: e3edFbx6Td| >TI LTED MEDI A FOR HARD DI SK DRI VE TECHNI CAL FI ELD Thi s
invention relates to magnetic nedia used in data storage devices, and nore
5 particularly to magnetic nedia having either a ring head or pole head for
wite operations. BACKGROUND OF THE | NVENTI ON A conventi onal nagnetic
storage nediumincludes a substrate supporting an underl ayer di sposed under
a magnetic |ayer protecteglbyERMEVEL voRt iIAg] BISK DRIWEse | ayers 10 are
usual | y deposited using a sputtering process. The magnetic |l ayer is
typically formed froma granular fen-omagnetic material such as cobalt
alloy, in which data bits are stored. Transitions of nmagnetization in the

tiny grai nst HﬁlEﬁL .%gBeti c layer are used to store data and generate

si gnal s, en be read or witten by a read/ wite head. Magnetic
| ayers are typj,cally classified as being.either |aongjtudinal or

por pend cul ar TSGR B FirRRI gL oG Do S o SRt gRer |
MONeNtS  Qfar(fdb@rBr 18 nEnahEmadih 8R6H g Bk al g HeBd bholB hanefop vriidepathakr at e
surface of the storage nedium |n perpendicular magnetic nedia, the

magneti c nonents of the grains are aligned perpendicular to the sane pl ane.
A longitudinal recording systemuses a ring head for wite operations wile

a per pendi cgl ar recorgi ig iéstem uses a single pole head for wite

oper ati ons. KGRO VENTIO t orage space grows, there is a constant
need to increase the areal density in mag_neti_c storage_nedia. To do so, the
number of gr aithsCAMCHIRAHIMARIEUC iSHEIESaBBHIYEY TadRdesa’di HESiTHe IPPYLUBE athe
magneti c gral -Thi t] i I J S

Fransi t1 oRUCEr S0 LBREE bl E A BlefBy Th B SRR e RSB s
r ecorigi nGire G4ubiy depoait@l vsingt spBItEIn g Todds € T thipnegelagérigtygicalin finze from t hat
it leads to decreased thermal 25 stability. Maintaining thermal stability
of the negaeEnplar Jememagnctc dpatefigdafuch psdeabaltradlognin rickh datei bitR aiel sforsder

| onger pey.i foti £t - al ns.. ar R j t hat
dat o may P ied of beahgi el Mur SR e D R Tt Rt i Rorb B or e

and mai nt@hérateh@enhls, whichhdy thitn B réatl iot LeilteR bl 8 r@dd/Wialedhehd known as
magneti c-ani sotropy energy, K'V, where K' is the anisotropy constant and V

is the vol ume Mﬁ%r\}?gité 1@5&%&03»]?&59%@%%&@%@111 ofthél 18hfudjrfal 6 fdufar] ayer

wi |l experience as” a super-paramgnetic effect e to the

decr dase Iofa lotpimdimabmepidtic atuirsgtmajiymethe mgpgnetic Moments wf thetdrainsrade abigadal | ity
of the grains and m ninjse the tendency for nmagnetizati on decay, a thernal
stabi | | twafaglé% rthg Rlageeidh %ltbatfart%% %ﬁeﬁfhﬁéw%ﬁmem% IPH@PEI%%#%@%@W t he

grains wf i%,ﬁﬁep@l%gr&étﬂ thiifierlts bEhE %?ﬂnsoire taﬁ%rilqu%gﬁ:ndi-gmﬁ td Rk gﬁtn@b Wity

factor is define the magneti c-"ani sotro rgy over the thermal energy
of the ndgmgtudmamegtoalingsystem whsreridg hsadkidl wirhe opaat@rsavhilea paghedBeulsr t he
Bol tzmann's constant 10 For exanple, a mediumw th thermal stability factor
of 60, tH@quﬁ’&ﬁﬂﬁ‘?mé*ﬁm?&l?mlﬁéieﬁdquf‘@i%ﬁﬁ‘ﬁa%‘?nsabout 3.6 x 109 years. |If
the thermal stability factor is reduced, the life span ofthe nmedi umwould
be réfuced, (eAythedemand foesivmdgespadsigrovy, there tsorconstadineed kreinciehss hparealwoul d
be approxjmately 7.5.years and. at_ 25, the |ife span of the,.nmedia is

appr o BT P sEages e Hidames so B rumbi, SARE M AIRGYE S LSttt or
at | east 13t dRfeadiA@UBe 40e 0P IRNSUERthBhind atRiSle@l@Mni i gklindifBALdIBH98S not
experiencé magnetizati on decay over a sufficiently |long period of tine.
Wil e it shewkedirbwsiticaieahd & bighsesigma &y icibsratin 8 NRpwehich inpybess ddta reoordmignt ai n
the thermal _stability fact while V is reduced,  canventjional | i tudi nal
recor di ng‘?%f%%ﬂﬁ%lyaar 2T B L@‘B@A‘F?@C’F’igﬁmﬁé’&%s it leagsio deagaseaiicrat | v,
the risng hgags have a maxi mum head field of 2 Tesla.

Maintaining thermal stability of the magnetic grains is critical to data retention,
particularly over longer periods of time. If the grains are unstable, then it is likely that data

may be lost through magnetization decay. The encrgy required to store and maintain the




This head field sets a maximumlimt on the K' of the digital storage

medi umto about 2.1 x 20 10~ erg/cnB. Accordingly, this limt sets a highly
undesirable m ninumthreshold on grain size to naintain the thernal
stability factor. In contrast, perpendicular recording systens using a
single pole head are able to generate a higher field relative to that of
the ring digmety oBRHOEh BRSPS RlaYa is RESWPE AT SdHeAE-ahiR60s i chereFYR B [Whedd I, S thY ect
to limtations and probl ens that have prevented the technol ogy from being
nore wi dessyirotraply canstaphand \ isl the yolewe e5ide genim dddew 25eiiain grafiiesich Es npagnetitus ed

by a soft, underl ayer us LN a perpendi cul ar di t hquagh di cul ar
ARRVE T S B s PR R R S S el Ry
the coer GhyddelclaRisbiigpyp&icpgndi cul ar nediumis considerably higher. The high
coercivity tequires hi'gher ' switching field energy to performwite

oper atgl ons, W&éhgﬁ@fh&ﬁﬂf&aﬁiﬁ%e e%@f@&dxﬂ; fsg'ih‘%ﬂ&?deng;ﬁ‘fb%magﬁétﬁ i cul ar
recording systens are .not a co rci y viabl'e option. I n“view of the
f or egoi nechy, aitberg@stakilityefatior Raved MagRer¢ke tedaeaiing thetistdbiling df thetgheibs Wi | |
allow increase in areal density while preventing nagnetization decay. To
over come Vit rgspegittatthe e srancfithe mﬁwﬁém@rﬂ%nalé%ﬂm’ dacteysrdefiged Prdie is a
need to have a nagnetic recording nediumthat allows conti nklﬁd reducti on of
grai n si zeagdetit-aniBoRdBEneny oexcaRs texaal Bnéngl of the reoeidmeatia:nesewhdraT is
addition, it is also desirable to have a magnetic recordi ngkafedi um t hat

mai nt ai nsh%_Eegﬁ%?{etngé;a?Q:k%iist%e%%lt%l%fsg&%s‘?anitS reduced. SUWARY OF THE

| NVENTI Oﬁ vention providés a digital storage nediumwith a

substyrate where two 10 magnetic. | ayers are. dispos nd pr ot ect ed an
over cbat - The Faretimplzgnes e s spb st beBEREt, BBl SRt Ml ne
second MBgREhiGoraBYRr.4 5 161 \RRAS B ORelnle sihbity ABGPRbGLANES life Thm dithst Of
the two nagnetic layers has a first magnetic nonent wth an easy axis that
is tiltednadidmtheulddecadhcadgeet kica thayesl daddlity fsacoaiiydonkid spanwmosht bav t h
an easy axis that is _also tilted. The tilted axes .are forne der e

i nf | uence?PBFOERERhhGE YEBH AN ﬁ‘g%&%%!%@ﬁpiw temetiag aﬂﬁax%%ﬁggﬁifﬁﬁ Bre
layers. TRG. Lid ﬁqjsiﬂ{p%ﬁ MOLER tﬂirs?acl?(%r%( Atat ST EMo@na e LiBs M4 £ibreB in

per pendi cul ar plane to ﬂ%e surface of the él gital storage nedium The

angl e of a inbéiutn ddee doeagyriencesndgnetizacioh decayaynest suffiteyéy bngwgribdottime.

magni tudes that are the sane or different. The tilted easy axes of the
magneti ¢ NDNMEMykilk it wdigd BE RIBAND ubdMABE 410 haPhel adfshel G teshuaindiage thdrmal | ti ng
data on the digital storage nediumw th either a Tongitudinal ring head,
aper pendi stalfility fadtengvlele?d igyeduschaadventionmyongndinabieowlimgspstemns 4re imited by

head. On the substrate, whi the first layer is disposed, .i ted a

i ckel pHbSEREPT B din oL s Ty i e h s AP RR e SIS an
i nt er mediplienbRYRIA bds FhBRASAH 1190t &Ihﬁlemdﬁ&ﬁ@digﬁaﬂaﬁﬁ@g&nwﬁmftb ESdutFRGnet i ¢
| ayer. A saoft underlayer may al so be di sposed between the underl ayer and

the il er l(ﬁyag/cnf. Accordingly, this limit sets a highly undesirable minimum threshold on grain

size to maintain the thermal stability factor. In contrast, perpendicular recording systems using
a single pole head are able to generate a higher field relative to that of the ring head.
Unfortunately, perpendicular recording systems are subject to limitations and problems that
have prevented the technology from being more widespread. In particular, excessive noise
25 interference is caused by a soft underlayer used in a perpendicular medium. Although
perpendicular media have greater thermal stability than compared to longitudinal media, the
coercivity in the perpendicular medium is considerably higher. The high coercivity requires
higher switching field energy to perform write operations, which may cause further noise

interference. Thus, perpendicular recording systems are not a commercially viable option.




