ANTI - FERROVAGNETI CALLY COUPLED SOFT UNDERLAYER Fiel d
of Invention [00011 This invention relates to

per pendi cul ar recordi ng nmedia, such as. thin film
magneti c recordi ng di sks havi ng perpendi cul ar

recording, and to a nethod of manufacturing the

medi a. The enbodi nents of the invention have

par t i SNHFERROMAGNETICALE L6 QI EEER HQF T HNPERLAYER
having an anti-ferronmagnetically coupl ed soft

under| ayer. Background [00021 Perpendi cul ar magnetic
recordi ng systens have been devel oped for use. in

conputiedd dfdaderticnc drives to provide higher Iiner
density than Tongitudinal recording.. Figure 1,

[%Mlzisﬂ:ﬁ&g@&%&@gg@?k&:&%@@%}gﬁgé@g&d %I%lgﬁéngﬁh@'&ﬂn film
g ek arting Aok e eriRiicRRe rERERE Apd b Emethad o, ¢

a demagnetization field hetween two nag netlc bits,
mwza@nam&gﬁ Beding{fihg smbodineants ef the trwegwaa{@ ®agjcular applicability
maki ng transition space between bits, that is,

to perpendicular pediaraviog amanﬁ-ﬁargnnmeﬁmmmple%g@ uede_‘rlayer.

(a)... At very high bit densities, the limting

par armcggrglm be the length of the transition region-

Per pendi cul ar recording bits do not face each other,

[@(Wi henp, &Eéﬁlf?&u&%aé(henwéc% ?’ste?ﬂsqﬁ@g bélrSdedBRoBed f5t use in

sh omn in :gure I . gyplca
@‘?tmﬁaf??f%@sfvggf%&;'f’f%aﬁtgﬁgf11 R o g
““9” Frqtiined roBdeserio Distldie Fervmglogs by RGOk o riing22 (1997,

the yoke of the wite pole as shomn in Figure 2,
shepysoagnetiibitk aml trensitions im ingifydibgl, anﬁmqmemilcwbhmcordms Ina
(1997). Per pendi cul ar recordi ng media may incl ude
lmiggﬁﬁhhlcrecmdin@ thdtd egilts arddarapastizatias fislddestween two magnetic bits.

These demagnetization fields tend to separate bits, making transition space between bits,
that is, transition parameter a, large as shown in Figure 1 (a)., . At very high bit densities,
the limiting parameter may be the length of the transition region. Perpendicular
-recording bits do not face each other, and hence théy can be written at closed distances as
| shown in Figure 1 (b)..

[0003] A typical perpendicular recording head includes a trailing read/write pole, a
leading return or opposing pole magngtically, coupled to the read/write pole, and an
electrically conductive magnetizing coil surrounding the yoke of the write pole as shown
in Figure 2, Magnetic Disk Drive Technology by Kanu G. Ashar, 323 (1997).

Perpendicular recording media may. include magnetic media and an underlayer as shown



1in Figure 2.. The magnetic nedia could be a hard

magnetic recording layer with vertically oriented

magneti ¢ donai ns and the underlayer could be a soft
magneti c underlayer to enhance the recording head

fields and provide a flux path fromthe trailing wite

pole to the. |leading or opposing pole of the witer.
inMfigurer?a ditetmagnetic megmswoekl Heromard egnetic recqrding laydrpyith vertically
through the hard magnetic recording track, into the

oféiitdd rBgRkit A¥Miaink bl the \@ddriafer 068ld be@ sbRenApRRES ifidkrlayer to
pol e. Such perpendi cul ar recordi ng nedia may al so.

erc I r ol P hesTiehls TR AGE HEER phlAIR UL SRGAE Wrftpole o
coupling between .th har d soft |layers.. The soft.
R apPrRG oL 3 s EHIT i Redeus R GRsses FOF) B8 Wrte pole
.During the read back progcess, the soft underl ayer
tlmrtbreuglé theihaed magngsic gecording Haek, dntophs spdundsrlaygs (SUL), and across
magnetically hard | ayer, effectively increasing the
torthgyoppiosingfrolex . Suechb perpgndicelar tekerdinginadia mayralso ipelude ddun
a hi gher playback signal. 100041 The soft underl ayer
integlalerdrtvestniite havd aedoeding thyegarldathe sof nfddriayemtogpreNent exchange
i mage of the recording head... Together with the

cdiu%?/ee atlihe HART £1d%0 6 18738 MTheddttuddéRayer ﬁg@g 2%50 during the read

I'n each recording event; thus,” t

recording field nes fai C r t
onerary panme R PR Horeshunt toft A Pm b PR g dpab et

flux flows fromhead through th SUL to. return pole,
magnshe RGBT o PABTGHLY Wad b rader YAl freasing the mignetic fux

return pole is generally nmuch wider than the. witing
copuhgfrom the dedium.. pmv@)és abigharpfahack signpkix

intensity, flow back through the recording layer... In

[08(]t e. Thé sdfhiusderlayeriis lovated belomsa feouniing lapertandrfotmsgmirror
al so occurs at the return pole, with the consequence

imaP&bf Mat&ordig REadDAJgblet With thY ASRE hBad, Uk ¥reQidsdnifiglly two

track being recorded,” but also on an adjacent track
oA o RSB R AL B PR BRE By e
compared to the field generated with a longitudinal head. ‘Magnetic. flux flows from head.
through the SUL to return pole crossing twice through the recording layer.  The return
ﬁole“is generally much wider than the writing pole in order to dilute the magnetic flux
b-in.tensity. flow. back through the recording layer. In spite of this, it is sometimes found
that writing also. occurs at the return pole, with the consequence that data can be partially .
erased not only. on the track being recorded, but also on an adjacent track resulting in
unintentional erasure of data stored in the recording layer. The quality of the image, and

therefore the effectiveness of the soft underlayer, and erasure of data both depend on the

permeability of the soft underlayer. Thus, there is a need for a perpendicular recording



therefore the effectiveness of the soft underl ayer,
and erasure. of data both depend on the perneability
of the soft underlayer. Thus, there is. a need for a
per pendi cul ar recording 2 nedi um having a soft
under | ayer that fornms a good mirror image of the
recordi ng head w thout erasure of data in the

mcgedﬁw%g g)lg%lgg 2 M ?Egﬂﬁiy'_@f@w fopths b B8od MYRAK ihﬁge PMRTdcotbimg head

S O e’invention are directed to a

.perpendi cular, recordin jum having a SUL structure
“”ﬁQVFﬂﬁﬁﬁﬁogﬁﬁ?y}é?f%ﬁ%%ﬁ |gglly coupl ed SUL desi gn.

