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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
perpendicular ferromagnetic 10 | ayers which are anti-ferromagnetically
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
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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



such perpendi cul ar magnetic media. It is well-known that efficient, high
bit density recording utilizing a 5 perpendicular magnetic mediumrequires
i nt er posi wioos/aosa relatively thick (i.e., as conpared t@dinesomgnetic
recording layer), magnetically "soft" 2underlayer, i.e., a magnetic |ayer
having a relatively low coercivity of about 1 kGe or below, such as of a
N Fe alloy (Permalloy), between the non-magnetic substrate, e.g., of glass,
alum num (Al') or an Al -based alloy, and the "hard" nagnetic recording |ayer
10 having relatively high coercivity of several kOCe, typically about 3 - 6
kOe, e.g., ofamagnetibanhateticlonc suitable (ubsteate. Verpdigh lingar aggor¢iagideppities
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15 activated magnetization reversal by reducing the demagnetizing fields which
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,
720 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 maghétib:tééor&ing 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 of single-pole magnetic transducer head 6, entering and
passing through vertically oriented, hard nagnetic recording layer 5 in

t he regi owoaidaM®86Si ngl e pole 7, entering and travel |l i ng acamgsosbno
magneti c underlayer 3 for a distance3d and then exiting therefrom and
passi ng through vertically oriented, hard 5 nmagnetic recording layer 5 in
the regi on above auxiliary pole 8 of single-pole nagnetic transducer head
6. The direction of novenment of perpendicular nagnetic nedium 1 past
transducer hegdgle pote N6k ﬁag@cbouénﬁagﬁetfd faisBuky Heb® @lehRfingalaVsasiigi um 1.
Wth continued reference to FIG 1, vertical lines 9 indicate grain 10
boundari es of theeugh yesticatlyyosieated; hard (magnetic gfrcardmaiayyet éye rthfofethmeahoazyer

otack " eonstl Lk i dy 05 BRRRIR ok N Bl igeablig 44 0 of the

pol ycryst al | i digtaheeyand thanmx&tngtthémﬁgmtdnﬂ ﬂaasi@g tlﬁcblagelkve@tﬁcalllb%nréﬁtéuulﬁards
substantially the sane, ., each overlying layer replicates the grain

wi dth of tHRe ﬁ‘ﬁ&'éeﬂcfie%fd}%y]é}’er Ao taenErgipn abovs aukdiary golee8 of single-pelst rati ve
sinplicity, a r I I C :?Ejm i ke
carbon (DLC) fthggﬁet% %lgsﬁfuhéaf r?:gﬁg?}?ec %%?n ?f glr?gagaft EI’I cant toa;%coat

| ayer, such amagietia rpﬁllﬁmuopaspuh@sdum lheak6 nsindichtel in tler figade by ¢hie adnew
protective ov rcoat Hed ﬁ Substrate 2 is typically disk-shaped and

conpri sed of H’Bﬁ etic netal or alloy, e.g., Al or an Al-based all oy,
such as Al -My haVI NGt QoA - Rigbddel RO HIGYer, fditdlelif@r9siddian swihace
thereof, or substrate 2 is conprised of a suitable glass, ceranic,

gl ass- cer af cbOlpldhlyfrﬁe of ceaght mlyq]y staldine a(igo rrgr@slillalé byer lofnthealagenfstackese

mat eri al s; YRl | | r n 00 _to ,about
000 & +hi cRAmRRARE i M OBRRenE BB BithoRl (RE.BHR Y ATRHIR GFor
consi sting of mN,lsureNl e é%rff@hiai)ydlrecﬁ‘@n) GQdea,chCQintEE p%fsﬁllln@lﬁ?ers Fe,
FeN, 25 FeSi Al, FeSi AN, FeCoC interlayer 4 typically conprises an

up to about 3eRnStintingithsk lqyayéﬁac!spf éh%afw w&gm%ﬁwft%@ ﬂeﬂ sar%%dw -aaaclri Cr
and hard magn I t: about
250 A thi ckgl (g‘;éﬂ?lﬂé?ﬁ gérégp k%az%sdt}ﬁggf%;% fl{rf]lc é%ﬁgerﬁjm m)r e e g&rrgr%it?s

sel ected fl6 omhbrfgugzr, dopilimstnativetsimplicfy, &re, a pﬂétgctﬁfapvé‘dcoat Nyer,Ruch ¥s of\b, Ge,
B, and Pd, ir 12m(c))§(|i-iiﬁesz ’car%rona(D(L%g)%rFr)rcliedo gvema;d magnetic layer 5, 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
lammate of these. materlals underlayer 3 is typically comprised of an about 500 to
about 4 000 A~ thlck 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),



WO 03/ 049086 PCT/ US02/20040 4 mnultilayer magnetic superlattice structure,
where n is an integer fromabout 10 to about 25, each of the alternating,
thi n | ayew® wfo49086 based magnetic alloy is from about 2 t@ecmer/2046 A
thick, X is an elenent selected from the group consisting of C, Ta, B,
M, Pt, W and Fe, and each of the alternating thin, non-magnetic 5 | ayers
of Pd or Pt is about 1 A thick. Each type of hard nagnetic recording |ayer
mat eri al has perpendi cul ar ani sotropy arising fromnagneto-crystalline

ani sotropy  ( &Sltilhydehaghedé ShpeklniRE kaGi e, @Bbé% fs%xn{egéldfr&}{ ?géut F\})Onto

general, an inprovenent in the signal-to- medi um noi se ratio

per pend| cul ar abAet pachrafdbe Gitﬁgamﬂdﬂan dajists ofSCotbasadithaghetiballey taftorne 10
obt ai ned by d V..of .t etic ral ns. and/ or
by decreasi nggﬁ{nuﬁgftgc |%ttr}§sesg&e/?{vl\§% e gr tseleﬁgew%q gfo %’inﬁstance,

thermal st abof Ct yl“a)fB tMe, pievendi Ea,llaad eﬁ&dbﬁthesalt%ﬁﬁﬂﬁ%%ﬁeﬂbn-ﬂna gndtigw of
t he above, ists a clear or inprove hi g ar eal recordi ng

density, pér p B‘is IEgrortdmabque 1 ‘gﬁlaPlﬁsﬁeﬁCbﬁYI@fandW@wgthgreC@‘dmgdgﬁer 15

and retrieval R AL ax ef?\ﬁﬁ noi se
rati os ( SMNR) andat héggjrra?ébn i nl??}lﬁlsgt%ﬂ} drﬂg{ a%klgtgraééy stéé(ilhggn?ot we&d for
an i nproved oSt te) ahdAornHﬂl’IHMamsom@yr(Q ype)eal recording density,

per pendi cul ar magngtic recordi ng?me i.,a whi.ch exhibjt both increased SWNR

and thermal stabi | 11§50t #h!mpFEYFECHi AR thisigaaldpmyedim noiss iaie
fabricated byoffpaimendicular mRmabi©R8dordidl MBANLTREh Ws AdclifsAbSNES

instrunentalities. The present invention addresses and solves pro Iems
at t endant 1Qpoebtained byedscepasiagdbe avanegeavalume bof Ihlnegmagmdtlccmams tayd/or by

per pendi cul ar obt ai njrent  of h SM\R wi

conpr oni si ng g%fé!{é%@ it c?’{) %b%?)\t%;e/n e grpins. Hegewer, Wn?l rr‘r‘éﬁt?{’P&ltﬁ?P T al |
structural anstabiighefithe pérpashadirsnedia b @hpdbhise@nsi ty 25 recording

t echnol ogy. Moreover, the magnetic media of the present invention

advant ageousl y canliiepadf ihe Abave. dliergexists aiclegpngechiargmerovednbighgreali ng
techni ques, erefordingPHedsRy! BOrpendicular magnetic information/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.



WD 03/ 049086 PCT/ US02/ 20040 5 DI SCLOSURE OF THE | NVENTI ON An advant age of
the present invention is an inproved, high areal recording density,

per pendi cwloaos/amgnet i ¢ recordi ng medi um Anot her advant ageecafusobeoqan esent
invention is an inproved, high areal 55 recording density,
anti-ferromagnetically coupled (AFC), perpendicular magnetic recording
medi um havi ng i ncreased signal-to-noise ratio (SWMNR) and t her mal

stability. Still another advantage of the present invention is a nethod of
manuf acturin i I ecordi ng density, perpendicular
magneti c loglr)ggctg? m%jé?;%i]‘wﬁgﬂr%{tjher advant age of the present
invention is a nmethod of manufacturing an inproved, high areal recording
density, anti-f errAmadvestigealfithe preseotiphediohAsaG) imprevek hiphcnah recortingt i ¢
recordi ng medi um havi ng,an increased signal-to-noise ratio (SM\NR) and
thermal st abi $9°%\?" pf@’egﬁ’ﬁlr}]taf Wﬁﬁ?etﬁdm?l&gﬁdm other features of the
present invention MhdtheDgdvasifbe f@rthd prddehthBRvalRRA" isPid ARpEL hifiPltans and
in part will become apparent to thoSe havi nlg ordinary skill in the art
upon exani hatieeerdip depsity, gntidoirergagnetipally dsapledd AFRddpdrpendiquiae npagacti¢ ce of

roal lzed as paraeis BptpReaRNERAREE MahbB B8 MRS SanEREL G ng

t o one aspectstslfilifyhe present invention, the foregoing and other advantages
are obtained in part by a high areal recording density, anti-

ferromagneti cal |y SHlpinother agvaniags cphdheli BIghat  HYEHIAN ds r @cBedrAgofredi um
conprising: ( %@g I t I : ].Eglq- ‘b) a

| ayer stack flg%nnlg%&gﬂ\% tﬁlgﬁljgg%ci;ﬂ @t%@%@%ﬁ?%‘@’@y r éctugéggngg?g{rir%ri si ng,
i n overlyilhg seqdmgoeedinvam t he substrate surface: (bl) an underl ayer

conprised of a magpetically sp-ft . . .
P g@et anothe adC\)/antage of the present invention is 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
ferromagnetié material or a plurality of layers of magnetically soft

