rokﬁzldﬂﬁ'laeymicfset & 101a53F 16 Hirect a focused laser

beam to a SEREIEH Bt GrPfhe metiuft 20 for thBdoéarReating Fhefocusihg?sitheslasesbeam may
be achievedhbyusing acasdield optiesssdch assa splidimaersiar lens.. & another examplg, glectrical
resistive (obgnic)-peating may. be Hé%‘éia%g ?O“Efﬁle”‘f%QSS‘H“g and the temperagure of each individual bit

15 position in the F-AF media., The resistive heating mayB Implemente 55%%‘%%??% BEAF media
to heat eachit fEEM bYY rdfiiig A%fating LNt 5 2athcbit poshicrs Miterhativel e Separate
resistive heatingnetensentemayie usetkto-be da cortadtswithe the aiea of the bitk €. &=at the injgrsection
of the bit/werd lings 20:like, in the writing, g ayitin. -type memory. In yet another_example, a
cond %ting scanning probe microcc%}:)g1 (SPM) ti cagﬁn%g%g%e%gto?rj%lreec%%xcﬁpréﬁ}[’ﬁ? ‘éarslel}ééfed bit for
local haating® NdtBY, the fifermar c8iifor220 Thay Besintégrate82atpag diakieiread/write

implemented as part of the F-AF media to heat each bit itself by
running a heating current at each bit position. Alternatively, a
separate resistive heating element may be used to be in contact with
the area of the bit, e.g. at the intersectioﬁ 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 baséd on exchange bias. Next,

domain stabilization for binary F-AF media and multi-state F-AF

media are described.

(o8
w

Properties of Ferromagnetic-Antiferromagnetic Coupled Media
[00313 Exchange bias due to magnetic coupling of F and AF layers
causes a change in the magnetic anisotropy in both F and AF lavers.

One theoretical model for explaining the exchange bias is the

-7 -



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 constru&‘ﬂﬂ%ﬁ%ﬂl\’/’\ﬁ?ﬁout any moving parts. Such MRAM includes a termiparsiurgocansrol to
individually control the temperature at each bit position of the MRAM. 30 [0030] The following sections
first describelmaterials designss anc: properties obE-AE eaupled tredia based on exchange bias. Next,
domain stabilizatjen for binary;E-AE ' multi-state F-AF _media are described. 35 Properties of
Ferromagneﬁg—éntggrrgmagr)etig C{:ﬁﬁg%(? I%I%%ia' [00%%?@5%559% ?gg%use {8 gt dupling of F
and AF layers causes a change'in the’ maghiétic Shisctripy’ih Bette Fland 2 fayersd Qne theoretical
model. for exlaitiing the excharge bias iBthe 7WO 2006003367 RETAIS20054025129,, Jateral length
scale madel.&eeylgor Resbsghiretal.4in "Lateral Jength Sf%’&%s eréﬁgaggectﬁséa%r%p Q%Sics
Letters pub sg}pldSogpg@?Ca}tqtgo:(wmel'\éﬁgdpglepggas%or /epl on June 17 2005, andlls‘ scﬁedu ed to
appear in Vol. 71 (July 2005), tﬁe entire disclosure of 5 Wwhich isSRtotpofated b reterentalas part of
the specificatiof Of*this Epplicatioit Oftfer'@dlanatishsarePessibledExperimental findings:explaining
the local regime ofexchange bias areissed:herendo simply aid: the snderstanding of the exchange bias
behind the stahilization.teghniques multi-state, memory technigues and 10 should not be
constru,eod to limit, ygriogts i&plg&eggg%%:nsﬁggcﬁg%d insth%éép% |I&§ﬁ8nT[56§’2ﬂ‘:\ﬂﬁrger?ﬁdferromagnet IS
in proximity to an anti?erromagnets,’ “Tateral lengtiiscalés sath astheFespective matpetic domain sizes
can drastically’ affécf sReexchdnge bias, B layers of and 15 either Ni, Co or Fe are studied using
SQUID and spatiadly resebed: MOKE-When the antifepramagnetic domains are Larger than or

comparable to the fe rqmggtngticcggrgsaigs,c a Iggalﬁ fon-averaging exchange |a_1§ is Q%%%?\%éd. This
gives rise to unusua ana tinable “magnetic hysterasis cives - 205 b8 When s dissififr
materials areSRCSHATE iR ProdifiifF efféét is*sTemebsbived, Whery one matetal madifies the

propenkﬁ; elther Ni, Co or Fe are studied using SQUID and spatially resolved

MOKE. When the antiferromagnetic domains are larger than or

comparable to the ferromagnetic domains, a local, non-averaging

exchange bias 1s observed. This gives rise to unusual and tunable

magnetic hysteresis curves.

20 [0033] When two dissimilar materials are in contact, the proximity

effect 1s often observed, where one material modifies The properties
of the other. Because of the finite extent of electron wave
funcrions, 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 lenath 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

[®%)
oy

(F) and an antiferromagnet (AF) in intimate contact with each other
£ [ [ el i A

[1]. Usually, EB is described as an additional unidirectional

anisotropy induced by the AF into the F wvia exchange coupling at the

ct

interface. This produces a single magnetic hysteresis loop shifted

- B -



of the other. Because of the finite extent of electron wave functions, the proximity effect is typically

described as the, spatiahvariation of an order parameter across the interfacepFpydmesample, the
proximity effect that occurs in superconductor-normal bilayers is characterized by the decay of the
superconducting order araq]cetergnto the»t)rorcmailj 1aterial with a length scale referred to as the
coherence Iae“lh((i:]l?ﬁ. %éré%t?ﬁézly?%o“égrlrgla?féﬁ"befv?négﬁ | c gre%teﬁgﬁg fength'8€&tes of physical
quantities chaRgititpirfife 30 Plahe Padiertsthe interfateshas ever beeh olednved taplay a role in the
proximity effectnfQQ24-The relatien befween:thedateral-characteristic length; scales, onthe,two sides
of the interface {l_éscggggr@nt]fgg exchange bias. l%argl@@gem%lgg (g@ isa E}’J;O)élmlt)é effect between

ferromagret 35 (F% and an antiferromagnet (AF) in intimate contact with each %tﬁe?efﬂf j Ughally, EE

described asn additional‘unidirectional EniBotispyiheticed By thé AP into thetE viksexciiange
coupling at #hie dnaterface: Thisoproducesaisinglesmagnetic: bysteresisdoopishified:8 WO 2006/017367
PCT/US2005/025129 -along the magngtic field axis, below the AF grdering (Neel;, temperature, 1,

The magnitude of this shift is d“e;f'ined as the _exchange bias field, H," and can be poéi:uve or negative.
Unlike AF affecting F: ié5s BBvious and Usually thore difficultts obSern/& is ts Stedt o i ESon the
properties of theva&f: Both the™lahd AR ¢an féfritraagnetierdomains; whichtead to: spatial variation of
the magnetizatjan indhefrand the staggered magnetization.in the AF, infine:, plang parallel in the
interlace.. Due to the mlét%j igﬁggncg lg%tvgegn é[QQ}F anodﬁés, the interfacial spin cﬂ:opfigufation may
deviate 10 significantly from that of the bulk AF and £ 1n this disclodtire " the AFdormaingin the
exchange-bias&d SystemaTetertd-tfe “area tHatdhdaces e samesanidirectional anisotropy. [0035]
When the AR oloraainsiare larger AFanercomparablestaythe Fnadomainsqigcalapon-averaging EE is

observed.. Sych.a sample-can 15 splifmagngtically intofya sybsystems with the He of the same

magnitude but opg]osite sign. This state is achieved either by zero- field cooling a ngﬁaﬂy
demagretizedsa

BBy Cooting the” safiplE iy Hroperk chodels cBnstantappligmagnetic field.

