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invention relates to magnetic nedia used in data storage devicés, and”nore
5 particularly to magnetic nedia having either a ring head or pole head for
wite operations. BACKGROUND CF THE | NVENTI ON A conventional magnetic
storage nediumincludes a substrate supporting an underl ayer di sposed
under a magnetic |ayer protECesh PEIHER PURMCARD NEK BRreVE These | ayers 10
are usually deposited using a sputtering process. The nagnetic |ayer is
typically formed froma granular ferromagnetic material such as cobalt
alloy, in which data bits are stored. Transitions of magnetization in the
tiny grains q&CEQ%A an tic layer are used to store data and generate

si gnal s, mhicﬁ*naymgﬁgﬁi%e read or witten by a read/ wite head. Mgnetic

| ayers are typigally classified as bej.ng either |ongitudina] or ]
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surface of the st'orage nedium |n perpendi cular 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

whil e a perpendi cular _recording systemuses a single pole head for wite
oper ati ons. %égﬁg&@#glggﬁgﬁéﬁ¥@§ugﬁorage space grows, there is a constant
need to increase the areal density in magnetic storage nedia. To do so,
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it leads to decreased thermal 25 stability. Maintaining thermal stability
of the madgn®Enelagfaresagnetierpatedal such arebatierlbaitiia nwhlcgaiaﬁa &l e ylossbr
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known as nmagneti c-ani sotropy energy, K'V, where K is the

Magnetic layers are typically classified as being either longitudinal or perpendicular.

15 Inalongitudinal magnetic storage medium, the magnetic moments of the grains are aligned
parallel to the plane of the substrate surface of the storage medium. In perpendicutar magnetic
media, the magnetic moments of the grains are aligned perpendicular to the same plane. A
longitudinal recording system uses a ring head for write operations while a perpendicular

recording system uses a single pole head for write operations.

20 As the demand for storage space grows, there is a constant need to increase the areal
density in magnetic storage media. To do so, the number of grains in a medium is increased
by decreasing the size of the magnetic grains. This reduction in grain size also leads to
sharper transitions and a higher signal to noise ratio (SNR), which improves data recording.
Unfortunately, a major problem with reducing grain size is that it feads to decreased thermal

25 stabulity.

Maintaining thermal stability of the magnetic grains is crifical 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 energy required to store and maintain the



ani sotropy constant and V is the volune of the grain. Below a (‘zeﬂ/(ta%'hnza{ in
size, the magnetic |layer will experience what is known as a
super - paranmagnetic effect due to the decrease of this

magneti c- ani sotropy-energy. 5 To ensure thermal stability of the grains and
m nimse the tendency for magnetization decay, a thermal stability factor
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that are ed. Currently, .the Jing heads have a maxi num head field of 2
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using a single pole head are able to generate a |gsher field relative to
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subject to limtatjons and probl ems that have prevented the technol o
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consi derably higher. The high coercivity requires higher switching field
energy to perf quRn iicRiPREB4 ItONS mNBHAB tHRNaveaUs ghdi W kb 8Yai@h $1&: (hermal

interference. Thus, perpendicular recording systens are not a conmercially
vi abl e opsﬁabﬁi_ty fagtor while V is reduced, conventional longitudinal recording systems are limited by
the ring heads that are used. Currently, the ring heads have a maximum head field of 2 Tesla.
This head field sets a maximum limit on the K, of the digital storage medium to about 2.1 x
20 10%erg/em’. 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.



2 March 2007 In view of the foregoing, it is desirable to hav efd
recording disk nedia that wll allow increase in areal density%%ﬂgﬁglﬁdé&
preventing nmagnetization decay. To overcone the |linmtations of existing
magneti c recording systens, there is a need to have a magnetic recording
medi um that all ows continued reduction of grain size while preventing
excessive 5 intgyfieLenge fi@ﬁe@@i‘ng(}i 1§%esda'81&9‘ﬂhx§drﬁﬁgne!:&r&&dﬁig&@sk@ﬁ&hi@a‘@i\@llﬁ
have a magnetic recording nedium that maintains thermal stability as grain
si ze i s redioedhcrSiShMARN aOBeSHE WIMENEwﬁthn'ghedgmesﬁm aimgnﬂiooqumcow thes a
digital storage nediumwith a substrate where two netic |layers are
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| ayer has a second magnetic nonent with an easy axis that is also tilted.
The t|Itedhg%€§“5W@tﬁ@ﬁ#ﬁémﬁﬂﬂé?s%%é1$ﬁ?$u%hﬁ -of exchange- coupl i ng bet ween
the 15 first and second magnetic |layers. The tilted axes, which are

bi axial, formacute angles with a perpendicular plane to the surface of
the digital storage nedium The angles of the tilted easy axes in the two
magnet i ¢ | ay8usiMmry OaVes mgnirtandes that are the sanme or different. The
tilted easy axes of the magnetic noments in the present invention provides
the advantage ofhafiktdnDthvefiddiBpORidede dliig] §iatags hRUAGE WitRdI JuBkivwité heidier a

| ongi t udi nal rlnq head, a perpendi cul ar single- 20 pole head or anéwnemﬁy
devel dfed ltlilgﬂeéél fyoey arehdispepscdand eoteeibs iy areovaipragh Tihigeftist r@@ll‘i?i&‘y € B
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di sposed between the underlayer and the interlayer. 25 In one enbodinent,
an interl ayehed @ddh@mge@llnbgmlx@éwet hes dFsceertd rapgheyevoneniaghe pasy dxlay@# §

The interl a bal t non netic
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easy axis of the first and second nagnetic nonents are anti -paral lel while

havi ng colpatiendicular plays taohe swirsk of the digiel stintage nedem. Theanglgs pf (hg tilted easy

axes in the two magnetic layers may have magnitudes that are the same or different. The tilted

casy axes of the magnetic moments in the present invention provides the advantage of writing
data on the digital storage medium with either a longitudinal ring head, a perpendicular single-

20 pole head or any newly developed titled field head.

On the substrate, which the first layer is disposed, is coated a nickel phosphorous
scedlayer on top of which an underlayer is disposed. Anintermediate layer is disposed on the
underlayer before the first magnetic layer. A soft underlayer may also be disposed between

the underlayer and the interlayer.

25 In one embodiment, an interlayer is disposed between the first and second magnetic
layers. The interlayer can be cobalt, cobalt alloy or non-magnetic material like ruthenium
(Ru), Rhodium (Rh), Chromitum (Cr), Copper (Cu), Iridium (Ir), and their alloys. With non-
magnetic material as the interlayer, the tilted casy axis of the first and second magnetic

moments are anti-parallel while having cobalt or alloys of cobalt as the interlayer, the casy



2 March 2007 axis of the first and second magnetic | ayers ar e, 59c|h| o7
The magnetic thickness of the digital storage nediumis the cdnbine

t hi ckness of the first and second nagnetic |ayer as well as the thickness
of the interlayer, if disposed between the two nagnetic |ayers. In one
enbodi mrent of the present invention, the first nmagnetic |ayer has a 5
per pendi cubas oMBENE hed RBGEDHAGRY c WMieFsird i alRaS Yh@hsnddit thibendIRGNAE Uigital
moment in the first magnetic Tayer is perpendicular to the plane of the
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(Co-Cr), cobalt-copper 25 (Co-Cu), cobal t-BaI | adi um ( Co- Pd) and
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magnetic nmoment with a first eas?_/ axi s; and the second magnetic | ayer has a
second magréariags like silicon oxide and silicon nitride.

20 Alternatively, the perpendicular magnetic layer is formed from multiple layers of the
same ferromagnetic materials with spacer layers between the multiple layers of ferromagnetic
material. The ferromagnetic material forming the multiple layers can be cobalt, cobalt oxides
and cobalt alloys while the spacer layer includes palladium and platinum. The cobalt alloys
includes cobalt-silver (Co-Ag), cobalt-boron (Co-B), cobalt-chromium {Co-Cr), cobalt-copper

25  {Co-Cu), cobali-palladium (Co-Pd) and cobalt-tantalum (Co-Ta).

In another aspect, a method of manufacturing the digital storage medium of the present
invention ts 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 (wo easy axes are perpendicular to each other.



