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"Fiél'd of the invention *167167* This invention relates generally tlof APR 2005
magneti c recording media, and nore particularly to thermally stable high
density media. Background*¥FVATRE YHPERTE GFCER MERal magnetic recording
medi a, such as the magnetic recording disks in hard disk drives, typically
use a granular ferromagnetic |ayer, such as a sputter-deposited

cobalt-platinum (CoPt) alloy, as the recording nedium Eac M m
domain in the magnetic layer is conprised of many snall malm wﬂwmm ‘@m S.
The transitions between nmagnetizegd doraiyastapLesent the "bits,pf the
recorded data. IBMs US patents 4,789,598 and 5,523,173 describe this type
of conventional rigid disk. As the storage density of magnetic recording
di sks has i ncred@ked inverftéoprizdates genetrd 1y ermmegrie thagreetord&td ond M, ( ehe
magneti c Ned@Nbar PRl it to wolui®l 19f st aneorngnedis toaiafikal ) and the
magnetic | ayer thickness t has decreased. Simlarly, the coercive field or
coercivity (H) of the rragnetl c layer_ has |ncreased This has led to a
decrease in the ratio Mt/Hc.2 Y onin Mt, the
thickness t of the magnetic |ayer can be reduced, but only toalimt
because the | ayesnwhtior@xhidinktid NCEEASNOndBINEIE LLGRY, maMeeh has been

attri but edréc(?)rﬁb@g @%k@ qu Nﬂtﬁj 89?16%1\%@' '[[:}é-%%? u(é a4 aér §ul(t he

super par anagnet i ¢ ect romal s gnetic grain is to
a large extERC BRI fieE" by RE\AS FheE ek ,ePP§”ﬁ‘?e ‘F‘?ﬁg}r’ie?lrac,“&ﬁ‘l‘ s&eFbhy
const ant ofllice d:yée rRvd T Y rigs mediamy o| Ragh efgnet frednagrreni €n gibai mRInALi¢ he

| dyer thicknessis sofgeisedses maVy deal easgietid grdhie .| ayer ti4sGkDaSS bk swdD
thin, the slpred.dBapRtinG +df-Lomt iiQh Wikl 2 tﬂ&@gggré;e siabl ergf S mal

dskdr e er at ditiaqn proach esoltono
plrobl emI :/spafOtI%HE J%Q 5%% CL% §23a?12|0]so r(‘):f)i/berrﬁ eri é’Fe (Hi glé Ienlz'lj’nallﬁ\’l\%%

the increadesn K |s I i mted by the point where the coercivity H, whi ch
is approxi mtely equal to K'/M, becones too great to be witten by a
conventional regordiengJ1ead.defsits} Bk | @ignappy Q@&ﬂ'dlﬁg tQ shkeduce ithe Mg of the

magnet i c I@;gegorémctaoi Iesgdrenlaﬂmr mBQAéSJﬁQQ{_SiSGn py{thtemégneﬁl@'éogem p.ted, hy
t he coercivi A th tten,. Anoéh SO

u crease Jhe
i nt er gr anu{ Ar- ex& éﬁrmmagnetltc m?tetrﬁael effect| ve s gnetl gﬁﬁg“
magnetic ¢t4rREsEs i gjd‘?léé?é’d theugpRie field or cosrcivity B of the

magnetic layer has increased. This has led to a decrease in the ratio

Mrt/H.. To achieve the reduction in Mrt, the thickness t of the magnetic
layer can be reduced, but only to a limit because the layer will exhibit
increasing magnetic decay, which has been attributed to thermal activation
of small magnetic grains (the superparamagnetic effect). The thermal

' stability of a magnetic grain is éb a large extent determined by X,V, where
K, is the magnetic anisotropy constant of the layer and V is the volume of
the magnetic grain. As the layer thickness is decreased, V decreases. If
the. layer thickness is too thin, the stored magmetic information will no

longer be stable at normal disk drive operating conditions.

One approach to the solution of this problem is to move to a higher
anigotropy material (higher K,). However, the increase in X, is limited by
the point where the coercivity H., which is approximately equal to K,/Mr,
becomes too great to be written by a conventional recording head. A
similar approach is to reduce the Mr of the magnetic layer for a fixed
layer thickness, but this is also limited by the coercivity that can be
written. BAnother solution is to increase the intergranular exchange, so

that the effective magnetic volume V of the magnetic grains is increased.
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WO 02/ 09098 YWEH 81/ 03058 2 However, this approach has beerf’%ﬁ@ﬁﬁﬂ/‘i?’@*&)e
‘'deleterious to the intrinsic S|gnal-to nqi se ratio (SNR) of the magﬁe&

| ayer. GB Patent Application 2355018 di sclosures a magnetic recordi ng nedi a
with anti-ferromagnetically coupled ferromagnetic filns as the recording

| ayer. Magnetic recording nmedia with high intrinsic SNR (lowintrinsic
medi a noi sejoviesedeshtabbprdaetansebitn ishoweltb kaawnetdriRtato akhkoyn trediia
such as COFglg@xlai%Snomlaaifattllae'(él\ﬁt)rl)f‘stlh% !F%gxleglgolla§g I ncreases with
increasing |inear recording density. Media nolise ari ses from
irregularities in the magnetic transitions and results in random shifts of
t he readback si difaPapaakierlthesionr a3ddaP stistligswmre 7 efagneett trecasiihpaaddia
jitter" or wﬂthn&htjll- té@bmagnkl iiGa1Ny0b&Ip 108 e rBRd HR Lk €adImt Oash|tgbexrecm:(§1n
error rates, Lt is therefore desirable to develop a thin filmnetal al 1% oy
magnetic media that generates noi se bel ow a maxi num acceptable |evel so
that data can be recorded at nmaxi mum|linear density. It is known that
substanti al | y i fpeested SNRrdam bedachilevedgbyintephaid SYRa(Biwngherimmgaet i c
| ayer withsadiamonaéedsnagieide bbayge of ibWoe(10kndRY 3)1 é&ﬁaf al yREnetic

| ayer s t hatg,, rt R t giere yer.  Thi
di scovery mgﬁﬁaﬁ%gé‘ﬁ%?&% tllPa)r%:)gﬁ QQSPBQSQQ Iln%ﬁ%duc 5 olf aﬁé& a&ﬁm se in

