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PERPENDI CULAR MAGNETI C RECORDI NG MEDI A CROSS- REFERENCE TO PROVI SI ONAL

APPLI CATI @ aBnisgosappl i cation clains priority fromU. S. pradsusmabospat ent
application Serial No. 60/337,287 filied Novenber 30, 2001, the entire

di scl osure of which is 5 incorporated herein by reference. FIELD OF THE

| NVENTI ON The present invention relates to perpendicul ar magnetic recording
media w th inproved signal-to-nediumnoise ratio ("SWNR') and thermal
stability, which nmedia include a pair of vertically spaced-apart

per pendi cul ar ferromagnetic 10 | ayers which are anti-ferronmagnetically
coupl ed ("AFC') across a non-negnetic spacer |ayer, and a nethod of

manuf acturing sanme. The invenhNgl FEREOMRINEE Al yutility in the
fabrication of data/informati %@PEEWE%EE% nmedia, e.g., hard

di sks, having ultra-high are EREFY 1Si ti es. BACKGROUND OF
THE | N\/EI\FI'I ON 15 Magnetic ne f rious applications,
particularly in the conputer industry, and efforts are continually nade
with the aimof increasing the areal recording density, i.e., bit density

of the magnetic nedia. In this regard, so- called "perpendicular" recording
nmedi a have been found to be superior to the nobre conventional

per pendi cul ar CRABERPEEREN oI Aa s s{oN AR LCRREIN 2ot i on i s formed in

a direction perpendjcular to the surface of the magnetic nmedium typically
a layer of WO 03/ 04bsgwprheatiogsiaims auipgity frog Ha%rmwléwﬁ%ltl&t@rmapblﬁcaaogu. tabl e

substrate. Vegyf '1\93‘ 6b73’3‘?"’2’87 rfﬁ&f)ﬁg{réiﬂoe‘ﬂggstédleﬁle dHiife g{g&\%&@ﬁ% gz&gcﬁa is

utilizing a "single-pol magneti c transducer ’or
per pendi cubar 1maq>be¢tecbhemdlbg reference

FIELD OF THE INVENTION

The present invention relates to perpendicular magnetic recording media
with improved signal-to-medium noise ratio ("SMNR") and thermal stability,
which media include a pair of vertically spaced-apart perpendicular ferromagnetic

10 layers which are anti-ferromagnetically coupled ("AFC") across a non-magnetic
spacer layer, and a method of manufacturing same. The invention is of particular
utility in the fabrication of data/information storage and retrieval media, e.g., hard

disks, having ultra-high areal recording/storage densities.

BACKGROUND OF THE INVENTION

15 Magnetic media are widely used in various applications, particularly in the
computer industry, and efforts are continually made with the aim of increasing the
areal recording density, i.e., bit density of the magnetic media. In this regard, so-
called "perpendicular" recording media have been found to be superior to the
more conventional "longitudinal" media in achieving very high bit densities. In

20 perpendicular magnetic recording media, residual magnetization is formed in a

direction perpendicular to the surface of the magnetic medium, typically a layer of



It is well-known that efficient, high bit density recording utilizing a 5
per pendi cul ar magnetic nmediumrequires interposition of a relatively thick
(i.e., aswocanpaised to the magnetic recording | ayer), magreti/csakhyosdsoft”
underl ayer, i.e., a magnetic |ayer having a relatively | ow coercivity of
about 1 kOe or below, such as of a NiFe alloy (Permalloy), between the
non- magneti c substrate, e.g., of glass, alumnum (Al) or an Al -based

all oy, and the "hard" magnetic recording |ayer 10 having relatively hi gh
coercivity of several kGCe, typically about 3 - 6 kCe, e.g.,

cobal t - based aamagx;en(:engenalapn@smabw surbytyatﬁa‘&(rrmdugiehmdﬁmmag damlwt ropy.

The nagnetical l I ayer.sen I ic n nati ng
fromthe hed f’ﬁ é’tt’? F 51}1 a Sén%)eﬁ I c%‘%r%eﬁ%égr%%ﬂg&ré%oé gl ng Tayer. In
addi tion, th%uckﬂ?&ﬁ@idlaﬁéﬂrﬂa 1& mdgder | ayer reduces susceptl bility of the
mediumto ther 15 activated magneti zation reversal by reduycing the

demagneti zing fi eIItjsS vrlcknom et affigicetn dvigly bifafensy rteﬁ%ffi“\%a}“i‘l]tlzdp&sa t he
t stat 10
current sta S)eﬁ:{ : Caﬁ% tlcorﬂecfhffmtr&ﬁlelt thtﬁggﬂﬁwgfzﬂe?ﬂw%ﬁﬂﬂ{cﬁ' (g, ystem

utilizing a Iente um a‘relatively thick
soft magneti Q:omp@l&a"dl ta)ﬂeﬂr magnetmlractarMagﬂayer)hmmghet'rodllyrﬂgxfétundeﬂmrlch iy | ayer,

and a singl e-pole | 1 ust. Fl G f
neral s 5. - Shanetia elhiye BatRIVAY oW el of etk EGF Pk Belobe She

magnetic und f gx%%ﬁq BReREE Bbh-taghétRS duByiedt dofV 555' cally
oriented, hg‘{ 3%'\%13&%.1%’; ecor 3‘?3’29 Iasler of pera!gendl cul ar‘73 2k ethQC medi um

1, and ref er eiominumutvh airsan7 Akhased allogs ped they Siayd" magnetist rece ingslavgl e and
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one or nore |aysaii-takedBMoyTBONEL ICo-CHaLlEY) talving petpatiicul@ dnljotropey Eint
magneti c interaction between the soft underlayer 3 _and the hz%rd recordi ng

| ayer 5 and (mqgrml@a%b't @fﬁé%dqﬂéﬂerrﬁeé‘feést? rayide magnesis fluxnerganating LS ¢ es of
the hard r ecﬁ-hgd rBlgrou ?ﬁﬁkﬁé}ﬂ&ﬁ&ﬁaﬁﬁ&%&&& Q&%rc'hﬂgtl%g* Il S, @ﬁjévfoat I ng

the path of e magn S seen as nating from
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transducer_head 6, enterln and pass

t hrough ,verti aIIy rie d, hard
magnet i c }%Cochyﬁedug@@ptl qu qeﬁgsgl b 6ﬁd%§96 demagne izing fdlad S

lower the energy barrier that maintains the current state of magnetization.
A typical perpendicular recording system 10 utilizing a vertically oriented
magnetic medium 1 with a relatively thick soft magnetic underlayer, a relatively
thin hard magnetic recording layer, and a single-pole head, is illustrated in FIG. 1,
20 wherein reference numerals 2, 3, 4, and 5, respectively, indicate the substrate, soft
magnetic underlayer at least one non-magnetic interlayer, and vertically oriented,
hard magnenc recordmg layer of perpendicular magnetic medium 1, and reference
numerals 7 and 8, respectively, indicate the single and auxiliary poles of single-
pole magnetic transducer head 6. Relatively thin interlayer 4 (also referred to as
25 an "intermediate" layer), comprised of one or more layers of non-magnetic
materials, serves to (1) prevent magnetic interaction between the soft underlayer 3
and the hard recording layer 5 and (2) promote desired microstructural and
magnetic properties of the hard recording layer. As shown by the arrows in the

figure indicating the path of the magnetic flux ¢, flux ¢ is seen as emanating from



single pole 7, entering and travelling along soft magnetic underlayer 3 for
a distance, and then exiting therefromand passing through vertically

ori ent ed, woansgh4&seragnet i ¢ recording layer 5 in the regi on riTows®2aedd | i ary
pol e 8 of single-pole magnetic transducer head 6. The direction of
novenent of perpendicular nmagnetic nmedium 1 past transducer head 6 is
indicated in the figure by the arrow above nmedium 1. Wth continued
reference to FIG 1, vertical lines 9 indicate grain 10 boundaries of each
pol ycrystal | i §iggleipofe 7 &f ﬁﬁ?l'e%fo)e_ g RdticOfradsdfcdr 368A 63 leAfeing CRAASHAskingi NY
medium 1. As apparent fromthe figure, the width of the grains (as

measur ed i n athsenghzesticallydirieated; baryl roggnetie recotding daypof yie e regidn ahoveayer s

constituting t. I 7 k of .t i | S. .8u tially th ane, i.e.,
each overlyi gnlg& F eere 71’ Ze%%;%gtieng {Q%eeﬂgga?‘ﬁ}‘%jSaf*h‘?‘gé‘%?lﬁe“n&%%f% E%r F‘ayer .
Not shown in distahé ahd thehesxitingf therefrusit dndtpavéing thiipldhCieiicallglogieted) kdr@ct i ve

overcoat |ayer, such as of a dianond-Iike carbon (DLC) forned over hard
magnet i ¢ | dyemagnetigygeordingylayerapin theFreipiy aboyg cuxilipne polgs8 @f stpgle-pole

perfl uoropoly n Ffl@t” i feor : ti r | ayer.
Substrate 2 ilglta’%épt)il%cgr y g‘?ﬂsa%as ggegﬁ%r@\ég%%}p:bﬁsg@(’%&g bﬁgjne?ﬁ/r?glggcg Ic netal
or alloy, e.gmagwticanecivmAl pdstzacidaddr higad 6 icindaatedlin My figure by tRDamew Ni - P
plating |l ayer .on the.deposition surface thereof, or substrate 2 is
conprised of 2PVEMAINE- g ass, ceranic, glass-ceranic, polynmeric nmaterial,
or a conposite or witMchafieal rdiiesR. WRRGI al, SyerHBACHARY 9! indidafe toyhcal |y
conpri sed of an about 500 to about 4,000 )Vthick |ayer of a soft magnetic
mat eri al 481 ebeuadatiesowf t ¢ash gpalygrystalbing i @£i, ngrandlani laypi P& thpelayed Istagk, Co,

nter ! ayer 4 SRTRRe pRRfn - do SRNenf Reb Bl SO Wb R BE i

non- magnet i ¢ mRivkddalin & Usdtizagtalli difectien)d ofl agadh Mg ké ip‘ol&c&?’ﬁﬁlliﬁe Jaers
typically conprised of an about 100 to about 250 A thick |ayer, of a
Co- based al | enpstitiEing dhe: davshstagk ofdhe medame iy substantially dher paspg, tike ebup

or 5 (ol pa S BIEYD BaTalolE e U e e g et Ay BB K C

super | attil6e therfigure)ifer illnkteateversimpliaty, art ep®tecfivonvaboattlaybf, such as of a

diamond-like carbon (DLC) formed over hard magnetic layer S, and a lubricant
topcoat layer, such as of a perfluoropolyethylene material, formed over the
protective overcoat layer. Substrate 2 is typically disk-shaped and comprised of a
non-magnetic metal or alloy, e.g., Al or an Al-based alloy, such as Al-Mg having

20 an Ni-P plating layer on the deposition surface thereof, or substrate 2 is comprised
of a suitable glass, ceramic, glasé-ceramic, polymeric material, or a composite or
laminate of these materials; underlayer 3 is typically comprised of an about 500 to
about 4:000 A:thiék layer of a soft magnetic material selected from the group
consisting of Ni, NiFe (Permalloy), Co, CoZr, CoZrCr, CoZiNb, CoFe, Fe, FeN,

25 FeSiAl, FeSiAIN, FeCoC, etc.; interlayer 4 typically comprises an up to about 300
A thick layer of a non-magnetic material, such as TiCr; and hard magnetic layer 5

is typically comprised of an about 100 to about 250 A thick layer of a Co-based
alloy including one or more elements selected from the group consisting of Cr,

Fe, Ta, Ni, Mo, Pt, V, Nb, Ge, B, and Pd, iron oxides, or a (CoX/Pd or Pt),



about 25, each of the alternating, thin |layers of Co-based magnetic all oy
is from about 2 to about 3.5 Athick, X is an elenent selected fromthe
group conwicsisioagpssof Cr, Ta, B, Mo, Pt, W and Fe, and eadicTofSochen4o
alternating thin, non-magnetic 5 |l ayeds of Pd or Pt is about 1 A thick.
Each type of hard magnetic recording |ayer material has perpendicul ar
ani sotropy arising frommagneto-crystalline anisotropy (1St type) and/or
interfacial anisotropy (2nd type). In general, an inprovenment in the

si gnal -t o-ned kﬂtmﬁlﬂyﬁ_rﬁﬁ%g'n@fié SureelbNR strddtuReWRERA] LUhahte !aBoﬁteth)Otfod' ng
medi a such as descri bed above can be 10 obtained by décreasing the average
vol une V of t Akoug§neachcofghepligrnating 6tin layereef Gadaseg magretiaetlopissfrimat ween
the grains. Hugyer, 4 i Y| e,..therngl ability of the.

per pendi cul ar mé?goidgggt?ﬁ%%%léﬂég% ?ﬁnn g S\Ponﬁfﬁgstté%%e,g H%,ansé%%ngts a

cl ear need f oof CrpFaBdviohPQW adrgiale, anéeactdbNtheddRaiating tHA! RAPALSART
magnetic | gf o[ mat :50231 dat a ,recordi{g{grhi storage, 15 and retrieval nedia which
exhi bit both {#EPddderditgnabout d-Aghick hashdwe eft hagd meagneti) regerdingtiayaral
stability. In a1 j ' d for
ranUt act ur i ng Ty o AP OsPPaicalat bR RREE fih pMinb R A BBty

recordi ng ned(14 typs) @hdfex hiterificidd anisotromyr @%'sepe)SMNR and thernal stability,
which nedia can bg readily and econaomically fabricated by neans of

conventional 20 generaly 1 HBPTPYEIATtqdRe sigpalitpransdinm mokeiratio SSMNRY
present i nvenss paraddcaas esachbd: selording Nholth &b kst 84EARLY YBAR LAF bedesi on

and_ manufacture of high bit density perpendi cul ar magnetic nedia, e.g

obt ai nmentlOof obtpingdh beiarreasing dhe avrsager ot NG of e mhagmatiel grsinatahd/ot pyof t he

media, while i i_ni | | ruct ural and . rechani cal, aspects of high bit
density 25 r e@%crr%lg%& iz %2%0%8 Sogéw%ﬁ%ﬁgo%’ln?‘ PRYC Yy etither ﬁ’g‘qg‘?nﬁe’ t?le‘EnP‘?é
present i nvenithlsility afii@pérpaslicisanmedia istdnipaihise@t ed by neans of

conventional manufacturin t echni ques, ' e.g., sputtering. WO 03/049086
PCT/ US02/ 20040 5 i) SeWCE Jhe: abaves ST 1viskyrd oleanncedifexrimpgeveds highargsl esent

invention is gy 4Gy, BLPBndlad n86H I dtrmation/data recording, storage,

15 and retrieval media which exhibit both increased signal-to-media noise ratios
‘ (SMNR) and thermal stability. In addition, there exists a need for an improved
method for manufacturing high areal recording density, perpendicular magnetic
recording media which exhibit both increased SMNR and thermal stability, which
media can be readily and economically fabricated by means of conventional