This design allows adjusting the perneability. of the

SuUL Ipyent SUL saturation magnetization

to substantially prevent erasure_ of recording,]ayer .
[0805] houThe eobgstimeitsiof hevinvension|are directeddo a@e dWPYaF rgggrding

realized, this invention is capable of other and

mddiih 8aEAE a SYTDSHionahaying ad anti ferdunagneticalyesoupled i ledesign.
of nodifications in various obvious respects, all

nn‘t(!r%ég&g&ﬁau@%%ﬁk e QRHh bty 0B MRIBUTO hdependenisfitha §UL,

awi ngs” and description are to be. regarded as

illustrative in . b Gl 8 layeBivithbut
R i R T e
I ongi t udi nal ,zixnd (b). perpendicular recording bits.
COPWUUB‘meiV@HP@ ¥-per pendi cul ar pol e head with magnetic
medi a and undertayer..  [0009] Figure 3. is a.
(0808 e e avilbbe aenliaed ki insiention iscaprhle,efether and,different
recording nediumof this invention with a film
enfHolliséntd, andity Hergil vars whpablao fmodificatiime & Bariquaypbyvious gespects, all
AFC. soft underl ayer, a non-nmagnetic. interlayer, a

willRePiaRthg B8 this @éntlors: aA Bevidinglye the drawia@d 8dd desguptéen are to
a)-(d) show different enbodi nents of AFC. SU

besr}:gra%etdu arselﬁuéﬁattibe in nature and not as restrictive. -

Brief Description of the Drawings
{0007] Figure 1 shows (a) longitudinal and (b) perpendicular recording bits.
[0008]  Figure 2 perpendicular pole head with magnetic media and underlayer..
[0009] Figure3isa schematic of an embodiment of a perpendicular recording
medium of this invention with a film structure héving a substrate, an adhesion layer, an
'AFC soft underlayer, a non-magnetic interlayer, a recording layer, and a carbon layer.
[0010]  Figures 4(a)-(d) show different embodiments of AFC SUL structures with
FML — ferromagnetic layer, SL — spacer layer, IFL — interface layer, Ru — ruthenium
layer.

{0011]  Future 5 shows RKKY coupling between FeCoB layers a function of Ru

thickness an embodiment of this invention.



FM. - ferromagnetic layer, SL - spacer layer, IFL -

interface layer, Ru - ruthenium [|ayer. [0011] Future

5 shows RKKY coupling between FeCoB. |ayers a function

of Ru thickness an enbodi nent of this invention.. 3

100121 Figure 6 shows that the recording performance

8ftrTEQi a of QP enbodi nrent of this invention does not
~deteriorate if a Ru acer .| ayer. thi ckness ,i s .
(04T HInm PIORGFher s rRBHRS BRATRRGE Bf Tedia of Hheditpdiment of

of an enbodi nent of this invention decreases if
thisrinvention dossenpt detetionatrif i Rigsrseendaxas tgknsss psiedow 1.1nm.

i ncreases. [00141 Figure 8 shows that erasure of nedia
[0of3]an eighesdy skows that dveirsriteriu emidizof ar erpbadiment of this invention

significantly if anti-ferromagnetic coupling between
deFﬁe_gge@ if @eferloffaRafeSuplih®BdtNeer FEO6B 18yt xisases.i ti cal

|ck'|ness wi t hout stripe donains of the soft

er ' kRt

‘"?‘5‘222? %ﬁnee%?ﬁoa?%’*?%%%%ﬁ%é%@f@%*%é?&%b?g%d Bl of @ lnvifion

. ] er pendi cy ar _recordi ng. Lum c .

impEpYeS FRQHIEAND) Hfa SO PP eIt TR (= BB FT P Ry increases.
soft magnetic under|ayer of the perpendj cul ar

[00EFjor dFreyre relatwsriticRbthigkpesh Wk s ipedomainn b he pft underlayer
provide an antiferronmagnetic coupling in a soft

astfaguiiehiof a Rudeydrapacer tdyet meapempestinientofhisinvantionng
medi um . The enbodi ments of the invention are

par th&Hiléd D¥scifitionbl € for use with a magnetic disc
storage systemwth a recording head having a head
[0@13633“ ] g;%g;gé?iﬁfcfu% QiR E AL AARA Lo Waké EerRRSAMeliOBSd

roma Ic coupling generally refers to indirect

coupling between ferr netic i f .
e firfpomagets e ot “IRRAREc yde R Bl QLA reconding
mul til ayer
-medium. Th)e/: embodiments of the invention provide an antiferromagnetic coupling in a

soft magnetic underlayer. of the perpendicular recording medium.. The embodiments of
the invention are particulé.rly. suitable for use with 2 magnetic disc storage system with a
recording head having a head capable of performing read and/or write operations.
Ferromagnetic coupling generally refers to indirect coupling between ferromagnetic
layers or multilayer structures such that adjacent ferromagnetic layers or multilayer
structures have magnetizations that point in generally the same directions..
Antiferromagnetic coupling generally refers to the coupling between ferromagnetic layers
or multilayer structures such that adjacent ferromagnetic layers or multilayer structures
have magnetizations that point in generally opposite directions.

[0017] The AF coupling was evaluated by measuring Jex, the exchange energy

density of the system, which represents the strength of antiferromagnetic coupling



structures have magneti zations that point in generally

the sane. directions... Antiferromagnetic coupling

generally refers to the coupling between ferromagnetic

| ayers or nultilayer structures such that adjacent

ferromagnetic layers or nultilayer structures have.

magneti zations that point in generally opposite

directions...[,00171 The AF coupl i by
beres g RgEiRicIRgE R sAbeahE LR Bk Bl

zysten1 whi ch representf the strength of 1 fu h
antifarpmagnedsegRlingcbe wes femgmagneis \a¥ers of yltlaye! sfrpgtures suc

| ayers. In the enbodi ments of this invention, there is
thanadjiident feorvapzetticlayowsor mytilbpensantures whendhp aglue of Jex between

| ayers or nmultilayer structures such that adjacent
ferfoRMdgRPRORAGE Or hlt@lagerastrudtukdsi sualy éiat adjacentt feremsnagnetic talyers or a
- value of J~ between ferromagnetic |ayers or

m %érlsﬁ'ﬁ&{lresig %&Eéﬂ&ﬁﬁl 246 Brgidig?. adj acent ferromagnetic
a [t

ers or a | ayer structure is greater than

o. gra/ca?. [0 | : ;
08} o e e vt of e HR DS BTBRAHE B ot inbBition
erneability . to be contrqlled i ndepe n f the. SUL
asi G SLopertasatghie 1o ool deneideBr Slafy Susalyiftion
the magnetic. layer is substantially prevented,
magictization sushyhas erastreofdata mghe magnetiq lyeria sehstantjally prsxented
strength of RICKY interaction between magnetic |ayers

withButSdnpesisiig wiiebilital [forelvhanges thdstrengthnefbEKiY iptegaction
SUL (larger coupling, |lower perneability). The.

betgvggvﬁiagﬁaici 1By 28 FTSB LI dnle taVitonRuticalfl lngas the pefrhéabliity iof §UL -

at the sane tinme. reduce erasure... So there is an

Qo L), THE A Bt e
g0 i 5 e P VBRCh At v
era;?rg c:n” ll)é _saigrililﬁic;gt'ly reduced without decreasing writability significantly.. So
changing permeability is one way to. optimize media performance by changing erasure
and writability.

[0019]  The embodiments of the invention provide magnetic recording media suitable
for high areal recording density exhibiting high SMNR.. The embodiments of the
‘invention achieve such technological advantages by forming a soft underlayer.. A “soft
magnetic material” is a material that is easily magnetized and demagnetized. As
cor-npared to a soft magnetic material, a “hard magnetic” material is one that neither
magnetizes nor demagnetizes easily.