In magnitude but oppesite sign. This state i1s achieved either by zero-
field cooling a partially demagnetized sample or by cooling the
sample 1in a properly chosen constant applied magnetic field. In
either case, the two magnetic subsystems behave independently of

20 each other, and no averaging of EE occurs. This manifests itself
clearly as a double hysteresis loop. In addition, the local ER sign
can be manipulated by either creating domains in the F during the
demagnetization process Or by varying the field-cooling procedure .

These results reveal new physics of heterogensous 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 . The FeF; antiferromagnet (T, = 78.4 K) grows
epitaxially and untwinned in the (110) orientation on a (110) MgF,
substrate as determined by ¥-ray diffraction. BRBased on the bulk

structure, the ideal surface of (110) FeF, is assumed to have

&y}
n

compensated spins, oriented in-plane with the €asv axis along the
[001] direction. ¥-ray diffraction measurements show that the
ferromagnetic layer for all samples is polverystalline. A uniaxial

magnetlc anlsotropy present 1n all samples, with the easy axis along



either case, the two magnetic subsystems behave independently of 20 each other, and no averaging
of EP occurs, THIS?M&AFEYS itself clearly as a double hysteresis loop. In additionythedseadES sign
can be manipulated by either creating domains in the F during the demagnetization process or by
varying the fietd-Eeblingpproceduse. Fheseaesuditoeveal new Rhysics;ofheterpgeneous magnetic 25
structures agg-praximity effects with inh neaus order parameters. [0036] Typically, a 38-100 nm
thick layer of FeF _is roic\_/f%l cc)én g\g %f%f%]) cg?%%e%%eb%?ﬁa‘fé%art followed by AaT76 The thick
ferromagnetic 1ayer(C8, EE U Grown st £56 coates if shucse witta 3-4 mm] layarofAltodprevent
the magnetiesfayers frore .oxidation-flheFekhantiferromagnei(Tor $84K) grows epitaxially and

untwinned inghes(dd 0} arieptation on.a (110) MgE2._ subs s determined by X-ray diffraction.
based on the bulk_structure, the ideal surface ofg(lcioéi%eg?_&%-s\s 258imedto RAvE™S Bamptsated
spins, orienféd ¢~ plAiTe Withthe“Eadl/ AKFe aldhg tHé Te0tTareedorn herampuifraction measurements
show that the Festornaghetic fayerfor adlcsamples is pabmrystalline. A siniaxial rpagnetig anirsotropy
present it alt samplese withitheeasy axis-along-19 WO, 2006/017367 PCT/US2005/025129 the FeF_
easy axis, even gt telrgggr%ures much higlher thlan TNtis aftributéd to %Srénv?/%qfntdlu%elﬁogﬁi’éf)tropy.

The ferromagriefic transition 18mperatire 8 Sl ikfce féfomagnctend welFabbve réumtemperature.

The in‘flané SarMpRIfRigretzationivaralieb ro the: 5 appliedificld is raeasured using a feSQUID
magnetomeierandsnagpeta Optical oKegr gffect (MOKE) . The direction of the sample magnetization
during cool 95’8‘%55 d%friln% as iorssittive;eth,e signfof the hysteresis loop shift defines the EB sign. The
magnetic moment vs. applied magnetslc fiefd c%rv&‘?&réﬂ‘%ﬁﬁ?ple’é%ow%pt%idaﬂ 10 ferromagnetic
behavior abStB*PRE aigifg|eiystePedistioop, Sypsretrie withaéspeet teetheorigin. [0037] In the first
series of expetimerntsa the sagpads tdemagnetized; at g00 getgvggg%egn\éalﬂse’ ogpéa remanent
magnq@zatiggt@gggitgg %%ngn%%@z%@bg?%fg (iand M3, the 15 saturation magnetization. This

eads t© £ i i
leads to the formation of F domains ‘ © the formation of 'F domains
with the magnetizations in opposite directions along the easy axis.

The balance between the magnetization of the two types of domains
determines the reSultant magnetization of the sample. After the
sample is cooled in zero'magnetié field (ZFC) below Ty, the low-

20 field’magnetic momenﬁ is measured as a function of applied ﬁagnetic
field at various témperatures. The samplé cooled from ‘full remanent
magnetization, Mz ® Ms, 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 Mz~ 0.5Ms and Mg » 0). Each loop is shifted
along the magnetic field axis by the same absolute 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 ratic of the two

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

[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 Hge, 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
e i
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with the magnetizations in opposite directions along the easy axis. The balance between the
magnetization oMthetmatypes of domains determines the resultant magnetiza]gié){]/g zt‘nye_gﬁg_m’ple. After
the sample is cooled in zero magnetic field (ZFC) below TN, the low 20 field magnetiC morment is

measured as.g funetion of applied. etic. field at various temperatures. The sample cooled from full
remanent msg%netiga%ro%n; I\?I&sz%%%]sgﬁ%vﬁ%é:LnAgWe?Wys\fé“r‘ééLi?Hﬁp&@icﬁéﬁ@e%é@édt% Teyative
fields by He(‘F? (FIG! 3A5°in Contrast the-satple ool with-a reduced remanentmagnetization
shows doubledtysteresis 25400ps (eg:sFIGL 34 for MiRz QkﬁM@@dQQ1MRx§q9)Cj.%%CQII1%O$ is shifted
along the magneltic field axds by the, same absolute,vale,of temperature-dependent H'(T), but in the
oppositecdireggggg.ﬁ‘ Ihetlcoopr Qgight ratio is set by the rémaheﬁf’stafe,“ﬁ\whwthé"%”—é%ﬁﬁleoi/vas
cooled, and it'is equal to the MAgNEtZAtoR ratffo of thetwe 30 Fyyses! of domainsdndhat state,Thus, the
system "remémbeFstherénianent aragretization staterahave Tr [0938] 1n the secand sefies of
experiments, the samewsamplers ) -firstypiagnetized-at T =150, K by applying the magnetic field along
the easy axis, @ogg@tplenigrerxgg git;jlitg/mfjélgmg? the h}(?{ére%?é 3%0011[[%2\{/@ j?ﬁée%gth%ré\amﬁéﬁg tooled in an
applied field ,ch, i (FIG: 3) . For small HE11 the iaghgtizafiorr¢airves below TN consist of a single
hysteresis lodf shifted By hegatRaHerT). Forlarge bRC, theomagretization curves pelow; TN also
exhibit alsinge:chysteresis-opp;110 WQ2006/017367RCES2005/025129 but shield to positive
fields by virtuallythe same.absolyte valug, of HOT)  For intermediate flec. the magnetization curves
below TN consist of two hysteresis loops, one shifted to he§itiVe &id The teTRE R tHes saffe positive
fields x, as i the firSts&ies o 8 Yxpetim&Rts: e characteristiccooling fieldwanges-depeng-on the
material and the' iffickhess ofdothve afd-AF. Forexample, forsthe, EeT23Bnm)/Co(4nm) sample
(FIG.3), the daubjedoops areahserved for cooling fields petween 0.1 kOe the and'30 kOe. (60391 1t
remarkable tg%té in bé){[}@ ejgrgr)rirgegtalaseiieg, positive 0 and negative I—TQ?"I;) of eﬁﬁ%ll atf%olute value
are found at alt_temperatures below T,a (FIG- 4L t ARy parfitilaF Yemperaturesehenawicith of both
loops is equal t§ thatofife Sitglehystslesisdoot)cal properties, one pos itively and the

other negatively exchange-biased.