20  manufacturing techniques and instrumentalities.
The present invention addresses and solves problems attendant upon the
design and. manufacture of high bit density perpendicular magnetic media, e.g.,
obtainn';ent of :ﬁigh SMNR without compromising the thermal stability of the
media, while maintaining all structural and mechanical aspects of high bit density
25 recording technology. Moreover, the magnetic media of the present invention
advantageously can be fabricated by means of conventional manufacturing

techniques, e.g., sputtering.



density, perpendicul ar magnetic recordi ng medium Another advantage of the
present invention is an inproved, high areal 5 recording density,

anti -ferrowagmatiscal | y coupl ed (AFC), perpendi cul ar magnetraa/usoecardi ng
medi um havi ng i ncreased signal-to-noi$e ratio (SVWR) and thermal stability.
Still another advantage of the present invention is a nmethod of

manuf acturing an i nproved, high areal recording density, perpendicular
magneti c 10 recordi ng nmedium Yet another advantage of the present

invention is ﬁ%ﬁ(ﬁ'@@RﬁfQFWﬁfd}@ an inproved, high areal recording

density, anti-terromagnetically coupl ed (AFC), perpendicul ar magnetic
recordi ng medi um having an increased signal-to-noise ratio (SM\NR) and

t hermal stability.Af3dvathgeiod il presutinvagzs isadinyirhesd, hightanead secofdifge
present invention wl| t he description which foll ows and

X t forth i
in part will é’é@ﬁ'@eﬂjﬁﬁ&%}éﬁ?renﬁgne%{cﬁ%%o:ggiﬁﬁmeﬁ{:}mbr dinary skill in the art

upon exani nation oAnhe hdahRpe i tRE pRB¥ntbRvetRA! Reth (HRVEd % akdal ce of
the present invention. The advantages of the present invention may be

realized ad paeerdingl denbify, sotirfewemegnetivailyt ¢oaipled ddifodparpendinslar 2mgactor di ng
to one aspemne%rdfn%?mgéiﬁgleﬁ%\bihé"\f&%q'sg@ s@gfgﬁoalgﬁ%g%ilgggﬁ?ﬁgﬁﬂa{qg rtherr%%i/ant ages

are obtained Tnhpa areal 't ecor
f erromagnet i caadiftycoupl ed (" AFC') perpendi cul ar magnetic recordi ng medi um
conprising: (a) a non-magneti ¢ substrate having a surface; and 25 (b) a

| ayer stack for medSH et adisstagat of She f Bresent + Hwentigpe s sa a@RrthodoRpr i si ng,
norcib) o SEEIR PRI NBL N st PR
| ayer s of 10mgeedridoglrhgdimmft ferromagnetic nmaterial separated by thin,
non-magnetic spac e{}e:tl %g{hgr; a\tﬁgar?tgéé) 4(?10 %?e 6pr§sce-rrl{ l%g(\)/gr{tlzo%oliso a method of
manufacturing an improved, high areal recording density, anti-ferromagnetically
coupled (AFC), perpendicular magnetic recording medium having an increased
signal-to-noise ratio (SMNR) and thermal stability.

15 Additional advantages and other features of the present invention will be
set forth in the description which follows and in part will become apparent to
those having ordinary skill in the art upon examination of the following or may be
learned from the practice of the present invention. The advantages of the present
invention may be realized as particularly pointed out in the appended claims.

20 According to one aspect of the present‘ invention, the foregoing and other
advantages are obtained in part by a high areal recording density, anti-
ferro‘mag'riétiéallif‘ coupled ("AFC") perpendicular magnetic recording medium,
comprising:

(a) a non-magnetic substrate having a surface; and

25 (b) a layer stack formed over the substrate surface, the layer stack
comprising, in overlying sequence from the substrate surface:

(b))  anunderlayer comprised of a magnetically soft

ferromagnetic material or a plurality of layers of magnetically soft

ferromagnetic material separated by thin, non-magnetic spacer layers;



(b2) at | east one non-magnetic interlayer; (b3) a perpendicularly

ani sotropic stabilization |ayer conprised of a hard ferronmagnetic

mat er i al ; wideB)o4gosnon- magnet i ¢ spacer |ayer; and 5 (b5) a mpermpeswdiaubar |y
ani sotropic main recording layer conprised of a hard ferromagnetic
material; wherein the perpendicularly anisotropic stabilization |ayer (b3)
and the perpendicularly anisotropic nmain recording |ayer (b5) are
anti-ferromagnetically coupled (AFC) across the non-magnetic spacer |ayer

(b4) to orient the magnetyic } - I 1 el dth b
N6 &%aé&ﬁiﬁ%%é%ﬁéﬁfﬁﬁ%ﬁn paral l el and thereby

provi de the nmedium w th T'ncreas stability. According to
enb](c)di men';) s of the pregest iapegpendenlartyleisnvopicaghiizatton lspacempriager (b4)
is fromabout 2 to _ahout .15 Athick, e.g., fromabout 4 to about 11 A
thick and sel ect ecPftag‘aFFLWg“?’r&rP@tFré?l?onagneti c coupling between 15
stabilization |ayer (b3j,and, \plRagReekHEBIIaY@Y8id (b5), conprising a
material selected from fhe group consi'sting o%l Ru, Rh, Ir, C, Cu, Re, V,
and their @lloys; and (bhe |apespendicalsly@pisobppic oran regording layer conpri ses:

(b6) at least one ferro efic.interface | ayer at at |east one interface
bet ween t he non- nacﬁﬁ’élr’isr{?ggaalt&aéﬁf?ré%argnf%%?qage\élaf’the mai n recording | ayer
(b5) 20 and/or t hghertiabihkipeaienaituladly enidobdpic whisiligition ke @t) hedsle one
ferromagnetic interface |layer (b6) is present at the interface between the

non- magnet i ¢ psireadiculaglyeqnisoprepicamaing 1seorpEgNay &bl gotifapmeagnsyically ¢ he
at | east one ferr tic . lnterfa I interface
bet ween the ncgnélﬁggﬁg?ﬁ caC{s:"S%@%er‘{ @@ggﬂe?%% a%gga }{ehzb42?§§ﬁ%tztg% f%{%ﬁf%d;er
(b3)h or lmefrﬁ&naﬁts lteassf atpirell¢l congtheteby provide fiae enddye rwigtb Bjcréasedpr esent
at the interfaces between the non-magnetic spacer |ayer (b4) and each of
the main recordNRenddhermal giabilinhg st abi i zation Iayer (b3). 1n accordance

wi th enmbodi ments of cd B, P16 SEHodiAURNOF QRe prdiBntBinvbRfth! R onbigheiggnet i ¢
interface |ayer ( b63 con%r I ses an about 1 nonol ayer to an about 40 WO
03/ 049086 PCTphiSd24y20@4ay) is from about 2 to about 15 A thick, e.g., from about 4 to about
11 A thick and selected to maximize anti-ferromagnetic coupling between
15 stabilization layer (b;) and main recording layer (bs), comprising a material
selected from the group consisting of Ru, Rh, Ir, Cr, Cu, Re, V, and their alloys;
and the layer stack (b) optionally further comprises:
(bs)  at least one ferromagnetic interface layer at at least one interface
between the non-magnetic spacer layer (bs) and the main recording layer (bs)
20 and/or the stabilization layer (bs), wherein:
the at least one ferromagnetic interface layer (bs) is present at the interface
between the non-magnetic spacer layer (bs) and the main recording layer (bs), or
the at ieast oneé ferromagnetic interface layer (be) is present at the interface
between the non-magnetic spacer layer (bs) and the stabilization layer (bs), or the
25  at least one ferromagnetic interface layer (be) is present at the interfaces between
the non-magnetic spacer layer (bs) and each of the main recording layer (bs) and
stabilization layer (bs).
In accordance with embodiments of the present invention, the at least one

ferromagnetic interface layer (b) comprises an about 1 monolayer to an about 40



7 Athick layer of a ferromagnetic material having a saturation

magneti zation value MS > 300 enmu/cc, and according to particul ar

enbodi nenwo w@fo4edse present invention, the at |east one faumrsagnelsdc
interface layer (b6) conprises a layerm of a high nonment el enent or all oy
selected from Fe, Co, FeCo, and their alloys 5 containing at |east one

el emrent selected fromCr, Pt, Ta, B, Mo, Ru, Si, G, Nb, N, Cu, Ag, Au,
and W wherein the concentration of Co, Fe, or CoFe in the alloy is
constant or vari. across.the thickness of the at | east one. interface |ayer
(b6) 1 om hiAHEFK F8F O5R TSRl mARTA b L WaER T E Sl K or ( ba)
to lower neay, an 300t &hhRECaMd taBedrilifgStoaBhrdticEdt ieiboliAY@hs P3the Oreddne Mai N
recording layer (b5). 10 According to certai n enbodi nents of the present

i nvention, t Havéndiparthsmhlekrst onp ferfamagnetic interfagel dayentbs) emmprisene laygriof 4 onal

stacked pair ,0f, | [ t ween i.n, reecordi I r 5). .and t he
non- magneti c lg%l}iggélrﬁ?rgyeg?m%\rﬁéﬁr gl@@né%ﬁt?dn&%g? Pga, rtg?ag}‘aﬁg)i’ @gga%}%lF Q\%OY%

per pendi cuj arcomnﬁg € leasti chetdlamnt 3¢ldctad fofir CBINETE, B, MPARES Sil, @eeNb, such
that |ayer stack (b) conprises alternating nagnetic |ayers_and 15

non- magnet i ¢ Nip&dleAZ) Apeind Wandcretthgwgpeoniratiahel &e.d¢, 8r CoFeimthgabey c

ayers and . G9UBhAAA GG SSOBeIRRRIGIRGTNE e of RIS ARG AR BEEPRA O

provi de anti-para I'gnnment of nagnetic nonen of a
| ayer s duri ndremathagisr areagan interfideewithe dheunon-imagaeticospeesrdayest (bl) toalotviecul ar

enmbodi nrents of the, present inpventi.on, the stabil.i zati gn | aye b3) and
i 1 ecor di A5 Ay BT BB SRl ERicdiEs (B 8L e 1 FecaBE SUGOA ¢ hi ck
llayer of gyferr Ow}diﬁ%% ¢S GhSdiRentk epme@%nﬁgge&%g th%g@re}N gﬂaatF 29

-at-lea.: one el ement selfected fromPt, Ta, B; , Ru, :
and W or t hebyfartheriineludesnat] legssronebaiditional stackadnpair o€ dayets hetweay dhe (b5)

each conprise .an about .10 about 300 A thick |layer aof.a (Cox/ Pd.or-
ey CRa) maein e der of 288 Mo ssmaphadl ecef iy Db rtohiing pis
superl attice fidnetit Unfer WAI BerPendicul@N niagh&de anis6@opyaafdita hohGnadwetié 25,
each of the alternating | ayers of Co-based,  Fe-based, or CoFe-based
magneti c al | pages layesnsughdiat layes stask {bbeampnipes alternating magpaficdayery andrr e

el ements f%lc%%gﬁéégggﬁh&%r B 8Pard s inﬁltgh@tg: &feré?és of tile nﬁgné\’ﬁ:’ la@fs alP

03/ 049086

Ni ,

coupling energies between magnetic layers are selected to provide anti-parallel
alignment of magnetic moments of adjacent magnetic layers during data storage

in the medium.
In accordance with particular embodiments of the present invention, the
20 stabilization layer (b3) and main recording layer (bs) each comprise an about 3 to
about 300 A thick layer of a ferromagnetic alloy selected from CoCr and CoCr
containing at-_le:&al. one element selected from Pt, Ta, B, Mo, Ru, Si, Ge, Nb, Fe,
Ni, and W, or the stabilization layer (bs3) and the main recording layer (bs) each
comprise an about 10 to about 300 A thick layer of a (CoX/Pd or Pt),, (FeX/Pd or
25  Pt),, or (FeCoX/Pd or Pt), multilayer magnetic superlattice structure, where n is
an integer from about 1 to about 25, each of the alternating layers of Co-based,
Fe-based, or CoFe-based magnetic alloy is from about 1.5 to about 10 A thick, X

is one or more elements selected from the group consisting of Pt, Ta, B, Mo, Ru,



8 Si, G, Nb, Ni, C, and W and each of the alternating |ayers of
non-magnetic Pd or Pt is fromabout 3 to about 15 A thick. According to
enbodi nenw® @fo4vdse present invention, the non-nagnetic sulrarusRR(4a)
conprises a material selected fromthe group consisting of: Al, NP- 5
plated Al, Al-My alloys, other Al -based alloys, other non-magnetic netals,
ot her non-nmagnetic alloys, glass, ceramcs, polyners, glass-ceramcs, and
conposites and/or |am nates thereof; underlayer (bl) conprises an about