[0020]  The underlayer is “soft” because it is made up of a soft magnetic material,

which is defined above, and it is called an “underlayer” because it resides under a



10019] The enbodi ments of the invention provide.
magneti c recordi ng nedia suitable for high areal
recordi ng density exhibiting high SWNR. . The

enbodi nents of the. invention achieve such
technol ogi cal advantages by. form ng a soft
underlayer... A "soft magnetic material" is a

mat.er i al _that i ' ' p&d. I medterm
recREng g B s b SAL e Attagekls RRORAOE E

magnetic" material is .one. that | ther.. . |
“memRgETT#ES kg et by SelBl BEb i R BRUbASER Sar

because it is made up of a soft ng‘%geti cdmat erjl.ﬁll o h
peathingin X-sayidiffransion Poticm, as gprpaied o backeyopgd gptse. 1he “amorphous

“under | ayer" because it resides under a 5 recordi nq_ )
soft ai@drlaybr? of tir ehbodiments o i imesntion en¢pempastes napgeaystiilites in

anor phous. The term "anor phous” neans that the

HRhuk Bhas@for b othRE RirhPyfRr mastiallsb Iengthe pratiinirextabits no
sharp "peak in an X-ray diffraction pattern as

prqgiﬁg'gga}rng gh&]? pg@gﬁgd'gojgﬂ ogil‘ffrﬁion pafiéin a3 EBMPAted fo baekffound noise.

yer ments of the invention

enconpgsses. .nanocrystal Lit.es | Jikk
(0ot et wof: FRGRRY R Flipfed By sABRERAYReaTRS

exhibits no. predom nant shar eak in.an X-ray . ,
subjitrates Aiberece pryeral Fﬂmagnf’é%i?gﬁl?sﬁﬂg e %ﬁw%m%&eﬁ%‘?%"ém of the

[0021] When soft underlayers are fabricated, by . .
und@xiyetst effect phitagnétrn Held dneguetostrission af Slm and, gFess griginated

several conponents conpeting to determ ne. the net

fropnbiRirheRYapd, efch @ he firstaint aye@nd soft ifagoetioindergreass eanbe
field, magnetostriction of filmand stress origi nated

fagﬁcg{g‘dsaggﬁxgiéaitaﬁﬁB?Qﬁmlﬁ‘lta?er; The first and second soft
mag nde

netic ayers can be fabricated as single
OB 88 b AGE B3t o sy by
ga.?@qogg;pd?ptélgggcf ggvyg(lglé)g qeegﬁ P@f %_rbygxrlﬁ@l?%sxgétéggl cggtir&y infb.a mold at
. atemperature between 1200 to 1550°C, and solidifying into an ingot. The ingot could
then pre-heated to a temperature between 85}0. and 1200°C in an annealing furnace
suitable for rolling to desired thickness for final machining to precise target size. .
{0023] A seedlayer is a layer lying in between the substrate and the underlayer..
Proper seedlayer can also control anisotropy. of the soft underlayer by promoting
microstructure that exhibit either short-range ordering under the influence of magnetron
field or different magnetostriction.... A seedlayer could also alter local stresses in the soft
underlayer. .

[0024] Preferably, in the underlayer of the perpendicular recording medium of the

embodiments of the invention, an easy axis of magnetization is directed in a direction



a tenperature between 1200. to. 1550C, and,
solidifying into an ingot.. The ingot could then
pre-heated to a tenperature between 850 and 1200C. in
an annealing furnace suitable for rolling to desired
thi ckness for. final machining to. precise target
L Z87 11 ] i | i ANt at the
b oty eSSt S R AREEn LFuR pRAlc hoHa Alifmeans t
seedl ayer can also control anisotr . Of f .
eagaiF PLFRBBA R SIR G TS 534 ARrc st erilohe aveling
ei ther short-range ordering under the |nf]uenge of
direaiereof b rehwritg hopd than feyad theaeieling dirpqtion; gMso, preferably, the
seedl ayer could also. alter |ocal stresses in the.
undedlayer ofitherpegeadicufadfe24idiny medinpidiag a substatially radial or transverse
under |l ayer of the perpendi cul ar recordi ng nmedi um of

antsdGopfHAAEH FRAISthE thé Bemhainy 6fthe @0t néugneticsmaterialsofuhe underlayer
~ magnetization is directed in a direction 6

ar? ﬂﬂé&&f‘&bﬁé tlo%ﬁfcf Q{l‘iﬁfﬁﬁﬁ Gah&efseltd MeatdvRlingiir&tioh Of tHef read-write
e magnet1c head. This neans that the easy axis of
neti zat,j on is . directed re towar. ' ke
hepq i@ B wpfele 5T, IR ofie bR dfheRe thd BEECliBR wransverse to
read-wite head than toward {he traveling directio
therraveling diseationefithe road-writs é}@?fi I§as 5‘&?"“% Bg%?‘i)‘%‘ﬁaﬁ @[}P%le of
recordi ng medi um has a substantially radial or
the subsgraterof ¢he racordmgmogsliymuwhi ch neans t hat the domai ns
of the soft nmagnetic material of the underlayer are

[0623]ect BrladtBrdantowith mbodintenes dfahis inantiom thesubstratagthat may be
traveling direction of the read-wite head than

usgﬁ? WEthE eliBE dirf Yl f tRDindb AR ihQllde pRss) BRis&BhaRioTIIP/alunfiaum,

rection transverse to the traveling direction of

t d-wr.i head i.s-th [ . ' i Ol
G SRR S D SOl o
oL S S SARC  LSRR TS o Sy

enbodi nents of the invention include gl ass

cryptallise sefaani. Glaskéspnd|glass-seramics generally exhibit high resistance to_‘
shocks.

[0026] A preferred embodiment of this.invention is a perpendicular recording
medium comprising at least two. amorphous soft underlayers with a spacer layer between
' .-the, underlayers and a recording layer. The amorphous soft underlayer. should preferably
be made of soft magnetic materials and the recording layer should preferably be made of
hard magnetic materials. The amorphous soft underlayer is relatively. thick compared to
other layers. Any layer between the. amorphous soft underlayer and the recording layer is
called an interlayer or an intermediate layer. An interlayer can be made of more than one

layer of non-magnetic materials. The purpose of the interlayer is to prevent an



nmetal alloys, plastic/polynmer material, ceramc,

gl ass- pol yner, conposite materials or other

non- magnetic materials. G ass-ceramc materials do.
not normally exhibit a crystalline. surface...

G asses and gl ass-ceram cs general |y exhibit high
resistance to shocks.. [00261 A preferred enbodi nent

irggf-érg&mnsbet\ivgéﬁ%é melédthﬁ\rls SofPfa giuﬁ&érﬁd’gef 8RO Athg layer. An

I 'um conpri sing east tWo anorphous soft
G S8 Bethihts BRI AR RSy oy donsiainl

soft underl ayer should preferably be de of ft
regarsieg mediggoaet have anamarpkovs sel magAgq &@@ﬁaﬁéﬂﬁo dpgrefore, the
preferably be. made of hard magnetic materials... The
lagemsmphed 9s Swiderlaymtdriseaddnydrs’ ‘iseb-atad\ayey,”on“bifferdayeat efi
to other layers.. Any layer between the anorphous

longftadinaldaediaye somewhitwquivatsnt thi the intayediatslayedd) of gegpendicular
interlayer or an internediate. layer. An interlayer
be nmade of nore than one |ayer of non-nagnetic
materials. The purpose of the interlayer is to.

