MAGNETI C RECORDI NG DI SK W TH ANTI FERROVAGNETI CALLY- COUPLED MAGNETI C LAYER
HAVI NG MULTI PLE FERROVAGNETI CALLY- COUPLED LOWER LAYERS 5 Rel at ed
Application This application is related to pending application Serial No.

10/ 808, 020, filed March 23, 2004 and entitled "MAGNETI C RECORDI NG DI SK W TH
ANTI FERROVAGNETI CALLY- COUPLED MAGNETI C LAYER HAVI NG MULTI PLE 10 LOWER
LAYERS'. Technical Field This invention relates generally to nagnetic
recordi ng disks used in magnetic recording hard disk drives, and nore

particularly to a netl C recordl d| sk that has an
antiferro QNEJJFI g) H HWTEFE%QMAﬁﬁ,E( YfOURLED
| nventi on (FI@EsTtIGrIat@X &) EERREOM AGNE REGALHY <O URALD

i ncreased, there has been a corre TRGAYERNXCti on in the

magneti zati on-remanence-t hi ckness product (Mt), and a 20 correspondi ng
increasg in the coercivity (He), of the magnetic recording layer. Mt is the
product”of the recording layer thickness t and the remanent (zero applied
magnetic field) magnetization M f{g\{g%eA%hchg?ﬁmasured in units of magnetic
nonent per unit volune of ferronmagnerl |) of the recording |ayer.

He is rel ated tbhishpplshoer istrélated smpandhnigragplidagbal Sergal Non 1 0808020, dibek Miancht y
(Ho) requi t he di sk, dri i t i data on the recording 25
| ayer . Theﬁ%@%gn‘rﬂm%?ﬁ WWT%BE;&PEWQ [glsge{é}l:[’gﬁse inthe ratio Mt/H,.
To achi eve ANTBFERROMA GRETICAM LY -CHEPLED SAENETIC OfA HTE HXRARR] MU TBPEE can
be reduced, but only to a limt because the stored magnetic information in
t he | ay@r MWEIM} RSlikely to decay. This decay of the magnetization has
been attributed to thermal activation of snall magnetic grains (the

super paramagnetic effect). The thermal stability of a magnetic grainis to

30 a large extent determ ned by KuV,Téshgicsl Hbldi S t he magneti c ani sotropy

constant of the |ayer . S
This invention relates generally to magnetic recording disks used in magnetic

recording hard disk drives, and more particularly to a magnetic recording disk that has an

15 antiferromagnetically-coupled (AFC) magnetic layer.

Background of the Invention

As the storage density of magnetic recording hard disks has increased, there has been a
corresponding reduction in the magnetization-remanence-thickness product (Mrt), and a
20  corresponding increase in the coercivity (Hc), of the magnetic recording layer. Mrt is the
product of the recording layer thickness t and the remanent (zero applied magnetic field)
magnetization Mr (where Mr is measured in units of magnetic moment per unit volume of
ferromagnetic material) of the recording layer. H, is related to the short-time switching field
or intrinsic coercivity (Ho) required by the disk drive write head to write data on the recording
25 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,
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

30 alarge extent determined by KyV, where Ky is the magnetic anisotropy constant of the layer
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-1 and Vis the volunme of the magnetic grain. As the layer thickness is
decreased, V decreases. |If the layer thickness is too thin, KuV becones too
small and the stored nmagnetic information wll no | onger be stable at

normal di sk drive operating conditions. One approach to the solution of this
problemis to nove to a higher anisotropy material 5 (higher Ku). However,
the increase in Kuis limted by the point where the coercivity H, which
is approximtely equal to Ku /Ms (M5 =saturation nagnetization), becones too
great to be witten by a conventional recording head., A simlar approach is
to reduce #MeY stherolums of fisgnegnetc giaiferAsthe laé(el’ftgs@lé'éFSF iydeerepsede K degrgaseqpni ch

w Il reduc Moo j [ Sl o t he
coercivityﬁ?ﬁg?ﬁﬁgﬁg%g%%kﬁg{@Eﬁ%%gf%ﬁ%ﬁagg?gﬁfuéﬁﬁgﬁfgﬁ ,a%%%Pg%gggF@X?he
sanme assi gnéen@abngdribe saplel dat aatnad disk deise bpddstigaondieigmet i ¢ recor di ng nmedi um

wherein the magnetic recording layer |s at |least two ferromagnetic |ayers
ant i f er r omagnet YR&FIRE %&@&01{1‘8%?{1@}5 pé‘g?l% 45 19 mRysrte Ahighgp ATty prtesial

layer. 4n phigr KYPeHOleVRIREI La B IKG, is iRfitel b;eqletp%i@%vn’él%tza@@&ﬁravn} he
magneti c nonents of the two antiferromagnetical I'y-coupled [ayers are
ori ent ed awhicpas @iprelimatelyregoalie KeeMsuMslFstthmtidh nragsaiizatid) atecoines toetgraat to

conposite t .of the recordi | gyer i he .difference between the t of
Che upper TGRS rIbFBRhBeranedyel <k STHET BBarch S BiHig 8k Ve of Her
typically H@?nel%c 14eofeh el la?mﬂickﬂé%s,lv@m@{ wll Bl QEBIP§héME BYiflated Qo Miabutt he

conposite M S given by MfuL - MtLL. This reduction in Mt is
acconpl i shtdbs walsh dintited by dtbuaeicovityithatweh bererien. Ther ef ore t he t her nal

stability of th cor di di um i t reduced. 20 AFC nedi a thu

St gni t18ncty' 1 sy Ban 62803 tiiRantie B svighiunse 538 pRRIRG R SRETORE 4 o
conposi te- Maénéﬁi@@éb%_rcﬁn% Redival Weeréih tiMAnewbicebrding 1ht@ ihAlldaseiil | t ude

pul se-wi dth of an isol ated read-back pul se of the recorded signal neasured

at | ow r ectargmagnaiisrayiersantiftieomapu@aliatenylafepgathdr seross heordemmorasgaptiespargiear
density, apd a.l wvalg i esi.rab he extendi ity

