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. RECCRDING ield of the Invention This invention rel lly to
. magnetic %@@'yg medi a, and nore particularly to thernmal %%ﬂﬁfb§6ﬁ
density media. Background of the Invention Conventional magnetic QQCMI\UZU%Q
medi a, such as the magnetic recording disks in hard disk drives, typically
use a granul ar ferromagnetinaTERYNMHGNESIC REGSREANGPMERIAT - deposi ted

cobal t-platinum (Copt) alloy, as the recording nedium Each

dormain in the nmagnetic layer is conprised of nmany snall magne @ mﬁm M“l
The transitions between magneti zed domains represent the "bits

recorded data. I1BMs US patents 4, 789 598 and 5,523,173 descri be {'ffi'€" type

of conventional rigid disk. As %hg gt%ge en§| ly of magnetic recording

di sks has increased, the produc gnetization M(the
‘magnetic nonent per unit volunme of Ferromagnetic material) and the magnetic
layer thicknesgnis hatefieen easates Gefitdanlyro hhgneraergicoedfiehedior, and
coercivity (Hs l;leqp@ y S C s has led to a

decr ease r|}(n tﬁ%r rlegtulio ?E‘%Eﬁah Efaeﬂ\}g 1?%1921 ?%%32 |n(\)e-r?h%n Mt, the
thickness t of the magnetic |ayer can be reduced ‘but only to alimt
because the layer wi |l exhi bikadhg sfpusnizonjecay, which has been
attributed to thermal activation of srrall magnetlc grains (the

super par a”agnebégﬁ,eﬁugfatl) maJLl_@lé% BBA: St Aldski té{lc(ﬂfa@ RORRLEE: grain is to

a |l arge extent term K" netic —ani sotropy
constant BICTHET Sy&FS af'ﬁdhv}lq glf]ﬁedr\?oﬁmey%lfcaﬁ% urrﬁ neqtrl cclgr ain. As the

| ayer t hi Ekrressoietidebrveasethich\Vagdc Fpasdes-dgrpsitps F “PHATERABSSOFE) t 00
t hin, theastdr,eds magneidodiny aeaRnin. OnEadhl hagretiongéomdia $t altleemagnende mal

di sk dri V?aﬂa&eg.gtd ? fﬂmb%'ﬂ%ﬂ§ aniQ M@@?@@r&ﬁi&‘l hel‘lﬁ-pltyiﬂélml&ts 1Bt Geen
problemis to move [o %%rer anl sotrapy, maft erl aI éhde%hgata )Imﬂ(‘)m@yer
the incr e¥EIHH °Ea’rrismr F°BY" the point coercivit whi ch

i s appr oxpaarelbys d§8aFoa gnf /5R/P 17l§e€%?ﬁ¥§b% dfdlgr“é’éﬁ ‘?fo CBE"thlP’B%]n rhgid
conventi oaadx.recording head. A simlar approach is to reduce the M of the
magnetic layer for a fixed layer thickness, but this is also limted by the

coer ci vi ty t ha&x n @ora %%nslt\{h(%t Q%#ne%?l: Lgecgzpdl é %ioslés §J£Q§§réa E?he

i ntergranul ar exc ective C VO

magneti c QP%UH‘F@P“S’: i° c‘?ﬁ?a%‘ﬁ?nent RERH2I 5098 Mﬁfﬁ*? BEYG3658 TS BFANTS G052
However, vblseappricactmitmstbeentetioh st bee detrttdri barert ehidBesnittr Pasi c
si gnal - t 0qBetes@ed At isOn{SHRY, Qfhet b r@BENEtiECa l@YE@sercGR Rat Nt oAppki cat i on
2355018 di % QIU' £3,8 prgége%sgﬁcorrﬁwglagepaaatw Bednddsef &1 ra@BgReLi cal Iy

I fer neti r rdin
coupl ed e mag T%t ac(::ha.eve theans:ecguc?:lor?clgl Mrt, gthe t?uckness 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 to a large extent determined by K,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 magnetic information will no

longer be stable at normal disk drive operating conditions.

One approech to the solution of this problem is to move to a higher
anisotropy material (higher K,). However, the increase in K, 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 magmetic layer for a fixed
layer thickness, but this is also limited by the coercivity that can be
written. Another solution is to increase the intergranular exchange, so

that the effective magnetic volume V of the magnetic grains is increased.
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Magnetic recording nedia with high intrinsic SNR (low intrinsic nmedia
+noise) is desirable because it is well known in netal alloy nmedia, such as
Copt al | oyso §2m@best he intrinsic media noise increases wth POTrGRISIBIEHS
l'inear recording density.. Media noise arises fromirregularities .20 NS0
magnetic transitions and results in randém shrfts of the readback si gnal
peaks. These random shifts are referred to as."peak fitter" or "tine
fitter". Thus higher nedia noise |eads to higher bit error rates. It is

ther ef OI‘ € HdeSI [ abl:ll'?lst gggreovglior%sabgeu ghg‘g* @orrlgé %lelgtj.ela.gﬁum ”@ﬁé cin@? s@ct hat

gener at es 101 S€ 'b maxi mum_ acce | evel ata can

recor ded & IRkiRTURISPER CdENEY 1 §F © T@nﬁﬁbﬁw}ai’%t substantially i rrproved
SNR can be achi eved by replacing a single nagnetic lay er wit h a

| am nat ed magnedsl satdedyCipp1@tadion ézssro1mmecioﬁeparamgﬂ@grmeté@oﬂday@rnedmat
are spaced ,apart .by an Jhics 1 dl SCOYEL V. de by
S. E Lanbe?g ntttl y?r%omg%%gﬁ%atqﬁg)nS%Lﬁﬁﬁggferkﬁ%l steatllﬂ Trlﬁgén E\Flﬁ St di a
by Lam nat%aéfﬁ” TEEE Transactions on Magnetics, Vol. 26, No. 5, Septerrber
1990, pp. 2706-2709, and subsequently patented in IBMs U S. patent