[0040] In these samples, the loop half-width is smaller than its

shift, i.e. Hc < He.. The condition He € He is essential for clear

20 ?bservatlon of the double hysteresis loops. In contrast, the results

in other samples were in the opposite limit: He
»> He, thus the double loops could not be resolved.
[0041] The conclusions of the first TWwo series of experiments are

unambiguously confirmed by spatially resolved MOKE, measured as

3]
w

intensity difference o

iy

the reflected p-polarized lignt., FIGS.
5A and 5B show the relevant measurements.,
[0042] For this experiment, a 5 mm x 5 mm FeF, (70 nm)/Ni (70 )
/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 to be
proportional to the magnetization) as a function of applied magnetic
field is collected from the entire sample surface area, illuminated
with & wide beam. The curve consists of a double hysteresis loém

(FIG. 5B). Without any change in the experimental conditions, MOKE
& = ’ $ol

2 £ 1
25 measurements are performed using a ~ 500 um diameter laser beam
} eter . er =] ac
Lo 5pols arranged in & 4 x 4 matrix, in the positions shown in FIG
! -l 1 .

5&. The resultant signal (FIG. SA), which is proportional to the

ot i ratryan
~ Rt o L S S W

magn O, varlies spatlially: on one side of the sample the

3



(twice the coercive field, 2H2). When rescaled vertically, both the single loops and each of the double
loops have exggilydhe sanre 15 shave and temperature evolution. Thus, two fypes.gf indenendent
regions are formed with identical Properties, one Positively and the other negatively exchange-biased.
,[0040] In these samples the loop half-width is smaller than its shift, i.e. E:_ < He. The condition H, <
H" is essen’?ié??&rﬁlclle%?%é50b%%$\?§ﬁ6’ﬁ of the dotitste HysteresiS 185Ps St Contrast, #@¥esults in other
samples werecin the pppositédimit:sH " Hethusitie doubkecloop eodldunotbereselvest {0044} The
conclusions, ot the first two,series-ef expariments are sunamhiguously.confirmed by spatially resolved
MOKE, me (%req: as 25 intgnsi% . iﬁegeene%‘gegf_ thwe3 ,rt?flemcggd p-polarized light. FIGS. 5A and 5B sow
the relevant meastrements. [0042] FOr this experiment, a 5 mhm X: 5 i FEES (76 HmIRi(70 nm) /Al
(4 nm) samplets demagriétized apeve TN;-aAl thehcésoled Betows Tt ity ta gefdapplied magnetic field
as is done indbedirst sefies.of the:3@ experiments: Hiestothe MORE signal{gererally considered to be
proportional to the magnetjzation) as a fungtion of applied magnetic Jitelld;is collected from the entire
sample surface area, iluminated with a wide beam. The curve consist of a double hystefesis 6op
(FIG. 55;. without @My éhafgéin thé Ekpetimeéntal CoTtiiGRS, MOKET 35 meaisurements are performed
using a ~ 500 uns diameter taser heam atcibspots arranged<n sadxi4 Matlix:in thepositiens shown
in FIG, 5A. The resultant signal. (FIG..5A) which is propgrtional tg the, magnetization, varies spatially
on one side of the sample the -11- WO 2006/017367 PCT/US2005/025129 singfe loop is negatively
shifted, on the othet side theé 8ingfé fdop A PoSTvRly Shitted: and'n BéRieen astble Rysttesis loops
are found. Twrnorralizedrsurmeofotheset16 curves (§reemadanglesan: BIGobB)-s drgoatt agreement
with the hystegesis,curve pbtained:s frop dhe entire-sampla, (blagkgircles). The slight diference
between the two curves is due to incomplete_coverage of the surface area by the 16 measured spots.
No spatial variation is observed w eﬁ the“sampj[e iS ZFC Trom the Tuil tfemanent magnetization. [0443]
This experiméRtéanfirhi§ thattieesamplé hastkdtypesigfad to two main findings. First,

the sample can split into two independent subsystems with opposite

sign of the EB. This can be achieved either by cooling a partially

or completgly demagnetized sample in zero applied magnetic field, or

Dy cooling the sample in a Jjudiciously chosen intermediate applied

20 magnetic fleld. The appropriate field range is determined by sample

parameters: materials, laver thickness, interface rouaghness

at

8]

s

Second, the exchange bias for sach F domain is not averaged ove

i

various AF domains, so double hysteresis loops are observed.

[0045] The phencmenon 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 bilavers, or in diluted
AF has been studied. Enhancement of H, in the AF-F bila

patterned ¥ layer was explained by suppression of F-F
30 interaction in the small I domalns. Correspondence of AF

the F domains, and small spatial variations of the wvalue

reperted. 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

L2

(&3}

exchange spring model, Exchange
the double hysteresis loops in FeF,/Fe and Feg ¢2n (Fo/Fe
bilayers were found teo depend on Lhe remanent magnetizarion during

cooling in 2@ zero appllied magnetic field. Double and

negatively



10 areas, single hysteresis loops are shifted by the same positively in one area, and negatively in the
other. When th&{@%ﬁr(;/g)e%m covers parts of both areas, the magnetization curve consists two loons
shifted in opposite irec%io’n’s, wren their relative heights determined by the rdtfe'df R il® Bfeas. 15
[00441 These experimental results lead to two main findings. First, the sample car. split into two
independentssubsystemsowithhoppesite: signofthe-EE . cFhisroan be achievedieithershycooling a
partially or completely demagnetizedsample in zerg.applied:magnetic field, or by cooling the sample
on a udiciously, ghasen intefmediate applies, 20, magnefic.field. The appropriate field fange determined
sample parameters: materials, layer thickness, interface roughness, e ¢ 'S&coftd® thé exchange bias
for each F d(\)fﬁi'}'i'l?f”l’ls'Orlfof)‘élvbé?gigeﬁl gUer Vaf6ts RFdoRTaIR: seraduble hysteresisdoops are
observed. [0045]'The stgRbRiénon of EB has attracted much attention, several mechanisms of EB
have been prgpaged of yyhich peglect variati f E3 on the scale of F domains. The
dependenceiofflgézgdﬁ on %?i?ﬁl%/or édqrr?éiﬁpiiezges“fﬁpsaﬁ%?ﬁ%é FD-A?LBHSS‘?&S‘,"EW in diluted Al
has been stddied” ERhanceiRant of HEth (et RE2E DilayRrs with parermiatlayer was explained by
suppressionisfs-F-exchange 86 interaction inlihe smakl Fdemainsn Correspondenge of AF domains
to the domainsand small cspatialvariations. of dhe walue of EE.yere, reported, Double hysteresis
loops %d acorr |6%rt:IL%I;ll gf ,_%)amag]mstructu(r)e in the F ang tgg Al were observea in QO&RITIe samples
zero-field-cooled rom a demagnetized state and explainet UsiHg thé 357 8Xefangs shfigeiiodel.
Exchange biadHeld & theshape 6/ thesddlible Ifysterasisidepsdrd FeR2 7enand hieviZn€..s 5/Fe
bilayers were fatnd todepend on; thesepmanent magnetization-dyring; goolingin a zero applied
magnetized fj oubl gatively - Q,2005/01@7361fCT/U82005/025129 shifted single
hysteresis Ioé%gév’\aere %gs%%ser:j‘gfna%éf%}tﬁgM%éﬁgr%bIers“aégb‘sit%%%%n\%ﬁ&so Emidifmagnetic fields
(0-40 Oe) withodtaly HEAPHEhd- 1R Z8rc2Hield aXpBaitedNFs/NIEEMT sariles tspatial variation of
MOKE Isignairreasuresralormetheshard axis wasrepostech by 5 otheswesearchers, [0046LThe large

==

number of reported-expeHMEMSREHOHNEHOR  syver several ar domains .