of " AFC el 40 il 4P aPlnel il by Rk A et Pl fnaliSBoBRERE L o
to reduce RWbhhtif@rddghbticall$-co@iIed IS reldyicholVahtafabileRintaibheend, twithede be
achieved in the lower ferr omagw[et Ic layer, since MtcoMPOSI TE = (MtuL -
Mt LL) 15  result that the net or composite Mrt of the recording layer is the difference between the Mrt of
the upper and lower ferromagnetic layers. The upper ferromagnetic layer typically has a
higher Mrt than the lower ferromagnetic layer so that the composite Mrt is given by
Mrty, - Mrty . This reduction in Mrt is accomplished without a reduction in volume V.
Therefore the thermal stability of the recording medium is not reduced.
20 AFC media thus significantly improve the performance of magnetic recording disks.
A low composite-Mrt means a low value of PW50, which is the half-amplitude pulse-width of
an isolated read-back pulse of the recorded signal measured at low recording density. The
PW50 value determines the achievable linear density, and a low value of PW50 is desirable.
Therefore, the extendibility of AFC media is mainly determined by how much the structure
25  can be used to reduce PW50, and this is determined by how large a value Mrt can be achieved
in the lower ferromagnetic layer, since Mrtcomposite = (MrtyL — Mrtpy).
However, with current AFC media there is a maximum Mrt value that can be used in

the lower ferromagnetic layer. Above this maximum Mrt, the media’s intrinsic signal-to-noise

ratio (SoNR) (the ratio of the isolated signal pulse to noise at a specific recording density), will



However, with current AFC nedia there is a maxi rum Mt val ue that can be
used in the |ower ferromagnetic |ayer. Above this maxi num Mt, the nedia's
intrinsic signal-to-noise ratio (SoNR) (the ratio of the isolated signal
pul se to noise at a specific recording density), wll -2 becone worse even
t hough PWsO is still |owered and the conposite Mt is still dropping. For
exanpl e, an AFC structure can be fabricated with a thicker | ower
ferromagnetic layer (increasing the |lower layer Mt by 0.05 nenu/cnR above

t he maxi num val ue) to achieve a PWO val ue reduced by 3.5 %fromthe
reference PAFEMEMQiRaQYER theseh§Wads stalklomisrad aaddie ecompgyits Mt is stilldigppige, Fomi s

results i ne%ﬂ&%ﬁ%@%&“cﬁrg%r&%tﬁidegfi%HPPB tﬂfck@rg%g?({eﬁ?@g eticdayar db- Thi s

is showmn in FI'G 1. ere are two y reasons ecredse in SoNR
occurs Wit bindkEGingethié bweh &ayer Mitebyl loemerhaizer abeeahesatiomnt tilod) to Ehisk,a as t he

| ower ferr netic |a I d hi cker, | i sot, -vol, duct
(kOv 1 nor UBd3ahmiedtiThuds of RoRebe e i rrbies prins Feyemimem Shero
thermal s f1 yetati eRsveVdd thid R8uIRIiF RS indcbStilidadcRasd r%SS%N‘RLb?fa?BFo&PﬁaQeI' s the

layer. 1t 15 weli established that it i's thermally-activated revefsal that
al I ows t he3$rdhl [Thisrs erdvayierFlexthange field in AFC nedia to reverse the

magneti zation of the | ower |ayer and theyeb r e the . jred,.
antiparallel re %Eﬁ”ﬁet‘é’\éﬁ’ﬁ(fﬂéﬁ%/azi??so‘ﬁhy t%‘ﬁé#@%ﬁﬁgn gm Oﬁ?‘ﬁﬁ}é’ftgﬁé’r REd2 StheR he

| over | ayethe 16w éQayel 88RMmek i thRREFirkeyathe Miel ferfditaghBElafr if hedd thickér, [ts for
the relatively snmall exchange field 15 to conpletely reverse the

magnet i zat pmsptopytvhbimeguweduct 84eY). inGezsendThe eV detgmiinesleovo fustéptibleghe laerge

field is inversel r rtiona o,the | ayer M1t, alsq making it nore
G T ol kRl RiRRRN SR Ineoiat Tin kRebe 5 Sfsp i blsaP LB e

magnet i zat Eﬁibl@ﬁe_dtth;ﬁ it BYRIrmh@y.edtivated iréverAEGAEBRDwWE LI | in%hﬁy&fe%@ngeﬁls t h_e
| ower layer Mt is increased there are two effects that occur that make it

more di ffi 8eldtin A§Crraedia tereveree the wagndtiggéen ofdbmiomier by eromditeretrprpduse tiro
antiparallel..r nent, configuration. . Th actor I u | ower
ayer or ai RETPR AR s E R B faic) TREhEE Y BeR e G EP T BuloNE e
grai ns, pogsé Bigherfh®bwet RFeraMtt),ahdi@baliffidult s for @aelede]s s@aRbxdhatisd fidd t he

drop in SoNR that is neasured. |ncreasing the exchange field by adding a

hi gh mbrento qoapdetels agveese e magneHgatien of gedpwerdayer pdecond the magwitusie opdst poni ng

this exchange field is inversely proportional to the lower layer Mrt, also making it more difficult
for the antiferromagnetic interaction to reverse the magnetization of the lower layer as it
becomes thicker. Therefore, as the lower layer Mrt is increased there are two effects that
occur that make it more difficult to reverse the lower layer magnetization to form the

20  antiparallel remanent configuration. These factors could cause some lower layer grains to not
be antiparallel with their respective upper layer grains, possibly producing extra noise in the
recorded signal causing the drop in SyNR that is measured. Increasing the exchange field by
adding a high moment layer adjacent to the Ru layer is a potential way of postponing this
problem, but the addition of this high moment layer reduces the SoNR such that in practice it

