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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 nmagnetic recordi ng di sk that has an
antiferromagnetically-coupled (AFC) nagnetic | ayer.

e

been a
magnet i zat i on-remanence-t hi ckness product (Mt), and a
correspondi ng increase in the coercivity (He), of the
magnetic recording layer. Mt is the product of the
recordi ng | ayer thicknessTechainsl Field r emanent (zero

appl i . ig. field).15 magneti zation,. ere M .

0P B8 RARBh s Eonibud T ARPRES ke e oS et
redordihg hird RiggiRives; ai@indfd pakticulirlylth 8 nia@a&icteiding MRk thatths an
is.related to the short-tinme switching field or
anfiferromagretisalbrequpledyAF Fbmagnstigilave by the di sk drive

wite head to wite data on the recording |ayer. The

trends in Mt and H, have led to a decrease in the

ratio Mt!H . To achBasgrbingd sthédaventionn Mt, the

thickness t of the netic | ayer cap be reduced, 20

but _ OWILGE HErEE ey ObJBBHE ree Mg TGRSR Stcregsed, there has been a
chbREQORTAE RAutibntiRthe rﬂé@%@t_iﬂtibh-r@ﬁaﬂgﬁée@thickk@s%ré ct (MrD3dnd a
This decay of the nmagnetization has been attributed’to
cotmespnedinguicieaset indhe eercivityl(He), nbiyn etagoetigrre¢anding tdyer. Mrt is the

B e RO R R LT RN

nagnofizabbieMR (Khert MrlibMeRReligh ubitPoY AanEOPMofRRAS R DAt 96lume of
the layer and V is the volune of the magnetic grain.

fexeomagaeticapaterialhptihp eeserding layerr Habsaelated tolhershors-sise spitching field

] ayer thi . hin. K'V bec s.too s | .
o, M AR5 s P B RERP S SRy rcontin
layeablte tendnior Vil and S kawly [ed & D@RFAtd MGheRNIMA/PRS. One
apprgac to the solution of this problemis to nove to

a hi gRerhigys thetaduesipnin Mitithg thickpess b af thrmagneys laxes ean bayeduced,

. - : O _ . ; _
PSR R bl gl R et e o iy
d¢ded. Thmtdecaytdf the megpetzatipa haobeen abdbwete thamataeiahtidnoof small

P

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, 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

be written by a conventional recording head. A similar approach is to reduce the M; of the

-1-



10

15

20

25

30 be witten by a conventional recording head. A
simlar approach is to reduce the M5 of the -1 nagnetic
| ayer for a fixed |ayer thickness, which will reduce M
since M is related to Mo, but this is also limted by
the coercivity that can be witten. U S. Patent

6, 280, 813, assigned to the sane assignee as this
application describes a nagnetic recordi ng medi um

' rdj
n\fi\églgﬂgdnfé | 4 I S e? tl{lcqi%g Sé‘rNB%Pravéga gg{qus%‘\ﬁm&%@ﬁl]wweds to M,, but

thiegs[aalmmmaeﬂ sthe aoel’ﬂﬁmi&)elhﬁmm%&iﬂt&ns pacer layer. In
this e of magnetic nedia, referred to as AFC nedi a,
t he ,{Lé catent 6 %&,@h} assigned jta.the sagge assignee as this application, describes a

n@dﬁmbtﬁce[re{:& ?,'ﬁ?édhﬁ@whé(refoHPhl m?ne{qi@¥ﬁ€o§dzﬁ%ﬁ&%t1§?t a?g%o

ant i para I N renanence
fereemagnetiolapas hntd'emmaguétittdﬂg-ct)mﬂed thigaxpjerl |®WBS 2 nénfewe@magnetic spacer

di fference between, the, Mt  of upper. and | ower
lffygf r@r}ﬁ'@ ?p@e ?rqag&;e‘élrcgned-‘arﬂ éefgﬁﬁietp a{s #dhsg Ragnglje moments of the
vy Bht$RirbiiagiRBcallylBupled hi?érs IFed orte'ﬂéﬂ ahhﬁarél%‘fvﬁ{remanence, with the

ferromagnetic |ayer so fhat the conposite Mt Is grven
rquylt that thginet ongonipositeMirto f ithechgedriling laynr isithhe difference between the Mrt of

hout ..a, reducti on
BP0 R T T bt Reshiaiis e yoivatly b o
highenPlirt th&tithe eslver Mrfoniapebtd: it So Bial thelcbmpidite Vit @gl%ﬁby
t he perfornance of magnetic recording disks. Al
Le-Thisreducsing ingMrtggaceamplished vothoot 2 mﬁumnms voln@e V.
o I I r ead- back
T‘Sﬁ%ﬂ&’é@o et S efchndtb Bl WSERRIER, L OoT Do
dens AFE. mddiethubYiEfi fieadtlydmgedtve i m:eﬁ)nhhﬁe € Miagivetip |r&:0rdmg disks.
linear densjty, and _a | ow val ue o is desir