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



ferromagnetic material or a plurality of |layers of magnetically soft
ferromagnetic nmaterial separated by thin, non-magnetic spacer |ayers; WO
03/ 049086wedB/0wsB2/ 20040 6 (b2) at | east one non- magneti edmrsehener; (b3)
a perpendicul arly ani sotropic stabili®ation |ayer conprised of a hard
ferromagnetic material; (b4) a non-magnetic spacer layer; and 5 (b5) a
perpendi cul arly anisotropic main recording |ayer conprised of a hard
ferromagnetic material; wherein the perpendicularly anisotropic

stabilization | ayer (b )anddIt e?& OHQ%H%EHAI ﬁi&ér}ég@x”' sotropic main

recording | ayer (b5) are anti-ferromagnett oupl ed (AFC) across the
non-magnetic spacer | ay®bs) (b¥perpendmulaelytanishropragrabilizetidOayerempsis¢cer eof
anti-parallel and th(}égci)érﬁr ovide the.mediumw th increased SM\R and
thermal stability.° JogBeieBytittent s of the present invention, the

non- magneti c spacer Ia@?r (%_mﬁgﬁeflg%a%@p}d&e@aﬁcp about 15 A thick, e.g.,
from about 4 to about ick and selected to maxi m ze

anti-ferrofragnetic coudbing aqmvelémumlysmssbtrbplzmanmrecmaimglaws) and main
recording | ayer (b@#prggggéﬁm@gm%naagtng}rml al Fﬁl ected fromthe group

consisting of Ru eir alloys; and the |ayer

stack (b) opti 0nal\bh/erélurﬂlbqferpeﬂm@nlaﬂgsanm(oh@ icagtabiBasionOagerf @h)Y andghet i
interface layer at at |east one interface et ween t he non-magneti c spacer

| ayer (b4) armrnenélcmrlﬁ grisogeBicrgaRaierrdigsipyerays)asra /ati-feremagneticaliz at i on

| ayer (b3), b6) i
prosent ot HOTPEH B IcY Gofts NESTh- BAheHE SR YRk (6 1S bBEARE mabhBle (20 ' °
the main 1@cancheags |therest itibparaliel aridnthermby | rasitle ahe niediuno veignitcraasedit er f ace

| ayer (b6) is present at the interface between the non-nagnetic spacer
| ayer (b4) antMN B@I@téﬁi’rﬁﬁﬁﬁ?w&h | ayer (b3), or the 25 at |east one

ferromagnetic intex{A¢fin a¥ UmboRfhert$ oP RS Pdsedtt invBftion] e fn@ﬁ-@&lgﬁ@ﬁé’veen
spacer layer (by) 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 least oné 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



t he non-nmagnetic spacer |ayer (b4) and each of the main recording |ayer
(b5) and stabilization layer (b3). In accordance with enbodi nents of the
present | woeosiodenss the at | east one ferromagnetic interfaa/isgeo4(bo)
conprises an about 1 nonol ayer to an &bout 40 WO 03/049086 PCT/ US02/ 20040
7 Athick layer of a ferromagnetic material having a saturation

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

enbodi ments of the present invention, the at |east one ferromagnetic

interface |ayer, .(b Co ises a layer .of. a. high mpnent elenment qr allo
sel ected fr o)rlg Ig?s}‘(’k %’Fr ?rg%%ﬁnomn?%%lﬁeﬂgll hayingsa %GWPB‘?%FWéneﬁzaﬁl%gﬁu%ne d
el enent sel eqied f300Md/cc,Phnd E@corﬁngol\% E?ﬁculgf enfBRdinhts ol the Cf&lreseiﬁg’ Au,

and W wherein the concentration of ] or CoFe in the alloy
constant or Javensiongbe gtlsastione ferraskagasic mterfase layer (hehenmmprises & tayer 6bze | ayer

(b6) from hi,gher _near. an interface wth,th n- i ¢_spacer .| ayer (b4)
to T over - nedPEL iR, Aeue,f AREF sledrdy i 3 S Fr SpRBpegianRyr o
recordi ng $ ay®htaiibg at lkastAme @ldahdi sélected fioai Or, MPD4li BlevMibsROf Sit kB2, Pibgsent
i nvention, the |layer stack (b)hgfurt her includes_ at |east one additional

i

stacked pair 6 Quager Supadille iheredn thegpreentradonpligo:igy er Cobsin thaglleve
non- magnet i C ;sRaLal.:! A%akied Q?r})ss ﬁl@r’(ﬁfgﬁﬁésg%f YHe & le?ﬁ%%tihférﬂa@é’ Fage}’"gﬁéﬁ"
e yer,” such

per pendi cul ar magnetic anisotropy and a non- nagne spacer

t hat | ayer stfemh higher aeapan seerfadet eithn did ngn-magmeici spatayleyes (dg)dtolower

non- magneti c spacer |ayers nd t.ne magnetic _energi es of fhe magnetic
|ayers and cHap w&r%swgﬁh&@e Hakifigutpn £bs) e i yeis regp lg%laéer?@ ‘to
provide apgi - paral A&lordiRk tOEUMRM erfbodiRERS bE e RERA iBv&HtioRHHREBRE sEARgnet i ¢

| ayers during data storage in the medium In-accordance Wwth particular
enmbodi nent s db) finthepriselodes atnleesitansnadditiomal 3@ckadapait jof dayesn betaween the)3) and

B
-at-lea.: onangdRHEMhy&e Wt petpbddicalat mafaetiBaniybtrogy andia nof-middetie, N,
and W or the stabilization layer (b3) and the main recordi ng | ayer (b5)
each spacer layer, such that layer stack (b) comprises alternating magnetic layers and
15 non-magnetic spacer layers, and the magnetic energies of the magnetic layers and
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,



conprise an about 10 to about 300 A thick layer of a (CoxX/Pd or Pt),,,
(FeX/Pd or 25 Pt)n, or (FeCoX/Pd or Pt)n nmultilayer nagnetic superlattice
structurewoMsausss is an integer fromabout 1 to about 23Ccwesvbafs0t he
alternating | ayers of Co-based, Fe-ba&sed, or CoFe-based magnetic alloy is
fromabout 1.5 to about 10 Athick, X is one or nore elenents sel ected
fromthe group consi sting of Pt, Ta, B, Mp, Ru, WD 03/049086 PCT/ US02/ 20040
8 Si, G, Nb, N, , and W and each of the alternating | ayers of

non- magneti c ?idt eONprl'@r Lh@W aR@Wack of thedOMatin® |helsHrtlon-mighetidpay to

enbodi nents o pt esent 1 nvention, the non- magneti c substrate (a)
conprises a nm]éns&brrsaidoetﬁedaﬁqubhhzgnénqtr oup consi sting of: , NNP- 5

pl ated Al, My allo of her |l oys othe manetlc Jret al s,
ot her non- magnetl CAﬁ‘f(?/a% tog?rgg@lm(?&s cf% @18 pr%%epy%veg 101b|r§1§s IPSBRCES T and
conposi tes aggs@ite (@AEondirRes & hﬁlt@m seledleefrbmytBE gtduib)cofisisig @ﬁ?&l aNlPabOUt
500 to about 4, 000 A thick layer conprised of at |east one soft

ferromagnedi cristededl Al-Meaeyseather dinbreed aliope othey nopanzsetiepetalethacozr |

CoZr Cr, CoZr E N,
FeTaN, CoFeZr Rm}:ﬁ%%%%f e@og,’ aretlgﬂf h§8%é£%§§h@%5f grﬁaayerp E%%
conprises an abﬂwlgﬂ;iihdteslthéleu}j ]’:300 A thick layer or layers of at |east one
non- magneti c material selecte ram al | oys
thereof, or a hexal¥ifalayeso(thh SeMPHESS- i’ﬂa@g%ltt %ddan 890%%90@‘& ﬂ%ﬁg layty yone
of G, Pt, Tag rﬁlgﬁistﬁ ; o2 1chltCodBe itk Rt dthddhBhic GO 'idl %@I%cteﬁct)roﬁ L, otet i ve

over coat I ayer e maln recording |ayer (b5); (d) a lubricant
t opcoat | d9er (Revmalldye Gur, of et | CaZrbv.e Codatb,| @97&121(, (QQFG /Freotlteét Bepatt of

t he present i v i i f fac in hi.gh areal recording
density, anti= ?@%%ﬁ@%%&gﬁﬁ'&ojﬁﬁppng%“ ﬁi@% a“g(fasgt i cular magnetic
recording medi um %W'léa@si&ﬁnhféﬁa%éﬁﬁé Rfripri6@) anPitRvi 1) RYatRUNSO0 KBERRL i-C
substrate having a surface; and (b) formng a | ayer stack over the

substrat e surlageeor leperg ol gt legsttqlpg non;magnettc material selected from Pt, Pd, Ir, R
Ru, Hf, and alloys thereof, or a hexagonal 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
following sequentlal 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;



foll ow ng sequential steps for formng an overlying sequence of layers from
the substrate surface: 25 (bl) form ng an underl ayer conprised of a
magnet i caiMoyo3zadase ferromagnetic material or a plurality dcieseenesof
magnetically soft material separated9dy thin, non-nagnetic spacer |ayers;
(b2) formng at |east one non-magnetic interlayer; WO 03/049086