500 to about ¢; @Q0 i r F8Rd, ah t - i
f erromagnet i cgrﬁaQ%éﬁ%éNﬂsg#g}é?)eoﬁ’ %‘nrd %B%Ff ﬁﬁi Ilztglfnalog %ﬁ%?%ﬁlpgﬁﬁ n%:tcl)c PcCl:oZr :

CoZr Cr, CoZr Nix Ptdpfradr gboGbkég atfest 1 Fel\fhi¢keSi Al, FeSi AIN, FeTaC, FeAlN,
FeTaN, CoFeZr, FeCB, and FeCol. ..and t at_|east one interlayer 2)
conprises an about” E?Praﬁga‘goﬁﬁlg%@eﬂfst#% er%eggrmv(?Pg?%y%‘Psmgfm%l%l{eﬁgast one
non- magneti ¢ §is@4htt 3h) SoRhRfsbed nfat@iil Bélect&dfromrthe Beoup Busistitfg ofand, WiP-oy's

t hereof, or a hexagonal - based non-magnetic alloy with at 15 | east one

of Cr, Pt,STaplateddAIBALAg allpys, ader dvnbesadtalleys.caihgstiogaragnety metals, pitlegt i ve
overcoat |ayer o . MBI NI r di la I | . I I.Gant

t opcoat Iayerltl%r%/{é}lr&1 g?ﬁlé:n%%og'ts ’e@% %vgb%\i&éérség’g{ynfeg%eg}as?@%mﬁ%g? %g?%lg%ﬁe@t of

t he present i aukodlainats therseft hod of manufacturing a high areal recording
density, anti-ferromagnetically caupled ("AFC 2 e i cul ar -magneti c
recordi ng nedi um Ve Ry cARPEsEp 6&"?"“( %O) H 88?‘& %Q‘ﬂ%éﬁﬁé@%u c

substrate havkcgg%ﬁsea%ﬁ ACRastoHE 63 ferromd QLM Rehtdidl AUREA BGK QY aiFEhe

substrate sur conprising the followng sequential steps for formng

an overlyildg EReqmeliey, do,| Gyky LdZrEm CoérSubSoTate Galief dive: Fedb FeHiALf or mi ng
lural ity of FEYRNs Bt atagratvamiay: CBvZ: Favem i FelRh b by thin.
non-magnetic spac efhelM@@ﬁc:me(iht%}laa}&r(m)%n@tiséseaalséboanﬁo 0iboR 0 Al thick -
interlayer; W) 03/049086 PCT/US02/ 20040
layer or layers of at least one non-magnetic material selected from Pt, Pd, Ir, Re,
Ru, Hf, and alloys thereof, or a heﬁ(agonal Co-based non-magnetic alloy with at
15 least one of Cr, Pt, Ta, and B; and the medium further comprises:
(c) a protective overcoat layer on the main recording layer (bs); and
(d) a lubricant topcoat layer over the protective overcoat layer (c).
Another aspect of the present invention is a method of manufacturing a
high areal recording density, anti-ferromagnetically coupled ("AFC")
20 perpendicular magnetic recording medium, comprising the steps of:
(a) providing a non-magnetic substrate having a surface; and
(b) . . forming a layer stack over the substrate surface, comprising the
followi;g seqﬁ"éhtiél steps for forming an overlying sequence of layers from the
substrate surface:
25 (b)) forming an underlayer comprised of a magnetically soft
ferromagnetic material or a plurality of layers of magnetically soft
material separated by thin, non-magnetic spacer layers;

(b;) forming at least one non-magnetic interlayer;



9 (b3) formng a perpendicularly anisotropic stabilization |ayer conprised
of a hard ferromagnetic material; (b4) form ng a non-nagnetic spacer |ayer;
and (b5) Ywaresioagpse per pendi cul arly ani sotropic mai n recor dicrgusoanero 5
conprised of a hard ferromagnetic mat@rial; wherein the perpendicularly

ani sotropic stabilization layer and the perpendicularly anisotropic main
recording |layer are anti-ferromagnetically coupled (AFC) across the

non- magneti ¢ spacer |ayer to orient the nagnetic nonents thereof
anti-parallel and ther E(taﬁ_ PrigMhidg atpefeABehAy BhitGrdpic stasiEedion 1 ePMR and
thermal stability. According to enbodinents of the present invention, step
(b4) conprises feonpngedhef slrsd ferromagnetiometenisl; A t hi ck | ayer, e.g., from

about 4 to about 11 A iC f - e | rjal selected to
maxi mi ze anti-ferr omagn(é‘p.i c%glglﬁﬁginﬁgg%@%ce#ag rg%}eﬁ Azngti on layer (b3) and
mai n recording |ayer (kb)) IormiagppedendicalarinugissttdpiSmbicicestdingdagerhe group
consisting. . of Ru, Rh, Ir, Cr, &Jge Re, V, and their alloys; and the nethod
opti onal I y3 f ur t hercorwrised afahard frcamagneiic maielay f or mi ng at | east one
ferromagnetic intefage hay didhial16asd; d kg b dt
non- magneti c spacer (%‘g‘yer aﬁ)grpt%%lel I’Yg.il‘g relcs:%tfb?fng éy%?gna% };\%%Bt h(lfa}ﬁe
st abi | i zat i orpetpEpdicnlaviiye arisotraptie pndib6 yeconding i lsys eree aofi-felnemégieticallyng 20
alternatives: (i), farm.ng the at |east one ferrpomagnetic jnterface.|ayer at
the  1'nt er  acoBER B! rubTioeraaseapetpsatrr FIBER artint M Radiioocor di ng
layer; (ii) fRsMAY thdi€orehnt-pasMelond helbp FRONGS ke hiRURM 3G/ IRY¥RteAt 25
the interface between the non-nmagnetic spacer |ayer and the stabilization
| ayer; antD (iSNINRfamdrthergnal sfebility.| east one ferromagnetic interface |ayer at
the interfaces befween the nons. etd r. |.ayer o f. the main
recording |layer a S 19 EQB P%ﬁl%gasy&efrt.ﬁe %Pe%&% mv@%on, %g (Sf} c%m%nsésh

forming an about 2 to about 15 A thick layer, e.g., from about 4 to about 11 A

thick, of a non-magnetic material selected to maximize anti-ferromagnetic
coupling between stabilization layer (bs) and main recording layer (bs),
15 comprising a material selected from the group consisting of Ru, Rh, Ir, Cr, Cu,
Re, V, and their alloys; and the method optionally further comprises the step of:
(bg) forming at least one ferromagnetic interface layer at at least one
interface between the non-magnetic spacer layer and the main recording layer
and/or the stabilization layer, wherein step (bg) comprises one of the following
20 alternatives: .

) forming the at least one ferromagnetic interface layer at the
interface between the non-magnetic spacer layer and the main recording
iayer; o

(ii)  forming the at least one ferromagnetic interface layer at
25 the interface between the non-magnetic spacer layer and the stabilization

layer; and
(iii)  forming the at least one ferromagnetic interface layer at the
interfaces between the non-magnetic spacer layer and each of the main

recording layer and stabilization layer.



WO 03/ 049086 PCT/ US02/20040 10 In accordance with particul ar enbodi nents
of the present invention, step (b6) conprises form ng an about 1 nonol ayer
to an abowo es@490sthi ck | ayer of a ferromagnetic materi al FGEVISIY/26040
saturati on magnetization value M5 > 300 enu/cc, conprising a high nonent
el ement or alloy selected fromFe, Co, FeCo, and their 5 alloys containing
at | east one elenent selected fromCr, Pt, Ta, B, Mo, Ru, Si, Ge, Nb, N,
Cu, Ag, Au, and W wherein the concentration of Co, Fe, or CoFe in the

alloy is constant f@r,.-¥ay Rk BRSichiRe ehBbEKRERSHFAhe %)%elﬁtin%%ﬁ%ﬁ, Q&5

interface layer fromhigher near an interface with the non-nagnetic spacer
| ayer to | owebsneamprises forntieg fimeboutilt mondleyesttalinl abpat 4@ thigkelayerofidie mai n

recording layer. 10 Accordi. to addjtional enbodi ments ,of resent
ivent | on, ot EpopBsAR drerA Teie okt RS ReeRaRl B SUF <BREES
form ng a nonsoaBiielel £highacdhent 8éRlent 6 M6QIsbiitad FOANFATo, WeCH, dnldheifrai n
recording |ayer formed Irn step (b5); and b?% formng a perpendicul arly

ani sot ropi & ralloys ceainiticray l9asyene dlement selested fromrer, BbrliaaBt M Ry, $héie,
non- magneti c er. | gyer, for i : [ ei e e ence
of per ?or m ngﬁg’t lp C(ubg‘)yg’ f%lf ?%C{V\ng ‘%H;%regég% ‘%%%‘%““%382@0?%&6(2% lgr%ﬁ‘?rgr e

times and st efloyldy cemvmmitios earies &drbdslthé trichess of tp af iyt afe inteofaot tuyent | east
one ferromagnetic interface I%yer at at |east qne interfaCﬁ bet ween the
a

non- magnet i ¢ Spradigher agasea misHae ity Hhehongnagngiin gpacsl By e 1M RE8T #4 zat i on

20 layer. In; L nart i roed) : t he present

i nventi on, stlgl%gﬁégw%%érﬁ%%&h%é)lﬁé(})?f?’gr m ngégﬁﬁg@s?g%ri | izati on and main
recordi ngldayers eAcdordingyoialditiooalnemipdimpts pérttié pudsamt! nventiogosteppibe, hard
ferromagnetic_| ger se| ected frorp Eﬂ?}e gol | owi ng alternatives: 25 (i) an
about 3 to ab@’ﬁg FROFREISEhINERCGUE) R SEPS 8%f er r onagnetic  al l oy sel ected from

CoCr and CoGr contgiyi nﬂmﬁ;ng{ﬁﬁcﬁ{-m@ iRl spaRplayep & @%E}ﬂlg{)&dﬁfﬁcﬂﬁth—ﬁﬁe B, M,
Ru, Si, Ge, No, Fe, 'Ni, and and (ii) an about 10 to about 300 A thick
| ayer of a (CoXinRecapding layer formed in step (bs); and

(b7) forming a perpendicularly anisotropic main recording layer in

15 overlying contact with the non-magnetic spacer layer formed in step (bs);
wherein the above sequence of performing step (bs) followed by step (b7)

is performed one or more times and step (b) comprises a still further step (bs) of
forming at least one ferromagnetic interface layer at at least one interface between
the non-magnetic spacer layers and the main recording layers and stabilization

20 layer. :

In accordance with particular embodiments of the present invention, steps
(b3) and_(bs) for forming the stabilization and main recording layers each
compris;: formiiig a perpendicularly anisotropic, hard ferromagnetic layer selected
from the following alternatives:

25 1) an about 3 to about 300 A thick layer ofa ferromagnetic
alloy selected from CoCr and CoCr containing at least one element
selected from Pt, Ta, B, Mo; Ru, Si, Ge, Nb, Fe, Ni, and W; and

(ii)  anabout 10 to about 300 A thick layer of a (CoX/Pd or
Pt),, (FeX/Pd or Pt),, or (FeCoX/Pd or Pt), multilayer magnetic



Pt), , (FeXPd or Pt)n, or (FeCoX/Pd or Pt)n nultilayer magnetic WO

03/ 049086 PCT/ US02/ 20040 11 superlattice structure, where n is an integer
f rom abouwalostoaombout 25, each of the alternating |ayers rifT/Gnhered,

Fe- based, or CoFe-based magnetic alloy is fromabout 1.5 to about 10 A
thick, Xis one or nore elenents selected fromthe group consisting of Pt,
Ta, B, Mo, Ru, Si, G, 5 Nb, Ni, G, and W and each of the alternating

| ayers of non-magnetic Pd or Pt is fromabout 3 to about 15 A thick.

According to emboditenlitebrudiR, WhERENE ah MUESYr iR afueP td Bou€2FPr i Ses
provi ding a non-nmagneti c substrate conprising a material selected fromthe

group consi st i ngeadh ofahe alkrmatinigdayeds ¢ Co-phsepFerbasegor (slgerasal - based

al l oys, other non 10 nagneti.c.netal s her Nnop- net . gl ass,

ceram cs, pol ymer g}aggptécgélﬁycléfrgm %’Q}ﬂ ]aﬁéo g%or%ggi n%%kandg _8%1’ %lg%&‘neat es

thereof; step (bl hepuRumpy defe@ﬁ:dffﬁfnmm_%ré\g) mﬁi@ﬁh%ayﬂvt, TRIWINS] Rg SArGgbout 500
e

to about 4,000 A thick |layer conpris of at | east one soft ferrqmagnetic
material Ssel ect eVt Naneniend N, rad emyofdhe #ligrnating laxssyof nangpagnetic 887y N,

CoTaZr, CoFe, 15 EFey. E FeS) Al iHALN,..-FeTaC, FeAlN, FeTaN, CoFeZr,
FeCoB, and FeCoC, Orgfésgir\l?%ﬁ élégr?%raiﬁggs}éf%lrﬂrlﬁ%%g at | east one interlayer

conprising an abowccdfdling @ aboudin3aB & thhi prksehayeention, |stope( compaised east
one non-magnetic material selected fromPt, Pd, Lr, Re, I?u Hf , and al | oys
thereof, or XRreHEdiAgamen-TaREnsHs spsHal compyRagiadamderigyelgrie fom he LU ne of
o, Pt Ta: 306iffingdid ANGPIRARACAICRIRIJ 285ys, Siefl REDALA NGYs SiiepsoRl : (C)
formng a protec Ve over coa ayer on the main recording layer; (d)

fornmi ng ald uldgnatic niagsoathel ayemagueic alheysprtasacedramicoypolymars, |gdaser . 25

densi ty. _ant ERRTo RS FREPELR S EOUBPRHCC R0  por pendi cul ar magnet i ¢
recordi ng medi um sﬁa@”?flj Sbliprisck Abring PRl indlay@ Edmising apacedt- sQRLd ,
per pendi cul arly nmagnetical | . ) )
about 4,000 A thick ?;yer comprised of at least one soft ferromagnetic material
selected from Ni, NiFe (Permalloy), Co, CoZr, CoZtCr, CoZrNb, CoTaZr, CoFe,

15 Fe, FeN, FeSiAl, FeSiAIN, FeTaC, FeAIN, FeTaN, CoFeZr, FeCoB, and FeCoC;

step (b;) comprises forming at least one interlayer comprising an about 10
to about 300 A thick layer or layers of at least one non-magnetic material selected
from Pt, Pd, Ir, Re, Ru, Hf, and alloys thereof, or a hexagonal Co-based non-
magnetic alloy with at least one of Cr, Pt, Ta, and B; and the method comprises

20 the further steps of: .