vent..an 7 interacti -
RaGhe: R ndel s aROhaGR o Ry 38 A B ety sputter
inter]ayer could al so _pronote the desi.red properties
degosiEaLor G SRS, PRYBIY by TeARaFFoRIARERTInG. 48 8p G g salosphere.
do not have an anorphous soft nmgnetic underl ayer.
ATahosfoyemoatdeuld betypicallydepositedsin agganewiti pisrogen, hydeqggn or
| ayer," "sub-seed |layer," or "buffer |layer" of
ethylege. t Octveationnt tibeicantaosmatdratypieglly leat dran aboutt20A, thick.
internedi ate | ayer(s) of perpendicular nedia.. [00271

[08628] UnGetdeaipér, MRhIERURESd SptioRa1Dy slided ab @YBer lyifitinthebReen the

sequentially”sputter deposited on the. substrate,
YRS b TSR L3 St U doffteraec b
prgglgggig tmelgroist?uc%rg %]at \ém).dtligit rcl,i ér_.os grrt]-’rarp e.%rr&) Fi‘l% udder the influence of
magnetron field or different magnetostriction.. A seedlayer could also alter local stresses
in the soft underlayer. |
[0029] ~ Amorphous soft underlayers could produce smoother surfaces as compared to
polycrystalline underlayers. .. Therefore, amorphous soﬁ underlayer could be one way. of
‘reducing the roughness of the magnetic recording media for high-density. perpendicular
magnetic recording. The amorphous soft underlayer materials include a Cr-doped Fe-
alloy-containing underlayer, wherein the Fe-alloy. could be CoFeZr, CoFeTa, FeCoZtB.
andFeCoB.

[0030]  Another advantage of amorphous materials as soft underlayer materials is the

lack of long-range order in the amorphous material.  Without a long-range order,



et hyl ene. Conventional |ubricant topcoats are
typically less than about 20A thick. [0028] A

seedl ayer, which could be. optionally added as a | ayer
lying in between the substrate and the soft

under| ayer, can often control anisotropy of the soft
underlayer by pronoting mcrostructure that exhibit

anf) ﬁb g)%][l{av gﬁ&?angﬁgf hb R cﬁggﬁstﬁllﬁﬁe hiikbtHeyC el‘Héfuse of

er en magnet ostriction.

se dlay C d als lter |oc
STORREHF S5 POe SR B tee farsdlfﬁﬁa?f?oi ag%%r@“%ﬁ?éﬁmms
produce snoot her surfaces as comnpared
ang sjase yeeatingssn I hg SHEATCAPEANESS OFiRe PRPThGUS %?‘N%‘ﬁ%e‘ 1s
soft underl ayer could be one way of reduci n
prafeabjlyrtedmw. d fnt, meorerprpferably belayof dinmy ang @ost pr@?erably below 0.3
hi gh-density perpendi cul ar magnetic recording. The.
angMor phous soft underl ayer materials include a Cr-doped
Fe- aIon cont ai ni ng under | ayer, wherein the Fe-all oy

[Oﬁgﬂg ih er Béde witiPTHR Enbodfh&ids & the fHvenfr @R teftGRciRdds for

Advant age of anorphous materials as soft
under. | teri a 3HEBoPh&S ot b
de‘eﬁntrwég é%{egﬁgﬁgmﬁg earrlg g.% Poqlov{;v ‘itl gz{mlnﬁ ﬁét ran% 5 ot been
order, 8 anprphous al.l oys have bst anti al
explisgiin piaterdpeloay 1o driermipet paragrer I Riie efiqeit Bhod used by
soft underl ayer could be one way reduci ng noi se

persanssefbrdinaryi gkll & tisraxt eenld bmaseda«p ﬁ@te@nﬂeergﬂﬁagé@et% e
surface roughness of the anorphous soft underlayer is

(003231 er Whitsbiligt: dwtle ¢mbodiments ofthes iavetsion, thelpoefeyedrange of
and nost preferably below 0.3 rim [00311 In

_mﬁgﬁﬁf}qﬁeﬁgeyﬁlgﬂvmh@s enbodi ments of the invention, the
test “nmet hods determning different paraneters are

[0633] fol koS ent Ina@n&%{lbr?‘ Ul Ahe bRDbdiTRhAF the tnvaftion) @ preferred
range of saturation magnetizationis 0.3 to 1 memw/cm?, more preferably, 0.4 t0. 0.7
‘memu/cm’.

[0034] | Magnetostriction, As: In the embodiments of this invention, the preferred
rmy&&m&WMwmmﬁmwmmMmfmwm@qM@Wﬁwmmme
range about 5.2 to 4.4 when boron content increases from about 8 to. 12 at.%.

[0035]  Stress, o: Inthe embodiments of this invention, the preferred fange' ofc
depends on sputtering conditions. .'For example, o can vary in the range from about -400
to.about 800 MPa when the sputtering pressure increases from ébou_'t 2 to 12 mTorr, and
then decrease to about 400 MPa when the sputtering pressure is further increased to.about
15 mTorr. See C. L. Platt, M. K. Minor, T. J. Klemmer, “Magnetic and structural

properties of FeCoB thin films”, IEEE Trans. Magn., vol. 37, pp. 2302-2304, July 2001.




explicitly stated bel ow to. determ ne, a paraneter,
then a conventional nethod used by persons of
ordinary skill in this art could be used to determ ne
that paraneter.. [0032] Witability:. In the.

enbodi nents. of this invention, the preferred range of

[oMégt ab!sh‘g{dad:ﬁb&ﬁ:lﬂﬂﬁz ikt Gucy Abiseso STDRBAIIA Be WA stripe
ma

netization: In the enbodi nents of this. invention,
the preferred. r At Qb rRRR S plidly' spibokiP film of
e 65 06 il AR BInn B B b A TRRG B Plhotiim o
menmyl cn. [.0034] Magnetostrictian. X5:...1n the .
b Selindn oy mEE e S e T EofE iR Pty PR vifh sof
%is depends on the SUL conposition... For exanple, X
mégaetc Jipemageetizad pereendieiHaicto Abormple plags; 4. 4 when bor on
content increases. fromabout .8 to. 12. at.% [00351
[0637]eS S J PExdhangdemeegydedisite A iescabes thieagthrof KKK Erinteragtion. . In
preferred range of a depends on sputtering
thSQRvHntibANGe plefimed<aliY of . ds gfeafr danyeiorerg/fom’ y mogeréfebly
about -400 to. about 800. MPa when the sputtering
! i 8 LGhE f&‘gb%klﬁ 0 4 012 erFI . Evéiphore preferably
gr?‘%grﬁ'ﬁ egftégéé "?‘%ﬁ%gg{)ut ‘OOWJI\?P‘%\A \A%lgn tfwﬂegsputteri ng P Y

ressure, is further increased to. about 15 niforr. See
be%"e"ﬁq'a“fglda??r,glf‘fﬂ’ - M nor, Kl enmer, "Magnetic

: T.. J.
and structural _propertie FeCoB. thip filng", |EEE.
(0#Hine. Siamabie medibnosamtios MR, In S embosiponts OB diis igvention,
[0036] Stripe domain: They introduce noise so SUL
the prefdrredirenge afffddNRsineluges higlowalness. Strip dommins are
stripe structures in an otherw se optically snooth
[0839]M ORevepsd ovebivfite(reloO®)n i the eRMbSditeeitsf this imgntion, the
Magnetic Force Mcroscopy. (MFM with soft magnetic

pr«%fgﬁgd/fﬁgggﬂ O anElﬂﬁé‘éjlilingvﬁheé._Olthe sanpl e plane.

nge energy density -. describes
[0&1({] en ghpas&fe: ﬁ%g embb&infhtd SFhis 'in\leﬂtion, the preferred range. of erasure

includes low values.

