MAGNETI C RECORDI NG DI SK W TH ANTI FERROVAGNETI CALLY- COUPLED MAGNETI C LAYER
HAVI NG MULTI PLE LONER LAYERS 5 Technical Field This invention rel ates
generally to magnetic recording disks used in magnetic recording hard disk
drives, and nore particularly to a magnetic recording disk that has an
antiferromagnetically-coupled (AFC) magnetic |ayer. 10 Background of the

I nvention As the storage density of magnetic recording hard di sks has

i ncreased, there has been a corresponding reduction in the

B s U AR

magnetic field) 15 magnetization M (where M is neasured in units of
magneti c nonent per unit volune of ferromagnetic material) of the recording
| ayer. He is related to the short-time switching field or intrinsic
coercivdty (Ho) required by the di sHechinivel Fi¢ldt e head to wite data on the
recording layer. The trends in Mt and H.  have led. to a _decrease in the
ratio Mt/He. TENRENPRIRS relgies penstalbite magnetigrecording disks wsed dsmagnegie ¢ he
magnetic | : t 1m t tored
magneti c i%%%?ﬁ%?@%ﬁﬁﬂéﬁﬁﬁg QQS%QR?ﬁP“ 1 %ﬁ?ﬁ%ﬁ?ﬁ%ﬂ%g¥% ecgg}ﬁ$ﬁ?s decay
of the magaeiférzmidgactidaig-cowded @RQ)intaghetit yert her mal activati on of snall
magneti c grains (the superparamagnetic effect). The thermal stability of a
magnetic grainis to a large extent determined by K' V, where K' is the
magnet { £ ani sotropy constant of Eg g@ .1.s the volune of the
magnet }(pc grain. As the layer t BacREr AU ch q'elYtnij, V decreases. 25 If the
| ayer thi cknessAd the stoeage lemsity 6l mdgheticaamedihgbard risks hasidcredved share as oegaet i ¢

information wll_ no |onger be stable at normal disk drive gperating

condi t i onsCOTRSFRONGHSreHcHOR i the magpptizatiprregynense-thigknesy Ity (Yig).48d8 t o a

hi gher ani . j i ) Py i Se1 is

i ed by PESRRIELLE in 1h B0A0GTy (). of My LeoBro bR Bl 1 qual
to K' /M frikluctefithe racbrdimg lpgrniickeat 1 owd)the leamoen $zdroappdicd ataghaictitld)e wi tten

by a conventional. recordi ng head. A siml.ar approach is to reduce the Ms of
t Ke . %1 magne’[}zatlon r {wq]ereng ?s measure En units of mggnetlc moment per un?t Vofume ofe

ferromagnetic material) of the recording layer. H, is related to the short-time switching field
or intrinsic coercivity (Hp) required by the disk drive write head to write data on the recording
layer. The trends in Mrt and H, have 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,
20  but only to a limit because the stored magnetic information in the layer will be more likely to
decay. This decay of the magnetization 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.
25  If'the layer thickness is too thin, K,V becomes too small and the stored magnetic 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 anisotropy material
(higher K,). However, the increase in K, is limited by the point where the coercivity H,
which is approximately equal to K, /M (M; =saturation magnetization), becomes too great to

30  be written by a conventional recording head. A similar approach is to reduce the M of the
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magnetic |layer for a fixed |layer thickness, which will reduce M since M is
related to Ms, but this is also limted by the coercivity that can be
witten. U S. Patent 6,280,813, assigned to the sanme assignee as this
application, describes a magnetic recording nediumwherein the magnetic
recording layer is at least two 5 ferromagnetic | ayers
antiferromagnetical |l y-coupl ed together across a nonferronmagnetic spacer
layer. In this type of magnetic nmedia, referred to as AFC nedia, the
magneti c nonents of the two antiferromagnetically-coupled |ayers are

oriented aﬂﬁa%rﬂ:ﬁ& #ykLfor b %XE&IMQHQ&GSWV;H]CH WAL reliis Wit siddedtr {shQal&to O, but of

conposite M f the recording layer is the difference between the R t
t he upper @lwdshbwmlﬂeébydwmgmtwt&thaaym‘sewfm@ upper ferromagnetl c layer

typically has than ower f.erro o that the
compost 1o Nt 14SgPOe GapoXlp:don e i SARasa BLRTRE S iy feopdfesa

acconpl i sh@dgit h&uidu@g fedlifmtwHRRein the\iPdgnbiRe Meordﬂ%@er K@f @raelehaewb her mal
stability of the recording nediumis not reduced. AFC nmedia thus

signifi izanfenyma@;ﬂt@\}@etsmtlfﬁepfr@MIn@léf @fumﬁég@mec a¢retscarrmnfﬁgromagk@w spagepw

conposite is.th | it

pul e at Rt T R fe pEBatBltrPedatlsact i AEC bt e PRienbobpRgS e
neasur ed afwd MdfdrRmRpAéRallFenPiddayeld e ofMRE] MiipuRillelah eéniAneRse, itd tachi evabl e
| i near density, and a | ow value of PW0 is desirable. Therefore, the

ext endi bi | Tesylt tat tAF(r,etmedorap@sgte Mnt af the eropeding laxet inthe difforense hetween thelid ofir e
can be “Seﬁe&g%é %Qa‘ﬁi‘%% 1c b ! eﬁ}%@&' AL 0GR g&w},@ 4f s yal ue Mt