(c) forming a protective overcoat layer on the main recording layer;
and

.(”d) fbrming a lubricant fopcoat layer over the protective overcoat
layer.

25 Still another aspect of the present invention is a high areal recording
density, anti-ferromagnetically coupled ("AFC") - perpendicular magnetic
recording medium, comprising:

(a) a pair of vertically spaced-apart, perpendicularly magnetically

anisotropic layers each comprised of a hard ferromagnetic material; and



ani sotropic |ayers each conprised of a hard ferromagnetic material; and WO
03/ 049086 PCT/ US02/ 20040 12 (b) neans for anti-ferromagnetically coupling
t he pair woosaudiseéal |y spaced-apart |ayers to orient the poagusseizeo4nonent s
thereof anti-parallel and thereby prtide the mediumw th increased SWMNR
and thermal stability. Additional advantages and aspects of the present
invention will becone 5 readily apparent to those skilled in the art from
the follow ng detail ed description, wherein enbodinents of the present

i nvention are sho and descgi bed, - si . f hLlust Lo t he
best node cont errp\ll\@? ed qugarnsp Oﬁcaggbfle%%]%?éﬁr}efeuﬁ@}é’s\éﬁ%/plﬁign{\}}% |0§1€R’i§1@\a}m | be
described, thgagydegrt laptendi@ient sheapgidte sonehisetherdfl andiphfatiel ahd

enbodi nents, and its several detai Es are g ti bl e of r@ﬂifi cation in 10
vari ous obvi dtigrep gpswidesthe gediugy wit eﬁcr%PéEfi ffﬁﬁg@ B SOBIYi ¢ of the
present invention : ' t H:EN desehiit LM RESnd 0 be
regarded as il us%?@??@%d%dggﬁg earagﬁ ag %ﬂnot Iei '%egti ve. 1BRI EF DESCRI PTI ON

OF THE DRASW Ne&lihapphrant tvthose skiltedi ih éle aie fromi the fadlovang ti¢teileshdesciiptions s of
the present 15 invention can_hest be under.stood.when read i.n .conjunction
with the fol I'BFTRE TRARHREYS of the,preggnt ﬂ’h"&n{)%’? Pﬁuﬁ‘%@aﬂﬁ‘r%&cr&l}e& FRB{PLIIY
necessarily dpawRytd? ifGHaBoR W the BiRehod @ntindiledTor SrabRsig i pretenat e the
pertinent features, and in which like reference nunerals are enployed

t hr oughout t cinslersiognatsewsl] i |dgscrbeds theepresenivisieation ipamply, off odghénst i cal |y
illustrates, i.n.simplified,  cross-sectional.;Vvie 4RO ki_0n,. . ghetic
recordi ng, st @}?f&beé‘?gg‘:‘?ad%e?‘ﬁ 39‘2 (s jc/xéetraélnglP egaélr%pérrfg\sgéés(fg%tftﬁg of ggdr%l\llfg‘%% llg% @

per pendi cyphar o4riRS ISt deSpec®C all civilgouletbipbifing Nedrit dtha gsparitseff the pregemet i c
under | ayer and a single-pole transducer head; -FIG 2 is a gra h %Pr show ng
the vari ati oningentione Agsordinglye thex draripes apd deserinfion &R sior he Fegazded @inct i on

of Ru spacer byl ki A0S, Shodflflth- [ erromagnetical |y coupl ed (AFQ),
ase ar

-superl attice- perpendi cu magneti c recording nedia according to
the present invention, having a | ayer structure of
BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description of the embodiments of the present

15 invention can best be understood when read in conjunction with the following
drawings, in which the various features are not necessarily drawn to scale but
rather are drawn as to best illustrate the pertinent features, and in which like
reference numerals are employed throughout to designate similar features,
wherein: .

20 FIG. 1 schematically illustrates, in simplified, cross-sectional view, a
portion of a magnetic recording, storage, and retrieval system comprised of a
convenﬁonal };érpendicular-type magnetic recording medium including a soft
magnetic underlayer and a single-pole transducer head;

FIG. 2 is a graph for showing the variation of the interface exchange

25 energy density J as a function of Ru spacer layer thickness of an anti-
ferromagnetically coupled (AFC), -superlattice-based perpendicular magnetic
recording media according to the present invention, having a layer structure of
[Co(2.5A)/Pt(9A)]4/Co(10A)/Ru(variable A)/Co(1oA)/[CO(z.sA)/Pt(9A)]12;



[Co(2.5A)/ Pt (9A)] 4/ Co(1 OA)/Ru(variable A)/Co(1 CA)/[Co(2.5A)/Pt(9A)] 12;
WO 03/ 049086 PCT/ US02/ 20040 13 FIG 3 shows MH I oops of a conventi onal
si ngl e | apwerqgs/goser | atti ce- based perpendicul ar nagnetic rreaursdznag4oedi um
wi t hout a magnetically soft underlayet3 and a superlattice-based, AFC

per pendi cul ar magnetic recordi ng mediumw thout a nmagnetically soft
under | ayer, having respective |layer structures of Pt(60A) / 5

[ CoCrB(2.5A)/ Pt (9A)]112 and Pt (60A) / [CoCrB(2.5A)/Pt(9A)]4 /

Co(2A) I Ru(-5A) 1 [ferBhEweMAPIoRMM a dahivemtidaal SinglRyer AyiperMtGcCOREST Vi ty
measur enents of AFC perpendicul ar_and conventional ragnetic recording
medi a, i.e., pdrpendigulastmagneid racerdinemedivoevithant aynaghetiqallyso§ undedayieon of

the duration (t)_ of netic fig |,i i i - 10 ; ts; and
FiGs 5 - o seliunaeelRRrg op APC R ORt ot R RARRE P
porti og_s O}‘ exbeghemially soft anig'rla;ﬁee,r hﬁxringd R&bec Bl Iy odnlciiles( 8FB)60A) /

perpendi culLar magnetic recordi ng nedia according to the present. invention.
DESCRI PTI ON df?Oﬁqa@-ﬁMRFf?&luzw Th@dpre%t@r@)i n%eni@‘aﬁrﬂ(%-5§é/£é(8ﬁébon/t he
recognition t _hj hng density perpendi cul ar magnetic
recordi ng rred?g(fzz\ég{}?(ng‘&? C%gsg 'Sém?gﬁ@:]n’stabi lity and SMNR, can be
reliably and cont rBiG.atshgpwedpnensic coerervitpyneapurements o A Crperpdndicalee aad

structure conprisin t |least one pair,.of verticall spaced- apar.t,
magnet i cal |y TRt GPel PeRRR e rarOEPOiiag fe e ATRYGHof Nt SOTGYEY | 20
stabi | i zati ongf avera Gincfion wah%h&rraﬁdlpz&?td?emagféﬂedﬁa& dppRcANG FIMIpper,
main recordihg layer (i.e., cltoser to the recording head), which

spaced- apaft magsmrements; andinti - f erromagnetical ly coupl ed toget her by

i nterposition of net i oupl.i astructure therebet wee ereby the
magnetic nonents ?}?f{?ﬁ%ese ;')aqlc F&'ﬁfgluﬁagg'pgﬁ‘aﬁr%{fﬂ & St ﬁ}ﬁS 69‘?8'tsieééiqn\§f;¥1re§” are
oriented antiphfbd bebmbeifRhdioTGntiTelrhifagtitdllectubled, (AT praghdiculir
coupling structure is conprised of a thin non-nmagnetic spacer |ayer, or a
conbi nat i on omagnetigirpcaiding megircacrerdiete dhe praseat inY@ioR. t hin  ferromagnetic
interface layer that may be present at at |east one interface between

DESCRIPTION OF THE INVENTION

15 The present invention is based upon the recognition that very high areal
recording density perpendicular magnetic recording media, having improved
thermal stability and SMNR, can be reliably and controllably manufactured by
providing a multi-layered structure comprising at least one pair of vertically
spaced-apart, magnetically hard, perpendicular ferromagnetic layers, i.e., a lower,

20 stabilization layer (i.e., further from the recording head) and an upper, main
recording layer (i.e., closer to the recording head), which spaced-apart layers are
anti-ferr.omagnéﬁcally coupled together by interposition of a magnetic coupling
structure therebetween, whereby the magnetic moments of the pair of
perpendicular ferromagnetic layers are oriented anti-parallel. According to the

25 invention, the magnetic coupling structure is comprised of a thin non-magnetic
spacer layer, or a combination of a thin non-magnetic spacer layer and a thin
ferromagnetic interface layer that may be present at at least one interface between

the pair of perpendicular ferromagnetic layers and the non-magnetic spacer layer,



the pair of perpendicular ferromagnetic |ayers and the non-nagnetic spacer
| ayer, WO 03/049086 PCT/US02/ 20040 14 wherein provision of the at |east
one thin heromamgeeti c i nterface |ayer provides enhanced HRHKYSORRME0
magneti c coupling between the perpendicul ar ferromagnetic |ayers, hence

i ncreased thermal stability. The inventive nethodol ogy affords several
advant ages not obtainable 5 according to the conventional art, including,
inter alia, increased anti-parallel oriented, RKKY-type magnhetic coupling

(AFC) bet WeeQNl}’e?éihhﬁ@\liéi)Sn P AL BRRGhe RAIESorRigr RO HRLHER! layerRbHdes
per pendi cul ar Terromagnetic |ayers conposed of alloy conpositions

typi cal |y emenbsmeddi nRKKY -fypbr i magnetic ofoupdinge rititwednar thee c pegpendjculaedi a,
hence i nprov thermal .stabjlity and R .and.reliable, controllable, 10
and cost-effg%??@%g%%F#ﬁﬁF%hmﬁ?IV§P§6%?%hh§F I#VECording density,

thernmal |y stable pgrprestivuhRihd@BBEO! Affortle GevdthingdviReigds Wot lobziifble

conventional manufacturing techniques and instrunentalities, e.g.,
sput tering t eckerdingety theccomyprtioneligtt, metushing. et @liohéndrepsedhenbmarallsk t hin

non- magnetic thip s b [ ; -ESH@F' nﬁg i
material, e. gj).n,en%ﬁl: R@Hp%y@%ﬂ%,mg@} , a(lf?;&? g‘it“r} @er@gml oggc?b ar%l t he at
| east one i ntpairk € enalgAstiially bagdl papsndicdlar fenomggetticdayers esrhpdsed bhuiloyy a
saturati on magnetization value M > 300 enu/cc, s&gct ed from Fe, .

y

: . Co,
FeCo, and t hePPPapitigys txrisallyi smplgyedt 1 digsfabsralion eharpeadipuas BT or
Pt, Ta, B, Wedfigg%en%:’imﬁgweﬂ?heﬁmhl St%'i%}it}Aglilcll ANVENRY aRS@HR, ERrollable,

concentration o e, or CoFe inthe alloy is constant or varies across
t he thi cki®ssndfcostheffeativé fambtiomel ¥y higheréad cecotrdipe derfsitynthbingdilyrstabdarr an
interface with the. npn-m netic.sHacer i.nterface

lL.ayer,. .t o | ower. near an. i
with the stamFRRdiculEn Pagnshic geeqiwe e, WWizieg sgryeayaral AT now to
FIG 2, shownetihehRk Bnd sBulbanitiahow §ehtichte YRhhidhéomdpphtagisi nter f ace
exchange energy density J as a functron of Ru spacer |ayer thickness of an

anti - ferromagnet i chédoydiog tpFedingaroy, theupisr ne-magestisabidsysesplayesi waY ar 25
Struct ur e of TRCSPRrBR pet ot aitetiy e B R b g SuaRey V-CBt By %) "
[ Co(2. 5A) [ £t (SW)i, &- thehariedsd onk ih@rfeds Ut coiiptisek hef@rfopaigasic amual of
antt- having a saturation magnetization value M > 300 emuw/cc, selected from Fe, Co,
FeCo, and their alloys containing at least one element selected from Cr, Pt, Ta, B,
Mo, Ru, Si, Ge, Nb, Ni, Cu, Ag, and W, wherein the concentration of Co, Fe, or
CoFe in the alloy is constant or varies across the thickness of the at least one
20 interface layer from higher near an interface with the non-magnetic spacer layer
to lower near an interface with the stabilization layer or the main recording layer.
Referring now to FIG. 2, shown therein is a graph showing the variation of
the interface ex%hange energy density J as a function of Ru spacer layér thickness
of an anti-ferromagnetically coupled (AFC), superlattice-based perpendicular
25 - magnetic recording media according to the present invention, having a layer
structure of [Co(2.5A)/Pt(9A)]4 / Co(10A) / Ru(variable A) / Co(10A) /
[Co(2.5A)/Pt(9A)]12, wherein it is evident that the greatest amount of anti-

ferromagnetic coupling between the spaced-apart pair of perpendicularly



ferromagnetic coupling between the spaced-apart pair of perpendicularly WO
03/ 049086 PCT/ US02/ 20040 15 magnetically anisotropic nmulti-I|ayer

super | at t woes/ousosachi eved for Ru spacer |ayer thicknessesdirseeeo4about 3
and about 9 A FIG 3 shows MH | oopsif a conventionally configured,
single layer, superlattice-based perpendi cul ar magneti c recordi ng nedi um
without a 5 magnetically soft underlayer and a superlattice-based, AFC
per pendi cul ar magnetic recordi ng nediumw t hout a magnetically soft

under | ayer, sagNdRally bBSOOSHiE Nl IWRE siffeflGicty 85 adiievi2d ((6ORM s?aoléﬂh@éﬁ
(2.5A)/Pt(9A)] 12 and Pt(60A) / [CoCrB(2.5A)/Pt(9A)]14 / Co(2A)/ Ru(-5A) /
[ CoCr B( 2. 5Ai¢kmessay patwveen abeutBtand abpwist Ance, the nedi umwas formed on a

non- MRgnet ¢ _subEyake ik e 180, TGRS e SoliaBdeLh A Sy er eon.

