Title: MAGNETI C RECORDI NG MEDI A W TH RELI ABLE WRI TABI LI TY AND ERASURE FI ELD
[ 0001] The invention relates generally to nagnetic recordi ng nedia, and
nor e partwoubawdeyooro net hods and nedi a that increase w iptahisketop4@na reduce
uni ntentional erasure of a recording nmedia. BACKGROUND [ 0002] Magnetic
storage nedi a afite WAAEPGREOBYNG WERFW GRS IABHPTRICELITH AR ERYERE i cul arly in the
conputer industry for data/information storage and retrieval applications,
as well as for storage of audio and video signals. D sc drive nmenory
systens shgfg digital information that is recorded on concentric tracks on
a magnetic disc nedium At |east one disc is rotatably nounted on a

spi ndl e, t f i £, Q gnetic
transiti éﬁ(gﬂ\],m '{:l‘% 1{1\[36 ﬁ&{% a'te%%ene%iyctg m%%@et%?&c?fcﬁ 1&1%%‘ 4 /awr g’uto}c‘e amcg arlga

t r ansduces siethAddmidwnedaahdtriodrdase wiigbilyypanclabduge umedntﬁmmal aantaedlal i ng the di sc
drive syst e based on commands received froma host system The drive

cont rol | & g%%?@% 'Y the disc drive to store and retrieve information from
the magnetic discs. Efforts are continually made with the aimof increasing
t he arealpBA@cOrRAURY density, i.e., bit density of the magnetic nedia.

[ 0003] Referring to the drawi ngs wherein identical reference nunerals

denot e t heoRAMRaglcBIRBLaSe MBIIQHRRANLLY LEQ 1Y ¥rlRY 8pplicAWRs, piitieulady id thist rates a
perspective view of a typical disc drive data storage systen1|n whi ch t he
present icAWBWES Bausiry ferglatalinformgtion glosage andiielicvpleapplicaiiong. frewllanfand a cross
section d
perpendlguf§$%ﬁégﬁz??%h%%€§rthBEEEF%ﬂougﬁ%é &ﬂsagﬁg¢%5§%§%§?§§Q%¥ t he

di sc, nagm@tmdut@U@ﬂdmngﬂhay@msamm5w0s¢m¢nwmsmuﬁﬁémmdmpdscEedm@hWboth si des
of the nap l.um trat S| h Fig. 1
shows an%%u§%|n§n1§ stﬁdpﬁln%ﬁ?erna ﬁ%@ e r%%ﬁﬁi |nc?h% Ilégsubstrate
made of gtlaastonsglithsthe eiserisacceaded nbing rdaliiviite lnmtisad)r tanbduyas. pldaist i c/ pol yner

mat eri al cer ass-po osite materials or oth non- magneti c
Tt or 1 al SO FUROH YR T BT RENnE FABa e WAL R e
pol ycrystiihl 4 A&t FREALITHC déiké EhtioANRONSAS 1heTisa8rild1e seed dndgetfieRor di ng medi um
| ayer, are generally classified as_"longitudinal" or ﬁgr pendi cul ar,

dependi ngigAnaiee fr@fni thpagregn dises. dfortvatrertnaly Badoyith he almefiBsragomi ns

of the grgd S Rlcokde JXRGHELI. Oonr@hﬁfy' Rlthe thiknb@ngidigidi nal nedia (al so often
referred as "conventional " media), the nagnetization in the bits is flipped
between |ying parallel and anti-parallel to the direction in which the
head is ﬁ@%ﬁh@ﬁ&@maﬁbﬁw(h@NmQEWEﬁ@nKRP@mbGﬁﬂﬁEQMWmmﬁhgh@ﬁ¢&wﬁen@rding medi a
are bein hi_aher t Ll ing the
hor mal - SR RiSholhs PLRIELCAEATL: Y ARREREN ek iR o AR B 10, I
per pendi cdulvadatamgragé s}sterrem@srmhhnge pmmnwmmmmn isisefs], andsaliyss dist recadidg a

magneti c | r havin di.cul ar netl c _ani sotr (HK). |In

oot pendi L 601 4 e RAGhUE SRR e Ra B TG LI 8 i ng 1 e
di sc's plpafend&ulirtmgaas reddordifn oA kit@chalg. I eiesdnBgide 51 A dSc, dhghAd
perpendicular to the plane of the disc. The bits are then represented as

regi ons 6?00%%#386%?%&wwamﬂtea@erp@eteé&n kaigrides obths Bop-meBHeBBHE Mg to the
1's and Qussudf ot Pg. di gishalimhd@in®ie. 1[H60Sin MhingmResRerRdicH Ale Medi a

t echnol ogy provides hi gher areal density capabi ity over |ongitudi nal

medi a, grawadigent dcheladisebstrate ninde Abgliss, glassweamig akveduam/ Ng, B@tahgllqyevel oped
for furt )

per pendi il i g P SRR AR, AEADRLES S FRRIERERTL o
strong | anagrals. exchange coupllng bet ween nagnetlc gralns. G anul ar
structures provide better grain isolation through oxide segregation to

ner oasi b GG Rar O Su% 't Qi AR S SRR i P ar

magnet i ¢ sbayels tl@amhae RSordiag Meldiven ﬁ@érwmgéneganlglcnsmﬁ@ipﬁr rihgehdnalgirai n
boundari es conpr ggg a diel trlc mat eri al such as ogldes nitrides or
car bi des PYPHELY iﬁfy heRdn AR éeTEnghon Qe Lo B RAZIFE MY ng. a

t hi cknessfafe BRI ik BRGShd QB0 IleMtudRal AROS R Men RIEGWIGe a substanti al
reduction in the magnetic interaction between the magnetic grains.
“conventional” media), the magnetization in the bits is flipped between lying parallel and




[ 0006] Perpendi cul ar nmedi a have replaced | ongitudinal nedia in many
conputer-rel ated recordi ng applications and continue the novenent toward
ever - i ncreaepngearngal recordi ng densities far beyond thectapsadioloisdoyo of
| ongi tudi nal nedi a. However, perpendicul ar nedia and recordi ng technol ogy
are less well devel oped than facets of |ongitudinal nedia and recording
technol ogy. [0007] As recording density continues to increase, it is
x C ﬁz ts ?‘(r:)éng-‘r’ﬁ?ﬂﬁ%ﬂ% ﬁmk&&%n t% @r%ﬂah %_rhu,gcf HLRRi qelgmﬁgg ﬁierﬁisrch@eﬂ%}e'rliﬂ?&'iaro‘c _

g ic particles in a bit at a simlar value. However, snaller grain
st ruct ur exaghete recpsdieg media efcdsiag deedaricd frdighcydrasitaPading 6pyhoud nai nt ai n
thermal stabi éiﬁ%ihe%gnmtﬁgﬁ% M‘ﬁﬂt)té%t%bhlk&%gi’éﬂw rud e Qfia. 1R @RMAANt 1 ssues
faci ng perpendicular recording 1s unintentional erasure, particularly
sidetaackmemgguﬂ?ﬁ¢§m&y1e%tmh%?mmemeb?méﬁk@@?@mskmgfznd@kﬁb¢g®KNW?gnateb
recordi ng_nedi.a.that can be e ive ditten on the recordi rack by
e ecordiPReL bdd e B auETdrRy ershalic g P h s drehy Sl d oy ot r ay
fields ordidejirsttRichbftiyigg iahe Gik@ipldrictay it ISELNMNRYth RN 8cotidh adisdsandndredi a
structures ar escri bed herein for increasing witability and reducing
uni nt ent igwsvdﬁeﬂ%@ﬁg_%e agﬁhséﬁag&ﬂ B afF&Eﬂ&ﬂ%@S%ﬂ&&&ﬁ ERetRg ﬂf_@%ﬂ%.rf Phoan
enbodl Menfown@ald MiR& B MeEHcBLatiGR tgondifE QY tHE MY akEEd MThCARRI UEs a substrate
and an overlying |ayer stack s??haggd o% t he substrate. %ﬁg ?gier st ack

conprises a magnetically soft underlayer. The underlayer is a stacked
st r uct ur d0QUShPYhikingependigulgnragdia eefuoloar nenides highgriapegt dangippeqapatiliy ekeind | ayer

bei ng an |antd GifhiRABIBGhiiG: ERLILNG haer in@ plelHai o diRY &kl I st

| ayer hasagﬁﬁéb% perﬁggﬁéﬁﬂﬁg%r%gpon %%g“gﬁaggg F%PSQQV%agﬁéﬁﬁégg?{ity

regi on. Timther hiterdlingathearcilalsnditgws panpaealip koitvgntionhkpefpendiculhamegnetnd t he third
| ayer are_unbal anced hayi nequal net i nt and ar

ot 1 orr ORONED OGRS MR RO St 8es PEAREL iR A a i ostusens i gher
per meabi Indeyictichaxind. Heramdyy specttieapiolidt Yetice gradmisoldiiv@steroagidonidd degtegatdhher

features and. dva$ta es wl]l be agggrent fronl%'resgin dof the follow ng
det ai | ed "YESHEYFOPRTOH OKRICEFIDREERIPPIEEN EREAUE CPIRA N(% [R5EIeTE i

f or egoi ngigasineGbise AN (SraRY Ofrahller @ﬁieﬁmd@mm@wmw@esmghs thgi@tie nvent i on
will becone nore readily appreciated by reference to the follow ng detail ed

descri pt icORMnaghERing sRamier kY &) bavetarisa comprisingfeligdedorpanylngchdsaw ngs,

wher ei n: oxides, nitfill&@or darb@ieftoREERPRER HEen¥iCWaRE. Bhd ¥Rk Ginddl&ChilidMe data
storage systemin which the present invention is useful, and also a disc

r ecor di nghiegbsurhabeid 2angtiens taehoni rangstramsdirorids hevlishgtial hedugiidifiathence
bet ween %Q%g&kqgkggﬁmﬁﬂgmgﬁqﬁﬁﬁgagﬁkﬁgngagnet|c recordi ng; FIG 2 is

a sinpli cross-secti onal a portion of a conventional granular
per pendi cul ar magnetic recording nmedium and retrieval systemincluding a
si ngl e- pab@o6f Pampsalicgdsr nivedachavaspa lbegiudmdl malid menaiysomgutenelatdt a st or age
systemas in.FIG . .1:. FIG 3 is a sinplified cross-sectional view of a
portion OFCK Rl uI g O NIYR A 1’8“?@8’6?5}3?{& eﬁ%d?ﬂﬁ%ﬂ‘ﬁ%&ﬁ%ﬁ’ieﬁ‘ag‘&gs of t

under | ay elensitids Withdy ¢hdabcQpsbiig of Dnaincidil eRPar BAbyede SJefRndicular media and

recording technology are less well developed than facets of longitudinal media and recording

technology.