25 In one enbodi nent, an interlayer is disposed between the first and
second magnetic layers. The interlayer can be cobalt, cobalt alloy or
non- magnetic nmaterial |ike ruthenium (Ru), Rhodium (Rh), Chromum (Cr),
Copper (Cu), Iridium(Ilr), and their alloys. Wth nonnmagnetic nmaterial as
the interlayer, the tilted easy axis of the first and second nagnetic
moment s are anhivigasthe flregoinid, & iddasiralgle coak nagiictiarecoptingdisicmbdib thatwilk he
interlayer, the easy 3 axis of the first and second magnetic | ayers are
par al | el . allppemeegpet ereplhdekiie sdilgfpreveating giagastization dgraymeth QHFIPAME e
conbi ned ¢ hj S f.the fi Sec tic I -t he
t hi cknes sﬁIngt&ﬁlg oﬁne%lasg an y%lzrlé,r{ eﬁ% rg‘lg’g%lgl esﬁ&%rg?,&glg% ftshaeh \/Ide/c;{onggv r?\é\%nﬁ:agﬁgt%r S.
I n one enestiithedimtig a6 WS eatitinuBY BIFLEESh oftdhsinsize SéhiRBIHRhiioe baysivdias a
5 perpendi cul ar magnetic ani sotropy where the easy axis of the magnetic

nonentd | nintenfsrenice Epmmetsgel aslditiopett 19 alsoplesisdnieiodaras magnatisacerdng mefiuphe
digital storage mediu the second.magnetic |ayer has a | ongitudi nal
ani sot rop@awgflguqs&ge@%%ggl;(l%%aso?alpﬁgeﬁ% Efﬁidc nonent in the second

magnetic layer is parallel to the plane of the digital storage nedium

Alternatively, the first magnetic |ayer has a |ongitudinal magnetic

ani sotropy and the second magnetic | ayer 10 has a perpendi cul ar nagnetic

ani sot ropy WUMMARYQIREHE INVENEONp| ane of the digital storage medium The

magnetic |ayer with | ongitudi nal anisotropy is formed with a ferronmagnetic

mat eri al sel ecTledprtscamnzegicnupovidosa digitalstabgembdibim wilo) substrate Wiked twani ckel

(Ni), and the alloys of these ferromagnetic nmateri a| ile the netic

| ayeriCui tHagusEC Jayshe A @ﬁﬂogFf aﬁﬁ PERIFSER %V S5 QYCFROA! waiﬁ\ﬁ;%trm%aﬁ g%ab?e 18

mat eri al s;L i J I . [ﬁg]%g I I i th

per pendi C%Fﬂagéggﬁfi??gét %ugf)ﬂ;rlgt?gl hg@glilén%ﬁgﬁc} glf} r %fla%PFSoy I E%'Oﬁ theS majgﬁeﬂ\"

cobal t - chiagsri Uik fAtsabf the o Magidtic)ayeeaiiaa l tfirst iagnetionm pdoaht withnarbeaspaxis that
CrPtB), cobalt-chrom umplati numtantal um (CoCr

Co Pt Ta),. . .
f:obal t - chisgHedimdihasseandimasepiclaver BSarseeausmagagt %ﬁle’ﬁg‘ﬁltﬂi HERY ﬁi"éﬂ‘ﬁt}s The
single | <can al.s: el ith
mon- magnatr g B Ied feos AhRfined MR n M TucRbe FRRE el o B A Rp fORTH.
Al t errsat | {16t 3hd sebndpgigheticlagers ATheaRlRixes, Wwiddedre bRuxi0rora aduteangies wilpa e
| ayers of the same ferronmagnetic materials with spacer |ayers between the

nul ti pl e paapedicular plase it gwdadeof thadigitabstorappmegisn. dhg gngles of thatbed eapy

formng the Lpl e ers _can he | oxl |.t: | oys
oni et nees Tibe G Gap R fAGvF BaBhinact B0k e Sy dReebE e i 0
l( gg I uCrd)es &R aylkeisoiitﬂe\ﬁ@fgng@l“ (Gcglblgsj;}rﬂthiabibesia?ﬁmlnlﬁ :B)zid(eﬁégﬁgggrmﬁatgg@mmlg

- , cobal t-copper - , cobalt-palladium - an
cobal t - t afftapnithe @tggtgh’%wr.agfr medigat Wish eidpp@&qngit@m%ﬁnghe@s a perperdieai sINEl- t he
digit st qr medi um of . t e ibpvention is provided. The nethod
pr ovites 1?03?ﬁ%‘}glpogsainypg‘ﬁ%o(}ev%%ﬁ#gﬁed:ﬁeglﬂgﬁdg | ayer on a substrate foll owed
by a second magnetic |ayer, where _the first nmagnetic |ayer has a first
magne'sj i c momen n\ﬂ%“’t Wbéﬁ?fﬁrg’ﬁlcééé?ﬁéﬁﬁ@@r% SR%g‘fLs‘éEBﬁf ?r%‘??i{ﬂ Pholpg%Ps has a
second nagQ ,mg : yn]ﬂfﬁ- : : I RasY
axes are peg%{e’ér%gﬁco ar t%hééﬂa%@e%?iegr%% of C a%ezrg?%ﬁ%ué%){ ngS 0 tshe magneti c
nmonent s oiindefeydriveforathedirstanigugec fyere sAkéft unddrhgeraagyalsxesdispdsed betweky
tilting out of plane of the digital storage nedium The tilted easy axes of
the presele urasTyer F6hthe Héelayeangl es with a perpendicul ar plane to the

plane of the digital storage nedium The nmagnitude of the acute angles
dependfs on t helneonstearigdimentpin intgrleyerendisposed betregr e fast adescegridsoagnepy

i f th ti ic.l ._The ani sot : .of th
Fespect | vEYTRgNAF ECTAFEHE: B0l Sohs AT P oh P SRBRe il RN § on
of the eagy)aEstiurhIRhE OMRShiubd @3), DophOQ CRNIHSLHOWY, SRR} SifoysS Wil Adgenced

by the exchange-coupling constant, anisotropy constant which can be changed
by varyi ngagtetictipaterialf asf the nutedgyreet the tiet emasyabsis iofi theh rstragd se¢and mggretic as

o RO Sl e SORR LSRG, P IS S0 1

exchange-coupl i ng between the first and second nagnetic |ayers increases
the activation volune, V, through the conbined thickness of the two
magneti c | ayer and hence increases the shermal stability of the digital
recording or storage nedium according to the thermal stability factor, K~

t he exchange kaT coupling constant between the first and second nagnetic

| ayers is variable. 15 The nethod of the present invention provides for one
magneti c | ayer having | ongitudi nal anisotropy where the easy axis of the
magneti c nonent in the magnetic layer is parallel to the plane of the
digital storage nmedi um whil e another magnetic |ayer having perpendicul ar

- o o Y b1 o - o




20 di sposed on the magnetic |layer with | ongitudinal anisotropy or
alternatively, the nmagnetic |ayer with the | ongitudinal anisotropy is

di sposed on the nmagnetic |ayer with perpendi cul ar ani sotropy. The magnetic
llayer with |ongitudinal anisotropy is formed with a ferronagnetic materi al
"selected from a%gr oup consisting of cobalt (Fe), nickel (N)

and the adMipRfidhofirst adsecandmammaanlayere wa@llﬁbﬂ)éie\mﬁgn@thﬂa@ ﬁéﬂﬁeélaﬂayer
Wi th theaﬁ@ag&%&ﬁﬂl g{h[e%mn%? %Xkﬂeﬁsr%ﬁhé ﬁIs sIééq%EIIﬁ %Léti%{lﬁ;%?&édv& ferials

i ke cob 1 TON an herr a €r pen cular

ani sot r opgrickassslofige mﬁﬁa{/@r;rm%o@d?deﬂgdeﬁ tﬁ@Wm@éneﬁb I@ysﬁs of f err Omagnet ic
materials |ike cobalt-chrom umpl ati num ( CoCr Pt)

cobal t - chrom ugy BhatdniHemRA O e?érﬁ)mv&ﬂ 'tm@Iﬁ &I@Iayayrﬂagaant al um
(CoCrPtTa), cobalt-chromump atl n rm| obium (COCr Pt Nb) a d i ron-platinum
(FePt )5 Tieepsidinglae nhepetic aasotapy ovhoee memmagachxﬁsmfrmeﬁwghdatwnoméntanhiw firstvhi ch
are doped with non-magnetic %teri als |i éﬁeai | i con oxi dﬁ and | |l icon

nitride. TPFISHRAZYEY & RPIPIUicutas & e Rlane SRl Rge R 20 g L6e%bpy is
formed fr g%{gu I tﬁ%% ek e] pacer
| ayers beI%1 en E!IIB}ﬁrr;Fﬂsatailxg it %llélpgoo fe%e(r%o%lggn t E:é(frfat erlg}e?llc%dgﬁ%ﬁ

f er r omagniat seonadtrapneiic leyen 1stpers¢1@bta lthe plamdittic digita eoraze thedivinal Altamhdtiogly, and

t he spacer |ayer includes palladiumand platinum The cobalt allay
. ncI udes Be Estha1eenaiq gy haggplongfudingd Ha@tletwmrewé)the %ﬁ%éma%rrﬁﬁe Ygi

I I tal um
o 90 8" hisSaRal: HEIRML wiRRShL AL (B oP K, S0ha dphe
s ubst r at emadidmt MEhef mbgiectioagre with 1bﬂg{ﬁlﬁma\y\lams@:r®yae eﬁh&yiemth s fetapaysetc on
t he substrate before the underlayer. On underl ayer may be di sposed an

addi t i onanaigekseleaigd Iﬁloawgroumﬁonswp@g ﬁﬁ%ﬂbaItéCo)agr@n ey, mﬁ@h (Nip, sl ghsdlons
bet ween t(gﬁ éé@? din?élrg%etl ehgﬁ \Jhll‘i.‘. ﬂ%@ﬁ% ia&eIJ WillSthe B% 1%&1@11%'351‘%& qyet Ic

| ayer is di SPOS€ ayer er i's’s roma group of
hi gh sat UIoﬁhe@wltﬁa&ﬁ@tnagﬁéucqﬁateﬁmg lik@tsbalt, kk6én Btd thefiQiliald. , Tiad hoytiander
conpounds of cobalt, nickel, iron, alloys of nickel and alloys of iron to
enhantie exthasmendisular ianoaepy kea isingle fayere obpllon dike |q0bﬂ1t-ah@rr§@1@m1@tmmgnet ic

nonmaget (G B ab e el St B o (R R o el A o
Chr om um (@OrPt TP RBBAIL-EKeEhniurh ol flin Ll bBidm (EDCArHNB) dnddonGyAinsHOFebipalhé he

first magnetic layer is anti-ferromagnetically exchangecoupled to the

second negrgle layer earezlso e éomdérdrmwé@y& of aobalg whighi arbldepedhivith mesgndgagtic t han
1nm The pres i nyenti o. re ing direction that is independent of
t he typeslg?.)tf’ ﬁ@jﬂf lgﬂnf”ér@ ‘?fl c ’élgﬁc?ei ons due to the natural formation of
the bi-axial easy axis in the 20 system  Thus, the lﬁresent mvenu(gg

provi4es a mt*ﬁEﬁnﬂV%ﬁ}Eﬁ%@ﬂI%&r?%@WaY%éf foapd FPmHERltipledaysss fLBe with

any read/ fgrr&ﬁgﬁg e q‘fﬁ?&@%%tth %ac%‘ ed b%lt\gee%'tﬁ%ﬁhln@ﬁ'e 19% ﬁ&ﬁ whLte

head. Furthernore |rect|on nt to

witing fm&ﬂeﬂaIOfThelféri‘tﬁﬂiag@eﬁct mgtehieldrning shenghleipkdhrdeabe cabaﬂl,lc‘bbalttloghhﬁ
ani sotropy const ant can be used to 25 increase the thermal stability
whi | e mai #df0ka] h@llwsémh thespsrcer lavgr inchides paliadiym gad platingpe T#ﬁ@ﬂw Alopdi um

al so enabj [ S o,

swi t chi ngln?ﬁ d?%%?ﬁ S]tlﬁ@%?gﬁgzggﬁaﬁgﬁdsrﬁ@ By‘?ﬁ?@? e@ﬁﬁ@ &bhl CE %ﬁear
bit densi(Qo-Coy, cotui-padiium (Co-PdBRARLbAERGRIEEI(COLTEy. THE DRAW NCB The
details of the present invention wll becorre apparent by reference to the

fol l owi ng deschipbinePaspBd, ﬁﬁ@tﬂﬁ@@ﬂﬁhﬂga I {ROG %fo?ég,@méﬁh@h ofithbﬁre@ent

perspective view of a disc of the present Invention lying in a plane.
invention is provided. The method provides for deposition of a first magnetic layer on a

substrate followed by a second magnetic layer, where the first magnetic layer has a first
magnetic moment with a first easy axis; and the second magnetic layer has a second magnetic

30 moment with a second easy axis such that the two easy axes are perpendicular to each other.