As for the AFC € ‘mai n recor ayer- was tonsti Y the

[ CoCr B( 2. 5AMRi16R1BEIbhZeds upaptmalidilae Shgneticurecdtihgt heediatmbivithaat ion | ayer
was constituted by thef%CoCrB(Z.SA)/Pt(QA)]4 superlattice strécture. The
thin Co Pay&repicallinselheundegeyas and A3/ sipedatfirarbasedpi AFGt PERENAGHAT and t he
Ru spacer | e . hin f.a f é’ffhﬁk g e@lﬁ@Y—type 15
coupl i ng of eet?rca?%&?%lggr@flé\lghgrﬁdm&ﬁ gt?i ﬁﬁ%gt?ﬂ%g%yl%gte?gﬁac ogshtohe Ru
spacer | ayerespeddisveilayaewitieniresf ofoP(6043 / BCoGiB(2.6ANVPeRBS nakid/PaePh) £d

Ctobi1 i vati otaaSa BROR e R DRelgaar /ity Bl b BIGAN: TP\t o ¢ esult
of the RKKY;lyhee CRUPHeARnt RELCRRIMIES ol fod RhEQUR sdtightet BRhTHHBL- MaAgNetic

nmonent of tf’ue mediumin the data storage state is reduced 20 and equal to
(Mt)totl® maghtic sead or hadeglayer theteps.t Adfolr ithradFCmddayror he wivdn techrdingyd t are

Ther et ore Byer be rrshikedtl BRdopEHReE e TR et srotpieiBaefy >
(Mt)total caBiRGiAPUARSFas EHidiAREIYyCtheS [@@MSKF@%@AEEV@pbﬂﬂﬁ@Ned

stability arising fromthe anti-ferromagnetic coupling between the main
recordi ng asduatigbThe thim Corayeapetvecen ﬂB’-S[C%@IB@-ﬁAUP't(%AHh gtabilzatigh dAMST t her ei n

5y var | b 0 o TR RRSTS b pta A B AR s gl =
pl ot t ed tsheceiplingsdfile i feodrdmy dd seildation layts(deoss thdMu dpacer layer.
As is evident from FIG. 3, at zero externally applied magnetic field, the magnetic
moments of the main recording and stabilization layers are anti-ferromagnetically
aligned mainly as a result of the RKKY-type coupling therebetween. It follows
that the total magnetic moment of the medium in the data storage state is reduced
20 and equal t0 M)t = Met)main tayer -~ Mi)stabilization layer» Where M, and t are the
remanent magnetization and thickness, respectively, of the layers. Therefore, by
using AFC, a stable recording media design with low (M;t)ra1 can be obtained.
Furthermore, such AFC media have improved stability arising from the
anti-ferromagnetic coupling between the main recording and stabilization layers.
25  Adverting to FIG. 4, shown therein is the variation of remanent coercivity (H,) as
a function of the duration (t) of magnetic field application in VSM measurements.
The data are plotted therein using the following equation: Hi(t) = Ha{l-
[k T/(KV)esdn(fot/In2)12}, where Hy is the effective anisotropy field, T is the

temperature, kg is the Boltzmann constant, and fj is the measurement frequency of



[kBT/ (KV)efflIn(fot/1n2)] 112}, where HA is the effective anisotropy field, T
is the tenperature, kB is the Boltzmann constant, and fo is the
nmeasur enewo dsroegnsency of WO 03/ 049086 16 PCT/ US02/ 20040 - 2C3/ys02@dMdoHz. The
effective energy barrier (KV)eff was tetermned froma linear fit as 78.9
kBT for magnetic grains in the conventional nedia and 81.9 kBT for the
magnetic grains in the main recording layer of the AFC nedia of the
invention. The observed increase in the effective energy barrier for

magnetic grai, ani M“ﬂﬁ PréEfedRE cflery nglt'f%r VS A% ikienhRicl GHROA Bhéd

coupl i ng bet wer e main recording " and stabilization |ayers. The above
dat a denonst fiathe78 D&sEfd ma@mtlogrmmsemthwmmNcMEmabmn@e@nd 81.9 kpT for the

anti-ferromagnetically coupli vert i I t
per pendi cul aFagnetic gral IBﬁﬁec"ng aelﬁb'%rr@% Agiffq Bt 1 %%‘?eaﬁg b

al i gnnent g‘hE *&%béwécﬁﬁieﬁ‘éagé ﬁ?t%ﬁ@ﬁb&eﬂ@i’@ﬁﬁéﬁwi& @oﬂhé@deﬂclgﬁ’&ﬁﬁﬁﬁﬁﬁ t her mal
stability an MNR.  Adverting to - 9, schematically i]lustrated

therein, i5n s&Eﬁ)mﬁdnaed dug tcnfé@as qumnew éwphag depsenth@aprreeudivg,)
enbodi ments of ané]éxggt[; éerts & Ibo@le l¥a c@}ﬁ%hﬁgat% ﬁfcé)fﬁ Q)?Qﬁié ﬁln%ﬁg/e”agnet ic

recordi ng medfa® e preSént 1 nvent i on. |rs ment of

a magnetic r@eRdeft B add-feresthancdéhllgcaapting dethet iaepamvfamntloadlyl spastdwn i n
FIG 5 and includes a non- magnetic spacer, |ay ere(fgg I’OVI RKKY-t ype

ant i - f er r omagpait perpedicylarly anipotrapic Baguetisdpyerpio hPﬁ‘rﬁ é%‘elgpar t,
magnet i cal | yﬁ?eﬁréei}f ré%gécg%%%%ieﬁé md & PR eGH ﬁic{e%?é?ir ﬁlerrhalestablﬁt | gyeer

stabilizatio maln  recording layer. Mre speC|f|caIIy
medi um 20 (coPMNRES a non-nagneti c 20 substrate 2 for supportl ng the | ayer

stack constituting the nedi ich substrate I s, forme

non- magneti ¢ mat efydyert g’élfé’cﬁg? \gnoﬁﬁ Emﬁ‘i‘%?@% ggﬁﬁt@tﬁhﬁﬁ%fln Sﬂpghﬁed

Ni P-pl at ed- Al Az ¥hnal | 9¥sy, OkdepofionBasstd s@bvé@ys embbligfenfONofrB@MEt i C
netals, other non-nmagnetic alloys, glass, ceramcs, polyners,

gl gs;s cter ar2n (fs[;roraaghetlcaitypomupbé éﬁmbrpdrmndmiaés magaetiofrecorfiast Medidness of
substrat e uslé‘%?qq ﬁg?é'tﬁ% grgsént RvaIQUeVET 5 Db OEmeRSSr 2 indgRARElLGrdiifgeOr di ng

medi a for
15 medium 20 according to the invention is shown in FIG. 5 and includes a non-

magnetic spacer layer for providing RKKY-type anti-ferromagnetic (AFC)
coupling of a pair of vertically spaced apart, magnetically hard, perpendicular
ferromagnetic layers, i.e., a lower, stabilization layer and an upper, main
recording layer. More specifically, medium 20 comprises a non-magnetic
20 substrate 2 for supporting the layer stack constituting the medium, which substrate
2 is formed of a non-magnetic material selected from the group consisting of: Al
NiP-plated -Al,. Al-Mg alloys, other Al-based alloys, other non-magnetic metals,
other non-mag:fletic alloys, glass, ceramics, polymers, glass-ceramics, and
composites and/or laminates thereof. The thickness of substrate 2 is not critical;
25 however, in the case of magnetic recording media for use in hard disk
applications, substrate 2 must be of a thickness sufficient to provide the necessary
rigidity,
Overlying and in contact with the upper surface of substrate 2 is a soft

magnetic underlayer 3 comprised of an about 500 to about 4,000 A thick layer,



applications, substrate 2 must be of a thickness sufficient to provide the
necessary rigidity. Overlying and in contact with the upper surface of
subst r at ewd i3m4g0860f t  nmagneti ¢ underl ayer 3 conprised of mT/B8900004600 tO
about 4,000 A thick layer, WO 03/049086 PCT/ US02/ 20040 17 conprised of at
| east one soft ferromagnetic material selected fromN, N Fe (Permalloy),
Co, CoZr, CozrCr, CoZrNb, CoTaZr, CoFe, Fe, FeN, FeSi A, FeSi AN, FeTaC,
FeAl N, FeTaN, CoFeZr, FeCoB, and FeCoC. By way of illustration only, soft

magnetic und : rd L I iFof FeCoB.
A Cornat i vel BBl o e e e e of
| ayers of soffermalipyd} iCo, dZey iGZrE€gpodiNg GyTakr, |Gadist F@né’gNhiE‘r,Siﬁq%n-

of the. _sof tFSRigHt FETemaeraiyere i snie SR, 26 B 35 WP Fout 300
A thick lay efllus@itidnadfﬁlzgj,%oﬁi?ﬁeﬂi@@rﬁferl@ﬁ@ 304y oRERakiag abBite, 0G0 A siiklect ed

fromPt, Pd, Ir, Re , alloys thereof, or a hexagonal Co-based
non- magnebi claged of KaGoB. adlt¢raativelionwwtt gfagagtic ppderpyer énﬁla%. CUPRIEEdRNg t O

the inventio he singl e magnet | { r ryFegnetic
recording | agl_@ffhgy B?ia\y 5 oégﬂgéﬁ%%ng%%{jﬁ/ep@%%ﬁ%%{dgﬁn gdét?lgéesﬁ P%utﬁéfr Frggneti C
[ ;gor d}[ ng {Teﬁiagﬁ@tﬂe ihi_eklu%ér r4?1k gemiad ifr IofGerlyIinfg sonteqvaidethe wppér sarfaanafvheh 15

e structure conprised of a_pair of strongly ti-fer eticall
coupl gd ( AFEI%f? magigiistyndanlaxer el cogyrisenh %tﬂué?g F%?@&ﬁé@‘ﬂgtgtglfm@gﬁér >s/
spaced apart o] t ST r bd i he
sandw ch-t yp8r %FYEE(E({%:%&?%? gnecg%wnlﬁfra sé% rgé{ 1|t1érlss't‘%%edc})érB @ﬁm@?’qnééﬁﬁé’&%’l y hard,
per pendi qgl aHff aloystieges] bica haagonal € o-basedradn-magseticballayzaith enlehsiyme” and a
second, or up 8r nmagnet i (]:Bally hard, 20 perpendicul ar ferromagnetic |ayer 5,
termed a " maPhCh&to ‘Hlaﬂﬁ tayer", which pair of |layers are spaced apart by

7 compri sad of & R e e ot B I
l|§K:<Y- t %/ple_ antérrdnexgnetimgeretdicg dayep i ofeth¢ APTyensippalbt corfiguidypspendiquipst r at i on,
Ht no 'm tm%tglngunc’ reggr%?ngorfneéirdr% { Iili%%rateg "in lP?(\ﬁ'e { s %%‘ijaced with a sandwich-
15 type structure comprised of a pair of strongly anti-ferromagnetically coupled
(AFC), magnetically hard, perpendicular ferromagnetic layers spaced apart by
means of a coupling structure. More specifically the sandwich-type AFC structure
comprises a first, or lower magnetically hard, perpendicular ferromagnetic layer
6, termed a "stabilization layer" and a second, or upper magnetically hard,
20 perpendicular ferromagnetic layer 5, termed a "main recording layer", which pair
of layers are spaced apart by a coupling structure including at least a thin, non-
magnetic spacer layer 7 comprised of a non-magnetic material selected to provide
a large RKKY-?ype anti-ferromagnetic coupling (AFC) effect.
By way of illustration, but not limitation, each of the first, or lower, and
25 second, or upper, magnetically hard, perpendicular ferromagnetic layers
respectively constituting the stabilization layer 6 and main recording layer S may
comprise an about 3 to about 300 A thick layer of a ferromagnetic alloy selected
from CoCr and CoCr containing at least one element selected from Pt, Ta, B, Mo,

Ru, Si, Ge, Nb, Fe, Ni, and W, or the stabilization layer 6 and main recording



25 second, or upper, magnetically hard, perpendicul ar ferronagnetic |ayers
respectively constituting the stabilization |ayer 6 and main recording

| ayer 5 may o3massi se an about 3 to about 300 A thick | ayaCTofso/20040
ferromagnetic alloy selected from Co® and CoCr containing at |east one

el enent selected fromPt, Ta, B, Mo, Ru, Si, G, Nb, Fe, Ni, and W or the
stabilization layer 6 and main recordi ng WO 03/049086 PCT/ US02/ 20040 18

| ayer 5 may conprise an about 10 to about 300 A thick Iayer of a (Cox/Pd or

Pt), (FeX/Pd or pt),,, Fe P
super | atti celaygt? Yurcgmpf/bi(’f‘e %q”ltgo G %Ig[ﬂ%‘ tﬁ’&’?ﬁ uc{r}ea(i(t[etx/g B St 25,
each of the pht er(PeJ‘oP'agor Payess P@to@szeda@sem) rﬁﬁhlbai_,'&e(ihagﬁétuc@tﬁ&rlba&ed

5

magnetic alloy”is fromabout 1.5 to 5 about 10 A thick, X .is .at |east one
el ement sel esmmmré,rwh\?rte h@S@noang@(fr@nﬁbPlﬁgl torabopt 25 ;Teach gf th@oa tepRptingj | G,