can be achie erronagne l'ayer,®sinc arosrre =

(MtULIG ' Mgher M@tﬁd@\meflaw;er ibtrbmagxwtlbwbr AFtGatthélt@npdne Birt 8 givef@yi mum M t
val ue that can be used in the | ower ferrorramgnetl c | ayer above which the
nedi a's i nMriuns Mitigi Ehlaredvetl%né\émsmw@nplsb yithoytiajredistionrin Yobime Veven

t hough PWb t i1l dropping. For
exanpl e, &)h%&\%&&tbé l}lg u%ig{aggl n%rl cg %dl&rﬁ Tbﬁ& Cﬁm&t | ower
ferromagnetic IAE@ﬁned(athasrﬁgﬁﬁmtly ireprloosvihie perfy@tianbé bfxbygrﬁu&&cmelmgcﬁﬂ& above
t he maxi nrum val ue) to _achieve a 25 PWQ val ue reduced by 3.5 % fromthe

ref erence AREYspMpRsiigrdrtiRganga omevalieihn . svhdch is theyhel f'%ﬁlltuqfld’(}déﬁ?éﬁ’ idthyof s
eSS | PSS naeant SRR ALy PRI oy Oy T
the | ower PWérvaluedeumneme adhiolable Fineatdensity, btk loowwatuef f PVOFihig esirabld. ayer
I's made t hjl"hergf{)re the extendlblllty of AFC media is mainly determined by how much the structure
can be used to reduce PWS50, and this is determined by how large a value Mrt can be achieved
in the lower ferromagnetic layer, since Mrtcomposite = (Mrtyp — Mrtyp).

20 However, with current AFC media there is a maximum Mrt value that can be used in
the lower ferromagnetic layer above which the media’s intrinsic signal-to-noise ratio (SoQNR)
will become worse even though PWS50 is still lowered and the composite Mrt is still dropping.

For example, an AFC structure can be fabricated with a thicker lower ferromagnetic layer
(increasing the lower layer Mrt by 0.05 memu/cm? above the maximum value) to achieve a

25  PWS50 value reduced by 3.5 % from the reference AFC structure using the maximum lower

layer Mrt. However, this results in an unacceptable decrease in SNR of approximately 3.5 db.
There are two likely reasons why this decrease in SoNR occurs with AFC media when

the lower layer becomes too thick. First, as the lower ferromagnetic layer is made thicker, its

anisotropy-volume product (KyV) increases. The KyV determines how susceptible the layer
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ani sot ropy-vol unme product (KuV) increases. The KuV determ nes how
susceptible the layer -2 is to thermal fluctuations with the higher the KW/
the | ess susceptible is the layer. It is well established that it is

thermal | y-activated reversal that allows the small interlayer exchange

field in AFC nedia to reverse the magnetization of the |ower |ayer and

t hereby produce the desired antiparallel remanent configuration. Therefore,
t he hi gher the KuV of the | ower | ayer 5 (the higher the | ower Iayer Mt),
the nore difficult it is for the relativel

conpl et el y5efersgl fsealionmt DarieDH W Koht GRotisrRyBe & Beig. iyl
magni t ude 9§t bthlgﬁed tEﬁ%@ﬂgzﬁnglﬂ}ﬁéch ?t?d %&%ﬁﬁﬁﬁ&%llgﬁQ%rsH P'?ﬁtt:ﬂﬁ Eflfﬁanl)é%""er

| ayer soma|ng|t nore icult or the antiferroragnetic
i nter act i oﬁelti(m AECansiia tohevemgheMagmdmzatmnoff tlhd]lewlex)l\a@a*r ahdyterebaproduce hecones

thicker. Therefore, as the Iower | ayer as are t
ef fects t haFsiredanapich emancad confgqurig e ?rP e echig %@}Q‘Z@F@ﬁéowea e | ayer
magnet i gat ttHé‘h&HerftPPé BWehe eré}\ﬂftj Hﬁ:ﬁﬁ&%%ﬁfﬁfuﬂﬁﬁ”@ﬂ t}fé%ﬁﬁ&l}'yr %élPékchJ Fteld L

factors could Cause sone Yower | ayer grains to not be antiparallel wt
t hei r r esptctompéetelp poersk d;eenague‘azausn ofths $ovirdryayer.otkeondyghemagrtudeopfthei n t he

recorded signal ing th I n So tha i sure l.ncreasi.ng the
exchange ff”g;?‘ e@‘&&%ﬁ&@@ %@HFR} ayﬁ&h’lgte glﬁ?mta 1nghtern%%?ﬂg1§gl} is a
pot enti al Y@Yh&iﬂtl% gﬁ%tﬁgn&:ﬁbﬁorllt% r@&e?&ltﬁérinawlzitlb% Al TblveRlaPdr ki s hi gh
nonent | ayer reduces t SONR such that in practice it is very difficult to

si gni fi canb¢opmasb thégker. HEhezofoteaarghe fovek thyoui Mrtosntncrees:hdcthﬁng aBdNR effette that or e,

t he pr | em of .not bein i ncregse the thickness.of the |.ower

for r ominebeor e h SRl o eEe B datd e v ol € My ver .
probl em W hftigaPiBiSrembidh€ EoHRSrati¥RaThdse fReR66s01d Sale SRBNRWEE 1av&CRAidS fthodi SK
with an AFC structure that can take 20 advantage of the reduction in

conposi te e antiparllel witteleir iespetive hpper laygugring, pessibly peadusingientra SoilRIn tBnmar y
f the | di
ctructure. (O0Raen rpBYEThLAPe S s STRE R GatBE TG EIE R ahds BRORYS) o1

structure [Had®
an upper f@ddilig”@mgmﬂoﬁlehﬁl&i?é r adjdent tadhe Rudbiyer lg‘ae}sdt@ﬂﬁgwey bppdstp)éﬁfn‘g thigi ng
e

ant i ferromagnetl cal |l y-cou d together across corref‘spon i ng

ant i f et onBighlen, bul th‘yadﬁcmpl ofrilis m}aen@nenrrl?e/ewdmg therSoMR; Sugh #at BYPragiign it he
Mt of eaCE v%I'y &1ﬁﬁult to significantly alter the exchange field without reducing SoNR. Therefore,
the problem of not being able to increase the thickness of the lower ferromagnetic layer in
AFC media above some maximum value is a universal problem with these structures.
What is needed is a magnetic recording disk with an AFC structure that can take
20  advantage of the reduction in composite Mrt and PW50, but without causing a reduction in

SoNR.