5 FIG 2 is a cross-sectional view of the structure of an enbodi nent of the
digital nedia of the present invention. FIG 3 is another cross-sectional
view of the structure of another enbodi ment of the digital nedia of the
present invention. FIG 4 is a schematic illustration of an orientation of
the easy axes of the 2 magnetic |ayers of 10 the enbodinent of FIG 2. FIG
5 is a schehargeccqupling of Bicingagngtic meptentsrofdhs by megmticdyerhesehiythgeasy of

et  onal gt etrPeFidulah DERERRRTL Ry orkehaghul Fhofifedy SR ¢

| ayers ofprbdeat petse i Ruenrhienwitha pEipendifulkSplanddb &Ribldnklbbtk datfitangoridgee
relationship of the tilted angle with the coupling constant. FIG 8 Is a

per spect i pediyimew g magntude phigc eette pegles depardsion the exdhangemenplas sticatd, as he

St omer ot A RlufObS e relen Br TP T Ere e TR ce g o e APk PR3 a o

angl e of thBfspéditeehal iéQ%"efP‘s SR tolaftaid 2FRBRATIA cOREL IR N8y SieRQ| €
magnetic 20 layer. FIG 10 is a graph of differential switching in relation
to t he anbhicecogtpetitien ofithe adsangrendreicatsiefinenced by thegnchange-weefilingichesiantg a
single magnetic |ayer I 11 is an,jllustration of .the effective  bi-axial
casy axeotuopyeEYBRANGEREanBr FRERA L ERTERS RE° RLGHETFETEyRHETT R no
present iYAREADR layes 51l akdhd idns G MR LSHesER AR : YiyeW, The Hiékness

i nteraction of magnetic nonents of the 2 magnetic layers, where an

i nt erlOay enf thesfirdi Bid ss@uid negnetanlaydrear? varapdy. SVhikd i excBan ge-cuplipsretw ¢eo the

sectl Onalﬁr\s/tl aen\g s%fcor}dhlgaén%‘ﬁg llgy%pstingl:%gs%(sa%ﬂecacgg%?orllltvsolﬁ%e, rgfo%lég %l(lje c70mbined

thickness of the two magnetic layer and hence increases the thermal stability of the digital

recording or storage medium according to the thermal stability factor, % , the exchange-
B

coupling constant between the first and second magnetic layers is variable.

15 The method of the present invention provides for one magnetic layer having
longitudinal anisotropy where the easy axis of the magnetic moment in the magnetic layer is
parallel to the plane of the digital storage medium while another magnetic layer having
perpendicular anisotropy where the easy axis of the magnetic moment is perpendicular to the
plane of the digital storage medium. The magnetic layer with perpendicular anisotropy is

20  disposed on the magnetic layer with longitudinal anisotropy or alternatively, the magnetic
layer with the longitudinal anisotropy is disposed on the magnetic layer with perpendicular
anisotropy. The magnetic layer with longitudinal anisotropy is formed with a ferromagnetic
material selected from a group consisting of cobalt (Co), iron (Fe), nickel (Ni), and the alloys
of these ferromagnetic materials while the magnetic layer with the perpendicular anisotropy is

25  formed with ferromagnetic materials like cobalt, iron and their alloys. The magnetic layer
with perpendicular anisotropy can take the form of a single layer of alloys of ferromagnetic

- materials like cobalt-chromium-platinum (CoCrPt), cobalt-chromium-platinum-boron
(CoCrPtB), cobalt-chromium-platinum-tantalum (CoCrPtTa), cobalt-chromium-platinum-
niobium (CoCrPtNb) and iron-platinum (FePt). The single layer can also be formed from

- 30  alloys of cobalt which are doped with non-magnetic materials like silicon oxide and silicon

5




magnetic transition of the present invention, where an interlayer disposed
between the top and bottom magnetic |ayer results in anti-parallel nmagnetic
nonents in the respective layers. FIG 14 is a graph showing the tine
required for switching the nagnetic nonents in a nagnetic nedi um havi ng
tilted magnetic nonents when a field is applied on the medium 5 FIG 15 is
a graph ofitrelger lteinatvely, ¢hel magneted lyerowith pegregtiisulde paisdeonseist formed &om

t t FH.G 2 wth Pd i I .t hick f 0.6 1. 2.5
o FI G Eele g AoR S ESa St s et B b € SubEHBR e for
struct ur eja@rs &t feroriaheiid nderialt Eid @M@ha%?di%&nétéﬂa%ﬁﬁ?e’%o@ﬁlt, QokaltdFided ardd NM
and 2.5 nm 10 DETAILED DESCRI PTION OF TNVENTION FIG 1 shows a digital
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top of the ‘underlayer Is an i'nternmediate layer 16 as in a 15 typical disk
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| ayer 16 maagnctiepayeseniceé aisbediaRs endifised o Uhe SubisitatehRfdrayier wikkfAeyed s 100.
This first magnetic |layer 18 forns the bottom magnetic |ayer upon which a

second mediletlayer mayehe dispossd aapdditioadl. sofhendsderid Amghemediaalpger isribétudes a

seri of ..al t ti | ayers of ferr netic mmateryals-and spacer |ayers.
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20. The sdigRed maghtdifcl. ayic 2QelaRr 18 SWeledhBEmWat frolh e ff hight sHBERGL i C

| ayer 18 such that the bottomlayer is the second magnetic |ayer 20 and the

top | ayermagnetindionimajerigtalikenure cobalteglloyganbconinonnds of cpbalf, ngkeBrpnadlays he

first and second netic layers in both arrange sho i nFl 2 and
FIG 3 T PR RO AP R SroBBE cR D e s g 56 g (st g™
di scussedetshddfhgdictic WytR, hataLANIE tﬁ@inFérﬁ’ﬁer]igse@éWedﬁ‘Y&a%ﬁgup-l;'f'ﬁor[rﬁé@%ﬁ@ns hi p
between the first magnetic layer 18 and the second magnétic |ayer 20 of the
ar r arige memnateridlb ogtsisting df tuthepien EpoRhodiwn (Bh), Eh@migmi(er)f GeppeetCuli Isduss ed
with ref e(ir?,na(.:n% their alloys such that the first magnetic layer is anti-ferromagnetically exchange-

coupled to the second magnetic layer. The interlayer is of a variable thickness less than 1nm.

The present invention has a recording direction that is independent of the types of

head used for write operations due to the natural formation of the bi-axial easy axis in the

20 S)}stem. Thus, the present invention provides a method of manufacturing a recording medium
that can be used with any read/write head independent of the field direction of the read/write

head.

Furthermore, due to the titled direction of the magnetic moment to writing field of

either a ring head or single pole head, a much higher anisotropy constant, K, can be used to

25  increase the thermal stability while maintaining the writeable switching field value. The
magnetic medium also enables sharper magnetic transitions due to the reduction of the
switching fields in the titled transition. This result in a higher linear bit density for the

medium.




to FIG 4. The first magnetic |layer 18 includes a first nmagnetic nonent
having a first easy 8 axis 19. Simlarly, the second nagnetic |ayer 20
i ncl udes a second nagnetic nonent having a second easy axis 21. These easy
axes are unaxial in that the nonments of the magnetic grains are orientated
in one direction of the easy axes. In FIG 4, the first easy axis 19 is
paral | el tolEH# HSERE (2 heRAWMNGsce of the digital storage nedium 10
and the second easy axis 21 is 5 perpendicular to the first easy axis 19.
From t he enfibdidatens obthe BrdSentdnvdniien wo]) beagmedpipardnayerefd@ndeas the followingeasy
axis 19 parallel tqQ the surface ofthe digital storage nedium 10 while the
bot t om giRton g arcompaRgae Jraydnghhelsdy axis 21 perpendicul ar to the
first easy axis 19 as showmn in FIG 5. In this invention, the easy axes for
t he magnel%/Iﬁe 119y perspegtise Hem War discedfytheprobent vvesirhlyl® inatlatgot h ar e
perpendicular in direction to each other. Wen the two magnetic 1ayers are
magnetsi ¢ afliGy 2 isotrassestcionah gieweodthastgetce opdrednbddimentexfitiantigitad redia cdthe he
respective layers align in the direction of the easy axis of the respective
| ayers, ﬂﬁﬁ§m¥ﬁwﬁﬁgmfayer the easy axis is perpendicular to the plane of
the magnetic |layers while the other easy axis lie in the sane plane as the
magnet i ¢ &y &nsanoffes srasgcprdivgel voupl ihegiiusturnefraygthee embedinteat ¢inhe dfgiak
bet ween %%‘ﬁge QMD n%g?eti . layers, a new energy is introduced and the
magneti c i) Rf “PER }8V%108h t oget her. The two exchange- coupl ed nonents
each other, but this pull js restricted the anj sotrop

[t .
gﬁergyot %S-é%i aschematicillystpatiop of a1 Graentaiignaf fhe epsyaxes olidc 2 magaeticlayds vh FI G

4 aanF|Q$e§?bB&ﬁF W@Hﬁ@ﬁi axes which are perpendicular to each ot her have
exchangecoupl | I'nking the magnetic nonents fromthe two nagnetic |ayers

t oget her. ver,. at 20.the .sane tinpe, a et.i,ti on bet he .