Nb, N| , of tic Pd
or Bt 15 fro SRR od 1F Pk RO YIS Rbron AT ©

| ncI udi ngsat aﬁ&ﬁi% A lt}hEk 30 at Te3n eid elemamtectedﬁcrm't’hq)gmup dbmstimg| fr ge
anount of anti -ferrorrag#gtl C COUp|I bet ween thﬁ ?t abi | i zatl n and. main 10

recordi ng | afera, BallogBupPi §&. b Mb =tar121 Voaugesge ﬁle@“ﬁmaf;‘ﬂg ®EH.O an
about 4 to abo H‘} &é‘udﬁ’& Rl & L s hg}ﬁaé%dﬁft 3%“%&@9”% {h‘fck”%@ rth@lcoéiﬁin@c'[ ed

fromthe group ENsi s , Re, V, and their all oys.
Medi um 20 rraytnidmlifehﬁcludmgmtlleaet ﬁnmtmmimagnabmesp@mtlam anwviding |aclarae

topcoat LT | II f d
Sput tor i ng | BBOHR o8 BB G LR BT g, SEVEEN 1 e dppurnny AR

sur ace o the

second, Qi UPRG dlrcx]é ngéﬁ%&ﬁﬁgﬁwb%%bo& 2 Whiteht | fkehickas.g., h @beuttd fout not

shown in the e nts - 9in order not to unnecessarlly
obscure the kiyutf Hatdurthesk oIayelhef aj monemegratic mptesal eelectel oy fhe £raHd v

illustrate enbodinen 0 S [\ 20 wherein the couplin
structure coRRYtiQe ii{éln 9’p8$1 ﬁﬁ’e ’aq‘ngﬁgér#a% Y8hed non- magnetic gpacgr
layer 7 inter pose%&ﬁﬁmm\wrﬂmmldoynpmaqﬁaeapamve&toabm 2ad ilwbricagnd nai n

recording layers 6 and 5, respectively, and at |eaSt one ferronmagnetic
interface | ayegrcogt BT layers sementially formeq im senvsationad fashipn. ﬁ%ify r?%ﬁ%i‘}gc spacer

layer 7 15 and dipping, respectively, over the upper surface of the second, or upper,

ferromagnetic layer 6, which layers are present but not shown in the embodiments

of FIGS. 6 - 9 in order not to unnecessarily obscure the key features of the

invention.

FIGS. 6 - 8, respectively, illustrate embodiments of the present invention

20 wherein the coupling structure consists essentially of the aforementioned non-

magnetic spacer layer 7 interposed between vertically spaced-apart stabilization

| and main recording layers 6 and §, respectively, and at least one ferromagnetic

interface layer 8 at at least one interface between the non-magnetic spacer layer 7

and the upper, main recording layer 5 and/or the lower, stabilization layer 6 for

25 further increasing RKKY-type coupling between the lower and upper
perpendicular ferromagnetic layers 6 and 5, respectively.

More specifically, FIG. 6 illustrates an embodiment of an AFC

perpendicular magnetic recording medium 30 according to the invention, wherein

a ferromagnetic interface layer 8y is present at the interface between the non-



and the upper, main recording layer 5 and/or the |ower, stabilization |ayer
6 for 25 further increasing RKKY-type coupling between the | ower and upper
per pendi cwloaos/oksgiss omagneti c | ayers 6 and 5, respectivel y. HdIwes02/20040
specifically, FIG 6 illustrates an embodi mrent of an AFC perpendi cul ar
magneti c recordi ng medi um 30 according to the invention, wherein a
ferromagnetic interface layer 8u is present at the interface between the
non WO 03/049086 PCT/US02/20040 19 magnetic spacer |ayer 7 and the upper,
mai n recordi 3{9& h@t}'ceé:paéer 5 &7 dnd the YhER RS rRBrdPRILMBIRICOT idusmgdset i
recordi ng ne &m ccording to the invention, ‘Wwherein a ferromagnetic
interface | aymrerr&iodlmermroéaemagrmtwtrh@rdlng enddawn @eaomerélmg t9ethe ABYENHB®Net i C

spacer layer 7 and the | ower., .stabil.izat r

i | lustrates Aesinadrmemesnsto éi“tWS@%elﬂ'ecF éﬁéﬁBF‘*ﬁg‘ﬁ at e I%%?ﬁf{%%@%gl?& *hg to
the inventiqgn.ppaERd Bpatet Qdyed MaRLHHE ldWHreﬁfElEﬂl@ati(ﬁNﬁJyeBB aBdL HIE. ;sr esent
at each of the interfaces between the non-nmagnetic¢ spacer c?yer and t he

upper, maisn rikestiates g erhbodémers (Efrﬁjﬁlaﬁéﬁtlcoﬂﬁé‘?rdl%ﬂaﬁ‘ﬂl}qnz%ﬁ AererdIag & the
Accordlngtothelnv L.0Nn n rs 8,
hooor 1 19 ¢ iR IAI LB Bl A EOPTSL e dgs ke 8.
about 40 A tiftefkcek %)é@ﬁeeﬁftheandrﬁmagmgmpadec layat ‘éanchthehmpemmam saoudiE i on
magneti zati on value M5 > 300 enu/cc, Each of the ferromagnetic interface
layers 8, 8ulayend asd thedayensirbHiZadonlafetyh noment el ement or alloy sel ected
from Fe, Co, FeCo, t 825 tnt@hReh 8t
sel ected fromCr, Aﬁ%ﬁlnaé R)BjthreI\/’[’:)H’ér%}?ﬁ %ﬂﬁtﬂé 'Péfircf'i‘ﬁag'n nCt:u g\g,@g\?, and W
wherein tie @@nms,c af imediac¥0, @0, arfke50 ommpmée amahouthlerr@nbkayen to agoworant or
vari es across t cknes f the | east nt e 8V, and
8L from hi ghéi0 gé&‘r"ﬂalﬁy‘?rrﬂfzar ?%@W?% ° IR e”ﬁ‘hﬁaﬁﬁ% r?e#ué Oﬁla%lg © {Z%t%enr 7 to
| ower near a'%a!q%tﬁf f>8f% é%&/& tHagh b@\fﬁzarferrshﬁgnéticzlaterﬁeb lagwers, GU,Odind&ge upper,
mai n recordi ng layer 5. 20 The present invention also contenp at es
f or mati on of magcmnpmereehlghdnmentrﬁé@h@t@éﬁﬁw s¢lpgedifromeBetCoReCadand i onal
stacked pair et.wee e dhA h

. gﬁ&é@%’sl %ﬂ?gar‘m?g ag}f@% ofie Gﬁilefmer{t%?fgcr:tgh rf%n{ @¥e[5t ﬁ’aaﬁ Mto Ru,

non- magneti c Iona
15  Si, Ge, Nb, Ni, Cu, Ag, Au, and W, wherein the concentration of Co, Fe, or CoFe

in the alloy is constant or varies across the thickness of the at least one interface
layer 8, 8y, and 8;, from higher near an interface with the non-magnetic spacer
layer 7 to lower near an interface with the lower, stabilization layer 6 or the upper,
main recording layer 5.

20 The present invention also contemplates formation of magnetic recording
media comprising at least one additional stacked pair of layers between the main
recozdingiéyer 5 and the non-magnetic spacer layer 7. Each additional stacked
pair of layers c:dmprises a magnetic layer with perpendicular magnetic anisotropy
and a non-magnetic spacer layer, such that magnetic layers and non-magnetic

25 spacer layers alternate across the thickness of the layer stack. The magnetic '
energy of the magnetic layers and the coupling energy between adjacent magnetic
layers (primarily RKKY-type coupling and dipole-dipole interactions) are
adjusted to provide anti-parallel alignments of the magnetic moments of adjacent

magnetic layers in the data storage state of the media.



pair of layers conprises a magnetic |ayer with perpendi cul ar magnetic

ani sotropy and a non-nmagnetic spacer |ayer, such that magnetic |ayers and
non- magnewioco3d@omspacer | ayers alternate across the thi cknexa/wdo2bmgol ayer
stack. The magnetic energy of the magmetic |ayers and the coupling energy
bet ween adj acent magnetic layers (primarily RKKY-type coupling and

di pol e-di pole interactions) are adjusted to provide anti-parallel
alignnents of the magnetic nonents of adjacent nmagnetic layers in the data
storage state of the media. WO 03/049086.. PCT/ US02/ 2004 tZg (gl G 9f

il lustrates a maghkii% IHsHRGHacB2ESHE MY ¢ SaRe 2a‘°l gegeqpas ©
magnetical |y | ! ' rRIRabnelid Caylerty §f, 5,54nd REpattide
respective ?%%%ﬁ%ﬁy E@é@%?ﬁ%ﬁ%&‘é@e%yers 71, 72, a{ or%g Wi t hpres_pecti ve
lower thin fhéx romegagtetic spacer flayses [7ay s aBng, vatho respectiygp &rwer hiin

ferromagneti¢c interface 5.l ayers 1,o8U2. L Um 6 j es one
per pendi cul afelrﬂ?n}?ﬁﬂ?féct Srfacg Ayt ggéf’r%}ﬁi %lds%g%% ﬁ%a@?&ﬁ{aggﬁ%rh@% tale
Advant agegusiayersesigh8gS. Mbdiuml 601 Strmiak dacludsnode perpbali@nalypinagheticatiyli a of
the present ynventlonu_inpluding those of the magnetic coupling structure,
may be deposiis@thpin stehiheatigndayer 8r med by conventional physical vapor
deposi tion (PVD) t [,.que ' : ' 5did ¥ the€- 9. .
sputtering, or by}‘gv%rg%mﬁ%y’i e?)arc]ﬂ Bg@eg@ﬁ{a{&?ﬁﬁlflg&fe@'a%ﬁ gg%}%d from ©
sputtering, Fl@:@éﬂﬂﬁh@é&@ﬂ@ﬁ! gicluding étose ofhke magsetivt coupliegt stoturdusay be
advant ageously provides high_quality, thermally stable, high

recor di ng def&nosifedhar plaayise formeddyifenytion cﬂhéf%/‘ﬁ Vaﬁ%ﬁﬁ%ﬁos’%ﬂpzheﬁ\%di a
achi eve i,ppr B Heledi WDR ¥ gouiRaREor by bo®irliong of a
magnet i cé{éry%\%&a?&gé%&eeﬁ%@%%?&%W?er r’orr%@%eti cﬂérae_éo?,di r?g layer with
anot her nagnef PVUD teyhriqured sglectpd frdincaphitigrirfge vacyiraggvepdretipmyetr , i.e., a

stabilization |ayer. Mreover, the jnventive nethodol o b cticed
ina cost-effect iﬂ'/‘% RECRTRLr HU’_FPV?W:’? S B ng'f%ﬁ I ‘Hg%(sagﬁ@} i %a%{t}gchnol ogy
and  equi preple 681 stabRP HidhesrbAlGebSeRBAlcagYY papbmiianin) mbgretia tbeordingd,

| ar ge- scal e manuf acture of magnetic recordi ngi medi a, such as hard di sks.

Final |y, themedinyedichomedis adkieve jmprowed thermal stahility apd SYINR i mBgReticat her | s

broadly al%pl icgt?p ineg\ (gto a magnetically hard, perpendicular main ferromagnetic recording

layer with another magnetically hard perpendicular ferromagnetic layer, i.e., a
stabilization layer. Moreover, the inventive methodology can be practiced in a
cost-effective manner utilizing conventional manufacturing technology and
equipment (e.g., sputtering technology/equipment) for automated, large-scale

20 manufacture of magnetic recording media, such as hard disks. Finally, the
invention is not limited to use with hard disks but rather is broadly applicable to
the formation -of thermally stable, high areal density perpendicular magnetic
recording med-i-a suitable for use in all manner of devices, products, and
applications. |

25 In the previous description, numerous specific details are set forth, such as
specific materials, structures, processes, etc., in order to provide a better
understanding of the present invention. However, the present invention can be

practiced without resorting to the details specifically set forth herein. In other



the formation -of thermally stable, high areal density perpendicul ar
magnetic recording nmedia suitable for use in all manner of devices,
product s, wanas/o4eq3pl i cati ons. 25 In the previous descri pti GGT/USRROMBOS
specific details are set forth, such as specific materials, structures,
processes, etc., in order to provide a better understanding of the present
i nvention. However, the present invention can be practiced wthout
resorting to the details specifically set forth herein. In other WO

03/ 049086 PCI/ / 1 ' Prﬁ\ﬁ; - egsfen BRi ques
and structurlélssgﬁ(ge\%é%g%f%%‘é% ﬂrgcc}tg%{r}gg%c I elgr %Irg?%?th% gﬁdnee%gis?éeri ly
obscure the gsebatiniondermvt runnErdssarily ebsonefthe predens iysdiieent s of t he
present invention _and._ but few .exanples.of its versatilit own and
described in the PR ngﬁtpraﬁ%ggﬁggﬁp ‘.mr%anS ?%%eéar?sgnbgwﬁﬁt&oélr %‘%&108?%%%? t he
present inveptd 9fed 5t iGARIDNiBiPire YBSwWh Bnd asscAbEd Bithe presertiisidsumen st ignd
environnments and 1s suscepti bl e of changes and/or npdificatjons within the
scope of thetd be/elndetrvt@ocl;dﬁ@etbﬁ pagsel invertiasdisheapabls . of\yse s/ (uigys @ther