5,051, 288. The \gducid Qecdrelﬁ@drealmrls.e Hynl awdAakiorNk S (e hx@d&ﬁds:dcﬂe to a
decoupl | ng, af .18 IPARCL LG LT LELALLLAN 1 LALIANGS L PRI NG BELGPRD, Lhe

magnetic l'ayers 1N e use of am nati on nol s cf‘uétr on
has been e¥cBndi FeFy a%f‘@éﬁ'eélhi‘to the rfd‘ch’eSlFaW‘B‘?’é‘bP‘élsé?péE%‘realsﬁﬁe“rltﬁat erial s,

i ncl udi ng @rreQriviy MyeandreRurdimgddepdter Majer mohielewéssesrofirom 5 to 400
0;, that rgsubiiardcidieihasie Gapeupt ivigneftibhe dmgAGIVIEs | Y @aSdom 8RLEdshys

the lowestth@egéa%bggr 39 naﬂhgéa}wrkmfp@s% DEGRN e&%&e&a gepaﬁ%astémsape%k
Mur dock, et a 58

perties of ]Itrl ere A‘%% '\%/B etrc
Recor di ng NEEFE" oF| IL:tEEeTJr’é:r"r§’éc‘t| GHES BA9RHY H‘E T V7o Bedpt enber
1990, pp. <X7O0-2FE5: A idMihayefrae eqsmarable tpricvelay er LR EARgereCobFlilay i n
Co/ Cr/ Co Reuhterd ayercdnfRecendiatgshidias @@ £chakymbphaedfiapl BriieltDuion

Scatteri ”gc hat ! Eal':t'; I£r@'%§aa.cédo%'§d QR %&Q@%'ﬁﬁeaé@ens §n Ne. G, mmegxbaea 1991,
pp. 5064-5066; and ert Medi a se fox High

Density ReCGPEMG=IYY EEErGf’regb nbse Sﬁn’ﬁé{ ﬁ%‘ 5%13615\76?9 azﬁmﬁbe mignefénuary
1993, PP. 1223172@9“ Y. 1Smfpfa“{eénff‘°$le%°2 1rger zarrlidt‘r‘he(we SIRE L SgPapete HyorEtiteng
et al., "Hagshs @lhaemnenkﬂardeeréwer bf en hbhrghgherifcosprmrreeeldesks Twitsh Superi or
Noi se and cﬁe%@é%ws SdHangnes s, LhdEE: Trangact i\@a@uc@moﬁfaeﬂaga&s;qom in29,

No. 6, Novenbe p 6./9- 3681 de§c | am.nat ed | i.se

02/ 09098 PEIF g%"(?ésﬁidld‘ SAN=Z00E 57 0 s%%tgharta“ﬁas"ets“’gs i HEERAeE v g
filmthat 45 ¥ ék SHEEHPER 8970 dBBe ATRE-THOCNatfe SEHRATHERY YhBE SRt He t wo
magneti c |&ByessUu.sn pdrent aaviosatwBebut Thes rgducthipm inhetdiheoiago bpagmeéhatcionayer s
are not physsbeﬁiévxdsaﬁaeataedecammang peneededghs 10BgNRELE IRCOF dixdgadgrdi a
that will SHBPOL YRl LN ndGHY:LY1 A RE0TA! DR Wil adet AL g, ggod ther mal

stability | oSure I'nvent e Inventjon Is a nagnetrc
recor di ng YRR RN ET e PAL S ESHHTTTEE I 2 Sy BYSY TSt B5er SFediad Fadstdt

f er r omagnefavoréhllenspametri Iereronsgrétl calhgl VCARY GoupiedMe oet Rer aadrosses
nonf er r omegRRki thisRRCRes | | rdh Bacawse ot hendtageaiiiCiimne s tofeddiRLINMD of
antiferr Or@gnﬁggn%@uylaggﬁpl ednd 105 @l elaras%nrnealfaamlsear 418! worliN 82l een

r emanent Ié% etization-thi ckness ro ?(/\70 ﬁ he recortdr ng I ayer is
the differ&mCE T PHEPRFT RaFuek ?‘r‘%oﬁg t e’rrgﬁhgenef?%exf i"FRe" Thi s
reduct i on Nulthtdyersd focadhiply ¥amtktif tirsgarding ¥ekict'i ofFBEN TrHsarhiansabn

st a_b:cl ity pdgnkbeed, e¢or.di g, mgd;ymbe@e@uddse #ohe, ). uFe® -afod ha. ghaiapsmd Nethe
anti f erromagnetj c: coupl.ed fi a uet o
enabl es mu¢ shgr ewy EJE)Ct °c? rééjn |oﬁ§q{12tc be agﬁfg&éeag\%‘%eﬁ% g%%l
demagnet i z%ltlr“ﬁnsﬁdéi?‘é@y F@é’uf’“f“fﬁh&ri‘?‘ﬂ%lﬁl%Fe‘F’iI‘rﬁfearw&iEt THETEFE4PF 0% t he
medi um | nvgeteshodbIrent t ive . negmeténdererondi g EREH-BIFEORPL ses two
ferromagneii g fraalngért eaeh, g gr\earmlnareé MlemaOfNoﬁ?-seS RUt te@hdmry%c@ﬂrw

al | oy, separ ate Sp acer ' m_havi % hi ckness to maximze th

ant i ferronﬁﬁ?e?f%“sé%’r?&ﬁg%“ @Sﬁbﬁfﬁlﬁé betwe 'tﬂ‘é two’ TERFE B F1 I ms. One of
t he ferrommgneti-c2bi| nksi sparade F,BEzKE6 alvanhe helotéreraretbyt Be Tehocknesses