[0007] As recording density continues to increase, it is necessary to make smaller grain
structures to maintain the number of magnetic particles in a bit at a similar value. However,
smaller grain structures are easier to erase, requiring higher anisotropy to maintain thermal
stability, and making writability worse. One of the dominant issues facing perpendicular
recording is unintentional erasure, particularly sidetrack erasure (STE). It is therefore

increasingly difficult to make recording media that can be effectively written on the recording



FIG 4 is a sinplified cross-sectional view of a portion of a perpendicul ar
magneti ¢ recordi ng nmedi um i ncl udi ng an unbal anced antiferromagnetically
coupl ed swbtooumderzrayer structure, having | ow perneabi | PCY/usR018/0l@ie om
region, in accordance with an enbodi nent of the present invention;

FIG 5is a sinplified cross-sectional view of a portion of a perpendicul ar
magneti ¢ recordi ng nmedi um i ncl udi ng an unbal anced antiferromagnetically
coupl ed SQEL by SEhANER hedd, WL 'ew&dlng @ébﬁg of QVEHBERRBRRIL by HraQBicRis bPP T eg| on,
in accordance w th anot her embodi nent of the present invention; FI G
6 is a silmpleilthcedalstabiidy.sectional view of a portion of a perpendlcular
magneti c recordlng medi um i ncl udi ng an unbal anced antiferromagnetically
coupl ed f ¥hﬁ soft underl ayer structure, in accordance wth another
enbodi ment 0 e present invention; FIG 7 is a sinplified
cross-sectional view of a portion of a perpendicul ar magnetic recordi ng
nediun1immxmmmﬁ@umsmmmhaﬁamnednamﬁé&ﬁmﬂ&d&@ﬁembtﬁhbqupmmhﬁﬁ@&aden | ayer
sof t unde?{{}l er struct |q?a0005dqnce with an t er n?odlnent of the

pr esent Ghgufpientiona era?f‘l“‘d’ RETRegg! @rrlﬁ?ﬁ’i‘FtéCa’iec‘?r PEOrMA 5 of a hysteresis

curve of embd@inidm, & pegéMliduRy aiagSait redd RIS héd@h comprises a flbGirat@ardsan@ gr aphi cal
illustration of a hystere3|s curve of two 10 nmantiferromagnetjcally

coupl ed [0¥§5ibriag layer stack gijuafed pp thegubstigiea Jip Laypr ﬁta}cmgwra%eﬁ6ﬁlaéaetlaalw§fter esis

curve 0f1ﬁd§9y&”ﬁ%@hﬁ&#l EQ@&ﬁ&c@ﬂh&ﬁﬁ%&ﬁﬂﬁ@ﬂghh%@&lMuﬁﬁ&ﬂhaﬁa Bt 10 nm
soft underl ayer, the same magnetic nonent FIG 11

is a si r’rﬂ?l}iefalaééw@ﬂ é%/stt@@man@naferrvmé@vem C@pb@g laygnangfa tglrfb@meﬁhi: &t ar

magneti c ically
coupl ed_ A5FF R ARSLTl ARt BARRPPESRaBRN & TRIRL 0% i on.
i n accor darckasudw bemeimh@r Ténﬁ(sdlamemnddfe thlkxélawasaemnfoallamcéﬂla‘i’imgmnequal FI G
12 is a aphi cal | tratlon of C g Verse . overwite

BTyt e L RO i i ORI HBEb L B D F G N B Mo Sor
u nder | ay Qllighbf'lpdilklét&ﬁl&y thafthe low permeability region. These and various other features and

advantages will be apparent from a reading of the following detailed description.
BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The foregoing aspects and many of the attendant advantages of this invention will
become more readily appreciated by reference to the following detailed description, when

taken in conjunction with the accompanying drawings, wherein:

FIG. 1 is a perspective view of a typical disc drive data storage system in which the
present invention is useful, and also a disc recording medium and a cross section of a disc

showing the difference between longitudinal and perpendicular magnetic recording;

FIG. 2 is a simplified cross-sectional view of a portion of a conventional granular
perpendicular magnetic recording medium, and retrieval system including a single-pole

transducer head, as can be used in the disc drive data storage system as in FIG. 1;

FIG. 3 is a simplified cross-sectional view of a portion of a perpendicular magnetic

recording medium including a soft underlayer structure according to a contemporary design;

FIG. 4 is a simplified cross-sectional view of a portion of a perpendicular magnetic

recording medium including an unbalanced antiferromagnetically coupled soft underlayer



FIG 13 is a graphical illustration of a recording netric, adjacent track
interference (ATI), illustrating ease of adjacent track erasure in
conpar i somoto112066@p r egi on soft underl ayer thickness. DECAUSEDRODESGRI PTI ON
[ 00010] Exenplary enbodi nents are described with reference to specific
configurations. Those of ordinary skill in the art will appreciate that
various changes and nodifications can be nade while remaining within the
scope of (RRuRPRSHIESy pdicmBtityAddivhliGRad MrnMﬁL&d&ﬂ@Wﬂh%h%ﬁB&ﬁ&mﬁ%@V'Ces
conponents, nethods, process Steps and t | i ke may not be set forth in
detai | i hepresent invendiowi d obscuring the |nvent|on [ 00011] Per pendicul ar
recordlng nmedia (recording nedia with a perpendlcular anisotropy (Hk) in

t he magnetic r. di cul ar
to the surfackﬁ¥$1§%ggl gne B& éﬁ%?gggiave een fQJE%ﬁ%kﬁaf %%?IOF to

| ongi t udirmkdmmﬂe(aummncﬂmjmmungalmeq{a1h1fg’mri]nghetd:al1|)scdupéﬂ sMt tiindeuibyer
experienc e rnal sta ity limt assoc at ed. wi the | att

por pendi Gl P Hyinasr s PrrageR vy HHereRion Bar o ) edihACo gL  2ati on
i s formedfi preseitieehii@n per pendicul ar to the surface of the magnetic
medium typically a layer of a magnetic material on a suitable substrate.
Very high to ultra-high linear recording densities are obtalnable by
utilizing a "§Ggiespgpbifiedegieertionpldsys at rartign ofapsegndigylinmagnete

per pendi Gio&fin Qc[lﬁah'u&‘clmd%a@aunﬁMQﬂc@@Lﬁt}fen&%gﬁ@cﬁql Hpled FRE RFyE s‘&ﬂ ”Bd' aare
fabricated mnt pol ycrystalline Pt - oxi contai ning f

Co-rich alné@ilei:rwtmmreplolay@qr«;@t:emth protlicr pmbedimefteof ﬂormgﬁétm@nm | e Or or
oxide rich areas in the filmare nonnagnetic. Magnetic |nteract|on bet ween
domains in ad net | S t
nonmagneti c a?gggq%nlgépﬁg?g %S%gﬁ%ﬁ%ﬁ%ﬁ %Qggﬁg}fhymgmﬁﬁcﬂﬁgﬁ ar recording
media r eqenorchng:me(hﬁmhﬂcyudueg annbdamad) motfemlmgoﬂmaﬂy ampled(sé\wd ilayge soft

sufficientl ni sotro to sure th resi st erasure,
ond funceniielmudseRy BRI s SRR e sttt BRETS | o
switching field to enable witability by the head; sufficiently |Iow |ateral
exchange coupFig® it @ gABhidi1alluRtrethaal If a%%tér@iiﬁ&dr@éqoﬂaelﬂ)gﬁlhsibgb efsoffagnet i ¢
grains or clusters; sufficiently high | ateral exchange coupling to maintain
a narrow'8¢§a¥¢#fi ng field distribution (SFD); and grain-to-grain unifornity
of magnetic properties sufficient to maintain thermal stability and m ni num
SFD. [ 00013] pfts oiecorhind ifRMSid0raahbBesrtoof BEGRRE, 11 1S necessary
to make smaller grain Structures to nmaintain the nunber of magnetic

parti cl egniiferrampgneticaly goggiled lhyars;val ue. Smal ler grain structures are easier
to erase, requiring higher anisotropy to maintain thermal stability, and
maki ng witab wor se. theretfore i.ncreasingly di.fficult to make
recordi ng ned?gﬁthai %mgl%ﬂﬂh?émm)fégp§mmemﬁ?Hﬁ”oﬁggﬁéupgg%93a “ rack by

t he r ecoradiifegoheadticalificbelamoiadDme eftasderryaf alheith eagrmamagneaic kenfeyt st ray
fields or limted thermal stability. [00014] Perpendi cul ar magnetic
recordlnéBﬁE@P% comonly include a hard magnetic record | ayer, a

non- magnetic interlayer, and a soft magnetic underlayer (SUL), as descri bed
in nore detai Fidal ey sihbeficd o g88&@IaAkINew' porEh 8 HEaRiiduldrnaghdtict hat

i ncreases the conductance of magnetic flux, and high magnetic nonent (B)
that enabf@slipmmedipninsidsrs nampdancasd gitereragnetislly qpled spfhandstpydhel ps

direct tReufilddXnaf @M P& TRy RRlaGoPfe cfoll Sin RERHant N PSR el EmbERGL &y " €COr d

| ayer, and back to"the head réturn po? increasing nedia witability.
Fbmever,(éﬁw@ﬁooﬁwmwomvhon, the increase in witability applies sinmlarly
to both the recorded track and to the nei ghboring tracks that can thereby
be erased. FIG. 12 is a graphical illustration of a recording metric, reverse overwrite (ROW),

illustrating the ease of writing in comparison to a top region soft underlayer thickness; and