PCT/ US02/ 20040 . .22.\What_i.s Cl ai s, .. [ ar.e r [ nsity,
anti - f er r omeGHBPIPRUGTSy a@gup‘c“lnggonr}%&ﬁ\%ca 1jldlp%as'rb\p%gllrsl i (tzlg{earadfrracgl%g e|%{c nc?lgg)gr di ng
medi um (20 - nfRQificaONPWitlsinAlgs scopd oftha iMvemignencept asbsprestéhéi2in. havi ng a
surface; and (b) a layer stack formed over said substrate surface, said

| ayer stack 5 conprising, in overlying sequence fromsaid substrate
surface: an underlayer (3) conprised of a magnetically soft ferromagnetic
material or a plurality of |ayers of magnetically soft ferromagnetic

mat eri al separated by thin non-nagnetic spacer |ayers; at |east one

non- magneti c interlayer (4); 10 a perpendicularly anisotropic stabilization
| ayer (6) conprised of a hard ferromagnetic material;



a non-magnetic spacer layer (7); and a perpendicularly anisotropic nmain
recording layer (5) conprised of a hard ferromagnetic material; 15 wherein
sai d per pedisaudms | y ani sotropic stabilization |ayer (6) aud/ssrdoo4o

per pendi cul arly ani sotropic main recoeding |ayer (5) are
anti-ferromagnetically coupled (AFC) across said non-magnetic spacer |ayer
(4) to orient magnetic nonents thereof anti-parallel and thereby provide
said nediumwi th increased SM\R and thermal stability. 2. The

per pendi cul ar magnetic recording mediumas in claim1, wherein: said

non- magnet i C yaRaeLClakmy®Erls: (7) is fromabout 2 to about 15 A thick,

selected to maxi m ze anti-ferromagnetic coupling between stabilization

| ayer (6) 5 and main recording |layer (5), and conprises a nateri al

sel ected from thegroup GRsiasdal MBcdlinRudenSity, hiiti-fécfomdgdetidatly douphidd t heir
all oys; and said |layer stack (b) optionally further conprises: W

03/ 049086 PCTAISD2 peaBndiculagmagndtis 48¢or$ing Medig (g COmMisEe ace | ayer (8)
at at |east one interface be j ~ b Co cer layer (7) and
said main recordi 2@ |a€g§n(x%gﬁl\§ﬁ<g§1b§€5tgé@3ﬁgt I |fzag?’i%§§ | ayer (6). 3. The
per pendi cul ar nmagqex i ¢ arlegarstickoformed umrasid substratersufface, whig leyer: staki d at

| east one ferronmagnetic interface |ayer gﬁg) ﬁ%raﬁéq?@tem' at the interface
bet ween sai dCﬂ@ﬁfl#ﬁgﬂéﬁvér_lﬁﬁ&éwe{‘%?y%?@@ SEPRY. i n recording

| ayer, (5). . The perPedhaiat: (a08blSd TRahMinREcBAbRT Asmgheat al M 2
wherein: said at |east one terromagnetic interface |ayer (8) is present at
the interface betmweainlsahgludity ohipyetsiof magaetinally agfé feryomaganiéc sai d

is}tqatg: L: fnatzi onWIhg?/ glirlaﬁér?gl 'sep%iratércs1 gy i grp-gr{a(éhjelti"‘crspgg rlle%/te.fs? recording nmedi um as
at least one non-magnetic interlayer (4);
10 a perpendicularly anisotropic stabilization layer (6) comprised
of a hard ferromagnetic material;
a non-magnetic spacer layer (7); and
a perpendicularly anisotropic main recording layer (5) comprised
of a hard ferromagnetic material;
15 wherein said perpendicularly anisotropic stabilization layer (6) and said
perpendicularly anisotropic main recording layer (5) are anti-ferromagnetically

coupled (AFC) across said non-magnetic spacer layer (4) to orient magnetic

moments thereof anti-parallel and thereby provide said medium with increased

SMNR and thermal stability.
2. The perpendicular magnetic recording medium as in claim 1,
wherein:

said non-magnetic spacer layer (7) is from about 2 to about 15 A thick,

selected to maximize anti-ferromagnetic coupling between stabilization layer (6)

5 and main recording layer (5), and comprises a material selected from the group
consisting of Ru, Rh, Ir, Cr, Cu, Re, V, and their alloys; and said layer stack (b)

optionally further comprises:



said at |east one ferromagnetic interface layer (8) is present at the

i nterfaces between said non-nmagnetic spacer layer (7) and each of said main
5 recordi wg d3apa186 (5) and said stabilization layer (6). 6.PClimgsS02/20040

per pendi cul ar magnetic recording nmediggmas in claim?2, wherein: said at

| east one ferromagnetic interface |layer (8) conprises an about 1 nonol ayer
"to an about 40 A thick layer of a ferronagnetic nmaterial having a 5
saturati on nagnetization value M5 > 300 enu/cc. 7. The perpendicul ar
magnetic recording, ;lr@ag{ ldﬁé a8rrbfladleft ThrfaceMMeRi(8Y at ab Babk Bhe ligaFaceone
ferromagnetic interface layer conprises a |ayer of a high nonent

el ement or albktyees shidaiondnignetic FmceCayerk@tmd sidimahetegordingdgyer (8 agnt ai ni ng
at | east aone ele rit seIFcte&fromCr, Pt, Ta, B, Mo, Ru, Si, Ge, Nb, WO
03/ 049086l PCrridsidilghanaysulyj cu, Ag, Au, and W wherein the
concentration of Co, Fe, or CoFe in the alloy is constant or varies across
the thickness of said athel papéndidifar fiaghidtRC tecbalygy nfdljum fasoin kiaghe?, near an
interface with said non-nmagnetic spacer layer (7) to lower near an
interface w twhesgind stabilization |ayer (6) or said main recording |ayer

(5). 8. The perpengdic I ' [ SN Besbiit af HRlifleds:

wherein: said | aygfdnds#zlla%ﬁt %%?ﬁé@%%@?%gﬂsf&%tlg%gg@t gng _ac?di tilonalacest acked
pair of | ayersvdeatsudavonsaaghetiasprceciaperdnand sajdmain5coadiag daied(Son- magnet i ¢
spacer layer 5 (7), conprising a perpendicularly anisotropic magnetic

| ayer (5) and a non nmagpetic spacer |ayer.(7), such that I er stack
conprises al ternatd ng gﬁ%‘i’?’g‘ﬂ?‘g?ep?ﬁ?%tjc 5%?8@%-%%%& ?sglrgpclliag%lr QI ayers
(7)., and magngid.Snenergies of said magnetic layers and coupling energies
bet ween said magnetic |ayers are selected to provide anti -Ear.al Iqel

al i gnment of nagnewidatiestenesferpmagneiicanterianayrdRbie PEsPriA e IIFFRRY dat a
storage in sgld med UM ndmadibtic REIRPRILAH) Ahd (RONESIliLalonla et (6)9 medi um as

in claimS8,

5. The perpendicular magnetic recording medium as in claim 2,
wherein:

said at least one ferromagnetic interface layer (8) is present at the
interfaces between said non-magnetic spacer layer (7) and each of said main

5 recording layer (5) and said stabilization layer (6).

6. The perpendicular magnetic recording medium as in claim 2,
wherein:

said at least one ferromagnetic interface layer (8) comprises an about 1
monolayer to an about 40 A thick layer of a ferromagnetic material having a

5  saturation magnetization value M > 300 emu/cc.

7. The perpendicular magnetic recording medium as in claim 6,
wherein: ‘

. said at least one ferromagnetic interface layer (8) comprises a layer of a
high moment element or alloy selected from Fe, Co, FeCo, and their alloys

5 containing at least one element selected from Cr, Pt, Ta, B, Mo, Ru, \Si, Ge, Nb,



further conprising: at |least one ferromagnetic interface |ayer (8) at at

| east one interface between said non-magnetic spacer layers (7) and said
mai n recowd osp4bmyers (5) S5 and said stabilization |ayer K@)yuso2Qoo4ihe

per pendi cul ar magnetic recording nedig#mas in claim1, wherein: said
stabilization |ayer (6) and said main recording |layer (5) each conprise an
about 3 to about 300 A thick layer of a ferromagnetic alloy selected from
CoCr 5 and CoCr containing at |east one elenment selected fromPt, Ta, B,

M, Ru, Si, &g, cuMNRg, A€ anbiw, Whétei/thd doncefteatiparqieirdFeudralolieag et alloy
recording mediumas in claimil, wherein: WO 03/ 049086,PC‘I£/ U%OZ/ 20040 25
sai d stabi| i 2aconstant gy eprigseicress dhe dickngss of soik ol 1gpsh @np Ager a“@SW@a@%

conprise an aboyt .10 to ab 0Q.if thi akn Lt
(FexX/ Pd or Pt om %_r 5 %F%C@%Bg orléhPta{?(ﬂ ﬁﬁ}rﬁéﬁ;ﬁ%mﬁgl&%ﬁ @gstﬂgcéﬁ%tti ce
structure, wheaearintesfaoiwithshidgabilizton hpen(b) dr sacl mbiouec@ingdach(Df t he
alternating |ayers of Co-based, Fe- based, or CoFe-based magnetic alloy is

fromabout 1.5 to about 10 A thj.c Xis.,.at least o | e t I
fromthe group corsisting B?rp?ﬂd,‘c"#éé, mgenglg T Or,d%éﬁ ,me%e&ér,g ﬁbn?plﬁlla%c?’,ct gﬁd W

and each of thg.ghternating layers of non-nmagnetic Pd or 10 Pt is from

about 3 to about 15 A thick. 12. The perpendi cul ar nmagneti c recordi
me;ji um ias i In cl aidrﬁ}am, layoheteel Aurtheniiecludes-atdgasbong @G%’g)f‘?laﬁtéCk@ )Paé:roﬂ!g?i ses a
materi al selecte romth I ISt} fon: | P- Al -
al l oys, ot _he‘rela“fﬁr§ BervEgn 5@?@%} ?%é?)ﬁ(gﬁg Eé/@],t {152%9%581%2%0%% ntegF 315 g%% her "0
Commosy L o8 aral ot ot incles | ayer (3 compr L see g

) , said . ynderlayer '
500 o about MADIGHC ATERITCIYFRYEr UEbrB S 1 rasiitl SORTGRE BYpERing T

ferromagnet| Cm%teﬂé ilﬂJerss(%B Gird ﬁ‘(%-fl{agﬂatwi spa&ir 'f%/ers (7), and magnetic energies of
said magnetic layers and coupling energies between said magnetic layers are
selected to provide anti-parallel alignment of magnetic moments of adjacent

10 magnetic layers during data storage in said medium.

9. The perpendicular magnetic recording medium as in claim 8,
further comprising:
at least one ferromagnetic interface layer (8) at at least one interface

between said non-magnetic spacer layers (7) and said main recording layers (5

5 and said stabilization layer (6).

10.  The perpendicular magnetic recording medium as in claim 1,

wherein:
said stabilization layer (6) and said main recording layer (5) each comprise
an about 3 to about 300 A thick layer of a ferromagnetic alloy selected from CoCr

5 and CoCr containing at least one element selected from Pt, Ta, B, Mo, Ru, Si, Ge,

Nb, Fe, Ni, and W.

11.  The perpendicular magnetic recording medium as in claim 1,

wherein:



(Permal loy), Co, CoZr, CoZrCr, CoZrNo, CoTaZr, CoFe, Fe, FeN, FeSi A 10
FeSi ALN, FeTaC, FeAlN, FeTaN, CoFeZr, FeCoB, and FeCoC, and said at ieast
one i nt er Way@ro4908y conpri ses an about 10 to about 300 A tmakusozagwen or

| ayers of at |east one non-nmagnetic nederial selected fromPt, Pd, Ir, Re,
Ru, Hf, alloys thereof, or a hexagonal Co-based non-magnetic alloy wth at
| east one of Cr, Pt,-T-a, and B. 13. The perpendi cul ar magnetic recording
mediumas in claim1, further conprising: (c) a protective overcoat |ayer

(PO on said main_[; ' ; i i ' BPER
(LT) over said pr cs)%lg%?‘:b\f/i1ezg{gc\)/ﬂe;ﬁ %g(td %ysg@g%&%gé?f&?g%gﬁ ICDdCT/ USthI IZS%%
26 14. A net hadbedt Ienubast 100i Aghiek kiyghoka P Pinn gFPEREioF PDnclit i -

ferromagnet i I(J;L%Sggul " AEC' er pendi_cul ar. i r di; medi u
conpri si ng? tg@e 8 ‘gf ﬁg( f—a‘?‘ﬁggééﬁ gr?aﬁgee[}f %18%;1%”%1&6 i g&geicjb%ﬁ%gt’g 1? havi ng
a surface; anpgeder(fim bRSW NG doliYHleadt af theaitemating thysrsbsht CabasedFé-ace,
conprising the follow ng sequentjial steps for fo mnlg; an_.over.l.yi
?g?uggﬁgrfgegavsr er €¢5¢rb§sj&ﬂdllna&f%§§la¥f oI f E%t.l'%m? 9‘6391‘%@“% ){}%derl ayer
a ' teyr i luralit

of | ayers of 4 e@%te?q%%g%ﬁydt§g]f%t¥ﬁgl%rra%h§r%?g@p§%%§§g ggpgyleat’ Irl?i?nMﬁg%lL?r;sg’gneti C d
fspacgar | ayer e, Q\gg)\ﬁ;lf Cf,lrmdgNaand e tof dhmeal teomtimg daners of nott-mepegiierPd @) :  (b3)

orm ng a perpendi cul ar ani sotrqpic,stabilization |layer (6 conpri sed of
a hard fe]r(forlg@%@?@@b%tt%‘i"ia&f’?t ](%%)tlhpgrm ng a non-magnetic S|)oacer rTFayer (7)
, and 15 (b5) form ng a perpendicularly anisotropic nmain recording |ayer
(5) conprised of gohar drijeepépaRAARAT GaBRtRS ktbiding medium as in claim 1,

wherein:
said non-magnetic substrate (2) comprises a material selected from the
group consisting of: Al, NiP-plated Al, Al-Mg alloys, other Al-based alloys, other
5 non-magnetic metals, other non-magnetic alloys, glass, ceramics, polymers, glass-
ceramics, and composites and/or laminates thereof;
said underlayer (3) comprises an about 500 to about 4,000 A thick layer
comprised of at least one soft ferromagnetic material selected from Ni, NiFe
(Permalloy), Co, CoZr, CoZrCr, CoZrNb, CoTaZr, CoFe, Fe, FeN, FeSiAl,
10 FeSiAlIN, FeTaC, FeAlN, FeTaN, CoFeZr, FeCoB, and FeCoC; and
said at least one interlayer (4) comprises an about 10 to about 300 A thick
layer or layers of at least one non-magnetic material selected from Pt, Pd, Ir, Re,
Ru, Hf, alloys thereof, or a hexagonal Co-based non-magnetic alloy with at least

one of C¥, Pt, Ta, and B.