Thin Fi | m MEERTEMBRI 2 ™BY" Lrﬁﬁ?lﬁjéf‘?o%e““PEEEMT?’aﬁlé‘atﬁ Gﬁés%fh fB8neti cs, Vol .
26, No. 5, iSEpddrbefiefodp thppracp7os: 270G it Apes subseudns | in patant epifitn of
IBM's U.S. thateniibaci)5igi288peakte IBoid6tiBRoh NHIREE GaridOL S gl @MaBatiQR S
bel i eved dygctor-aoHeGeuplispge.of tmsﬁﬁgﬁ%@ &edl%t fLALL hQ sortoeﬂ(Chanq;e

cdupl ing betyeen Ehe oy:] netd1er Ifa er S bé adm nat e.

| am nation foF nolrse reduction R eélﬁa Rt EnSIVELSP &t Eﬁaﬁ%& %‘b Al Ahey
favor abl e SPEREF | TR Hﬁttesa?%rétes ﬁe+im|bﬁ§ovoa mEripum\ec capdaRE lanel spacer

| | ayer thitbkhe®sessanf pomebotdedd80 Maximinhatingasdbisiith.t hee heskngacoup! i ng

of the nagaBiimtlaYEr Smproddd sihusad be davwesda Bediag 100l Ihig e has
been reported. i nnpaapgmiz eEmagne MU dack, et g? é% \Imlzgg Pro 9Ztretl eglgl ?

Mul til ayer _eLd Co-A%EI‘ net| ¢ Recor di rig - Medi a°, \TEEE"Tr a75a5T 1 P\%g”ﬁﬁlc
Magneti cs, =5 ﬁlﬁe 2CKB FPRRb &Y TQQ’G“?%‘“??(R?%?BS"‘E‘YN MTlha'flama et
al ., "l nteFPaiféfFrE&aﬁafrPgﬂé Bopl Fngamhetto/ €F /a0 - DiRssiuet 1qay of et Rechridiengn

Fi l ms St udifedh 15y 1bpienal\edi Broyl Louinat Sgat t EBRMGtandabEfonly @A SAdne0NSs, Ol 1 .
Magnet i C? 2¥0lno. 25,, SB@terr@er N@)\éentﬁ:r i&&lmm a§9@40b59 nt@pdpa%enEed Iignbert
et al. L?‘E@I rLabeg I}gggénq Lﬂo{iﬁe2£§r ?cncs onylrlx:eem(éabﬁgiOQSe by I%amlnatlon

Tr ansactl ons on, Magnetics anuar
is belleved due to a decoupllng of the magnetlc interaction or exchange

coupling between the magnetic layers in the laminate. The use of
lamination for noise reduction has been extensively studied to find the
favorable spacer layer materials, including Cr, CrV, Mo and Ru, and spacer
J layer thicknesses, from 5 to 400 &, that result in the best decoupling of
the magnetic layers , and thus the lowest media noise. This work has been
reported in papers by E. 8. Murdock, et al., “Noise Properties of
Multilayered Co-Alloy Magnetic Recording Media”, IEEE Transactions on
Magnetics, Vol. 26, No. 5, September 1990, pp. 2700-2705; A. Murayama, et
al., “Interlayer Exchange Coupling in Co/Cr/Co Double-Layered Recording
Films Studied by Spin-Wave Brillouin Scattering”, IEEE Transactions on
Magnetics, Vol. 27, No. 6, November 1991, PP. 5064-5066; and
S. E. Lambert, et al., “Laminated Media Noise for High Density Récording”,
IEEE Transactions on Magnetics, Vol. 29, No. 1, January 1993,
pp. 223-229. U.S. patent 5,462,796 and the related paper by E. Teng et
al., “Flash Chromium Interlayer for High Performance Disks with Superior
Noise and Coercivity Squareness”, IEEE Transactions on Magnetiés,,vﬁl.

29, No. 6, November 1993, pp. 3679-3681, describe a laminated low-noise
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pp. 223-229. U.S. patent 5,462,796 and the rel ated paper by EC ? ( 30f8

“al., "Flash Chromium Interlayer for H gh Rerformance Di sks wth SupeH(APR 2006
Noi se and Coercivity Squareness", |EEE Transactions on Magnetics,, Vol.
29, No. 6, Novenber 1993, pp 3679 3681, describe a |lam nated | ow noi se WO
02/ 09098 Pgé%éou?as%g% 3,12 APR 2006, djsk that uses a discontinuous Cr
filmthat is thick enough to PEdIeRs (el Moy Ehainge il PRRYShet wredut e Heno
magnet i c | &FErE9P nc‘%“lﬁ’éllll%rheﬁaﬁ@ he tvwe mamnehin lehats tihethawvaanbgiret be: liayers
are not physitodhl yhasephe avedmadthat cisyeeeded i mgﬁ«g&%%h& repddi.ng nedia
that will support very high density recording e retaining good .thernal
stability and S Di sclosure of the Invention The invention is a nmagnetic
recordi ng nedi um whéPeP T TRe MAGABESIC *7%oc6iR MGt aydrt iwilat surpast texy
f err omagnebie® Fprsisvaneddfrdinpragietictaliing §oAf) tEaipliest ragethanaag0ss a
nonf erromagneti c spacer film Because the nmagnetic nonents of the two
antiferromagnetical ly-coupled filngs _are oriented antiparallel, the net
remanent nagnetization-thi cknewp‘r'odli]t‘r—‘—t(xﬁ-%‘—%t—%e r ecor di ng layer is
the difference in the Mt values of the two ferromagnetic filnms. This
reduction in M Thg dnuextorpl i»%I‘f’edawe{thOLttecardlrn@dﬂé}iﬂlﬂnwﬂd}eiﬁla:htehﬂér_ﬁﬁltlc
stability ofcorheng eepediiBgaredi @ecm&%mig}@tﬂ%‘m@%& %ﬂ%mgééét% Hy! he
S

antiferr onazg:r)egbmlegy ed/ dd. . constri uctive
enabl es nug t%gg%l (C:Ll t;%%é”lhrgal ?I gfns hued Eelcaf’ﬁ?‘é%eﬁ 1 t hBreatseethe