are chosen,so t‘mtsht A8-oREEm TRABRALayER f%er@lgap@gmemwewe‘s fok eh ubsrdaw,

but nonzer . e fE: cougléad na?qrneetlc,,regfg er of trl?a RLesent

i nvention, N‘?lsg‘ & ACCFEALt Y WU T P Rregnatt e frl BrY oGt ¢al 1y

coupl ed to@ﬁet Her acMousgbar rk?ﬁ?erBPorr&@ﬁe?F‘tl:sﬁaﬁferlera} H‘Pmblaaﬁ'—eﬁelqjgéll%?s t he
i ndi vidual magnetic layers in the |am nated nedi um described in the
above-cited 288 patent to produce a nmediumw th both thernmal stability and
low intrinsic nmedia noise. For a fuller understandi ng of the nature and
advant ages of the present invention, reference should be made to the

foI I ovvr ng detail ed description t aken t oget her wth the accorrpanyr ng
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Fig. 1 is a schematic sectional view of the antiferromagnetically (AF)

- coupl ed na@[} Lol €cording layer in a recording nedium Fi J

. schematic'i ﬁh)'sgﬁrsati on of the AF-coupled layer illustrati ngctT e tifsos
orientations of the nonments of the ferrogagnetic films at a recor deliJAN 2005
magnetic transition; Fig. 2B is a graph of calculated magnetic field above
the AF-coupled layer and a single layer (SL) nediumas a function of
downtrack position froma transition;, Fig. 3 is a schematic sectional view
of a di sk9%s¥r Haturess 19 dssFAiRgeUsher Siibstitatels (hdek lsapesh toheeducknthd n

t he AF- coenphetigd ayepl ingnbetweenptind €ed insgnanier Coadxs b Ghedldrinacdragneid C
hysteresi & aop it el GhUER: whidtdl . ABe qoiRl el aYEl.Ql. 1 0. 31 Fio.
5 is a schematic sectional view of a prior art 1Tamnatéd di sk structure

wi th conventional individual single |layers as the nagnetic |layers in the
‘lanmi nate; and '#13§. 1% Hegdad sithepgndtdc seeerrdimal mediantpit ailhrduppeed veigk

st ruct ur ehight ferAE ¢ atiplordidayht e astdiang nebiodi chiamaDBgabtiayl ayersari n t he

| am nate. Detailed Description of the Invention A nmagnetic recordi ng nmedi um

has a recording |ayer forned 19]‘ L_Lwo or re ferromagnetic filns that are
exchange- coupl ed anti fer rorrag-n%ﬁ%%%ﬁ%—"—g%’i‘?%%g@ﬁﬁzg nei ghbori ng
ferromagnetic filns by one or nore nonferromagnetic spacer filns. This is
shown schemat i e ligvantibhgis 2 hadnedid¢ aeostiing hayen wRrebdend et W0

f er r omagngatdegafid MByeh24s 14 SERA acmgdf&xo@agq@@i@rfritim@@a%@u&z%m%%fu%hm 16.
The nonf eHFgrrg(?ln%te(lictnoé% cer film 16 thi ckness and conpos|tion are chosen so
n n

that the magnetrc o §SDFTON S "AGFAEBIRERFH TrEPASET 1R RYFECEE VidTSy,

are AF- cOUisRelt RPBRRIIF PhethfohFerandhiayrensanes perddy - ¢9urhed G idmel see

ant i par al ¢glentenl zetpaappléid the eladsremBhentAmagetilziaagomtn amessagaatie fil s

MR ot TR G e ST RN R

st udi e ed..in,. . . ) e

literat u(rag'.QD %‘srg’é“h rrlefajcll,c fhlemséxcfzﬁ%ﬁ éedglggb?q g %rstcilfl%lctcggp FORT e PO agnet i ¢

to antifefTUfbYIetl CRf ERETHEr XA s pACETE FRIGHILRAY ClRAEES Pecqufes the

osci | | at orstuwenpifi Plge roekats dnshig ahbifegedreghedi qmlgrdcablabbimatadans i s

ﬁl/gscri be dedayg+ Redtiivan et ahT rleR1 k0 kb | b OAS b @hﬁbﬁé’i@%a&f&%ﬁbi%%féﬂgiong
gnetore ange ttice . .Structures: Ru, . an

FolG ") Py Reg‘“{‘ie?‘g?? *ﬁéﬁ?%%ﬁ%ﬁ‘e%ééﬁf*g%&%T%’SS%%léﬁi e Hofl

conbi nat i 6RS T ACTFuSEF &Y r oagRB T T | Nk fgfectiodenentrEhe RS eiHE t hei r

al | oys, SIRAFr@Nrediom RpuwdyseqritroFeerGonagnetindiiflesr caalyrreigrenspacetind i | ns

such as roft hesputef Rpes ctydbotrECi)loyl haghumddRbY , a Rui diddedr (FFnh, n&apRer