Aig comppsite-Vifameaps a loy alps efP Wp0 Aﬂ@cwdheahql%arnﬂptﬁqieypulse-wxdth of
afl %B%Eéﬁ' r@ﬁﬂb:m( he%ﬁiﬁe ?ecbh)g gﬁlﬂ%&{ ﬁ'red 9 ?coll@lﬁg dLity. The

reduce PWh0 nd this is nlne
P\V‘éﬂQ}@lquﬂmmcbéwachB@bwmemﬂmhl@ Iami\e lovf eerlu@arfel{}ﬁ 80 isadesirable.

t t.U
ThEKR R P PERFC apeaiia rain ¥ Aetanmed B bk ghipsgructure
cattbeifed ﬂﬁ‘édﬁ&'l’-‘\/bﬂ) i@ thid 8 defeRRint@VLRoW RIS TRIREVrCean be achieved

| ayer above which ‘the media's intrinsic Si gnal -t o- noi se
inythe i %’V@(r QUNR)agan lpyesecsinprMianeesme Tt oUdHLPVWEO i s

stil r _ .

o 1 kNt A RO CSOIBEET W M B A e

tﬁehbw&qdbrrd)mmktlé Eyélfuﬁawhllcﬁ tHe&i:lTEGﬁa g (ﬂtlntﬁiiicﬁﬂgﬂam;% ?rdls}gme ratio (SgNR)
nmeny above the nm

|
Wb emertorisaien fotah BY VBT imseeaaed hsesamageits Wris silboppin.
FoP BxdnfI€ R NGR Afcted LddHeYhiiicd Rl Mo M1mbWeh8%§netlc layer

(increasing the lower layer Mrt by 0.05 memu/cm? above the maximum value) to achieve a

PW50 value reduced by 3.5 % from the reference AFC structure using the maximum lower

layer Mrt. However, this results in an unacceptable decrease in SQNR of approximately 3.5 db.
There are two likely reasons why this decrease in SNR 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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| ayer Mt. However, this results in an unacceptable
decrease in SoNR of approximately 3.5 db. There are
two |ikely reasons why this decrease in SoNR occurs

wi th AFC nedi a when the | ower |ayer becones too thick.
First, as the lower ferromagnetic |ayer is made
thicker, its anisotropy-volune product (KUWY)

i ncreases. The KUV determ nes how susceptible the |ayer

i e% thémtapﬂﬁémti%ﬁé with Hﬁ%@kh ﬂt%%([w Ih*é 1$[st3 suéat,gtt,relr is QI Vit is well

| ess susceptible is't
estsbltsbt:d thaeit IStthatnally-actsrateldee\deal ﬂmaaltawsahaeﬂnailam&:ﬂsﬁr exchange

s AT ke u T e iaghind e Bt fien wdberegpupduce e
dadiebdahgpedle] RIQEME ok ffiratihRS I'rme&f&@ tth@ﬁgﬁérltﬁé R KL ¢ SRR Nbwer layer

configuration., Therefore, the hi gher thé

(the lugher the lowes laQ/?ler'tW@mI@pretdﬁicbb\Mti fqra;eeplamly 5mttllh exchange field

L f | t r.el at, ve
o By e bt it ol Bl Bt o SR i ERIRE Ofthe
ekdhurge fidy Brmveii@%ﬂ]b}dporhbﬁl eRGhB il dwit9ayef Mrt) 8lso Bk @NBRore difficult
field jis i nversele(/e proportional to the I ower | ayer Mt,

f(gﬂ@f‘&qtgéﬂq%agp@thfﬁ EACHPH 1O revarse the gragngtization of the lower layer as it
béddiieh BiEIRMBoRGLY ]pﬁe hﬂh? HGdr 'lzB}t]. 1% ?n ?:{a§e%bthr§r% are | two effects that
magnet | zation o ower l"ayer
ot:du'r dtatemakéﬁln eroed d)rfﬁaaultas rdvase |ttﬁ:VIBWer} Iayte inalyhétizator tmtbﬂﬂ&&d
Gie t wo ects tEﬁt 3g¥occur that make it nore |
fHﬂrﬂ ELfemapgt F &ugﬂémr'h sGstors Sould cate HAIPG Loater Byyer ggains to not

bé &xitiPatanel wﬂﬂh’eﬁ@és@bétﬁrh uf)ﬁémzﬂ%f‘éraﬁlg fEds.&Utg%‘récR}EngQﬁé ﬁgtse in the
factors coul d cause sone | over” | ayer ins to-not
rf‘aﬁltdﬁ@) signal IC@WSH\Q thédiopdi Suhﬂkslptetstmwsuruthhlcrelaaygthegxehang¢ field by

e A T e R M
plbb&ﬂﬁhﬁhﬂﬂ@:ﬁilﬁmﬁ&ﬁihlb}hghaﬂ&hﬁﬂ ]@ehieﬂﬁbeﬁﬂ@}NR ﬁ)éﬁ that in practice it
adj acent to the Ru layer is a potenti al

ls;ysgt LTI tlatnﬁczsrslmttstihsmchbwe frerlréwah@mtw lﬂGfSoNRr Fherefore,

thlg gibtrém [Her:ﬂ%t b%ﬁéed[)]e & g’lg&?i? ﬁ-{ %ogsoﬁg%m?{vgna {'?{rpglagﬁrettlgljayer in