PCT/ US02/ 20040 9 (b3) formng a perpendicularly anisotropic stabilization

| ayer conprised of a hard ferromagnetic material; (b4) fornming a _
non- magnetic spacer |ayg)); aBfninda)pefpRhdiciar{ amSstRpIIstabiliddtlon 147k SOt r opi ¢
main recording layer 5 conprised of a hard ferromagnetic material; wherein
t he per pendi cul ar |opmpnisecbelripard feramagneticampgral, ayer and t he

per pendi cul.arly ani sotrQpic inr rdi ng.. anti-ferromagnetically
coupl ed (AFC) across tﬁg‘anonf-gﬁr%gﬁgt%gngé agtéér%%é%rel%;e?’oa%gri ent the magnetic
monent s thereof anti-pabyl | gbrnting atpeerdiyulprlpwhidetrdgiemaidieterdingtliyer ncr eased
10 SMNR and thermal stabjljty. According to enbodi nents of the present

i nvention,? step (@MPESFHHPY akard ferpmaghglicmaialt 2 to about 15 A thick
layer, e.g., fromghouh thel QeAldAlicutby Aanitdtidphe @lbilRaR0R- MRENSHHC HEt er i al
selected to maxi m ze ant |ﬁ1-ef %reﬁ%rraglrl\et?/c lcouog)ﬁ ng Betaweenmgt agd}nl i zation

| ayer (b3) amdrpeadiculadyopsisotgppiaymain( bsprdidd leyerparesiantj-ferromégnetiadllysel ect ed
fromthe group consisting of Ru, Rh, Ir,. Cr, Cu Re, V, and their.alloys;
and ¢ ho. et hGQUBIER  GHAD! §PrPr TRePOEBRBIS P EHo P GYTent (6 IAEBTA ng. at

| east one feryQuBaoehdbofl MiEpdraltd dndY@EreBy RéviHEAK nRARIN RHBY [RFQsQet Ween
the non-nmagneti c spacer |ayer and the main recording |layer and/or the

st abi | i zat® orBNNReand th¢renabbtabibitiep (b6) conprises one of the fol lowing 20
al ternatives: (i) £orRliged BioBlindchR%r B0 Grd:Shy AVBRRG! ep! B)Whieed 2Ver

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.



interface between the non-magnetic spacer |ayer and the main recording

| ayer; (ii) formng the at | east one ferronagnetic interface |layer at 25

t he i nt er Waxms/bgiseeen t he non-magneti c spacer | ayer and tremrRbi20d4aat i on

| ayer; and (iii) formng the at |eastiwone ferromagnetic interface |ayer at

the interfaces between the non-nagnetic spacer |ayer and each of the main
recording |layer and stabilization |ayer. WO 03/049086 PCT/ US02/20040 10 In
accordance with particul ar enbodi nents of the present invention, step (b6)

conprises form ng Iﬁ_rhc?&‘a%ce]wﬁp BRRYISF etBod@meRRQUftthé re@eﬁthh@éﬁtibﬁl\%ﬁép g{) .

ferromagnetic material having a saturation nmagnetization val ue
enu/ cc, conmibk)siamprises Farming am pbout | lemenelaysr talahaposied@ At thick lapen ¢feg  Co,

™S el @ RS e Rl TR S B B o
concentrat i oncgpristhg Fiigh Momt@BleiRnt &iallodlskiodted $rofORS IGY) FeOb, atdlth&s acr 0Ss
the thickness of the at | east one interface |ayer from higher near an

i nterface & tdlloyheonainingeyhrasi eneslrment s¢legied from CroRbrlanBaMoaRy, PhGss f ace

wi th the stabj]izatdon | ayer i I: e caorgding to
addi ti onal eglg%’aliélr’rtgﬁlt ggo?)ﬁt ﬁ%cpgvr’té@%ﬁ :t%v(irao%fg %%?lggtogg%( E?’ &r]EbuéﬁS‘t%hlert ¢

conpri ses t healkgdsesidtalt ostvafiss adross(théihitloress ofjtha andaasnagniatarfacs pyeer | ayer
in overlying contact with the nain recording layer fornmed. in step (b5);

and (b7) " f or nireng highse pers 7@ itgrTace yith thedwnrmpgnetingpacer Bye Qilowen Begest i n” 15

overlying con i : I [aF=Yol S rmed in ste b6) ;
wherein the g%gegfgcé\%’gtgél?\%ga%ﬁg%g? ?é}}r% %rib{f]té@steplce(c ggl?%lgﬁ}bwed by steB Eb?%

is perforied one oAcdundiag tto radditiana shieqlifbits efrthe ipsessntaingeéntion, sigpt(begr st ep
(b8) of forn%'ngtg at | east —one fer.rloma ngti c interface | ayer at at |east one
interface bet HEBF CoMpRisEbhe JesBE4 S Eer | ayers and the main recording

llayers and stabili@af i Ofyrming a non-magnetic spacer layer in overlying contact with the
main recording 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



20 layer. In accordance with particul ar enbodi nents of the present

i nvention, steps (b3) and.. -(b5) for formng the stabilization and nmain
recor di ngwoansemsoseach conprise form ng a perpendi cul arl y rom/sseregoc, hard
ferromagnetic | ayer selected fromthelfollowng alternatives: 25 (i) an
about 3 to about 300 A thick layer of a ferromagnetic alloy selected from
CoCr and CoCr containing at | east one elenent selected fromPt, Ta, B, M,
Ru, Si, Ge, Nb, Fe, Ni, and W and (ii) an about 10 to about 300 A thick

llayer of a (CoX PdyQbiatfdekiructufer GHERG: i9bn Hitd dbr O ABLREDH Hsbupps,Pt) n
mul tilayer magnetic WD 03/ 049086 PCT/ US02/20040 11 superlattice structure,

where n is an i nt eg@rofithoaltahsing layarvofbobasedsle-basgdprdiotiethased t er nat i ng

| ayers of Co-based, Fe-based, .or Fer based ngt i c I i rom about
1.5 to about 10 ATAgElC ﬁf?’yil§fr8ﬁlea%§f"{eh§?%gb°é‘ltgﬁ%‘n&%ks)e(ﬁ%gﬁ%%j r?“rngemthe gr oup
consi sting of Pt, cftaenB seldeiedRebm Bie, gréwh consisbing O Pt, Th,,B,avid, RV, Sij@e,each of
the alternating |l ayers of non-magnetic Pd or Pt is fromabout 3_to about

15 A thi ck. Accor Nbadis Gr, end JGiand seeh ffthe plierpgtingdaxers phnoprmagnetisPdp (a)

conprises providin on- [ Skrate conprising a materi al
selected fromt he"&?aﬁspfp"“&Sﬁ‘g%qgﬁ?%g"@ﬁs '&It{%ﬁi P-plated Al, A -M alloys,

other Al -based al lxysrdigd beembodimkatsnaithet presene irlestion tshapr (a) @ompeigeret i ¢

al l oys, glass, ceramcs, polyners, glass-, ceram.cs, and osi tes and/ or

| ami nat es t h@FE6ding @tf@ﬁ'f{lﬁﬂnfz%%Fr?@égmpb‘?%ﬁdn%tﬁ”ﬂﬁg]@wg%g’% @’Sl%?tfpsi ng an
about 500 to ) A_Lihd | ay. ri btiRp@osoOf t
ferromagneti go%{ﬂé@i cgff Q@,glg@e%l?é Sggl’r %%Ml\% H%Fgﬁ(@lgégﬁ%sﬁﬁgng?écg CSZr,

Cozr Or, QuYr MiagndT aatals,Cotfier, nafsnfagpetice Alloyse Slass,, carasicAl Nlymemra@lasFe ALN,

FeTaN, CoFeZr, FeCoB, ,and FeCoC; te b conprises formng at | east one
interlayer cGRSPHS AR SOMBIYER %Orﬁﬁpnﬁg%@er?%gpA thick |ayer or layers of

at |east one non- RRGNE,J CoMlBliRk | Bimngl BChRLrlayer comprising an about 500 to
about 4,000 A thick layer éomprised 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



fromPt, Pd, Ir, Re, Ru, H, and alloys thereof, or a hexagonal Co-based
non- magnetic alloy with at |least one of Cr, Pt, Ta, and B; and the method
conpri sesw@i/mubmef urt her steps of: (c) formng a protectin@E/esenosat | ayer
on the main recording layer; and (d)1¥orm ng a lubricant topcoat |ayer
over the protective overcoat layer. 25 Still another aspect of the present
invention is a high areal recording density, anti-ferromagnetically
coupl ed ("AFC') perpendicul ar nagnetic recording medi um conprising: (a) a

"pair of vertically, spaced- a t otropic
| ayers each conprﬁ%%d ch%E ‘é%&@ﬁd%‘ ?Meﬁ H@Q@g;ﬁf b%?%gﬁ%ﬁ9086p
PfCT / USPZ/ ZPP%acéHZaﬁag) la?a@&?fcﬂrenalfﬁd nfaghiétiznagRRhisChbleyf amiphiatlgl the pai r

of vertically aced- apart ayers to ori netic nment s t her eof
anti - paral | e|tharﬁgy ptqw%eetbynﬁébm wahdpegeass @gmfgﬂmﬂ’&% éggﬂ‘ﬁy ‘SMNR and
thermal stabilify. AAflebid ARk aRUAAER@BE IRORECHD iflentil)f whnl B268the
invention wll becone rea appar nt to those skilled in the art from
the foll ow ngedchbaaﬂparbnd&stdmsqﬁml&rd in thehat Gom thedfdbhiwiegtetaiddd ddseripiiams ent

i nvention are shown d descri stratlon f t he

best nmode conVeFpR-AmR dFIBFntE) ngl?el B’ieﬁelg?t f’h‘énﬂ?%g’?n%ov‘inn%n&qsgh
described, t h%fngfa?% quuétfé‘ﬁﬁﬂtdf% bést Qﬁd&bé(ﬁté?xflplﬁé@%r ﬁr@@tm% fﬁeelﬁﬁﬁﬁnt
i

enbodi nment s, ts several details are susceptible of fication in 10
various obvi mmerrtmpekst will &k |depdribeduthederpsant iipKgntion s pmbbppff pthepnd he

present inve r di ngl the dra 0 be
regarded as ?HF F@E’P@i ﬂs ﬂ%q i (—§eve§?‘nlo‘w ﬁagg Qggstce k@ﬁ@%&% | PTI ON
OF THE DRAW N%oﬁb%bfvmulsq‘ésmtsd@nawitmt dipettingt frem mé sfph‘ﬁ efthedpresat s of
the present 15 invention can best be understood when reag in cgn unctlon
with the fol |ioxgmipn. Accordingly, the drawings and -description are to be regarde

illustrative in nature, and not limitative.