(Qu)) and; thekikneak! QY Srax 5 zcL860 SUCAIBLERR - &2 ir@l@]& éﬁ%tliﬁ]ebe?%g&{(' atory

exchange goupl i | ationship has to he determn.neg rea ncwn,
so t hat ttfc'uhée '? ?cr%ﬁégﬁBtg 917'|'e n%%fozr?lﬁrgﬁﬁewgn%tﬁﬁcg Impi tnmRge SAi6EERd to
assure anti¥Peftorabtiet PEL chepFipiopetafedrs cheseiugof Brtolitymet inoment i The
peri od of zeocapdlded omadependdedd ishowionitemboragnet i ¢ spacer nmaterial, but
the strength and phase of the oscillatory coupling al so depends on the
ferr onmagnet I C 'H?et gg‘lc.acl 9@9 Ja%%%{:ﬂccagiec%lrdl ualliat g O-Eh heOSCiesl,eln%t Orxy
antiferropagnet| couﬁllpl ng of Terronagnetic f'lﬁms aspﬁeen used
spi n-val v& $yp& 3?3?1? BB ghEOr eSSt arfed™y | bR e erRT it hep ¥ as 69 desi gn
cont i nuousCgrabrretecyett anndriferrommayaetd epddey €0l edn fhel umdrhgsthemagnet i ¢
rr:orrgnt 'SI' hai:&iimi@iadl ?(agﬁ@!ﬂﬁ)l: exhykogethere aaﬁim&@x{e@iu\d_ttfeiseﬂik%@eiﬁttihgnl of the
ead. e % VS P v ure e cLihe Qr ex e, in
B0 pat ont S 40837 ahe G as rea Thare bl FRRCR et BB i v
used in LOMPEF B154r| Yo H\FalPHif-e spi n-val ve GVR heads, namely a
"lam nated antiparallel--pirined ferromagnetic |ayer having ferromagnetic
films whose norentscdnerrigiedkyadRuplediiogether .aathaendigasséatihonary

. duri ng Opﬁf&%h@ﬁn@énéi@%, hf"&%rence should be made to the following detailed

description taken together with the accompanying figures.

ntion,
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The filns 12, 14 have nmgnetic nonment values of M1 tl and M Zt2,

. respectively. (Because the remanent magnetization M is expressed as the
magneti c WROBHo0pET unit vol ume of ferronmagnetic material, RCEWGPHEBATR Mt
is the magnetic nonent per unit area for a magnetic |ayer of thi m UDE )
For this AF-coupled structure the orientétions of the magnetic nz ? 2,
24 of adjacent filnms 12, 14, respectively, are aligned antiparallel and
thus add destructively to reduce the magnetic nmoment of the conposite |ayer

10. The arrows 22, 24 repregank #JL%:%E_%H%P@};@”E@J&QES of indi vi dual
magneti c domai ns that are oV el ow one anot her across the
AF coupling film16. In the absence of an applied magnetic field, when the
ferromagnetic Fid.nmulds iss sdepesit edcoitralt heewredi the subideraeeagnptically have
a granul afaSt EMGh1ekendMdeR i bRl i@ gatheeit Qhatasiibgim@ieoupl ed toget her
to formindividual nmagnetic domains. In the absence of an applied magnetic
field the noments of these donmmins_in film r WD 02/09098 PCT/ GB01/03058 2
0 JAN 2005 s 1Bign PP b 2esSeaverig |14 Lyshfabityy o6r FemAETcCPHEY SI5HE8r film or
AF- coupl i figubttanibs tise theangeposs bedcitcomtirmteorf ede fdirorpmeesidifdoe|at on
f erromagngt¢ofdddddnedieXt vadsheistgcond ferronmagnetic film 12 is deposited
directly on the AF coupling film16. As the grains of ferromagnetic film 12
grow they will form magnetic domains with nonent orie tion that are
antiparal | el tBigh@Bnbirene=ah eht RLFBIRE<6f "FBFEF b ‘? agmt’?l ®14 that are
directly smicosslédheapdr codphisiggie 1ayvd:6. (SIFhenetdype @fs § eunerermetic materi al
and the thi.ckpess peakUes Erom 2efinstibeod,erromagnetic filnms 12, 14 are
chosen so that the net nonent in zero applled field will be Iow but
nonzero. For the case shown in Fi Mt fox, the Structure is given
by M1 tl-Mz F¥3. 3MF 7 SCERRAME %étiori\ﬂlzvtiw iR Kol BE " i onpl i shed by
usi ng t heisamwerdemoonagebetrarmt eyidgkbaven t e b iPnghe] 2F-quprhed] LREST ng
tl be greaierlnthsbtlde i otBecdgagneti zation (the magnetic nonment per unit
volune of nmaterial) of the two ferromagnetic filns may be nmade different by
using different ferromagnetic materials, f t]_: 1‘;’? um,rE é/\hdllt tFlg lis
shown for a twBi¥i I4mi&tF FRELFE WY THea°Li%h gt’%" Spacer ]SIT Y8 “Structures
with mult bpteuppetdayer lafsFand3mul tiple ferromagnetic fil ns; nay be used.
The magnetic | ayer descri bed above has a nunber of advantages over a

magnetic |ayer pfor nedsas s%hemml:eséc@xeﬂalotrlé@rafomaeti a:rtrrmtﬁaaaéd diew

r emanent tization can be obtai t hout. u ulf rast mpgnetic

| ayers orrTF%tN-%ma et 8T 6h A Cfnlag lﬁlh?dgla\glorl&g § e Sro{)lterers ogtl‘get her mal

i nst abi | i t-?y%‘ﬁdlﬂl‘tfﬁ EBMRERH WPt i ng di scussed above | f the magnetic

| ayer in Fig. 1 is conpared to a single-layer consisting of only film 12,

for exanple, t'@@gadéjllél QQ&Emiﬂl@ s%:t(i@iq&l otled &JFr @NBgRaLt«l i bimstducteduces

the net TRONCLEC.IBIRAL Bl LNE, ERIMOSLE Sul ! ML e Wal DALndOM 22010, .

ei ther thé i'ckness or mag ne ati1on of m 12. ° The "enhanced t herma
stability of the conposite structure conpared to a single magnetic |ayer
ari ses because the ani sot pegailef nes ‘ s 12 and 14 are
substantially uniaxial, and thus can add constructlvely even if the

magneti c rmrrensofflrrs 12 14aeuma dpap . ity
paraneter of the"tou tlledrecorflmr% Ra ﬂ%l veng%ojr%Kn? ;5]@; £ef%%£a%g Bt