[0041] A preferred embodiment of a perpendicular recording medium of this
invention is shown in Figure 3. The layer structure of the preferred embodiment is as
follows: Substrate, adhesion layer (1), anti-ferromagnetically coupled (AFC) soft
underlayer (2), non-magnetic interlayer/s (3), recording layer/s (4), and carbon layer (5)...
Preferably, the AFC soft underlayer comprises a first soft underlayer, a spacer. layer, and

a second soft underlayer. . Protective carbon layer 5 typically covers the magnetic

recording layer 4.
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this invention, the. preferred value of J., is
greater. than zero erg/cnR2, nore preferably greater
tha n 2 erg/cn2.. Mire preferably between 0 and O S.
erg/cn2.. Even nore preferably between 0 and 0.2
erg/cnR.. [0038] Signal to nedia noise ratio (SWNR)
In the enbodinents of this invention, the preferred

(OG0 e Tt r»lerrﬁ%lsr; Sig %ﬂ%sea‘h‘o?ﬂéﬂ 2ga iR AFIOHE other

invention, the preferred range of rev OWN _inc|udes
adlivisigin pramgting mfaGoial} Theahigkeess pradhesiop aysai :Hiibe e of about
this invention, the preferred range, of erasure

O.Sirnﬁjprdﬁsaﬂlpmmakm.ofbml(lnm.preferred enbodi ment of
a perpendi cul ar recording nmediumof this invention

[0043] ShPy¥adtifeklogaRetioally _Ebl@lb(ﬂwﬂ wideflugdryAE C8 UL hemprises
preferred enbodi mént is as follows:. Substrate,

le dlg}é)sfeﬁg?figlye?{c A&e);el)r g/fﬁ\@i}( gn)fa? %Q&%d‘r&gﬂeh&’algf%ﬁ RH across a

non- magnetic. interlayer/s
recordi /s (4), and carbon layer. (5)...
“O‘F’r"g?ﬂ@?%m?cerqg%e ng—@r sof t underI ayer conprises a first
soft under| ayer, acer |a and second sof
DUkier | ByAFC Silocadd hoee @ﬁﬁxffea%wee‘%l PHrgegyrps as follows:
covers the magnetic recordrng |l ayer 4.. 10 [0042] The
(1)RMESLIFRMLaleckressibfiSk adjusted ¢o. ¢xtablish amtx-fqrr omagRgtinroypling
anong ot her adhesion pronoting materials.. The

betRbs kRESS of adhesion layer 1 is in the range of about
0.5 run, preferably in the range of about 10 rim

(2)%%2.\2@ L@l%l?%}:éélgﬁtgs({, DEMICH FMLAPLNISHFIFPML (IFL — interface

ayer : conprises |east two
f tic, | E
laygﬁ{lqre_ggcg E&%ﬁlﬁ% ﬁ‘étf'? e S%ggxcg%z?llé)z&ﬁggr@{g%sen FML) (thickness of SL.

adjusted to establish anti-ferromagnetic coupling between FML);.
(3) FML/IFL/nx[SL/IFL/FML] (n = 2 to. 20) (thickness of SL adjusted to establish anti-
ferromagnetic coupling between FML) (IFL. may or may not be present);

(4) FML{/IFL/nx[SL/IFL/FML;+1] (n = 2 to.20) (example: FML/SL\/FML,/ SLy/
FML3/SL3/FML,...) (thickness of SL; can vary. from 0 to 2.5 to establish all ranges of
“coupling between FML; and at least one SL; is adjusted to. establish anti-ferromagnetic.

-coupling between FML; and FML;+) (IFL may. or may not be present); and

~ (5) FML/IFL/nx[SL/IFL/FMLi+;] (n =2 to 20) (example: FML/SLi/FML,/SLy/
FML3/SL3/FML,...) (thickness of SL; is adjusted so. that anti-ferromagnetic coupling
strength between FML; and FMLiy; , Jex(i), varies across AF C SUL from weak near the
layer 4 ta strong near the substrate) (IFL. may. or may not be present). Some of the

embodiments of the structures of AFC. SUL are shown in Figures 4(a)-(d).
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non- magneti c spacer |ayer. (SL)_ [0044] The AFC SUL
coul d have several different possible structures as
follows:. (1) FM./SL/FM. (thickness of SL adjusted
to. establish anti-ferromagnetic coupling between
FM.); (2) FML/IFL/SL/FM. or. FM./SL/IFL/FM or.
FML/IFL/SL/TFL/FM. (I FL - interface |ayer used to

(ﬁ@)ﬂ an C’?heaféhlo FI g&&?fﬁ%@{}g{dg y@? AT ngBEEé@eaﬁrAHEWatenal selected

i ckness o est abl i sh

a ferrorra et| I [ ng

from\/&lﬁ er o e R pf EPIR opf O PRt G e ‘f %Qle‘i%%“‘eéém Go.g. P. S C,

ljl,ustedto establish anti- ferro tlc cou

Ze b e RarM SG AT e tiskness of B vt sFopd E?ﬂagneuc
FMLI /| FL/ nx[ SLi / | FL/ FM_; +|] (n = 2 to. 20) (exanp

undvlaly4SEMEMs ptGiably infiht @hge 8f $400 nm, mote prie aiéz,sméhe range of
SLi can vary fromO to. 2.5. to. establish all ranges

ab&ft 40c10RInh.ng between FM.;. and at |east one SL1 is.
adjusted to. establish anti-ferromagnetic coupling

r
gL e cretig R g o) h\xﬁéﬁ% PR SRR I By
to. 20) (exanple;. FM./ SL&?‘ a '
perpradipdpaamsatiopy (becapss Kuh a5 G wWigre Kugefers tounizyial
that anti-ferronmagnetic coupl ing strength between
aniSd&opyd ftcht EAA intuce fohmation of steipé demaias ifakiskusCo ML axgends
weak near. the layer 4 to strong near the substrate)

sorﬁclzn_gllrtécdmmue 0 bf : % WRY ROtk JTRR §MehtiomAMRaPlouhd that anti-

iments o e structures of AFG. SUL are shown in

i S B AR i
FM. Messpeersid |V@é‘ &q?iﬁpﬁge CHtic tlugfqllqesonfeF l\%i, be&e ﬂpckness at
whlgmmﬂda dn?hams?]axgrfé?xﬁ@,dﬁ% FIJI-IrI emE:rTalsCeE Tte t?lg st(r)tfangtﬂ? gf a{l{t{-fserromagnetlc
coupling increases.

[0047] The spacer layer could comprise nearly any nop-magnetic. composition, but
may. include Ru, Rh, Ir, Cr, Cu, Re, V and their alloys.. The thickness of the spacer layer
is in the range of about 0.1-2.5. nm, preferably in the range of about 0.3-1 nm.. ..

- '[0048] The interface layer (IFL) could comprise Co, Fe, B, P, Si, C, Zr, Nb, Hf, Ta,
Al Si, Cu, Ag, Au and their alloys. Magnetization saturation of this layer should

| preferably be at least 800 emu/cm’. The thickness of interface layer is in the range of
about 0.1-10 nm, preferably in the range of about 0.5-2 nm.