ot sot r oy Canas geeutia PR ] atethorufigh ot ey S5 e htBentitnen o
bal ance ahydrb6f e eRBbRENAHT BT 3OPY energies is achieved, a new easy axes
with a different configuration is generated. The new easy axes tilt at an

angl e outgypf ?ﬁshf‘scﬁérﬁﬁ?c s%cltin%tﬁl Vi Gl el'fﬁte%ﬂ&ﬁiixﬁa%q?%ﬁﬁﬁn‘ﬂeﬁts%@ﬂw%%d hEhc Thi s
phenonmenon of exchangecoupling at the interface the magnetic layers wll
beconme apppareof the pesedtlitrentioand FIG 7. 25 FIG 6 illustrates the
interaction between the respective nmagnetic nonments of the first 20 and

second 18&10RgRe} bfaph AYRLEtng hS rél Bl HsBpld e Pked HS1JRER Gl GupPREnStahes Ul t s
b rlng-hf (15f‘§nd VZ 617)% The resngtive r emmant
re

in remant magnetic nonents,
magnet i ¢ gyRE [ Se = I : : 3;;::5‘5 he
r ermant malghetﬂilt ? ;?sipgér\]ﬁ\%er\%%%] h’lgtr %ptg%{e%gh% Hg?[lggﬁﬁ%{redreé&@%e%o ex&&ange
coupl i ng tht plahe of the endeactic mkdiitlhe t wo magnetic 30 | ayers; tl and tZ are the
respective thickness of the magnetic |ayers. The exchange-coupling in 9

the preserts. dasd GipH Sasét bd SB8EH-FRIfaf R HEUBID T IHRMBANS 1 SERORIH: MRdBNEEtdD and
17 which tilt at an acute angle to the plane 11. The tilting of the

magnet i ¢ tadieangde efithe filted megneiisghemprtay pdspnelic mddiant kayénmw singlesnagnéting
prioroarta whi ch are either |ongitudinal or perpendicular in orientation to
t he ﬁ%ané‘%?‘the medi um The magnitude of the acute angles, B, and BZ, in
which 5 the remant magnetic nmonments tilt is dependent on

! . t . the - :
exchange-IdbupPithg ssanhefgdiHersahileariichig indgiagen &0 Hsmbstesof the wlied anaapetic
magneti c : ! he effect of the
exghange}%%égﬁﬁﬁa C g@gﬁ@d@%1ﬁ%@@%%%#ééﬂgéﬁgﬁﬁﬁ "of the remmant nmagnetic
nmonment s .Mz In this.exapple, bot.h nmagnetic |ayers have ihe sa
oo Sot r oy GE Shiseliialin fr Gk AEB e AR AL Dk e LR o Pt i
| ncr easesof thd¥agmdic3ayBsk iafthSpetMd iRRRYorXi S 21 10 decreases while the angle
B~ of first easy axis 19 increases. Therefore, an exchange-coupling

constsant e > ; I: LG il ted at
o od od 0 dpds MEsehengt Sehuhy AUG 0\Re (RERER, BRANGHLL, RRIRAS o e Fe
of t he easyagictis layers] Where\w in@OMet iscdispyed Betwkdd thei2llhysas. di fferent angl es
(i.e. B~ ~Bz). The tilting angle is influenced by the conpetition of the
ani sot r opyIGensrigishb@hie 8t tiolf FRANG! the rbANBASMASAR RYHBAR I aCRUGES | S
system The anisotropy energy for the respective magnetic |ayer can be
varied to adjust the tilting angle. The strength of the anisotropy energy
or the anisotropy density in each magnefic |ayer is determined by the

t hi ckness and ani sotropy constant of the magnetic |ayer. The principle in
this design is to control the conpeting energies between the two ani sotropy
energies in the perpendicular direction to each other when both are
exchange coupl ed. As




20 such, varying the anisotropy constants, K'~ and K'z, of the respective
magnetic layers will affect the conpetition of the anisotropy energies in
t he exchange-coupl ed system and the nmonment will tilt in the direction of
t he dom nant ani sotropy. Therefore, the tilting angle is al so dependent on
t he ani sotropy constant, K'~, of the first magnetic |ayer 18 and K"'2, of

t he secoriaamgﬁér@n%twra@féhe pgsentisventiamwherc ag fiterlayer %@wqﬂm@eﬂtwomet ic
t t h s f

e espathu it DB M DUFL B TEOP TSR TOAR - o
h I t ant whi, | t t ant

G bt SR e RS oS s RIS

the It el aekicAl ld¥oh 8llify GRANSGoRURM MG OknENE fbis HRANATNGAS AU, 0! ve

rise to an ective ani sotropy constant, K',e-~ i ned magnetic

rers, T DR RSP SR PP At g %ﬂ%ﬂfeaé%ﬁeﬁﬂee GRS or ol

nmagnet i ¢ pitwPe fibigriSfer tHickndb@h bed.cahNNa0emMBEAPBA0 is thus 10  deternined
through the exchange-coupling of the sel ect ed magnetic properties of the

respecti t
oot Vsl QO P REnet e i Bhcss B el JpeRipeCherplcRUT o
const ant , Wit Pd duitelr 4§e? 1ager thivkness o Ot nmvel . 2ragneidi2cs ayers. 5 The degree in
whi ch the tilting angle tilts can also be controlled by adjusting the

t hi ckness of each magnetic | ayer since varying the thickness would vary the
ani sotropy energy of the respective layer. The overall magnetic properties

may | gan towands sbist<PREBBN Gr NG EFoRavi ng stronger maghetic properties in
vi ew of the W_e—ﬁe‘r@—e‘s_gr‘m‘rrr vvomagnetlc Iayers in the
exchange- coupl tem he over nonent ML
e ol T ol MBhTE kel o Br i i AR P R L R PR Rl 1f e
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wi Il lean towards the dom nant” nagheti c nonent under the influence of the
conpet i ngis émeos}:déellawdby@nemdmaygelmmsm@dslyEf(érﬁwﬁdnetlemmamgaom@ﬁm i ng

system pr esthef exibllt in _ena t he design of .a di w th
particul & 1g GRRGE R 15 OBF‘OP eéisonﬁ&’p %15 eLideglaySs g Yﬁgﬁﬁ‘aﬁéﬁm Htals
to fojgn t DelibiGgk MBI, | A A 141 hAShtermediat
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provi des laperalby aThagecdldyeo ddhundeclagasi and hﬁeramﬂjavalaymlaatmr@res&ﬁte@ﬁnt he
di gi-tal storage magnet.i ¢ nedium 10, The actiyvation volune is:

D~t,
where D % ﬁwéle%ﬁfwseénﬂerlaxeﬁée@t%%lﬁe Ahig figstimagppfic iﬁ?éﬁgﬁ&fﬁw&tmwms of

the digit f e r upl ed
syst e SAegrbCiARE BT o Ao RRARGICLE 140 PERRDoR, THE SEARARAREE P, C
and tZ i slajdrendibdeskanesiss @ﬁalteheuﬁgwyefsldffbmﬁag@ﬁc afuteh0Vhd addr Gye. 20d
FIG 3. Fromthis relationship, V = D~t, an increase in the thickness of

t he matgnemrptectivgevescqat 2 istben dgpopiteshur thie serpnd mepgneiéc eyt i ve acti vation
vol unme, V, of the exchange-coupled digital storage 25 nedium 10. The
present exchanfee soopl mdgisyistleyer 20am bsswinthed eitheths dirst magnetinlagérs such t he
respective magnetic |ayer while increasing the overall activation volune

si nce t hethafthg Sptiqma I%W&th@%coaflewenmawa%an@ﬁbe EIAYH s theHITsieARBStin s t he
1 {
Lo oIn el | oy B! A7 AL e KRS S0 RS s RIfUEE) |

of the di grdngbmsitchegs iMBENStdnd FIBAS, wiaylie. ind0detha ihrelapaoal m‘hishntsrlmupl ed
magnetic activation volume, V, is inportant for 11 det erm ni ng t her mal

st abi?i tthﬂbqqliéC%s&élﬁaﬁgellcfedmeé@ewée . vondddgnédi c- ani sotropy energy of
t he exchange-coupl ed systemis: K',effV, while the thermal energy is: KkBT.
Ther ef or e, theThdwetatmhsisp bdtvieert tjaeﬁaatnmgnﬁfc layee 18 rodithe gecond npigechiclyst @n i s:

K~' kaT|ncre se in.the etic fV ofthe
exchange. S0 ERe SRR B BES GRARFBP Eio bl SraBR G e BHEF ed 1t o
a prior aplpiananetlGeds D14 Binefk halfifs 4 BRI OR
stabili tyoof f he tl%el% I umyg ﬁlgfh%tfse?eﬁ%? %@%tfrfﬁlﬁon cana E%% ncr eased

t hrough increasing the nmagnetic anisotropy energy, which can be achi eved by
i ncreasing the overall effective anisotropy constant, K' ,eff. or the

activation volune, V. The activation vofume, V, when increased vertically
woul d contribute to an increase the thermal stability of




10 the tilted nmedium However, if the activation volune, is increased

t hrough hori zontal expansion, it can be easily seen fromthe relation in V
= D.t that a horizontal expansion of the mediumindicates increase in D,

whi ch neans a horizontal increase in domain size. This would translate into
a decrease in areal density, which is not desired. Hence, the selection of
t he magnesxicl hreligrladyshe sacondimaguresiodayer kinclagles sssceend mpanetio moment kaysng e

that the activation.1l5 vQlunme is increased. ly, vertical t hroygh the
L ckness RN RS Pl Ao CEIS e ARG SR HRFER 81 B HERTg e e
di rectiony@ Bri&rﬁ@c_e@ Hpé;ﬂeﬁﬂref:ii&{ & RO easglﬁﬁes‘?% Y18X, %hé@rs?é!agy Lhe1p 'is%h%alﬂeitd n
whi ch the magnetic nediumlie. The éasy axis forns an angle 0 wth the

pl ane 11,thevplane 11 loé tlepsuirfaeelof the ldipifabstorage mediine 10 and tHe sebendeasy axix2%1s The
sum of  these two _angles_ is (3 i.,s illustration,

i.e. 3 = 0). F h
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ani sot r optDTSEA ¢ PP REY i P R R RYursgPof i il bl SO J0 i 20
easy axi sthabéttdrhtagpglclegbr 20 Bhdh @bombdasPiis 21 pdrperldairie thetfhatteashig Bt i 0 of
the switching field and ani sotropy field decreases when the angle a of the
tilted eayphawné FsSeases fromO0 to 45 and this ratio of the fields