[ 00015] Methods and nedia structures are described herein to increase
witability and reduce unintentional erasure of perpendicular nmagnetic
recor di ngwoedilzesdor is to be appreciated that nagnetic PeTasdimg4doedi a
features of the discussion and clains may be utilized with disc drive
menory systens, including |ow profile disc drive nenory systens. The
present invention provides an inproved nethod for controlling variable
permeabi lity wicNisns 4 hgpitibii mu%&noh%yg;ec&tdmg%wl@ ’adja%?f?@&q@t@ltfe@ﬁcebm k SUL
material properties suc% as magnetic nonment” (B) and nagnetic ani sotropy
(Hk) . MedA@Dwilluiraging pasp pbadeaeridripk prasuroin compeison ée a Wpiregdi Jofttupdaghyehe
recorded firack, and difficult erasure off-track (between tracks and on

nei ghboring tracks) is achieved, in part, by an SUL structure conprising

| ayers having different values of perneability and magnetic thickness (BA).
[ 00016] REBXILEDPPEICHPEONR, a sinplified cross-sectional viewis
illustrated of a portion of a conventional granul ar perpendi cul ar nmagnetic

nead, - as (RO el FtH e Y PR Er B S Snbr i 1 A

convent i omate @eEdIRII G iBthe he Gall ﬁ’ppﬂ@nzﬁé’&ﬁﬂﬁlaﬁ(lhhﬁgeb hdusbdifd@idnddahl i zi ng a
vertically oriented nagnetic nedium 210. The | ayer stack incl udes a

non- magnéFinads Bt reareimEithip the scongioh i appandee Ftims( Adfitgrallynval-kipaged
al I oy, a%%n%ﬂtso&tvlc@@%l)mﬁ(qﬁﬁé'rﬁ&héc@)’ﬁ&e@slﬁeps-gﬂ@th‘é@ﬂ(é fRRhodRResHARNIH ayer, if
present on the substrate surface, typically conprises  a | ess than about
200 Angsﬂk@ﬁﬂlWﬁ@%opawépb%ﬂﬂ%ﬂh%ﬂ@mﬁwﬂ a metal alloy material such as Ti, a
Ti - based alloy, Ta, a Ta-based alloy, Cr, or a Cr-based alloy. Overlying

t he opti . | y.th Tpar with the
nagnetlc?@gtofﬁﬁﬁ) Cmgﬁ¥§§?§% e&'O%u%&nghkﬁga h,Il§§n&, %gﬁﬁgggfayer 216,
i.e., a rHynethcmbgyes laymmnahglagnemeeltmmfmmmg 1|nca\ﬂ11ectexnmenp|emycdbmtovheabout 1
kOe, such a N Fe. Permal |l oy), or a npterial.that.is easily
mmgnet | 5 b B8 AghElE B MvrdermiHeY st el RSB IE Tsory 216
serves t aclgwviflevdrngipabiteedditivs v@ﬂﬁ&ﬁt&kf)dit@nélﬁg)ﬁib &H&:ﬁnﬁl&&dllﬂt}hﬁlﬁiﬂ giotihed
magnetical ly hard perpendi cul ar recordi ng %y and to enhance

wri t abi | Vflgh thedgtler H@Pﬁf@@ulﬁ'ﬁa@gne&%m@mm g, fesistygli B Renanaled | ayer 218,
and at | eashet@RGord 19 RsrBINEL difechitt RipeaRhilarzd e SHBR FHRSAMhetiSREHuhayer 218
may typically include a less than about 100 angstrom thick |ayer of an FCC
mat eri al ,tyreiélhi adayeppf aanpgpgtiomateyial ong suitgble substragy: Vauy high tatragvghiedis or
fine-grai, “

[ 00017] ﬂ% re é%%b§%§e§ %Qmﬁﬁ?%?%ééﬁ%¥egéﬁsér gﬁgﬁﬁggﬁﬁg¥%?' %!typlcally
conpr i sesvitirsuglbpupen§Bulromagrstic m3die. Ewgsﬂhomrmmdmkhtay@ﬂmgmwhawexs of

non- magney| Th ck uspal cl udes.at | east
one. 1 ntenttrfalTfh bR EEk Y St o CorfitRe S B PR ' eiTEN® o o
adjacent;bbemﬂagmeﬁhﬁakuyn&ﬂ@ﬁmpﬁMp&ndumukﬁénmemamdnﬂgfﬂmyﬁnuﬂ22 The rol e
of the |nterlayﬁd % S critical for obtaug{ %}%ood nedlaﬁgﬁrfornance

Speci fi cAMECUG MIBFiIAEIRETPHRCT g LS Feddict iy g i R REEF Sy er ( s)
serve t o apéMicd 8y nodmadhei 4réds i0betivB. cryst al | ographic orientation of the
mai n recording layer(s); 2. control of the grain size and grain
distribution of the main recording |layer(s); 3. destruction of exchange
coupl i ng (BRI Rk diighdgisey PapgndipuliargodBesrdiargayimyrarcilyhdlapesdriencnetisl | y sof t

| ayers; o C &Y 3 QR ol [T TarT fachfde main
recordingﬂﬂggé??ggm'mh?%ﬁﬁf t%%e ?g %%&??%ﬁﬁg%ﬁﬁﬁd%ggﬁgﬁggﬁgné&?nportant
when t he apdfunetion effetioretseditihmoderh beadtdesipes: atfﬁqtlentlyﬁp‘ghwgdsng)ﬁ@é guanable
sputteri / t S so that an

i de. 1 G B e (ARG BfncRy PIob ARE KSR D IS, RAREREIED on

adj acent cgrréalhtixs. lerigﬂﬂﬂz‘tﬁ}enam@nhtw grging bl@:lus[drs’,'lsﬂliﬁylentlymgh lasraaltexctlma@t one

latively thin h di . 222 with it
mgnet | ¢ Bl sl FRRRNCO G R SPRRE T igh FRdhei St M IR TES

uniformity of magnetlc properties sufficient to maintain thermal stability and minimum SFD.



The magnetically "hard" recording layer enploys a relatively high
coercivity, typically about 3-8 kOe, i.e., of a cobalt-based alloy (i. a
Co- Cr al lwg 28uais6@3 CoCr Pt B) havi ng perpendi cul ar ani soPCO82010/0€6010
magnetically hard perpendi cul ar recording |ayer 222 is typically conprised
of an about 10 to about 25 nmthick |ayer(s) of Co-based alloy(s) including
one or nore elenents selected fromthe group conprising Cr, Fe, Ta, N, M,
Pt, W CrgodRt} AN recorlling Bensify cdMBinudRo 1n|§rea@nﬁ! 153@065[399%1%]1@@9{5% 4iRg the
Iayer stack i's a protective overcoat ayer 224, such as of I anmondl i ke
car bon ( Dir®tures wriaefaiovies nundberofraggnetid rarticigpan a bpata Sﬂméarmﬁbﬁe&mll@ over coat

224 t d
Fri cri ondrf oreEe AN a ol FEe PR Rk bl RIARRLRA S Ton 2
thin | ayend m‘akilngl pritabdity waie, ltsuibbrefige mf:reasn@y ﬂllfﬁmitcqu)mla}y@rtebr&dlng RicPiz)

mat eri al , sur t| v vercoat 224 to
enhance tﬂﬁé 5?%3‘1@ ‘ivrlté)eéqulno ‘?rre?ﬁ(érgga(c)tfacg%ét[ 8&” eléffaé@ Sy reduci ng
friction eaaaﬁlreweaﬁglﬂi‘onh@eaq&ﬁepetedylﬁeeds@vamaditheﬁ%stabltJQOZO] As shown by the

arrows indicating the path of the magnetic fl ux 1 flux 41' emanates from
the main witin Pt% pol e 204 of magnetic transducer d 202, enters and

passes t WY@Idh fEerendiculpranagnetipiscording m?atawg)mawtemwé ° ahaFHargnets 1o ar d

recor di NQayeR%U@bon 2ndtR 1tt&¢ay@fegh@@s&fetn@gg(eﬁ@tﬂaeﬂgleﬁgsm% asQiRS@bSd ARk r avel s
wi thin soft nagnetic underl ayer %SUL 16 for di stance, and then exits

t her ef r orfeai &clows Jas SUﬁr&gmjﬁ hse tgélpéffmﬁ&@ﬁétﬁ%thlﬂb‘@@ﬁ%ﬁﬁﬁ@e cenfaetancedfi n t he
region b%a tﬁ%x!é gpl@toﬁgnt:%sg%g% les Q&fﬁ%tﬁ)@t%f la earﬁjdu fas%tf' on of

nmovenent of  perpendi cu netic um 2 past transducer ead 202 is
i ndi cat edluxn Thmsethpisgmlelmwmmheaﬂmwm@ naanmée oittie bemd 2h@ugh 0OORU}a W t h

contin ue%ecroeg regnaﬁl% ba8< to thezl‘fad l‘e\{ug“ll:l tg'ﬁl%al ?rleelfsﬂngsqledB Ta wr1ta€1ll1§rk tI-?ovx% a' n boundari es

of polycrystaliihe layers ayer s const a'tlng
medi um 2 I:Gmpmgmetﬂnecla&rbz}se hawdtah”ﬁm}nappﬁmndﬂaﬁgz tb aytarthe22eordeasl tfaok rmdtoolﬁb

interl ayer, 5 0 angk V\/Ell | e al nsdof each polycrystalline | ayer nay be
of differFiggPingreks thayga erFsﬁ a horizontal direction) represented by
a grain size distribution, they are generally in vertical registry, i.e.,

verti cal Iiyog1sprviehadsedd 1QBia ¥ri @RS Tare b&ORERIheRiCNiA@EkE WritBMPNMRd way of
classifying nmagnetic recording nedia is on the basis by which the magnetic

grai ns offeduspupiBierr R Eyd perRerdionlar araengficgeqorting wadiai ltés tobsegr egat ed, in
order to aBﬁ%éht%@ Hab/méghfénﬁ}%g&ﬁfng‘ﬁ?édlayfeéi&re%tﬁé &iséu@ﬁorgélﬁl' c'ih‘%mﬁﬂlqy B¢ ovi de

i npr oved nedl a per or mance haracteristics. Accordi ng this

cl assifi @atlzqdmlﬁtdtmwemgwet $ystepedncuding lewQuotbladisd davd mymersgyeerns
recordin I i nct
ypes: (e BREN idbouorSitid o b YR AURAIPSHLIFE ViR ooy | 0

di f f usi omu:htintﬁetlam SUB lzgffer tthletumagmtepandeﬂt ayeulk SULtrllrEeergI pioperbessaclags es of t he
llayer to form Cr-ri rai n boundaries [ di f.f usi.on S r.equires
noati ng ST IS O P S TERE Gl eoR (e S Pl i

magnet i ¢ df 3y wriddbdlit} n tha ré@ma@atw@ﬁ diffelf EhdirS&BHegabeOReOfradkhendr ai ns

occurs by formatijon of oxides, nitrides, and/or carbides_ at the boundari es
bet ween &8j"SEBRATINGAGAKS 1s@chipvEdna PaE, RY&nrﬁ%st%Wree@m%lﬁlaﬁ Avssshayagi a, which
oxi des,  Rfifdrdf @SlucHTHEPcabiBlyRind @S chBY tRi6kdcQf (®8@). by i ntroducing a m nor
anount of at | east one reactive gas containi ng oxygen, nitrogen, and/or
carbon atons (i.e., 02, N2, CO2, etc.) to the inert gas (i.e., Ar)

at nospher@0daf iRﬁéerg'pgttOtFallG- aeep%@pltiﬁie@rvr@fs -sedtienatyica ik dipstiekef ampgiratafe | ayer .
In an e i I e! th types of
magnet i g‘% ?Ig\%:egﬁ Q{a%&ﬂ@&gﬁ%@ﬁ@%ﬁﬁ%% elrré?(?ﬁlég %%%Hﬁégﬁgglegﬁ&gﬂ%?npl ified

cr oss- sedtdhotiagd a singevpols trahddust hetdeds aah bau@d it thodisofiriec ¢uter pangh systear
magnetic r r.din 300 | udi ng a soft a tructure,
reoordi gt E B4 dotearisraes et eeREn e B e T LB BRE ermor ary