to & continuous variation of H, as a function of the cooling field

This may lead

and single hysteresis loops, as found in twinned FeF,/Fe and

MnF,/Fe samples. If the AF domains are very small, the number

20 of the AF domains interacting with szach 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 1s set by the direction of the magnetization of the F

domain, so double loops may occasionally be observed. X-~ray
25 reflectivity measurements imply that the in-plane structural
coherence 1in 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 AP 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 couple

in

onl

v
¥

to one AF domain with a

articular ol an af +the -
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B, o raging occurs. This results

g
in the same absolute value of the H. for different cooling fields
g fie

35 and double hysteresis loops, as reported in this work.
regime, when the sample is zero-Iieldcooled, the unidirectional

anisotropy in the AF is set locally through the antiferromagneric

coupling between the interfacial P and

TV T e s s A
A moments. There

o
Fh

ore,



different samples, show seemingly contradictory and unconnected results. Combined with multiple
interpretations, this leads to a complex and confusing situation where no conclusion can be made. It
10 is obvious tYaf ahly/H Gémprehensive study with several different experimBrigloAMié Earhe sample
can provide definite answers on the role of the relative sizes of the AF and F domains in EB. [0047] in
EB, we find twe distinct regimes dependingon theretationbetweendhe-Al:ard Fodomain sizes. First,
when the AF, .15 domain are smaller thaan,thte F domaéns v a(f omain averages one direction and
. rection oL -Pe nﬁgne 128 hon oL Lhat domaln dauring samp e ?ﬁ$llngq .
magnitude o ]ﬁg over several AF domains. This may lean, to a continuous variation of he as“a function
of the coolin§tfield areRsitigle hysterdsig§ 160pSras folidia Twiined Felz/Fedid mF2reesamples. If
the AF domains.are: very smal, thesnumber 20-0f she Ak domains interacting withneach F domain is
very large. In fhis, ¢asg, gach E damain can be essentially freated as g separate sample, When ZFC
the sample, the sa{;for_the net ER Ffor each of these domains is set. by the direction of the
magnetizatigtPof e P dmaificss ddinRTBoPS maY FetasiGRam be dhservedt: X-ray 25°refftctivity
measurementsamply thiat thedneplanerstpdctiral: coher@nce &s thetwinneéd.(1.10)keF2 grown on (100)
MgO is 6-10.0n. with the easy axgs ofthe.crystalliteszat 99,10 each ether: Such, spatial yariation of the
easy axis, colr Q'nc?dhg\gtsheéh% smt%Ié S.li%1 of the %ain esrggbli%h@ éhifmaﬁ@‘%ﬂl‘eSiZ&oE@F omains,
resulting in 30, t e §VeraginJreg|me 0 E%fa[f)b 1 When the A domain'size Is (:’ompa‘ra% e to or
larger tHan tR@rReortaifaize febch F d8mair cotifles Bhly 16 DhecAF@eHaiIn Wit adparficulsidirection
of the EB, soire @vesaging vaeuienthis msultsin the sameabsolutervalve afithesbnfardifterent
cooling fields_35;and double ysteresis logps.,as repqried;in 1his work. 0 fhis, Jegime, yhen the
sample is zero-field cooled, the unidirectional anisotropy in the AF is set Iocc—é% through the
antiferromagfetie: ‘cdtiplitg betiféet the' iRterfacial E24Ra AR HoRfeHts “tHeréforé: w0 2066/017367
PCT/US20054625128rthedecaksign ohtirenE®=forceach Fidomain is determinet:by thehdirection of the
magnetization of that,domain, dyrng-sample,gosling« ;kRus.;demains of the Fowith pRResIte
magnetization direction above, T have the same magnitide but opposite sign of EB below
the positivebEB, respectively. According to X-ray reflectivity
measurements the in-plane struqtural coherence in the untwinned
(110) FeF, grown on a'(llO) MgF2 single crystal substrate is ~ 28nm.
20 Moreovez, due to absence of twinning, the size of AF domains can be
much larger 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. In the ZFC case, the AF and F domains are

£

observed to be comparable in size and larger than the laser beam.

SN
631

Simulations confirm that the relative domain sizes determine th

o

splitting of the sample into two magnetic subsystems and the regime
of EB (to be published elsewhere).
100507 The relevance of the observation presented here to other

systems was illustrated in a

A
*,,J

ultilayver system imitating an AF-F

30 system . For the sample with the larger domains in the layer
plaving the role of interfacial AF spins, double hysteresis loops
were observed for intermediate cooling fields. It is not clear

wh

0]
(]

ther such a model system correctly mimics the domain structure in

real AF-F systems. Those results, however, provide an additional

(
n

experimental configuration in which relative domain sizes play &

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

bias. When the AF domain size is larger than or comparable to that
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5 [0049] When the, sample is field--cooled, also, only the sign, but not the magnitude of H, depends
or. the cooling fj&lﬁjmme/ ngrJﬁ the sign of the projection of H,,,~ar on the east axis, Hu"tai, that
determines the sign of the local EB. H~0~a;., the total local cooling field sensetytheinteracial
spins of the A®, the sum of the 10 applied magnetic field, Reg, and the local exchange field due to the
interfacial F hioragnts, HiA~ 'Sgatial innomogeneity of thersampleileads toinhamegengity.af. H,, which
in turn leadssianiphoraegeneity of  Hfocal, At intermediate Hn;, this causes the @s’?‘?%r‘r““‘*? of Heoea. to
be small angtépg}g}]llytwgomogergggu; giving rise to areas of the 15 interface Wi positive and
negative sign of Hto;:al Conseguently; coolingthe°sample Below Ftinithis fisi¢leads to the negative
and the positive’ER; tespittivBRA Nccutdiry to 0 rayaefiectivity. meastrerpents the in-plane structural
coherente imthenemiwinned @i6)dem2 growsen (L10)MgE2;single crystal substrate is ~ 28nm. 20
Moreover, dug tQ:absgnce of twinning, the size of AF domains can be much larger than the grain size,
unlike in the c%i%%r’ a,@ingeéwélg%g}ngﬁgpé,ar‘ﬁ(?ﬁ?s%zig%(F doRidinE have beeRdhséred n bulk singlet.
crystal fluoride8 “itHe 170 CA8E TheAE arfddorRaiNg afe bserved 164ecomparablein sizgand
larger than e laserbeany. 25 Simulations confirm thatthe-relative demaip sizes determine the
splitting of thersample:inta,two faagnetic suhsy, 1d the regime of EB to be published
elsewhgre). [0050] The relevance of thei7 opser\%ﬁg%lsrg@eésen?e% | %?e fo %?ﬁ‘ef" Qidteftls Wis Mlistrated
in a multilayer system imitating an AF-E 30 §{&&m E6r tHesamTe wit-the largerdomains.<n the
layer playingfie 1ol€ iteYRitial ‘AF apins, doablehysterésistoops: wereehsenved for intermediate
cooling fields,ritisingt clears whether suehna taedel system correctly mimics the gg(gn%i@c§trgcture in
real AF-F sy§g§>m§nTgp§§i;g§yﬁl)st ogve\gegmgfoxidtea n additional experimental con igurafion in which
relative domain sizes play a role. [0051r1 Hence, the rélative AR arftl BBt siZes affectextchange
bias . When & A bMain size is larger than or comparable to that - 14 WO 2006/017367

PCT/US2003R2%129 in theF pstracturakermagneticinhgmagensities capfesultinthe , .

on magnetic coupling betwean a ferromagnetic (F) laver and an
-“ i

adjacent antiferromagnetic (AF) layer use the remanent magnetlization

in the F layer to imprint the AF layer. This AF-F coupling produces

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

20 anisotropy of the AF (interfacial spins of the AF) by a zexro field

cooling from a state with a particular value of the remanent

S

magnetizati in ] is i intid ]
gnetization 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

poth continuocus multilavers and multilayers patterned into

nanestructures.,

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 r 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 manv conventional binary

magnetic storage devices. The two logic states are represented by
the maximum magnetization ;