25  isvery difficult to significantly alter the exchange field without reducing SyNR. 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.
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problem but the addition of this high nonent |ayer reduces the SoNR such
that in practice it 25 is very difficult to significantly alter the exchange
field without reduci ng SoONR. Therefore, the problemof not being able to

i ncrease the thickness of the |lower ferromagnetic |layer in AFC nedia above
some maxi mum value is a universal problemw th these structures. -3 What is
needed i s a nagnetic recording disk with an AFC structure that can take
advant age of the reduction in conposite Mt and PW50, but w thout causing a
reduction in SoNR. 5 Sunmmary of the Invention The invention is a nmagnetic

recordi ng di sk Whehis agedadds amagnetigrecording diplayith An ddsestructuss thaaghdkei ¢ | ayer
uL), d i . . .
{ort ormgnett e of G FABAGh cbmpaE M uhd!F WS Pyl Wi Btk @hsthi? geduction n

ferromagnegiMRal | y-coupled to the | ower |ayer structure across an
antiferromagnetically-coupling layer. LLI and LL2 are 10 ferromagnetically
coupl ed across a ferromagnetic coupling | ayer so the nmagnetizations of LLI

and LL2sremain parallel in eachsﬁﬁ%%ﬂ{mo%ﬁ&, state, but are
antiparallel to the nmagnetizat ch state. The UL has an
Mt greater thafhdineergiomiod mapeetivrécordiad disls with ah IAFC sinudtulrd (hat Hdsen appgrosi t e
Mt of the AFC stru tur&nl;‘s I(ﬁsg th?n the conposite Mt of the conventional
AFC st ruct [Fr@MagpRicAREr £l id 3 Iowes fesomagpesicagysr éwt‘trﬁif%rm@sr?%sg?te 15 Mt
reduction Wrﬁohf%?ﬁeéffc@l?j—@@&!lé@lgo&v@ﬁawé 211, BDY), e 1U16is ahPrekONGEN lti%%\éfé&uﬁi%gve

t he maxi rum M t'he single | ower |ayer in the conventiona

st r uct ur e, toethel lavwee taytiostmicmvodciess iah entifBodiRaghetjcalyatoupinglayse d Libynd bb2 hwr ge  of
an Mt in the |ower |ayers., For a.fuller understanding, of the.natur d
dvant Hyes apmegsisplbEiipRa a6 £ Bomaia RO P ens F U B A g L

fol I owi ng gef@il RehateseslidPtd &ih E@ka@lenttr@g%th@sftatw: Bul afeh@tipA Rl A¢SEPanyi ng

figures. Brief Description of the Drawing FIG is a graph of SoNR vs.
recor di ng thegsstizgtianrpfitheolll amepchistafe. cHgrdebasparMit gedater thahdhe sunpef the Mrt

\‘fm.ot”‘r’]egtni N W& 110 G L5 S TR Gorh S8sicd Rart 5 tn® WHCH UGB YD thald h W pos R ©"
Mrt of the conventional AFC structure. The AFC structure is able to achieve this composite
15 Mrt reduction without increasing the Mrt of any of the two 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.
For a fuller understanding of the nature and advantages of the present invention,

reference should be made to the following detailed description taken together with the

20 accompanying figures.

Brief Description of the Drawing

FIG. 1 is a graph of SoNR vs. recording density in thousand flux changes per inch
(kfci) for a conventional AFC structure and for an AFC structure having a lower layer with an

25  increased Mrt.
FIG. 2 is a schematic sectional view of an AFC magnetic recording disk according to
the prior art.
FIG. 3 is a schematic sectional view of an AFC magnetic recording disk according to

the present invention.



25 increased Mt. FIG 2 is a schematic sectional view of an AFC nmagnetic
recording disk according to the prior art. FIG 3 is a schematic sectional
vi ew of an AFC magnetic recordi ng disk according to the present invention.
-4 FIG 4 shows the conposite Mt of the AFC structure of this invention as
a function of the Mt of the lower |ayers. Detailed Description of the
Invention 5 Prior Art FIG 2 illustrates the cross sectional structure of a
disk with an antiferromagnetically- coupled (AFC) magnetic |ayer 20
according to the prior art. The disk substrate 11 is any suitable nmaterial,
such as gl ass, %@OWEWWOSIWW@ theghF G ptrysituvp obthisopveniion age finctiomp

surface coat.l yer 12 is an optional layer that may be used to
i nprove thg{el\rqgv(\)ﬂfgﬂﬁé%@%?g}(ii underl ayer 13. The seed |ayer 12 is nost

comonl y used when the substrate Il is nonnetallic, such as glass. The seed

| ayer 12 has a thickness in the range of approxi mately | to 50 nmand is
one of the materials, such aMMMMMl ch are useful as
seed ngtemp 1glllsmfor pronoting the growth of subsequently deposited layers in
certain pré d crystalline orientations. A pre-seed |ayer (not shown)

may al so be useHICb@tlweﬂmtds hiee gbssssctiomalsstiinstureadfe disk wfnlmdn hlhéeﬁ@ﬁagnleﬁg@ly- 12.

The underl ayer 13 js deposited_gnto the s ed Iayer present
ot herwi se 8P4 fﬁjtlwcsﬂia@n?tﬁela)ﬁﬁ @F‘é’f‘i‘n&?t g Agor &t g br?djd?’r‘a?j’ﬁgfqt%lh’étaé)’l al such

as chrom o Raterd1OFA PR @kl O¥ic/ ucha@ SaHAl seh rlayer
13 has a t |al Lnesglhelin tﬁ glansger o? 5 ?o 1 aVc%m va-ﬁtﬁwag@,g a ‘Qﬁh l’f}g}ebEI ng
appr oxi mat elirfact Qoatimg. Ahe peetdtlgce’r 1 ¥ & anvopriows layenthht rBdl}OW‘IL)S,ed mjmtpra»s: therprophious

car bon, e st op yer qQver 20 the AFC I 20. The AFC
magnet i 8 | Qb&" “?ge %erﬁgdéllhﬁ a}éFrllg\Nﬁe‘i“O?téP'PH‘r?ﬁBri@Fﬁi S}@rsu‘eerL € B3Sand an
upper ferr QHi%EélQlfhb Csul:@)f@élas(su'q")ne 3ébd 19RPY RALANRYN &S MPME SATRTRARbkimaRRF €T

| ayer 23 that acts
to 50 nm and is one of the materials, such as Ta, CrTi, NiAl or RuAl, which are useful as seed

materials for promoting the growth of subsequently deposited layers in certain preferred

crystalline orientations. A pre-seed layer (not shown) may also be used between the glass
15  substrate 11 and the seed layer 12. The underlayer 13 is deposited onto the seed layer, if

present, or otherwise directly onto the substrate 11, and is a nonmagnetic material such as

chromium or a chromium alloy, such as CrV, CrTi or CrMo. The underlayer 13 has a

thickness in the range of 5 to 100 nm with a typical value being approximately 10 nm. A

protective overcoat (not shown), such as amorphous carbon, is formed as the top layer over
20  the AFC layer 20.