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
conventional };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;



drawi ngs, in which the various features are not necessarily drawn to scale

but rather are drawn as to best illustrate the pertinent features, and in
whi ch |i keo osgheisence nuneral s are enpl oyed throughout to mEsUIRAbEOSI M | ar
features, wherein: 20 FIG 1 schematixally illustrates, in sinplified,

cross-sectional view, a portion of -a magnetic recording, storage, and
retrieval systemconprised of a conventional perpendicular-type magnetic
recordi ng medi umincluding a soft nagnetic underlayer and a single-pole

transducer head; H1G 3%ho%s M- RRPs bP4 caRRMbidHaL §ih _e\I%feE,ashEagl‘Ithée-M%@d
interface exchange 25 energy density J as a function of spacer | ayer

t hi ckness of parpendiqularfreegnehaipserdingamegivgovishay amagmoytically spérundetdyse- based

per pendi cul ar neti.,c.. recordip i a. i t .. nyention,
having a | ayePRet Rpst st Bty hEP B R RsRRE RREAAR ol REFRE Mgl
:%{) \Acg( %4 S“\l) {) E)&Q{a%?étﬁéall?tsfoﬁp%ddeﬂl%l?er,\/\&\ﬁﬁg @fb@@c&ﬁreﬁ@%&@%&u@éﬁﬁt(é@%ﬂ G 3
s of a conventional single er, superlattice-hase

pe&pelndi cubar %ﬁ@-?&fﬁ%&]cﬁ ng nii urﬁt(/ﬁogfy)out/ g[ﬁﬁ?‘r%g-ﬁé‘é/lpf[@%‘ébf t/
under | ayer e per pendi cul ar magnetic recordin
medi um w t hoﬁ?g(zg‘)ﬁaa'gngetfé OﬁB?g?It@ﬂ%tS%gﬁzhyer, havi ng resgecti ve | ayer )
[stc(r) UQ’CtB l(.ll’2 es ;); Pt ( 6PIA). 4; shbwp Qgiiamii¢ 2 o&rdivitPin @) pbenta nfl APC(opendicular and

.5A)/ Pt (9A) ] 4 Co( 2A) / Ru( - 5A) /. CrB(2.5A)/Pt(9A)] 12;.FIG 4
shows dynan Coeh gl wg?@éga%%%%_t%e B gk qBioL srragneghperevity
conventi onal ﬁﬁg@@ta GudcieR! ¢t g dRSich [ORs makd¥ic VBElH alppREatRh fHEVBRENt
coercivity (H’) as a function of the duration (t) of fagnetic field
applicati df i meaStmends;@pdsurenents; and FIGS. 5 - 9 schematically

illustrate, in si ified - i | Vi . i f. di f
anti-ferr omatlgnetS : gg‘:df%ll 5§ 6%%“2‘%’%@%\%’) ﬁ@‘?%f’e%ﬁ“évf}f‘?ﬁ%&&rkg?%g'tsg‘élf’”gg‘r""&’ir’rﬁSt >0
medi a accor di peibes sNEmBEREeA JfAYETir6RaglESM EhbEY @F ChHereNdEME: ON

magnetic recording media according to the present invention.

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,



15 The present invention is based upon the recognition that very high areal
recordi ng density perpendi cul ar magneti c recordi ng nedi a, having inproved
t her mal swabisloispos6and SMNR, can be reliably and control | algr/vsspabeet ur ed
by providing a nulti-layered structute conprising at |east one pair of
vertically spaced-apart, magnetically hard, perpendicular ferromagnetic

| ayers, i.e., a lower, 20 stabilization layer (i.e., further fromthe
recordi ng head) and an upper, main recording layer (i.e., closer to the
recording he ereas\{pr&&ls@ﬂ%@% APRAd oheViSh FerdbrRagrRNt lintkFhd0ARENRb ViR | Y
coupl ed together by interposition of a magnetic coupling structure

t her ebet ween enhireed byRKKY -typg netmagnatio neerupliog  thetwesni r thef  ppwendindiacul ar

ferromagnetic. | ayers .are orjented anti-parallel. According to the 25

i nvention, tff%"fﬂ’éw%ay&% ?rfcﬁdn%r‘fa}sﬁ‘i:{}%ﬁélglisga%gbtﬁpri sed of a thin
non-magneti c spacgfe {M¥kiive AletidbdoRiahi sradrti® ReRiraldadVinthghd MotRGALHdble Spacer
| ayer and a thin ferromagnetic interface |ayer that may be present at at

| east one § ntaeedrding toethgecanventinnal gity inshuding. jeisdidtial ancréased gnapaelet | ayers
and t he non- nagnet.i . 8 4 erein
provi si on of % éfegt eas%f%n%lg%/‘%uﬁ C}QgPlr élﬁ%t ?%&?érl\;{ g&?lgélép ?p;hgeec}—;%ar%ci des

enhanced RKKYairy p€ mggetiialle hewly péipaglibdinfertmapectiodayrencomapdsad of alloy
ferromagnetic | ayers, hence increased thermal stabjlity. ,T‘Qe i nventive

met hodol ogy #PPwegidions EeAlly .epelaY ety 8% thfo fabEBRUAN o PerPeRdiglat, FSPTing o ¢ he
conventi onal L ad 1 by | d PRl riented,
RKKY- t ype naglﬁéec%l?’cﬁéglg%glﬁ ‘E’ge? A%@%b%%éynhﬁ?gﬁ% ?@uséélégga?‘gﬂﬁ?rutab%ai rs of
magnet i cal0 y andredst-¢ifectientiirmation of wry bighgmer! recokdipe denstpnihossdlyctabdd | oy
conpositions typicgal enpl ayed in.the fabri.cation of .perpendicyl ar
recording = mdl§ Pawal%én%%v%&oraw&rm 1agptilfging P?n‘éeﬁﬁg @Lgﬁcgup%gi abl e,

control | abl et i Ad fPstrOhmbRGHi4Ce O sk tRhniBEYandi PParafigal recording
density, thermally stable perpendicular magnetic recording nedia utilizing

conventi onal manufAcwoudingde theeinherntipne theathih hersmegrasistthin snaee, lagergnay
sputtering techni ques,apd apparatus. Acgor di Faventy, o thin
non- magnet i Cel%e'.ﬁoip '68%8 angil; gﬂ%ﬁf matenaﬁ, e.g., R%, f{ﬁ), IE',rt;er, u, ﬁe, V, d thél?

15 alloys, and the at least one interface layer comprises a ferromagnetic material

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



be conprised of a non-magnetic material, e.g., Ru, Rh, Ir, C, Cu, Re, V,
and their 15 alloys, and the at |east one interface |ayer conprises a

f err omagneta @/mamiser i al ' havi ng a saturati on nmagneti zati on rcaluss2/2H045 300
enu/cc, selected fromFe, Co, FeCo, #&d their alloys containing at |east
one el ement selected fromCr, Pt, Ta, B, M, Ru, Si, G, No, N, 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 | east one 20 interface

llayer from Hia@ﬁ&fcaﬂ?@ﬁis@@qﬂi@hﬁﬂﬁ%@r WhgeRattides AOACHIRGASHE RuspaeelaykAyer to
| ower near an intertface with the stabilization |ayer or the main recording

| ayer. Ref 8ri¢knegsenbeiviesn Epbayt 3andghow? fherein is a graph showing the
vari ation of the '@tgr

spacer | ayer thig nesssfh%g’g @gﬁ?ﬁpﬁfp grg ?‘fy"%&‘ﬁ%@.ﬁgg%’f’éﬁg‘%lﬁg’l gelggi %2&%} of R

super | at ti ceufedaidedasdienpirpeddicular? Smagipiiet i recdré®gr dnsdjunedvithagcas di ng to
the present invention, haviqr;gl a layer structure of [Co(2.5A)/Pt(9A)]14 /
Co( 10A) A Riegasticaly esqly yndeggyeapnd a[@?@ﬁ?@ﬁ?‘bﬁe@QA&]gcli’?W FRiEh it s

evi dent tha - t i= [ &%@ i g het ween
t he spaced- glﬁg?{tlcggﬁ?&(gﬁé p@?%gﬁldivgﬁ]logﬁay%ﬁ%t%? ggg%) 6u%%T US%Z?%@%O 15
magnet i f:al I yespeﬂrtiﬁzeilami strupwurdsi of Byf60A 5.0 fRoCHB(R 5APHOA) he harel B6Gh) / Ru
spacer |ayer  thicknesses be out ¢ 2 9 |G, 3.shows MH
| oops of a EoPvdHEP ; tﬁ%bo}n_&%ﬁ@}(jéﬁﬁdf@jq<§§§f$f’0/€@éﬁu2gt@ie& hased
per pendi cul afc MRENGH! melRGP WHsNEbrRE! M hdRMbndic SUHIRSREHIEA bnSOf T
under | ayer and a superl attice-based, AFC perpendi cul ar nmagnetic recording
medi um viit hosgnetinsegd ot inddrlayerstbéteonnsiefor dyeeAFC maadiumy, the exgie siconding ayer