AF Banecitang sorhé mlaﬁmmnt N is hemivetsapproblRin. willh@e s sfutures.
t he obl em of not being able to |ncrease the thickness

of tHbayisfesded ésrar‘Bﬁ@QH%chefdl‘%F Viih amAEC iryrtirehigisan take
advahfgd '@P@hé'}éﬂhé’tﬂnqﬁ chriip dtH R Qﬁdsf‘i‘WSQ IiRf WadbYY ctans&{r %f ?eSluctlr(on in
structures IS nee IS a maghetic recor

SeMR.h an AFC structure that can take 20 advantage of

the reduction in conposite Mt and FWs0, but w thout
causing a reduction in SoNR Sumrary of the Invention

Summary of the Invention

The invention is a magnetic recording disk with an AFC structure that has three lower
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 I.L2 has an Mrt less than the Mrt of each of the other lower layers
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The invention is a magnetic recording disk with an AFC
structure that has three lower 25 ferromagnetic |ayers
(LL1, LL2, LL3) and an upper ferromagnetic layer (UL),
all four ferromagnetic |layers being
antiferromagnetically-coupl ed together across
correspondi ng antiferromagnetically-coupling | ayers.
The UL has an Mt greater than the Mt of each of the

UL 4R8 P30 YA tecrompolfe Ml AP S AR 0 i

cbmpesitelM2 ofithe canveltitnal AFE stinaturd. Ehe MRC gtfucane bf fs ibdi@ition is able
ot her [awer | aye -% LL I and LL3, .and as a_result the
ARy tHia SquPRosHE Mrhisdugtienyifhout Weisasiag tie & ofany of s three lower
| v i igpl1o0na!
FETD e Makiuflim M1 OB VERE Ry L LA MRl AP strucure,
anththerefarpposids e BHNVR degradation mawsed hy o lange bEasMngin ttieloivet layers.
of a of ,the three. | oper |ayers above t maxi nym M.t
of ¢ Rt Sl elgBiing 35 e ey i adBonisn LA vention,
réftrehiéel Ho€ld bd niade td A8 Tﬁfoﬂﬁ%&ﬁfﬁ!e@%e§dﬁ$ti§9ﬂ%rﬂt%§étﬁ%i'ﬂ?fhe
caused by too | arge of an t in the lower |ayers. For
agcompanying figires- st andi ng of the nature and advant ages of
the present invention, reference should be made to the
follow ng detail ed description taken together with the
acconpanyi ng fi gur @rief Desipten dREEDrPVingn of the
EXamtR? FIG | is a schematic_sectional view of an AFC )
magnéty-d 1§ @ dreamig setianal xiepofan A G magnetie reserding digk according to
tHelpior &1 S @ schematic sectional view of an AFC magnetic
recordi ng disk according to the present invention. 15
FI G FI&:. 2hoaschematic serpasil view\dftanXFQ iegmiCrabrding disleabrding to
this inven?ion as a function of the Mt of the mddle
the Qpesent IYRIKON.F| G 4 shows the PWSO of the AFC structure
of tPIG 3isR¥WHhk @BmBSsitd Mk BE tHe AF Oftruclife Mithis iVentiBias a Eunction of
m ddl e | ower |ayer. FIGS. 5A-5D show conparisons of’ The
thgdRobthe mriddlaievesdayest ure of this invention 20 with

: g fiQure i £ f di
denst & 3FOEEPR L S RFGoftbr BT ioim G 5o Bine M

of the middle lower layer.

FIGS. 5A-5D show comparisons of the SoNR of the AFC structure of this invention

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-
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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Prior Art FIG 1 illustrates the cross sectional

structure of a disk with an antiferromagnetically- 25

coupl ed (AFC) magnetic |layer 20 according to the prior

art. The disk substrate 11 is any suitable material,

such as glass, SiC/ Si, ceramc, quartz, or an Al My

alloy base with a NP surface coating. The seed | ayer

12 is an optional |ayer that may be used to irrprove t he

f fwﬁg‘g e I

g 3%n n?/ su éﬁé‘: nﬁt‘te e Su%h?‘?s'IT B¢ lﬁlﬂ%l oqﬁ{glﬁrlr’e‘%’lg ﬁare u%éfulasseed

msajerimlafor ploassing ﬁte%rs%d)flsal}sequehﬂy Hamsited layeK ﬁﬁ&&alhljaréfh@ed
to 50 nmand is one of the

cRRAE e e R0, AnBre a0 lyer(nothowm GRayiaion be yged bypwgpruthe glass
sl | 1aRd A8Eded ﬁ?érel@ 61|h§ uh@4rlal Pérolrfqg Hﬂﬂ)sitt&ieorg& gadolfayer if
In prererre

subsequently depoSited |layers in cert
pegsyrit el dihareriso |dlre¢tbfatntcoths sub(Strpted lsamelds h agmmagnnm matesialguch as

so_be used etvve r at 1 an
B 28 e Py Riin sNSSSEH i BBt £a¥los The ol bier hhes o
thibinesiadhd @NES of 9 tb 190 RROSRIA typ%'al ﬁlﬁlﬁéé{ﬁgﬁfpp%)&lﬁ%lyy]ﬂ nm. A
onto the substrate 11, and is a nonmagnetic nateri al