énKuI Vg]fKUZVZ)
, Where K@&P¥A f&ﬁﬁ”l’&??@?“ér lt‘ﬁéhaﬁlasr&t ?’6‘15’37“8?1e"r°¢‘ipe‘§d &PttffdﬁrE‘aT §r At Y]
films 12, (4¥), weesherd neddhporTie fapperachetmict £ibrs becngoRrpdwitee stability

par amet er naﬁ}t\ér@ms&mt\{tﬂga%vz #irhk . benaghisevgelnf Gendrheicase whengmagreti

grains |nf|Im 14 L ran W50 N i I o]3y11017 gtropy
axis direltfom %'H%% ifegnet | catg/ol 9}{9 ; y&ﬁgrqc%&qogrﬁeﬁgﬁ%ct urepg%j;ia%'a;cy%e1{6
he

that det ePHi heSPERE YREPPRIC SPAASH| F 1P e\fi | The %ﬁf—m“ﬁﬁt‘%‘w fREeSu
vol umes ofthi dieress\WOLD 2609008 i RCRLEBGS68 058 tR2 0 thANnZDe5LT meReHEngeé- Gdupl ed
grains ingdkilimcLac 3&1de412 Waer %ﬁpéél&v@ngnaké CarTRBRAledOthdcayrrenk0 i s the

difference o :.:[rrr:')ren L) VI gua%ernplq?nn.rl d g.lel gﬁtﬂ;?ara%ﬁel Ige At tlzt]_g;ﬁ ggrragneu c
coupling Bet e fHe two E?erromagne ic filnms provides a nechanlsmto

i ncrease tfhel‘éﬁffectl ve filmthickness while reducing the net Mt val ue of
the conposite structure. Thus the ferromagnetic filns can contain very

smal | di anet er qgt@ams;oagﬁugb@t@rgom%m 3t Abiiiat ¥ .noABeAfragigied nedi um

i's shown schennt,i cal | a record gy-Tel] N
transiti oﬁraﬁfetlﬁflu@e%wl) SBRE ntﬁusﬁ%s Pegy) % Sf‘%ﬁ?ességﬁi%g% Eagdnagngﬁegd pgl es

arising fromthe transition. The cal cuI ated | ongi tudi nal field (Hx) 10 nm
above the surface of the AF-coupled nediumis shown in Fig. 2B as a
function of X direction or downtrack position fromthe transition. The
noment and thickness values for the two filnms 12, 14 and the calcul ated Mt
for the AF-coupled |ayer are listed in Fig. 2B. For conparison, Fig 2B al so




. WD 02/ 09098 PCT/ GB01/03058 2 0 JAN 2005 a ferromagnetic film correspondi ng
~to film14 1 (12 nmvs. 7 nm. The nonferromagneti r filmis
a 0.6 nm %610?4':49198% with single-layer nmedia, it is advant j’é@@@’gﬁ("@aﬁ
granul ar ferromagnetic nmaterial with isofated magnetic grains to | iﬁ{fb&
medi a noise. The Ru filmthickness was chosen to be at the first
antiferromagnetic peak in the oscillatory coupling relationship. For this
exanpl e) each CoPtCrB ferromagnetic filmincluded an interface film

consi sti NPeSdETRITHFPy dF T Hin GPe GFRRRIhECTRHEET RGeS EFR™M Ru film
These ul t farrthegneCdcf 4 rptiforemsoeet e vind értaecishg ngent HiomweeRkhées .

f e[ r ?nag NetisC okéd 1Bt a: f‘ﬁd s iRy féllaﬁlor{@t&fél fdngeidbre@hareeth: comblnatlons
antiferro o ve | ne exc n ouplin

has been {c}’ﬁ%gé’%%gge ﬂa@ﬁ Y\ﬁlcor po?d;tlifatﬁﬁns%o ﬁx rface" }‘Inﬁs ’i?‘%w tﬁe
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structure below the expected wite field of the head. For this exanplethe
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WO 02J09098 10 PCT/ GBOLl/ 03058 20 JAN 2005 The AF-coupled nedia according to
-the present invention has al so been denonstrated for structures with and

wi t hout onwoon/doedsh Co interface filnms, with and w thout onecychridBofsoCr
interface layers, and with CoCrPtTa ferromagnetic filns. Lam nat IY&EZO%S
wi th AF-coupl ed Layers Lam nated nagneti ¢ recordi ng nedi a, based OQ’I

i nvention described in the previously cited '288 patent, have al so been
fabricated with the AF-coupled (AFC) |ayers descri bed above as the.
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first antlferrorragnetl c peak on the oscillatory coupfnl ng curve, is
sufficient to assure no significant ferromagnetic or antiferromagnetic
coupling. This requirenent for the spacer layer is in direct contrast to
the requirenment for the antiferromagnetic coupling filns 46, 56, each of
which is selected to have a thickness and conposition corresponding to the
f| rst ant| ferromagnetl c peak of the osm I | at ory coupl | ng curve. The AFC
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- SAMPLEMt (nmenu/cm ) Medi a SNR (de) CoPt Cr B conventi onal single )

| ayer 0. 383‘%? N8 ani nat ed AFCO. 231. 5Lanmi nated AFC/ 12 ~ Ru("i’CT’GB‘“"B"D8
spacer 0. 433. 3Lami nated AFC/ 24 ~ Ru spacey 0. 433. 3Lani nated AFC/ 48 ZUHA_N 2005
spacer -0.433.2 | Table 2 (Metal Substrates) SAMPLEMt (menu/cnR )Media SNR
I dB ) Non-1 am nated AFCO.2432.4Lam nated AFC/ 12 ~ Ru spacer0. 434. 6Lam nat ed
AFC/ 24 ~ Ru spacer0.3934. 8Lam nated AFC/ 36 ~ Ru spacer0.434.9 For both sets
of di sks exchaRoetBobpimovenemt ip FiBNR U2sart Htevetrkas thleemdguet hatredeme dif a
conpar ed fdyet-neo N@NchAR FodredcARE pRdiiacfdubDanckenve Rl onals 82 ke laxer
‘medi a. antiferromagnetic coupling between the two ferromagnetic films provides a
mechanism to inarease the effective £film thickness while reducing the net
Mrt value of the composite structure. Thus ;he ferromagnetic films can

contain very small diameter grains and maintain thermal stability.