[ o B( 2. SAJIBE P8y RIE TR TSR e o B eBE PSR R84 S, o her
instance, th@bIRHiMNINRS WA OBk tARed ngﬂrewg%@g@.sﬁws@;&qhesupeﬂmw@ non 10
magneti c seed or underl ayer thereon. for the, AFC pedium the main
recordi ng bayesurewdse thimEpileyer datvipgn threl GoCoBr2F 2)/BUJ AB: stol)gation dayger | atti ce
st ructur e andy g, Sa0LLLEALLEN oL RN MRFAOASL kLA BCY-1ype
15 coupling of the main recording and stabilization layers across the Ru spacer 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



structure. The thin Co | ayer between the [CoCrB(2.5A)/Pt(9A)]4 stabil zation
| ayer and the Ru spacer |ayer serves as a thin interface |ayer for

enhanci ngwiekiéx4togpe 15 coupling of the main recordi ng and KiTalsoki2eebdi on

| ayers across the Ru spacer layer. Asis evident fromFIG 3, at zero
externally applied magnetic field, the magnetic nonments 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 Wagggt)i Folrr?{ig*?%?w&if?&il@@ eﬁ@rg& ‘Eéﬁri.tef‘ (K V8 IRk AeRtAIRA S0t AliBedrS

reduced 20 and equa tota ymain layer - Wt)stabilization
| ayers wher efilvhs 28l ki T dorembgretic genmsnierie crayemstanzbmiedia and §1 Otkisd peths,

respectively, of the |ayers. Therefore,. b i FC,. a st ab .ecor di ng
medi a desi gn"WBEFH FRE I\%‘F‘tt;ec Bes re&%"{r‘)}n}gelaﬁ%t %ﬁﬁ%@%@m@%&%‘? Aveeg{@ﬁ AFC
medi a have i AL Quedvad BRidakd ¥ Bl FieBlvd £y B@ricARdr mh@fetion@gneld thecoupl i ng
between the main recording and stabilization |ayers. 25 Adverting to FIG

4, shown therdiGmediatindus tor tha mhtbdersimagagtin eeitpliad debyepn e pepreerrd®es unct i on

of the duratio ). of neti.c fi el j j i ts. The
data are pl O?P‘gat(dﬁ’%%?té(?r’gﬁg%rﬁnghet %bé)%? gﬁ@%“ﬁé%%ﬁg’te: ég%ya&“%lr E t§ @QI%XF}%LS

[ KBT/ (KV) ef f loafdept b BriiFdricthagneticdlly dddplisg tdpetiet aepdin veventicalbt sppgd-fiel d, T
is the tenperature, kB is the Boltzmann constant, and, fo

P
measur ement fapasg n@m@di@ﬂawmg?tm%gm?ﬂ@@@M@&baﬂ%arﬁ@Sﬁlﬁg%&to_ Hz.
The effective [frglgelre ?él’sgg’&f\fe!lﬁégrfeﬁé/ﬁ&ﬁeﬁ@@%o d5he fzﬂcfb%gedf fRfhA diddig@ andf it as

78.9 kBT for 9 grain e convention nmedi a and 81. 9°kBT for the
magneti c gy aigpgNRN the main recording | ayer of the AFC nedia of the

invention. The observed increase in the effective, engr barrier. for
magnetic grains i BQREINS 1531F1%GI(:S¢3 ia i%cthalﬂétwt it gSt%'f‘ﬁet%i &‘F%ﬁ”dﬂﬁaﬂg fi‘leélo

coupl i ng bet %&Q—s&nﬂ%n i pieg,\gcodggl Q)grticﬁ@d oft alivbia? alein®Bdineyi® Sof Thati-above
data denonstrate the efficacy of the inventive concept of .

anti - f er r onaderetmagdetivaltyoupubled (A€} hesrpendisaiar sraguetia ireeardipes prdidd- apart

BT Gnnent  ofCRiERE P abpaRervanrager (e praredrEn bt athtatRead |
stabi | i ty; angpeddn IPNRcording 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,



Adverting to FIGS. 5 - 9, schematically illustrated therein, in sinplified
cross-sectional view, are portions of several enbodinments of anti-

f er r omagneta @akdose coupl ed (AFC) perpendi cul ar magnetic recaTdisey20mdi a
according to the present invention. Alfirst enbodi ment of a magnetic
recording 15 medium 20 according to the invention is shown in FIG 5 and
includes a non- negnetic spacer layer for providing RKKY-type
anti-ferromagnetic (AFC) coupling of a pair of vertically spaced apart,
megnet i cal | yc%%ﬁdp&{ eRel e Aoft f&foﬁ%@ﬁ&[@ﬁa&naﬁ!&%@ted ifrdn Nid NiB¥er ,
stabilization Tayer an an upper, main recording |layer. More speC|f| cal ly,
medi um 20 cofRermalés)Aa GmoerfﬁngrGr 20025t Cailfalr Gobe, Sappel: iie§idlhe | ayer

ook corst AN, WRGTEELR, D Pl BhEund bl BT o

Ni P-pl at ed- Al,sfhidithrd, |s@ﬁ$nag%t’il§und€«ﬂa§@8&ﬂa}aédrﬁpﬁse a8tabetit 1)000- Avigoet i ¢

metals, other non-nmagnetic allo | ass, ceram cs, polyners,
gl ass- cer ami ager afideCodhmpdlisrmative magRetitapederiaer éofnaYTPfénErFﬁecRness of

substrate 2 | t |
rodia for usBirthaf vtk Sb%pﬁ‘gﬁﬁwf?{%%?ai SoppldfecC0 By AeaBAP Hif ndecor i N0
E: glnf :2? Sj\n ts Eﬁ{aﬁﬁét@”meﬂ@}’@ 10l ifeenddHe onetHns adirytact rW191 i tupperGuefateyofithe and i n

e upper surface of substrate 2 ft
u Q?Sr | ayer 3safbmeenaiisdingeriayer dbanst CWISE%%W ?%%209“ 300 Ackic F‘a\%f WO
49086 P /
materi al sel 8( H?géfor%ga%q%ﬂ a{? lﬁ_&-m?{(a Sze?frém teﬁél e Mﬁ P&EOMZrIfCrGRer qt[ggngf '
CoTaZr, GoFeHH, F.ﬁloyEe}Nred?e&I Ahexagbedbi Q- Mse@aﬂ'm-@;agﬁam allloylﬁeiﬂam; le@dRoz! |

FeCoB, and FeCoC._ B illustration only, soft magnetic underl ayer 3
may conpri sehRn aQ @OO A thick 5 layer of FeCoB. Alternatively, soft
magneti ¢ under| R Bg’rdg:%y CORRRI&RioR, tHel SHhdk lrﬁagneu‘lcah@m& gp&aiduldragnet i
materi al separate [Peast "one thin, non- netic mter?ayer 4 s

fo(r]I rreld in O\é&frfqrma@emmmmuhng\ﬂa:yhr tSth tbpﬁ@n\@upnai ecafigured pespindigwginet i c
vndert ayer magggtlccr%ngrclllﬁsger?le(%umaf)oﬁjustr%t%dtn? P‘?EOY i?’e%?ac@‘d WK sdr2MGEn-

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



or layers of at |east one non-magnetic material selected fromPt, Pd, Ir
Re, Ru, 10 Hf, alloys thereof, or a hexagonal Co-based non-nagnetic all ogl
with at |weasdsoesss of Cr, Pt, Ta, and B. According to the HOVEswReRY the
singl e magnetically hard, perpendicul & ferromagnetic recording |ayer 5 of
the conventional ly configured perpendicular negnetic recording nediuml
illustrated in FIG 1 is replaced with a sandwi ch 15 type structure
conprised of a pair of strongly anti-ferromagnetically coupled (AFC),

magneti cal ly hard, perpendicul ar ferro netlczl
means of a cGYP ?Hbays FB’E‘QPEﬁ g gW Ostﬁgg’lg’flﬁ %@39 ﬁyt%@eﬁ%%ﬁ"gﬁﬁ‘e&"?%%tem%c
structure ¢ rieeR/Pa & PHL, or0(FeCOXEPd BRAMR Glildyyr Raddetipsugeeladiceul ar

2

ferromagnetic l'ayer 6, ternmed a "stabilization layer" and a second, or
upper nmgnet stostirg, Wherd 7 is@npetegesfaom gbet ¥ 1o Fonhdheerk of Hredlternatingy ned a

“main recordjng | r. i ch pair I :

coupling st rl?é?{?r‘)z%i%ﬁ‘&#sﬁwﬁgbaé? ’IoégsO? Ega%%ﬁgﬁ%ﬁﬁaﬁggﬁg&@gg@gg%g? | ayer 7
conpri sed50f AR AQD-ATBEEAIETN 6 ATHERT b cls@brcickdtaddrqn ohd greup aohsistipg dRKKY- t ype
anti-ferromagnetic cougl ing (AFC) effect

imtation adh. B Mongu $1|r S, Nbyr Ny, Md-wgéd“%hggg{;{?ggg@g%ﬁgﬁot%ut o
Const tuti ng"PRatepdfy PEIFEE fool BOETTIACLE IS MCI HBARES boEng
o 56 o e im0t aneschapomor et ol ooy
Ztna ;Ir'gl nB,r el(\:/B{flo}lﬁquﬁr{tl' P“ﬁ%r,"e.tllﬁef"/) ; gahatwn otrhet?‘ugblgf%ﬁnl Pl;(gtllg%n | ayer 6
bout - 10 10 B o S pi g‘rm’éiej'ff‘ﬁ?‘%"g?mg' P,

or (FeCoX/ PdaboutPt) A thick.t layeryef ansapreegreticupaieriak sqleaed fromdeu g Pher e n
Co- based, - Peceaitire o RicBholrSGECa Reora i RiSs Trom about 1.5 10 5
about 10 A thick, Medismalo h@dShrieiecoiRive Hrotsaivecsetedat @O thd hgwivapt
consisting of Pt, Ta, B, M, F Si, G, Nb, N, Cr, and and each of
t he al ter nat topgpohtal Erlgyeass sequentlalfy formed in conventional fashion, as by sputtering
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-