The AFC magnetic layer 20 is made up of a lower ferromagnetic layer (LL) 22 and an
upper ferromagnetic layer (UL) 24, separated by a nonferromagnetic spacer layer 23 that acts
as an antiferromagnetically-coupling layer. The nonferromagnetic spacer layer 23 thickness
and composition are chosen so that the magnetic moments 32, 34 of adjacent layers 22, 24,

25  respectively, are antiferromagnetically-coupled through the nonferromagnetic spacer layer 23
and are antiparallel in zero applied field, i.e., the remanent magnetic state. The two
antiferromagnetically-coupled layers 22, 24 of layer 20 have magnetic moments that are
oriented antiparallel, with the upper layer 24 having a larger moment. Thus Mrty is greater

than Mrty;, and the composite Mrt for the AFC layer 20 is (Mrtyr - Mrtyy).



as an antiferromagnetically-coupling |layer. The nonferronagnetic spacer

| ayer 23 thickness and conposition are chosen so that the magnetic nonents
32, 34 of adjacent |ayers 22, 24, 25 respectively, are
antiferromagnetically-coupl ed through the nonferromagneti c spacer |ayer 23
and are antiparallel in zero applied field, i.e., the remanent magnetic
state. The two antiferronmagnetically-coupled |ayers 22, 24 of |ayer 20 have
magneti c nonents that are oriented antiparallel, with the upper |ayer 24
having a larger _nonent. Thus MtUL is greater than MtLL, and the conposite
Mt for the AFCThaguierpgnagne(igpqupling offefrpmpgnetis layges vime nondeiromesysee i c

i ) . . . sl |
cpacer | aycenSHPRBANGhLE 1nBYHIE i 2 C PRI ELF BERIMRhIEC. & hAiich B TR
ext ensi vel ytuditiadd descabiel idelsclitetaade.i In deheral, tHeekaliange couphing esellaes, frérhe

exchange caqupling oscillates from ferromagnetic to antiferromagnetic with
i ncreasi ng?%rga%a@%e%tyépﬂgﬁpw%lg.Wl*hﬁrlgre%ﬁg}ﬁ presr gt Bickpessi TR osellaPiyonshi p

for sel ect edydiR ?élh@dﬁsﬁiggpﬂgg%}eﬂ %&&é@&ﬁ@iﬁ&&%@' ies et bY PakiRkt ﬁl.: iR

"Cscillations I n Exchan upling and Magnetoresistance’in Meta
Super | at t i ¢OscilBitions inuExehangedldplingCatd MagmetbresdtOrce in Pleydlic Reperlattiet t ., Vol .

64, p. 2034 (1990 he material ¢ inations_includ rronagpetic | ayers
nmade of Cofét‘é%t}‘reﬂlggoéf'ldcg/f&ré??& g?/pﬁyg)%?ssg% Lﬁ@-’MPEMF%,%OIPt!?(IP%@; d“‘ﬁ%r_-‘a?Co,
and nonf er rcemaeﬁcsdsqnamfeﬁoﬂne%/&ﬁg IES S oRdo, IKNNGEM i Yiloys. 1 RagLum

(Rh), iridium(lr), copper (Cu their alloys. For each Such materi al

conbi nat i offe, Nt-Hi®, astFé-tGt, ang nexememagmetospatérigyerssduall aoRs hponhiam (Co), be
determ.nped,, if n al r eady. known that. the thickness of th o

nont er B mm gty SRR Lk RSt (S dfin dleSs b drasitbgpretinpion.
coupl i ng befaReMatobeechhde@biMTRIBREbfshipa¥s iSbe dRE@mARUI THoLilreddFkidvat kON
depends on the nonferromagnetic spacer naterial, but the strength and phase
of the oscithat gtedhigknessipf the gorfewomagetie prsnetdaysn istselected to ansurgraotifecromagmeatical

and interfacigl quality. For. this AFC structure. 20.the orientationg of the
magnet | o oS PgBeenic nd et el Fat o GHELR O pyuRionsapeigs O the
respecti Ve'n)énfeﬁfbﬁa?{e'tig IpdcembicAA! BlthRd stRAgthtaRy phAEdf ﬂﬁ%fséi}lﬁtbfy/c@u?l-ing Perause
the two ferromagnetic layers in the AFC structure serve different functions

with rléspdependpon thedemivmegnetihmiaieriglandrintatfagial gpalityi es are substantially
different. The ¥BPls Alé’é“satrruc%ﬁlre 20 the orientations of the magnetic moments 32, 34 of adjacent
ferromagnetic layers 22, 24, respectively, are aligned antiparallel and thus add destructively.
Because the two ferromagnetic layers in the AFC structure serve different functions with
respect to recording, their material properties are substantially different. The upper layer 24
20  typically has small magnetic grains with almost no intergranular exchange coupling, and has
high intrinsic coercivity (Ho ~ 8 kOe). These properties for the upper layer 24 are geared
toward obtaining the best SONR. The upper layer 22 is typically a CoPtCrB alloy such as
CogsPt13Cr 9B o. The lower layer 22 is typically a material with a large amount of
intergranular exchange coupling and low intrinsic coercivity (Ho ~ 1 kOe). These properties
25  facilitate the PW50 reduction and the material is typically a CoCr alloy, with low Cr content
(Cr < 15 atomic percent), such as CogoCr;;. 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. 2 is shown for an AFC magnetic layer 20 with a two-layer structure and a single
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20 typically has small nmagnetic grains with al nbst no intergranul ar exchange
coupling, and has high intrinsic coercivity (Ho - 8 kCe). These properties
for the upper layer 24 are geared toward obtaining the best SoNR The upper
| ayer 22 is typically a CoPtCrB all oy such as Co68Pti 3Cri 9Bi 0. The | ower