30 nonent with a second easy axis such that the two easy axes A arch 2007
perpendi cul ar to each other. 4 2 March 2007 Exchange-coupling of ?he
magneti c nonents of the two magnetic layers result in the easy axes
effectively tilting out of plane of the digital storage nedium The tilted
easy axes of the present nethod formacute angles with a perpendi cul ar
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| ongi tudi nal ani sotropy where the easy axis of the magnetic nmonment in the
magneti c |fagtemdisscondanagrecst layors inercpscarnies oftivatien dolginealV, §rovgydesedibined

whi | h ic | .havi di cul i th
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digital storage nmedium The nmagnetic |ayer with g'e'r pendi cyt @ ani sotropy is
20 di sposeetonding ke stoega ergdeurh ageardinigtit thegheimal diapdity ﬁwtogon?pthxchangew
alternatively, the nmagnetic |ayer with the | ongitudi nal 44 sotropy is

di sposed %Buélhfg Rt dEwbAYERE iMdtlald @@Joﬁ@ﬁ&@dgﬁb't!i@hye@'iﬂ $RabRPY. The magnetic
| ayer with l'ongltudinal anisotropy is formed with a ferronagnetic materi al
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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 antsotropy is
20 disposed on the magnetic layer with longitudinal anisotropy or alternatively, the magnetic
layer with the fongitudinal anisolropy 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 (CoCrPiT4a), cobalt-chromium-platinum-

niobium (CoCrPt{Nb) and iron-platinum (FePt). The single layer can also be formed from

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

5



materials |ike cobalt-chrom umplatinum (CoCrPt),

cobal t-chrom um pl ati num boron (CoCrPtB), 2 March 2007
cobal t -chrom um pl ati numtantal um (CoCrPt Ta), cobalt-chrom um platinum

ni obi um (CoCr Pt Nb) and iron-platinum (FePt). The single |ayer can al so be
formed from30 alloys of cobalt which are doped with non-magnetic materials
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ani sotropy constant, K, , can be used to
Py sfﬁlc, present’ invention has a 1ecozdmg 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 system. 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 ficlds in the titled transition. This result in a higher linear bit density for the

medium.



25 increase the thermal stability while maintaining the writeagthﬁ 21"2{052' ng
field value. The nmagnetic nedi um al so enabl es sharper nmagnetic A

due to the reduction of the switching fields in the titled transition.
This result in a higher linear bit density for the nmedium 6 2 March 2007
BRI EF DESCRI PTI ON OF THE DRAW NGS The details of the present invention wll

become appar g8Rlzr P:sEREFBORNGErHPDERGI@ | oW ng  descri ption and acconpanying
drawi ngs wherein: FIG 1T 7s a perspective view of a disc of the present

i nvention |y bl QBRLenkt BNe ol
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FIG 3 is deneipien asd @@ﬁ)ﬂﬁﬁﬁ?ﬂn@fﬂl@deg@Wh&feni he structure of another

enbodi ment of the digital nedia of the present invention. FIG 4 is a

schemati ¢ pi! Patd @01 08 v (ﬁTa' a8 @{tﬁl@ﬂic@éntt1llf'@11ﬁ@§1/},q %:ﬂﬁa plané.he 2 magnetic
| ayers of 10 the enbodinment of FIG 2. FIG 5 is a schematic illustration

of another;ar t Q e
erbodi front 151 oy Weftaet BN BEERpLE b ol REPAY G ispHERaieb e
i nteracti @Resefit indgiiehi ¢ noments of the 2 magnetic |ayers of the present
invention. 15 FIG 7 is a graph illustrating the relationship of the tilted
angl e W t rrghe;Colplel Bghs§ Rt At view bl Gic SrictiréoPAIoIR@ChiboaiNER WS the digital
illustrating the relationship of the applied field, the easy axis and the
pl ane of wheliawighepicsenteavammonFl G 9 is a graph based on Stoner-Wlfarth
nodel of the normalised switching field in relation to the angle of the
tilted magnetd @ anoiemdticiiluaraiagoein erieredicurofiisdangaessif gl Zemagighietayers 020
layer. FIG 10 is a graph of differential switching in relation to the

angl e19f theennhodimantaidiet 2c  noment in a magnetic medi um having a single
magnetic layer. FIG 11 is an illustration of the effective bi-axial easy
axes due FGexchasdematapllistigtipm o€ avttherofrientasionsd i pasylaggepktihe 4 magetic

present i rilgl %t%tof(%he embodiment of FIG. 3.

FIG. 6 is a schematic sectional view of the interaction of magnetic moments of the 2 magnetic
layers of the present invention.

15  FIG. 7 is a graph illustrating the relationship of the tilted angle with the coupling constant.
FIG. 8 is a perspective view illustrating the relationship of the applied field, the easy axis and

the plane of the magnetic medium.

FIG. 9 is a graph based on Stoner- Wolfarth model of the normalised switching field in relation
to the angle of the tilted magnetic moment in a magnetic medium having a single magnetic

20 layer.

FIG. 10 is a graph of differential switching in relation to the angle of the tilted magnetic

moment in a magnetic medium having a single magnetic layer.

FIG. 11 is an illustration of the effective bi-axial easy axes due to exchange-coupling in each

of the magnetic layers in the present invention.

25  FIG. 12 is a schematic sectional view of the interaction of magnetic moments of the 2

magnetic layers, where an interlayer is disposed between the 2 layers.

FIG. 13 is a schematic sectional view of the resultant magnetic moments at a recorded



25 FIG 12 is a schematic sectional view of the interaction of net 4
nonents of the 2 nagnetic |ayers, where an interlayer is dispgggg"%%%&gén
the 2 layers. FIG 13 is a schematic sectional view of the resultant
magneti c nonents at a recorded 7 2 March 2007 nmgnetic transition of the
present invention, where an interlayer disposed between the top and bottom
magnetic | Iﬁéﬁfetil’: asditisn bithePickeRa@hiion, “ﬂ_ﬁmtih{érl%ﬂ”@&?&eﬁ Befiten HR3RRGH ve
| ayers. FlI 14 is a graph showing the tinme required for switching the
magnet i ¢ ripent magiretis layengesetts o arddparatldl andgnglic inbmsdtsia direebrechpntabie’s. when
afieldis applied on the nedium 5 FIG 15 is a graph of coercivity field
in relati ofiG d4angl gragle g aiacibe fione tdyairsd forctwirehikgd Ge Pagmitic hmédents in a
interlayer thicknesses of 0.6 rim 1,2 rimand 2.5 rim Fkg% 1? is%f %raph
of magnet i BaFICHA MEGUER BAUES UHAY mpgptte Bewenaaiea 2iid sapplsq pe grmegian. 2
with Pd interlayer |ayer thickness of 0.6 rim 1.2 rimand 2.5 nm 10
DETAI LED DESCRF BT grplost ¢aueENTy OdEn Glationdh onglesepingicned fos therstgeluratdium 10

in the formof a disk lLyi.ng in a plan 1. e. digital storage nedium 10
yo cal |y gt FugiSr OETeE 2o B 51 Bl Beedl ayer 13- 15 dl sposed
followed by an underlayer 14 as illustrated in FIG 2 where the cr

soction off(Ehes i Frrhae! Hagncliicen HyERAcss pRd predersndenss ok SRR AR dyer
is an internedialel.s - @S ALy typi i torage nmedium A first
magneti c ﬁ&gﬁ?ﬁ?ggkééfﬁéﬁ%gg%gg%?g?lﬁﬁntKgnﬁﬁ%gg%géﬁgte | ayer 16. The
seedl ayer 13, underlayer 14 and internediate |ayer 16 are represented in
subsequent figures in the |ayer denoted as 100. This first nagnetic | ayer
18 forns the_botto netic |layer upon which a second magnetic |ayer 20

i s depBsi t edREINEER OESHHT HRNASINYENTIQUr i ncl udes a series of alternating

| ayers of ferromagnetic materials and spacer |ayers. A 20 protective
overcoat 22 is HlfGeh sheposidigithl sieragsaneibonl@ indlymisrincofladigs 1ype inphdasetbnd

magneti c | [ . can be switched with the first, na ic layer 18 su

That the HoFasArshBRepeih 6 Bl shefoth 3PS ERE sk B8P 1 &
the first ;oBONALH GlldANDYy ahSn8S1SBPM s iBudtlated i3 FIBeL WBER thd@odsisédionanthe
second magnetic layers in both arrangenent shown in FIG 2 and FIG 3, may

be i ncl uddgimhmicdiver isapewn.2DapoFdics tomo Bhe aydErlay@5s mi interiyedidicdayes $@ab ihn
detail _with reference to FIG 12 and FIG 13. The rel ationship .between the
first 115rag Itp&lqag d}sgﬁg)ga%naqlmmt h%%% ggﬁaeth:dwtlﬁés lﬁlﬁg}ﬁpp@f@@d on e intermediate

layer 16. The seedlayer 13, underlayer 14 and intermediate layer 16 are represented m

subsequent figures in the layer denoted as 100. This first magnetic layer 18 forms the bottom
magnetic layer upon which a second magnetic layer 20 is deposited. The second magnetic
layer includes a series of alternating layers of ferromagnetic materials and spacer layers. A

20  protective overcoat 22 is then deposited on the second magnetic layer 20.

The second magnetic layer 20 can be switched with the first magnetic layer 18 such
that the bottom layer is the second magnetic layer 20 and the top layer is the first magnetic
layer 18 as shown in FIG. 3. Between the first and sccond magnetic layers in both
arrangement shown in FIG. 2 and FIG. 3, may be included an interlayer 20a. Thus inferlayer

25  will be discussed in detail with reference to FIG. 12 and FIG. 13.