rper
demagnet i zat% onlcfl T"%I%t st THY i e RPRReti¢dldgarcypled demi taref or t he
medi um | neorEC 88 RrERt Lehe tiagreat ¥ granpec ordhety zae thriith COMRE E S8%alWO
ferromagnetdt) fod be waohatngnaned ak el M Qe SRUt LS MEERASHLEY CPPL COr B
alloy, sepacatedkdiioafly soacer hilmhaking, .3 iy chness, Lo e e e the

antiferro chan et W oMY BhFY I%ho‘&é of
t he ferronun%ghgg%ilog1 f%(l'hlae Qﬁe %%QIkté’r \Ngttﬁ‘ﬁnr‘f?ﬁ’édbf‘%éﬁe“%tbe?ﬁ?e the

t hi cknesses are Chos¥n 9§61T5hdf’ ’E}I‘feaﬁ"e‘tfeﬁmmﬁ?e‘w‘?al?mf@uamﬂ ifethemgaet i c
field is |GRSBIRCiHoHZer Bhe TirdiF2gouphes) sragnet istaf@e0hiHRE : & ayar . of i e
present i rnwehtiamievdd @ith &iedh&@cﬁberﬂé@etﬂa&@%%@&hg r%L&ﬁm in a hi

anti f err omageet irgal Jiébsggyp;i&dth; Q,gg;Lmar acrg ‘Tn%oglmen%rg Reti ¢ Spacer

film can he, e__indivi uaI etlc ayers 1 n th& Faitfat ed
medi um desl@rél P&%@I ﬁéc%l%g “abovestit e ef? %Sfb%tflf‘&s pEBECGeTERIYEEF UFA W t h

bot h t her rral *sTRABFFY t47PosiHEd 69\?'1%? rdlAsy c sepgiatedobs @ REGIpagef Uil @rhaving
under st andi Bt dmeehenattite zanthadvaiteagesgoét ichexciimgs efttupl WEBLEAL,
ref erence Should checarmde: 10 .t hend ok 10w AL ARIAHKED tilns 15 made thicker

than the other, but the thicknesses are chosen so that the net moment in

zero applied magnetic field is low, but nonzero.

\ The AF-coupled magnetic recording layer of the present invention,

! i.e., at least two ferromagnetic films antiferromagnetically coupled
together across a nonferromagnetic spacer film, can be used as the
individual magnetic layers in the laminated medium described in the

above-citgd '288 patent to produce a medium with both thermal stability
and low intrinsic media noise.

For a fuller understanding of the nature and advantages of the
present invention, reference should be made to the following detailed

description taken together with the accompanying figures.
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" PCT/ GBOL1/ 03058 12 APR 2006 Brief Description of the Drawing Fig. 12iPRa0s
schematic sectional view of the antiferromagnetically (AF) coupled '
magnetic recording layer in a recording nedium Fig. 2A is a schematic
illustration of the AF-coupled layer illustrating the orientations of the
noments of the ferromagneticgkiddm®eddripBidrecer dadopRggti C transition; Fig.
2B is a graph of calculated magnetic field above the AF-coupled |ayer and
a single layer gSL) medi um as a function of downtrack position froma
transition; FigFfi8 ik 1§ ScIERBRIGE SXEEPHalisy &b bie #ngi sk ronpgnstieelly

il lustratidgrFt reupidsimeatsicunderbayelaydrhénfd |meotdingheedBlm¢oupl ed | ayer,
and the protective overcoat; Fig. 4 is a magnetic hysteresis. loop for the
structure with the F-coupled |layer .of rig. 3; . Fig. 5 is a schematic
sectional view %ﬁga %r iord asrcger]‘aatrln nlaltlgﬁtrdiitgﬁn Rl F%ﬁ%ﬁﬁf&o\lﬁlﬂaﬂ tdifient i onal

i ndi vi dual ‘1Hgrating éps ardertrtinaymét Fee mPasrdSs of rthehéetomporgter &ilchsFiag.
6 i s a schenmtdogdse@ctagoaalc vi@wieiorg | am nated di sk structure wth
AF-coupl ed | ayers as the individual nmagnetic layers in the | am nate.
Det ai |l ed Description _of the_lnventiaqn ghetic.recordi ng nmedi um has a
recording | ayerBfL%'r %éadlséfa tg\ﬁf)pq’orog crr‘?‘grc f\aftéa‘ r%%gé‘ﬁﬁéfifdefglﬁ’#"?h%ﬁe are
exchange- cBupic@al ehtlierer refagndtitallryer ((AF) edivheias nefughborr ng

f er r omagnetiownticeFepdsy t bere foem noremdnfer;r omagneti ¢ spacer films. This is
shown schematically in Fig. 1 for a recording |ayer 10 nade up of two
ferromagnetic fElos ;12 14 geparated  by,a nonferromagnetic, spacer film 16.
The nonferronmagnetj ¢ spacer film 16 . thi ckness and ‘¢onposi tron are chosen
so that th& WEJRRETE FOTENPETDSe Jpdeptavgy) ddenf ¥t A P PHzsoupled layex,
respecti vef§d theePAeebing edetderbugh t he nonferromagnetic spacer film 16
and are antiparallel in zero applied fields. The AF coupling of
ferromagnetic fgidos via 2090 8T gheliCy o dy i Li.0 . film
has been extensi ,vier};gastru%ifegmand_ escri bed iOtr%) \%\%§0%1/60£9]t01g1§£%&/ %%/1163058 5
12 APR 2006 tThe"15t efature. “1% déneral, the exchange coupling oscill ates
from

Fig. 5 is a schematic sectional view of a prior art laminated disk
structure with conventional individual single layers as the magnetic

layers in the laminate; and

Fig. 6 is a schematic sectional view of a laminated disk structure

with AF-coupled layers as the individual magnetic layers in the laminate.

Detajiled Description of the Invention

A magnetic recording medium has a recording layer formed of two or
more ferromagnetic films that are exchange-coupled antiferromagnetically
(A¥) to their neighboring ferromagnetic films by one or more
nonferromagnetic spacer films. This is shown schematically in Fig. 1 foxr
a recording layer 10 made up of two ferromagnetic films 12, 14 separated
by a nonferromagnetic spacer film 16. The nonferromagnetic spacer film 16
thickness and composition are chosen so that the magnetic moments 22, 24
of adjacent films 12, 14, respectively, are AF-coupled through the
nonferromagnetic spacer film 16 and are antiparallel in zero applied
fields.

The AF coupling of ferromagnetic films via a nonferromagnetic

transition metal spacer film has been extensively studied and described in



f er r omagnet i e Vo antifer romagnetic with increasing spacer fi PRT{GHMHNESs.