PEQiediiva avereqnt Giet shavay, suck hy anophousichrbyn, is farmed gs eVpp layer over
i Akc o . The underlayer 13 has a thickness in the
range gf 'to 100 nmwith a typical val ue being

appr Oke KBRCahagnic laper 2 is Haté G bf 3ewerRireMAEnetid Wyer (LL) 22 and an
shogn such as am)rfhous car bon is formed as the to
IT

uppgy sricapagnetiq lger AHE) 24 geparaied by gnonf @Tmnﬁwgﬁ?@t:@rdaxea%&hat acts
o2 RSl Sl L TRRATE b Sall W s

apd eamiositioo mecgrhedncsosiv ter mbgng e mdMents 32, Bodfadjaentdayers 22, 24,
[ The

tif tically- I | ayer .
“’ra?g?{-‘;ﬂ&? &;ﬂ%ﬁ gcﬁulel%a g@otﬁg ot memagnetiq spacer layer 43 and are antiparallel

AP asliel BBIAT.E tﬁ@%?@sﬁ\ HGnidhedi &51@ TRORED AP- 1332, 24 of
34 o?ﬁj ldJ acent |ayers .3_2 2glll crespect|\/e y,CWt@e 0

laxer Hchaye e@gnwcon@helttwéamﬁﬁem@im@pwllg ?phiclgruplpayleyed?. having
llel 15
< P ARk A R B SEbiSFat ftsarc tver

za&ﬂ\ﬂﬂmofl\/[rtmﬁyer 20 have magnetic nonents that are

oriented anti par aI lel, with the upper |ayer 24 having
a | af ifeAF spwrling of fampmagnetis layess yja a apeferromagnene trensitiemuetal

Sﬁﬁ??ﬂ%*ﬁ_ﬂ}%'tﬁ /Eb@tgbrﬁﬁﬁreto?wgﬁr ilpgifntg M L4 ?IQ %éﬁ?l g(MrA]‘H'Velr studled and
desonbeelrin dredgoature Mgmmalt therexchaingd coup]mg oscillates from ferromagnetlc 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
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), rhodium (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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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 fromferromagnetic to antiferromagnetic

wi th increasing spacer |ayer thickness. This
oscillatory coupling relationship for selected

mat eri al conbi nations is described by Parkin et al. in

KRR Spadeh oy rf€ RAME, G3URHS Bk ragner soppling tegween the
@0/ fBuom@neay 1ag&rs.afibe peeiodroT psdﬂﬂajmn d&sends bethe. npnféﬁbma@ﬂe.tic spacer
¥ %ﬁéﬁ 1990% The mate |aI nblnatlons i ncl ude

Upo Sfrg %9%(? ehaie abthe pscs torp:éounlnng alsqdlepgnds pn the
fefrbif¥ghetiS HattrigPantlintelffoialNuan0, and Fe--Co, and

nonf erromagneti ¢ spacer layers such as Ru, chrom um
(Cr) For ﬂmd&ﬁﬂqs(rwyre ZDnhqjcpnmnta(tlbns of the opgetic (n@n)entsa'mj 34 of adjacent

heir al.l , terial t
e far it Y 28l GRSt 15 et BRYRGUR] PRHASS 40g iructively.
Bieh@E TN, ferrdmaldeti@lal &8 &Y thk AP WstrusRrd Rde dlﬁ&eﬁmﬁ&i'bﬁ? With
of the -5 nonferronmagnetic spacer |ayer is selected
respselite regprdinge ﬂmrmajmal Propedigp hie rsgbwwésewfiemt lealpper layer 24
Th f oscillation de
YR RTRRRL oS o 02 B3 st Bl STBARE B s

mghr iatripsic caardivith (ﬂe~ afkOeheTsE plopaities for @RUPpe@ye28Qre geared
gﬁogs on the ferromagnetic material and interfacia
IR joptpining thg pest RpNR Afthe wpner fayer 22 is typiqally 8/GoBHeri allonsuch as
t
RiPeiCn el SuEPRRARDS i Gpicdhy £haBBkREROL large ampuntof
intengrapales by abbngermduplingsand doiw desin sicioderoieityy(H, ~B‘eb@e1)s 5 lkkaq:mpenies
s in the AFC structure serve

t ferr n ¢ laye
titRple i AR A %ﬂr@t@%mwgbé B p b allowy Wihlgy Cr content
([(ﬁﬂ eris %{ K, @QéH' dsl (@‘(ﬁg@}'{]e ﬁl‘ém&m bRl (He IR BEr cahB& be used as
pper | ayer pically has small nagnetic ¢rains
ﬂw unpenlayas der h\@h pfﬁ cemgneermtdia. Breoteafegromagugsicispager ket 23dis
t%cahlgg{}hérﬁﬁ%éﬁsft c coercivity (Ho - 8 kQGe). These
I es

he upper |ayer 24 are geared toward
obt aFIG.Mngs sievids tn A3FWRnaghtc APEED Willy £fwo2RyérSstructure and a single
typically a CoPtCrB all gy such as Cob8Pt13Cr198Io The
Sp%ﬁrekayqra@é?ﬁ media withymgre éhanm forpmagnetic layernhang additigaal AF-