i ncreases when ai ncreases further to 25 90. If the anisotropy field Hk is
kept at a conskndms invehigors Wie aaly mgps forehampighatie dplessiradetiberatel rdedged isheh
magnet.i C is tilted at. an angl e, = 45 the applied field
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ani sotro k t i i i I
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of high ani sotropy constant It is.shown that so_|ong as, the easy axis of
the medi RAPLIHGE & ﬂk?eﬂlﬂéﬁ'e‘?f( e magnefifglayers wale thqethenrasy ﬁ?‘ﬁdlefliléﬁ%l%/ ,
required ) it S71RR oY} RN i | ess
t han thaﬁﬁ%%ﬁﬁﬁ%i ; gggkil%é ope%g?%gﬁgg?ﬁ%%gﬁﬁﬁgﬁ?%ﬁﬁ%QPQ§@95%$%%n ?Eular
r ecoridi ngheeds mapnetivilsvesd) answichaty idiatrpdiesé atid the weaghetinmbmenis vénddas akgm
advantage in that the tilted nmediumcan be paired with either a.ring head
or a singP&P elhelive gxchings-reuded mmmentsy pulk taveardsescht otBes butrthes aplt 4t r opy

t t, q t i ! i ; . Y/
s the sarurart bR aliet el Al iRk PRE b StV e SoBRLE o
the rel atin®@DSh qid FIG! blEetwSeds) otes twhadtele psp&idecuXaritd adchatitbr davesextchangangl e

between the easy axis and the applied field, therefore K' can al so be
expr essedorplingipkdng thespagngti¢ memsiistieom fg tvp sagnetiglaygs togethoitiowqgy, at

oP T, Yk RO AREL 8 o S ARy MRl Bl gt =

nagnet i c lapdeitGedd® Nentd Bdlede oF t@%oﬂ%@ﬁl@g afigitepy Cheries Wahieved & v 90) ,
X =1f(a) =1 leaving K" = HgMs . When the nmagnetic nonents are angled such
that a= 4%syaxpsyith sfdigyrent qonEgymiiemis genesatedk  The mew vk axcsitilt 4t an anglei@ief t hat

gi ven the,sa i.ti fl,el d 1~ d ration.magnetizatio NB,
ohen t ho HEGTEE A Tronart BEapiencte fadm B R - ThR bRopRa il wShingsy
const ant dsubBnglauikd Bebrfase SOAPALALtICayRAMiNDERASD Sl aferMRORINTS. 8tndFRE. 790.
Therefore, a lower switching field al'so enables an increase in the

ani sofzr opy co : iSERPRHIE b i 19 i ik IS
assu%%d t hat gggﬁggpkgﬁwﬁg%ﬁetlz%¥§%%%Q%E£éﬁ%@%tggﬁkghﬁﬁgﬁﬁ&?ﬁ%B&?f?F%g gap
field, HRKadbsdeord 18haagetibdateendThe edtekactbrirol thEeahghefio dndhent? Gesaftt fimmum
witing field is at 80% of B. Using the relationship above, the value of K"

= 2.1 x lgemapigpaargtiGmenentsMy (l(ﬁ)angmﬁbH Theresprytiae srEnmubMagpfic MEMent he

lue of K'\=_A4:3 / = 0.5 (i . ar = 45)
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the same applied freld. 25 It is further observed fiomFI G 10 that the

di f f ellent laydrs;dwinddhirg gherrpenegtivaibickngsg pPethp sagnetictayerat Therechangeorpiiginhg
from10 to 80. This indicates that the nmagnetic nonent with a 13 tilted
easy axis switching within this range is |less sensitive to dispersion of
the applied field. Hence the magnetic ndnents with an easy axis tilted at
an angle in this range is able to reverse nore uniformy and generate |ess
noi se as conpared to the magnetic nonents in a |longitudinal (0) or
perpendi cul ar (90) system In actual application of the tilted nmedium it




5 1is preferable that the magnetic nonents tilt at an angle ranging from 10
to 45 when using a ring head and tilt at an angle ranging from45 - 80 when
using a single pole head. This indicates that when the nmagnetic nedi um has
an easy axis tilted at an angle that falls within these ranges, the nmedium
is less sensitive to the dispersion in the applied field inproving the

per f or maribe prsientidiesige th uitized for Grrening renzrenemagnetic momantrel SegrsHdngacle blipt ed

t is th th t |C.. d MZ h ff [
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tilting reevaes alREHehECOVEP BB Mk privr af\ehiME R @itk or@ith BR3P Perféndidiar rEMant
magneti c nonents 15 and 17 are allowed to fall 1 n either direction of the

bi axi al easontaroeso thepéanbkoithe aledomar Hot rmagrotude bétheddubednigles, b asddamewiidf t he
remmant netic noments, M and. Mz, 1 royi deg an advant age over existing
prior “ar tt_%g/ﬁ%’nl’@“f H’ég%ﬁ‘é’ﬁﬁ’é‘?m‘“c‘“%%*%é’m el ?rht\flsﬁ@@flg%wigg SEshedh PHEFehr e

uni axi al B4 tfc%&hentw}s& th eEQla?Eﬁ.r ?E@grg?z%fﬁc! ﬂill&?&a@éstﬁééff&@v! ng
a tilted uniaxial easy axis Ich réstri€ts the rection of the nagnetic
nonent , tdfdhdexhaade-alupling t@mstapt avihd@sgled @xanbich of the tandanemapndticmgprodntsdat a

on the magneti ¢ _nmedi um w t hout conprom sing _quality. The grains of a
magnet i c ﬁ%&pﬁﬁm Inpihig sxamaple) beth maggetg layesshaxe the) S@nﬁ@néﬁogrﬁ@f constanp and
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data storage application, they are not achievable with current sputter
deposi t i orenganhlagdo be selagier] to lewe the reingnt magnete mpmentsditedrat paesiond aogle.

ti ts at the ed i tracks will d the track width .
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magnet i c 1@&5 whiofir: LR & 1és{gy'.g.n ] Qg tﬂeﬁiiﬁﬁ%%gl%%ﬁn%n%ed %lttﬁe bits

can fall ih an alternative direc n avoi'ding concéntfation of dipole
char ge atcdnyetitipackthedgsotrdpy snergeilictsednthe hmpasticdayencia aniexbhange-ghigded ng
data bits, which reduces the oyerall transition and track edge noise
provi Hi ngSyasTh diasRMssEoBY eRcrey Fa dictesrecHERmagnahic#yen Ambs ‘éﬁﬂegé% jastdle 30
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hi gh sat ulagdri ierletsagietlitgahe oickmse hd bnidotrdpst svastant dletht imsdnetidguyet.i The ayer

18 and t he_ second rra%ge_ti ¢c layer 20. FIG 12 shows the structure of one 5
pr ef er r edPrEiBIE iREHE defign petoppadohihy ermepating Pneigies betwesonthe fyveranisppry 7

sel ect ed {1,002 hOYROhaiCARATecROIROURTund: NN Lo RUL 6 QP BbipiaN dagObal

alloy. The ion‘ o riayer I'S"to enhance

exchamge- aebpviriige alie idigtiopl RbhAGRs, IEL WBRE K 1, b€ tHd tespectiBgRphaid [ayes wil8 and
t he second _magnetic |ayer 20. As such, the tilting angle of the respective
| ayer canaffst %hm%tlé@ﬁ’if thedenigotiepy I§Bersiss dn thecexchangedionpledysysteny andabe | n

the presen f_the interlayer 27 10. strong.exch C | i can

achi oved DEReRby iR W RESHER R FlnSarrphLATRRSbr T TRRSLRE e by Rt

| ayers swWiksdepealier entleanidtohPEdstant, K |, &8 iR EikEmbghetib Sa 8 AT aBRINEHT tEAL | ON
remmant state. The interlayer 27 may al so be used 1n enbodi nents where the

easy axesseopncmagnetindtyer2(. s eandeackiviaddtyadrase thh owgnétiv promerticd of the tve

preferable to have t interlayer as .thi.n as possible (below 1 n fo
i N2 i TAETRHE (8B COFR oA S Gt (FHE SR L eSS Sectél
i nt er| ayefhe 2disbfo3R%ARENts BXEhch nfaghstid lafi@lave dR&nt MW Vel WIAMSRe Rtropy
contribute to hori'zontal expansion in the domain size of the magnetic
medi um Térmstehiscknessd &, tdfehe m¢spedtagenagpetatigrers h$iand 20naroemcinged, the
contri bute addjtiponal sigjnal to Eiggo?verall recqr(ili ng which will add on to

interaction through exchange-coup the two magnetic layefs give rise to an effective
anisotropy constant, K, ¢ for the combined magnetic layers. Thus the exchange coupling
30  between the two magnetic layers bring about a new magnetic property of the digital storage

medium 10. The overall magnetic property of the digital storage medium 10 is thus

10




the transition noise in high recording density nmedium |In other enbodi nents
of the present invention, the selection of the type of non 20 nmagnetic
material for the interlayer 44 and its thickness is used to fabricate a
digital storage nediumthat has resultant magnetic nonents, M 40 and M
42, anti-parallel to each other, as shown in FIG 13, such that the remant
magnet| c deterarined rdugh Het exebangeeroupling) ofxthepklectod mhgletlygaropﬁfmmpérﬂneal

et e B R R R BB () S By

whi ch ar eoflh $BQSATu2RhREIMEENEERENE 'aﬁléétm}% S RN AN @ X, IBORRLEHLAVET S-
The interaction ofthe exchange-coupling sults in anti-parallel ‘magnetic
nmonent s tiagnetic dayeisl t ed at an angle to the plan 11 of the digital storage
medi um O her types of non-magnetic materials that can be used for

ant i f e r omagnerhecd@xehmngich abplilting dnglel tudecanRadbel sodtided bohudpmigiiieCr ) ,
Copper (Cu) Iridium(lr), and their alloys. 30 FIG 14 conpares the

swi t chi ngt qh%%ssrr* aﬁ@hmnat@c lpygrsiage Wmﬁﬁlsetbﬁlcv%sswwklvmgh@@nmﬁromsenerm

di fferent H/Hk = 2 a

the appl | LPCRRRE AL PRE 8 R B s onin B B Bl st Bl | 2
obser ved ﬁd%ﬁ@s%ﬁg@'ni&gﬁeﬁdlﬁ‘b @iefnvidh oftth@cdn@)@ing 8herfies H¥intthd twdGndgnbic | S
220 ps (pico second) simlar it can be observed fromthe trend of the

pl ot's méﬁY@Sth@eKﬁ@HSWthzﬁjSﬂem i s conparably high. Wien the angle, B
5 range between 0 and 90, the switching time is considerably | ower at bel ow
120 p¥ for t heTlepplerdbrefinehtdnagnetiz Mdent 3: ke NMet-0dy. T6Mlpsvsfiam depboed

field at / H 2. This result shows that when nmagnetic nonents are tilted
at an ac léﬁmr@nn%rﬁén%%nﬁ%c PegER A pne mwtt%lﬁyqrﬂem%??etbﬁ ethep Mesmeerals
shorter. A, shar ﬁl@énetn'&afﬂéﬁl[eﬂt%ﬂf iegff @\Jvﬁ(as Ht!)ﬁ:i tag@ QE&Q 191 m\%ﬂ %I?der the
operations to be Taster as corrpare to a ng|% on pexpendi cul ar

r ecor di ngnfteetica of tHevompdithg dnergiash tic ckelangd douplhisg sy@tuhld Theexchagctdoapkhgy hi gh
recording density nediumthat require very fast witing operations.