An AF-coupled medium is shown schematically in Fig. 2A with a
recorded or written magnetic transition. The plus (+) and minus (-)
symbols represent the magnetic poles arising from the transition. The
calculated longitudinal field (H,) 10 nm above the surface of the
AF-coupled medium is shown in Fig. 2B as a function of X direction or
downtrack position from the transition. The moment and thickness values
for the two films 12, 14 and the calculated Mrt for the AF-coupled layer
are listed in Fig. 2B. For comparison, Fig 2B also shows model
calculations of longitudinal magnetic field arising from transitions in a
single-layer (SL) medium that has a similar Mrt. The thickness values (t,
and t;) were chosen such that the peak lengitudinal field was the same for
the AF-coupled medium compared to the SL medium. The total thickness of
the ferromagnetic material in the AF-coupled medium is 2.7 times thicker.
Therefore, the AF-coupled medium should be more thermally stable than the
SL medium. The longitudinal field profile in the downtrack direction
decays faster for the AF-coupled medium, resulting in a sharper
transition. This indicates that the transitions can be spaced closer than
in the SL medium, resulting in a higher linear bit density for the medium.
While not shown in Fig. 2B, calculations have also shown that the
demagnetization field from a transition within the AF-coupled medium also
decreases faster than in the SL medium. In addition, the magnitude and
sign of the demagnetization field depends on the Y position (see Fig. 2A)
within the medium. Thus for certain Y positions within the medium, the
demagnetization field is reduced to zerc. Small demagnetization fields
are desired because they can affect other transitions and cause the
transition to demagnetize itself.

Fig. 3 shows an example structure of conventional CoPtCrB
longitudinal recording media alloys being used for the ferromagnetic
films. The structure was fabricated using conventiomal sputter deposition
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 ceoating, with the substrate temperature

- at approximately 200 &C. The ferromagnetic films are CoPtCrB, with the
top film corresponding to f£ilm 12 in Fig. 1 being thicker than the bottom
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- medi um conprising: a substrate; a magnetic recording |layer (30') on the
substrat e yggg.4009ri sing first (34') and second (32') PCT/GB01/030=8

ant i ferromagnetl cally-coupled (AFC) |ayers and a nonferromagnetic &pacer

| ayer (36') separating the two AFC | ayers) each AFC | ayer corrprl AN 2005
first ferromagnetic film (44, 54), a second ferromagnetic film (42, 52) and
an antiferromagnetically coupling film (46, 56) |ocated between the first
and second filnms and having a thickness and conposition sufficient to

provi de affTTEREBHEGNEH T CEBERHIPPRGISE te He 1M 45 tinakte sdcékd ohi Ys7 e

nonf er r omAmetanfespraesuetigyepadeei Hln dsat @ds bet weehilinhe mewbtl fil m of the

Ilh r SL AFCshayer 188 hbeid,i E'LSHJ hlimr%lfa%;ém %@%@da%&nhﬁyﬁrfeé%agﬁydﬁlg a

i ckness [ n,s icient to, preven n ficant “coupling
bet ween tﬁgpgréggnn‘p%?’ I;‘so he T rst SAFC g glrc’wﬁndé/}tehg‘ ?ﬁar 8P*39°1 nT%pRPhe
second AFEL} %}FQFCkr?S5A“%6Pﬁ?ﬁ%§°c“l’%laﬁe‘ﬂ‘el ﬁlé‘?taﬁmllfefra‘ﬁ‘t‘wt%rmﬂi sinnghe

t hi rd AFCobeildetend caugldognde rthbesiripnadghet ticiSpaaailel, ayemn temated bet ween
the secondefidmiyf&d) ofid hecsecangh Aﬁglellﬁxerfj(l%Zc&nﬁaqlﬁc_i@sééﬁﬁhi}l L of
the thi rdoqu;mI ay&ls QQ%h@Wﬁ?&f@c%Wﬁﬁ”&ss antcg1 Si tllﬁl’% stltﬁﬂfl cient._to

prevent an ni ficant col tWeen t he Secon P& SHE™MAFC

| ayer and* ‘FFee Pridte FF‘TemeFli‘%éwT‘?ﬂtr detrreen ‘a%rfer@maﬂnﬁ'é’(ﬁ Gingss ard ghaed i n
claiml wheksi mestging rigt ehlpancedagraf exrdnapnet(iddyoaflinge fHowsterAFC | ayer