I

BT R bt BO AN R RSBl A A0 B o achicve both
afratbiction imtconmiphstcPMBQnd S8gRt i on and the material is
typically a CoCr alloy, with ow C content 15 ([C] <
15 at. 10), such as Co89Cr1l1l. The material used for the
ThOWRentigyer cannot be used as the upper layer for high

erformance nmedi a. The nonferromagnetic spacer |ayer 23
i s Theinvention is an AFC media that overcomes the current limitations of AFC media

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).
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typically ruthenium (Ru). FIG 1 is shown for an AFC
magnetic layer 20 with a two-layer structure and a
single spacer layer. AFC nedia with nore than two
ferromagnetic | ayers and additional AF 20 coupling
spacer | ayers have been suggested, but no such nedi a
have been able to achieve both a reduction in
conposite Mt and SOLAR . The Invention The invention

e R T P

iadhﬂ Aliedtruitodedd0. Thesp fanrifarogebiNRaycth e sefarated by ﬂareel S

R SR B ot M B
FPJE M@ﬁbﬁﬁﬁ@ﬁr&nﬂ‘%ﬁtlcaﬂﬁe‘coﬁﬁgt ¥tﬁ5r %36 Egﬁﬂo;ﬁ?glzﬁr&{e ent

| ower ferromagne layers (L , LL2,
rm%lethz a;tstpe@tetw@tat;ed inagrEtiGficld). 'ﬁhﬂinagneummean direction of each layer in

ergﬂgg%Fs b S*’%‘%}ét’y 0 3 @ggﬂ, éag’tlﬁg' ﬁ‘{)tbg Pgner state, the directions of

zﬂﬁhémmmgﬂebmabbay@ﬁm@ecause it is the topnost layer in
t he AFC structure 120. These four ferromagnetic |ayers

are sidwdfghasanfrt greatesthap thei ¥leof ezrhiui she theee lgwerdaysks Idgl, LL2,
By e Vi o SRS R g mer 112

hap greMreless thirhe dre of da2h) ofiths othaplovw@itiyeR LL aRBONS! (These relative
magnetic field). The nagnetization

tates zero pIL
N 5F FepresEHEh by Sy Gre leaate OB isegd, a8 149). The
(ﬁhﬁwﬂmQManﬁ@WﬁxigagPﬁgﬁﬁéégrroméZ In the other state,

the directions of woul d be reversed.

The UL has an Mt greater than the Mt of each of the
thre Iomer Iay and greater than the

sum OFIGONBOSRE £ € Ubeém@ﬂOLL ”éﬁﬂ‘ 613 ¥R& Wi ddl e | ower

| ayer LL2 10 has an Mt less than the Mt of each of
the other lower layers LL 1 and LL3. (These relative
TM@“\P&WLIE@%‘P@"&%@&PMD@ éheb%FGz mediadn BIG.2ovitlethgt ¢f thé conventional

Aijyl-dcfga &Ct ur%ﬁ%ﬁﬁgﬁa Y venl‘dkg)y"m((aj ftg%?ﬁr%né\g"(em Ia&ﬂil 122 can

bb/lidelnhd:a)l intcaMipositior and t#idkinks3 t§ B@-twd)od&sponding layers in the prior art AFC
structure of FIG. 1 (layers 22 and 24), so that their corresponding Mrt values are identical.
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;;, < Mrt; 4, it can be seen
from Eq. 1 above that the composite Mrt of the AFC structure 120 will be less than the
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 SoNR 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
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To conpare the recording properties of the AFC nedia in
FIG 2 with that of the conventional AFC nedia (FIG
1), the upper layer UL 140 and first | ower
ferromagnetic layer LL1 122 can be identical in
conposition and thickness to the two correspondi ng
| ayers in the prior art AFC structure of FIG 1
(layers 22 and 24), so that their correspondi ng Mt

r "
cﬁﬁb%ﬁo%ﬁn&r@%ﬁ 'iﬂectﬂickn%g of K otﬂl_\% thitk ?{%\g&?%r%@’g!ng pﬁtc}?g]posmon

ferromagnetic layers LL can
agéd thacknasstod theadingeslotize ldyexvm |the| cayesntionaltARC sthandear Sind4ll the

t t 21 Fl 1), t LL2 Il b
TP Tabers AR Gt eiicd s sbiiliamagiessel sobplsd. and the botiom
tHes fekBhRgndiic Wyead 1, LLE SR 448 rrﬁae @f il énr%?gwéﬂng tﬁnsw

| ayer greater t han appr oxi nat el'y i nce
CMFPINLB i hkedmlb’e’s ysednin therconvetjonal AEBﬁbstBlcmhathet lhegnetlzat]on

?@ , nﬁ A of th AFC str.uctur i %

PRER Fethieq an %8‘&6‘88?& grTpenstic fayer ﬂ?‘F‘G‘Ha‘F g psgnetization
oﬁi&ﬁth&@dﬂﬂf@hd%ér%rmmﬁérkﬁéla}/ers| nmportantly, this AFC
structure is able to achieve this conposite Mt

r edudb HRCAtrueBIROLithis nvantiongmpreyes PW rovanihe gpnventienal AFC
{nh:r lﬁ'@ 1ﬁmﬁtra Je@yc%lﬁ n?gw i‘lpeem% ?i( Isn“ﬁ%‘-to-nmsg atloggﬁ%)n’ g thé ratio of

ayer 1n the convention struc

t}tehmiaéd)slgnaapoisdm ridise ababRcifkoeardding densigmenbdd i 100
n the Ilower |layers, The AFC structure