[0049]  Preferably, the interlayer sho.uld be such that it sets a growth of recording

layer. . For example, this layer may include one or more layers with fcc or/and hcp

crystallographic structure and have a following composition: one or more elements

12




underlayer (FM.) is preferably in the range of 5-400
rim nore preferably, in the range of about 40-150
nm (0046] Note that |arge magnetostriction, X5, and
stress, a, in FM. can generate per pendi cul ar

ani sotropy (because K. 3/ 2Xa, where Ku refers to

BT R L 62 RS B PRAEE c
Aot GRS EAloe e R SR B

FML can suppress the forrmtl on of stripe domains i
thighviess ofiinteclayerrlaydrtis inethe ringe 0§ abbut Red nm fie40 am, plreéfdpbly in the

thi ckness. of FM., i.e., the thickness at which
rarge fof peouddnEl is. are formed in FM., increases if the

strength of anti-ferromagnetic coupling increases.

[0d5@ﬁ47] THYR cSRAREEIhydrRb8Id B"e%ﬂdi'le @0 YT Aagmaihpera The recordmg
magneti c conposn tion, but may. include Ru,

[ l.

layte{]%ous?crrgg% gx’bvpﬂy ecro}{tr?fsigc} ntﬁ{%ﬁéhe% if éénegg_ hgr Jr%‘(}%h)’{ﬂ%%%n %E'Ar and

refer in t ran of abou

Ouf (GBtegrineay et I Bty B %%%?@Kgfah%?ﬂegaé“&a
Fe, B, P, Si,. C Zr, No,. ElIf, Ta, Cu,

teryperatune rangs is used oy snagniglazers shat etﬁqspgﬁ%reﬁi i ?%ﬁble?thnrﬁfs“f and
| ayer should preferably be at |east 800. enu/cnB.

O, itneospherek be amydie groweaf eicmté@ymperamrﬂs; in penerad ng@verffZO K and
about 0.1-10 rim preferably in the. range of about

bel8w%00.K 'Mhe feB6Hdg lﬁ’j’/@fnﬁyﬁhbhﬁde Cohevitinéer dray@t adial dlembets
such that it sets a growth of recording Iayer.. For

sel?@f?q:ﬂ#)ﬁBt@'ﬁ TAXEICroth; Fé, 'T@il gdeGeng:, Ny, MOy, II@WP!?ISAg, Hf,

cc 'or/ahd hép ’ cr¥yst’alf ogtaphi ¢ structure and

Ta, 9" Belsfe dSr Bofhdf PR3 ldyep i 63110 Ké{luégz{t?%f&&n@@éfrfmtenal
selsc(zedat[;gmgrm% E:gnszlistlrrrl]g %%;3 I?/Irg? %I;]t V,C r,%, Fe, Co, Ni, Cu, Ge, Y, Zr,
Nb, Mo, Ru, Rh, Pd, Ag, Hf, Ta, W, Re, Ir and Pt oxides. For example, CoCrPt + Si0;,
The thickness of magnetic layer 4 is in the range of about 4 to. 30.nm, preferably in the. -
range of about 8§ to 20 nm.

{0051] Optionally, amorphous layer (AmL) may be present, for example, if layer 2.is
eot amorphous. . This layer can include a magnetic or non-magnetic material having a
composition for which these materials are amorphous, for example: FeCoB, CZN,
Ti5Crloo.5, .TasCrig05 (30.< 8. <60), NiTa, NiNb, NiP, and CrZr.  The thickness of the

optional amorphous layer is in the range of about 0-10 nm, preferably, about 0.2-20 nm..

[0052)
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structured el enments selected fromthe group consisting
of W M, Ta, Nb, Cr, and V. The thickness of

interlayer layer is in the range of about 0.2 nmto 40
nm preferably in the range of about 4-12 mm. [00501
The recording |ayer could be of one or nore. magneti c

| ayers. The recordi | ayer ul
IOQ@ﬁtroirb%a dvaAntasED racferisges, aetf% able ytg?e | IRl o the
of Ar . and 02. ThIS Iayer may be grown at Iow
intentipe et ilingteatedbial thofel BOViRgG ex#npleher al thi s
tenperature range is used for nagnetic layers that are
sputE,g,r e N conbination of Ar and 02 atnosphere), or
e grown at el evated tenperatures, in general

[0@9@ ve A20.l% Qﬁesé}%eg\i\h B0 diSc ot vereRbrictitedywith \E magyetron

Iude Co one. nmore added el enents sel ected
r, Nb,
sp erl%éxci@lt c%:l;ém fﬁh\’s %l‘ gaﬁle Wthf@mdﬂlhcratr&;stpu@ﬁnglg et

OFleri The agdicete ve#%%%@?%hg&ﬁ%ﬁéﬂ Sty ?ﬁ%%q@%m

Ti, V, G, M, Fe,
strRht,urePdF eCo]B@S7nm]/Ruy‘5eCW [S@m]/ﬂﬂmag;tww? ggggckrpegﬁ was varied
exanple, CoCrPt + Si 2, The thickness. of nmagnetic
frdrapas 24 nra ahd fdund thatrtbe RKK Yiboupling bepvezn FeCoR, layers was a
preferably in the range of about 8 to 20 nm [0051]

fufRfonVTRY tYuckﬁE@%ral@ RRon kiFigure . ARighrertdestibeshoskentvaries with
for exanple, if layer 2 is not anorphous... This

Rth%?cﬁ&scsago LR lfgrg&fxg%dlﬁ? %\ﬁlgq{]an BQRKIBEHAS drf OMBRI0EY 1030.9+0.2

rrpos t hese. rraterl als are
anor phous, for exa

oy D). E-Q 3o abous. @O@mm?o &‘Z Ntﬁgng %Al? 1ans, Hawever, if the

The thi ckness of the. optional armr phous layer is in
sphﬂﬁ'nfgadwﬂxtmfns atecuhianged] CorrexpmplesArspaliesing pissyire i3, ipcrogsed the

tit. [0052] 13
mte;face roughness changes leading to different Ru thickness values for which
ferromagnetic layers in SUL are anti-ferromagnetically coupled. For this reason I would
* claim any Ru thickness for which ferromagnetic layers in SUL are anti-ferromagnetically
coupled.
| [0001] - Origin of RKKY interaction is polarization of conducting electrons induced
| by localized sﬁin.. ' Atoms of magnetic. layers at the interface with non-magnetic layer
(localized spins on the interface) polarize conducting electrons in non-magnetic layer..
Depending on the thickness of non-magnetic layer, exchange interaction can vary from
ferromagnetic to anti-ferromagnetic as shown in Figﬁre_ 5. Exchange. is largely a nearest-

neighbor phenomenon that occurs across distances typical of the distance between atoms

in a solid (a few angstroms). If there is one atomic spacer layer of one material between
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[ 0053) The advant ageous characteristics attainable by
the enbodi ments of the invention are illustrated in
the foll owi ng exanpl es. Exanples [0054] Al sanples
described in this disclosure were fabricated with DC
magnetron sputtering except carbon filns were nmade
with AC nmagnetron sputtering. [0055) The applicants

twd ﬁxgﬁﬁic 9afeed tRer thenehg bé afioughdthshgli a tecken spacehlaggould also
SUL™ structure: FeCoB[57nn]/ Ru/ FeCOB[ 57nnj/ Cu/l L/ Mag, .

by ﬁ%ﬁﬁ] 3 (ﬁqétarw 'tog E‘Hﬁﬁ?ﬂ?@iﬁ Hd SPnadoeBdtbenltie vmagnetianayers

upl 1 ng between FeCoB. | ayers was

a fynction, of Ru thickness as shown in Figure 5..
Sepﬁaéqﬁﬂﬁ"%‘?sﬂ@&hyﬁres how Jex varies with Ru thickness.