non-magnetic Pd or Pt is fromabout 3 to about 15 A thick; and the coupling
structure including at |east thin, non-magnetic spacer layer 7 providing a
| arge amwonas/iadosant i -ferromagnetic coupling between the st@bisozzedsdon and
main 10 recording |ayers may conprisel@an about 2 to about 15 A thick, e.g.,
an about 4 to about 11 A thick, layer of a non-magnetic material selected
fromthe group consisting of Ru, Rh, Ir, C, Cu, Re, V, and their alloys.
{\/Edl un}[ ZETmlay further conpr:ﬂse protective overcoat PO and | ubri cant

opcoat. LSt SALENR@! 7 ¥nd BE WPer, hakP ¢RI .,

Sputtering %%an&sﬁﬁp%?n%, respectr{iﬁgel’y, ove?%%%ﬁzgrp%?ﬁ?ugpggﬁﬁééfgyt he

s ﬁc ond, or ) u pp%nbgﬂhnm i gnmegretic agendieg madiwh 40a3cepmling @ e dewntiobut not
shown in the odinents of. Fl GG - i.n_order . [
Sbscur et ho REFEAUEr oSGt TSR BH ks PRCL B in el EEGRAT Ble ¥

illustrate enpadhipRBS sphoct NBePrRaRNthd Movasn] babiliz2@ngeesn ahd&FIGodpl i n
structure consists essegti al f‘yy of the afore’me_nti oned non- ﬂa netic gpacgr

| ayer OI_7 irﬁlteril;hm@ws vat sneleadlimentt af camagnefisaeeerdmngamediamad) psoPEng A thend nai n
recording layers.6 and 5 r i vel. eqst i
interface | agllé‘fengc’%t&lgﬁrelpeaafgﬁ&gl% lllel\ﬁ%t%gfg%gla ert%‘\}égﬁtlst ﬁg&%g{%&gﬁgpﬁ' gpacer

| ?ygfl 7 ?_nd iﬁtlaﬁ‘adéﬁIﬁbgfv]geeﬁmlhdlnc?ﬁmagﬁtimgph@ymye157 andifheruppére nlagwecording
stabilization | ayer or 25 further increasing RKKY-type coupling between
the | ower and@yep @fldtfpfelpb’éhdtaémzé?mf@V?ro{ragneti c layers 6 andp5, )

respectively. Mor %&ct%BFtﬁI'l -iocﬁfgli){venlt:llo : el dfl tHS rAinesndile a&eMde TByd:s 8 an AFC

per pendi cul ar magneti ¢ recording nedi um 30 according to the invention,
wherein B f &yt ahgnef imediardle b aarel Shyenpdsesiag appetsknonakayee anabepf ace

bet ween the naon, WO 03/ 049086 .PCT/ US02/ 20040. ., 19 ti . |
the upper, mdi0nAriBIcKIaYH Pl 3 fretompengma tig] Pﬁ%lflgn%tg snguratcfonsgl%%%é&z%@rfr of7 gnd

an e

nmagneti c recqyflicnd, SEfoUWRm . FaeR b kitdfetdniabetici@pfat®yers\vl) Sy cart 8,
ferromagnetic interface layer 8L is present at the interface betweep the

gon- magnet i ¢ mpacenptissyehigh merdentredementeor allay selpsted omoke: &8y dieCs: atthd FI G
their alloys containing at least one element selected from Cr, Pt, Ta, B, Mo, Ru,

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
reco:dir__lg~léyer 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.



S illustrates an enbodi nent of a magnetic recording medium 50 according to
the invention, wherein a ferromagnetic interface |ayer 8u, 8L is present
at each oWadsm4oisat er f aces between the non-magnetic spacerpdTaysee/2004and t he
upper, main recording layer 5 and theo |ower, stabilization layer 5.
According to the invention, each of the ferromagnetic interface |ayers 8
10 8U, and 8L of nedia 30, 40, and 50 conprises an about 1 nonolayer to én
about 40 A thick layer of a ferronagnetic naterial havi ng a saturation

magneti zation value M5 > 300 enu/cc. E the ferr etic.interf
:cayerlsé 8, 8u andFi$L. 9 HptrRigsn3, magnelc 4y uIHD ﬁ?m%rﬂsérﬁﬁszn?%?eilp%i/o el egtC gd
rom Fe, i
sel ect od f Com %@i’m I%n(éouﬁlg'@ pE%h&l@Mﬁr ?&fﬂrﬁdg‘ﬂbﬂg I@TefsJ 51:3,952 djﬂﬂer'gglb&gﬁ@t and W
\\/I\Qrelrgsnaérgsﬁm?ammfh tmagnkeun sifac@o, la}fees 7m,r 7Golaé>ngl Withh eesapetbip lawezoffiR ant or

e thickne t t
8L from hi gh&FTOREERe, e, ?%Fﬁﬁ%eés hagﬁn ﬁ’Bt.hlﬁe %%g%eéé’r r%‘g%re’l?J gnd

| over neak apybR!Sy;f 86 Mbd1bmt51£ﬁluft1’&wr1nclﬁcﬂab®ﬂd pérpemilcdla‘y}ema@nﬂrcaﬂhe upper,
mai n recordi ng | ayer 5. 20 The pr esent invention also contenpl ates

f?r rrEt |don of amfsgmq gabilizafionilawgr 6nedi a conprising at | east one additional
stacked pair o e dWh

non- magnetic spacel ayée?)hg}?’_ acﬁgglggtlh&trg%gﬁ&?ﬁ éﬂﬁla%&é’ggfh? of Igﬂ;@?s
conprises a Bﬁ:@étﬁtlhﬁeritﬁnetnCWdﬁﬂg ﬂ&)&@@lﬁdh@mi@netimgmqﬂmg sinicsiog, rogyy beand a
non- magneti c spacer | ayer, ch hat netl C Iay rs angcF non-gip{}%i c 25

spacer | ayer gepgsited piap e%h‘}ﬁfb ytcﬁPY: Vapa’g/ POgHIQ
magneti c ;€N EAVACTd h i ween
adj acent lr(%agﬁeé: lg%sl @Bgcrls pr |Hnegerlill y ﬁ?(vk@?e y%e?pc%ggﬁ% r?g%g%w glg%r(l)dlﬁghdl pol e

i nteracti onspf BV teddjmpms sdedted ﬁromvspd%eram; Namnmwaetbraa@m,gmmnt s of the
magneti c nonents

The modi @, W 03/ GH0Bk-RETIeBB 2ot nerr Ny (FpURH AL E%eg 07"

medi um 60 coppEhsi QtagleSh kft6al@ksraingfden bedibillyr eepptiedeardipgndi cul ar
ferromagnetic IEH%Fjlnye}?s %‘% and respegtl Vgi%gp@b girpd cRtpe
media, which medla achieve improved thermal stability and SMNR via magnetic

15 coupling of 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



thin non-magnetic spacer layers 71, 72, along with respective |lower thin
ferromagnetic interface |layers 8L1, 8L2 and upper thin ferromagnetic

i nterfacews dsapeiss 8ul, 8U2. Medium 60 further includes ormempesSopeadbcul arly
magnetically anisotropic stabilizatian |ayer 6. Advantageously, each of
the illustrated thin filmlayers of the nedia of the present invention,

i ncl udi ng those of the magnetic coupling structure, nmay be deposited or

ot herwi se fornmed by conventional physical vapor deposition (PVD) 10

techni ques (n SGLAiP rej : i ty) . u I ihBP.heeh Dy a
conbi nati on mgﬁaﬂ g%%gﬁ%‘%ﬁeﬁb%g%lg%tgwéﬂ%% grbcﬁts?gﬁ?ﬁeg, h%/‘?calg?nb

evapor at i on, detsibedih®rsrament unnaeesserilp nbschreshe gresernt dnpsoiet.y provi des hi gh
quality, thermally. stable, high,areal recgordin ensi t e iequl ar
magnet i ¢ recor di ngMYEg; Brefeigs gﬁlbﬁé‘d‘?eéltsa%ﬁ&‘&%ei%ﬁgPB’\%%%( E%Jr Br‘g‘{]glsf%gbi lity
and SM\R Vi a.pRanet iGislr&eus) ir83he¥m andragRabécl thy phaed digesspendisul ar

mai n ferromagnetic recording” |ayer with another magnetically hard

per pendi cél ato benndersignéttha theyeesent inyention isseanpblei Aatseon Yauipas Othsr eover ,

t he inventive ngethodol o can. b cticed i £0st -ef jV ner
utilizing coRVBRTREHSI a%énueflgg?lﬁr?ig}{ﬁg %%%h%ol%é@epgﬁg %fgu{hgﬁ ér?t %{‘gﬁ’g ,
sputtering tgpafaaens Wwilkihpiesbpe bithe Mventivd eticetas gepressad ber2id. nanuf act ur e
of magnetic recording media, such as hard disks. Finally, the invention is
not limted to use with hard disks but rather is broadly applicable to the
formation -of thermally stable, high areal density perpendicul ar nagnetic
recording nedia 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 wunderstanding of the present invention. However,
the present invention can be practiced without resorting to the details
specifically set forth herein. In other WO 03/049086 PCT/ US02/ 20040 21

i nstances, well-known processing techniques and structures have not been



described in order not to unnecessarily obscure the present invention. Only
the preferred enbodi ments of the present invention and but a few exanples
of its vewsmisiupasy are shown and described in the present miTBCSRRUHMe. It is
5 to be understood that the present i2wvention is capable of use in various
ot her conbinations and environments and is susceptible of changes and/or
nodi fications within the scope of the inventive concept as expressed
herein. WD 03/049086 PCT/ US02/ 20040 22 Wsat is Cained Is: 1. A high
areal recording density, anti-ferromagnetically coupled ("AFC')
perpend|cu!amnﬁmgnghhﬁaiggording medi um (20 - 60), conprising: (a) a