f%yﬁfsglg"’ggﬁr FB eeredmagictie aptitieng. Theestmewepstipvestigated varied
7 [ h ness of
ofly IR JTE 12 WHFPJT?&&E? tf?@l}./‘ﬂrthl&l?ﬁgse&'ﬁﬁtaﬁt Endtﬁ‘:hﬁ%f

any of the thre ers fromt onposition and
Ml'hLIC'th’E_Ss 0.13 hemsi/amyfl. hesevatnuctuseg everd contjueedowitly @ pdferenal AFC

stgieforg pifl e 4 D Meu it PR i RRTOPRE R s magipira e for
Mg abdie e tﬁETBONFﬂ Hﬁﬁ:s{ SdvaRER el Kénﬁ 2NE Saind-for hit sllﬂkc%ures

LL3 are made of thin alloys with a low intrinsic _
coer EiG, Btshows the compysitetMis ofip basigs ofithest structures as functlon of changing

ORI P 50U R S A Lo

ccdepmmmne reigad by 0l ineiu/oi’ RIvvatheoefeRhcd ARCRUH&Nre
ferromagnetic | ayers. The AFC structure of this

(G4 /BEPHEm F?.rﬁpfg o Glpmenpism’). HIGe bishesys thatras thexgmposite Mrt is
mxeféacthuwm shaitked A‘?&%&}\%’& !g%t ﬁ?bl%o Jmn wfg. e

S|gna -to-noise ratio ratio
i sol BiGad 5AHhedmppu the StoNRmcﬁﬂmeAl%ﬁ: s@ucsyre 0ffhls:mvmmhdhﬂghe

ensi t number rever /lipear distance of
"e?eé%'tff’ pgs TS oy iR TEeging S 6 MpatiirL@ thousand-bits-per-
incRU@PH FoF A IM_fstRA mdRhr¥d & Ifb‘auMdtPWfSO kiive W ite Ge fRAPL REC

the UL thickness constant, and fiXxing
structure, a significant improvement in SONR was measured for the important middle

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
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MALL, = MtLL3 = 0.13 nmenu/cnR. These structures were
conpared with a reference AFC structure with MtLL =
0.13 nenu/cnR2 (which is approximately the maxi mum val ue
for 15 MtLL above which the SoNR drops) and with the
UL being the same for all structures. FIG 3 shows the
conposite Mt of a series of these structures as
function of changing only MtLL2. The smaller MtLL2,
sRdil e |t . uci tLl2.

DR L7t 2R AT R feril B o T e el PBepem oy
Tlef preferreé mareGatsfor each wf ehe(l6w@dayeesilll I; i 2coDPRacCodrai 18y 38th Cr

O3 R Biimalebis BYBAY e Difise Samenls FumERAdEhiashissdaGhaloy. such
aiggﬁsé'\ﬁ‘ﬁn BRE%Y BtlesEIHaRs ap9%) 3k Ppﬂ%ﬁﬂ?ﬁgh%}.‘zﬁ NFR, ¢ esb%ia&y

structure of this invention w erence
benefigial ter the saerdgstion of the €x énthe Co€oalihyray vatdiresifadiktating the epitaxial

ured in thoysand-hifs-per- inch (kbpj). For th
efSTRPL e shPonebls Pl Ted Bl clnel o éﬁ@%ﬁ? §EorERpsith DL of two o
nioed CoPITEB allbys staekéd il 10p Of ethDtiERhid Ginddtly bmarggmﬂied kdleach
SoNR was neasured for the inportant m ddl e 25 recordi ng

ofheh sRefprepessiherstn totheammmsitian cangepf theRdlswilt ineanhicaverage
Sh b A JAT .8 J ' .achi ev reduction in
CPV\%%ﬁiéglr(ﬁé%ﬂnv@ hﬁ:dl_l@%‘fi{f’il{gﬁ[z% & 8361?6 @B‘rrpr om si ng
SONRThaAHC sauaneakBgibed abdk if fiet limikdaswietiablehicfiatias Wi nly
of conventional AFC nedia, The preferred material for

I
threclopyer fagers, kossxapplegthe d\F Gritrupturg mpwinglude oaper msiergdisipyal

AR R2 THe Q- %ot 5B -
ol 8 8 SR S oy B B i ke ..
loayep taygis i B eingt LTS @notespOnding b LIC drelr LI, esypentiselysidFiGAR) and an

Ta, can be added to.this CoCr al]o The preferred
a‘?%ﬂ?fé?q‘%ﬁ“ew?‘ygaaﬂm&'axeﬁ CAPEFLFLA %@}Jeﬂr@@eq?spen ng {q kygrd 25
betwe{ XL BddnL WntFGTE), Mé&ﬁﬁfucaﬂpmmdrméﬂéao&t%&é

at.% Oher elenments can be added to this CoCr all oy,

andiferromagneipally €guplingdayes 12 indBIG. Tand sresdlitidnah 5 at . %)

| t han. 1 t. o9, Ja i ially,5
i hageiify Piling eyt ygbio g o RERGeEn P ohrugiuge and the
uppel biyerdSLWRI this@garhpleithd doaiposige Mcofeld ABR isthctu v dibOéxpressed

the subsequently deposited layers. The UL can also be a
8% onposite UL of two or nore CoPtCrB alloys stacked on

top gy at angedi K exghangs, oupl t a

ot her &%%%gﬁenggéu eg[é? 'stg\k{%é )é’g‘ﬁb%sﬁ}”?‘&w rané‘eso%aﬁ' 5
the UL will mean the average conposition of the

mul UF}Pel I\%rtaolf ltl?ey GL L1rI thsshzﬂ?F I§trL|1c%uréa iscgorgaﬁfa)rstIhataneth&E:J |§i|m of the Mrt values of

LL1, LL3 and LLS5.