" This oscillatory coupling relationship fors sel ected material conbi nhZiAPRL006

is described by Parkin et al. in "Gscillations in Exchange Coupling and

Magnet oresi stance in Metallic Superlattice Structures: Co/Ru, Co/Cr and

Fe/Cr", Ph t., . Vol. 64, pn. 2034 (1990). The materi al

combi nat | o?@ei ﬁﬁi\éﬁég‘? Grr ot _elﬁee’iaﬁc '1B|el ﬁﬁcr}?ﬁé‘é WrPEDY peciljptearfdonhei r

al | oys, sudRTaRragre ke tRy ats e xnvmaguetdo, widhdimorkefnO BRGRAT FC1s RACIneEE| B

such as rutThéniasmi{ RijoryChnpmingmre Gt)ionskip0dbrBel BY)ea %géeqjig%“h&mnmgggper
e

(Cu), and tbeids@hb oy FQ; h_su mt erial, conbi nati on, _ _

osci |l atory,_exchange cgugl .ikﬁga%efzt i(\igngzﬁslcﬁlka:tslotr% Pe "get@ei et ing andt

al ready knowh - §6°thar fhe "t AF @R NeS SUBFT i&itro ftBratomagn e Bu sgacer ahitl m
i s sel ectefe{F asStre &avi fletrondighesic coupdd ngobmt Wee: thheed:ue
ferromagnetomfiakidns Thelper iadonigReet |4:ahl quedenends on fhe .. .

nonf er romagiedJC sRACeL YRLEr i@l oo b% the strengt and phase' St e ‘
oscillatory coupling also depends ‘on FHe far POfe e er o Rab e icalpagfd films

i nterfaci al "quATi T Y- *FHE™ o0&l 1 CRFSHYmaffin) f e¥iedamn@hi ¢ icdaphi ngrof copper

f err omagnef ¥ f PRAECHRAS Bdens usBer iencls piushviedteeidly ROmElindPion, the

Tagnet or esbmﬂnee;w&hmefwﬁbgg@he@ﬁ ibRsgshan (GOl IAUoYS JTRane! | zed

ant i ferrogpgnati Gou i Qse netic noments are rigidly
coupl ed togsetsggg ant itéar al IQetie l&ur%hggk%epsésr at :E%% B PRECTRERT: t CTREXE T fhe of
spi n-val ve_structures are destFi HeacmIBettx £pping he BN pateents 5, 408, 377
and 5, 465, i85 om eRretiesti 1ggt erfhe dessd P s oISk LbdnU Bepdisedod RHEBNY

comer ci al typfavartabkeisppacarahme MR haadtshe BarRlbyn ankamfat ed 1.

ant i par al | elcipianed teisIQMRANEL| &opkAYEl, Ay Bg, ferromanetic, fi | e whose
monment s ar g, dJ.L-gi Ay g\%&%ltgd trggegshe{l and remain stati onary 56?1 9]
operation of the head.. the filns 12, TR hars i hegrBesetidrispling gés of

M 1t 1 and M2P23979F&8 pEdfF Viseybeqrpatedide e -valvenerte pbgneti zation M is
expr essed "FE EhereSHEGIRAS ESMROMETHCrPBIg bbdds ¢6l dHFRgOfochel  QMBORRLEC: 2eq
material, diéfprogugtedicblly SolhiednBOREt infoHONRAL: DL WL, area for, a
Wﬁgneti C |@Mﬁﬁe@ftotggi:@&ng§§ipgra)11e|foc§urtip«:!; SopAFgLé:'OliI)p(l)gC{:hgt I’eUCt urge tne !
orientatiaps,of.fhe g@g@gggsc opnent s, 22, 247 of ad] acent°¥i | nE*°f3, *vps, of
respectively, are al I'gned anfiparariériad®™ LIS add dE¥t Pakettreryiae0377
reduce thé agheti ¢°toneht of° tiéerbofpesiites 4 ayeuctife tHed anmawg 22, 24
repr esent CRESTIREAY i britiat fomsvaofve ¢mrdihekddjahatgnetismidormi ns that are
directly aboveamndebalianeomeranabh@lic AGfRSEadik Lipg fhlm 16, In
the abseneemehcan-appldiad, mgnakl gogefthgfrdah \Apeensrtf%eir rg%g?lglrtrggnffe,ltlf"sc “i'lnlof?n 14
i's depositoggrgg'nitgl gpetthrge 1.um substrate, 1t Wk ha\?él%{lagya 8P structure
with multiple acﬂ acent grains

The films 12, 14 have magnetic moment values of Mr, t, and Mr, t,,

respectively. (Because the remanent magnetization Mr is expressed as the

magnetic moment per unit volume of ferromagnetic material, the product Mrt

1s the magnetic moment per unit area for a magnetic layer of thickness t.)
For this AF-coupled structure the orientations of the magnetic moments 22
!

24 of adjacent films 12, 14, respectively, are aligned antiparallel and

thus add destructively to reduce the magnetic moment of the composite

layer 10. The arrows 22, 24 represent the moment orientations of

individual magnetic domains that are directly above and below one another

across the AF coupling film 16. In the absence of an applied magnetic

field, when the ferromagnetic film 14 is deposited onto the medium
substrate, it will have a granular structure with multiple adjacent grains
being coupled together to form individual magnetic domains. In the

absence of an applied magnetic field the moments of these domains in film



bei ng coupl 8O HEWPher to form i ndividual nmagnetic dommins. IpCH@BOI/EENSENCE
" of an applied magnetic field the nonents of these .domains in film
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oriented. The spacer filmor AF-coupling film1l6 is then deposited to the

correct thickness directly on ferromagnetic film 14. Next, the second

f erromagnetiiac wfiil el 2sbsnt 1 8LROSEI R ¢li J:8CEL s | OnTﬁeh?p$ QUPnl, ing, filmi6. As

the grains Qf rromagnetjc fi 12. grow t he T m gt ¢ Fohatig
with rmmsntfqL Ol‘iflint altglg%lng atteillalm@ g}rﬁglcﬁéf%ﬂtl \El’f‘“’cké‘efﬁéilﬁﬁ?r@m °Bri ent ati ons

of ferrongGAEPTROMEELfn FEATt Hat ¥a%e difrestiondadeossayine iAFE Claupking fil m 16.
The type ofdeberiomadheddtdynat ené alr andbitihg ftlllhmci@nesﬁs VakUgS ihl, o4 2 Of  the

ferromagnetfl ng,lng ;g l;gf B e &h n tha > _Det ponent in zero
applied fi eled be. | ?r no%gg}fﬁq £ fnhr%agcagec SRBWFS WEr §omgnt ¢ he