tSt ruct ur @ettﬁal@e@rllegfée@la\lghét? rﬂmalharnzmd bTalrtlayteﬁs"tztcmﬁgtttet b @8- hmg%ﬁu ptltbeﬁlatlé AF|C)
ayers wt atjvely ow abrfity, conpared with a_sjngle |ayer
SUL desi &AQ iquelsp alugiiea) bése/stﬂé%&ag%apt%al&égesaon itiehab t}ﬁae( or

r ut heni Ur&g ﬂa@é[&heilé‘ﬁ/ﬁ&e@@@es&ﬁGn thels86ahdisBGade AYFitalBARnipdis@latitlgtigd above the
SUL. The SUL of these contenporary designs general I'y have sufficiently high
perneability GO to increase the conductance of nagnetic flux, and high
magnetic nonment (B) to enable conduction of |arge ambunts of flux. Thus,
the SUL hel ps direct the flux, increasing nedia witability. However, as a
conplication, the increase in witabibity applies simlarly to both the
recorded track and to the neighboring tracks. Therefore, erasure to

nei ghbori ng tracks can occur. [00024] FIG 4 is a sinplified

Cross- sectl onal vi ew of a portion of a perpendicul ar magnetl c recordl ng

AN " - o I T e 1 T Y T Y e



i nduction and | ayer thickness. Additional flux greater than Bt is not
carried in the SUL preferentially to vacuum or non-nmagnetic materi al
(jt=1). T™Woxptaeewry thin or | ow magnetic nonment (B) | apem/usagiomasony smal |
amounts of magnetic flux efficiently, but will not carry |arger amounts of
flux as efficiently. The efficiency with which an SUL wll carry small
anmounts of flux less than Bt can al so be varied by changing the val ue of
the contryglliabh &n oartﬁtcerayeﬂaa&[éta oﬁ‘h%@a‘i ali el Sucfas Jf, 2 TibhQqOre
efficiently the SUL carries flux, and the nore witability enhancenment is
possi bl e.allthdagarbarbasedlldyl G orm%b%sedl alilcw t%rlwngtheaxpkomé@@mamm@ywn te
process i | y, «Qaptial erasure
of ne|ghg§?§¥g§%ﬁb&QQ%&iﬁg&%ggﬁdéﬂ@n% 1Héﬁ&ﬂ%%é§§ nvZ%tlon provi des
for nedlamwmuhaEmhame@ﬁemebﬂa&ahﬁé1taamagEMceWbymdegagﬂMngbﬂhe SUL with

| bi Th . t
or ovi des POFRURIPSIDGR |F i (3 MERRT 1 FY RO o CRETRIA S Payer
structur emagnade@amntag@a‘nzam%e&iugna&hm $odi unﬁémper (Sms 2156J®|ﬁvea$0 gagnet i c

nonent (B) and gnetic ani sotropy Medi a roved conbi nati on
of easi eragPFle WFP?mﬁﬁﬁthbgFé H%Hé{¢%gﬁgﬁﬁﬂa ‘f %Vé%ure of f-track

(bet ween r&do@cﬁﬂfgsla?é}dan@ﬁo BiglaBRBAthNGtyt [REKHihg (S uﬁ@éi'la?é@% id dh dpBblal sdd an SUL
structure co ising layers having different values of perneability and
magnet i ¢ 147 ¢ é%dsat?‘?ﬂst Ay no-gBeEt infeikeypet2fe Ndice presentrisgshleyar@1$ 8ebr di ng

medi um 4QQ,;L MG HARS a8ks HﬁQ%&ﬁ‘@@@'a@@&drﬁ BidkAnRY B%ﬂlﬁ‘@é hteGQURICRYs B | ayer SUL
structure with a predeterm ned thi ckness, having a | ow pernfeability bottom
regi on, ahedy ef @n,g\m beNrr@abrul preap ampohpeegrrcfme granadieatesiehsptheasdlaolalV, t he
magneti c 400 conprises a substrate (not shown) and an
overlylnéﬂfgﬁgrlggTﬂf fuated on the substrate. The | ayer stack includes,
in overlying sequence frontthe substrate, a magnetically soft underl ayer.
The undermyer’ﬂeramamaukedneﬁmwmmMMﬁx©oﬂmﬂh§ﬂmgoqmnmnyemmymagmsﬁquence a

first lay second_| ayer 406 bei an antiferr etic coupllng
ayer, and ol 3 TEJER PEbER BT s OaE O ARG Gt e AT P or | 430
and opt i grak Liynaly Mefudésay R ond Ghdidl (G an headitayRrsuang Ru)trerd ayer are
situated over the SUL. The first |layer 404 has | ow erneablllt and t he

third | afeiCrivgsT?; Yo vidinseibgnagneyca lé@rrérrempeedACLa%raecaﬁhtﬁﬂérW%g i g

per meabi Ik Y e Gt é/éi?é% chiaﬁ b Sb¥dinih@¥&3d AQfa ﬁe@f@rﬁlﬁﬁet SidcHich®y &l ( 408A and
408B) are unbal ance unequal magneti c nonent) are

ant i f er r oewgideylarandgycticgagirdiog mvde the; lghﬂ@@r(ﬁaesabtelw pipvidegi on 408B has a

hi gher per i A. [00028] The
thlcknesggﬁl l@%ﬁ{1%Q8ﬂﬁhﬁﬁmcP@m%ﬁ{gﬁﬁﬁg#%%acBﬁﬂ#ﬁ érs is controlled by
t he th|c@nam@obﬁthagmnsueah@g@nuhnnmumedfmnnansmngﬂmgkﬁﬁﬁ@Dupled SUL
structur perties t he u peture are a

super pos it 1o g" BieRBEs b Giaf balvaCLUBER S SRS ThE BT S Pavi ng

t he Iayemx@huﬁkmﬁﬁﬁtm%xihﬁdthlnnest SUL | ayer. More generally, the

t hi ckness of the | ar nmonent, SUL | ayer exhj biti ow er ility
proper t i EsPPSICRIGGR™ 45 bR PiREREREILP! (e TEEpEH getarﬁrrs- hr{%%mfesane
nmoment  ass ﬁdﬂﬁcull&'ﬂygﬁﬁramrﬁﬁﬂtim%(ﬁbéﬁtrwhe-ﬁhﬁe laRErad ke BPMRAtteperkthR, Rikpher

nmonment | ayer exhibits pernea IlltﬁbOf the equival ent |ayer thickness of the
si ngl e- | &EPTESYE, SP[‘%‘G&Q]OC?% e/ og 6maﬁ%‘ﬁ‘tspmfeﬁ1@g proces, odlad an agde.afd t he | ow
per meabi Idd ¥ ideGnxHI8RAAE it Jﬂ@b&dﬂd&x‘i’es'b@%%@n Etgé(c%mté?ﬁn§a”e magnet i c

t hi ckness (BA Magneti ¢’ thi ckness 3,0 is equ to the product of magnetic
nmonent (B) and | ayer thickness (t) In anot her enbodi ment, the first |ayer
404 and tW@HBbWﬁnewmgdbnh%ﬂ%wréy]@ntb&nomeemhvdﬂﬂmmwﬂdpﬂ@&Awhave t he sane
Lok i Ry B2 S Dbl R0 DR PR o Y
(u) beIoWh&a&gﬂnddazmEQNGkbﬁmﬁﬁmﬁklmpmyiﬂﬁmﬂvd&hk@semthamtﬂhaﬂbaanenu/ch.

[ 00030] In exa 408A, 408 IS de nonent Bsiti,

SUL2 404 % BREm6 C%élﬁg%edéth%‘&rée-e%gt’t@l a%@?ﬁ“ﬁﬁ %ﬁ%&t’ %L"Pzﬂ‘nﬁm coupl i ng
layer 40@efphhcﬁ&nas&msbtso@pmmg@tl&vu&a%@dﬂuﬁhaﬁe&rﬂlag t@a 10w u AFC
properties. SULi 408A thickness t'= Bs2 BsZ/Bsr% has w u AFC

proper t i d¥iedgpmpised REN Fouigte abeys 25 eeuhlclahse@ﬁ @kﬁé@é ath:/ ¥ has high u
properties of a single layer of SULi material having thickness ti-V. The
SULi high u region 408B is that region of thickness tl1-t' farthest fromthe
AFC coupling layer 406. Thus, a dual u SUL structure can be forned, having
a low u layer of thickness t2+t' and a high u | ayer of thickness tl-t'. The
t hi cknesses, perneabilities, and relative position of these |ayers can be
adjusted arbitrarily over a large range by selection of the thickness and
B of each SUL Iayer and the strength of coupllng of the Ru aIon coupllng
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coupling layer 506 (i.e., rutheniumor rutheniumalloy). The | ow
permeability region 504B of the first layer and the third | ayer 508 are
desi gned wot2bhittdseoogane nagneti ¢ thi ckness (BA I n an enbedirmsedaio/osdeao | ow
perneability region of the first layer and the third | ayer together have a
magnetic thickness (Bt) that is |less than the magnetic thickness (Kt) of
the high perneability region of the first |layer. Magnetic thickness (Bt) is
equal 10 iR QRWE noff cIERARELIcBicARERN %rg‘)élme IsRyel, kdirgkness, gt) . In an

T
enbodi ment, the | ow perneability region of the first layer and the

third | ap¥rC588 Hr ¥, Qe¥iynder. ®i a1l Rdhe same thickness (t). In another
enbodi nent, the first [ayer (504A, 504B) and the third | ayer 508 have

unequal [ ' ). - A - )

hi oknes A 1gh CorliTHBERRTIRT st B e R R e ST AR A R et

accor di ndikt oarborb@uliCGyefotsedodvet heed pragstinayer2entliho protdetiveasvesoaridhe, the | ow
pernmeabi lity region 504B of the first layer and the third | ayer 508