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.



10 The AFC structure described above is not limted to
the inplenentation with only three |ower |ayers. For
exanpl e, the AFC structure nmay include one or nore

addi tional sub-structures. The sub-structure woul d

consi st of a pair of |ower ferromagnetic |ayers (e.qg.,

| ower layers LL4 and LL5 corresponding to LL2 and LL3,
respectively, in FIG 2) and an
wWhhi & eligpgfoet i cal | y-coupling | ayer between LL4 and

LLS (corresponding to |ayer 125 15 between LL2 and LL3

in FIG 2). This substructure would then be | ocated

above antiferronmagnetically-coupling |ayer 127 in FIG

2 and. an addagdnetd Acorddiptdidkedonprmamaet i cal | y- coupling

| ayer woul d be | ocated between the sub-structure and
the upRgheel ayer UL. In this exanple the conposite Mt

of the AFC Structure woul d be expressed 20 as:

Mtc [rs MtU, - MtLLI) + Mt |12.- MtLL3 + o
it B R trpdrhinet &g dubatd bocdeGine 4 fefngpen magnetization
I\Etrul{:ture IS %reater than the sumof the Mt val ues of

1, 3 thighngss,and p remansat-mggnetizatioa-thickaesh produetdiiti on has

been particularly shown and described with reference

t o t Ay eetferpmagnetioalyi coupling layer onihel firsdowearlerrsmnagitibiayer;
those skilled in the art that various changes in form

and detcand lovey fdreonmgderiolhyed on thedfprdntifer@niagaeticaecoupling layer
spirit and scope of the invention. Accordingly, the
afid BSARSAMHIYEMAnARe Mt SOhORERIR HBloRBgABIA NS
illustrative and |imted in scope only as specified in
the 2ppend&d: ﬁh@ﬁlggﬁ% gayg}grﬁgpmg §ecsld&mggr§ basnerieally cqupling layer

magneti c recor Frsing:

first lower ferromagnetj c er on the_substrate and
aid i 2 7t s B M ot o Jo e P e eran
a remanent - magneti zati on-thi ckness product Mt: a first
ant i # Birdgntiremagagticollceuplinglgysrppdhe tirddonerffprrernagngiiglayer; and
ferromagnetic | ayer; a second |ower ferromagnetic |ayer
on t freudper Erromagndtisrlayenman the tthichartifercmnagnetiglly ayeiling layer and

having an Mrt greater than the sum of the Mrt values of the first and third lower ferromagnetic

layers.

2, The disk of claim 1 wherein the lower ferromagnetic layers are formed of
substantiatly 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.
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and having an Mt less than the Mt of the first |ower
ferromagnetic layer; a third | ower ferromagnetic |ayer
on the second antiferromagnetically coupling |ayer and
having an Mt greater than the Mt of the second | ower
ferromagnetic layer; a third antiferromagnetically
coupling layer on the third | ower ferromagnetic |ayer;
and an upper ferromagnetic |layer on the third

anti frr orpgnedd Fldin ]MH&'CM{J}I r and having an Mt

greater than the sumof th vaf’'ues of the first and

thir I e dis

1w 9HF o FTERERE Bren Rl B avgsgora?@e%?mu g layer
substantially the sanme materjal, and wherein the second

f er r higirpRtHemramagnetically sounling layss en the douyth lgmsr fepremagnetic layer;
t hi ckness of each of the first and third | owner

f er r crigffnlenier farmppagnetic laygr an theHeurth antifasforwgaetivally coupling layer;
further conprising; a fourth [ ower ferromagnetic |ayer

and the third antiferromagnetically coupling layer; a
fourth antiferromagnetically coupling |ayer on the

f our tafti ﬂ}pﬁﬁlfeﬁc@ﬁdgﬁmﬂ?%lﬁ)hh@/a%& on the ﬁﬁflthpwé%magneﬁ layer; and
ferromagnetic layer on the foufth antiferromagnetica T

&l@ﬂﬁf ke @ryigfromgél'g: 1@13&]31]‘ i Eorﬁﬂﬁ lgfr fevocimﬁé‘ﬁhh %gtltleﬁ-oma netlcally

coupling Tayer on-t rromagnet

TR A T

fhﬁler and has an Mt greater than the sumof the Mt
lgwsr fsrromagneticdayers. third and fifth | ower
ferromagnetic layers. 4. The disk of claim| wherein
the upper ferronagnetic | ayer is an aIon conprising
mhere each th

f o r drmgnd b Bk g AR ) SREte Be 855 Srrmatletioiiess isanslley

The disk of claim4 wherein each of the | ower
WEPFSH&&HEJE’% gr P%f&x%r@dﬂ@e@mn gach @y thepyerderemagnetis jaygrs Tuan alloy
6. The disk of claim1 wherein each of the
camphnsiog Cormpg ket i cal ly coupling layers a materi al
selected fromthe group consisting of ruthenium(Ru),
chrom um (Cr), rhodium (Rh),

5. The disk of claim 4 wherein each of the lower ferromagnetic layers is an alloy

further comprising Ta.