The relationship between the first magnetic layer 18 and the second magnetic layer 20
of the arrangement illustrated in the embodiment of FIG. 2 is further discussed with reference

to FIG. 4. The first magnetic layer 18 includes a first magnetic moment having a first casy



of the arrangenent illustrated in the enbodinment of FIG 2 is fg\r,lglhc [2007
di scussed with reference to FIG 4. The first nmagnetic | ayer f inc uc?es a
first magnetic nonent having a first easy 8 2 March 2007 axis 19.
Simlarly, the second nmagnetic |ayer 20 includes a second magneti c nonent
having a second easy axis 21. These easy axes are unaxial in that the
nmoment s of . they N@ANEL Chd5@oRa madh&icAhieRbalddic B sQdAd tHapheid 198meht Habimgeasy
axes. In Falxg@4?§l'?[ﬂe ;yi rlst gasilnagxils ci% is parallel to tghe pl ane 11 of the
surface ofadchendbiagy txdb 25t Diiaag easymaesare Waxaaidh thatths swordtssdhe magnstiograns 5
perpendicular to the first easy axis 19. F t he enbodi nent . FIG, 3 the
top magnetdrgoripligied in g fEechop PF% eé%i’s%}‘e%x{r‘g%gcl’dg? EF) ﬁ?é‘fi%’t%‘lst %Ials 3 6‘%18138 of
the digitagf, graﬁ% Eig%f ROl .4 O Ym'digtaits ‘f’ag?%&f?m1%%%tthé: séc@Y @ bastOxasl R
second easy axis 21 perpenalcu ar to the Tirst easy axis 19 as shown in
FIG 55 | mefingdiduiientiicofitst t4y¢ arasy. axes fherentthdimayrétils. Bafete mepgnetic

del i berately designed such 10 that both are perpendi_a(cgul ar in directi oln to
each ot herlayend8has i &rst wesyreinidhnasalchipeths suifese ofihgrbattal slorageimassiyp &8 Yvienot
exchange-coupl ed, the rema , i - HeSY [V -l qRisifp the
di rection lg‘? g‘ftﬁoéﬁ 8%%9‘3‘*5’3%“2*’ h%??%%%%‘g%%&?&% zﬁggﬁgéélgtgﬁtg%%ﬁghe Yayer the
easy axi s 4sShowghpengigul ar to the plane of the magnetic |ayers while the
other easy axis lie in the sane plane as the magnetic | ayers. Wen

exchange- coupl i fgnik $ncRlib QLY BkeslBEihk H{agﬁ&%QQyé@&ﬁé’%%Hbér_@tcbhﬁ:sig‘t‘l@d such
magnetic | ayers, a new energy IS introduced and the magnetic nonents tend

to alilgn thadethere péFhendiadareixciznge: toesshedharoi®hes theulvo megretiddawat e
other, but this pull is_ restricted by the anisotropy epergy that. exist in
each res péﬁ%gl\?iéc%dﬁ@?ﬁeé of ﬁ?/teqx."lf%@e‘lclo pledrthe beé‘mai“LmﬁYr@np% tg%ﬁzsﬁcﬁive é}ygrtsh_e
two easy axes iﬂ"b‘l'egﬂe&'io% mﬁ@@d@?%ﬁ%ﬁ%%ﬁg@&% |QleRetmulavenaxshangasy sagpl i ng

| i nki ng the“nagnetic nonents f magnéti c | ayers together.
However, aferR@dichiar saube plameof the coagpetid tayen videtewbe wtitch sasnigotic opihesaaegi es

fromthe respective magnetic _|ayers is created.. Wen | ance. of. the

conpet i ng I&we@éfired}a@g@ﬁ%}agp@s W}?né?éﬁ}?%“@@‘&?u@“‘rgéwntré’ggﬁleadaﬁt@éc Iweefﬁceé)eiwem
di fferent . f i I : bdrhe ~Ad (AN
out ot t W B LA et AR R e AT A A SR i hor oA

phenonenonegfth@xchianges egchupke-ogumed tivendnnt pult aceard cttte ottegriattitbislayleiss
wi || becone apparent fromFIG 6 and FIG 7. 25 FIG 6 illustr teﬁ h
2Tty

i nt eract i GesUBREhRE icERisORBRLBSFEXBALRKGH BY G2ED FRSRRSTY'S MBBREY Ay s
iSﬁCOﬂd 18 ;panetdG ﬂ[@}’?}rtﬁe u%‘é‘asy M&ELAGLH 20 p@peﬂﬂ@ulgﬁgr&g&ﬂ SthEDNRBLEcHagsYl t'S
coupling linking the magnetic moments from the two magnetic layers together. However, at
20 the same time, a competition between the anisotropy energies from the respective magnetic
Jayers is created. When a balance of the competing anisotropy energies is achieved, a new
easy axes with a different configuration is generated. The new easy axes tilt at an angle out of
the plane 11 in which the magnetic layers 18 and 20 lie. This phenomenon of exchange-

coupling at the interface of the magnetic layers will become apparent from FIG. 6 and FIG. 7.

25 FIG. 6 illustrates the interaction between the respective magnetic moments of the first
20 and second 18 magnetic layers. The interaction of the magnetic moments results in
remnant magnetic moments, M; (15) and M, (17). The respective remnant magnetic moment
is: M, = Myt and M, = Mpty, where M,; and M, are the remmant magnetization from the
respective magnetic layers due to exchange coupling at the interface of the two magnetic

30 layers; t; and t; are the respective thickness of the magpetic layers. The exchange-couplingin



remmant magnetic nonents, M (15) and M2 (17). The respective LeURa0! 2007
magnetic nonent is: M =M it, and M = M 2t2, where M, and are({%e
remmant magnetization fromthe respective magnetic |ayers due to exchange
coupling at the interface of the two magnetic 30 layers; t, and t2 are the
respective thickness of the magnetic |ayers. The exchange-coupling in 9 2
March 2007y, E Serl? H\?ﬁ%ﬂhs Lgﬁ?b(g RorifSmthg bdrdfe ﬁﬁ?u&féﬁﬁ&xﬂ&né eSBAN 7 WRERell] 4
nonents 15 a 17 ch tilt at an acute angle to the plane 11. The
tilting ofantfeetaragiets enplaenis. aThanltaguoBthangi@etip movmneids abmm advanbage
over existing prior art, which are either |ongitudinal qr perpendi.cular in
ori ent at | FHOTIGCT A dpRARS Ber PHE BRI A ‘_’T‘W&hﬂ‘% HH ‘d%‘ég’tb‘gf“?ﬁ(gp I@ﬁ?‘ém%lﬁrdpes,
01 and 02’01‘!69?&%1’1?&11@318%@0? @@E%Eunmqlﬁhh 1 TREBRER aELitleEﬂéi?S,g%ﬁ@g%?&/hféﬂ t he

exchange-coupling strength between the nagnetic nonments fromthe two

magnet isc | Ay ehmaniineggniaphoménttiBis depehdensdm dtcesclidnge-ebhigotg stofigthfetween
exchange-coupling constant on the angles 01 a 02 of remmant nmagnetic
monents  Npe @AEAUE maRchthireméhali ISSHE YR ﬁgﬁ 8@1’1189%‘?§7H§v83‘€ﬁ@0§§nﬁ§
ani sotr Opyofglﬁen&tc %ﬁgg%%p%@&&ﬁﬁ&ﬁ?&l th’é‘ﬁné\l@?@;e%t%%gggﬁ({ﬂi{%dt Ak oG ONSheMknts

i ncr eases, e an second easy axi s ecreases while the angle

01 of fir ¥, easy,axhshid IxhmnpleebaRnaghbet efversehavathesanirangetopypbisignt and

constant has to be selected to have the remmant nagnetic ponents tiligs at
es

a desi red thislghass. Apdirearghangeceuplee woshangercasspie apels e ahtyend §a7e 285

of the easy a in the t ti | il tilg at difif ngl
R TR TR N T e e
ani sot r opy.,RH&LHE Fo PELUNEEE {oGvEBRAN8HIENd Iﬁé(g%lfcﬁc inbrdhiefehpngetsRephigde. 15

system The ani sotropy energy for the respective nmagnetic |ayer can be,
vari ed t o Dxghjending bhéhe exicharigagoapigigsirelyh, bt peglgs ¢f thf cashaxca it SetFoppeRater gy

or the anisotropy density in each magneti l.ayer. is determ ned by .t hg
t hi ckness 1&f5& ﬁ’hﬁstgk ?bﬂ&f}(‘?&%ﬂs&(‘i&ﬁiﬁ (bf- ¥ne (gﬂigﬁ@ itéh’flﬁfé]g& }Fhlgﬁuf)[}cleﬁcblyp € in

this desi Q;antp 1ifiGh GORE %Rilsof]trg@/ ég.?tﬁg?%tﬂe@xgeé?ﬂﬁé H:8Re(RALVEEh Il & chibeaRiugRUr OpY