1zations in Two oppesite directions {pos

®
W
)
)

tiv

e

-
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sample splitti%(gnztgog%? ingependent subsystems upon cooling through the AF transition temperature,
me. Each subSystem exhibits EB of the same magnitude but of the opposite RigH/ SIS/ faEMs in 5

magnetization curves with double hysteresis loops, thus unambiguously showing non-averaging, local
EB. This bekawibt ¥ reprtiacibhppbserved e samplesiwith theeendifferent Fs NizFerandy Co, with
various F anckAFayet thicknessgsnThese ppservations -also.shew.that pot only the propetties of the

F but thoseﬂof (y%e &lé 10 are modified in EB. We suggest that relative lateral length scales may be

relevant in Gther proximity effects: With spatially fthomBgehedtis Srae? Parametei@ &uch &s a granular
supercondfiétdr (S rinsproxmitytole merntal aetather at$ i proxifuitynta adn that has«domains. 15

[0052]sThenspresent magnRetc storagermadekialsmand deyices basgd -pn magnetic,.coupling between a
ferromagn%tgcsg@rleaggg dan adégc nt a ifgrrgng%gnetic (AF) laver use the remanent magnetization

ver. F NG Prodtices® extREnBeBiasYRIGT 6 illustrates

in the F layer to imprint t e AF Tav S AF-F coll
the setting Bt #é tirfidiféSforral 20 antsotrdpy of e IR (intedaeial spins ohthiee AF)zay a zero field

cooling fromea siate witbtaparticldanvalue ot the repanam. magnetization.in the Flayer. This
imprinting ig used.to write the data in each nit. One of the results of the exchange bias is a horizontal
shift of M(H) mag ngeo%zation cun rve%y the f\}gi:ulecggﬁéa 1as’ ?ex%%%n%aetﬁi’é%aﬁelaf’ﬁé. thr§B%xchange bias
can be’achi&EY- it Fothcditndtusinuitied/érd andt midalayers pattersed éatot ramastructaees.

MagneticalyuStabilized Binama Recosding:Media30r-[0053]-The ahovesdamain impsigtipg.allows

controlling locally the direction of the additiopal, unidirectional anisotropy induced into the F from the
AF. This additiongl unidirectional anisot(g,gpy en aince%tﬁg%géﬁgﬁc ggagbiﬁt}ilco P FHifsr F

nanostructife By SMcFeasingiihe Efedtis Bnefdy Bafriel P cticsswivehingy 83005451 FIG. 7A
shows the magretichysteresisibeprofsare rexdmplaryfestoroagnatic matesial Aised-ig;many
conventional,binary m&s@mg%@mﬁ% tpoologic states Are Jepresented by, the maximum
magnetlzatltoiréslyst.wo opposite directions (pOSI ive and -15-
[0055] Hence, the present use of the F—AF coupling in magnetic
media allows smaller bit size and alleviates certain limitations in
the férromagnetic storage media. As mentioned above, the
20 fefromagnetic storage medium is adversely affected by the stray
fieldvproduced 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 téchnique 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 thermél
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/sqg. inch densities and higher. 1In addition, the
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WO 2006/017367 PCT/US2005/025129 negative;. The loop is centered at H=0O. Hence, any stray
field with a field Str¥IgtH Silar to or greater than the coercive field H" of thepferromagmeticzmaterial
can cause the bit to change its- magnetic state and hence erase the stored information. A new 5

material based:emE-AE colpling: hawevershifts thesenter obthe hysteresis, loop away, from H = 0 by
HE to eithey, the positive, qr, negative side.of H = 0. FIG. 7E ;lllustrates this shift. As a_result, a'stray
field with the magnitudetsiﬁaller_ than 1H, +HC %%%rCnlqlcfll%n%?%%fé’&%%%éﬁ%ﬁé%‘?at‘é}%f the material
even if the $OTHAGHItGEE of the stidy field EesirmiRgdoiorigraster thar Helam esuch, thedrew material

based on FrRAEscouplingis stabitmed. withu respeetdevarious straydiglds - i-addition, the exchange
bias betwegn the;F.and AE. layers further increase, the coercive field HO or the width of the hysteresis
loop of the new material, this 15 further eﬁhanégs%ﬁ%esﬁagﬁﬁﬁ %%Jtﬁe SRS BR AgaRs sty Ofislds.
(0055] Hent&T tHe Bresent RIS 8P fiie F-AF coupling in magnetic media allows smaller bit size and

alleviates céftefy limitationsdndte feremagnetic storagermesianAgmeentieRed abgys; the 20,
ferromagneticostorage medium iz,aguarsely affecied;by the s aé(ufﬂ%'{jl%md“cegp@éthe recording head

operating on the acg'acent bit due to the danger of partial or full erasure of the stored™ Tistoration. The
design of F-AFCOUHIEE mEHA (o SHfrtheR HyRterbSis b RRE toRcPedss e ca6rcivatietd of the
medid ean 28sideificantgreducéalie adverse effectsofthiestranfieldsAsi anothgeexample, the

present techaique,¢an alsq,remove; or lessenthe, resitiction onythe operating temperafure range due
to the dangfr c?; Rartiglj.eor full erasure of the sto?e information by thgrrﬁglf%fctum%ér?é%ﬁﬁeu%agnetic

moments WitAT the magne f‘ctbﬁ??ﬁ%l%b“ﬁre@é%t?n&@ﬁeﬁg stasfizatioAtRNF begséd in magnetic
recording SUGH4S higl-elepsiytang high-stability heed diskarives] mageetio/gapes, magnstic RAM,

and other magraetic; MemopLandlegicdevices. 100561 The prasentstabilizatign technigue may be
used '!Lrh ma, netictrecogqigg %;vices nd magnetic recording media for both in 35 plan)(/e and

. netiz the - i ]
perpendicular Magneic recording 1o stabilizé th&* tehed by applying a local magnetic
field produced by the recording head in a fashion similar to the

existing, or any proposed in the future technology. The heating is
then switched off, and the bit is cooled below Ty, so that the
unidirectional anisotropy of the AF layer that gets induced into the
20 F, 1s set. FIG. 8 shows the measured loop along the easy axis of a
MgF2/FeF2/Ni sample under a cooling prbcess in an applied field of 2
kOe where the uniaxial anisotropy induced by the F lavyer is
imprinted into the AF lavyer.
[0058] After that the magnetic field can be turned off. As an
25 alternatiﬁe 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 iﬁ 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
(Chmic) 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 lavyer of

g

the bit. Due to exchange bias with the AF layer, the magnetic



information stored in patterned or unpatterned magnetic media and to increase the recording density
and reach the YAg¥eP1G08 Gbit/sg. inch and 1 Tbit/sq. inch densities and hi§FEESkY&Edditien, the - 16
WO 2006/017367 PCT/US2005/025129 present stabilization techniques may be used to increase the
density of inferreatien ommagneticsieaording tapeshandde inereass the,density.and sfability of
recorded m@grgl%tgqn.f@ I\élggn%gpl?andom Accesis M%@?%&MR&M). Furthermore, the present