P oot nor M B9 pEReaRiofting 11Fs 26k Fom - To6 o s S B0 i Bness. (mt) of
Iez S ltharbeaa}@@mthgaisﬁaﬂwé Eeﬁ&/wrik&heaﬂlOInhﬂgitiG?rf],aﬂﬁiﬁﬂayff bﬂublﬁl%aﬁﬂ 2hz%h§uehk a@@f&d | of the
under | ayer js about 400 angstrons, and the thickness of the thir ayer 508
is |ess tpﬁ%{hw%elef?tﬁiar_fBF%%g&tt?r&iﬁawtﬁ apelicddn BB g A Ms PR NR OYHiBkness  of
the thirdohay&har@8nd Fibdi6Sisal hBIInARQUWS tibhedRIREMESAL B reliltgnd Bik@bn t hi ckness
of the underlayer. In yet another exanple, the |ow perneability regi on 504B
of the fiapdiveprafdic papfectivRevargaf ¢24. ayer 508 t oget her have a perneability ([0
| ess than 100, and the high perneability region 504A of the first |ayer has

a per neabjd | r - : | ow

per meab; I40Y i e BGEapbtR bt hP ARG AE RIS 0, M0, D1 o

t oget her chavacsdrqe themai Wiitiyg §{lO204e snaghetiv tBOsduaerdicadz?hergdrs pet paesbi [ 1ty
i exarpn ot e babven Bl o Ragr BB ARk ekt P S Euhana the
third | ayegiobffow agrtgoesr20daat@erdaddttao KB 8shinabftInegsetichaderbeBULADIG a

magneti c t hi ckness t) of less than 1 nanoweber 00033] An SUL structure
conpri si rfigf LUHRE aﬂéﬁ &1 ‘ih?r;?ﬁi’la;?%ﬁi Pasiig t%rovgwﬁ%arrh@asmt £5Ford8RYEan al so
be const ngeitde fdeRMRIN dudiRly Shd 2etdfiandd0&d: HeHdMD2 amhAfifecaiied ed SUL

structure an%@gozl ngl edécgg%/er ltJ_L sgp%{)?faltoedﬁgy ad(ynoglrra nogt_lgésgrg@c:_er. FIG 6
is a sinplavw¥ PYBYL e ARAUC FICEW AP ARNIYRCT AP ey peldretl ar

Coupl ed 11 e I O R HE a0, T ure. rere. SUL | ayer 608 (o
antiferromagnetically coupled with SUL | ayer 612 across coupling | ayer 610.
SUL | ayerf0®R4] i Wit epeinatdodictopcnioniitegh etiticaldpacsy2 i6déatg gram boundariandfum . As
an exanpl e, SUL..layer i esi,aned wi th high. perneabi]jt nd, AFC
coupl oo S0 sy EEhs 220w e S R b el AR TR i PR
5-1 aye[) _ lslfafduﬁmmregeordmgs&jteg smngﬁrufdeé oﬂayerh_@erfzgf),;md wirkii [ !thetg}ﬂzrmsrar%ﬂeg@el st of .
permeability, ich can be graded as. desired for. vari.ous odi prents. For
e, rettrsiillaf Tagmeks e he SRab RsmFastsrd neytorinie &lFtea] er s 508 and
612. Thesgyrékhic€ByPhAch Hlldidiadifios, tH@Yaré feRrale if @iri®dreeRirg, ian vedibalyanced
design as pr?w q_%sl y %Iescrl bed, forming relatively |ow and high

per meabi |"FeEldEliobA4EChot h of whi ch have | ower per neabi lity than | ayer 604.
The 5-layer structure enables three levels of perneability that can be

ey moabi 14t s SRt BT O ert ol ki olcdrbite hEUE b it

enbodi merpy wigllth¢ mpgnctic 80Ms ahthe 6@8rdirgayF@coouipdlydepared, éc.Sugrdgatydr 612 i s

t he high Mo th r. 34] In
anot her 2%@%@%?%&3%%&@%@{6%&%& r ecg gen%fg' sal%%ga%gp 0% HB rr]'ogr%dar[ﬁig(ﬁ?t y |ayer
and a | owegemrmabihhiatigristay.eAcdosdic®toghis ulasséfitafiorosvhemd nhagy@ic rsddianeithur e

i Si t C | ed st t i i ff 2y | .t hi ck
and” separare by og i grar i Bhetl 2, B Ly ShGflsgifp pYFRll! chness

cr g_ss- s_ectypie@g_aj a ﬂlisenyap@fwhlarepmegﬂegmo@;of merg@ﬁmd@rsu% laifffuﬁliﬁg afla@id fohEEOT Fli ng

medi um i ncl udi ng an unbal anced antiferromagneti cally coupl ed seven | ayer
sof t undéhq %@@Fg%wqxé? 8%?3%%93@@95 thayeprtedorm Gr-Hidy §ri8 PP UG Ret i cal |y
coupled with SUL | ayer 708 across coupling |ayer 706. SUL |ayer 712 is
antiferromagnetically coupled with SUL | ayer 716 across coupling |ayer 714.
SUL |ayers 708 and 712 are separated by nonmagnetic spacer 710. As an
exanpl e, AFC coupled | ayers 704 and 708 are designed with | ow perneability,
and AFC coupled SUL | ayers 712 and 718 are designed with high perneability.
Al ternatively, AFC SUL substructure 704 and 708 provide two | evels of
perneability, and AFC SUL substructure 712 and 716 provide two | evel s of
perneability, establishing a total of four levels of perneability in a

o, F AN/ . 1 o~ o o -



[ 00036] Perneability of SUL materials having single |ayer perneability

val ues as high 1000 or nore can be reduced to a val ue bel ow 100 or also 10
by for matwornrroofosew7ant i f err omagnetically coupl ed (AFC) eCrustaw@4done! udi ng
two SUL | ayers separated by an optim zed thickness of an AFC coupling

| ayer. [00037] FIG 9 is a graphical illustration of a hysteresis curve of
two 10 nm antiferronmagnetically coupled SUL | ayers. Again, the applied
magneti ¢ i@l drrdforGR8Eed Mhlives HEARY of e meafatsﬁskt@fé dulge fbrﬁz&a(ﬁq @gRkinst)

magneti zati on m (enu) on the y-axis. The slope of the plotted poi nts is the
per neabi |of thy lm‘gn@ttvéam@nﬂr@@rsmnd t)[p@()\@tm?m Fiamgation ¢f§h%grgmap¢ﬂutsé1y

illustra t |caIIy
coupl ed %f&él%gén%oﬁo%% n‘?t'hﬁ? §nc%+ c{e%E gtgt}ﬁgﬁ’onu%ﬁaﬁg%et%&ﬂ %ﬁ&%@@a@ﬂ& L. Again,
t he appl |gmlnsrta®mtsoe:aﬂecb'lg¢hnolarho@hacwlrmcththd(e@el)trlds, quidé:trtcathdemma%be X-axi s

agai nst n t| on . m e of the plotted
pornts i oang by ERiaeBre} b9 pmo BB e F e o s inReet B oper 11 s of
t he dual nitrogbh, agll/bbeituhetdbs (F6.GD,, NI, @D€ ekQn the uektes Wiet, Arpatsiggdefosi ti on of
t he single-layer SUL of FI ge%ﬁ d th AFC struct]gl;e of FIG 9. The SUL

st ruct ur dVFREIAUIE qeRostEnpAf ﬁﬁla@}%lﬂ peE Brangmbagigedifieand 20nm of
an SUL wigkReRNBRBIId 8BSy beutﬁz&i\ﬂm{&sth aY8J ofPllencti¥cHi@fg hediat hi ckness of high
u SUL material can be placed above or beI ow any desired thickness of low u
SUL material in a controlled manufacturable way, according to this nethod.

[ 00039] HP@23h Refeyriag aivrist THG. dch ¥mpkkedssessiseniighal yvicais dlusaalpbelid rontias  a

per pendi gﬁacgqﬁ I

antiferr o%lr%g%gtl ca '§?ﬁ gﬁqu%cgm%éf H&% gléieu?glgg %8@? B@?ﬁig&&%ﬂel ow

per meabi lac¢opdinptos (Iout@mpegnodﬁ,SIgnnTh@mtﬂedmcef thistchntampdérhgrstractodd nent of t he
present inventio a stru C a sub a a SUL
structur ee? %]eegﬁllhbbac?n%edlanvxierm%lﬁgnoe\%%a? r] A@qﬁ i &r ,refa? ¥flayer 814,
and nagnektintcabitie adédngpatedyeth ﬁﬁ(gle IG@mI[m degign.t BEL I3azy errd SWasds irs A&RC

protecti rcoat 824, suc like ca ) to protect
Phe. magneoned Bass arvige iy i u5on s fip b PR o e T URLRRTE & | ol
forces befweanbbienhd L. and SeLoEadbdontcenpbR@ddesions addalll Aive saffichiny | ayer of
| ubri cant not shown such as of a perfl uoropol%et her (PFPE) nmaterial, may

be appli &g R?m@wéﬂ@u iciacrsaseilpeeopdusianes oIV Mpmpnddigh magisHhance t he
tri bol ogingahenP@d.f RIHRICConhictoR®f ?g['édmg)'uﬁt@ of ﬂ&;ﬁrflﬁﬁethcngL REPChinG: fubi ction
and wear of the protective overcoa I'n an exanpl e enbodi nent
of FIG 1hx, inpreasgigimeskia weitabiliey.  oyayeless @cqmghs@tlogotﬂl@ ingepgsrainiva1tdbaliigr 810 of
magneti c L i p 08, and
- Second 2ol AERRY I BekeeolBg B G EHTRAREL L RO B S YR D
(Bsi *Ti) tendiglgdoting yrack¥ban esvagmet i ¢ | ayer (806A, 8068) i ncludes a | ow
perneability regi on 806B of magnetic thickness (2Bsi *Ti) and a high

per neabi | 806A magneti.c thickness T .00041 In anot her
Pmro Al FGE S i pnelior AR Putl i fig et sprobt IS AR et Bei
=Bs2, i ncfédeseulﬁgmadlﬁm 490 irdRidingB@ARIdnGed BYi€drroBkOndicalB@NSlkd Soft hl ckness
(Bs*T)l an anti-ferromagnetic coupling | ayer 808, and a second soft

magnet i ¢ YNEBYCICEBEAS HOBE) OB Perisghibibi b ath#/telveﬁ%%%m Bsapgoréﬂswm WT' ). The
magnet i ¢ chd¥@imch@IH pr8QRBIvdnAGH udes a | ow perneability regi on 806B of
magneti c thickness 2Bs*T1l and a high perneability regi on 806A of magnetic

t hickness Bs*T'. [00042] FIG 12 is a graphical illustration of a recording
metric, MeA@pkelhevépeativienass ¢RINFUL i ingrspsing medja whitabdiss genefallydeneindsoon n
conpari s i's shown
For thr ooner: BubPmiiERhoReRe by CRIARKE ol BRI ORRAR ' T

| ow | A, ARLl)Budlt js bmnghameﬂ o"p“heSlhllx thawehmﬂdr)aecdxfrﬂiﬁscmfefﬁxbmﬂy cROV(vethgsghr om;
(such as that hovvnl h alowlA bottom

desi gn, Ry P l%at%EetfcaC%ﬁiuc%lfﬁ‘utyé I%sn%%’ hd‘fjgéfh&pr?dr?i‘ﬁt Oc%é%r iiﬂlb‘élf‘%’ (such as

t hat showuctionRInGlayd) thickAehsi Atddidioml AigBrehtér that BO Mot tdiria@l in@ve 1A on top

desi gn, vvlth a. op SUL | ayer thickness | ess th%n 200 angst{oms (such as
t hat showi ?rﬁnt Gto Bey:uum of non-magnetic material (u=1). Thus, a very thin or low magnetic

moment (Bs) layer may carry small amounts of magnetic flux efficiently, but will not carry