Summary of the Invention

The invention is a magnetic recording disk with an AFC structure that has three lower
25  ferromagnetic layers (LL1, LL2, LL3) and an upper ferromagnetic layer (UL), all four
ferromagnetic layers being antiferromagnetically-coupled together across corresponding
antiferromagnetically-coupling layers. The UL has an Mrt greater than the Mrt of each of the
three lower layers LL1, LL2, LL3, and greater than the sum of the Mrt values of LL1 and LL3.
The middle lower layer LL2 has an Mrt less than the Mrt of each of the other lower layers
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three lower layers LL I, LL2, LL3, and greater than the sumof the Mt

val ues of LL1 and LL3. The mddle |ower |ayer LL2 has an Mt |ess than the
Mt of each of the other lower layers -3 LL1 and LL3, and as a result the
conposite Mt of the AFC structure is |l ess than the conposite Mt of the
conventional AFC structure. The AFC structure of this invention is able to
achieve this conposite Mt reduction without increasing the Mt of any of
the three |ower |ayers above the nmaxi mum Mt of the single |ower layer in
t he convenll oagil LIAFehdisaresulr the c@nposite Mreoethe AFCasvracttls ik Ituss &aNRledegr adati on
caused by too | ar in the |ower |ayers. For

1%ﬁtepof an Mt r??

under st andioRPosie Mot tha spnzentional ARfasiruchs She ARE spraws ﬂl‘ﬁ%ﬂttloﬁds able
reference @ FhhPlf ROHAER

t oget her w?ﬁmktﬂethgaccgﬁ%%%ftgég\d P?%Augg‘[sl&%%?%r gﬁ%&iﬁ?r ?pﬂ)on 0 theerDrawl ng
FIG 1is layess:ﬁimvatheona;émuind‘vlalofﬂieem&f logver lAfT imthgreehventipead gl stigctlirg k
according t prior ar S a schematic sec ona i ew of an AFC
magnet |§1 raé’éld]i‘edf’ B ayeik ﬂ?fc%m‘igbad’?%‘m FAMECATY SRR 1 ES] ‘Hc\?BM %qull@erss shows
the conposite Mg aqﬁlle&hﬁdeﬁmﬁgmﬁyﬁﬁu&fwa Qa\anaagé@ed?tﬂ{l@}eeﬁt r’f\véﬂ!ﬂ)ﬁt' on of
the Mt of the mddle lower layer. FIG 4 shows the P of the AFC

st ruct ur e referdnke shoukd/mrnaderto sl fallowing tdetaileddestdygiontaken ddgethize withdak e | ower
layer. FIGS. 5A-5D sihow conpari sons of the SoNR of the AFC structure of this
i nvent i on 22Y RV Sef er ence AFC structure at four different recording
densities. Detailed Description of the Invention Prior Art FIG |
illustrates the cross sectlonal structure of a disk with an

anti f elr omagneti cal |l y- 25 couBtie 1 9 Jrawimger 20 according to the
prior art. The sub tabl e.mater.j al . .such as gl ass,
ort oL 2L The s ot R Sebughel RefBln LA B B o
The seed Itaypﬁorjazt is an optional layer that may be used to inprove the
growt h

FIG. 2 is a schematic sectional view of an AFC magnetic recording disk according to
the present invention.
15 FIG. 3 shows the composite Mrt of the AFC structure of this invention as a function of
the Mrt of the middle lower layer.
FIG. 4 shows the PW50 of the AFC structure of this invention as a function of the Mrt
of the middle lower layer.
FIGS. 5A-5D show comparisons of the SoNR of the AFC structure of this invention

20  with the reference AFC structure at four different recording densities.

Detailed Description of the Invention

Prior Art
FIG. 1 illustrates the cross sectional structure of a disk with an antiferromagnetically-
25  coupled (AFC) magnetic layer 20 according to the prior art. The disk substrate 11 is any
suitable material, such as glass, SiC/Si, ceramic, quartz, or an AIMg alloy base with a NiP
surface coating. The seed layer 12 is an optional layer that may be used to improve the growth
of the underlayer 13. The seed layer 12 is most commonly used when the substrate 11 is

nonmetallic, such as glass. The seed layer 12 has a thickness in the range of approximately 1
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of the underlayer 13. The seed layer 12 is nost comonly used when the
substrate 11 is nonnetallic, such as glass. The seed |layer 12 has a

thi ckness in the range of approximately 1 -4 to 50 nmand is one of the
materials, such as Ta, CTi, N Al or RuAl, which are useful as seed
materials for pronoting the growth of subsequently deposited |ayers in
certain preferred crystalline orientations. A pre-seed |ayer (not shown)
may al so be used between the glass substrate 11 and the seed | ayer 12. The