6. The disk of claim 1 wherein each of the antiferromagnetically coupling layers a
material selected from the group consisting of ruthenium (Ru), chromium (Cr), rhodium (Rh),

irtdium (Ir}, copper (Cu), and their alloys.

7. The disk of claim 1 further comprising an underlayer located on the substrate

between the substrate and the first lower ferromagnetic layer.
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iridium(Ilr), copper (Cu), and their alloys. 7. The
disk of claiml further conprising an underl ayer

| ocated on the substrate between the substrate and the
first lower ferromagnetic layer. -11 8. The di sk of
claim1 further conprising a protective overcoat forned
over the upper ferromagnetic layer. 9. A magnetic
recordi ng disk conprising: a substrate; and an
antiferromagnetically-coupled structure on the
substrate and having two remanent nmagnetic states in

t he sen of: L4 magnet.i.c field,. the structure
conp ?ilp's in gﬁj(ea{;mkg&fc?a?@tl tﬁg(}\grcg?lg HPBRA GrRigative pgreqat gog(ﬁe?ll gver the
a repanent nagnetization M, a thickness t and a
W@ﬁﬁﬁgﬁF@ﬁﬁﬁﬁ Pi%at i on-t hi ckness product Mt; (b) a

first antiferromagnetically coupling |ayer on the

first lower ferronmagnetic layer; (c) a second | ower

ferr gnetigc.| [ n the first antiferromagnetically
couplosf'nralg I‘gblégne?rﬁe?%@%%lsgﬁowrtm?%ss than the Mt of

the first lower ferromagnetic layer; (d) a third | owner

f er r dh ﬂE?%éxﬁayer on the second

antiferraomagnetically coupling |ayer and having an Mt

gr eatdsrantifesremagmeetigaily-¢sfupted stryefunsroa the suhstraté end lavingrteioiremanent
layer; (e) a third antiferromagnetically coupling |ayer
rosgretie states incthe absence dfan mpplgmedgnetid Beldrthe ngtlé fordfrising

upper ferromagnetic |ayer on the third anti

f er r qapgfiet oot Feyronfagneicif@r hANE a RRANAR WddHe®Atid Mr, a thickness t
greater than the sumof the Mt values of the first and

il MSist- .

o A R AL GRS proRl e 894 T ShStehobfifcrically
c nd the ~third ferromagnetic |layer are .

o ie A oh6e srlobls &RPRATRHR Bt B sl Swerfrmompanstic layer

magneti zatj on directions of the second | ower

‘F‘e‘g? gﬁé@'ﬁ erremagactically auring laver and lagmearddn dasp than tha Mt of the

are substantially antiparallel in each remanent state,

faptdoverdermamagnetis dayew (d)di thisd lowsn fasfomaggeticHayen pp éire second

ferromagnetic |layer in one remanent state is

antifestoanpnaichly aniplipalagdriaad hiving srsMregregtén that the Mrt of the second

direction in the other remanent state.

lower ferromagnetic layer; (e) a third antiferromagnetically coupling layer on the third lower
ferromagnetic layer; and (f) 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




10. The disk of claim9 wherein the |ower ferromagnetic
| ayers are fornmed of substantially the sane nmaterial,
and wherein the second ferromagnetic |ayer has a

thi ckness |ess than the thickness of each of the first
and third lower ferromagnetic layers. 11. The di sk of
claim9 wherein the upper ferromagnetic |ayer is an
alloy conprising Co, Pt, & and B, and wherein each of

tﬁéql?pp'ePWonfagﬁéti‘a_l%P fldne rétﬁ%ﬁfm?’stété jib \/\ﬁléﬁrt%y'ﬁ aﬁtﬁigﬁil%féopﬁe

disk of claim 11

[ f h
ohlpHGalih HREROR T e il o8 21 18 wher o1 n cach of

the antiferromagnetically coupling layers a nateri al
sel ected fromthe group consisting of ruthenium (Ru),

((3 rc]:L;) 7D gnmd (rﬁ] hell’S]r( Bhflﬁ’:oygwﬁﬁ‘a ity th ld'wd:g lt’et(}mn?e}gﬁ%tlc l%@% ed of

d h bst
SRR 080, O, BN e S REL e gt
B PP B el e o

11. The disk of claim 9 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 Cr.

12.  The disk of claim 11 wherein each of the lower ferromagnetic layers is an alloy

further comprising Ta.

13. The disk of claim 9 wherein each of the antiferromagnetically coupling layers a
material selected from the group consisting of ruthenium (Ru), chromium (Cr), rhodium (Rh),

iridium (Ir), copper (Cu), and their alloys.

14.  The disk of claim 9 further comprising an underlayer located on the substrate

between the substrate and the structure.

15.  The disk of claim 9 further comprising a protective overcoat formed over the

upper ferromagnetic layer.

-13-