Mt for thé sfer uc lﬁ?% i tg?Veﬁ“WaKﬁlleﬂltW?e gomeRf owienkdgiohd o > M2 t 2.
Thi s may béeaEE’Eﬁﬁﬁieits%édl'byl‘luslllartgarﬁeilsanelyf ecrc&magmmch'@ueﬁgadﬁmlfg t he
two films 12, 14 and having t1l be greater than t2, or the nagnetization

(the nmagnetic nofgnt L o QL UDE, t C he two ferromagnetic
films may Fg npde dlﬁi £ Ul ﬁkfafgﬁr en?aéferrotr]?ﬁfj}ﬁé‘iss VARt Pal §: f

renéIL bg/ usin

the two fi . 'S 'Shobih F6r SSENGET FI#G $PF rttuPe At Hn ggero
singl e spadBP§5d ﬁf‘fﬁd ‘”éH‘ det tavesPwi thnpedct | pfer spacesefidaws andigult,i phe
f erromagnetirt fdd mbe neryubeiresed githe cragnet, i, |t§y9Mrg§S§ﬁdLQ@db@b>O\Q§ @as a

nunber of aAYant=398s LV6kpi1dshdmaghetd Gl ahd, onfadnétit m rla
f err omagnetj,g ggi;“griéal MLI;(;1 e ? gyn%t‘f\éz)zﬁg?gn atlb 9% édlr\mtf‘ﬁ ut

rganen
usi ng ul'tra:fhin neti c \@] ayerd ¢ E’T &Eﬁ?&né‘f‘??éﬂ &on 819 Wgnetllﬁia’éma\/m ds
the proble %fmaﬁﬁﬁ JrFaf“O”“?WfsP%fb“PiL‘E Y’OéH’EIe gEfrategial) A whrei tvofedisogssedc
above. |f fhEninaghiers @ad¢ ajiéferent Biygusing @i codvRat ethriOnanst NGt bAYMAEL for
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1nstab111ty and fflculty in writing discussed above. If the magnetic
layer in Fig. 1 is compared to a single-layer consisting of only film 12,
for example, the addition of the AF-coupled ferromagnetic film 14 reduces
the net magnetic moment of the composite structure without decreasing
either the thickness or the magnetization of film 12.

The enhanced thermal stability of the composite structure. compared
to a single magnetic layer arises because the anisotropy of the grains in
both films 12 and 14 are substantially uniaxial, and thus can add
constructively even if the magnetic moments of films 12, 14 are
antiparallel. The resulting stability parameter of the coupled system K,V
is given by Ku,V; \ Kuv \ (Kw,Va+Ku,V,), where Ku,V, and Ku,V, are ‘the
anisotropy energies of typical grains in films 12, 14, respectively. The
upper limit for the composite stability parameter KuV = Ku,V,+Ku,V, will be
achieved for the case when magnetic grains in film 12 and 14 are strongly
coupled and share a common anisotropy axis direction. The magnetic volume
V of the composite structure (layer 10) that determines the thermal

stability will be approximately the sum of the volumes of the
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/ in the s medium, resulting in a higher linear bit dens1ty for the medium.

While not shown in Fig. 2B, calculations have also shown that the

demagnetlzatlon field from a tran51t10n within the AF-coupled medlum also

,decreases faster than in the SIL medium. In addition, the magnitude and

}_ sign of the demagnetlzatlon field depends on the Y position (see Fig. 2a)

within the medium. Thus for certain Y pOSltlonS within the medium, the

demagnetlzation field is reduced to zero. Small demagnetlzatlon ‘fields

are de51red because they can affect other transmtlons and cause the
tran51t10n to demagnetize itself.

- Fig. 3 shows an example structure of conventional CoPtCrB

longitudinal recordlng ‘media alloys being used for the ferromagnetic

films. The structure was fabricated using conventional sputter depogition
equipment and processes. The films forming the structure were grown onto
a Cr underlayer deposited onto a substrate of a AlMg disk blank with a _
nickel-phosphorous (Nip) surface coatlng, with the substrate temperature

" at approximately 200 °C. The ferromagnetlc films are CoPtCrB, with the

top film corresponding to £ilm 12 in Flg 1 being thicker than the bottom
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Referring next to the major hysteresis loop of Fig. 4, the pairs of

horizontal arrows indicate the orientation of the ferromagnetic films in
the AF-coupled layer at different points in the hysteresis loop. The
applied field is increased in the positive direction (a

rrows 30, 32). For
large applied fields (>3000 Oe)

» the antiferromagnetic coupling is
overcome and the moments of the two ferromagnetic films are both

lparall'el
to the applied field (arrows 42, 44).

As thé applied field is i*educed
(arrow 34) the moment of the thinmer bottom ferromagnetic film reverses

and becomes antiparallel to the moment of the thicker top ferromagnetic

film (arrows 52, 54) and to the applied field with a drop in the net

This switch occurs roughly at the exchange field felt by the

‘bottom film (Hexa=2000 Oe) arising from the coupling across the Ru film.

The value of Hew = Ju/M, t,, where J

moment .

ex 18 the antiferromagnetic interface

exchange energy density across the Ru spacer layer and M; and t, are the
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= to the"next remanent state {(arrows 72, 74) goes through an intermediate
state where the moments of the two films are parallel (arrows 62, 64).
Thus, in contrast to AF-coupled structures used in spin-valve GMR ;
recording heads, the moments of the ferromagnetic films in the medium
according to the present invention are not rigidly coupled together across
. .the AF-coupling film because the coupling must be overcome to write on
the medium. The hysteresis loop of Fig. 4 exhibits the desired feature of

an AF-coupled layer, i.e., a low remanent magnetization relative to the
saturation magnetization.