under | ayerto®8 nirSardaposd dfabe Mafefialswach 8€la, IGRYENIAI br RuAl[ @hRRAtare @efudbdeedd se
directly onto the substrate 11, and is a nonmagnetic material such as
chr oni um oRatgridh s Rramatiaetes erowthcef subsegueptly dengsited lagemen certain RIBEE] ayer 13

has a t h'&?ﬂﬁﬁ% 6rf£n{a Bnd, K Bfe Ed ?ay%ro(e?rps‘ﬂo{%ﬂi( f O)E Qstﬂbé X%%h%@%w ﬁ"t é%@' ng

appr oxi mat e pro |ve rcoa suc nnrphous
carbon, i 5sub§tra|teﬂ1 aﬁi thdgeetl dxgeﬂ m(el’hemtﬂeﬂaybhes Aldepdsity@ontd Ghe sleed Iﬁlya AFC
magnetic |ayer 20 is ower ferromagnetic layer (LL) 22 and an

upper fer rRsftghet ‘Ptbeqwé%?élf“eft%mm? 3‘3 sebfiEatat le A0GDIS 2ORBABRSHE SIASGHEBYR 28 pacer
layer 23 thaim@ficha c%n%pm%foyfzsgaﬁ ﬁs”@%ﬁ%r'r? n§/l&oﬂfé| Urfdgr1dyRY €4 has%

nonf erromagneti ¢ spacer |ayer ness conposition are chosen so

t hat t he nthpkedss m thorange sf 3, 1(1@411mimthd]tgmemtvalhayeing apRoxitvbtely i@smpect i vel y,
are AF-coupl ed.through the nonferromagne acer ayer 23 and are

ant i par al | REPIeqiy€aYeIeRat nof sRp YV Siioh & gmofp glis Hﬁ%@é‘rﬁstb&@ﬁ PFEOET at e.

The two ARpcaypligilrbgyers 22, 24 of layer 20 have magneti c nonents that are
oriented antipardllel, with the upper layer 24 having a |arger nonent. Thus
MtUL I great élfhetﬁtf%ﬂlmhgnehb Jayan2D tsheade opb 8 ilaveer KértorfiagnetidieyekKCL) 28/&1d an20 i s

MtuL - MtLL The AF f f t |

ot or' omeREt kromraehr 1 e U Shagd bS Sapmetp B e et By 2 et AS  ur o

of layer 24 ahAnfifeffom %neﬁéaily%ﬂﬁh@(lta?éis W@h&nﬁ&é&ﬂbgﬁﬂtléi%celq@y%‘?% Rfekress t he
a

literature. In gener he exchange coupling oscillates fromferromagnetic
to anti femndmgmttlcimarmmem prethetibe mpgegiwaromengs &, 3¢ loff adiacent layarn 23, 24,
eI ected. mat er

I A e
Magnet ¥ eSingt@ppliddfideti al, kHeGrernbiiat habhdtieStat MHettwo &F-cduplddUuayec?2 0436 and
el o Phlys 2(|)? %Xve nI;ae tntetlc m\é?nlents Etslffat arpe or12egt:?eg atgt}ggc}?el V;I;Phethgﬁt eerr Ilf Ier 2CA? }rlrszlmn ations
i ncl ude ayer g para pper lay g
a larger moment. Thus Mrty, is greater than Mrt;;, and the composite Mrt for the AFC layer
20 is (Mrty, - Mrtyp).
The AF coupling of ferromagnetic layers via a nonferromagnetic transition metal
20  spacer layer, like the AFC structure of layer 20 in FIG. 1, has been extensively studied and
described in the literature. In general, the exchange coupling oscillates from ferromagnetic to
antiferromagnetic with increasing spacer layer thickness. This oscillatory coupling
relationship for selected material combinations is described by Parkin et al. in "Oscillations in
Exchange Coupling and Magnetoresistance in Metallic Superlattice Structures: Co/Ru, Co/Cr
25 and Fe/Cr", Phys. Rev. Lett., Vol. 64, p. 2034 (1990). The material combinations include
ferromagnetic layers made of Co, Fe, Ni, and their alloys, such as Ni--Fe, Ni--Co, and Fe--Co,
and nonferromagnetic spacer layers such as Ru, chromium (Cr), thodium (Rh), iridium (Ir),

copper (Cu), and their alloys. For each such material combination, the oscillatory exchange

coupling relationship has to be determined, if' not already known, so that the thickness of the
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ferromagnetic | ayers made of Co, Fe, Ni, and their alloys, such as N --Fe,

Ni --Co, and Fe--Co, and nonferronagnetic spacer |ayers such as Ru, chrom um
(Cr), rhodium (Rh), iridiumO), copper (Cu), and their alloys. For each
such material conbination, the oscillatory exchange coupling relationship
has to be determned, if not already known, so that the thickness of the -5
nonf erromagneti ¢ spacer |layer is selected to assure antiferronmagnetic
coupling between the two ferromagnetic |ayers. The period of oscillation

depends onnédferrdiRapnetid aved et B ssleae€to ashie aitifadrombietié Beuptihg bergietn thad phase
of the oscillatory coupling also depends on the ferromagnetic material and
i nt er f aci atweylggpmagnetis laygss. The §ermf§@eluatqmrd@pmspnéhed%qn&ﬂ%aga% spfcef he