(34') hasa ifebednrnstid eﬁaﬂhregeneaﬁﬂtlhgafiaisolgemder&é)%ta%s@wdléﬁouOrragneti c
film(42) ;Qéor%tl?aéfnrséhé“ﬁg l&ye%aé‘é% And %Cbﬁ‘e%sm@w ?Fﬁrogﬁgﬁ’”et : fg’ﬂn‘ on M,

and wherein t et1c nonment's uni t "arfea 2) of
the first and second ferromagneti c f| |l ms of the first AFC | ayer,
respectively, &2 di Fherenbe fuedar onstearrtiheloopd.(sdlinedingh asd chai rednéemt
cl ai m 3 whesweirsihaobi r Glashdd)1iaad reesand 66121)_31‘5@@:@&89&&1%' Ecdicbide @F the

first AFCglayar (éﬁe}rﬁfgefipé’ﬂﬂ%g Q'Ie Egﬁan%ggehmgleéé %l V\ﬁ?pn 1 N&S gbt?al'g:!aci! (44)

different_fromt the

and second” (A2 T%er m gnet ‘f%qull ?nJSaYSf Jtnhg ?‘?Si‘&v%r—f@eﬂﬁféﬁd frf?? $PRI¥ERY or med
of differ éﬁtmﬁﬁ?i‘eﬂr‘al severge sl Ye fickthant anegsor b sharnemahdnt ndreens aire
t hi cknessthé laperreditamtas cé@itied firlelai apdlwber et klfinent loop is a

f jul l Il S 65 U
anti f erropagneki @l ky &Qﬂgr:}\cﬁfﬁeg'«ié? Géﬁ‘bh rﬁa%Lﬂf: QQ%fOEhé *}g e?%%kg&ﬁ@ EC'TEB

formed of _a erjal

01 0305f i‘h‘c% 1B PRB W Bakd e nERh lﬁéﬁrﬂ%ﬁ’r"’ﬁ %562 - 221,0 t&ﬂﬁ%ﬁ%‘ﬁ”“%ﬁeot ed
fromthe §VGpievhsi §PFngn6fS rft AR AtuRPPREFTR MBI UVRET ¥, FhediermugRh) ,

i ridi um (3% )thecopyrer of Gk, remchethelicopadtd @yS. Fbr donedibsn,as €lmalaed in
claim1l whenei Bsidie siidist 1644) oa@ncheS86RANE£ 20 Lﬁgyomg%t,b&tflegr@f of each
of the Aff . %ygésuli_,?zﬁ 4 ¥% dndle8. mefffro%m e!_-a‘?tur el eﬁ'lte(,j f.om the group

consistin thejr
ﬁ% oug%gd mealum alfbws a signiflca ¥1y lower Mrt to be achieved with a
greater total magnetic layer thickness.

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 poéitive direction (arvows 30, 32). For
large applied fields (>3000 Oe), the antiferromagnetic coupling is
overcome and the moments of the two ferromagnetic f£ilms are both parallel
to the applied field (arrows 42, 44). As the applied field is reduced
(arrow 34) the moment of the thinner 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
moment. This switch occurs roughly at the exchange field felt by the
bottom film (Hee=2000 Oe) arising from the coupling across the Ru film.
The value 0f Hew = Jex/M; t;, where Je is the antiferromagnetic interface

exchange energy density across the Ru spacer layer and M, and t, are the



. consi st

| 8.' A nmedium as cl ai rredéin claim1 wherein the first ferromagnetic fiIm(94,

. 59) 'pf oqg o5, M} AFC (34", 32') layers includes an i nterfgﬁg,ﬁpﬁ?‘g] ﬁ]'?%t

essen ially of cobalt located at the interface

ferromagnetic filmand the antiferromagretically coupling film (4 165)20059.
A mediumas clainmed in claiml \/\herel n the second ferromagnetic film (92,
52) of one of the AFC | ayers (39' includes an interface film

consi st N sentJ aI !a Q_f cobal t at the interface of the second

ferronmagnetic 1?? R and the STt e rtg‘ﬁa SPP EHIFGBEHES AP I m (96, 56) .

10. A rreéIFiRﬂcééVﬂYal neeF iaf %I}tdpﬁ?ﬂllfeélr%mpm%@mﬁl Hiendearpmagasrik afiams | ogat ed

"on the sbbsteadtgedetuebrest limtsubstekatal and dhec-thgretic -bgokdifng | ayer
(30"-) . raaerszh@hm@wm e TR Hmélcf Wi1h] gomﬁ; ;g el coofr%&9§t' Iy e coat

forrredo e etic recor %ﬁl Gm ad din

claimi urt ‘éﬁ“ﬁ‘:%%%i“i STRGT % P Fé%ll F%’%?a?Fé%“ B"éﬂveté‘ﬁ ¥R substrate and

t he magnétTempeediridi At -ayErus;3chg magpet ighprarentisniadd fihiskngs490f 58} and

second (#25tcb2¥ifuer koMmBgNess chbi AMEoap BindBEEI Ml ndstCBPaddsighdO¥ e @Adrain Sai d
antiferregppgnetic coupling film(36') is made of a nmaterial selected from

the group including ruthenium (Ru), chromum (Cr), rhodium (Rh), iridium
(I'r), copper (Cu) and their alloys. 13. A nmediumas clainmed in claim 12
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di fferentidy Q%%t@ﬂ%e@@gmagnetlc film. Thus, the properties of the top
ferromagnetic film and the AF-coupling film must be designed to maintain H.
of the composite structure below the expected write field of the head.
For this example the pathway to go from one remanent state (arrows 52, 54)
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 conventicnal longitudinal recording head. Signal to noise ratio
measurements determined a media S,NR of 31.9 dB at 9500 flux changes per
millimeter (fc/mﬁ), where S, 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.



15. A nediumas clainmed in claim 14 wherein the first (54) and second (52)

- ferromagnetic films of: the first AFC | ayer (34') are formed of the sane

mat eri al eintl is different fromt2. 16. A nedi umpEscehaa®d i n
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UV] cay Canonferromagnetic spacer layer. In the laminated AFC magnetic media of

N A

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. 5). Each
AFC layer 32', 34' is made up to two films (42, 44 and 52, 54,
respectively) dntiferromagnetically coupled by antiferromagnetically
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 compcsite laminated structure can be tuned without suffering
thermal instabilities. Therefore, thermally stable, low-Mrt laminated
media can be obtained. O0f 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 AFQC layers.
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grown on a NlAl/Cr/CoﬂCrn underlayer structure. The structures on

NiP/AlMg substrates were grown on a Cr/CogCry; underlayer structure.