non- magneti c substrate (2) having a surface; and (b) a l|ayer stack forned
over said substrate surface, said |ayer stack 5 conprising, in overlying

sequence from sai g subs{ nae afdal fracRdindNdendilp! hiati erondenenually | srgledl a
magnetical ly soft ferrorraqlgéneti c mat erlgal oirﬂﬁa plurality of _Iyayers of

magnet i cal | y (‘S9FG")fperpeodigulaemagnetigaeesdiag medpum S0PMcomprisingon- magnet i ¢

spacer |a ;at | = N .
pgr pendi cﬁle;fl yaaﬁ?)ggf%§§g'§n%%§%l : [ zg%t%gzr?l}%g?{graa%ﬁgmééé%rvilgeg of a hard
ferromagneti c mat gp) al a laydtosackefonaed overpmaiksublsayersutfdye, samdlager stack

per pendi cul arly anisotropic main recording |layer (5) conprised of a hard
f err omagnét i EOMAEERE R OV SFRERCETH S@Eﬁb@%@f%ﬁ&‘ﬂéﬁ:ynﬁm sot ropi ¢

stabilization layer (6),and rﬁagle'fis R6MPRAA! Il Radnkti@illy ST ITORbRagrRLD
recording layer (5) argnant?- erggnaggeticallygicéu Ped (AFC)mg%#oss sai d
non- magnet i ¢ spac etatériater a pliralitp obtayerstof meagnetidaly sei FTRRAgNAeG e of

her el ot abi | |ty Pyt b S O G agl P res PoeBf o ng- medi um s 1 n
claim1, 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:



wherein: said non-magnetic spacer layer (7) is fromabout 2 to about 15 A
thick, selected to naxim ze anti-ferromagnetic coupling between

st abi | i zawiooos/o4goger (6) 5 and main recording |ayer (5), aud/coopedsses a
material selected fromthe group cons2sting of Ru, Rh, Ir, C, Cu, Re, V,
and their alloys; and said |ayer stack (b) optionally further conprises:
WO 03/ 049086 PCT/ US02/ 20040 23 at |east one ferronmagnetic interface |ayer
(8) at at least one interface between said non-magnetic spacer |ayer (7)
and sai d main recqrding | a%etodhadneBl dntedflcs ydr 38R bi ZAL Bfe limy@ice( 6) . 3.
The perpendi cul ar magnetic recording nediumas in claim2, wherein: said
at | east one bkgrdenraidnehimagnetie spamerlayeny(@) ardaid mapy ieserdingdeyer k® andt er f ace
bet ween sai d ngn- netic s er layer (7) and said main recording

| ayer, (5)10 4.531?*%&%?%‘1]5%&3’8&% r magnetic recording mediumas in claim2,
wherein: said at |east one ferromagnetic interface layer (8) is present at
the interface betsneen gai &@@mmnﬁiag@etﬁzpmefdiﬂ@wdu(ﬂ)asaimd chamd?,
stabilization layer (6). 5. The perpendicular magnetic recordi ng nedi um as
in claim?2, wheefr}ei n: said at | east one ferromagnetic interface |ayer (8)
is present at the i o L T8 j r (7)
and each of said ’idnnatt?%gféé“%sz%?‘ﬁéﬁﬁgﬁz’?‘b‘?%@%d sgig f%?%%?ﬁ?zlgﬂfﬁgﬁrl ayer
(6). 6. The petpendhiddoarmamgtiespacer nyar(d) agl sagbinaimracording ddyar )2,
wherein: said at | east one ferromagnetic interface |layer (8) conprises an

about 1 nonol ayer, 'to gn about., 40 A thick |layer of a.ferfor i
mat eri al havi ngya 45 sa rﬁ?ripf)’i‘fhﬂaﬁrngtai@%tfcl E?f%f)%]il em?\qgglﬁ éfog@giﬁ cgf

wherein:

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

between said non-magnetic spacer layer (7) and said stabilization layer (6).

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,



7. The perpendi cul ar magnetic recording nediumas in claim®6, wherein:
said at | east one ferromagnetic interface |layer (8) conprises a layer of a
hi gh nonewto @sloasmsnt or all oy selected from Fe, Co, FeCo, aui/vdweizoodal | oys

5 containing at | east one elenment selected fromC, Pt, Ta, B, Mo, Ru, Si,
Ge, Nb, WD 03/049086 PCT/US02/20040 24 Ni, Cu, Ag, Au, and W wherein the
concentration of Co, Fe, or CoFe in the alloy 1is constant or varies across
the thickness of said at | east one interface |ayer (8) from higher near an

interface w t} &3l AgNON-AMBONEWhéEeBRAE ednckityfion(of)Cot Be v@oTe inelar alby
interface with’ sai d stabi | i zation | ayer (6) or said mai.n recordi ngs)l ayer

(5). 8. The perysial ouNaresmsgrsithe thidesssring haldeashoas niFrfagepysr !
wher el n: sal g;l aé e% he? 8 ar gﬁetrﬂl%é V{flﬂpsdf(gﬁ&-ﬂfagh@tﬁsEpa@%la?ﬂd(ﬂ)'t@rlé’«lvels'[ acked

pair of Ween said main recording and said non-nmagnetic
spacer | ayer nebr dnfihterfaodith Shid gtabiljretigrelagera(6) alrslayd mmnsccordmgdaméﬁietl c

| ayer (5) and a non magnetic spacer | ayer (7) such that said | ayer stack
conprises alternatjng gnet i ers S rilayers
(7), and magnetic %ener gif€sPYpe ndé%%ﬂ %Z%I {:ecf)% rT":;’ldﬁﬂgcoup Rﬁagjﬁener gi es
between sai d pmgggtic layers are seI ect ed to provide anti-parallel
alignment of magnetic nmoments of adjacent 10 magnetjc |ayers during data

storage 19 sald m““h’l‘/e‘g“aqfﬁ@rﬁ@rp%qi@ﬁeéLﬁtdﬁaSﬁﬂ’@ﬁ@@fiﬁlon@cﬁﬁ%ﬁeﬁd’% um as
(8) “at a1 edetert RevieR hp gl osoling IR (MR \EILAIBAREKLE hkFlaeer Ty

n sa non- nagnet | spa yers (7)

and sai d mainz ?e@&ﬁﬂﬁm Iaay@p@d(&uarlﬁammrm anegpetic Ilamt(ﬁbmndaayewn( 6). 10.
The perpendicul ar magnetic recording

as in clai V\/ﬂ n: said
stabi | i zat i ormagngtie fPejeralfes Al s¥ah nth?teé?%iiq]d]i"‘ﬁ"gr P@%rcomlsgsa SO i se

magnetic layers (5) and non-magnetic spacer layers (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:



an about 3 to about 300 A thick |layer of a ferromagnetic all oy sel ected
fromCoCr 5 and CoCr containing at | east one el enent selected fromPt, Ta,
B, Mo, RuwaBi3o48s Nb, Fe, Ni, and W 11. The perpendi culraT/vsognei4 c
recording nediumas in claiml, whergdn: WO 03/049086 PCT/ US02/20040 25
said stabilization layer (6) and said main recording |ayer (5) each
conprise an about 10 to about 300 A thick layer of a (CoX/Pd or Pt),,,
(FexX/Pd or Pt),,, or 5 (FeCoX/Pd or Pt)" multilayer nmagnetic superlattice
structure, where n.i iz inkreddRds r 23),eabl@€dingriset he
alternating | ayerrsgalg%taggl-zhg{)srg%%ﬂ:@ %Ha%g%%lgr CoF%—gg%Iseegérra neti 1(§:ﬁal loy is
from about 1ah aboutalicttabd@ W0t Aitiikk lager of a EEoX/Bdsr Pohne (E@Pé’ﬁgm PYel &ct ed

fromthe gro i,Sti of .F Ta, B..M S , and W
and each %’f ?ﬁ@é&?&%? Bﬁdmlllgtfggs “%?#n"’r%‘o"n?‘%%fgﬁ%‘f?cs’“ﬁaﬁg?’ W%reg% i s%1 from
about 3 to aBgllerkRmiabhitCkio abdut T} eagieopiidiltertating tegredfi Co-basedy Be-ng
mediumas in claiml, wherein: said non-magnetic_substr ﬁﬁ%k %)rrpri ses a

material sel deseddor Cole-bared HrengsicaYAL isEPMGbart I- A0 awﬁbﬁ% 5 A -My
Il oys, oth -b ' NORs ' t
alloys, 0 era&ﬁlagycgl,%eeg?rﬁérlt Wiketed AR the%r?@?ng?dgﬁﬂggbf ©t,"BL &, Mo, T,

non- magneti c ass, ceramcs, po ass- ceramcs, and
conposi t es amgy, Wb, NiNCaind Wi hey ech;of sk atenmeding |1ayesy of B)n-pegmticdksoran about
500 to about 4,000 A thick |ayer_.c rised of at |east one soft

fer r omagnkl i @tipiremiakputsioabedyl I‘&Otﬁirg%l , NiFe (Permalloy), Co, CoZr,

CoZr Cr, CoZrNb, CoTaZr, CoFe, Fe, FeN, FeSiAl, 10 FeSi AN, FeTaC, FeAlN,

FeTaN, CoFeZr, FeGeB, angd p&fefdicdmdnsghdicatecorisd nigtturhnaeil ajem (4)
conprises an about 10 to about 300 A thick layer or layers of at |east one
non- magnet i c wiergni al selected fromPt, Pd, Ir, Re, Ru, Hf, alloys

thereof, or a hexagongl, CRphAR°HiRR: TBFeGhbfise!d Mhdtal Rofdlich GRHH thone of

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).