Tagnett o TRARRLS pidne Sadh ATEAREN e SLIATRANGH G hVELSEon B

respective re aligne para Because
the two fefelh@ﬁagﬂmhlnﬁatér&yemcsmtdafahb]aqlﬁﬁﬁj structure ser ve differ ent functions
wth respect to recordlng their material properties are substanti all

differeht. The kgssis A Ey%wctzme 2Q the ppgntatjong 9 thgmgpetrﬁaraﬂ@ﬁmé%ﬁéﬂfé e
al most no fe?soﬁ{agﬁ@@tﬁeg ﬁ; %sctﬁegpln!eqq efarmuﬁagale}gnm b addld: 5trﬂa1v%1y

coercivity gse properties 1ot upper ayer are - "geared
t owar d obt Becausgthe tveo feerstmaodtiRlay€ivan thppelfC ktayosure 2&-ve diffeygnit Gmictionsawi@o Pt Cr B

L o | ar GEPSHETRIOTONE, (o BAGHBHRIPRR et SRa gt Frrtarie PORGr TR Fhrsi ¢
coercivit ygfﬁ:l‘égll ha sl"nQH)r?a;I&?c?%alﬂE %ﬁ lalth&® no er?&%ﬂahﬁl%nt EchilfpeR M\@;ﬂu{geﬁ{él%k on and

the materi |s typi cal oy, wt Cr cont ent [Cr] < 15
at. %10 suhllghaﬂrlﬁhggférq1v1ﬂy (Hbhe8 kt)eTihase premedtidsdor theeppen\ayer 24hyreigearadhnot be

used as the upper. Jayer fo per f e nedi errom netic
spacer | aywaﬁg&? %‘nms\}/ltﬁ Res $0§\Rﬁ' gﬂwémpgﬁ?)(q:(% 18 tPfP‘@%lﬁ'la Egﬁgﬁ]g\ﬂho)f ?ﬂc AFC
magnetic I@Man&Q oBl *Th@l&w?ﬂy%b’ﬁ isSypicutly W iRated wAthS 1Ale@monRaser | ayer. AFC
media with nore than two ferromagnetic | ayers and additional AF 20 coupling

spacer |ay mt@gllaau)@r dxehangs ogipbisg end lmmﬁmlcw@hlm(ﬂHde«iE) b@b«rse akyperties
ovent on [egle B R RaaR R el S p@ T eRe: b vl VEREH Gt
medi a 15  ([Cr] <15 at. %), such as CogyCry. The material used for the lower layer cannot be used as
the upper layer for high performance media. The nonferromagnetic spacer layer 23 is
typically ruthenium (Ru).
FIG. 1 is shown for an AFC magnetic layer 20 with a two-layer structure and a single
spacer layer. AFC media with more than two ferromagnetic layers and additional AF-
20  coupling spacer layers have been suggested, but no such media have been able to achieve both

a reduction in composite Mrt and SoNR .

The Invention
The invention is an AFC media that overcomes the current limitations of AFC media
25  and enables lower Mrt and PW50 to be achieved without compromising SoNR. This structure
is shown in Fig 2 and comprises an AFC layer 120 formed over a conventional underlayer 113
and seed layer 112 on a substrate 111.
The AFC layer 120 comprises three lower ferromagnetic layers (LL1, LL2, LL3) (122,
124, 126, respectively, in FIG. 2) and an upper ferromagnetic layer (UL) (140 in FIG. 2).



25 and enables |lower Mt and PWO to be achieved w thout conprom sing SoNR
This structure is shown in Fig 2 and conprises an AFC | ayer 120 forned over
a conventional underlayer 113 and seed layer 112 on a substrate 111. The
AFC | ayer 120 conprises three |ower ferromagnetic |ayers (LLI, LL2, LL3)
(122, 124, 126, respectively, in FIG 2) and an upper ferromagnetic |ayer
(UL) (140 in FIG 2). -6 Ferromagnetic layer 140 is called the upper
ferromagnetic | ayer because it is the topnost layer in the AFC structure

120. TheseFt@sthadnefid RIEJAL Y callb@iRuppéferSLRAERE RflerMécdubé REs the topmost layer
antiferromagnetically-coupling layers 123, 125, 127. Al four ferronmagnetic

| ayers 122intho AFC sirpgture1 9§. dhesefpvs feapmagngtie aypris ard spparaligp b #reoget her . AFC
| 120 t . t i ed. b (Ejel d).
ayer Q&?f?nré{i%a ! %H&ﬂ?{léwﬁggﬁ%gg%fﬁa%ﬁ?ﬁ AR ggrpﬁglgtlgﬁg‘{}?ﬁiﬁ by el d)

The magnet i zati on lrec 'n one es I’s” shown

by arrows 126,140.3¢ anfiRerombhdrbtichlly-édupledttbRthest AFE layeh 20hdsewbir@nament all the
arrows would be reversed. The UL has_an Mt greater than the Mt of each of
the three MmagRsticistairs (zere ppplied pagnetic figld)n dhe magpaizationdirectien efgeclblayeria r t

val ues of Hrelofqﬂglg ls{ta S isg{ﬂﬁ\évmb?%gwg Y r1311,al|3§§1r 14a2h ﬁn It_lﬁa%tlk??ﬁ?@ tM&irIe!:t?cﬁﬁ of han

the Mt of each o e r fower layers ese relative Mt
val ues ar eall gpresesteildhe revesedel ati ve | ength of arrows 132, 134, 136, 142).