So. anti-ferromagnetic coupli can he achi eved f
[0086B0. Figwe 6Gs 9@l of SMR s B gyer skt s ineshiddhe

nn, for used sputtering conditions. However, if the
recoylitig parformancmai the oredizadass ohtdrjeripratedt Rudupigess bglow 1.1nm.

sputtering pressure. is increased the interface

[oo@fﬂ}J gh rﬁg&e.c;'ha aghst dforeciviite hoa fulictibe vaite civent ST khavirg different
val ues for which ferromagnetic layers in SUL. are

Gy 9O&EAE & e ieQliPE@TeasE @heh fiesanticferomapnetic coupling
M%%I}Oﬁﬁ%% any. Ru thickness for which ferromagnetic

| ayers d UL ar j -~ magnetically coupl ed..
betﬁﬁéﬁ%‘%éyﬁm&ﬁﬁw Lln%’t%é%egbti on is polarization of
conducting el ectrons induced. by | | (R
(00881 raiewRd s SO Epastises 1 nrhon i i naBidtc ShATE
llayer (localized spins on the. interface). polarize
defored du tarims @f - denglami 9, shawirgthabgraBYs e ﬂ‘&%‘%’-‘a &IHBH"d‘i ng
on the thickness of non-magnetic |ayer, exchange
sighificeRthcifianti-ferpmugueticiooupting batwosreia seft sndeslayers of FeCoB layer
anti-ferromagnetic as shown in Figure 5. Exchange is

incke%&?' y a nearest- nei ghbor phenonenon that occurs
across di stances typical of the distance between atons

[0059] Thus, this invention demonstrates that coupling between FeCoB layer is an
important parameter for preventing erasure, and the presence of interface layers may be
important for adjusting optimum recording performance.

[0060]  The applicants further inv_estigated perpendicular granular media with AFC
SUL striicture; FeCoB[y)/Ru/FeCoB[y)/Cu/IL/Mag, where Ru thickness x was varied
from 0.to 0.8 nm and FeCoB. thickness varied from 56 to 130 nm. . If the thickness of
single FeCoB layer exceeded 125 nm, the applicants abserved stripe domains in FeCoB.
layer. The thickness at which stripe domains are formed is called a critical thickness for
the formation of stri‘pc domain.. When the applicants inserted about 0.85 nm thick Ru.

- layer in-between two FeCoB layers the critical thickness of each FeCoB layer was 70 nm.

Note that if the Ru thickness was about 0.85 nm, RKKY coupling between FeCoB was
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in asolid (a few angstrons). If there is one atomc

spacer | ayer of one nmaterial between 14 two magnetic

| ayers, then that may be enough (though a thicker

spacer |ayer could also by used). to destroy or

further stabilize the exchange between the two

magnetic layers separated by the spacer |ayer. [0056]
nthﬁB[ee 0B thé otePhaid, oheShPiRicants insertBl abay Or 5 nhi thickeRuslayer in-

showi ng that the recording performance of the nedia

beﬁg%g_}frg rfe@%ﬁelﬁ &5 ﬁ{eecritfcaﬁ‘l’hc‘kﬁés% loFesch FetIBPMydr vkdd 15 nm. This

gure is a plot of overwite as a function-
It t t
m%weaesrej? f(::rtft‘récr ﬂu%lﬂxg% gﬁ’gﬁ]egté)gﬂrle éra‘flﬂ fen@l{ﬁ%@n&ﬂc&%ﬂ%é $i@keen

antl-ferromag t|c cou twee UL | aye f
FefaBdayernagrass m{BBéB’? Fa%arrﬁ‘ b 2Pl o tEd fhaf ArC
as. a function of anti-ferromagnetic coupling  defined
SUlncarebenssed to icrqage ttallL thislowbyith Rpt-ferromagnstio Foyntias
media inproves significantly if anti-ferromagnetic.
wigoup fdrigtibe bf\steipe timatme decreamiey theRer lsyarfthick@sBas shopay in Figure
i ncreases. [0059] Thus, this invention denonstrates
g that coupling between FeCoB layer is an inportant
parameter for prevent| ng erasure, and the presence of

[O%%]t] F&L%CE éléo ; 13]'" ngﬂgaép glrar‘% ﬁib%& ?85[ rftﬁ%ﬁl %lgL l!gxgléﬂ?% \gfrl]tthgut stripe
sk LS SPESBRESBISEA B ARt U

where. Ru thickness x was varj ed fro 0.8 nm
SUlnthickessds initiplix eeps Wiy Jocbptitheaierals 9%]&’111&{3@ Jim . 1t
the. thickness of single FeCoB. |ayer exceeded 125.
[0062] t hEhiappplicationslischeses seyerad numprcal cangedignitatiopg thgbsupport any
| ayer.. The thickness at which stripe domains are

raﬂg&rvﬂiﬁﬁn kife disd1bd ruintoiichl aagestdves kivagh afppécise range limitation is not

stated verbatim in the specification because this invention can be practiced throughout the
disclosed numerical ranges. Finally, the entire disclosure of the patents and publications

referred in this application are hereby incorporated herein in entirety. by reference.
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the formation of stripe domain... Wien the applicants
inserted about 0.85. nmthick Ru |ayer in-between
two. FeCoB |l ayers the critical thickness of each FeCoB
| ayer was. 70 nm. Note that if the Ru thickness was
about 0.85 run, RKKY coupling between FeCoB. was 15
negligible. On the other hand, when applicants
inserted about 0. 5 nmthick Ru layer in- between two
FeCoB | ayers the critical thickness of each FeCoB

| ayer was 115 nm. This increase in critica

t hi ckness was due to a large anti-ferronmagnetic
coupl i @Wjaimed ween FeCoB | ayers across 0.5 nm Ru spacer
| ayer- Thus, applicants denonstrated that AFC SUL can
be used to increase total SUL thickness with
anti-ferromagnetic coupling wthout formation of

stri pe jdogg ' Hfn BympadiBE alfiétaipRsac Ryer, a spacer
shown Hh'gﬁg gﬂ@%&%ﬁ%%%%T I'n Figgre 8, appllcantz P

h lqtted th i.tihcal .SUL ' . Wi i .
e

Figure 10 _shows that .the crjtical SUL.thi.ckness js;. .
i onireagneti¢ jayerand g thickpess OthSfﬁ‘i- SRaﬁ%fdaY“éx}éF’*’ée"g?‘ft%f%{ra%l“h anti-
large. J,. . 100621 This application discloses seyeral . .
nferesmagietic aonping) ietwveent the ﬁsstmme%bpi@%ndéﬁg/se% pragnetic
wi thin the disclosed nunerical ranges even though a ’
P&k, s daan@Rndsks WK behi the fikss andsecond atagdeticelayers iara less than a
the. specification because this invention can be

Eircﬁng‘iﬁgt 435 QHOBANAtda BF a stdpSddRERGn temidett layarnges.

e entire disclosure of the patents and
publications referred in this. application are hereby
i ncorporated herein in entirety by reference. 16
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magnetic recording medium is less than about 5%.