[00044] In Fig. 12, top SUL thicknesses from about 25 angstromto about 175
angstrons represent designs having low | A on top and high I A bottom Top
SUL t hi ckwessiiafse@mbout 200 angstrons represents a bal aneet/usesiogmoh@avi ng a
low | A AFC SUL. Top SUL thicknesses from about 225 angstrons to about 375
angstrons represent designs having high A on top and low | A bottom Top
SUL thicknesses of about O angstrons and about 400 angstrons represent a

hi gh per qﬁ@&' ahilobitts SF ACH & elﬂzi"éf&'ﬁlys%e deieica w1hp\99i€'§]m Wi tvxhl'T' nfdle magnetic

recording nedia is easier wth'large negative val ues of However, the
t hi nner tapyusSERt ﬂlasyless thiantistdearalsp be vanmdSulchingjrer the valed ofitheeonppllapleoi ds
uni ntenti
per nmeabi lplﬂf[};flﬂ egef, t'he B&@&hé Lil%&ﬂﬁ%h%g%déggglcgn#%% ?Leclgg}rl&a?hpgﬁ& n% and the
record | ayee wrlvabéitseerﬂlamehleampm¢>leoﬂ heamsumef flit ol ecamethe: orFtlre@ak 13

trac

illustrates .of adj acent..trac acen

i nterferéhck n%‘ngEeé’r R %g?lﬁ%alﬂﬁﬁfargeé ﬂ?d ﬂué‘o!"r%& solﬁari1 egls’lfr?)ﬁfregl on soft
under | ay ekighbdretaties Thud/Md 4 ea]gootiﬁnetnhehermgsiaﬁttm@nnac@bdlu&gfoﬂﬁdd@mnﬁ easi er
with | arge posjtive values of AT] he dSI A. on top
(such as eflﬁlfﬁf Jsfﬁ%}W‘P‘ier‘iO ﬁ?ﬁrel@)dﬁiﬂgfl%tﬂ?eaﬁg[swﬁﬁ P?IBQ 3 lw‘éd’ﬂﬁfl 41,5” of

i ncreasedspase of witing simlar to high 1A on top with reduced erasure

simlar to the low | A bal anced AFC design. [00046] Modifications and

vari ations I\; be made to the disclosed enbodi nents while remaining within
t he spi ril003AN Beppeeminveniéon myddasiferrcontpleof varnbionernebilinyittiedkarthited above

and oth \e/\zgdg_lﬁg%,%] %%%E,Bg{%e fit (thﬁ\“ duit B@teﬁﬁ%?%eﬂfes EJ}E af ﬁ%%l%m W A@nkhal ms.

CLAI Ms |cu ar magnetic record conprising: a
subst r at ¢Bs)andimagnetic ala'Sdt@yE(Hls)t Abddiasivithuait igghrond t:mblséutwstOf atser the |ayer

stack Cor;rwpr{tébsih %h tl'lenreco\fged AR Sh SHAER %r%sgrg 8&1 trac e(be%'\lxpeselti Iﬁacks and on
neighboring tracks) is achieved, in part, by an SUL structure comprising layers having

different values of permeability and magnetic thickness (Bgst).

[00027] The perpendicular magnetic recording medium 400 includes an unbalanced
antiferromagnetically coupled 3-layer SUL structure with a predetermined thickness, having
a low permeability bottom region, and a high permeability top region. In the example shown,
the magnetic recording medium 400 comprises a substrate (not shown) and an overlying layer
stack situated on the substrate. The layer stack includes, in overlying sequence from the
substrate, a magnetically soft underlayer. The underlayer is a stacked structure comprising,
in overlying sequence: a first layer 404, a second layer 406 being an antiferromagnetic
coupling layer, and a third layer (408A and 408B). A magnetic recording layer 420 and
optionally other layers including a seedlayer and interlayer are situated over the SUL. The
first layer 404 has low permeability, and the third layer has a low permeability region 408 A
and an overlying high permeability region 408B. The first layer 404 and the third layer
(408A and 408B) are unbalanced (unequal magnetic moment) and are antiferromagnetically
coupled. The high permeability region 408B has a higher permeability than the low
permeability region 408A.

[00028] The thickness and stacking of high and low permeability layers is controlled by the
thickness of each SUL layer included in a single AFC coupled SUL structure. The SUL

properties of the unbalanced AFC structure are a superposition of a single layer and equal
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a magnetically soft underlayer; wherein the underlayer is a stacked
structure conprising, in overlying sequence: a.) a first layer; b.) a
second | ayenohtgisn@7an antiferromagnetic coupling | ayer; pamasseoip/oasoudi r d

| ayer; wherein, either: i.) the first layer has a high perneability
region and an overlying | ow perneability region, and the third | ayer has

| ow perneability, wherein the first layer and the third | ayer are

unbal anceglaatd 15%%& mwmﬁavq@ thyla%}qmlcﬁféss the thinnest SUL-ldyel. M@ofd TSt | ayer
has | ow per neabi he third |layer has a | ow perreability region and

an over | el @qt@dfwaifuthen largerragram SUkHece prhibines opstmdahifigdy and t he
third laryge%gﬁ{egls%ﬂgﬁlt@{ﬂ% cl@l%s'o&?%ﬁ%?&% EE&E;% |h¥ S&iﬁé{‘lﬁhlﬁgﬂt a@&l@ é%%g&r ein the

hi gh per region has a an the

per meabi Inndnyent kage:ro . he gnEireng wooediofi the imedheumasnt |layec¢xalbmts permehtshigiof :

when condition j.), is true |Iity region of the first |ayer
and t he S% %H“?%9Q?Wﬁg9 %@ﬁﬁggﬁég "t hi ckness (KO, when
condition ii.) is true, the first Iayer and the | ow perneability region of
t he thir dodayprin Bav@bsdi@eR ARE iFRRRENM0S ahdih6 kivepEmedb3lit) regdshdt0SRAG T C

t E: gtgg:z 1%({11?1%9 h|a\§e tﬁeq ga%le ntqa%ntet?cethlpé{q?e%g 5 ! t)o{\/[agraf 1rg%t11|clgnesrzgo (%Et?ls egp?a?l toatiill(e:i layer
product of magnetic moment (B;) and layer thickness (t). In another embodiment, the first
layer 404 and the low permeability region of the third layer 408A have the same thickness (t).
In an example, the first layer 404 and the low permeability region of the third layer 408 A
together are designed with a permeability (n) below 100 and a magnetic thickness (Bst) of

less than about 2 memu/cm>.

[00030] In an example, SUL; (408A, 408B) is designed with moment Bs;t;, SUL, 404 with
moment Bsyty, where Bsit;> Bsyty, and the Ru AFC coupling layer 406 thickness is
optimized. SUL, 404 thickness t; has low pu AFC properties. SUL; 408A thickness t'=
Bsaty*(Bs2/Bsi) has low p AFC properties equal to that of SUL, 404. SUL, 408B thickness
t;-t” has high p properties of a single layer of SUL; material having thickness t;-t’. The SUL,
high p region 408B is that region of thickness t;-t” farthest from the AFC coupling layer 406.
Thus, a dual p SUL structure can be formed, having a low p layer of thickness t2+t” and a
high p layer of thickness t1-t". The thicknesses, permeabilities, and relative position of these
layers can be adjusted arbitrarily over a large range by selection of the thickness and B of

each SUL layer, and the strength of coupling of the Ru-alloy coupling layer.

[00031] FIG. 5 is a simplified cross-sectional view of a portion of a perpendicular magnetic
recording medium 500 including an unbalanced antiferromagnetically coupled SUL structure,
having low permeability on a top region 508. This unbalanced SUL design provides for
increased writability and reduced unintentional erasure of perpendicular magnetic recording
media. This design and the design as described in FIG. 4 enable permeability grading for
adjustment of desired writability and erasure. In this alternative embodiment, the first layer
has a high permeability region 504A and an overlying low permeability region 504B, and the
third layer 508 is low permeability. The first layer (504A, 504B) and the third layer 508 are

unbalanced (unequal magnetic moment) and are antiferromagnetically coupled across AFC
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3. The recording mediumas in claim2, wherein: when condition i.) is
true, the low perneability region of the first layer and the third | ayer
have t he warmitdssakness (t); and when condi tion i PCY/US0OW@®]10t he
first layer and the | ow perneability region of the third |ayer have the
sanme thickness (t). WD 2011/ 066007PCT/ US2010/ 046010 4. The recordi ng nmedi um
as in claimi1, wherein the first layer and the third |layer have unequal

megneti ¢ chiyiickn HESPSR ¢ Bfrel 6 & 28RG AR GBI THILAShchidbliA] fpfbn syt el n the

first layer and'the th | ayer have equal” nmagnetic nonments (Bs). 6.The
recor di n@fﬂ@dirﬁmyasandﬁh%ﬂhaﬂ Ay er SORtaes dasigned with the whraqymegnetie thidkness (Bt s t r ue,

e 0" BEGTERR ORI Ay 05LAS LS, SRS D bR | 0Bt
t han abouhv@a mmgngtlcﬁ@qknaﬂ @B:t) that is less than the magnetic thickness (Bst) of the high

permeability region of the first layer. Magnetic thickness (Bst) is equal to the product of

magnetic moment (Bs) and layer thickness (t). In an embodiment, the low permeability

region 504B of the first layer and the third layer 508 are designed with the same thickness (t).

In another embodiment, the first layer (504A, 504B) and the third layer 508 have unequal

magnetic thicknesses (Bst).

[00032] As described above, the thicknesses and magnetic thicknesses of the SUL layers
can be varied according to embodiments of the present invention. In an example, the low
permeability region 504B of the first layer and the third layer 508 together have a
permeability (i) below 100 and a magnetic thickness (Bst) of less than about 2 memu/cm’®. In
another example, the total thickness of the underlayer is about 400 angstroms, and the
thickness of the third layer 508 is less than about 175 angstroms. In yet another example, the
thickness of the third layer 508 is less than about 43.75 percent of the total thickness of the
underlayer. In yet another example, the low permeability region 504B of the first layer and
the third layer 508 together have a permeability (p) less than 100, and the high permeability
region S04A of the first layer has a permeability (i) greater than 100. In another example,
the low permeability region 504B of the first layer and the third layer 508 together have a
permeability () less than 50, and the high permeability region 504A of the first layer has a
permeability (u) greater than 200. In an example, the low permeability region 504B of the
first layer and the third layer 506 together have a thickness of less than 10 nm, and a

magnetic thickness (Bst) of less than 1 nanoweber.