The conposite Mt of the AFC structure 120 isgtgi ven by: l\/ftCC]VPOSrE -
(MtUL - MtLLI YheUlyhas an Mrt gregierthan theMrt qfjeach of the threglowerlayere Li-bddrdi ng
properties La | 1 t fr ot i C
medi a (FI GLE§§§$§ﬁéE§B%%@'e?%ﬁ3}gf E’hﬁk[lrlté%wg;ngf IfITH?atsntquLoS\'Neh?le?@? ér{%%%%gﬁe{:]“ ayer
LL1 1220 cahas dneMitdesatlian athe Mt af eaghosfitheé atherdonlertlayetkblesand Id 3. h@hessaelative

correspondi llayers in the prjor art AFC structure _of FI 1 (layers 22
and 24), SMT?Y?A‘E%@H%‘FW%@%;}E%W%W e ARTES A5 T3hekier 0 Th “The ¢ vo
i nt er medi atgn)Rwe it 6f tho KReNglrd B08E Sividgy.and LL3 can be formed of the

same material as the lower layer in the standard AFC structure (layer 22 in
FIG 1), but LL2 will be thinner. LL2 is nade to be essentially as thin as

Bopr oxi mat o1y oMB<oragpe SMBe: RS MR R o) be seen

15
To compare the recording properties of the AFC media in FIG. 2 with that of the conventional
AFC media (FIG. 1), the upper layer UL 140 and first lower ferromagnetic layer LL1 122 can
be identical in composition and thickness to the two corresponding layers in the prior art AFC
structure of FIG. 1 (layers 22 and 24), so that their corresponding Mrt values are identical.

20  The two intermediate lower ferromagnetic layers LL2 and LL3 can be formed of the same
material as the lower layer in the standard AFC structure (layer 22 in FIG. 1), but LL2 will be
thinner. LL2 is made to be essentially as thin as possible, provided it remains as a defined
magnetic layer (greater than approximately 0.2 nm). Since Mrt;;, < Mrty; 3, it can be seen
from Eq. 1 above that the composite Mrt of the AFC structure 120 will be less than the

25  composite Mrt of the conventional AFC structure (Mrtyp, — Mrty;;). Importantly, this AFC
structure is able to achieve this composite Mrt reduction without increasing the Mrt of any of
the three lower layers above the maximum Mrt of the single lower layer in the conventional
AFC structure and therefore avoids the SyNR degradation caused by too large of an Mrt in the

lower layers. The AFC structure of this invention can be made without the need to change the



fromEq. 1 above that the conposite Mt of the AFC structure 120 w Il be

| ess than the 25 conposite Mt of the conventional AFC structure (MtUL -
MtLLI). Inmportantly, this AFC structure is able to achieve this conposite
Mt reduction without increasing the Mt of any of the three |ower |ayers
above the maxi mum Mt of the single |lower layer in the conventional AFC
structure and therefore avoids the SONR degradati on caused by too | arge of
an Mt in the Ilower |ayers. The AFC structure of this invention can be nade

wi t hout t henipesielod or @b@agehd thécknesé of aifpsfahé these lower Iapiefom thd@niposicikmess of
any of the three |ower |ayers fromthe conposition and thi ckness of the

fs. ngl e | ovidd thigkness ofithe single dnwes havepindhe eanmentionalARE structrgc §inge pll thee o
bnd oo boErambaRt Byted i RECHAUEH abdharforflihi | 515 PIRRAELIERL gl B

al  oys wi tthrea firsmadgnétid lagarcLD1,ddeY; CLY hiteyndde of kiik elldysevithl d loysinuimeid i n t he

conventl onal AFC structure, the tgﬁgetl zation attern recorded into the
upper fer r@gidHoe likethe alloys uspd in theconventionak A ﬁ‘ﬁ%‘gﬁ the pragpetizgfiqnant at i on

of the ot g&gs&%&%m%%&wwn% ayﬁl&ﬁ\f r S WARL Sl thd¥hSgrdeRYRi3h1 On

I mproves over the conventi onal structure wthout a reduction in
SoNR. The crmdtaaomognhabmbnfeﬂphmgnemﬂh)@rs( SONR) is the ratio of 10 the

i sol ated signal_pu t o noi at a specific recordi g densi t er
flux reversal s/]ihieﬁ’eéf Stﬂ%"‘éi‘%ﬂi@”d?‘"f“é‘&%%%avﬁé’éﬁgq pyert ea“r?§i"?'}t’8ﬁ%‘

St ruct ur esgh BYERSE gt Q%d\ﬂé’t'idn'%ﬂ S,QR! thE Pr%dM § n%f-tol-r'r&se 4 ﬁm@%@&t& *3;? UL
t hi ckness constant, and f1ixing Mt %_ hese

st ruct Iy esthmolatedargnakmﬂisem hblsaairz&fpemﬁnmoﬂﬁ@ desﬂsllt}u(mumber ofiftix MtLL = 0.13
menu/ cn2 (which i.s approxi tel(}/ t he nmaxi num VS g_ﬁ for 15 MtLL gbove whi ch
f

the SoNR dFdpeas/infar fistenceqieqordeddnaggetaieansitions); dhe sirpctues ipvesiiealed valee 3

shows the GHmpeNit €fMZ “ﬂxfﬂefi’(eé;ﬁﬁgﬁx%[ﬁfthic'llﬂés@céﬁs‘idﬁ@taﬂﬁ%%@s function of
changing only MtLL2. 'The smaller MtLLZ, the snaller the conposite Mt. By

reduci ng N¥irthih ZtMs11s EWaacme/cm?t Thesn stiecturesiwerectotmpaied withrrenefetaee ABE! ow t he

f AFC st h IG 4
Choves 1 et SRR o= ot e R B BRBRag mathe tisvBmtart e A
reductjsn MHLLSa%v@wE\eﬁ%mwgwaﬂdwnﬁlt&&JL%émg&e%ma%ﬁalt fitciedR of the

AFC structure of this invention with
FIG. 3 shows the composite Mrt of a serles of these structures as function of changing

only Mrty;,. The smaller Mrty;,, the smaller the composite Mrt. By reducing Mrty;, the

composite Mrt can be reduced by 0.11 memu/cm?® below the reference AFC structure

(0.24 memu/cm® compared to 0.35 memu/cm?). FIG. 4 shows that as the composite Mrt is
20  lowered, the PWS50 is reduced. A reduction of 5% in PW50 was measured.