For these tests, the magnetic layer composition of all the magnetic
films was CoePtypCry;;Bs. The antiferromagnetically coupling films 46, 56
used in the AFC layers 32', 34', respectively were 6 A Ru layers. The
nenferromagnetic spacer layer 36' was also Ru, but with thicknesses
ranging from 12 to 48 A. In the laminated AFC media, the nonferromagnetic
spacer layer 36' between the two AFC layers 32', 34' is selected to have a
composition and thickness so that there is no significant ferromagnetic or
antiferromagnetic coupling between the two adjacent ferromagnetic films 44
and 52. For known materials, the thickness of the spacer layer 36' can be
readily determined because it is known from the oscillatory coupling curve
how the exchange coupling oscillates from ferromagnetic to
antiferrcomagnetic with increasing spacer layer thickness. In the cited
‘288 patent the Cr spacer film between the two Co alloy films had a
thickness of 40 A or greater, which is well beyond any detectable
ferromagnetic or antiferromagnetic exchange coupling peak on the
oscillatory coupling curve. For CoePt,Cr:,Bs alloy ferromagnetic films and
Ru, a Ru thickness greater than approximately 10 A, which is beyond the
first antiferromagnetic peak on the oscillatory coupling curve, is
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
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:
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(Glass Substrates)

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

CoPtCrRB conventional single layer

Non-laminated AFC

Laminated AFC/12 € Ru spacer 0.4 33.3

Laminated AFC/24 & Ru spacer 0.4 33.3

Laminated AFC/48 G Ru spacer 0.4 33.2
Table 2

(Metal Substrates)

| SAMPLE Mrt Media SNR
(memu/cm?) (dB)
Laminated AFC/12 @ Ru spacer 0.4 34.6
I Laminated AFC/24 @ Ru spacer 0:39 34.8 I
Laminated AFC/36 € Ru spacer 0.4 34.9

For both sets of disks a 1-2 4B improvement in SNR is achieved for the
laminated media compared to the non-laminated AFC media and the

conventional single layexr media.
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1. A magnetic recording medium comprising:
a substrate;

a magnetic recording layer (30') on the substrate and comprising
first (34') and second (32') antiferromagnetically-coupled (AFC) layers
and a nonferromagnetic spacer layer (36') separating the two AFC layers,
each AFC layer comprising a first ferromagnetic £ilm (44, 54), a second
ferromagnetic £ilm (42, 52) and an antiferromagnetically coupling £ilm
(46, 56) located between the first and second £ilms and having a thickness
and composition sufficient to provide antiferromagmetic coupling of the
first and second films, the nonferromagnetic spacer layer being located
between the second film of the first AFC layer and the first f£ilm of the
second AFC layer and having a thickness and composition sufficient to
prevent any significant coupling between the second film of the first AFC

layer and the first film of the second AFC layer.

2. A medium as claimed in claim 1 further cowprising a third AFC layer
and a second nonferromagnetic spacer layer located between the second film
(54) of the second AFC layer (32') and the first filwm of the third AFC
layer and having a thickness and composition sufficient to prevent any
significant coupling between the second f£ilm of the second AFC layer and
the first f£ilm of the third AFC layer.

3. A medium as claimed ih claim.1 whereiﬁ the first ferrcmagnetic £ilm
(44) of the first AFC layer (34') has a thickness tl and a magnetization
M1, the second ferromagnetic f£ilm (42) of the first AFC layer has a
thickness t2 and a magnetization M2, and wherein the magnetic moments per
unit area (Ml x tl) 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 £ilms of the first AFC layer (32') are formed of different

materials and wherein tl 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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9. A medium as claimed in c¢laim 1 wherein the second ferromagnetic film
(42, 52) of one of the AFC layers (34', 32') includes an interface film
consisting essentially of cobalt located at the interface of the second

ferromagnetic film and the antiferromagnetically coupling film (46, 56).

10. A medium as claimed in claim 1 further comprising an underlayer
located on the substrate between the substrate and the magnetic recording

layer (30").

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 underlayer located between the substrate and the magnetic
recording layer (30’); and
wherein:

said first (44, 54) and second (42, 52) ferromagnetic films are made
of a cobalt alley; and

said antiferromagnetic coupling film (36’) is made of a material
selected from the group including ruthenium (Ru), chromium (Cr), rhodium

(Rh}, dridium (Ir), copper (Cu) and their alloys.

13. A médium as claimed in claim 12 further comprising a third AFC layer
and a second 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 tﬁé Second AFC layer and

the fixrst film of the third AFC layer.
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M1, the second ferromagnetic film (52) of the first AFC layer has a
thickness t2 and a magnetization M2, and wherein the _magnetic moments per
unit area (M1l x tl) and (M2 x t2) of the first and second ferromagnetic
films of the flrst AFC layer, respectively, are different from one

another.

15. A medium as claimed in claim 14 wherein the first (54) and second
{52) ferromagnetic films of the first AFC layer (34') are formed of the

same material, and wherein tl is different from t2.

16. A medium &s claimed in claim 14 wherein the first (54) and second
(52) ferromagnetic films of the first AFC layer (34') are formed of
different materials and wherein tl and t2 are substantially the same

thickness.

17. A medium as claimed in claim 12 wherein the firsl ferromagnetic f£ilm
(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 ccupling film (36').

18, A medium as claimed in claim 12 wherein the second ferromagnetic film
(52, 42) of one of the AFC layers (34', 32') includes an interface film
consisting essentially of coball located at the interface of Lhe second

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