energies in e perpendicu ection to each other when both are
exchange eouphedheAsisdBopyeltrgywnt iengspcoavamagodticdpyer cambt amtis] tokdjushihe
K'2, of the respective magnetic |layers wl | ffect the conpetition of.cthe

ani sot r opyilénteigicesThestcRahalraelrepupiesy L/at BiohnaY fHEN HERERT4EY
tilt i nt H%ieglig g&%ﬁﬁi(ﬁ}e(?ﬁ)yttﬂg tlﬂ%egsagﬁd %“E&P%ffﬂlstaﬁhgf ﬁieq{lggneﬁb%)ﬁe'r.! t1R9
angle is so dépendent - on the ani sotropy nstant, K/,,, of the first
magneti ¢ Ipgiyeiblcl® iyl diidn isofo donerol srcambaagnetiged myeeer2te o susdropye
achi eved by varying the magnetic properties of t heb t wo
energies in the perpendicular direction lo each other when both are exchange coupled. As
20 such, varying the anisotropy constants, Ky and K, of the respective magnetic layers will
affect the competition of the anisotropy energies in the exchange-coupled system and the
moment will tilt in the direction of the dominant anisotropy. Therefore, the tilting angle is
also dependent on the anisotropy constant, K.y, of the first magnetic layer 18 and Ky, of the
second magnetic layer 20. This can be achieved by varying the magnetic properties of the two
25  magnetic layers. Once the magnetic materials for the respective magnetic layers are selected,
the anisotropy constants of each magnetic layer are constant. However, while the anisotropy
constants Ky, and Ky, of the respective magnetic layers 18 and 20 are unchanged, the
interaction through exchange-coupling of the two magnetic layers 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



25 magnetic | ayers. Once the magnetic materials for the respecyv gﬁtg@ﬁlc
| ayers are selected, the anisotropy constants of each magneti Mgfi e
constant. However, while the anisotropy constants K,,,, and K'2, of the
respective magnetic layers 18 and 20 are unchanged, the interaction

t hrough exchange-coupling of the two nagnetic |ayers give rise to an
effective deﬁ?ﬁﬁlﬁ’%ﬁrglﬁ)&]ﬁ%@lo{h@t %{(%:ﬁ%ngi%%cﬁl{)ﬁn%% thbescheal RRgndRIp@bECich ayeths.

Thus the exchange coupli ng etween the two magnetic |ayers bring about a

new nagnetepepiapeagnetiofaytise Ttk givtrall eEtdivageisoirerli eanstol, Kiye vt then take
magnetic property of the digital storage medium 10.is t ‘ rch,_.2007
det er mi ned@ithPetighitenehigh éiﬁfg‘ﬁ Qfﬁ‘dhﬁ I“P'%B]tr‘aﬂy ‘fcﬁlg}aélg I %6 tagg Liﬁﬁé) %3%2 Eéysé&we

properti es, helilBivelsespective magnetic layers. The overall effective
ani sot r opy ORSE ant , K,,.on, would then take on a new value which differ

e R e R A

| ayers: 5 The e tilts can al so

contr ol | edyipinadhiskh Rtghfie: lajdikBkpeasingfihehiinergnald car) dyenissirogenvayyi ng
t he thickness would vary the ani sotropy energy of the reé‘{o&ctive lalger.

The over aldf thraigspstiice loyapdhe PegalimpeneltaPreRsiardeay kan aghet e Maghdic “Hivi ng

stronger netjc properties in.vi.ew. of f. [ | &S nld pmtdye two
magneti c rﬂlggvgtsg—o?&r{1%3;1%@&3{8%%398018qu\%%ﬁtgggtﬁgﬁ%?ﬁ%gﬂ%gg&g@g{rtgllé|t ée%lant
magneti c RN thS exd¥ange-Mupted\Bsteht fol lows fromthe above that if the
remmant magnetic nonent of one nagnetic | ayer dom nates the other, the

overalf, I emant, RADG!LhnIATRelt bon &Rk AeWALMS: Nllen dorsambm TRORRSeC

nonent “under the uence o e conpeting energies in the exchange
coupl i ng Syt rdheare xelasatemomepl ¢ fngic nsagntemiapeoidndestes He dthaxihsiovetell i n
enabling the design of a mediumwth ‘gart i Eguldar .magnet i G 15 r,og%rnhiereileby
sel ection Y@Fnﬁ%rﬁléﬁmgﬁé{l?'éelﬁa‘f’@ {ean doygrdp 4 P ARRGHEN L FEVRYS h™ he
digi tal Slﬁi?{c%ggomg&ﬁ%ct %n»@?&%%_’eﬁ@ﬁﬂé& &g;lgﬂﬁg LRenTBORRKE KanFR OB By
bet ween the tTwo nagneti ['&yer provi des an advant'age through Increasing
the acti vaydten protiveshe Viexoflity heedibging die dsgnade mehgneritlcparbdilanmagnetithe
activation volune is; V= D1t, where Dis the diapeter of. Ehe qh@ n,;2Q ,and
t is the maywEIdsOYIeicskaresfamagacts FricHpsde STaLRS RARGHS arRE ThElUER
thi ckness for the, exchange coupled systemis: t =t, +t2, wheret, is the
t hi ckness S{) aétcﬁggdﬁﬁ]glheti c layer 18 and
The exchange-coupling of the magnetic moments between the two magnetic layers
provides an advantage through increasing the activation volume, V, of the digital storage
magnetic medium 10. The activation volumeis: V = D-t, where D is the diameter of the grain
20 and tis the magnetic thickness of the digital storage medium. The magnetic thickness for the
exchange coupled system is: t = t; + tp, where t; is the thickness of the magnetic layer 18 and
t, is the thickness of the magnetic layer 20 as shown in FIG. 2 and FIG. 3. From this
relationship, V = D¢, an increase in the thickness of the magnectic layers is directly
proportional to the effective activation volume, V, of the exchange-coupled digital storage
25  medium 10. The present exchange coupled system enables the decrease in grain size in the
respective magnetic layer while increasing the overall activation volume since the cffective
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 mediuvm 190.
30 The increase in this coupled magnetic activation volume, V, is important for

1



t2 is the thickness of the nmagnetic |ayer 20 as shown in FIG d F 3
Fromthis relationship, V = Dt, an increase in the thickness (ijfﬂ;'ﬁ‘éh&&F/
magnetic layers is directly proportional to the effective activation

vol une, V, of the exchange-coupled digital storage 25 nedium 10. The
present exchange coupl ed system enabl es the decrease in grain size in the
respectiv OYRERL | TIRE iriay A Omislo

si nce the%g@ggﬁ%%éiﬁﬁ?gtaﬁ@?s%glt&fﬁ}g&%%%?ﬁ%r@?% fy)ﬁ)e conbi neg t hi cknesgygf
the two negaeyic tayerdanBycdupbdesisiony is:'t KeedVhi elkiheds dlermile epasly s keT.
vertical expansion of the nediumis achieved and |leads to i rrprgveg: t her mal
stabi ity 9% dihie, @l@lﬂcﬂhal%tﬁ’élﬁ@efa@ﬁﬁrtﬁtt‘h@ RN AApledCydiBa [sh AR
this couple rragnetl c activation vol une, V is |nportant for 11k March
2007 determning thermal stability of cha - cou ﬁfed ysit em
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of the”exchange-coupled system's: increase in
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S greater thermal stability as conpared to a prior art rra‘%gﬁlc nmedi u um,
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easily seéen Fom 'Ra Pe in at a horizontal expansion of the
medi um i nfﬁtd@i&hﬁ&nd@aé@ﬁﬁﬁsasm:nm whichhmemanshaideatal rentaat in domeaswzd. nTideomai n
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ity
desi fed. Mewsbiranshse 67 @éﬁqr@%cw BRI aat Giran ST PRt FBEl e
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only vert| C roug €ess, rum 8 is shown

t he rebat kengh B uﬁlﬂ‘reisb@oﬁllwv%ﬁtdanwﬁf)ugihﬁncampkm@d t)‘@téhelrrﬁrﬁmm he easy axis
52 and the plane 11 in which the magnetic mediumlie. The easy axis forns

an angle 0 w tIxSFEi@eS Rl ﬁ@@njﬂj@ M dnShib e (8P éREn folf el Sagplic R SMgh€cayW t h
t he easy axi s. e sum of these

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. B = o +0). From this illustration, the effects of having a medium with

20  magnetic moments tilted at an angle 0 is discussed with I'IG. 9.