13. The perpendicular magnetic recording medium as in claim 1,
further comprising:
(c) a protective overcoat layer (PO) on said main recording layer (5);
and
5 (d) a lubricant topcoat layer (ILT) over said protective overcoat layer

(PO).



wherein said perpendicularly anisotropic stabilization |layer (6) and said
perpendi cul arly anisotropic nmain recording |ayer (5) are
anti-ferrowagmatiséal | y coupl ed (AFC) across sai d non- magreeti/csoepeer | ayer
(7) to orient the magnetic 20 nonents2d hereof anti-parallel and thereby
provide said nediumw th increased SWMNR and thermal stability. 15. The

nmet hod according to claim 14, wherein: step (b4) conprises form ng an about
2 to about 15 A thick layer of a non- nagnetic material selected to

maxi m ze anti-ferromagnetic coupling between stabilization |ayer (6) and
mai n recordi ng | ayler (53 ,method efi nfanofactuhieggr bigh feal opairding nighsityf, aRti: Rh,

lr, C, Cu, , V, and their alloys: . and said nmethod. optionally. .further
conpri ses thgg’éff”é‘ﬁg%ﬂﬂ.cal cewlﬂité%ﬁ@c ﬁ@ﬁf?@gﬁ‘%dﬂ@gmﬁ? TeHBY 8 SPHTHY at
lleast one ferdRBNRIhEstepi s face layer (8) at at least one interface

bet ween sai d non-nagnetic spacer layer (7) and said main recording |ayer
(5) and sai d st abi(p) zatprovidingeeronc@ignefip sulesimates2phavingsy sweprandes one of

the 10 follow ng terpatives; (i rping. sai east ferr ghetic
interface %ayer ( 5at @an%ae?fyércgeta%e?om%e%ld:%}b tr%%rfhﬁng%ehecg il%gnél%gctggal ayer
(7) and sai d fFHbWing! RERiaNgGepfoe fortrBhg af bverlyfing Bdqugncadfdapdrs Freassaidne
ferromagnetic interface layer (8) 15 at an interface between said

non- magnet i c bsieade surfacer (7) and said stabilization layer (6); and (iii)

form ng said at |east ;)qg@ fefohﬂfﬁ%%%h@r&e%%} m%@@grih@%ﬁfa hnetigdllyl Jaker f aces

bet ween sai d non-magne spacer “l ayer C sal mai'n recordi ng
| ayer (5) and sai dfesbmbphdticambtenall ayaerlurbiy. of 24yettof midgnetniellyeditaccor ding to

clai m 15, erein step (b6) c ri.ses form.ng an .about 1 nonol ayer to an
Shour 40" KTHT ok By ERel SR P Aty i SRE menoue Sl 87

(by) forming at least one non-magnetic interlayer (4);
(b3) forming a perpendicularly anisotropic stabilization layer (6)
comprised of a hard ferromagnetic material;
(by) forming a non-magnetic spacer layer (7) ; and
15 (bs)  forming a perpendicularly anisotropic main recording layer
(5) comprised of a hard ferromagnetic material;
wherein said perpendicularly anisotropic stabilization layer (6) and said
perpendicule)lrly anisotropic main recording layer (5) are anti-ferromagnetically
coupled (AFC) across said non-magnetic spacer layer (7) to orient the magnetic
20 moments thereof anti-parallel and thereby provide said medium with increased

SMNR and thermal stability.

15.  The method according to claim 14, wherein:
step (bs) comprises forming an about 2 to about 15 A thick layer of a non-
magnetic material selected to maximize anti-ferromagnetic coupling between
stabilization layer (6) and main recording layer (5), chosen from the group
5 consisting’ of Ru, Rh, Ir, Cr, Cu, Re, V, and their alloys; and said method
optionally further comprises the step of:



material having ,a saturation magnetization value M5 > 300 enu/cc,
conprising a high nonent elenent or alloy selected fromFe, Co, FeCo, and
t hei r al | eyso3®4em8nt ai ni ng at | east one el enent sel ected frrROM 022049 Ta, B,
Mo, Ru, Si, Ge, Nb, N, Cu, Ag, Au, and W wherein the concentration of
Co, Fe, or CoFe in the alloy is constant or varies across the thickness of
said at |east one interface layer (8) fromhigher near an interface with
sai d non-magnetic spacer layer (7) to lower near an interface with said
stabilization | ayebe)( 6)fomiingat Basr@ne fdfrﬁmmgﬂemgmtaﬁaee lays) (8) A7at Idseomeet hod
according to claim 14, wherein step g_b) further rises the sequenti al
steps of: (bB?teffB‘FerrbﬁQ’eﬁn 'Sﬁ‘érp%ﬁ%lﬁl& @B%é?yqragblan 7id; mag, eep q‘fgg

contact with F}sel?gs (sgf%ﬁlfzggorl ?{@J%%h&@lr @eg) GA) %ﬁﬁl&p@w o@'ﬂ@é 5 (b7)

form ng a per Icu ani sotropfc in recordi hg layer (
overlyi ngl@:ortbh@\tnn\g/laﬂthmaheesnon magneti c spacer layer (7) for rred |n step

(b6); WD 03/049086 PCT/ 802/ 0040 % Y\/n rei the se uencF ;raé' egaorn‘i ng
step (b6) followed by 17511n‘g§a1 BL ela§ r{)%a%lftl A E {;:1 d step
(b) conprises a Stdtlahlﬁté&'ﬂd@%tv%eﬁ@alﬁbﬁh dgnefi@spicedagdr (TradtsadBain

ferromagnetic interface |layer (8) at at |east one interface 10 between said
non- magneti c spacaccqrémrl@ecﬁ) and said main recording layers (5) and said

stabilization | ayer (6) I rein:
steps (b3) and (b5) for(’T)or rﬁo%ﬁ al 13'&?%61% %lnga &g?ﬁtn%%(jc n%r C%rgk}yny\’@cor di ng
(5) layers each coeRfiiteEadeetidty saldpmnaﬁargimuhlmcexylamu(gmndcspndc, hard

ferromagnetic |ayer selected fromthe followng alternatives: 5 (i) an
about 3 to about mlwaﬁlﬁpéﬁé’ﬂ se%ndof a ferromagnetic alloy selected from

CoCr and CoCr cont ai n| t SeRaE gha, B, M,
RI, S, Ge, Nb, Fe, N0 %@%%591 e e B PP 66 Rt i

| ayer of a (CoX Pdatmterfﬁte)s bet(wféeﬁ(/ssﬁd non-nﬁtg)lctlmpan?émx(Pdmdrea@tgf,s,ald

g}J)IOL![ | iyf(r) g}ggﬂf}t Izt%m]ﬁggﬁ ng Eag[e}” {5‘5e sa1 taglhzhtlo %}r/e:eir (E’).I s an integer from

20

16.  The method according to claim 15, wherein step (bs) comprises

forming an about 1 monolayer to an about 40 A thick layer of a ferromagnetic
material having a saturation magnetization value M > 300 emu/cc, comprising a

high moment element or alloy selected from Fe, Co, FeCo, and their alloys

5 containing at least one element selected from Cr, Pt, Ta, B, Mo, Ru, Si, Ge, Nb,
Ni, Cu, Ag, Au, and W, wherein the concentration of Co, Fe, or CoFe in the alloy

is constant or varies across the fhickness of said at least one interface layer (8)
from h1gher near an-interface with said non-magnetic spacer layer (7) to lower

near an interfacs with said stabilization layer (6) or said main recording layer (5).

17.  The method according to claim 14, wherein step (b) further
comprises the sequential steps of:
(bs)  forming a non-magnetic spacer layer (7) in overlying contact with
the main recording layer (5) formed in step (bs); and
5 (b;)  forming a perpendicularly anisotropic majn recording layer (5) in

overlying contact with the non-magnetic spacer layer (7) formed in step (be);



of the alternating |ayers of Co-based, Fe-based, or CoFe-based magnetic
alloy is fromabout 1.5 to about 10 A thick, X is at |east one el enent

sel ect ed twooosvoubmse gr oup consisting of Pt, Ta, B, M, Ru, SiCT/G®p2030 Ni,
Cr, and W and each of the alternatingslayers of non-nmagnetic Pd or Pt is
15 fromabout 3 to about 15 A thick. 19-. The nethod according to claim 14,
wherein: step (a) conprises providing a non-magnetic substrate (2)
conprising a nmaterial selected fromthe group consisting of. A,

Ni P-plated Al, Al varéih (B Sequedédef phtfoladiagdiepl (Y Sollotddeby ntep- (agizet i c
nmetal s, other non-magnetic all oys, ceram cs, I

5 gl ass, ,
gl ass- cer an @stionmgd @Qﬁrﬂbmof%gmﬁﬁéﬁ‘éﬁ%lp } ﬁ%@%sest%%tilleg‘?r,t%gg{gg b9t

conpri ses forfsﬁinﬁg%aara (RASRL BRmdeblba€ AFRIEh] Afer?(®) AR A UeROUnd GicaBQUL 4, 000

A thick |ayer conpris one soft ferromagnetic material WO

gg/z ozésr)0861 (PCHet¥aa/sali0kdh-magnesie| spater dayferso(i) Nind shidrmainPeeordingdgyers €3, Cozr,
rCr, CoZrNb, TaZzr, CoFe, Fe, FeN, FeSi Al, FeSi ALN, FeTaC, FeAlN,

FeTaN, CoFlea,ndlﬁggﬁ %ﬂgﬁgorpgwé,% ‘'step (b2) conprises formng at |east one

interlayer (4) conprising an about 10 to about 300 A thick |ayer or |ayers

of at |east one nog: nagnRihé&hsPiRbidig tosddigctdgdherfem Pt, Pd, Ir, Re, Ru,
Hf , alloys thereof, or a hexagonal Co-based non- nmagnefic, all oa, vm'(%h at
wé

| east one of Cr, mtepstes) aﬁ%ﬂDstf{fzﬁfPf&lig&FQid Hebiiggi pR&PaIn reepr Urt her
steps of: (C)A 9}2% 0 Cglgco gsfgtfgﬁﬁfnéeaagﬁiﬁa@&ﬁaﬂﬁ%%otfoip, 1R §RicthdRbit

recording | ormn ricant” topco | ayer (LT) over said
protective daypireelatted &yearthe 2dllowinpalggmativesl recordi ng density,

anti-ferromagnetically goupl ed " AFC!) pendi.cul ar netic recording
medi um cohprising: (a)a paﬁnra‘lf’B\St ﬁ@r@&gﬁoﬁﬁﬁ%% ‘?raoﬁlé’f@r,m‘fi%@be@ﬁdi cularly
magnetical [y —ani Sa@lbggpl'e&eh BVET Bo€Pandio@aohtaGRAP A 168 ofd cldmbay d
ferromagnetic material; and

selected from Pt, Ta, B, Mo, Ru, Si, Ge, Nb, Fe, Ni, and W; and

(i)  anabout 10 to about 300 A thick layer of a (CoX/Pd or
Pt),, (FeX/Pd or Pt),, or (FeCoX/Pd or Pt), multilayer magnetic
10 superlattice structure, where n is an integer from about 1 to about 25, each

of the alternating layers of Co-based, Fe-based, or CoFe-based magnetic

alloy is from about 1.5 to about 10 A thick, X is at least one element

selected from the group consisting of Pt, Ta, B, Mo, Ru, Si, Ge, Nb, Ni,

Cr, and W, and each of the alternating layers of non-magnetic Pd or Pt is

15 from about 3 to about 15 “A thick.

19.. The method according to claim 14, wherein:
step (a):'comprises providing a non-magnetic substrate (2) comprising a
material selected from the group consistiﬁg of: Al, NiP-plated Al, Al-Mg alloys,
otﬁer Al-based alloys, other non-magnetic metals, othef non-magnetic alloys,
5 glass, ceramics, polymers, glass-ceramics, and composites and/or laminates
thereof;
step (b;) comprises forming an underlayer (3) comprising an about 500 to

about 4,000 A thick layer comprised of at least one soft ferromagnetic material



5 (b) neans for anti-ferromagnetically coupling said pair of vertically

spaced-apart |layers to orient the nagnetic nonents thereof anti-parallel

and therweoymumwssde said nmediumwi th increased SMNR and tHoarusak/2ed4abi | ity.
29

selected ffom Ni, NiFe (Permalloy), Co, CoZr, CoZrCr, CoZrNb, CoTaZr, CoFe,
10 Fe, FeN, FeSiAl, FeSiAIN, FeTaC, FeAlN, FeTaN, CoFeZr, FeCoB, and FeCoC;
step (by) comprises forming at least one interlayer (4) comprising an about
10 to about 300 A thick layer or layers of at least one non-magnetic material
selected from Pt, Pd, Ir, Re, Ru, Hf, alloys thereof, or a hexagonal Co-based non-
magnetic alloy with at least one of Cr, Pt, Ta, and B; and said method comprises
15 the further steps of:
(c) forming a protective overcoat layer (PO) on said main recording
layer; and
(d forming a lubricaﬁt topcoat layer (LT) over said protective

overcoat layer.

20. A high areal recording density, anti-ferromagnetically coupled
("AFC") perpendicular magnetic recording medium, comprising:
(a) a pair of vertically spaced-apart, perpendicularly magnetically
anisotropic layers (5, 6) each comprised of a hard ferromagnetic material; and
5 (b)  means for anti-ferromagnetically coupling said pair of vertically
spaced-apart layers to orient the magnetic moments thereof anti-parallel and

thereby provide said medium with increased SMNR and thermal stability.