| ayer 22 is typically a material with a [ arge anount of intergranul ar
exchange coupling and lowintrinsic coercivity (Ho - 1 kGCe). These
properties 25 facilitate the PWO reduction and the material is typically a
CoCr alloy, with low G content (G < 15 atomc percegg? such as Co89Cr 11.
The mat er i pacaslexeri o G medip Bidmarayhan tea fantpmagaeticgyeass and addionplper 1 ayer for

rut heni um (R oEreg gy BRI SRR fechRIFRe B ho S o d R 1Y

two- | ayer s$t¢nabletoacking both b ngluetion i cOPPOsite N/[ﬁyiﬁdi SOMIEC nredl a with nore than
two ferromagnetic |ayers and additional antiferromagnetically-coupling
spacer | ayers have been suggested, but no such nedia have been able to

achi eves botme%\;egﬁ%cti on in conposite Mt and SoNR . 5 The Invention The
i nvention medi a that overcomes the current |imtations of AFC

medi a and enablTesinventim ibhit ARCEANDhat oveb@nes eeuadniirhitnishs 6OAPC ondds ng
SoNR. This structu i.s sh nd conprises, an AFC | ayer 120

f or med ovelanﬂsi ’@ﬁ?\?é‘?’(\"ir%‘éﬁn‘ﬁl\%’é@ﬂ%g@ hiWﬁgé?’htélo‘été:@H’PF‘ﬁ?'éngO}f§ JrI?ISaStré‘&"H’éec rate
111. 10 Th?s é%'(:)@n iR¥RS. 3]a%9 cSH%HEés%ﬁ%\F% la m@olf@r}ﬂfeﬁ okl VFrﬁlolagll an upper

ferromagnetic |ayer and an ahtiferromagnetically-coupling | ayer
127. Fer r orma@mkayq:rcl lBayéseeﬂMyer $12 oad bubdtratbé 1 Lpper ferromagnetic | ayer

becaus ist i. N the AEC structu 120. he | ower | ayer
str uct e 121 cgﬁ‘bﬁ% gggye{\ké@ mﬂsef@ ¢ fetiiuctUr &yelr 80 HPI e% errqagpelc) oo
126, respegdyky, [)’))146%@%%99%?1‘0%%{56&08?“@ Eﬁ'n%’i 9&51973Ferr0ma netic layer 140 is
ferromagneti'cal | y-coupling | ayer ayer 120 has %wo r émanent

magnet i ¢ stcaliedghg zmweofealpmageﬁlcmnbcqauseht slthd) tophg layengntbt iAF4L stontuds 120t | on
of each la

RIGHUEENRCTR RIS L NEET T R R RSN 2L

126, respectively) ferromagnetlcally-coupled across a ferromagnetically-coupling layer 125.

IS AFC layer 120 has two remanent magnetic states (zero applied magnetic field). The
magnetization direction of each layer in one of these states is shown by arrows 132, 136, 142.
In the other state, the directions of all the arrows would be reversed.

The ferromagnetically-coupling layer 125 is any material that has a composition and

thickness resulting in ferromagnetic exchange coupling of layers 122, 126. Preferably the

20 layer 125 should have a hexagonal-close-pack (hcp) crystalline structure to promote the
growth of the hcp Co-alloy ferromagnetic layer 126. The material for
ferromagnetically-coupling layer 125 is preferably a CoRu alloy, with Ru greater than
approximately 40 atomic percent (at.%) and less than approximately 70 at.%. Other elements
that can be added to the CoRu alloy include B (less than approximately 20 at.%) and Cr (less

25  than approximately 20 at.%). Other materials for ferromagnetically-coupling layer 125
include a CoCr alloy, with Cr greater than approximately 27 at.% and less than approximately
45 at.%, and Pt and Pd. The thickness for these ferromagnetically-coupling layers should be
between approximately 0.5 and 5 nm. The exchange constant J characterizing the coupling

across the ferromagnetically-coupling layer should be greater than approximately
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The ferromagnetically-coupling layer 125 is any material that has a
conposition and thickness resulting in ferromagneti c exchange coupling of
| ayers 122, 126. Preferably the 20 layer 125 should have a
hexagonal - cl ose-pack (hcp) crystalline structure to pronote the growth of
the hcp Co-alloy ferromagnetic |ayer 126. The material for
ferromagnetical l y-coupling layer 125 is preferably a CoRu alloy, with Ru
greater than approximately 40 atomic percent (at.% and |less than
approximately 70 at, % OQher elements that can be added to the CoRu all oy
i ncl ude B Oés%g%%rbua b ArRprexinately Gf0 opes/sma Haterialssyclpas Ryapd Cr, which
appr oxi mat r i g | ayer
158 et ugerat el dd; CO@I“‘%beﬁ%&f e e B Rl SR D e

| ess t han dppmomghemhBy-goupling ddyelsif, awhén Rieirathidkirgs isHdpustediintoniesfrrbmagrehiese

ferromagneti cal | y-cqupling | ayers uld bg between approximately 0.5 and 5
nm The exé%ﬁﬁ&ég%ﬁﬂggghtg@“@%&ﬂ?ﬁ@ﬁ%?ﬁ#@?the coupling across the
ferromagnetical frye GQLH% bt SUEEr t'anx?{-HeqFﬁ%ggﬁe%he{fal }abamﬂpa{cpﬁwﬂﬂf‘eke/ - 7

0. 02 ergs/ch but | ess than approxi mte : ergs/cnZ. Materials such as
Ru and , rethNcMrtemluebm’c rggeschtedbpthe relatmd lemggh bémmws)r?)zmlm 1401 Thaess

changes, coul d potentiall e used ferromagnetical | y-coupling layers if,
when thelrc?WP@%ﬁé§' @ 5%“5%?@8“? lStgH@nﬁ’érronagnetlc regi me, the val ue

of J is greater than 0.02 ergs/ch 5 The UL has an Mt greater than the sum
of the Mt values of LL1 and LL2. These relative Mt values are represented
by the rel ati veMreongtdurof MituiowdMit32; MB6,2) 14Bq. IJhe conposite Mt of the
AFC strHcture 120 is given by: MtcoMosl TE = MtUL - (MtLLI + Mt LL2)