FIG. 9 shows the ratio of switching field and anisotropy field (Hy/Hy) in relation to the
angle, o, between the tilted easy axis and the applied ficld direction. It is observed that the
ratio of the switching ficld and anisotropy field decreases when the angle o of the tilted easy
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, o = 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

12



two angles is (3 (i.e. (3 =a+ 0). Fromthis illustration, thezi@rferg% f
having a mediumwith 20 magnetic noments tilted at an angle 049%24f sed
with FIG 9. FIG 9 shows the ratio of switching field and anisotropy field
(Hs/HK) 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
field and anjapidi@plicBhdadae! eR$EshoWeRal J@ﬁ‘loﬂ%% ﬂgeaca? akip@ftid medumasy
axi s increases fromg to 45 and this ratio of the fields increases when a

i ncr eases ahglctietwden 25 (90ndld =t998, thnissdthiopyield, dl drebkired fok gt fomming write
constant, the switching field H, reaches m ni mum. en the magnetic
monent i s QPFTatieds QY aalFnsfes he Jf‘”ﬁgmt lgss ﬁ‘éné{;ﬂlﬁeﬁ‘&}rﬁnfﬂrd" l&leroé)(‘f?aitltgﬂs. il s
neans t hat M.t ude, bigd fii;e! @ 5RLEMANvention
const ant, lyj@%@r{%ﬁg???ﬁegﬁgﬂfﬁgg%gﬁ%gﬁle |u%jﬁi c@%%g@?&ngﬁg@eg whil e the

wri t abbl i tyyodlies Headvadiageni tatrdientleddneeliumTdaertefimired vtithecithve rrailg Iwadiol hi ty
of atilted nmediumcan be further inproved by Hsi ng mat er i ?In(s& 12.%_%\43mh
2007 of Hinghe pie Bendias pyilted headdht Wiite operations” SR MHSYFRY A ity B K easy
axis of the mediumis angled between a = 0 and a = 90, the sw tchi ng .
field, Hs,theeysitiopd icksupbifoKaing yr i Vhcredfds Hieisaisatiop magehligiddicHaad
W ll be less than that required for wite operations in a |ongitudinal or
per pendi ¢ Weprat aeomstalitnBromeBiG S, thEhelstistbys Hftht= X heillpstestehtwhiera g mi{comng
provi des an advantage in that the tilted nmedi.um can be paire ith either a
ring head oo Uz anglaRfiteeqidhe oy sonddhe snpdied figlatherderedr @8 ag‘*ﬁgﬁét‘?%%. The
ani sotropy constant, K is related to tt}ﬁmni sotropy field such that K =
Hz =, 10 Wherdahdn tosththevishingr fadld o, rgneti—zat | Bor aphinohn iverititegperaitong, the
constant. FromFIG 9, the relationship: H/Hk = X is illustrated, where X
= f(a) and a is the angle between the easy,axis and the applied field,

t her ef or e eltengdwradigofidié, Expresdeand H K, =For—6pt nnuongitidinalgorgpependicobs,

the 10 in relation to the switching field, 3€s: K' = 2X 2X p g op ,

external witing field .= 1.5 and t = Longi 4 ugs oQr
per pendi c /% m?&mes{)?}gfﬁé’ﬁ%\lhcép(ém?#g alﬁﬁghéﬁ?déal%’%gég a I?’e(ﬁ(rzfot t tgd@%ltO }é)m
acute angle, (i.e. when a= @,pt 90), X =f(a) =1 leaving K' =119 gﬁo When
t he magnety t fiepmehicaviae K.angted: Wheh themeanstic apmenys are ppglpd sugh thatghy 4’
gives K =2 H3 . It is evident that given the same witing field, Hg

HMs . It is evident that given the same writing field, Hy

X = f{o) = 0.5 which gives K, = 2

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 ficld is at 80% of B,. Using the relationship above, the value of Ky =2.1 x
10° erg/cm’ 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 a= 45°). It is shown in this illustration that the
anisotropy constant, K, is increased when the magnetic moments {ilt at an angle, Gbetween 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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3 15 and saturation nmagnetization, M, when the nmagnetic nonent argﬁé@}ted
at an angle of 45, the anisotropy constant K' is doubled as c&ﬁyﬁr g
havi ng magnetic nonents at 0 or 90. Therefore, a |lower switching field

al so enabl es an increase in the anisotropy constant for the sanme witing
field. To illustrate this, it is assuned that saturation nmagnetization, M
= 400 emyficAB andid e eWroti gn 98P rde8 i Gessinsitidbiokidpersihiesfant iplbe adid.
field, 1gq§&2 %%215 ang gﬁ% bonoptfnﬁnfmf?}i%glfieFﬁﬁﬁs.at_80%?2} B. Using
the rel at ilosbitie mbgveic mheenalwith of eby axitilledat A0S e it Grisrangens sble to
(i.e. when the angle.a= 0 or 90); and the value of K' =4 3 x 100 erg/cnB
when X = @SS MEre thgﬁm?%ma&?@@’lm%gs%’?ﬁl?e FLCPHBHIRADT ABRTS TOTENT DS on
that the ,anisgt h SystdhET RASRY] MEBatl S ATROMELI FodIRAER S
tilt at aé&%%?ézap@&?ﬁ%iﬁn&@““é% PGoSyster et pplied field 25 1t is
furthes obsgereshié HAMMENGNG: hbatenishie: Aih hgllennbal i 1 0hiordg® hiheh dsioyer
angle is mnimal at the angle ranging from 10 to 80. This indicates that

t he nmagnetring headrend tili 4t knangle3rapgingrivim 2607 80t Mhsrdsiaadysingle gosvicadniHy
within this range is |ess sensitive to dispersion.of the applied fial
Fence.t he TGHEL 8! RRAfec SGnEiF BHOURSoaRre T Bl ot S RaR STt iy
range is @Rlse rfiQes HEMRESBMTOIEs suHsftRE Mw@ﬁkfﬂ;cﬁﬁfﬂﬁﬁﬂ&g&ﬁ@@ﬁéﬂﬁﬁ@@ro&@g the
conpared to tﬁe magneti c nonents in a |ongitudinal ( or perpendi cul ar
(90) syst emfotnmnacblitic mgpbincati on of the tilted nmedium it 5 is preferable
that the magnetic nonents tilt at an angle ranging from 10 to 45 when using
a ring head amthet éHabachdrisdd @NYE exciamgtrgupledByA&m -is 8Batwheneusamgnansiingl e
pol e head. This indicates that when the magnetic nmedi um has an eaSé@axis
tilted at mmuenigMeanhib brw ¢fbeofiive pasty axenkddnat arrguaxiakip gharaglpianiiistpiddn
sensitive he.di.spersion in the appli ield 0 npREavi:ng L REr R SLA R aNce
of the megmnfl'l w(ﬂign%lf?g}naa 4 rélla%%et?llcélQogPérﬁ%é\jI fe@’?ﬁ%%%%‘ﬁ%%é‘g;ﬂgys’t er§1 Ii(P‘lrsn t hat

the remapi, ABGN@bhentsBERALY M aBodleMd ARvieeietfc antdtion fakybaxabedp2xthat
are biaxial in character as illustrated in FIG 11. The tilting remmant

magnet i ¢ fbmbrxy civracierd VR ¢ffoetivigeasy paestaf G rehnam Bragaehednemeninghetns &z,
IR L L.
magneti c aREBALSe VhiadadinlMharakberPhah @espaidd 36l vidigd @R doMarin @Xbsdrt hgvipe & or
art where the magnetic nonents lie in efPective easy _ .y
tilted uniaxial casy 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 ot cross track direction providing a highly oriented tilted medium,
Although such highly oriented media, particularly those with grains having easy axes tilted
the down-track directions, arc 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 overal] transition and track edge noise providing an advantage over a magnetic

medium with uniaxial easy axes.

30
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axes that are uniaxial in character. When conpared to storage ?ﬁgguqiggp
prior art having a tilted uniaxial easy axis which restricts i i on
of the magnetic nonent, the biaxial character provides flexibility to the
witing of data on the magnetic medi umw thout conprom sing quality. The
grains of a magnetic nediumw th uniaxial tilted easy axis tilt 20 either
in the dovwnidraGhkbedinten@ss track direction providing a highly oriented
tilted medium ~AI'though such highly oriented nmedia, particularly those
with grai S t

accept abl gﬁfa}c}? ¥£3g%a&g@grugé& lattlép{"lgtg%tﬂlag tn]ﬂc Criﬁhgl%\g?gaé\%@kcfc h{agﬁgdl? Sva\g\ﬁ% By
current spuidreng depasinteranenet high $atulaﬂnoaddagﬂeﬁlaaltdm fnhfesial 2Mbedtdeanhe first
concentration of ?netlc nonents at the edges of tracks will expand the
track wi dt'Ragoehs daveg 18 rad thaeseond avigngticobyeind: aFikal 12oﬁélﬁ§45tt§re oFucyierpfpne