[00033] An SUL structure comprising a high permeability layer and a low permeability
layer can also be constructed from a 5-layer structure including an AFC coupled SUL
structure and a single layer SUL separated by a nonmagnetic spacer. FIG. 6 is a simplified
cross-sectional view of a portion of a perpendicular magnetic recording medium including an
unbalanced antiferromagnetically coupled five layer soft underlayer structure. Here, SUL
layer 608 is antiferromagnetically coupled with SUL layer 612 across coupling layer 610.
SUL layer 604 is separated by nonmagnetic spacer 606 (i.e., titanium). As an example, SUL
layer 604 is designed with high permeability, and AFC coupled SUL layers 608 and 612 are

12



when condition ii.) is true, the first layer and the | ow perneability
region of the third | ayer together have a perneability (p) below 100 and a
magnet i ¢ wbiekimes®7( Kt) of |ess than about 2 nmenu/cnR. PCTHS2018006000 Ng
mediumas in claim1, wherein the total thickness of the underlayer is

bet ween about 200 angstrons and 400 angstrons, and the thickness of the
third layer is |less than about 43.75 percent of the total thickness of the

under | ay QEqigd W@ 168 9Ot RdTBAL MRS sthid nfd, 8IS0 LotruWRRY By b d Bfned with
antiferromagnetic coupling l'ayer is rutheniumor a ruthéniumalloy. 9.The

r ecor di nghreelivelsrrirerenbditaivhich caphe eeiled astiesitpd derrvaggesrentbgdintvats. Eenhpri ses:
I.) afo Moo S e I - fdi S r..ar t he

i) | AL A LSS IR oL D Sy U 20,

si t uat ed AJ&t wwepled SHE liyeuy iy theyler foand! infeeinfunbainctdgmignes pteetowden t he fourth

conpr 1 o1 A5 it BB/ el B GR R By BD N BRUBH e cpacer
mat eri al porxedabiitynart lgertobitr Thd R14@ér structure enables three levels of permeability that

can be graded as high, medium, and low, as well as just two levels of permeability, namely,

high and low. Additionally, in an alternative embodiment, SUL layers 604 and 608 are AFC

coupled, while SUL layer 612 is the higher permeability layer, with the spacer at layer 610.

[00034] In another embodiment, an SUL structure comprising a high permeability layer and
a low permeability layer is constructed from a 7-layer structure comprising two AFC coupled
structures having different Ru layer thickness and separated by a nonmagnetic spacer. FIG.
7 is a simplified cross-sectional view of a portion of a perpendicular magnetic recording
medium including an unbalanced antiferromagnetically coupled seven layer soft underlayer
structure. Here, SUL layer 704 is antiferromagnetically coupled with SUL layer 708 across
coupling layer 706. SUL layer 712 is antiferromagnetically coupled with SUL layer 716
across coupling layer 714. SUL layers 708 and 712 are separated by nonmagnetic spacer
710. As an example, AFC coupled layers 704 and 708 are designed with low permeability,
and AFC coupled SUL layers 712 and 716 are designed with high permeability.
Alternatively, AFC SUL substructure 704 and 708 provide two levels of permeability, and
AFC SUL substructure 712 and 716 provide two levels of permeability, establishing a total of
four levels of permeability in a 7-layer SUL stack.

[00035] Turning now to FIG. 8, a graphical illustration is provided of a hysteresis curve of
a 20 nm single layer SUL. Permeability of an SUL may be measured from hysteresis curves
by methods such as utilizing a vibrating sample magnetometer (VSM). As shown, an applied
magnetic field or coercivity H(Oe) is plotted on the x-axis against magnetization m (emu) on
the y-axis. A large magnetic field is applied and the sample 20 nm single layer SUL material
is driven to magnetic saturation. The average permeability (p) for the sample SUL is the Ms
divided by the magnetic field at which magnetic saturation (Hsat) is reached (i.e., Ms/Hsat).
The slope of the plotted points is the permeability of the SUL material.
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ii.) afifth layer; iii.) a sixth layer being an antiferromagnetic coupling
| ayer; and iv.) a seventh layer. 11.The recording nediumas in claimal,
wher ei n vWerzotiznsedori on i .) is true, the | ow perneabil it ycragean/oadoia he
first layer and the third | ayer together have a perneability (u) less than
100, and the high perneability region of the first |layer has a perneability
().0 greater than 100. 12. The recording nediumas in claim1, wherein when

condi ti onodosk] ifrthdabfity SUTL AMARE HE@#P%' dihd1y1 e Realityt Muck by Bibh hGdper and
the thir Iay]er {ogaetlhtyer have ae per nea illélt;§%qj.eo Iaels?IY haen 50,% and the

hi gh per mealsid danype radgiadiio afvalupbelgw i 8 o Aspel0 ydgrzatipepfaabi | ity (). 0 greater
than 200.,, 48 TERER Uik Y Uit hefilald sUMIBR Bphiggmegnai tion i)
, optimized thickness of an AFC coupling layer.

[00037] FIG.9 is a graphical illustration of a hysteresis curve of two 10 nm
antiferromagnetically coupled SUL layers. Again, the applied magnetic field or coercivity
H(Oe) is plotted on the x-axis against magnetization m (emu) on the y-axis. The slope of the

plotted points is the permeability of the SUL material.

[00038] FIG. 10 is a graphical illustration of a hysteresis curve of'a 30 nm SUL
antiferromagnetically coupled to a 10 nm SUL, all with the same magnetic moment (Bs)
value. Again, the applied magnetic field or coercivity H(Oe) is plotted on the x-axis against
magnetization m (emu) on the y-axis. The slope of the plotted points is the permeability of
the SUL material. The magnetic properties of the dual p SUL structure of FIG. 10 are
constructed with a superposition of the single-layer SUL of FIG. 8 and the AFC structure of
FIG. 9. The SUL structure results in 20nm of SUL with properties of an AFC SUL and 20nm
of an SUL with properties of a single-layer SUL. Any desired thickness of high p SUL
material can be placed above or below any desired thickness of low p SUL material in a

controlled manufacturable way, according to this method.

[00039] FIG. 11 is a simplified cross-sectional view of a portion of a perpendicular
magnetic recording medium including an unbalanced antiferromagnetically coupled soft
underlayer structure, having low permeability on a top region, in accordance with another
embodiment of the present invention. The media structure includes a substrate 804, a SUL
structure (described below), an overlying seedlayer 812, interlayer 814, and magnetic
recording layer 820. Completing the layer stack is a protective overcoat 824, such as of a
diamond-like carbon (DLC) to protect the magnetic recording layer 820 from corrosion and
reduce frictional forces between the disc and a read/write head. In addition, a thin layer of
lubricant (not shown), such as of a perfluoropolyether (PFPE) material, may be applied to the
surface of the protective overcoat 824 to enhance the tribological performance of the head-

disc interface by reducing friction and wear of the protective overcoat §24.
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perneability region of the first layer and the third | ayer together
t hi ckness (13,0 that is |less than the nagnetic thickness (13,0 of
wenrnaassdorty regi on of the first layer, and wheceius2emagn@io c

magneti c
t he high

t hi ckness (13,0 is equal

thi ckness (t). 14.The recording nediumas in claim1, wherein when
condition i.) is true, the low pernmeability region of the first layer and
the thirdodny rIntalQ \dﬁne%t bhiiekDESR QFL bifRfurd haRddd fdsofind a
magnetic thi ckness 0 of less than I nanoweber. 15. The recordin
as in cl amagnatic lyer Bma@f reagipid tickiepss (Bs'gvk an githigrromggnsiie eoupling layerg0F,

amor pho“%n&’ﬁ YL &%gﬂgmc 1@9& éﬁ%&” 8hdrH o?%%%ﬂ@?ﬁ@%kg?%ﬁ%%*rﬁg: (‘BQ@T%Wder ' ayer,

b.) an interl aer str

ure

have a

to the product of magnetic nonment (B) and | ayer

nedlum

crystalIQ@séﬁhl&h¢ﬁvgmncémm6806M®@ﬁBamda&$yIMMpdnww@hpeqdmc&kﬁﬁMhagnetic

recordin

uni nt ent i a:‘gg t%rtplﬁéwﬁzge L*igggﬁgg}%ﬁﬁ%@%%bﬂﬁg\é%{l ?@é l ift tﬁc I St ance to

conpri si nBs’¢M] oyi ng an unbal anced antlferronagnetlcally coupled (AFC) soft
under | ayer, wherein: a.) the soft underlayer conprises a first |ayer

and a third | ayer that are antiferrona

| ayer;

[00041] “In another example embodiment of Fl%n 11, the recording media SUL 1s designed
with Bs; =Bs,, including a first soft magnetic layer 810 of magnetic thickness (Bs*T)1, an
anti-ferromagnetic coupling layer 808, and a second soft magnetic layer (806A, 806B) of
magnetic thickness BsT2=(Bs*(T1+T"). The magnetic layer (806A, 806B) includes a low
permeability region 806B of magnetic thickness 2Bs*T1 and a high permeability region 806A
of magnetic thickness Bs*T".

[00042] FIG. 12 is a graphical illustration of a recording metric, reverse overwrite (ROW),

illustrating the ease of writing in comparison to a top region soft underlayer thickness.

[00043] Data is shown for three SUL designs having the same material and total thickness:
i.) a low p AFC SUL, with a top SUL layer thickness of about 200 angstroms (such as that
shown in FIG. 3); ii.) a high p on top with a low p bottom design, with a top SUL layer
thickness greater than 200 angstroms (such as that shown in FIG. 4); and iii.) a high p
bottom with a low 1 on top design, with a top SUL layer thickness less than 200 angstroms
(such as that shown in FIG. 5).

[00044] In Fig. 12, top SUL thicknesses from about 25 angstrom to about 175 angstroms
represent designs having low p on top and high p bottom. Top SUL thickness of about 200
angstroms represents a balanced design having a low p AFC SUL. Top SUL thicknesses
from about 225 angstroms to about 375 angstroms represent designs having high p on top and
low p bottom. Top SUL thicknesses of about 0 angstroms and about 400 angstroms represent

a high permeability single layer SUL design.

[00045] Writing to the magnetic recording media is easier with large negative values of
ROW. However, the thinner top SUL layer (thicker bottom SUL layer) minimizes or avoids
unintentional erasure (as illustrated in FIG. 13) by lowering the permeability of the SUL in a

region nearest to the recording head and the record layer, where small amounts of erasure
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b.) the first layer and the third | ayer are unbal anced
antiferromagnetically coupl ed; and c.) a perneability gradient is
utilized wot2hittdseoogof t underl ayer. WD 2011/ 066007PCT/ UBR0ABL@H60DD0 17

The nethod as in claim 16, wherein the perneability gradient is established
by the first layer having a high perneability region and an overlying | ow
pernmeability region, and the third |layer having | ow perneability, wherein
the hi gh perABAbFIG! s iNGHRE AL of acfehtrtl%rck leﬁylffé ABFafadlh@pek permeability
than the | ow perneability region o first l'ayer and the | ow

per meabi lintesjereryict ¢plta B (bit enrgr ratph s qmph@@na@a fom f@@ﬁ softuddenidyer ei n:

the | ow regl r have the
same magrr et ry e Rk bl bl St FIRGAM SR EnT o
t he produ%ﬂiG@smﬂgﬁetkmgnmﬂthv465Kmmdmhawmmshhmmhﬂﬁ@simﬂymmmig The net hod

i | ai 8 i he | it f the f I d
the. thi r aerayal cHaToR st St RERhanny el SRS HE R RBE G n 0 i m
16, wher ekaurieRinifak fosthe loayebalaftedd ARe dedign.d | ayer have unequal magnetic

t hi cknesses (13,0. 21. The nethod as in claim20, wherein the first |ayer
and the %hlrd | ayer. have equal  magnetic nonments

B
46] Modifications and variations may be made to the dlscﬂosed embodiments while
remaining within the spirit and scope of the invention. The implementations described above

and other implementations are within the scope of the following claims.