( Eq. 1) 10 Each of the |lower layers LL 1, LL2 can have an Mt equal to the

maxi mum M Eaef oftth@lowen ¢ srs LLAVEL2 tayiRive bl Mrh&qlﬁpt@\tﬁ@ﬁlh%ﬁim Prfofsthe HagIEr €.
Because this conposite reduction is achi eved without increasing the Mt

of any of fover|laygein thamsntm@l/éFCrsévm| igeaune thifomesite Mriwgtlectioower | ayer
in the conv nt|

8w1h SEI rllj(:thur Bt % n hesl W9 1de dar| 0 I I lS.l 15
woul dof nergi e el ieRh i bEaTr af §8' S R B AL Rmedimiy e B
AFC st ruct yingleQbwer layer in the conventional AFC structure, there is no degradation in SoNR that
15 would otherwise be 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 composition or increase the
thickness of any of the lower layers from the composition and thickness of the single lower
layer in the conventional AFC structure. Since UL 140 is antiferromagnetically coupled to the
lower layer structure 121, and the bottom ferromagnetic layers LL1 122 and LL2 126 are
20  made of thin alloys with a low intrinsic coercivity Hy, like the alloys used in the conventional
AFC structure, the magnetization pattern recorded into the upper ferromagnetic layer UL will
determine the magnetization orientation of the lower ferromagnetic layers LL1, LL2.
FIG. 4 shows the composite Mrt of a series of these structures as function of changing
only Mrt;y; (assuming Mrt ;= Mrt ;5 ). The larger the value of Mrty1;, the smaller the
25  composite Mrt. By increasing Mrt;;; up to approximately 0.13 memu/cm” the composite Mrt
can be reduced by 0.13 memu/cm? below the reference AFC structure (0.22 memu/cm’
compared to 0.35 memu/cm?). The AFC structure of this invention thus achieves a reduction
in PW50 for a given UL thickness without compromising SoNR, and thus overcomes one of

the fundamental limitations of conventional AFC media.
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this invention can be made w thout the need to change the conposition or
i ncrease the thickness of any of the lower |layers fromthe conposition and
t hi ckness of the single lower layer in the conventional AFC structure.
Since UL 140 is antiferromagnetically coupled to the |ower |ayer structure
121, and the bottom ferromagnetic layers LL 1 122 and LL2 126 are 20 nade of

thin alloys with alowintrinsic coercivity HO, like the alloys used in the
conventional AFC structure, the magnetization pattern recorded into the
upper ferromagnetic layer UL will determ ne the magnetization orientation

of the |ower ferk6igfdsd watergldpsthe UL is aiGoptCrB atjoy wvidHenketwera appippimatels M t
f i - | i |
Caseunt ng. NEeD PRERREuR th R, Poabblitap Bidxaa A0 T0 o bl

25 conposi appivkimatdby 7 iand 2@ ais¥on @thdr telelikbntspsuch agpproax beaddedyo thislGoO#B/ cn? t he

conposite Mt %an be %‘Educe_gryby 0. 13 nenu/cnR bel ow the reference AFC
structure @§o%2 EREmatesAlieF eashob ths laserdaysy blab)LL21Ha CaEraldey vidh GF e of

this | nyenibQiteh hifoRRllRY S indd AMCOURR clehBn® VRO laed i Pinfiloltallol! dliness
wi t hout conprom sing SONR, and thus overcones one o t he Tundanental

| i mtationss 8f(lesothae Atat. W)dla AdsCthae di 2 %)-a8d Phdess teiheiOragtlo)nilads éspkbciflpr t he UL
is a CoPtCrB gl ith Cr between, approxi nat el 6 and .22 atom ¢ percent
(at.%, Pt el Wb sressgerian el e bs thih Co6 atosgs wltesargkeaabe epiala

appr oxi mat gk gk lolaﬂfé sgél)_sr?gﬁen%y dEbQgEd %&@rgeTﬁcisU%%Hﬁ Ris&Be I?orpﬁis’?tlem &dded.t o

this CoCrPtB all oy. préeferred material for each o ower layers LL
|, LL2 is andBoCoP#lrBalloys dtdcket obtopeatf wadirotizgnpnddiremly ekghabgacaipd tacacdkh O her

el ement.s can be ded to this CoCr alloy, su | ess than 6 at.%, Ta
(1 costflan e RefFiehies oo logue Commegtoeg randsay terdl pdl (g B Al Poec banet | ci a
to the segre@pbdifsh &fthd RaItple dildys Tehd0Lhs AbdnosAsUrel | as facilitating the
epitaxial growh of the subsequently deposited |ayers. The UL can al so be a

conmposi te UL of ThedFérstrunmredegoithedraBoy ik o9islinitesltk ¢t ioplerogntasionerithondy tver and

directly exchange c led to.each 10 other. References herein ta.th
conposi L1 ofo T e o O AR v 1o e e s ah BB o s 1 S AT GHORR dover
nul tiple aliyexksantcotréiPording Ferdnfag@h@REl¥-Eodgling iﬁ?’@rsAﬁ@feﬁﬁgJ@tFlG% tapde Werd
above is not limted to the inplenmentation with only two
15 to be three lowers layers in lower layer structure 121, then a second ferromagnetically-
coupling layer would be located on LL2 126 and the third lower layer LL3 would be located
between the second ferromagnetically-coupling and antiferromagnetically-coupling layer 127.