R T

axi s ts™can ernatt ve ai recti onYave G g “conce

of dipole of@ﬂﬁ’dltgﬁuré}iouhﬁ\ﬁxrtcﬂlﬁﬂﬂﬁg g obalting cél%i!«tﬁ%? Thefunblie! d RESNGeayr 2h

nei ghboring data bits, which reduces the overall transition and track edge
noi se pr oV b adlange th@lvmhtaagécwpémg al fragrietfaas betreatinuihe (st magnétedpedr 18489

h 2007 t | t nmbodi
e thaths e ml Snadan fent bt T LERabaR g ahfte B DR PR Gy TRl BF higed
thin interk @%ﬁfedo‘iutl*? itigs é}%@iﬂéﬁ%&df@ﬂlg@ﬂ@ﬁt haat '[ﬁ’ %Grr&re@édcélof e ﬁ%rl%;m’f he

first magnetic |ayer and the sécond magnetic |ayer shows
t he sflouctstrorg ofchamg-&uptief exr laﬁa@rﬂye«ﬂ bavéaat bash ntageetp:nasxennts |fmeﬂhblfm$t amith a

thininterla 27 sel ected. f ou of ¢ | t co ounds, including
bur 6. cobar R EBBar Byarrsyeh e B it SRRCHTE B Reyent srenfiangh
enhance t hgn g BanderHe QB Rg Zﬁna& BRo b8 h?eﬁﬂﬁ@ﬁb@&%%%ﬁ@@ thfe'eléi)ﬁax@?gﬂﬁ& Ic

| ayer 18 and the second neEgnetic’ | ayer . such, the t g angl e of

t he respe@u@uauﬂawesmmamumhahwmedwnaskmb§lﬂmdpmmﬂﬁﬁehduspdunhkmhmﬁasﬁdmng
system head t he sence of the interlayer 27 a 10 s ng . .
exchange- é%a?ﬁS{%@@ ' arddny Bostsges (e BEmg negHBRICE: %ﬁeﬂvgkw%% ‘Phe
firstyand 1111&2@)@9 97 r’@g,@fgﬂdc 1 Illlﬂyﬁré 1§< t); @B 9 rﬁﬂ[e?lq élymgg' QOﬁtgL?meatot Plc}riz%QE@ngl €
in the sane gheti zat rermant he Interla may al so be

used in eshpabiven thewharam diteo feasyagess rrmfdutnhle Thedgeieksolilsietcgapdr greater

swi t ched qs shown in FIG 3. It is preferable to have the interlayer as
thin han 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 resultan{ 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 layers. The interaction of the exchange-coupling
results in anfi-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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as possible (below | nm for maintaining the recording perfor L e
t hi ckness of the 15 interlayer 27 is beyond Inm it is |ikel yn?ﬂ%r‘f%%(’éw

interlayer may contribute to horizontal expansion in the donmain size of
t he magnetic nedium The thickness of the interlayer greater than | nm may
al so contribute additional signal to the overall recording which will add

onto the tWoadlﬁbeehPHoﬂﬂQﬂx%@d hibiREGRIdSC COMNY JHEBEIH Y= TEGhHA 1) B 1 Afflied
enbodi ments of the present invention, the selection of the type of non- 20

magnet i ¢ natanaldlcld whlchhﬁeaismklmra@sehc Aeenzandidld. sltudnbskiweéﬁonsth@ls@@ thef at &
fabricate a digital stora medi um t hat has result n nong

40 and M2 29 ﬂ&d?verﬁfi@aw‘gﬁw B S O CC SESON N By 0T 305 Lk R e
the rema h (?ftt &plg% 19-39 OOEWC?\HEL hnﬁ) n%@ %onﬁﬂ ﬁﬁfﬁgheWI‘%P i Eeyl?e of

mat eri al an e’ used to achi eve t aVI nium S pact

of thes Irrta@gd Y ©Een m%drmm@elswﬁbmguh@ @b@@@ﬁ,empﬁtmanb&w 12aysrisr Bk
cobalt which are disposed 25 between the first 18 and second 20 nagnetic

| ayers. Thepligd 8eldet Hohliof3 akldedove ﬂmé(hg%foc @m:ll@ldrfg:ld atdddlile s 2i Ahresulighews| el

magneti c ts that are tilted to.t lan 11. of,the ital
otorage. mnnuRTrRgie R ket S fhs B e S By SRl L8Ry o
anti- fer rBRGREHIEMENS NARGREOUD|shBier RasHBASH B AU bRN ihe HREOBY WHIECT )
Copper (Cu),” Iridium(lr), and their alloys. 30 FIG 14 conpares the

swi t chi ng omﬁmon@tqmerfwras compareditorplmegitusinad owmandguhngice@mgmedlg Iienvar ch
2007 WO | ferent nor ma ed applied fields,, H./Hk. =

where i eh tﬁbtfgﬁmq‘@a‘/ouﬁm% e b S e OB e B e A
field. It m@v\gpﬁ%r;@gllgﬁgmthe plots that at 6 = 0, the reversal or
switching tine is ps (pico second) simlarly, it can be observed from

the trend °f1E_§;ﬂ1 ! gots when O = 90 the switching tine is conparably high.
When the an range between 0 and 90, the switching time is

consi derably | vver 120 ps for. t t H/Hk = 3 and
ol ow 160 pa f gt appiias of Mepiessf i grtienfq s Hffaleridas AEradtast 4 HipTuian
magneti c ADIRALSmANEM) b @leéaisﬁn TReUL&IARGN S is HRBodddBh ﬂh%qub§t1%@e iD spktch
the nmagnetic nonments’is Shorter. A short'er transition tinme also enable the
speedldf wnidrmycopay bt a dnsmion biosf msteda:sltmtdmpeadwet b3 .al'hongirmediteddycor

i nce sitions wo

perpend: il o sording Tl oy, e 10 LS akef, L ULl R15 MWL, T ve
operati ONFisposed on the intermediate fayer 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 apalfadium or cobalt. Three samples, with different thickness for a Pd interlayer 20a
interfaced with the CoCrPiB 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, fat 0° indicates that an external field was applied in the direction of
the sample plane during measurement. At the field angle £ = 90°, the field 1s applied at a
25  direction perpendicular to the plane during measurement. Varying the thickness of the first Pd
fayer 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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Exanpl es: In an exanple of the present invention, the substrat 2 iio .
formed froman al um num magnesium (Al My) or glass disk. The s 359b 073
is disposed on the substrate 12. The 15 underl ayer naybe a chrom um al | oy
deposited onto the seedl ayer 13. The internediate |layer 16 nmay conprise of
cobalt, chrom um and tantalum (CoCrTa). The first magnetic |ayer 18
disposed oyt Esutelcateal § gRalohe EHRELHL (£ )
pIatinun(Pt]‘é Yi %oron §) agﬁ%orﬁﬁéﬁggﬁ1oy,a%g 9E)lgﬁ%”ﬁéﬁgegg gk
magneti c | dygeimple wl&reﬁhs gficlessadf pallidimas 0.0@m, codpbdik padurodiatigic (BotFt) as

| ayers, where the first contact [ayer 20a with the first magnetic |ayer 20
can be a p#klthigkeass of ti@ﬁbmilaﬂmrfrﬂﬁr}@@ inarepscs Jurthngrt hedpdake slaifit tot hFcidIé gt thcor a
Pd interlayer 20a |nterf th t B.fil mwere caonpared and the
coer ci vi t yMAFFSIOLLi 2N Fob aflgt ﬂﬁﬁ‘a@ﬁs Gt SR PR DSOS fo
tenper at Url‘ﬁcxfc%e @ﬁﬁ hhé Rk Sess -BIT"?ﬁ@ Hﬁ&ﬁ&iﬁ%ﬁd‘ lﬂ{lf% de\gl‘é’ndé 1d£1|t %en&ivasThe
field angle, I ndi cat es t hat an ext ernal S aSp In
direction cdq‘servt:cthéoxsthﬁmcgnmzanen dagraraigssmeasunrananyt givéd by e hiie Ioﬂ tl'a:rrgineaulB—
90, the field is applied at a 25 direction perpendicular to the plane
during meagunRIEMomdRhMi 'ﬂ% daadidl Gk ﬁ??éaﬁgn e f&'e t'h%tthrgg sath@¥€hs 4Rn in

modi fi es the exchange coupling strength betwear ferromagnetic
| ayers, he symetry of the tmo peaks in IG. 15 ndlcates a
f or mat i on8fdf3a tlg %Bisglﬁ%rwa%%v -enigieg thepopplpsiph thad t s-cpmeliag goftant is

t hi ckness éﬁilaﬁctégggﬁ{i,] g@l‘?’llﬁ{% bicifiebs Sihe ﬂlie%ia? (R0 t?%gwg mg&r?eé% i\ﬁfscll'ﬁ 4407

The peaks are o ang es occurrlng et ween the
magnetiicc @oane. In the sanple where the thickness of paIIadlun1|s 0.6 nm
two peaks occurs at angle, 0=60, as the thickness of the palladiumlayers

i ncreases furt hermhn@athBBKiS cBRddcbd 191 curfdnt Blvehiidh bécﬁh@‘é‘ﬁﬁ%@@ﬁmé@t?@ ym
(0]

and 0= 30 at the thickness of 2.5 rimand the coercivity is served t0 5
i ncrease wepHanthEtdsdierrsbievod it e mpadrietidiguamd withoyt @fwlm@wmmglc@e@@pement

trend was .,observed f netizati.on.squar urenen Y

the rat o P PLE IBHAGRE o CORC ORI OE RS Rerarary Ort et B2 o
M, for Re &iHs88cc ARl 8BaraS C%PM o iy pl'f/ln% wiifing FHIE 2P B Sh¥RL iR ecording
re-enforce the conclusion that the exc ange-coup%lng constant is enhanced
by adjlbist |pngmts¢ﬁe Tl ckaldssinofcaschim dredtl elehsiiyewithet weeeast he thewuphginetgietic

| ayers 18 10 20. . : e o
y aglwauon voFume while at the same time thermal stability is increased.