16



22. The nethod as in claim 16, wherein the thickness of the third layer is
| ess than about 43.75 percent of the total thickness of the underl ayer.

23. A perwoendiiosb@r nagneti c recordi ng medi um conpri si n@CTAISSMb®IGae e; and
a layer stack situated on the substrate, the layer stack conprising, in
overlying sequence fromthe substrate: a magnetically soft

under | ayer, wherein the magnetically soft underlayer is a stacked structure
conpri si ng,A1M% overlying sequence: a.) a first layer; b.) an
antiferromagnetic coupling second layer; and c.) a third |ayer; wherein:
i.)the fiyst.,ayer has a high perneability region and an overlying | ow

1. A perpendicular magnetic recording medium comprising:

a substrate; and

a layer stack situated on the substrate, the layer stack comprising, in overlying
sequence from the substrate:

a magnetically soft underlayer; wherein the underlayer is a stacked structure
comprising, in overlying sequence:
a.) a first layer;
b.) a second layer being an antiferromagnetic coupling layer; and
c.) a third layer;

wherein, either:

i.) the first layer has a high permeability region and an overlying low permeability
region, and the third layer has low permeability, wherein the first layer and the third layer are
unbalanced antiferromagnetically coupled, or

ii.) the first layer has low permeability, and the third layer has a low permeability
region and an overlying high permeability region, wherein the first layer and the third layer
are unbalanced antiferromagnetically coupled, and wherein the high permeability region has

a higher permeability than the low permeability region.

2. The recording medium as in claim 1, wherein:

when condition i.) is true, the low permeability region of the first layer and the third
layer have the same magnetic thickness (Bst);

when condition ii.) is true, the first layer and the low permeability region of the third
layer have the same magnetic thickness (Bst); and magnetic thickness (Bst) is equal to the

product of magnetic moment (B;) and layer thickness (t).

3. The recording medium as in claim 2, wherein:

when condition i.) is true, the low permeability region of the first layer and the third
layer have the same thickness (t); and

when condition ii.) is true, the first layer and the low permeability region of the third

layer have the same thickness (t).
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perneability region; WD 2011/ 066007PCT/ US2010/ 046010 ii.) the third | ayer
has | ow perneability; iii.) the first layer and the third | ayer are

unbal ancesioantiidfseror omagneti cal |y coupl ed; and | V. PCThis26m096010
perneability region has a higher perneability than the | ow perneability
region. 24.The recording nmediumas in claim23, wherein the | ow
perneability region of the first layer and the third layer have the sane

magnet i ¢ 4 hi ctfﬁ@lse%o&ﬁ?)medm;&%% RlafR €, @&m& R GH@ha akpaﬂdhﬁe RQNehaQf Magnetic
monment (B) and | ayer (hickness (t). . The recording nediumas in claim 24,

wher ei n tuhequabmagyetiorizdbngssasyBitkgi on of the first layer and the third |ayer
have the sane thickness (t).

5. The recording medium as in claim 4, wherein the first layer and the third layer have

equal magnetic moments (Bs).

6. The recording medium as in claim 1, wherein:

when condition i.) is true, the low permeability region of the first layer and the third
layer together have a permeability (i) below 100 and a magnetic thickness (Bst) of less than
about 2 memu/cm?’; and

when condition ii.) is true, the first layer and the low permeability region of the third
layer together have a permeability (i) below 100 and a magnetic thickness (Bst) of less than

about 2 memu/cm>.

7. The recording medium as in claim 1, wherein the total thickness of the underlayer is
between about 200 angstroms and 400 angstroms, and the thickness of the third layer is less
than about 43.75 percent of the total thickness of the underlayer.

8. The recording medium as in claim 1, wherein the antiferromagnetic coupling layer is

ruthenium or a ruthenium alloy.

9. The recording medium as in claim 1, wherein the underlayer further comprises:
i.) a fourth layer, situated either below the first layer or above the third layer; and
ii.) a fifth layer nonmagnetic spacer material, situated between the fourth layer and the

first layer or between the fourth layer and the third layer.

10. The recording medium as in claim 1, further comprising, in overlying sequence:
i.) a fourth layer nonmagnetic spacer material overlying the third layer;
ii.) a fifth layer;
iii.) a sixth layer being an antiferromagnetic coupling layer; and

iv.) a seventh layer.

11. The recording medium as in claim 1, wherein when condition i.) is true, the low

permeability region of the first layer and the third layer together have a permeability (i) less

18



26. The recording nmediumas in claim23, wherein the first |ayer and the
third |l ayer have unequal magnetic thicknesses (BA 27. The recordi ng nmedi um
as in cl avon@fijocedeerein the first |ayer and the third | agenishavei@aual
magneti c nonents (Bs). 28.The recording nediumas in claim23, wherein the
under | ayer further conprises: I.) a fourth layer, situated either
below the first |ayer or above the third |layer; and ii.) afifth

| ayer nomﬁmrog,tdau%nﬁ?% BRI fleionSrtiéatdayRehvesirhdgil; {cpyer and
the first Iayernor be mégn théyfgﬁ?th Ia;erggnd tﬁgrthiiﬁpﬁgégfé 29. The

recor di nghawd@um as in claim 23, further conprising, in overlying sequence:
i.) a fourth layer nonmagnetic spacer material overlying the third |ayer;
i) af ilEj[ h ITﬁcy Fercé)rding medium as in claim 1, wherein when condition i.) is true, the low
permeability region of the first layer and the third layer together have a permeability (i) less
than 50, and the high permeability region of the first layer has a permeability (1) greater than

200.

13. The recording medium as in claim 1, wherein when condition 1.) is true, the low
permeability region of the first layer and the third layer together have a magnetic thickness
(Bst) that is less than the magnetic thickness (Bst) of the high permeability region of the first
layer, and wherein magnetic thickness (Bst) is equal to the product of magnetic moment (B)

and layer thickness (t).

14. The recording medium as in claim 1, wherein when condition i.) is true, the low
permeability region of the first layer and the third layer together have a thickness of less than

10 nm, and a magnetic thickness (Bst) of less than 1 nanoweber.

15. The recording medium as in claim 1, further comprising, in overlying sequence:
a.) an amorphous or crystalline, non-magnetic seed layer overlying the
underlayer;
b.) an interlayer structure; and
c.) at least one crystallographically oriented, magnetically hard, perpendicular

magnetic recording layer.

16. A method of increasing writability and resistance to unintentional erasure to a
perpendicular magnetic recording medium, comprising employing an unbalanced
antiferromagnetically coupled (AFC) soft underlayer, wherein:

a.) the soft underlayer comprises a first layer and a third layer that are
antiferromagnetically coupled across a second layer;

b.) the first layer and the third layer are unbalanced antiferromagnetically coupled;
and

c.) a permeability gradient is utilized with the soft underlayer.
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Iii.) a sixth layer being an antiferromagnetic coupling layer; and iv.) a

seventh | ayer. 30.The recording nediumas in claim23, wherein the | ow

per neabi Iwoyoriegsmn of the first [ayer and the third | aper/usegewh®io have a
magneti c thickness 03,0 that is |less than the nmagnetic thickness (13,0 of

the high perneability region of the first |layer, and wherein nmagnetic

t hi ckness (Kt) is equal to the product of magnetic nonent (B) and | ayer

thi ckness7(t) The method as in claim 16, wherein the permeability gradient is established by the
first layer having a high permeability region and an overlying low permeability region, and
the third layer having low permeability, wherein the high permeability region of the first
layer has a higher permeability than the low permeability region of the first layer and the low

permeability third layer.

18. The method as in claim 16, wherein:
the low permeability region of the first layer and the third layer have the same
magnetic thickness (Bst), wherein magnetic thickness (Bit) is equal to the product of

magnetic moment (Bs) and layer thickness (t).

19. The method as in claim 18, wherein the low permeability region of the first layer and

the third layer have the same thickness (t).

20. The method as in claim 16, wherein the first layer and the third layer have unequal

magnetic thicknesses (Bst).

21. The method as in claim 20, wherein the first layer and the third layer have equal

magnetic moments (By).

22. The method as in claim 16, wherein the thickness of the third layer is less than about

43.75 percent of the total thickness of the underlayer.

23. A perpendicular magnetic recording medium comprising:
a substrate; and
a layer stack situated on the substrate, the layer stack comprising, in overlying
sequence from the substrate:
a magnetically soft underlayer, wherein the magnetically soft underlayer is a
stacked structure comprising, in overlying sequence:
a.) a first layer;
b.) an antiferromagnetic coupling second layer; and
c.) a third layer;
wherein:
i) the first layer has a high permeability region and an overlying low

permeability region;
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ii.) the third layer has low permeability;

iii.)  the first layer and the third layer are unbalanced antiferromagnetically
coupled; and

iv.) the high permeability region has a higher permeability than the low permeability

region.

24, The recording medium as in claim 23, wherein the low permeability region of the first
layer and the third layer have the same magnetic thickness (Bst), wherein the Bst is equal to
the product of magnetic moment (B;) and layer thickness (t).

25. The recording medium as in claim 24, wherein the low permeability region of the first

layer and the third layer have the same thickness (t).

26. The recording medium as in claim 23, wherein the first layer and the third layer have

unequal magnetic thicknesses (Bst).

27. The recording medium as in claim 26, wherein the first layer and the third layer have

equal magnetic moments (Bs).

28. The recording medium as in claim 23, wherein the underlayer further comprises:
i.) a fourth layer, situated either below the first layer or above the third layer; and
ii.) a fifth layer nonmagnetic spacer material, situated between the fourth layer and the

first layer or between the fourth layer and the third layer.

29. The recording medium as in claim 23, further comprising, in overlying sequence:
i.) a fourth layer nonmagnetic spacer material overlying the third layer;
ii.) a fifth layer;
iii.) a sixth layer being an antiferromagnetic coupling layer; and

iv.) a seventh layer.

30.  The recording medium as in claim 23, wherein the low permeability region of the first
layer and the third layer together have a magnetic thickness (Bst) that is less than the
magnetic thickness (Bst) of the high permeability region of the first layer, and wherein

magnetic thickness (Bst) is equal to the product of magnetic moment (B;) and layer thickness

(t).
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