Recording performance tests on the AF-coupled layer were performed
using a conventional longitudinal recording head.
measurements determined a

Signal to noise ratio

media S,NR of 31.9 4B at 9500 flux changes per

nillimeter (fc/mm), where g

So is the isolated pulse amplitude and N is the

integrated media noise at 9500 fc/mm recording density. These results

demonstrate the viability of AF-coupled magnetic layers for data storage.
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nonferromagnetic spacer layer. 1In the laminated AFC magnetic media of

Fig. 6, the magnetic recording layer 30' comprises AFC layers 32', 34
separated by nonferromagnetic spacer layer 36'. The individual AFC layers
32', 34' replace the corresponding magnetic layers 32, 34 (Fig. S5). Each
AFC layer 32', 34°' is made up to two films (42, 44 and 52, 54,
respectively) antiferromagnetically coupled by antiferromagnétically
coupling films (46, 56, respectively) such that the net Mrt of each AFC
layer is given by Mrt;-Mrt,. This allows control of the Mrt independent of
either Mr or t. As explained above for the non-laminated AFC media,
thermally stable, low Mrt magnetic media can be obtained. In the new
laminated structure, as depicted in Fig. 6, the composite Mrt is

2* (Mrt,-Mrt,) . By changing the relative magnitude of Mrt, and Mrt,, the Mrt
of the composite laminated structure can be tuned without suffering
thermal instabilities. Therefore, thermally stable, low-Mrt laminated
media can be obtained. Of course, while only two AFC layers are depicted
in Fig. 6, the laminated AFC media of the present invention may have three
or more AFC layers, with nonferromagnetic spacer layers located between

neighboring AFC layers.
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nonf err ompgnet.i Ss ral L C out W th t hi CKNeSses
rangi ng from1 ecs 99 % 539/9 ﬁ am na?ea AF dPE e ehBRTE T omagnet i ¢

spacer Iayerr%’%agnﬁe’t%é’éna‘ftﬁéefwaﬂﬁ?ﬂ ﬁb?}?nS‘?'COUBJZPngl reakeprctted to have a
conposi ti G CAhtP HORY cIaves S suTfat  FereiCe«:PEudra:Bs iaghiyf ifeaninafesrionBgmet dgd or
ant i f er r oREgnetHW tE Otk ngribet sve@Rat ke pkweiradi ACENtA, f REIAMBYNRLLG ks 44
and 52. Ferrkfiwei Flh@hbalebic iRt B GrRess.191.4 36 SRACEl; Lavwer 36 can be
sufficient to assure no significant ferromagnetic or antiferromagnetic
coupling. This requirement for the spacer layer is in direct contrast to
the requirement for the antiferromagnetic coupling films 46, 56, each of
"y which is selected to have a thickness and composition corresponding to the

first antiferromagnetic peak of the oscillatory coupling curve.

The AFC layers in both the laminated and non-laminated AFC media
structures were designed to have an Mrt=Mrtl-Mrt2=0.20 memu/cm?. The
laminated AFC media with two individual AFC layers (Fig. 6) thus had a
total Mrt=0.40 memu/cm’. The conventional media with a single CoPtCrB
layer was fabricated to have Mrt = 0.38 memu/cm?. The measured SNR for

these structures is shown in Table 1 (glass substrates) and Table 2 (metal
substrates) below:



readi |y det e¥Ri0A8W¥because it is known fromthe oscillatory CRIMGBIY3LIS ve
" how t he exchange coupling oscillates fromferromagnetic to 12 APR. 2006
antiferromagnetic with increasing spacer layer thickness. In the cited 1288
patent the Cr spacer filmbetween the two Co alloy filnms had a thickness
of 40 A or greater, which is well beyond any detectable ferromagnetic or
antiferromagneti c exchange coupling peakrabre tihe oscillatory coupling
curve. For Co62Pt10Cr22B6 alloy ferromagnetic filns and Ru, a Ru thickness
greater than approximately 10 A, which is beyond the first
antiferromagneti c peak on the OSC|IV%¥ﬁFy&@6 YeAYy curve, is sufficient to
assure no significant ferromagnetic or antiferromagnetic coupling. This
requi renent for the spacer layer is in direct contrast to the requirenent
for the antiferromagnetic coupling filns 46, 56, each of which is selected
to have a t|fit CKNeSS and COMpPOSI LT OIT COTTES
antiferromggnetic peak ofjgﬁéEOSC|llatory C

The #&Ca| Hrer s {[n
e o]

oupllndféurve

have an Mt MSMCrM&c&anQQnEEm/n@Hg 1a'§t%$ an natdquAFC medi a Wi fh,two
i ndi vi dual {AEC layers (Fig 6) thus had a jtotal Mt=0.40|nenu/cn?. The
conventi ona NdSﬁEdJan_IVHtIeh RSl ngI e CoPtCGrB ljayer wgs, fabrigated tg have
.cnp NR for these structures ig shown in Tablell
di L&ﬁ:&ﬁ);ecﬁﬂd‘CTﬁdJl@eR\Z spaedal  subdtrates) pel ow WO 02/09098
058 12 12 APR 2006 Table 1 (G dss Substrates) |[SAMPLE Mt Medih
SNR (menu/icn#yingdd) ArCpHt @ B GRRYANL | onal |si ngl eglayer 038 32.3 4

_ tlled-AEC 0.2 31 5 lamnated AEC/ 12 0: Ru spacer {0.4 33.3

' Lam nat ed AFGI24a2CK Recspaaeru Gpdcd3. 3 Larfi nat edg AFC/ 48 Q: Ru spager 0.4
33.2 Tabl ¢2( Mot ¢ bstrates) SAMPLE Mitl Media SNR (mi=rru/cn12) (dB)
Non- | am nated AFC 0 24 32.4 Lam nated AFC/ 12 CE Ru spacer 0.4 346"

Table 2

(Metal Substrates)

—

Mrt Media SNR
(memu/cm?) (dB)

Non-laminated AFC

Laminated AFC/12 @ Ru spacer 0.4 34.6
Laminated AFC/24 G Ru spacer _ 0.39 34.8
Laminated AFC/36 @ Ru spacer 0.4 34.9 “]

For both sets of disks a 1-2 dB improvement in SNR is achieved for the
laminated media compared to the non-laminated AFC media and the

conventional single layer media.
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Lam nat ed A 24 CE Ru spacer 0.39 34.8 Lam nated AFC/ 36 CIECHUGBW Oé 0.4