[t 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 is possible to provide different versions of the invention.

20
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Thermal stability is enhanced in the current invention becausejﬁgﬂaﬁgﬁé
ani sotropy constant, K,,, can be achieved in the magnetic grai Ot
affecting witing operations. The present invention allows the use of

| ongi tudi nal ring head, perpendicular single pole head or a transducer
head that is capable of applying witing field at an angle for recording 15
pur poses. Wgickimhabl es increase in areal density with an increase in the
coupl ed magnetic activation volunme while at the same tine thernal
stability is increased. It is to be noted that the above description is

only illustratindigfal itbgpheIam, dompeiRingon. Mdification of the exanples
w t hout departing fromthe scope and spirit of the present disclosure is
possi bl e to provi @8WRftRiCr ent versions of the invention. 20 17 2 March 2007

W claim 1. A digistal - ' A Walok - ; first
nag%%tic | ayer digg%gén Og%gggﬁgﬁgﬁﬁg%?gggygg 3?%%&”@%%H??%§${§%6%%?ic
| ayer has a first ndgymthhca fiesrengnbidoinngent Havirigedtileaiseasaxxis; a second
magnetic | ayer di sposed over the fjrst neti¢ |layer, wherein the second
magnetic | ayer ha§5%90§888‘r$86%1@}i‘814®0 gﬂrthf‘a’«%qshaagﬂqtﬁ0|lw& whieggin e s: and

10 an overcoat |ayersgiRinAsediO¥RE ke KGN '@%érﬁeﬂt%ﬁ(ﬁﬁg%@t@@%ﬁkg he

first magnetic |ayer has a perpendi cular nagnetic ani sotropy an

second nmagnetic | ayexishasd a | ongi tudi nal anisotropy. 2. A digital storage
medi um conprising; 15 substrate; a first pagnetic | ayer di sposed over
The Substrate. -wndt erfa st Finid bt “Soad BMERSR T ot “ragnet <

nonent having a tivhé@th @asystMdgheti da§QARNRE pERABIcuTar hRyREicCHnSRASEH aYer the
first magnetic |ayer, wherein the second nagnetic |ayer has a second

magneti ¢ nonent havithRysegord mageptisdayer haga oniggudiaplgnisotropy.

2. A digital storage medium, comprising:
15 a substrate;
a first magnetic layer disposed over the substrate, wherein the first magnetic
layer has a first magnetic moment having a tilted easy axis;
a second magnetic layer disposed over the first magnetic layer, wherein the
second magnetic layer has a second magnetic moment having a tilted easy
20 axis; and
an overcoat layer disposed over the second magnetic layer,
wherein the first magnetic layer has a longitudinal magnetic anisotropy and the

second magnetic layer has a perpendicular anisotropy.

25 3. A digital storage medium, comprising:
a substrate;
a first magnetic layer disposed over the substrate, wherein the first magnetic
layer has a first magnetic moment having a tilted easy axis;
a second magnetic layer disposed over the first magnetic layer, wherein the
30 second magnetic layer has a second magnetic moment having a tilted easy

axis;
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an overcoat |ayer disposed over the second nagnetic | ayer, mhegze%_tﬂg "
first magnetic |ayer has a |ongitudi nal nmagnetic ani sotropy an h 2007 g
magneti c | ayer has a perpendi cul ar anisotropy. 25 3. A digital storage

medi um conprising: a substrate; a first nmagnetic |ayer disposed over the
substrate, wherein the first nmagnetic |ayer has a first magnetic nonent
having a tilted e&aBynteskyss dﬁp@@g@n@vm@m istmiagnatic laies pod the sesed t he first
magneti c | ayer, vvherlg' e‘ii@ gsgmgecond magnetic | ayer has a second magnetic
nonent having a tilted~eas axi's; 18 2 March 2007 an interlayer disposed
bet ween the fir st afagaeddttajeayporRidvbhnte sempdchimenetayvé:, | ayer, and an
overcoat |ayer disposed over the second nagnetic |layer, 5 4. The digital
storage nediumof clainms 1, 2 or 3, wherein the tilted easy axes form

acute anglges w per. oy UL |.a6 f r ' 5.
The %i gi taf st oﬁﬁaég(gglgrﬁégﬁg olﬁéﬂé%ierqﬁc%fﬁﬁaﬁ’e% éllhgf \’?}kegélg%% @&e;ﬁn%?gg){%%&g}

di f f er ent acn@gnitesdeth. a kdpdidiclbee pihirgiof she diptalageagadediomof cl ai m 4, wherein
the acute angles are of the sane nmagnitude. 7. The digital storage nedium

%
yaye

of claim4, wherein the tilted easy axes are bi-axial. 15 8. The digital
storage medi umfe Ghidll Rotagednfiund of WRGHE WHaRiEHERANE Gn oY Rlel J19iFFQGRUT S
between the first and second magnetic layers. 20 9. The digital storage

medi um of mdgRitides. or 2, wherein the magnetic layer with the | ongitudinal

ani 0t ropy includes a material selected froma group consisting of cobalt
(Co), iron (Fe), nickel (Ni), and alloys thereof. 10. The digital storage
medi um of 6¢cl ai Mhk digitad stoydde meddiurh: RE cIBE AEHherdPthe ek bRglbN&e of the same

magnitude.

7. The digital storage medium of claim 4, wherein the tilted easy axes are bi-axial.
15
8. The digital storage medium of claim 1, 2 or 3, wherein an exchange coupling

occurs between the first and second magnetic layers.

20 9. The digital storage medium of claim 1 or 2, wherein the magnetic layer with the
longitudinal anisotropy includes a material selected from a group consisting of cobalt
(Co), iron (Fe), nickel (Ni), and alloys thereof.

10.  The digital storage medium of claim 1 or 2, wherein the magnetic layer with the
25 perpendicular anisotropy includes a material selected from a group consisting of cobalt,

iron, and alloys thereof.

11.  The digital storage medium of claim 10, wherein the magnetic layer is formed

from a single layer of alloys selected from a group consisting of cobalt-platinum (CoPt),
30 cobalt-palladium (CoPd), cobalt-chromium-platinum (CoCrPt), cobalt-chromium-

platinum-boron (CoCrPtB), cobalt-chromium-platinum-tantalum (CoCrPtTa), cobalt-

¢hromium-platinum-niobium {CoCrPtNb), and iron-platinum (FePt).
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25 perpendi cul ar ani sotropy includes a material selected from 0
consisting of cobalt, iron, and alloys thereof. 11. The digi t%%@?é&@
medi um of claim 10, wherein the magnetic layer is forned froma single

| ayer of alloys selected froma group consisting of cobalt-platinum (CoPt),
30 cobal t-palladi um (CoPd), cobalt-chrom umplati num (CoCrPt),

cobal t-chrom um pl ati num boron (CoCrPtB), cobalt-chrom umplatinumtantal um

(CoCrPtTa),, CcO t 1 r.om U .at i . NiL,0Pi um Cr Pt N and i.ron-.pl ati num
CC R Ry T AR o R R A B Y

wher ei n t heomagneple ¢ayeay@rfetrsmb @teie thdierin sakdidDfrenlaaySlsciikistieg bosmanet i ¢
materials selected froma group consisting of cobalt wth palladiumas a

spacer | ay¥th petsdpay as & spagkt layigri(Fofldit sohalvath platspae ey 2 seperlayadCetPy), 2a 5
balt all i | U | - LL | i
ot num aovalttdy ok bAflh G 3o 3RARGE WY oo BN RERBn By 0N UKD

wherei n tHeyeal | oys are doped with non- ferromagnetic materials sel ected
froma group consisting of silicon oxide and silicon 10 nitride. 14. The
digital storage mediumof claim3, wherein the interlayer includes a high

sat urati onsmagngld &gtl @@ll‘@tlﬁéd-i@d’l o7 €lafftIgdwhERIM tﬁ? Qfl%ﬁaml? AOSIISk I o

cobalt, nickel, iron, alloys of cobalt, alloys of nickel, "and al | oys of
i ron. 15 Teromagnetic giaterialssebectaglefrome di gronpdonsistingoBsilivdneradmaitchalicant er | ayer

i nc Oudes a.han- magnetic material selected froma group consisting of
r ut eniumnf f rhodium (Rh), chromum (Cr), copper (Cu), iridium(lr),

and alloys thereof. 20 16. The digital storage nedium of claim4, wherein
data is transm tted through a transducer, and wherein the transducer is

sel ect ed flfom dhgrdigitp! slorrRcsredigm of chimi hgvhieeein theaintesioygylieclpdise hislad, and a
head whic | i T 1.G.1J : i.gltal . ge
modi um 250G ob e AR ferd SUCiRl Bk EDRLF RGBT Sl 8RO
magnet i ¢ mopndfcobalt,allovd b @k asyl dlvesobditod.he first and second nagnetic
rmn]%nts are anti-parallel.