FIGS. 5A-5D compare the S)NR of the AFC structure of this invention with the
reference AFC structure at four different recording densities measured in thousand-bits-per-
inch (kbpi). For the layers that measured a reduced PW50 relative to the reference AFC
structure, a significant improvement in SoNR was measured for the important middle

25  recording density regions (FIGS. 5B and 5C). Thus, the AFC structure of this invention
achieves a reduction in PW50 for a given UL thickness without compromising SoNR, and
overcomes one of the fundamental limitations of conventional AFC media.

The preferred material for the UL is a CoPtCrB alloy with Cr between approximately
16 and 22 atomic percent (at.%), Pt between approximately 12 and 20 at.%, and B between



reference AFC structure at four different recording densities neasured in

t housand-bits-per- inch (kbpi). For the layers that nmeasured a reduced PW0
relative to the reference AFC structure, a significant inprovenent in SoNR
was neasured for the inportant mddle 25 recording density regions (FIGS. 5B
and 5C). Thus, the AFC structure of this invention achieves a reduction in
PW50 for a given UL thickness w thout conprom sing SoNR, and overcones one
of the fundanental limtations of conventional AFC medi a. The preferred

material f | n and
T bl o Rt 0 R SR
bet ween - 8TieppéfoedmbeliM fér i o?@le%we%lay&shﬁﬂ ELeNErs 8 2 GdCthllagwitaCrcan be

added to this CoCrPtB allggl Theﬁreferred materlal for each of the | ower
| ayer s LL petwepmpapproximatelyss a4 ai”p-oPthgr ¢lpments canchapdded togpisSaGratier. yush and

24 at. r "o % I (less
2 2 6 at Og%*g (LFEJ t?\F%Q%?t/ (%%‘s @Q@?% b, H‘Pﬁqegggﬁa ﬁgﬁf’é/a %H?J%spéc?alﬁ

especi abl y béndfieiatfol the edgrdgencbrh@f teegr aghé Colr ﬁlioytd@@ve@aslfd{bﬂﬁtb@g@h&plaixia(by as
wel |l as facili tatl ng the eP| taxial  growh of the subsequentl deposi ted

| ayers. Th&Qth e&?heav@sqtﬁe depostieskipyeas- UthedsL e4ib2len be yepmapessplbat tye Phy s
stacked OnnL?@CQ}f’tC?g%pwgtsE%ﬁe@&ptoP of’gacé}lloﬁle?éﬂq@ﬁ&ﬂbﬁg&%gadc&gleﬁ Byep Ot her .

Ref erences herein to conpositton range e average
conposi ti onthef. Réferentdsthefeinetoahd eopspossition kengblof the T4 wilhjpeai the atdragel0 The AFC

structure descri bed above is not |im dtothel | ementation with only
three | owefOPBgsEan of] ﬂ&melila@;ﬂ“@ys @as‘?tomP@P may i ncl ude one or m)re
addi t i ?Oa' subrgg J?\F@:ts%&ﬁre dEEt‘i—‘lb%HQ e WinfieedQyt ﬁ%ﬁ{eﬁ{atlgﬁ with g gf

| ower ferromagnetic layers . ower ayers L4 and LL5 corresponding to
LL2 and LLﬂ;reerbwpekayers'ngr,exampléltBeAI)Csmldtummaﬁhtchﬁebnomgnetalddmbhgl coupl i ng
I ayer betwe LL4 and. L corres 125 15 between LL2 and LL3
in FIG 2) SErfgt s o Bt SRS 01 oSt PGl e Stamegneic ayers e.6

anti f err ompgngdyealliy- a@n@lmls'cﬂﬁeslp%){&hg ﬂc?IZLZ thd1liG, r @d@@el@”mfﬂ@' i) #aah
antiferromagnetically-coupling l'ayer woul d be oca?ed bét ween the

sub- st ruct lantefeamdagmecalbmpeplmgdm besween hL4 hmdsLb& toopesponting tolapersizbe Mt of
the AF(ES st E)et%\;[egrg EL e (1 EL? n lﬁépE s subatructure would then be located above
antiferromagnetically-coupling layer 127 in FIG. 2 and an additional
antiferromagnetically-coupling layer would be located between the sub-structure and the
upper layer UL. In this example the composite Mrt of the AFC structure would be expressed
as:

20 Mrtcomposrre = (Mrtyr, — Mrtppy) + Mrt 112 — Mrtyps + Mrt 14 — Mrts (Eq. 2)

The Mrt of the UL in this AFC structure is greater than the sum of the Mrt values of
LL1,LL3 and LLS.

25 While the present invention has been particularly shown and described with reference
to the preferred embodiments, it will be understood by those skilled in the art that various
changes in form and detail may be made without departing from the spirit and scope of the
invention. Accordingly, the disclosed invention is to be considered merely as illustrative and

limited in scope only as specified in the appended claims.