' 34.9 For both sets of disks a 1-2 dB inprgvenent in SNR is achi eve&l AR Mie
| am nat ed nmedi a conpared to the non-Ilam nated AFC nedi a and the
conventional single |ayer nmedia. WO 02/09098 PCT/ GB01/ 03058 13 1, 2 APR
2006 CLAIMS 1. A magnetic recording mediumconprising: a substrate; a
magnetic recording layer (30') on the stHstfate and conprising first (34")
and second (32') ant iferronagnetically-coupled (AFC) |layers and a

nonf err omagneti GaSPAGEr & a%QEnd 38'a) us eBAS Al g, the two AFC layers, each
AFC | ayer conpri SLD g first ferromagnetic f11m (44, 54), a second .
ferromagnetic Fi° Pm‘% "52) and an ant iferromagnetically coupling film
(46, 56) | ocated SEPEEn TE Prer O pe skavand(39et omd thé | svibs et ehand AgmEiktigLkness
and conpostitrson(sufhf &zl eBtodd (P 0)V|ad€1ﬁ¥}'&:brfxﬁjn'é9f@egﬂ§té&lp@‘Q&lmAi;@)g 191/ Itshg
first and sgcang.d acer .| ay e| n | ocat e

bet ween t he C%egf)o cfek%agkg%@%g&rrr? } I%C It’ép) S %arét%‘r’% SI rst AP6T 5t he
second AFC1%dyer- aRd“haviMRy 4t (Fl%ﬁé%sfeéﬁ%l“aéaﬁi)‘cfsifﬂr'bd%uf% C|aeﬁlﬂcqr@ '
prevent arﬁF%P@%ﬁnfelte(arftll@oWI i Py Betweennt hersecomdt fddiny ofouphingf E115¢ AFC
layer and tdse $é)r Sbcdiddmoefvehetigecond ARE Jea¥Rd £i2ns %nﬁﬁ(’elda!ﬂ& aas tflahpoed in

claim1l fumshesn rrpfdnSlsngfl%ler y nferrol|
agnetic s %(%E &g [ la ?tle beﬁm%eﬁf%hggsﬁgéﬁ%{%mf%‘ee&lf (if)upg)*“gt Re ®&cond
AFC | ayer &? a ?oh TSt B9 BB TRBETIN O SReeST 11ayeT PaiRrp Ravitsd a

t hi ckness éﬁﬁe%‘bﬁ’ﬁésﬁﬁoﬁﬁ Sidff pEitdAt et phRY daterapyd thieghidstcaint c¢ouwpki ng
bet ween t frecseddifg fdviem afid thheimeeotid cAREsd ayiercoapdsidibe dirksdichi !¢ of the

third AFCdrayett aly ﬂgﬂﬁdidhmta@oxglfﬂh@%@t%&nckﬁé @elc%%gﬂx ¢t {}hl : rsstt AF

f erromagnatl e, filemnd 44)..0f: .t he St APC |.a has a ness
and a magne;ylﬁatlon ML, tﬁfé sec{)né ferromag ][ay f|Im(42) of the flrst

AFC | ayer has a thickness t2 and a magneti zation M2, and wherein the
magnet i ¢ rfonefdt EePer agmileirgean(Meix 1 ifpromg éhxﬂsmstag aofhirheadd nsferand
second f errdnaghRetit nohfénmrnefndie fidcst ARC: | @yetes roggp@eqlt Vel Yool 851 m
different kapraoRge R0OLAGIFC fayd R Ué%cﬁ%hf.;'ﬁ'rs d el ?é b iﬁgere' n the

first (44). S§C 42).n:fRrIQmagnetic fi
(32') are g?ﬁ §1(?1011(‘&!]"? % %atr}rle krnaterrlggl 2N “whe 8 R e stod?’fef"é?“er?flyfrom

t2 gnificant coupling between the second film of the second AFC layer and
the first film of the third AFC layer.

3. A medium as claimed in claim.1 whereiﬁ the first ferromagnetic film
(44) of the first AFC layer (34') has a thickness t1 and a magnetization
M1, the second ferrowmagnetic film (42) of the first AFC layer has a
thickness t2 and a magnetization M2, and wherein the magnetic moments per
unit area (M1 x tl1) and (M2 x t2) of the first and second ferromagnetic

films of the first AFC layer, respectively, are different from one

another.
4. A medium as claimed in claim 3 wherein the first (44) and second (42)
ferromagnetic films of the first AFC layer (32') are formed of the same

material, and wherein tl is different from t2.

5. A medium as claimed in claim 3 wherein the first (44) and second (42)
ferromagnetic films of the first AFC layer (32') are formed of different

materials and wherein tl1 and t2 are substantially the same thickness.

6. A medium as claimed in claim 1 wherein the antiferromagnetically

coupling film (46, 56) of one of the AFC layers is formed of a material
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5. A rredl umas’ S'afmed in claim 3 wherein the first (“ﬂﬁ)"aéﬁd ]seéﬁl?rdla(rﬂzyooz
' ferromagnetlc films of the-first AFC layer (32') are forned of diffe rzeAgiR Z£05
materials and wherein tl and t2 are substantially the same thickness
mediumas clained in claim1 wherein the antiferromagnetically coupling
film (46, 56) of one of the AFC layers is forned of a material ARC000118
New Page: 12 Februar 2002 1 2 APR 2006 14 selected fromthe group
consi sting 8t SFOERHCTN ERETOUPC APEHISGRRY ©F ) TutheRsdt UR | RiFhrodinndi @, ( | r,
copper (OJ)rhO&‘HHthé’I Foalidoys . (I17), Aopedhi Ufvias acHaimed dnogkai m 1 wherein
the first (44) and second (42) ferromagnetic filnms of each of the AFC
layers (34'; 3 terial, sel ect, d rgmthe