15. The digital storage medium of claim 3, wherein the interlayer includes a non-

magnetic material selected from a group consisting of ruthenium (Ru), rhodium (Rh),

chromium (Cr), copper (Cu), iridium (Ir), and alloys thereof.

20 16. The digital storage medium of claim 4, wherein data is transmitted through a
transducer, and wherein the transducer is selected from 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.

25 17. The digital storage medium of claim 1, 2 or 3, wherein the magnetic moments with

tilted easy axes of the first and second magnetic moments are anti-parallel.

18. The digital storage medium of claim 1, 2 or 3, wherein the magnetic moments with
tilted easy axis of the first and second magnetic moments are parallel.
30

19. A method of manufacturing a digital storage medium, the method comprising:
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18. The digital storage nediumof claim1, 2 or 3, wherein thegap&iico7
nmonments with tilted easy axis of the first and second magnetic nonents are
parallel. 30 19. A nethod of nmanufacturing a digital storage nmedium the
met hod conprising: -20 2 March 2007 depositing a first magnetic |ayer on
a substrate surface, wherein the first magnetic |ayer has a first magnetic
moment with a firdeposiivg adubtomagnstic lgepos asibmyrat ssefoon svhesgndieifost ayer on

the first nmagnetic Ia%/gerf. %\{ne_rei n hte se%ond TR, ne&hi cflg%er has second
magnetic nonent wit H'E7S8ESHE %aggﬁrg BRPEHCRHEVET B e 'S EEN A 8a8Y axis is
perpendi cul ar to §&RsiingStse@agmatietic layoher BleTir@XaAREE 150 MWHeRgn afe t he
first magnetic nonent and the second nagnetic nonent forns tilted easy
axes in the first arf@cuiddmrancrabivethas a yeaguhmagnetig mdvesns withtecend ey

magnetic |ayer has %Ix&%ﬂ%ﬂi el ﬁ%iﬂ%%)ﬁ?%teﬁ%gdi%?ﬁr Y.Soe’t?l?glg fgangidc 10

Iaye"r has a | ongi tudinal ani sotrop());r/l. manu uri'ng a
digital storage nedemrinexchangeaivhplingofhe ifisst agignetitemomichi g tAe fdcosd magneti c
| ayer on a substrate surface, wherein the first, pmagnetic |layer has, a first
magnetic rmoment wit AEENFHG RPMERLIoEg ilted givy agepigdhe g%ﬂ%\d EePheRgifet i ¢

| ayer on the first WP&.‘?%& | ayer, wherein the 15 second magnetic |ayer
has a second magneti ¢ nonent with a second easy axis; wherein the second
easy axi s wherpiarthefidi cukastictlaydries b ipependiaslyr anissropywhed diesecond magnetic
exchange- oupbi nqg of.}écgelfi rstt magneti c nonent and the second magnetic
morent f of RS 1794 QSR AQIIPRY -t he first and second rmgnetic |ayers, and

20 wher ei not he A inkehbd FRERALTACtUkAY QTdiFied sRrd RREddid] el A EiRRmgand t he
second magnetic |ayer has a perpendicul ar ani sotropy. 21. A nethod of

manuf act uri ng a diepsiting & fiostapengdellayey on heubstatssurfeesnphiegimge firgeposi ti ng
R A T T T
depositing a second magnetic layer on the first magnetic layer, wherein ‘Ehe
15 second magnetic layer has a second magnetic moment with a second easy
axis; wherein the second easy axis is perpendicular to the first easy axis;
wherein exchange-coupling of the first magnetic moment and the second
magnetic moment forms tilted easy axes in the first and second magnetic
layers, and
20 wherein the first magnetic layer has a longitudinal anisotropy and the second

magnetic layer has a perpendicular anisotropy.

21, A method of manufacturing a digital storage medium, the method comprising:
depositing a first magnetic layer on a substrate surface, wherein the first
25 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 easy axis is perpendicular to the first easy axis;
wherein exchange-coupling of the first magnetic moment and the second
30 magnetic moment forms tilted easy axes in the first and second magnetic
layers, and

wherein an interlayer is disposed between the first and second magnetic layers.
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depositing a second nmagnetic layer on the first magnetic |ayer, wWhghSiogsqt he
second magnetic |ayer has a second magnetic nonent with a secon easy

axis; wherein the second easy axis is perpendicular to the first easy axis;
wher ei n exchange-coupling of the first magnetic nonment and the second 30
magnetic nonent fornms tilted easy axes in the first and second magnetic

| ayers, and wherein an interlayer i's disposed betmeen the first and second

magneti c | yer 2. d of im 19 or

wherei nt 172! e o Co RIGT00 f ofSro Mo B ERS hy SE IS h biBls o

f er r omagnehisetromft Beiudbs 8 rRetdetid ﬁﬁlcﬁagde%é&dcfﬂﬂﬁ la $kdupcodbisGRbaft dobalkl ON,
and alloys thereof. 5 23. The nethod of claim 22, wherein the rragnetl C

| ayer is ﬂ@ﬁn@lﬁ#]ﬂdﬁf@f%fngl e layer of at least one alloy selected froma
gro consi sting of cobalt-platinum(CoPt), cobalt- palladium (CoPd),
cobal t-chrom um pl ati num (CoCrPt), cobalt-chrom um pl ati num boron

( CoCr Pt B) ,23c obdihie nodthiaina flutaipl 2, iwhiemih artraddneti¢ Goer Bfdmed from a single layer
cobal t - chr? umplatj num 10 obi um (CoCr Pt Nb), . and, iron-plati nakl

(FePt) . atrlgest RRe ALY %?ieceqdafn Y SZFOGhEANSISHNE ﬂ%cq?agmtvwm &b, rebdlipr ned
fromnul ti Bilﬁm&i‘@@ﬁé) eébaﬁteah&&mgtauﬁumt%dﬁb Sopit- @%ﬁguﬁqr MANIHOMR
consi st ng of cobalt Wth al'ladi umas a spacér [ ayer d), cobalt with
pl ati num zﬁ@o@rfﬁbhcebalt—ebremu(rﬁqﬂd?mpm Eanﬂz&m«jﬁa@ﬂ’t”ﬁﬁ)l, a;baWcthlrmpallm -aldiiommas a
spacer | ayer,.an ( |t alloy.with i num as a spacer |ayer. 25. The
met'flod of bP%WWWg%gc&ﬁggé?WQFH%¥%ﬁV%§%@?$é doped with non-ferromagnetic
materials selected froma group consisting of silicon oxide and silicon
nitride. 20 26. The method of claim19, 20 or 21, wherein the first

magneti c Payer TAnaethns ofebcomd2, whigreat the nl@y:@hc baethis feveeddrarinokiRiss that i s
vari abl e. . ngle is forned
bet ween t aé%{slq-ﬁ? (gr‘crj‘qg é@%g%%at(%&agsssﬁende d Iclzop %[%%udj O&FE{IE%?%%%) agf‘gthhe digital
storage npdiddiom as a spacer layer (Co/Pd), cobalt with platinum as a spacer layer (Co/Pt), a

15 cobalt alloy with palladium as a spacer layer, and a cobalt alloy with platinum as a spacer

layer.

25.  The method of claim 23, wherein the alloys are doped with non-ferromagnetic

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

20
26.  The method of claim 19, 20 or 21, wherein the first magnetic layer and the second
magnetic layer each have a thickness that is variable,
27.  The method of claim 19, 20 or 21, wherein an angle is formed between the tilted
25 casy axes and a perpendicular plane of the digital storage medium.
28, The method of claim 27, wherein the angle is adjustable by varying the type of
ferromagnetic materials in the first and second magnetic layers.
30 29, The method of claim 27, wherein the angle is adjustable by varying an exchange-

coupling constant between the first and second magnetic layer.
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28. The nmethod of claim 27, wherein the angle is adjustable byz‘iﬂ&?’éh"ﬂ)oﬁhe
type of ferronmagnetic nmaterials in the first and second magnetic |ayers.
30 29. The nmethod of claim 27, wherein the angle is adjustable by varying
an exchange- coupling constant between the first and second magnetic | ayer.
-22 2 March 2007 30. The nethod of claim 27, wherein the angle is

adj ust abl Sy vireynethod pecleim ekndssciofhe dngld ismdjusahld lyecoyidg tHeghiskiess

layers. - %)%the first and second magnetic layers,
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