.- L . 1S5 negatliv S el remanent,. ..
stabilization 5 techniques may also be used in othet magnetic fecording applications for similar

purposes, [B6S7F Fhésdesttibet Bebilization te¢hrigtes yRayee Appliedemaretitofecording edia
having thin fitnwaultilayers:that incltidesa fetromagaetand either anrantiferromagnet, qra so-called
synthetic 1Q gptiferrgmagnet (S{%&FC) %ﬂg@ is arg%reka%fr included into the AF category. In the bit

recording process, the recording head heats up loc f)‘/'the bit containing the F and AF layers, above
the AF blocdR§¥émperatiie, i 2 eque FMagréficTRAM iyise BEnTehbRAENRBatingseas betdone
resistively, dsings@hmicrneateThe Biayertdbomagnetization-ef the bib is switcheg-y apphdng a local

magnetic figld, praduced by the segording head in a fashion similar to.the, existing, orany proposed in

the future technology. The heating is then switched off, and the bit is cooled below TB, so that the
unidirectiona aHEotbpy BF S AR IR thRR SR IRAICEETE the HFEORASRE HIG. B ER6ws the
measufed loep alond the @asy axstofrmdMgFRIFeR2AN sample uneer)a coolingprocess ikamapplied
field of 2 kQe mg{ggu;@cg@iaggiglramgggppglinqygegI@g,gh'e F layer is imprinted into the AF layer.
[0058] After tgg'% tlhe magneticS field can be turned off. As an 25 alternative for the process, the
magnetic field can'be turned ff betofd Godiitiy tHe SARTIER aBRBVETRE SHAR resaREoD
demonstrated tin FIG. BeThisldesigh and proceddré mCrediseaithe sadigynbarrier required for bit
switching, and protects the bit from being erased due to thermal fluctuations or in the process of
recordjng adjacent 30 hjts. Local heating is.done by any method, e.g. using a laser, near-field optics,
condl?%:%ng g@&r‘ﬁ%ﬁ"’p%%%rﬁﬁ %rv?léélstf\géf‘(: r%ﬁelc 2R S Bit Ttsef 8 thR%lement in contact
with the [0062] The above imprinting from the F layer to the AF layer can

be used to locally-set the direction of the exchange bias to either
positive or negative. . Therefore, a bi-domain magnetic state can be
crgaﬁed where the two’domains have opposite directions of the

20 exchange bias. AThe 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. Thebstates correspond to the values of the
remanent magnetization, M,, between the positive and negative values
of the saturated mégnetization Ms such that M.;=M;/n, where 2n+l1 is
the total number of states, and { can take any values between -n and
+n. The maximum number of the multi states is set by the magnetic

30 sensing iimit 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.
10054} In such multistate storage devices, the readout procedure

of such multi-state “bits” can be done by various methods, including
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area of the bit, using, e.g. design with a combination of the bit/word lines like writing a bit in
CMOS-type , 591 The readout can be done employing existing, or future magnetic
information r%ﬁ%&éﬁé@ ogy. The read head senses the stray magnetic field¥ Bt théFhagnetic
moment of the F layer of the bit. Due to exchange bias with the Al! layer, the magnetic -7 WO
2006/017367 PETAISPODS025 29Ky sterasistlodp of-suti-bitis shifféd topositivisarnegative fields.
If the loop iswnegativelynshifted; themgmanent smagnetization is positivejaRd vicesversa.this defines
0" and state, AR majerials ieed;to have, N80, This ingludes, but js 5 not limited to: NiO, IrVin, and

FeMn. [0060] The F-AF coupled media may also be patterned to separateaaﬁfedr%nt magnetic bits from
one another o RITth&F Mprovi the “stabfifty Hift B t618Farice 1 strayTialte. FrGS: oA aneroB -
illustrate magtvetic dotsypatterned fromahesferrgmagneticlayerct@ (elg., f=e) ar acentinuous AF layer
(e.9., FeF2)iin.cemparisen withnferremagnstic eply-mageal QF@CQ@&/Q%OQQ%LEJ&%éQA;%“Q 108
further show measured stabilization data for Fe or%vf dot medium and Fe/FeF2 dot medium. 15
Magnetic Storage with Multiple States from .ARF Coplitig [0062] TRE &B6ve impfifting from the F
layer to the AF Riy&t ¢4t -be st toTloeaflysetithe directivhrofthanexchange bias to<eithern poesitive or
negative. Therefore; abi-domaintmagnetic-siate canshe rereated where the two domains have

opposite diregt of the;20 - e.hi i0.0f the sizes of the two domains determines the
remanltegnt m?%%egt?iation é%thiéfnbggr?et%? Igfgag%%i%qéﬂig%%édogg 3 Magnetic *bit” for datiSforage. This
use of two d%%ﬁﬁintshéfloﬁélﬁit TEcation Wiows Reéating Atnaghelie TREPIERA A UM state magnetic
"bits," whichearelwetll-defided andstable in@wide rapgerof 25-magnetic fields;nEhe states correspond
to the values of the - Eemanent magngtizatian, Mt bgtyyeen the positive and pegative values of the
saturated mggnggéaggg Ms msy.lchsthgt_l\grzl\/lg/n, vglgere 2n+lis the total number of states, and i can
take any values between -n and +n. The maximum namber of thE IR statesI8 s2t by the magnetic
3oseh§mg|Wﬁﬁqﬁqﬁ@(ﬁ§ﬂéeas a magnetic “bit” . The exact value of remanent

magnetization can be set and controlled by various magnetization

processes.
[0066] Various writing methods may be used to produce the
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 fiéld. More
specifically, the following steps are performed in this method.
[0067] 1. The chosen magnetic bit 1s heated above its blocking
temperature, Ty, l.e. the temperature at which the exchange bias

25 direction is set.

[ooe68] 2. The chosen remanent magnetization, M, is achieved
by following a minor loop. One of the pessible 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 Myo

of such a magnitude to produce the remanent magnetization to be

equal to My, upon removal of the applied magnetic field. Then the
magnetic field i1s removed.

[0069]

(3]

The bit is cooled below Ty in absence of an applied

[o8]
w1

magnetic field.

[0070] 4. The remanent magnetization value is imprinted in



[0063] FIGS. 11 and 12 show examples of setting the remanent magnetization of the F layer in a F-AF
medium to difféf&H¢ARIEE7by cooling in various magnetic fields, or by zero fiel@/conlimgpisaschosen
remanent magnetization state from above to below the Neel temperature TN that in this case

coincides with sherhloaking: temperakirea 00641 Insueh myltistate storage devices, thergadgut
procedure (of such multi-state "bits" can be done by various methods, including 10 WO 2006/017367
PCT/US2005/025129 magneto-opti cal or magneto-resistive methods. The multi-state magnetic
materials M4y Be used ih MERRSGAW Fh&gRBtE Feesrdings devicesiand rhagnetiairecerding media for

both in-plane @nchaperperidicular spagnetic secakdingnanddp multi-statedggic elements. 5 Among a

numbey of %@anmag@s, sucph@aé%r(j)als may be useqjto increase the megnetic memory density by
recording information in a_multi-state magneticbit" that Storé more thai ohe bit of tSPfafgh.

Multi-state TiA§REGEIGGiC dleménts-atbUABES CafBE Gieatdd Baser ontheaatssvd mati-state bits.
10 [0065] Idvartatistmplementations, such materials may be used to form thin film multi layers that

include a feggmpgnet and an antifgrromagnet,.or a so-called synthetjc antiferromagnet {SAF},
hereafter included into the category A The rafio of t%%e gizggygtlﬁ%?vf/om(?gr%%ltﬁls%etleérmines the

remanent rﬁ%@h”e‘fﬁation of the magnetic area as a magnetic "bit" . The exact value of remanent

magnridtizati®®t&h be set and ctimtrolleskby Various-magnetization processes. RQ6G6]arious writing

methods mayghe wsed:tq produce the desired remanent magnetization levels in each bit. Two

examples g%g%[described below. FIG. 13 illustrates the first writing method where the cooling is
Itho

performed an external ficl8: Mt S5editicaly, the"fMBGHmG stepshre herfamiad misis method.
[0067] TheHosenasagietibit io heated abowvévits bBlocking ctampetaturehd s ~a,. dbedeaperature at

which the exchange bias 25 ditectionssef. (9068L 2 The-chesen cemangnt magoetization, Mrs is
achieilgd l?‘y followinaqca minor I%on. one of the passible proceduresisto
agnetizarcion. The remanent magnetization value is imprinted in

this AF-F bit, and is not affected by the magnetic field used for
writing adjacent magnetic bits, as well as the stray fields from the
adjacent magnetic bits, as long as the particular bit is kept below
o, o ,

»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 miérocopy (SPM) tip or resistive (Ohmic)

25 heating of ;he 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
Ty > 80°C to be useful for applications. Examples of suitable AF
materials include, but are not limited to, NiO, 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) sighal that is proportional to the value of the
remanent magnetization, which corresponds to the recorded state.