In this example the composite Mrt of the AFC structure would be expressed as:
20 Mrtcomposite = Mrtyr, — (Mrtiy + Mrt 11, + Mrtig3) (Eq.2)

The Mrt of the UL in this AFC structure is greater than the sum of the Mrt values of
LL1, LL2 and LL3. In this example, if the Mrt of each of the three lower layers was
approximately 0.13 memu/cm’ (approximately the maximum Mrt of the single lower layer in
25  the reference AFC structure of FIG. 2) then the composite Mrt would be reduced by
0.26 memu/cm? below the reference AFC structure (0.09 memu/cm” compared to 0.35

memu/cm?).



| ower | ayers. For exanple, the |lower |ayer structure may include one or nore
additional |lower |ayers and corresponding ferromagnetically-coupling

| ayers. Referring to FIG 3 if there were 15 to be three lowers |layers in

| ower | ayer structure 121, then a second ferronmagnetically- coupling |ayer
woul d be located on LL2 126 and the third |lower |ayer LL3 would be | ocated
bet ween the second ferromagneticall y-coupling and
antiferromagnetically-coupling layer 127. In this exanple the conposite Mt
of the AFC structure would be expressed as; 20 MtcoMosrrE = MtUL -

(MtLLI + mt LIVhile thypresesy invenfionps hega pepticuldrly shrwviendg desetifed withaetersnge t ur e
I's greater ft& ﬂﬂ@gretfé}ﬁed oimdnR€ itMill éah4G S by thble skhited iR R dridat \Jaﬂo&sh' S
exanple, if the Mt of each of the three |ower layers was approximately

0. 13 nenu/ cikhgésipgomx ambdesdilymahbe madd witmout/Hepading fnan shermpire ahdeepelofither in 25
the reference AFC structure of. FIG,.2) then the conposite Mt. would be
Fouced by TGN SO B oo PR bt GPien ears of BB e dtd oo
conpar ed t Gnfiedth scOBEMIG A8 Ipecified Tink @ppdiePlIgmRNt i nvention 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 nade wi thout departing fromthe spirit and
scope of the invention. Accordingly, the disclosed invention is to be
considered nerely as illustrative and 5 limted in scope only as specified
in the appended clains. -10 Wat is clainmed is: 1. A magnetic recording

di sk conprising: a substrate; and an antiferronmagnetically-coupl ed
structure on the substrate and having two renanent magnetic states in the
absence of an applied magnetic field, the structure conprising (a) a first

| ower ferromagnetic |ayer having a remanent nagnetization M, a
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thickness t and a renanent - magneti zati on-thi ckness product Mt; (b) a
ferromagnetically- coupling layer on the first | ower ferromagnetic |ayer,

(c) a second | ower ferromagnetic |ayer on the ferromagnetically-coupling

| ayer and having an Mt; (d) an antiferromagnetically-coupling |ayer on the
second | ower ferromagnetic layer; and (e) an upper ferromagnetic |ayer on
the antiferromagnetically-coupling | ayer, wherein the upper ferronmagnetic
layer has agndfit c@ifad g than the sumof the Mt values of the first and
second | ower ferromagnetic |ayers and an intrinsic coercivity greater than
the intrinsic coercivity of each of the first and second | ower
ferromagnetic | ayers; and ﬁh each. remanent state, the magnetization
di rections of the flﬁnggﬁ “?8%%%55gbﬁgmnﬁggronagnet|c | ayers are
substanti al | y pasabstrele; &1 one anot her and antiparallel to the magnetization
direction of the upper ferromagnetic |ayer, and the nagnetization direction
of the upper fePR iR m%HPtéFy“aY -cpyplesh strigthign et the t sbatrate andy bavtinghttval | y
anti paral | n i te. 2.
The i sk of aart IRelRETEeEE T A sEAhEr LY AR Akt O FERTHE Budtid

subst ant i alcbyptisieg same Mt. 3. The di sk of cla|n11 mhereln t he

Lo romgnet | cal | el 8. LSRR e b TR R Yy S
atomi ¢ per Qlﬂaltne@smbnhQ&@mtah@ﬁnﬂi@ﬁétmnmﬂﬁdldiesmr@d&nm p@ramﬂbma?neuw dl sk of
oy conprising

claim1l wherein the ferronagnetlcall y-coupling | ayer is an
Co and Cr, “Qingilaveson;tge Hirddawer ferompgnesiF 1o (@) ancwrdUaveigieaamegndtisan

apprOX|nat %% 2§, atpim £t n? ﬂg r t y
percent. ? E. z%hg dlgﬁR@?& ¥(2ﬁ¥ mkﬁﬁ?eﬁ Phgm?eﬁéB gﬁgtﬁ§§1l(ﬁcoupllng
| ayer consiastiferromagesticalbl- &q,upbflg Blyeloam fRd sed@nd Tdmr(femdxmﬂgneot &ynn; landraei n t he
ferronagnetlcahgx coup |IE& Iﬁﬁ % thlc ess ﬁ? 3 OX|nater 0.5
and © nm APPeHTEtomaigRls BpL s AllEramARHER Por B et SAFEYL D5 AR ng
| ayer consifstsmagnetic layer has an Mrt greater than the sum of the Mrt values of the first and
second lower ferromagnetic layers and an intrinsic coercivity greater than the intrinsic
coercivity of each of the first and second lower ferromagnetic layers;
and wherein, in each remanent state, the magnetization directions of the first and
second lower ferromagnetic layers are substantially parallel to one another and
antiparallel to the magnetization direction of the upper ferromagnetic layer, 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 have

substantially the same Mrt.