Exanpl es:SYPigmapiodidemthe dlespilitién prabbiagthei dedign of a medivre waiparticnas mepnpdic

e s S N e S e

deposi t ecst@agometiganseedl ayer 13. The internedi ate Iayer 16 may corrprl se of
cobalt, chrom umand tantalum (CoCrTa). The first magnetic |ayer 18

di sposed on t hgyd SloRiBoRbfind BBL nBnlNChbfessHRRAL thERYe naBEARINEL O')
platinun(Pt) and boron(B), forman all oy, B. In the Secon

magnet i ¢ frayides a()aalxsanaags éllmoegh ufcr@bmgrthm&atrvgumoballum\epafl Ioﬁdnmdng(tﬂwttﬁdge

| ayers, where the fir nt act r 20a_with the first . netl | ayer 20
ca% be a PBAMCHEMEHUG f'ic;ﬁ'%ﬂaﬁ“’amp Q%I%ﬁffrl\@sDW“@ﬁmd? tsrthe diam EeﬁPEtﬁﬁg’é%ifor a
Pd i ndcer | A¥88s ROa Fﬁﬁ E&E@&&% the %ﬂﬁl s?d}‘r%é:ﬁ@m{dn' LWL En G MRLEL s 2lidhd he

coercivity in refha ion to 8\% F1 angel“were nreasure%rl roomterrperature

for each eahpige colpledeystapaur-etreit, svirtet, $thurhicknekd 63 thd magridiie 1iyeel 8amhgl e,
/3 at 0 indicates that an external field was applied in the direction of

the sanplfe ipfen@idarisy hedsiamstiedier A asrbornendieng and FIG.99, Frorethis el d
is appli dir ment .
A R e S T L L

coupl i ng mwbpetighdl b elendaRtivagctivatiod eslueRBYNeL the ckeh@bs-codfleddigitdlstorhfe
symmetry of the two peaks in FIG 15 indicates a formation of the biaxial
easy Axesndum 10. {Hequessnignshenzewhupled sysécn hnablessbe desfreashén grain sieh infhé s 0. 6

hm 1.2 nr[cnspecfj ive mggnetlc lay%r while increasing the overall activation volume since the effective

thickness of the medium is the combined thickness of the two magnetic layers. By increasing
the thickness of the medium, vertical expansion of the medium is achieved and leads to

improved thermal stability of the digital storage magnetic medium 10.
30 The increase in this coupled magnetic activation volume, V, is important for
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The peaks are observed at angles occurring between (0) and (90) to the
magnetic plane. In the sanple where the thickness of palladiumis 0.6 nm
two peaks occurs at angle, B=60, as the thickness of the palladiumlayers

i ncreases further, the peaks shift to B = 45 at the thickness of 1.2 nm and
B=30 at the thickness of 2.5 nmand the coercivity is observed to 5

i ncr ease deiterminihg thdringk siabdity bf thee expchiahgr¢anrlddagystem. Jihei thagnesinghsoiemendent

trend was obseryved for the magneti zati.on, squar enes asurenent, . given by
the rati BTN il e FFEUAPESHARIREE sBiain: Kentd- CTIBIq e Pamse resesnist K35t i on:
My , for the three sanples as shown in MFIG 16. This observat,i,

r e- enf or cEheréfereg ding thesmalnstalility fastor exdctharegehangersbupled systenant s enkanced
by adjusting the thickness of the interlayer between the two mégheti c

layers 18in@1‘35’se:hqﬂl%%agﬁ%—EﬁﬁLotﬁ%?gtgngg&%e%mm%ﬂﬁi@-ecégﬁge?ﬁfsfeﬁ%robiﬁé’senf[ i on

because a higher anisotropy constant’ can be ac t he magnetic

19[1 aind w gfrhz;:tcttthgtiﬂaégﬂabi;ﬁgz wdomﬁa@ga@e pEDT ngmagﬁlm'e npdase I nmidh:”isramdxghmgb-l ows
e use o gitudi nal ri ...perpendi cul ar single pole head or

transducecrouﬂlggdlr%ﬁg’tmp%l S&"QQEBPE&BP“S PGIUHY RS RTPSG! F“i"@‘i‘tamef?tangﬁ“}fFFﬁF@a for

recordin 3 thal A WaTels i hfj&’@ i i

i ncreasegtlhliolélfgﬁ(llaH Oggﬁp e)E e%g%%eg? i%%ﬂsgtz?é)&gl? f‘gg’?l‘%% S%{egﬁﬁ e g;o g’%llﬁgéaé%%eﬂ%ti e

t her mal sdvehill effoctivs ahiBotre@serhstaht, K St or the deatvaibnt idtmeh¥. diievactivation

re e ebunie e et P e B g i b e e ey
t ’ t

di gcf‘xam?t eitﬁteﬁ%éd'%e WL QY e Helil SIEMN oI RE StsOfSreed! Mfor H%%?{ZB&Q 20
17 ]% cﬁai mo 1A igltaP st orage meﬁl um conprising: a sdjt%stra e; % a

first magnghhdod, #wan bdesigsed faxne thetrbiat GupST £ 8t @hatwheheomal dx@adsidsdf the
magneti c I;%er has a first magnetic nonent having a tilted easy axis; a
second negalinmdngigsies ingregse iel, Blich meansty hosizopahinerqase inag@painiizsr divs t he

second MagOAk L&, diAY Gt P?}%{(‘érr%a%fi‘ﬁ ol &T%gl\rt}g whg(hhnlg &M desiaY iI—ﬂe%c% tlréé s{erle%ﬂoﬁ“ y

axis; and an overcoa sposed 0 e second ragneri ayer. 10 2.

The di gi ttat nidgaetaomareeidisuior @fc ©hgictivd layeRaE @npoithe té ichéued LR she &6estidror m
acute angles with a perpendicul ar plane of the digital storage nedium 3.

The difgi tepluse sringreased @nbiyesticatly shrangh thaiiekmess, tiad thewedivahgl es are of
different 15 magnitudes. 4. The digital storage nediumof claim2, wherein
t he acute angdhdiar &ioshosanthe regivrishigenf the direction of the applied field 50, the easy

axis 52 and the plane 11 in which the magnetic medium lie. The easy axis forms an angle 6

with the plane 11, while the applied field form an angle o with the easy axis. The sum of these

two angles is B (i.e. p = +6). From this illustration, the effects of having a medium with

20  magnetic moments tilted at an angle 6 1s discussed with FIG. 9.

FIG. 9 shows the ratio of switching field and anisotropy field (H/Hy) in relation to the
angle, a, between the tilted easy axis and the applied field direction. It is observed that the |
ratio of the switching ficld and anisotropy field decreases when the angle « of the tilted casy
axis increases from 0° to 45° and this ratio of the fields increases when ¢ increases further to

25 90°. Ifthe anisotropy field Hy is kept at a constant, the switching field H; reaches a minimum
when the magnetic moment is tilted at an angle, a. = 45° to the applied field direction. This
means that for the same magnitude of applied field, the anisotropy constant, K, of the tilted
magnetic medium can be increased while the writability of the medium is maintained.

Therefore, the thermal stability of a tilted medium can be further improved by using materials
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20 5. The digital storage nmediumof claim2, wherein the tilted easy axes
are bi.-axial. 6. The digital storage nediumof claim1l, wherein an exchange
coupling occurs between the first and second nmagnetic |layers. 25 7. The
digital storage nmediumof claim1l, wherein the first nagnetic | ayer has a
per pendi cul ar magnetic ani sotropy and the second nagnetic | ayer has a

| ongi t udi efdlighl 8nisotenpiysonstemtyk,. St isTéhewahi t@hﬁ@l losg s tigeaseakisnf e noddaimig,
wherein the first magnetic layer has a_longitudinal netic ani sotropy and
the secorfSiddiEVsed ¢y Erandas a90pethﬁéw&f>@ag§feld5flarﬁe%f~‘%d‘ﬁypef goMinRg Wity t al

stor age Pﬁ)@%&ff&lg fb Cﬂ! ﬂ‘ﬁﬂdece?rhegd v‘y\ﬁ\i‘d’eﬁﬁ& i.thgl“? t@%@hfaﬁ #oﬁmfte \g?&‘au&ﬁ% n a

| ongi t ud ani s tro I's for one o roup consisting of cobalt

(Co), i rolngikelinal mrq:iéqienﬂiﬁul)ar r&ordihg imiedalrh OYEhis $bwlOthalltie shegint dlveatior age
medi um of claim 7, wherein the magnetic |ayer with the perpendicul ar

ani sotX oagmme% an addnigee in fhet fheriilipdanediummean bie g ed wibiber 3 Fambsadioup
consi sti ”ﬁ%sﬁ F&%@%&%atﬁ%ﬁ hggadf& G8td p%tat%}@ eTﬁéarfiT{cuioﬁg8on%{a9{ fal srg%%d?tge

medi um of mag et 4 éndi‘cu

i sot f t I | ect df
o <ot o LI Y TR R8BSR BBE
of claim 10, wherein the netlclayer |sforrredfroma 20 si_ngl e | ayer of
al | oys s elfedt deFonsiang 5@1@8@3 %stﬁlgtwﬁ@lmﬁs%baa{ﬂ&lﬂwﬁtqﬁ Whﬁl{eé‘bﬁﬁ) bal t

pal | adi um P aIt chrom um

Cobal t - ohi Gribe ey B AE S S st P BRI betalirs Ko ploabt SRS The al um
(CoCrPtTa), cobalt-chrom um pl atl num ni qm/ym CoCr Pt Nb) and iron-platinum
(FePt10 2B reRtioriie thi sg’i/ltcéimn%{‘) igdale Keedi - Eoraapimum writigraneratiops the
magnetic layer is formed froma single Fg%gr of alloys selected froma
group consi sting of cobalt- platlnlun1%§bPU%ﬂ{cobalt pal | adi um ( CoPd)

cobal t - chexderhelnwvptiag figldate oG pd soBal Womgﬁlﬂdlnﬂrﬁrmﬂlﬁﬁdmu ar

system where the magnetic moments are not tilted at an acute angle, (i.e. when a=0° or 90°),

HeM;

X=f{o)=1leaving K, = . When the magnetic moments are angled such that a=45°,

X = f(a) = 0.5 which gives K, = 2%. It is evident that given the same writing field, Hg

15 and saturation magnetization, M;, when the magnetic moments are tilted at an angle of 45°,
the anisotropy constant K, is doubled as compared to having magnetic moments at 0° or 90°.
Therefore, a lower switching field also enables an increase in the anisotropy constant for the
same writing field. To illustrate this, it is assumed that saturation magnetization, M, = 400
emu/cm? and the writing gap field, H, = 16 kOe, where the head field, B, =2 Tesla and the

20  optimum writing field is at 80% of B,. Using the relationship above, the value of K, =2.1 x
10° erg/em® when X = 1 (i.e. when the angle o= 0° or 90°); and the value of K, = 4.3 x 10°
erg/em’ when X = 0.5 (i.e. when the angel o= 45°). It is shown in this illustration that the
anisotropy constant, K, is increased when the magnetic moments tilt af an angle, &between 0°

and 90° in the same applied field.