35 100777 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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saturate the magnetization of the magnetic bit by applying a large enough magnetic field in a direction
opposite to the'drdtdH 630 M, (" and then apply a smaller magnetic field in thediseatianabrs of
such a magnitude to produce the remanent magnetization to be equal to Mrs upon removal of the
applied magnerﬁi@xfieixdgﬁbemblstmgn@&'cﬂg&&[}g@gyggi@QG%SEXQQMgiS&%Olggebe|0W rin
absence ofp%g appjied m§§n@ gjpggig sz%l‘cjj. [0r07%] 4. The remanent magnetization value is imprinted in
this AF-F bit, and not affected by either the magnetic fidtd Gty FoPRFtiRGCAGaLERL Hfagiesebits, nor
by the fray ffeldSFroff tHé VErIDE6/01 736 7 PCTAYS 20051625128 hadjacent magneticrbits 2as long as
the particulaeshitis keptbelown TR,J007dd-A sesend Wiiting pIpcess is, described helow where an

external field is applied during the cogling process: 5 [0072] 1. The chosen magnetic bit is heated
above its blockin temperéature, Té?ﬁggfhés %énr%l%%lfgéjréoatLv}\)/ﬁic*het?\}é“é%‘r‘Faﬁﬁ@ﬁiﬁ diféctidis set.

[0073] 2. ThedfagRete field of a particular magnitude is applied. 10 [0074] 3. Then the bit is cooled
below TB irn@¥eg&pplied magnetic field. [0075] 4 Geoeling the bitipa magnetic-field.of a &&rg%lar
magnitude allowisito,seta bi-damain strycture that has a double. magnetic hysteresis loop with a
chosen value of the r%eemanent 15 m%gnetiz%ﬁ(g%. ‘?ﬁ(g rgl dgnesﬁfﬁr%algjhaiz%‘:t’i R vhIGE igfﬁﬂ‘b‘?ﬁned in
this AF-F bit: 81d58 hot Hfettedas e maghetic fierrused for iwriting adjacentmageetic bits; as well
as the trayfietds-froatthe adjacent magnetie bitseas lerg &s theyparticularbit is kegt helow T 20

100761 Thgggg@g:gqg§}gg13§&arglgg0s%;ggsci%r{%spond to any chosen remanent magnetization of the
bit in the raggg getween -Ms and Ms that is very stable in a wide field range. Local heating can be

performed by ary method™ &Yy 2usifit) £ TS5 78 af e dRptiESa tdomductity Seammiblgesrobe microcopy
(SPM) tip d?resistive (Cirhic)s2% he atingzof-the=bit stselfothanglement in contact with the area of
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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 TS > 80C to be useful for applications. Examples of suitable AF
materials include, but are not limited to, NiO, IrMn, and FeMn. The 30 readout procedure of this
multi-state "bits" can be done by various methods, including magneto-optical or magneto-r,egég e
methods, One of the possible scenarios is to measure the magneto-optical Kerr effect (MBQ % !‘i"@iﬁal
that is proportional to the value of the remanent magnefization, which corresponds to the recorded
state. 3S [0077] Such multi-state bits may be used sis 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-abpve sThe readostcandbe 20- WO 2006/01786%,1 cn

PCT/US2005/025129. elther magneto-ontical of magneloresistive, An example for the Possible
magnetoresistive readout could be a magnetores?@tlve sensor on-top dfthe magnetic "bit." The value

of the resistant® Ofthat “F&skst SHola \iHiqieR e arrespena thé proportional)- taithevakuehof 5 the
local magneticfiekdy similarly te the technique used it they GMR-seadheads, {00747 Applications of

such and otheymaterials inglude magnetic recording such as.high density and high stability hard disk
drives, magnetic tapes, Magnefic RANI, ot Léf?ngélngéﬁlg rgggrlc?‘lzlngd: Ja%%%%e,%h% 16 Yiditi-state logic

devices and elBHfigRtSof fiyiC LREGIEIOMEP 2pplieations drewso Possile CIOOZ7 only a :few
examples andtapplicationsearerdeserilved.r ther yariationseand enhaneemgnts yuay be made. 21

LLOYD WISECLAIMS 1. A deyice comprising a magnetic storage material which comprises a
ferromagnetic layer an an adjacent 5 gr@ﬁfeﬁg@mgaggﬁg %ﬁénraﬁfg at& maghéticdify E6d5RLd each

other to store Hat& &t 3f‘operitimciehtpdrattrr ahich iowert than ablockim temperature of the
antiferromagneticdayex 1whesein thesbloekingrtemperature is-lowshthana CUrie . gnet s ¢

field in the device.

15 2. A device as in claim 1, further comprising:
a magnetic head to read and write the material; and
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.

20
3. A device as in claim 2, wherein the temperature
control mechanism comprises a laser and focuses a laser beam
from the laser to a selected magnetic domain during writing.
25 4. A device as in claim 3, wherein the temperature

control mechanism comprises near-field optics to focus the laser

beam.

5. A device as in claim 2, wherein the temperature
30 control mechanism comprises a conducting scanning probe

microscopy (SPM) tip which heats up a selected magnetic domain.

6. A device as in claim 2, wherein the temperature
control mechanism comprises a resistive (ohmic) heating

35 mechanism as part of each magnetic domain.
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temperature of the ferromagnetic material, wherein the 10 ferromagnetic layer and the
antiferromagnetic layer are selected to offset a magnetic hysteresis loop of the material away from a
zero field to a magnetic field greater than a stray magnetic field in the device. 15 2. A devige asdp
claim 1, further comprising: a magnetic head to read and write the material.; and 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. 20 3. A device as in claim 2, wherein the
temperature control mechanism comprises a laser and focuses a laser beam from the laser to a
selected magnetic domain durifig WiRingS 254 CAiavide aghiprtaim ShavHereirs the: temperature
control mechanismeomprisas mear-field Dptics te fosusshedasenheam. heAdevice as,igclaim 2,
wherein the teppesatyte 30 gonrol meshapism.comprises 2 condueting seanning probe  microscopy

(SPM) tip which heats up a selected magnetic domain device as in aim 2, wherein the
temperatL?re control mechanism comprises a resistive (ohmic) heating 35 mechanism as part of each

magnetic domain. - 22. LLOYRAWVISE ZsAidevice as in, Claimwavhersin the tegperature control
mechanism inclles 2 5sistive (oDic) heping slement Whidh s in sontact with the selected

magnetic domain. 5 8. A device as in claim 1, further comprlsm{; a tempera ure ContrdF fschanism to
locally control & témpér&ttire of'a Sefdcted FragHatie Bdam and v materiah whermdata Is written
into the selectedimagnetistdomam 0 9 A deviceyas i1 €laipn8: wherein the temperature control
mechanisim comprises a laser and focuses a laser beam from the laser to a selected magnetic

domain during writing.
%. A device as in claim 8, wherein the temperature

control mechanism comprises a laser and focuses a laser beam

from the laser to a selected magnetic domain during writing.

15 10. A device as in claim 9, wherein the temperature

control mechanism comprises near-field optics to focus the laser

beamn.

11. A device as in claim 8, wherein the temperature
20 control mechanism comprises a conducting scanning probe

microscopy (SPM) tip which heats up a selected magnetic domain.

12. A device as in claim 8, wherein the temperature
control mechanism comprises a resistive (ohmic) heating

25 mechanism as part of each magnetic domain.