13. The perpendi cul ar magnetic recording nediumas in claim1, further
conprising: (c) a protective overcoat |ayer (PO on said main recording

| ayer (5)wo@ndo®e(d) a |ubricant topcoat |ayer (LT) over maA/gsoprai4ecti ve
overcoat layer (PO. WD 03/049086 PCI¢ US02/ 20040 26 14. A nethod of

manuf acturing a high areal recording density, anti- ferromagnetically

coupl ed ("AFC') perpendi cul ar nmagnetic recordi ng nedium conprising the
steps of: (a) providing a non-magnetic substrate (2) having a surface; and
5 (b) formng a | ayer stack over said substrate surface, conprising the
follow ng sequentild., stA&psethad of aramifagtusing g kighyarery reegdiepaensfy, laagier s from

magnet | cal | y 1EBPRAEREHRBHEGHUET & AL ariaPerai e GRSt (g SR E Ay S
magnetical |y c%?ﬁﬂrisi]n% tH@E@ﬁg & separated by thin non-magnetic spacer |ayers;

(b2) forming at | east one non-magnetic interlayer (4); (b3) formng a
per pendi cul arl y ar(@kot rmpviding aatsinkinzgnetio subsiipier(2) Bjvingospfacecdof a hard

ferromagnetic material;.(bd) form n- J nacer er ; and
15 (b5) fo% mng a @ r peﬁ?g‘?jg%l %?alyf/r %%?lg 8?%0%@%&?&%@%?%icﬁlél?’f/lgl%rt@ (5)
conprised of RIbwnG deglisrRiARges foe fomiieg bdbyeriny edquesai of Ipgyrp&odi eid ar | y
ani sotropic stabilization |layer (6) and said perpendicularly anisotropic
mai n recor di niybstEjesurfasy: are anti-ferromagnetically coupled (AFC) across

PaLS nom manct ¢ Specsty emEDal Aueierlo SaplRana fogbumRts
and thernmal st abi |fetrgmagnetic material or a plurality of layers of magnetically soft
10 material separated by thin non-magnetic spacer layers;
(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:



15. The nmethod according to claim 14, wherein: step (b4) conprises formng
an about 2 to about 15 A thick layer of a non- nmagnetic material selected
to maxi m we @nudoster r onagneti ¢ coupl i ng between stabili zadmovsocaysao (6)
and main recording |ayer (5), chosen £Tomthe group 5 consisting' of Ru,

Rh, Ir, C, Cu, Re, V, and their alloys; and said nethod optionally
further conprises the step of. WO 03/049086 PCT/ US02/20040 27 (b6) formng
at | east one ferromagnetic interface layer (8) at at |east one interface
bet ween sai d non- ngnetfoiniapackastloay &rromigneticlinsafade tagemn(8) et:ajﬂchsngle | ayer

(5) and said stabiljzation |ayer (6),. wherein st ri ses, one of
the 10 foll ameﬁgceab@téwmtsmde%on-wgneﬂsr%l?ﬁ%‘g §%ﬁrcﬁg@§‘$éé’§tmﬂ reF%‘idI“@rragnetl C

interface | ax%éeirg@ andagal@gtab Qt‘i(;rf"&? 1?@5 V‘@E?e : or (BQPC&HMS%E bfic SPaEEr | ayer

(7) and said recording layer hg salid at | east one
ferromagnel i cfollmimgfaaematmqser (8) 15 at an interface between said
non- magneti c spacer | ay

stablllzatlonl r 6' nd (iii)
forming said at |east é%’?’&‘ﬁﬁéﬁgta? feast Qog ferrqragngtic, %%ce aé%f terfaces
bet ween said non- @Qﬁ‘%téﬁac%%ﬁ%en'sé’éﬁ@fon(rﬂégn@ﬁéjslﬁt@@ﬁlaﬁr (PRind said@hainr ecor di ng
| ayer (5) and said stabilization layer (6). 20 16. The nethod according to

claim15, wherein rsccgém:gﬁ@)eréi)rrpn ses formng an about 1 nonolayer to an

about 40 A thick Laver @ 2 bEERTRANEHLS orIRhEhAnehoih B fysptyyr at on

magneti zati on val ue I\/S risin ment or

al l oy sel egted fr afafréntei@re betteen sallddlohhﬁagnea& kphyt@r 15yero§mzmdrsamlg at | east
one el enent selected fromCr, Pt, Ta, B, Mo, Ru, Si, Ge, Nb, N, Cu, Ag,
Au, and W wherei rptabilization dayRE (03t #9n  of Co, Fe, or CoFe in the all oy is

fg;; a(n;[g) or varies acrqgs) t g hidbGkiaes kadfonsdetordhoreBAferRE 14yt ()f ace
at interfaces between said non-magnetic spacer layer (7) and each of said
main recording layer (5) and said stabilization layer (6).
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);



from hi gher near an interface with said non-magnetic spacer layer (7) to

| ower near an interface with said stabilization layer (6) or said main
recor di ngwomsaneoss) . 17. The met hod according to cl ai m 14,poesoei2on4st ep (b)
further conprises the sequential steps of: (b6) form ng a 'non-nmagnetic
spacer layer (7) in overlying contact with the main recording |ayer (5)
formed in step (b5); and 5 (b7) form ng a perpendicularly anisotropic nmain
recording layer (5) in overlying contact with the non-nagnetic spacer

layer (7) forned iyhetdi®Rhd B 'n&@oﬂ%éﬂé&ﬁﬁ@ sRET(HJSORI02@A40y s (bheisi n t he
sequence of performng step (h6) fo Iowe% by step (

) bYL i perf%r ms}ﬂ1 one or
more times armpgrfomes oy orBIORT 181 agd step) () comprigs &etEh it SGP (®)o?ti ng at
| east one Terff;%grar}.%tlé Gt bRL %lfr&}ﬁ%nleﬁé’ ‘?ﬁtel?ﬁ%e Blerals) | #38 UeRDNBNé MiBFhace 10
bet ween sai d "non- gneatl c spacer Tayers (/) ahd said nmain recordi ng | ayers
(5) and Bni besiehishidzadn-maghetigespaded YlayetsS(7) Eind saicl heig rseerdingi lagers ¢Sk | ai m

14, wherein: step and (b5). for formng said stabilization (6) and
mai n recordi ﬁﬁdég‘a Sgallggi@?%n@&@ﬁ%éonpri se form ng a perpendicularly
ani sotropic, hard ferromagnetic |ayer selected fromthe follow ng

alternatives: 5 (iR, an BRGHthed dRortnatto 3 W, Wheekn:| ayer of a
ferromagnetic alloy selected from CoCr and CoCr contajning at ] egst one
corging (oY

el ement  sel ect ed stapshspend Gha) fop forpng said stebilizetion (ghandogainNe and
(i) an about, 10 to,about . ' ‘59 Rl P ferroRtaonetide X/ Pd
or Pt), or (ﬁ@&%?—% %O%s)%,q?n@ﬁl%ﬁ ?a éelfdyﬁ{éaéﬁfe??g&l s’uprerlefftrttiaz:géle
structure, Wigye selettsd fom tht Sgkiwifig elterakioes: 1 to about 25, each of the

alternating | ayers of Cp-based, Fe-based, . aor Fe; bas netic. alloy is
from about>1.5 to about®10 ADARPS to)?%PEt 33)[%4&3%1? ¥a5ﬁre§(éj’l %%g???gneilgl ect ed
fromthe group Cona?l'o?tsél'@&e&’?roﬁf coCPandBoMoonfRihinght leds ond\Blembht,  Cr, and W
and each of the altefnating layers of non-magnetic Pd or Pt is

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:
étep (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



15 from about 3 to about 15 A thick. 1'9-.. The nmethod according to claim
14, wherein: step (a) conprises providing a non-nagnetic substrate (2)
conpri si nwo3/meiser i al sel ected fromthe group consi sti ng RAT/USR/20040

Ni P-plated Al, Al-M alloys, other A9 based alloys, other non-magnetic
netal s, other non-magnetic alloys, 5 glass, ceramcs, polyners,

gl ass-ceram cs, and conposites and/or |am nates thereof; step (bl)
conprises form ng an underlayer (3) conprising an about 500 to about 4,000
A thick | ayersebstagrfremdNipNilt (HeeaslioydnEo,6i4r, CeZrmaghsib, Colal/er Calie, WO

Cozrcr - Chornes: Femrsm B R FETHE PRy by, et SRATR, sibliseeCiiontn,

FeTaN, CoFeZr, FeCy SbripsiRECformAER 16RLInERRRL} EQhPidige & abRASt one
interlayer (4 congfii, gsbi%r:g.an aboout 1% to abI(l)ut BSKW%N cegllg%/eraor | ayers
the

of at least o ureddedi thickelpier el layers|ofcat depst ooennPp-mampeti¢ mateReal Ru,
Hf , alloys the fa, n - e - netic, all W th at

| east one of séie?é?elgtt:rglﬁlﬁ ’ Igaﬁgg%%’ g%dﬁgélh §§Sn%te %gg O(r:gqn%?(?%oélgl éig)ggeﬁleannﬁrt her
steps of: (c)mhgieticrafion withodteéedst e OVET, POATa, laaY B; aaPAidanethed cormpides
recordi ng Ia%gr; and (d) formng a lubricant topcoat |ayer (LT) over said
protectivéd obefedher sieryer:. 20. A high areal recording density,

anti-fert omgnet | cah! ¥, fEMRLH prdhedfiCobeRBRPRIC )n TRARRL GedRRAL Il NG

medi um conprising:’(a r-of vertical p apart, perpen ularly
magnet i cal | y lager; smd ropi c | ayers (5, 6) each conprised of a hard

ferromagnetic materjal; . and 5 ( means for anti- romagnet,i cal |l y. coupling
said pair of verti'@ll yfor@ﬁlﬁcé‘d?@ﬁlé?‘% Ewg?ts?qygr o&lelénpv?rhéalﬂaﬁwgfe(‘@enonent s
thereof anti-pry@at Blye@nd thereby provide said mediumwith increased SM\R
and thermal stability. :

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.