P %\)neg';[nﬁw g?‘%a?&e@;nngl im ? he ﬁ gl(fl Uﬁ{ %idarsﬁ%‘a‘dl ﬁ42

consi sting e, their

claim1l \Ahef(r)eél ﬁm"’t‘%’étf? rfs‘tlm‘i‘ eorfr ‘(‘)arf"e{gﬁét‘ih@ f‘%/q eves, (382) 3gp) ene mgfle t dfe aAFC
(34', 32') majgerd isatdardestzn tret arfacechiismingorfsist img wssend itakly of
cobalt | ocatledyat the interface of the first ferromagnetic filmand the
antiferromagnetically coupling film (46, 56). 9. A nmédiumas clainmed in
claim1l vvh%re|§ thdeugegsong ferdroma netic film (42, 52) of one of the AFC
| ayers (34 Udes i i ht &rfite f“f"f‘?ﬁl“cbr?fslféff JeBEERAPF T §i bt
cobal t | ocdféd 5ét f’ﬁé’”?n‘?%t‘f’%c”é%ﬁ"c he 33étorder§ emcdnegmet i imthifaneandint he
anti f err omagnsitscéad lepseouphing f cbmi460cabb).ar 1he MraBHMASHEl AidRd in

claiml fuethem6e8gr 8i Qa0 WRASldiaYerons ,Q&ﬁtcgd \QDJOL £ n UpSﬁnr ween
tbe substrate and the magnetl c recording Fayer (%011 B % The ?r£e§| E?#o

claiml qut he& COH‘E)I’I sing a protecti] ve over coat forrred over the magnetic
recording layer {507 .%°12 *'R® Ghiids Lothermed 5% ewinm fefraradnetic film
~conpri si ngt?an>ghddr Pag e Fecafeddyersedn .t Be' slbstudseamnadtthmxcragnet i C
recordi ng ¢aypest{B0'epserandiWhereidvalt )icgateh facr sSte (Aderfad) Aandnsecensy (42,

52) ferr Onﬁgﬁeﬁh@aécthl:nﬁlargnmqg an@f ‘@rr@ggﬁ'xlett @'Hl?/yco@lqlnéafHQm 6
antiferromagnetic coupling film(36') is made of material se ected) from

the group jncludi r ut henl um (Ru), chromum (Cr), rhodium (Rh), iridium
(Ir), coppeo;1 (AOJ)EQ&’" *FHEPr ) By StaiT3l TATRRRE GATRIE Séraidredrdearlered m 12

furt her CO’T?ﬁFF%? r?g'l ghe ikt raEE qe&ye¢n the substrate and the magnetic recording
layer (30'3. .

11. The medium of claim 1 further comprising a protective overcoat formed

over the magnetic recording layer (30').

12. A medium as claimed in claim 1 further comprising:
an underl_ayer located between the substrate and the magnetic
recording layer (30'); and
Ty wherein: '
said first (44, 54) and second (42, 52.) ferromagnetic films are made
of a cobalt alloy; and .

said antiferromagnetic coupling film (36') is made of a material
selected from the group including ruthenium (Ru), chromium (Cr), rhodium
(Rh), diridium (Ir), copper (Cu) and their alloys.

13. A medium as claimed in claim 12 further comprising a third AFC layer
and a secend nonferromagnetic spacer layer located between the second film
(42) of the second AFC layer and the first film of the third AFC layer
(32') and having a thickness and composition sufficient to prevent any
Significant coupling between the second film of éh-e sﬂecond AFC layer and
the first film of the third AFC layer.

4 AMOCNNEN CUCET : i A AR A
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and a second Hol inersrorragnetl C spacer Iayer | ocat ed be‘i’%é’ﬁ‘??hé’sé%mdrﬁl lzcmo
' (42) of the second AFC layer and the first filmof the third AFC Ia 2 PR 2006
(32") and having a thickness and conpositian sufficient to prevent a >/*
significant coupl'ing between the second fil mof the second AFC | ayer and
the first filmof the third AFC | ayer. AMENDED SHEET AR0000118 New Page: 12
February 2002 12 APR 2006 15 14. A nediumas clainmed in claim 12 wherein
the first fer'romigheti'® 33 ICrJr?lT%M)‘ dtt 2t Rel ¥ Mp_YCIAFEN¢ Hyept (34¥9magastia film
t hi ckness t1(5dhdofa thaghieti e8] daye:Mi34 Hheasecondckmest OMAGAETd Gafidtm:§52), Of
the first AMC, | ayesebarst @erddriaghansssiiz ansh)a Emtgﬁerszsa:t ihen. ll\/ggr h%nd ¢ h
of the

wher ei n t he ., magneti . Pc!nt rea x.tl) and
first and second %%rf%%%‘{;%?gpg{l fay th he ffmresrelﬁ\ 9 a%‘?“etf“eé“ﬁ@@ﬁsv@a}

are differelffrdffoiE *ahbt RBR. (MB5* R neditm & st ardredcprr dkajamagdetic
wherei n theftinsef(58) fangt #€Comder, (B2peftaveopngret dic rbiéies rodm the fir st
AFC | ayer (3détherre formed of the sane nmaterial, and wherein tl is

di fferent fromt2 16. A mediumas clained in claim14 wherein the first
(54) and seggnd ?2 ferrorra netic filns of the first AFC |l ayer (34') are
formed of differERE Hafdr (AL and GHerelth tera the %Wfétsu-“d@tafi*ﬁ isgFnd the
same thi ckheds feqrpmagpevisdf ifnsast cirai fiedkti AFE|laver 124 Wherrei fodnke 44 r5E

f efr omagnet $awef mpwarigh4,anddyhaofeiona of ditecARE kayers. (34", 32') includes
an interface film consisting essentiall y of cobalt |ocated at the

interface ofg theA L&Su%“ fecrlggrraogngtél%lfl gggﬁt h?%’?nrﬁtllfgte%gprgqg%e%%%%lggcond

coupllngfl5 Aedr um'as “¢lhar mé

f er r omagnet rCp)fﬁ’ ompgagtigH8ilas %éhﬁ)ffltrﬁé ICCL e ¥arer 31 /()34 e 32hdd jordc| udes

~an interfacdfrFme C‘@W’%fllsﬁ rigdesiwannt b &1l ynaft2cebalsubbtotat et yathd hame

interface dhitheessecond ferromagnetic filmand the antiferromagnetically

coupling film(36'). AVMRNfIPfn c -Ir T i G nn nnn

: 17. A medium as claimed in claim 12 wherein the Ffirst ferromagnetic film

(54, 44) of one Of the AFC layers (34', 32') includes an interface film
consisting essentially of cobalt located at the interface of the first
ferromagnetic film and the antiferromagnetically coupling film (36').

18. A medium as claimed in claim 12 wherein the second ferromagnetic £ilm
(52, 42) of one of the AFC layers (34', 32'} includes an interface film
cons;sting essentially of coball located at the interface of the second

ferromagnetic film and the antiferromagnetically coupling film (36').
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