25 It is further observed from FIG. 10 that the differential switching field over angle is

minimal at the angle ranging from 10° to 80°. This indicates that the magnetic moment with a
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19 (CoCrPtB), cobalt-chrom umplatinumtantal um (CoCrPtTa),

cobal t-chrom um pl ati num ni obi um (CoCr Pt Nb) and iron-platinum (FePt). 14.
The digital storage nmedium of claim 10, wherein the nagnetic |ayer is
formed from5 nmultiple layers of ferromagnetic materials selected froma
group consisting of cobalt with palladiumas a spacer |ayer (Co/Pd), cobalt
with pl attiltedreasisaxdpsvcienhingayiehin (fierare) js lesisensitivd tb dispwision o dlid @ghcrhﬁdd a
spacer | ayer dcoblt alloy wi.th platinu spacer | ayer.

dl gi tal SHIAJES FEAIGHR BRMERS i an SRt Rteha eanea T hipagS }Ssa];?%mmd
from 10 ”Eél/érhepﬂn%ré ﬁﬁﬁfrﬁly%ﬂ‘ ge’n(eﬁ@ﬂ&eﬁdzé‘e dé%ﬁ{ 'afé'd t8 %e%&(%f&tlf: iyt I
consisting of cobalt wth palladiumas a spac | ayer cobal t vm th
pl at i num lasgiapi (0°) ayserpdrdubir ] 90°F olsteni. Ialabmyl apphhatmalotfﬂwtﬂuasdmdmm,p‘acer

| ayer and cobalt alloy with platinumas spacer layer. 16. The digital
storade riaralerrile that iepmagpetigmements tlﬂtr@éaramgéwname frogp Q] s s a

ferromagnet | Is sel cted from onsi.stin i Lic oxi de
and| o1 1o frE At o el HRgnedoms A5 ngL” EdH It R SCIS TS 25GHET b
the al | oygdRhtes ARPRHeMHEMR8HE ﬁéﬁzﬁﬂﬁ%%'eﬁsyrﬁisﬁtﬂte%'ﬁﬁ%ﬁg@ﬂﬁf’failéQ/'iﬁ*hﬁl group
of consisting of silicon oxide and silicon nitrid 20 18. The digital

st orage ntheicuangss, the siediuly isfass bdmsitive eoheidispengioann thetapplied/féeld dnppumgdhe

bet ween the_ first netic |ayer and the second magnetic layer. 19. The

di gi tal SHGB#OE‘BEH Y€ ai m 18, wherein the interlayer is forned froma
hi gh 25 saturation magnet | zation material selected froma group consisting
of colalt, ni cReg charp@eristig| ofothe cxehangprapupled pysigs iofhatithk ssmeang ares of

iron. 20 moments M, and M, have effective easy axes 102 that are biaxial in character as illustrated in

FIG. 11. The tilting remnant magnetic moments, M, and M having direction of the remnant
magnetic moments 15 and 17 are allowed to fall in either direction of the biaxial casy axes.
The biaxial character of the effective casy axes of the remnant magnetic moments, M; and M,
15  provides an advantage over existing prior art where the magnetic moments lie in effective easy
axes that are uniaxial in character. When compared to storage medium in prior art having a
tilted uniaxial easy axis which restricts the direction of the magnetic moment, the biaxial
character provides flexibility to the writing of data on the magnetic medium without
compromising quality. The grains of a magnetic medium with uniaxial tilted easy axis tilt
20 either in the down-track or cross track direction providing a highly oriented tilted medium.
Although such highly oriented media, particularly those with grains having easy axes tilted in
the down-track directions, are acceptable for data storage application, they are not achievable
with current sputter deposition methods. In addition to this limitation, concentration of
magnetic moments at the edges of tracks will expand the track width limiting the track density
25  and areal density of such a medium. In a magnetic medium of the present invention with
biaxial easy axis, data bits can fall in an alternative direction avoiding concentration of dipole
charge at the track edge. This reduces the interference with neighboring data bits, which
reduces the overall transition and track edge noise providing an advantage over a magnetic

medium with uniaxial easy axes.

30
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20. The digital storage medium of claim 18, wherein the interlayer is
formed froma non magnetic material selected fromone of group consisting
of ruthenium (Ru), Rhodium (Rh), Chromium (Cr), Copper (Cu), Iridium(lr),
and their alloys. 5 21. The digital storage nmedium of claim2, wherein data
is transmtted through a transducer, wherein the transducer is one of a

group cor@ihkgrilimbedinments ng head, a single pole head and a head which
applies a magnetic field at an angle to the digital storage nedium 22. The

di gi tal sharsgeratsaahbodiroéntcit & motdd thahthe @kchahbe comding tcotstimrenbs vaviddbyt i | t ed
easy 10 axis of the first and second magneti ¢ npnents are anti-parallel.

23. The dngrting adhipriatpelaperdeiuiish sateratipmmagngization imateral Pgbrivee Hheniist s

with tilt Xi the first and .secopd tic ne,

par a1 el - agEBE Yo 18 b shfechid, BoaB 06 20 JTER B4 1hEr SREGRN S0 Bt e
et hod cOosrpfel8d BibodiaRAB tthdisresknt inkEftioBERE thih infYRTer@T sdlestdd Sbimaf @ogr f ace
wherein the first nmagnetic |layer has a first nagnetic nonment with a first

easy axi sof cabalt chenpesings, inyledingipoe dohmiigné cotnll dlper Therfundtwniof theinterdayaed ¢

| ayer, wherein the, secqnd magnetic layer _ha secon net.i c nopent. with
n Y econd BHSTARTEE RRRRRE OO S BLUR s el SR His R BURIEL ISP o ¢ ne
first easye gtbfid mMBRER! 1&&&9!1%;;@@13%)&1@ affle Bbﬁlefréﬁ%ti%ﬁ%mﬁmﬁ@mt and

t he second magneti ¢ nmonment formtilt y axes In first and second
magnet i ¢ dsalesirql widh.thd beecifet leoskdofy sybtammnhedd, Invter mesentdof fHeristerlaypayr2dtd c

| ayer _has a perpendicul ar 25 ani sotropy . and the second nagneti ayer,  has a
| ongi ¥udi§¥ane 8%‘&'@83?’6‘1&?%“2 an boshicre 9 eHh BRERTG oINS fipenthe ﬁr#/ A first

magneti c éeéé(rgf m%?réti@ IAR)Q&%%&H \oBiireAY Q5PN iRPHal 1€ iSRE Ol FRENGL Ao YT
has a perpendi cufar ani sotropy. :
remnant state. The interlayer 27 may also be used in embodiments where the easy axes of the
magnetic layers are switched as shown in FIG. 3. Itis preferable to have the interlayer as thin
as possible (below 1 nm) for maintaining the recording performance. If the thickness of the
15  interlayer 27 is beyond Inm, it is likely that the interlayer may contribute to horizontal
expansion in the domain size of the magnetic medium. The thickness of the interlayer greater

than 1nm may also contribute additional signal to the overall recording which will add on to

the transition noise in high recording density medium.

In other embodiments of the present invention, the selection of the type of non-

20  magnetic material for the interlayer 44 and its thickness is used to fabricate a digital storage

medium that has resultant magnetic moments, M; 40 and M; 42, anti-parallel to each other, as

shown in FIG 13, such that the remnant magnetic moment is low but non-zero. An example

of the type of material that can be used to achieve this is having ruthenium (Ru) as part of the

interlayer. The ruthenium can be disposed between two layers of cobalt which are disposed

25  between the first 18 and second 20 magnetic lavers. The interaction of the exchange-coupling

results in anti-parallel magnetic moments that are tilted at an angle to the plan 11 of the digital

storage medium. Other types of non-magnetic materials that can be used for anti-

ferromagnetic exchange-coupling includes Rhodium (Rh), Chromium (Cr), Copper (Cu),
Iridium (Ir), and their alloys.

30 ' FIG. 14 compares the switching time required at tilted moments of various angles in
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27. The nethod of claim 25, wherein the nmagnetic |ayer with the

per pendi cul ar anisotropy is fornmed with ferromagnetic materials sel ected
froma group consisting of cobalt, iron and their alloys. 28. The nethod of
claim 26, wherein the magnetic layer with the perpendicul ar anisotropy is
formed with ferromagnetic materials selected froma group consisting of
cobal t, itmendiffacnilforttabised gipliey ficld29H,/Hhe ITreidhHgHef= 3 |velere B jis thhepplicd t he

magnetic |layer js forped froma single |ayer, of, alloys selected froma
gr oup corrg%t%{lqlrfﬁfdo‘rfhlegeb%liqlﬁ%ﬂ%%alilﬁ cepenfield: dhisopsesiad lkem thariets iy at o

o ooy AL AL B AT YRGB o
cobal t - chhemertaMheploRuReRIECHI0MhE SARHRINIe is2BEphfaBR- LR TWRsTHE Begt)s  30.