3. The magnetic recording medium of claim 1, wherein the critical thickness.

of the first and second magnetic layers is in a range of about 40 to 150 nm.

4. The magnetic. recording medium of claim 3, wherein the first and second
magnetic layers comprise a Fe-containing alloy of a material selected from the group. -
consisting of Co, B, P, Si, C, Zr, Nb, Hf, Ta, Al, Si, Cu, Ag, Au, Nd, Sm, Th, Dy, Ho

and combinations thereof.
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| ayer, and a second nagnetic |ayer, in this order,
wherein the spacer |ayer conprises a non-nagnetic

| ayer and a thickness of the spacer |ayer is selected
to establish anti- ferromagnetic coupling between the
first magnetic |ayer and the second magnetic | ayer,
and a thickness of both the first and second nmagnetic
| ayers are less than a critical thickness for
formation of a stripe domain in the nmagnetic. |ayers..
2.. The magnetic recording nediumof claim1, wherein
erasure of the magnetic recording mediumis |ess_ than
about 5% The nidppetimrpeetding mediomuoirdaine i wheren thg thigkngss of the
wherein the critical thickness. of the first and
Se%ﬁ&éi‘ 18R9 Reini arah @y 6f sbouus0.ilno @ nnange of about 40. to
150 nm. 4 The magnetic. recordi ng nmedi um of cl aim
3, wherein the. first and second nagnetic |ayers v
conprise. a Fe-containing alloy of a material selected

fromth Qu consi sty . : Lo

H . Ta, 6 At hegagngt §eﬂ§%d“2%f“g{{lé’&%fr§a > @?e’ﬁo‘hgﬁ’ﬁ cHlayer
conbi nations thereof., 17 5, The magnetic cqy,di

eRTRRTO6S & BTN SSleib FemTioe B PReER RGO R LG I €r, Cu, Re, v
spacer layer is in a range of about 0.1 to 4 nm 6.
Thandrogrbendtions 8eogadi ng medi um of claim 5, wherein the
spacer layer conprises a material selected fromthe

group. consisting of Ru, Rh, Ir, C, Cu, Re, V and

conbi nations thereof. 7. The magnetic recordi ng nmedi um

of claifn Ihefpnb@E recorihg MeBnesf claifi &rfifther dompeising an
between the first magnetic |ayer and the spacer |ayer

Orinfelcs E%QPQetw@B%%tdr& thiptfelic Mdr AREHE RBARE 1dy8YSi the second

magnetic layer and the spacer layer.

8. The magnetic recording medium of claim 7, wherein a thickness of the

interface layer is in a range of about 0.1 to 10 nm.

9. The magnetic recording medium of claim 1, further comprising additional
magnetic layers and an additional spacer layer, wherein the additional magnetic

layers are ferromagnetically. coupled across the additional spacer layer.
10. The magnetic reéording medium of claim 1, further comprising additional

magnetic layers and an additional spacer layer, wherein the additional magnetic

layers are anti-ferromagnetically. coupled across the additional spacer layer.
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8.. The magnetic recording nediumof claim?7, wherein

a thickness of the. interface layer is in a range of

about 0.1 to. 10 nm 9.. The magnetic. recording

medi um of claim 11, further conprising additiona

magnetic | ayers and an additional spacer |ayer,

wherein the additional nagnetic |ayers are.

ferromagnetically coupl ed across the additional spacer

| ayer.. 10.. The magnetic recordi ng nediumof claim1,

further conprising additional magnetic |ayers and an

addi tional spacer |ayer, wherein the additiona

magnetic layers are. anti-ferromagnetically coupled |

acr oss tlhé mgdiodiod manufashiciag a ragasding meglium, Comprisipgebtaining a

of manufacturing a recording nmedi um conprising

olyubstrite) depositinghs firsatragnetiplagér, deygsaingiarspacardayeetdnd depositing a

| ayer, depositing a spacer |ayer, and depositing a

SQe&iHd MBREREE I6el, 3N s ofder,Miheteifl tikespaciit1@y R icBmipkiges a non-

spacer |ayer conprises a non- magnetic |ayer and a

thi . ] .

antp SRS FoyBl add\E U RARE R o6 Y Bhachitad FEEd 0 GRIAIN L
netic layer and the sec magnetic | r._and a .

C HPERPREetG FOLTE heopn e S RPEDB b ier g BF pectfd ylhepeti

are. less than a critical thickness for,fornatiop of,

a layer; 39d adfbieknessiof bpthethefigstapd seqorg spagnetiq layerpage less than a

met hod of claim 11, wherein erasure of the magnetic

r eciticalithigknese dorformatidnesfa sthipaderhaintin hemagi@tic fayers.

met hod of claim 11, wherein the critical thickness of

the first and second magnetic layers is in a range of

about 40 to 150 nm . 14. The nethod of claim 13,

wher ei ot 4i‘ﬁ(i:xﬂ‘eﬂ{oﬂtof AmSAC ﬁ{ﬁggleﬂggl@?ﬁrb of ti®MiRAghetic recording

conprise a Fe-containing a a material sel ected
frn?er(ri]i&mh(les. 25208n 263 ‘%t ing of

13. The method of claim 11, wherein the critical thickness of the first and

second magnetic layers is in a range of about 40 to 150 nm.

14. The method of claim 13, wherein the first and second magnetic layers.
cbmpfise. a Fe—containing alloy. of a material selected from the group consisting of
Co, B, P, Si, C, Zr, Nb, Hf, Ta, Al, Si, Cu, Ag, Au, Nd, Sm, Tb, Dy, Ho and

combinations thereof.
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Co, B, P, Si, C Zr, No, H, Ta, A, S,. Cu, Ag, Au,
Nd, Sm Tb, Dy, Ho and conbinations thereof 19 15.

The nmet hod of claim 11, wherein the thickness of the
spacer layer is in a range of about 0.1 to 4 nm 16.
The nmet hod of claim 15, wherein the spacer |ayer
conprises a material selected fromthe group
consisting of Ru, Rh, Ir, C, Cu, Re, V and

conbi nations thereof. 17. The nethod of claim 11,
further conprising depositing an interface |ayer

between the first magnetic |ayer and the. spacer |ayer, .
or the ISetbamettmgrodiciaim| 1dy sthereamthe thigkrgss ebthe|spgesr layeris ina
18. The method of claim 17, wherein a thickness of the

| nthdef FGBohtayBlo 4 Bmi N a range of about 0.1. to. 10

nm 19.. The magnetic recording nmediumof claiml,
wherein at | east one of the. first and second

magnetic | ayers is anorphous. 20.. The magneti c.

recordi di um.of. claim i 98¢ Qfnaterial
oo CrIRP TE SicRAR sf 5, et RS ot e BREIm R materia
Oselected from the group consisting of Ru, Rh, Ir, Cr,l Cu, Re, V and combinations

thereof.

17. The method of claim 11, further comprising depositing an interface layer
between the first magnetic layer and the spacer layer or. the second magnetic layer

and the spacer layer.

18. The method of claim 17, wherein a thickness of the interface layeris in a

range of about 0.1 to. 10 nm.

19. The magnetic recording medium of claim 1, wherein at least one of the

first and second magnetic layers is amorphous.

20. The. magnétic. recording medium of claim 1, wherein at least one of the

first and second magnetic layers is crystalline.

20