20 MteoMeosrre = (MtUL - MtLLj) + Mt LLZ - MtLL3 + Mt Lu - MtLL5 (Eq.
2) The Mt of the UL in this AFC structure is greater than the sum of the
Mt values of LL I, LL3 and LL5. 25 Wiile the present invention has been
particularly shown and described with reference to the preferred

enbodi nents, it will be understood by those skilled in the art that various
changes in formand detail may be nmade wi thout departing fromthe spirit and
scope of t Néhatiinelatmedis: Accordingly, the disclosed invention is to be
considered nerely as illustrative and |imted in scope only as specified in
t he appended clains. -9 Wiat is clained is: 1. A magnetic recording disk
conprising: a substAahagneticadingrdiskf @hipeisiagnet i cal | y- coupl ed (AFC)

magneti c recording | ayer on the substrate and having two remanent magnetic
states in the ap8¥sHaeAdan applied nagnetic field, the AFC recording |ayer

conprising (a) & hhfiftkrom@WRAicAIBLERPRANGIES thapfeiic Recordifg dayet TANGBRsubstrate
magnetization M, a thickness "t and a renanent-nmagneti zat’ion-thickness
product M and hip)ingatwo reypangnt inpgnetio retadgseini therbsencecolipn epijicdapegnetin fickle th r st

| ower ferr @%qneti I r. (e} a second |ower ferromagnetic |ayer on the
first anti %errgﬁ(ﬁ%ﬁétl%g (?n;}érc%rﬁgpl ing layer and having an Mt |less than the

Mt of the firgalfewdowérefefromagitat ilayet Baviig a fethanentIeap@Btization Mr, a thickness
antiferromagnetically coupling. layer on th second | g%\rgr ferromagnetic
layer; (e)tandm remarsiemagnstiz iokness | REgBIct Wity KR) 8 eldih gntiferromagnetically

antiferro I i . L. t : t
of the seconping ifet ¥y BRRL e} RASMmaBRElc NS 1Q) #Recia hBR Erorhoe Sl 1y
coupl i ng | aydhe first ardtderrdrnagheticallzrcoupling leyergmd thawing apevirt legsdhgmythe dvirt b pleer

ferromagnet.i ¢ .layer on the.third antiferro neticall coupling | ayer, and
o g an_ DR 159 teapmakiic, (eérs S sttt SRR BrtrEReasty et Rimel et i 1
| ower ferresmagnabwer Fayvdiagheta thysh e ianthirt EloWag i&tdrdapin e 18lief et thensecéfd t he

upper ferromagnetic |ayer and the third ferromagnetic |ayer are
subst ant i apnifepmagnstieallyeqouphing taypr andhbaying ansMit greatep ghan the Mrt of the second

lower ferromagnetic layer; (f) a third antiferromagnetically coupling layer on the third lower
ferromagnetic layer; and (g) an upper ferromagnetic layer on the third antiferromagnetically
coupling layer and having an Mrt greater than the sum of the Mrt values of the first and third
lower ferromagnetic layers;

and wherein the magnetization directions of the upper ferromagnetic layer and the
third ferromagnetic layer are substantially antiparallel in each remanent state, the
magnetization directions of the second lower ferromagnetic layer and the first ferromagnetic
layer are substantially antiparallel in each remanent state, and the magnetization direction of
the upper ferromagnetic layer in one remanent state is substantially antiparallel to its

magnetization direction in the other remanent state.

2. The disk of claim 1 wherein the lower ferromagnetic layers are formed of
substantially the same material, and wherein the second ferromagnetic layer has a thickness

less than the thickness of each of the first and third lower ferromagnetic layers.
3. The disk of claim 1 wherein the upper ferromagnetic layer is an alloy

comprising Co, Pt, Cr and B, and wherein each of the lower ferromagnetic layers is an alloy

comprising Co and Cer.
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magneti zation directions of the second | ower ferromagnetic |ayer and the
first ferromagnetic |ayer are substantially antiparallel in each renmanent
state, and the magneti zation direction of the upper ferronagnetic |ayer in
one remanent state is substantially antiparallel to its nagnetization
direction in the other remanent state. 2. The disk of claim| wherein the

| oner ferromagnetic | ayer re formed of sybstantially the sane paterial,
and wherein the%eco efié‘ir"gﬁ&ﬁﬁgt‘?’}é?r?‘ﬁ%ﬁh ‘#é]%e lowenfegiomagaetiq layess ’tsr?&ﬁ‘h%e

t hi ckness ofirtkaebmpfisihg¢afirst and third |ower ferromagnetic |ayers. 3. The
di sk of claim1l wherein the upper ferromagnetic |ayer is an alloy
conprising Co, Pt, Cr and B, and wherein each of the | ower ferronmagnetic

ST 8o, o TR s o0 Pl e o

each of the |ower ferromagnetic |ayer

5. The di ska matefihlagetacledvinan ehd geap Fronsistingeofamthehir (RBQ biebmbdh |(Cr)¢ shgdiinng

| ayers a erial s 5nect ed from(yﬂg_% oup consisting of ruthenium (Ru),

chr oni um ( &RY- ridiges (fn coppst)(Cu), angjihgin [lWS), copper (Cu), and their all oys.
6. The disk of claim1 further conprising an underl ayer |ocated on the
substrate between the substrate and the AFC recording |layer. 7. The disk of
claim1 further 6conprlhsidisg of chaimt lefirtherecompeisingan undemaygr togated ohdhe subpteate

ferr Onagnetble%:wel:e% i s'ubét:rl'ajte and the AFC recording layer.

7. The disk of claim 1 further comprising a protective overcoat formed over the

upper ferromagnetic layer.
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