The met hod of claim 28, wherein the nmagnetic layer is forned froma single

| ayer 5Sof rahgedyetwessl @cand @Of rtberswitgringpmeonsimsideradlyoowenbtdiclewl 20 pnfomti{eCoPt ) ,
cobal t - pal | adi Pd), .20 cobal t-chrom umpl.atin CoCr Pt),

cobal t - crﬁpaﬁ?%ﬁ?r?ﬂfagﬁ#ﬁ% m%%ﬁdg’ﬁﬂ(“ti)@@ft prﬁ%gé‘lﬁﬁa&%—&nﬁamsm %t al um
(CoCr Pt Tahat wRhAhs i L, &t i.abi - [ = j num
(Fept). | o R e e S A R ek B el 16 9019% e 0

f rom nul tmaggdretit ayenentofs fwrfeer rOhgNettrasitivh aimalkiosebblettad specddmfawetoup
.consi sting of. CObi’l t. with palladiumas a. sFacer | ayer (Co/Pd), cobalt with

pl at i num Skeradigagiebe)fagieres pespaseq to adppgiudng] erppmgndipulaaerdmgmedis. Beasmacer
| | i i . . hod
of 01158 B GRRRE it Rl do ot b U A1 RO ARy e i re B BR) NS

f er r omagnastivaitimteperaslonsel ected from a group consisting of cobalt with
pal | adi um as a spacer |ayer (Co/Pd), cobalt with platinumas spacer |ayer

(Co/ Pt), copghhptl oy with palladiumas a spacer |ayer and cobalt alloy
with platinumas spacer |ayer. 5 33. The nethod of claim?29, wherein the

|1 d i f | i
cone st ing of et HiktbiB8P e BEEMIGNGLE HBhBRRC 2R REE fobl AR RLP
30, wher ah#gniesiemalAIDgS oaztisdaRd ThetsBedi9Rr I8¢ aiRPEREonChe substrate 12. The

15  underlayer may be a chromium alloy deposited onto the seedlayer 13. The intermediate layer

16 may comprise of cobalt, chromium and tantalum (CoCrTa). The first magnetic layer 18
disposed on the intermediate layer 16 includes cobalt (Co), chromium (Cr), platinum(Pt) and
boron(B}), to form an alloy, CoCrPtB. In the second magnetic layer 20 is a series of alternating
cobalt/palladium (Co/Pd) layers, where the first contact layer 20a with the first magnetic layer

20  canbe a palladium or cobalt. Three samples, with different thickness for a Pd interlayer 20a
interfaced with the CoCrPtB film were compared and the coercivity in relation to the field

angel were me'asured at room temperature for each sample. These measurements are shown in

FiG. 15. The field angle, £ at 0° indicates that an external field was applied in the direction of

- the sample plane during measurement. At the field angle 5= 90°, the field is applied at a

25 direction perpendicular to the plane during measurement. Varying the thickness of the first Pd
layer 20a modifies the exchange coupling strength between the two ferromagnetic layers, 18

“and 20.

The symmetry of the two peaks in FIG. 15 indicates a formation of the biaxial easy

axes in all three examples where the thickness of the palladium is 0.6 nm, 1.2 nm and 2.5 nm.
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10 materials selected froma group consisting of silicon oxide and silicon
nitride. 35. The nethod of claim24, wherein the first magnetic |ayer and
the second magnetic |ayer each has a thickness that is variable. 15 36. The
met hod of claim 24, wherein an angle is fornmed between the tilted easy axes
and a perpendi cul ar plane of the digital storage nmedium 37. The nethod of
cl ai m 36, Thhpeaisard dbseraadhienpies acjunsighirtecdny(0v)any (905) tothe mppectiofplane. In
ferromagnetic materials in the first and second nagnetic |ayers. 20 38. The

met hod of the sampie 3derathethicknessiod paitagivn js. Gt Stolsples qyyur@a?apgkgﬂaﬁﬁm as

The ot hoBEORCRrest A 3 PARGEE! RYEHANRGPS NI eRAPE OO PRSP Vo S i

thic knessthﬂ:fkngﬁ ot drh bsd Gaq-gosﬁctﬁ@ﬁln gReIrhS dﬂrﬁm the Cgé‘CIVII?AVQS obbB& <R hod

of claim 24, erein an Interlayer |s I spose etween the first and second
magneti ¢ inayeese. withh the thickness of the palladium layer. Similar angle dependent trend was

. Acq0. AU0|.. A8| .. AU. Acg. AU. Acg. A8. AcU. AU. A8. A. A8. A8. AU. Acg. Ag. AU. AUO. Ag. A. AU.
AS. Al 1 c@:ﬁerved forg,pe fagnetization squareness measurement, given by the ratio of the remnant

z}xsni d_ZU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ga] ca] ca] ca] ca] caV] ca] caV]ca]ca
] ca] ca] ca@ag]eua]ma]lm]ana]km"ﬁ]ma]m&a]gﬁatdtm , fdrithdifdet saxpldslf 3kd6A1 { vql g
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15  purposes. This enables increase in areal density with an increase in the coupled magnetic

activation volume while at the same time thermal stability is increased.

It is to be noted that the above description is only illustrative of the present invention.
Modification of the examples without departing from the scope and spirit of the present

disclosure 1s possible to provide different versions of the invention.
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a second magnetic layer disposed over the first magnetic layer, wherein the second

magnetic layer has a second magnetic moment having a tilted easy axis; and
an overcoat layer disposed over the second magnetic layer.
10

2, The digital storage medium of claim 1, wherein the tilted easy axes form acute angles

with a perpendicular plane of the digital storage medium.

3. The digital storage medium of claim 2, wherein the acute angles are of different

15  magnitudes.

4, The digital storage medium of claim 2, wherein the acute angels are of same
magnitude.

20 5, The digital storage medium of claim 2, wherein the tilted easy axes are bi-axial.
6. The digital storage medium of claim 1, wherein an exchange coupling occurs between

the first and second magnetic layers.

25 7. The digital storage medium of claim 1, wherein the first magnetic layer has a

perpendicular magnetic anisotropy and the second magnetic layer has a longitudinal
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9. The digital storage medium of claim 7 or 8, wherein the magnetic layer with the
longitudinal anisotropy is formed with one of a group consisting of cobalt (Co), iron (Fe),

nickel (Ni), or their alloys.
10

10.  The digital storage medium of claim 7, wherein the magnetic layer with the
perpendicular anisotropy is formed with ferromagnetic materials selected from a group

congisting of cobalt, iron and their alloys.

15 11.  The digital storage medium of claim 8, wherein the magnetic layer with the
perpendicular anisotropy is formed with ferromagnetic materials selected from a group

consisting of cobalt, iron and their alloys.

12.  The digital storage medium of claim 10, wherein the magnetic layer is formed from a

20  single layer of alloys selected from a group consisting of cobalt-platinium (CoPt), cobalt-
palladium (CoPd), cobalt-chromium-platinum (CoCrPt), cobalt-chromium-platinum-boron
(CoCrPtB), cobalt-chromium-platinum-tantalum (CoCrPtTa), cobalt-chromium-platinum-
niobium (CoCrPtNb) and iron-platinum (FePt).

25 13.  The digital storage medium of claim 11, wherein the magnetic layer is formed from a
single layer of alloys selected from a group consisting of cobalt-platinium (CoPt), cobalt-

palladium (CoPd), cobalt-chromium-platinum (CoCrPt), cobalt-chromium-platinum-boron
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10d 10d 14.  The digital storage medium of claim 10, wherein the magnetic iayer is formed from
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10  multiple layers of ferromagnetic material selected from a group consisting of cobalt with
palladium as a spacer layer (Co/Pd), cobalt with platinum as spacer layer (Co/Pt), cobalt alloy

with palladium as a spacer layer and cobalt alloy with platinum as spacer layer.

16.  The digital storage medium of claim 12, wherein the alloys are doped with non-

15  ferromagnetic materials selected from a group consisting of silicon oxide and silicon nitride.

17.  The digital storage medium of claim 13, wherein the alloys are doped with non-
ferromagnetic materials selected from a group of consisting of silicon oxide and silicon

nitride.
20

18. The digital storage medium of claim 1, further comprising an interlayer disposed

between the first magnetic layer and the second magnetic layer.

19.  The digital storage medium of claim 18, wherein the interlayer is formed from a high
25  saturation magnetization material selected from a group consisting of cobalt, nickel, iron,

alloys of cobalt, alloys of nickel and alloys of iron.
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100) 10%&' thanisducer, wherein the transducer 1s one of a group consisting of a ring head, a single pole

head and a head which applies a magnetic field at an angle to the digital storage medium.

22. The digital storage medium of claim 1, wherein the magnetic moments with tilted easy

10 axis of the first and second magnetic moments are anti-parallel.

23. The digital storage medium of claim 1, wherein the magnetic moments with tilted easy

axis of the first and second magnetic moments are parallel.

15 24, A method of manufacturing a digital storage medium, the method comprising:

depositing a first magnetic layer on a substrate surface wherein the first magnetic layer

has a first magnetic moment with a first easy axis; and

depositing a second magnetic layer on the first magnetic layer, wherein the second
magnetic layer has a second magnetic moment with a second easy axis, wherein the second

20  easy axis is perpendicular to the first easy axis;

wherein exchange-coupling of the first magnetic moment and the second magnetic

moment form tilted easy axes in the first and second magnetic layers.

25.  The method of claim 24, wherein the first magnetic layer has a perpendicular

25  anisotropy and the second magnetic layer has a longitudinal anisotropy.
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27.  Themethod of claim 25, wherein the magnetic layer with the perpendicular anisotropy
5  is formed with ferromagnetic materials selected from a group consisting of cobalt, iron and

their alloys.

28.  Themethod of claim 26, wherein the magnetic layer with the perpendicular amisotropy
is formed with ferromagnetic materials selected from a group consisting of cobalt, iron and

10 their alloys.

29.  The method of claim 27, wherein the magnetic layer is formed from a single layer of
alloys selected from a group consisting of cobalt-platinum (CoPt), cobalt-palladium (CoPd),
cobalt-chromium-platinum (CoCrPt), cobalt-chromium-platinum-boron (CoCrPtB), cobalt-
15 chromium-platinum-tantalum (CoCrPtTa), cobalt-chromium-platinum-niobium (CoCrPtNb),

and iron-platinum (FePt).

30.  The method of claim 28, wherein the magnetic layer is formed from a single layer of
alloys selected from a group consisting of cobalt-platinum (CoPt), cobalt-palladium (CoPd),
20 cobalt-chromium-platinum (CoCrPt), cobalt-chromium-platinum-boron (CoCrPtB), cobalt-
chromium-platinum-tantalum (CoCrPtTa), cobalt-chromium-platinum-niobium (CoCrPtNb)

and iron-platinum (FePt).

31.  The method of claim 27, wherein the magnetic layer is formed from multiple layers of
25  ferromagnetic materials selected from a group consisting of cobalt with palladium as a spacer
layer (Co/Pd), cobalt with platinum as spacer layer (Co/Pt), cobalt alloy with palladium as a

spacer layer and cobalt alloy with platinum as spacer layer.
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materials selected from a group consisting of silicon oxide and silicon nitride.

34.  The method of claim 30, wherein the alloys are doped with non-ferromagnetic

10 matenals selected from a group consisting of silicon oxide and silicon nitride.

35.  The method of claim 24, wherein the first magnetic layer and the second magnetic

layer each has a thickness that is variable.

15 36.  Themethod of claim 24, wherein an angle is formed between the tilted easy axes and a

perpendicular plane of the digital storage medium.

37.  The method of claim 36, wherein the angle is adjustable by varying the type of

ferromagnetic materials in the first and second magnetic layers.
20

38.  The method of claim 36, wherein the angle is adjustable by varying an exchange-

coupling constant between the first and second magnetic layer.

39.  The method of claim 36, wherein the angle is adjustable by varying the thickness of

25  the first and second magnetic layers,
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40.  The method of claim 24, wherein an interlayer is dispdsed between the first and second

magnetic layer.
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