13. A device as in claim 8, wherein the temperature
control mechanism includes a resistive (ohmic) heating element
which is in contact with the selected magnetic domain.

30

14. A method for providing multiple states in each
magnetic bit in a magnetic storage material, comprising:

providing a magnetic storage material which comprises a
ferromagnetic layer and an adjacent antiferromagnetic layer that

35 are magnetically coupled to each other to store data at an
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15 10. A device as in claim 9, wherein the temperature control mechanism comprises near-field optics
to focus the laser beam. 11. A device as in claim 8, wherein the temperature 20 control mechanism
comprises a conducting scanning probe microscopy (SPM) tip which heats up a select.fédf»}m‘é@\ﬁéﬁc
domain. 12. A device as in claim 8, wherein the temperature control mechanism comprises a resistive
(ohmic) heating 25 mechanism as part of each magnetic domain. 13. A device as in claim 8, wherein

the temperaturs qfonttr%l mgchanism includes g resistjve (ohmic) heating element which is in contact
with the selectgt)jemaéglne ic domain. 30 14" A fethcd 8?’%)?0\71 fgl?g AURSIE Stafe s HTEACR ThEGnetic bit

in a magnetic Sforag@ iateri&lr E6MTsHSg C proviting ehmaghetit istokalgeciniateriabwhict: comprises a
ferromagneticiayevand amadjacent andl fesrgraagnetic layerdthat 25 aremagnetically.coupled to each
other to store data af an - 23 - LLhO\C()lP WISE opgrggjng tempegature which is lower than a blocking

reif~ eac

temperature of the antiferromagnetic layet, wherein the blockity tsHipératird Sis 18WRF &% a Curie
temperattire of te ferdiisyridticomateriale aHid onicrens eaéh Wimagnbtcbitsinahetmaterial is formed
by 5 two domainsafioppesite direetions ot thesexehgngediasto constitute a multi-state storage

medium; performing %)oecta%i %gifgleatﬁggcgolrazigg tgm£teirgturgoof a selected magnetic bit having two
domains of opposite directions of the exchange bias i the matérial 6078 the BidckifgL0
temperature; &Cthecie?pBrsiifd 4Bobé thadleekingtensiserature, odpplying atraaghetization process to

the selected magnetic bildpasgtagemanantinagnetizatian tag-selected ¥alueof.g pre- determined set
of remanent n%aegnnetiza%tlions. for the multi-state 15 storage medium to write a bit; removing the external

. . ﬂera ure; . .
magnetic field at the selected magnetic bit; and
at the temperature above the blocking temperature,

applying a 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
15 storage medium to write a bit;

removing the external magnetic field at the selected
magnetic bit; and

at the zero field, reducing the temperature of the
selected magnetic bit below the blocking temperature to store

20 the remanent magnetization in the selected bit.

15. A method as in claim 14, further comprising
maintaining the temperature of the selected magnetic bit below

the blocking temperature when sensing the selected bit for

25 readout.

16. A method for providing multiple states in each
magnetic bit in a magnetic storage material, comprising:
providing a magnetic storage material which comprises a
30 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 than a Curie temperature of the ferromagnetic material,

35 and wherein each of magnetic bits in the material is formed by
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at the zero field, reducing the temperature of the selected magnetic bit below the blocking
temperature to store 20 the remanent magnetization in the selected bit. 15. A method as in claim 14,
further comprising maintaining the temperature of the selected magnetic hit below the tﬁlo,ckﬂn -
temperature when sensing the selected bit for 25 readout. 16. A method for providing mt it‘rb\léj g’[’éﬁ@s in
each magnetic bit in a magnetic storage material, comprising: providing a magnetic storage material

which comprises a 39 ferromagnetic Iasy%r and an adjacent antiferromagnetic layer that are
¢ .
magnetically coupled {0 each other fo store géfaeg?éﬁngpgrgatf:n[beteeﬁﬁgﬁarf%?e Bitich i€ 1ower than a

blocking tempéfattité tofthefafitifeFroniaghetie tayeg svimaeinithe blocking temperature is lower than a

Curie temperature ofdbe feremagnetic. matedaha3n and wherein each-elynagnetic hits in the material

is formed by -2 th_O(}(D WISE .two domains of opposite directions of the exchange bias to
constitute a mlsjﬁ?-gfateé stg?é;gneelgnlecdi%rlrlt; pler}fo%rlr%nlégl%ggﬁ?e?d Ridatifg tBFarse femperature of a

selected magnéfPBitaft i€ material above the blocking 5 temperature; at the temperature above the
blocking temperature; tapplying-agpageetization-Rs0eass 10 the selected sagngtic bit having two

domains of opggsgteic%irecgiona? %fe hlezgég%%n e <g)(i:aesS totsett%remaTen'% mda netization to a selected
value of a pre 10 détermined set of rémanent magnetizations for the il stité" Stordg thedium to
write a bit; whilé MaitainihGamaghené fieid ot e ndageetiZation protess sratuoing the temperature

of the selected sagretic bimbelovt the bleoking temperaturedeistere the remanent 15 nagnetization in
the selzgt@d bgéy. A meéhod as i? claim 16, further com ris,ingh maintaining the temperature of the
0

selected magnétic bit below” the Blocking temperatlie when s2hing the- 881884 bito? 20 readout.

mperature wnen se
storage medium to write a bit;

while maintaining a magnetic field of the magnetization
process, reducing the temperature of the selected magnetic bit
below the blocking temperature to store the remanent

15 magnetization in the selected bit.

17. A method as in claim 16, further comprising
maintaining the temperature of the selected magnetic bit below
the blocking temperature when sensing the selected bit for

20 readout.

18. A method, comprising:
providing a magnetic storage material which comprises a
ferromagnetic layer and an adjacent antiferromagnetic layer that
25 are magnetically coupled to each other to provide a magnetic
hysteresis loop as a binary magnetic storage medium; and
configuring the ferromagnetic layer and the adjacent
antiferromagnetic layer to set the center of the magnetic
hysteresis loop in a coordinate formed by a magnetic field as
30 the horizontal axis and a magnetization as the vertical axis to
be away from a position along the horizontal axis where the
magnetic field is zero (H = 0) by an amount greater than a stray
magnetic field to stabilize each binary state against a change
of magnetization caused by the stray magnetic field.

35
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18. A method, comprising: providing a magnetic storage material which comprises a ferromagnetic
layer and an adjacent antiferromagnetic layer that 25 are magnetically coupled to each other to
provide a magnetic hysteresis loop as a binary magnetic storage medium; and confid&ﬁWé&WéﬁE
ferromagnetic layer and the adjacent antiferromagnetic layer to set the center of the magnetic
hysteresis loop in a coordinate formed by a magnetic field as 30 the horizontal axis and a
magnetization as thelv rtich a%(éschoo(:&)e away from a p]ozisition along the horizontal axis where the
magnetic field is zero 3: =0) byan amgﬁntlgreca erthan a ﬂ?ﬁf%ﬁgnetic field to stabilize each binary
state against a changé'ofanaghetizaton causediloy thre straymégnetic digld: i35 - 25 LLOYD WISE
19. A method asnia-chainnd4n wherein: she appliedsmagnetization process for producing the remanent
magnetization comprisesl: afﬁéyiggﬁgﬁt ma ne%ic fie%d to (ghe selected 5 magnetization bit, removing
the first magnetic field'tfom seléected magﬁ‘gtizlactionl %%t, ahf sﬁb@seﬁ?ﬂe%?lg/egpplying a second
magnetic fieldM#Pacdiréetidroppbsite to the first magnetic field, the selected 10 magnetization bit.

-26- removing the first magnetic field from the selected
magnetization bit, and
subsequently applying a second magnetic field, in a
direction opposite to the first magnetic field, the selected

10 magnetization bit.
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