3. The disk of claim 1 wherein the ferromagnetically-coupling layer is an
alloy comprising Co and Ru, wherein Ru is present in the alloy in an amount greater than

approximately 40 atomic percent and less than approximately 70 atomic percent.
4, The disk of claim 1 wherein the ferromagnetically-coupling layer is an

alloy comprising Co and Cr, wherein Cr is present in the alloy in an amount greater than

approximately 27 atomic percent and less than approximately 45 atomic percent.
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essentially of Ru or Cr having an exchange constant greater than
approximately 0.02 ergs/cn2. 8. The disk of claim| wherein the upper
ferromagnetic layer is an alloy conprising Co, Pt, Cr and B, and wherein
each of the lower ferromagnetic layers is an alloy conprising Co and Cr
with less than 10 atomc % Pt. 9. The disk of claim8 wherein each of the

| ower ferromagnetic layers is an alloy further conprising Ta. 10. The di sk

of claim ! whereln tlfc 6kiof Gl TAARGH 47 ko EOURLLAR LSRR betarbRier

sel ected fromthe group consisting of rutheniu

r hodi un{ Rhjessentiallgiai®¢ brBd. copper (Cu), and their alloys. 11. The di sk of
claim1 further conprising an underl ayer |ocated on the substrate between
the substrate and the first |ower ferronmagnetic |layer. 12. The disk of claim

| further conpriesi NgThe @isktETHaIME | GMREGO e fedioRRENDMENy-cHUPBInYIBRE has a
ferromagnetl c layer. 13. A magnetic recording disk conprising: a substrate;

and an antit lFlﬁ}eF%‘?Pé‘Q?Fé‘thE%ﬂX‘m%tc]é’&xﬂ@cﬁ TAFC) nmagnetic recording layer on the
substrate and capabl e of having two remanent magnetic states in the absence
of an applied magnetic field, the AFC magnetic recording |ayer having a

conposite renmanént - The_ﬁismgnbtrhjat/hamnttﬂei feknmsgneprductuphhg (a@é]\ﬁfﬁﬁlstE) | ess

| dent i ool GPEV Pt Binggdt PG L P TaRES Brivent RSt CARPaHEa St e ur e

has a uppererg‘smzorragnetl c layer with an Mt value of Mt(UL) and an
antiferromagnetically-coupled single |lower ferromagnetic |layer with an Mt
val ue of Mt (SLL-Max), wherein Mt (SLL-Max) corresponds to the Mt of a

single lower fgrro iC t i Bl i bl e
si gnal -t o- noi se%r at {TEHQ?%RS# @%1?1{ t1 h‘gﬁ%‘:‘%et fuééeern%ggs ﬁtf!gliéulr e, ?%g ai‘l\ég
magnet i ¢ r eompdsing Joaye rCrcamd,i aidngherein each of the lower ferromagnetic layers is an

alloy comprising Co and Cr with less than 10 atomic % Pt.

9. The disk of claim 8 wherein each of the lower ferromagnetic layers is an

alloy further comprising Ta.

10.  The disk of claim 1 wherein the antiferromagnetically-coupling layer is a
material selected from the group consisting of ruthenium (Ru), chromium (Cr),

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

11.  The disk of claim | further comprising an underlayer located on the

substrate between the substrate and the first lower ferromagnetic layer.

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

the upper ferromagnetic layer.

13. A magnetic recording disk comprising:

a substrate; and

an antiferromagnetically-coupled (AFC) magnetic recording layer on the substrate
and capable of having two remanent magnetic states in the absence of an applied

magnetic field, the AFC magnetic recording layer having a composite remanent-
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(a) a first lower ferromagnetic |ayer having an Mt value of Mt(LLI); (b) a
ferromagnetical l y-coupling layer on the first |Iower ferromagnetic |ayer, (c)
a second |ower ferromagnetic |layer on the ferromagnetically-coupling |ayer
wherein the second |ower ferromagnetic |ayer has an Mt value of Mt (LL2);
(d) an antiferromagnetically- coupling |layer on the second | ower
ferromagnetic |layer; and (e) an upper ferronagnetic |ayer on the

ant i ferro;%gﬁ&dz%ﬁ&l Mn&&lz@l ;sre k RYRCONIBH PT'E)tl € (hHRPGE Mﬁc{%ﬁ@??ﬁﬂg%&' ayer

has an M lue of Mt( greater t an’the sum o

Mt (LL2), and\Ehrefenange stlsucnir@ oenpmsmg yn gdebicahnppeal feyromrgetierlayenamhdrtie
intrinsic c¢oergiVvit of each of theflrs and romagnetic

| ayers; V\hg?eeiA(rifJCeéecf relee S rf’ it HRRf s S%queg&e?yegewﬁ%@gg&g Véluf" q{;ers has
a Mt val ueMrt(mIL)tandM;taﬁlswmnhhghetlcamydc«uwdadlmgle lowee dedorh g€ Myesthahan t he
magneti zation directions _of the first and second | ower ferrorrar?netl c layers

are subst affit aplug op MSLEMpy), Wh@reghwtr%%lr -Mrx) casesppadsap|tag Mrpok ¢ gingle
magnet i zat i|QRerdefr6mbERBC qiye} fm@at YRRGE ut &e" ARBARGT bé}ue%v%bﬂ%r %Ian%-ms‘e ratio

magnetl zation direction of° the upper ferromagnetic layer Tn one remanent
state is <b5NE) fmtheoAF§ refmtehgrastmiciued, thecAFE magmgmeemwmgdﬁyedi:mmmsﬁm in the
ot her remanent i sk clajm.13

at ei
ferromagnetic | g@e? %fséj‘gwef quwag%t%}aplgrl " an rt X ue fel\)ép(egr% ®hér ei n
each of t heertdnidhefi@IyQUBRYNRL 1aged 8y @heS fiks 18Wer &l‘ﬂoﬁ]\égﬂ&ﬁpray&i g £Qecend Cr

with less than 10 atomc % Pt. -13

lower ferromagnetic layer on the ferromagnetically-coupling layer wherein the second
lower ferromagnetic layer has an Mrt value of Mrt(LL2); (d) an antiferromagnetically-
coupling layer on the second lower ferromagnetic layer; and (e) an upper ferromagnetic
layer on the antiferromagnetically-coupling layer wherein the upper ferromagnetic layer
has an Mrt value of Mrt(UL) and greater than the sum of Mrt(LL1) and Mrt(LL2), and an
intrinsic coercivity substantially greater than the intrinsic coercivity of each of the first
and second lower ferromagnetic layers;

wherein each of said first and second lower ferromagnetic layers has a Mrt value
up to Mrt(SLL-Max); and

wherein, in each remanent state, the magnetization directions of the first and
second lower ferromagnetic layers are substantially parallel to one another and
antiparallel to the magnetization direction of the upper ferromagnetic layer, 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.
14. The disk of claim 13 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 with less than 10 atomic % Pt.

-13-





