23\f g(raSej g|"D6zTDI o 0z MAGNETI C RECORDI NG MEDI A W TH

ANT"FERROVA m@mm}PLED FERROVAGNETI C FI LM5 AS THE RE(I)F@ N \(
Techni cal G\‘m\\ \ ntion relates generally to nmagnetic r 509(1wﬁgfﬁh2
medi a, and' nore pawdiztul arly to thermally stable high density nedia.
Background of the Invention Conventional magnetic recording nedia, such as
the magnetic recording disks in hard disk drives, typically use a granul ar

ferromagnetic | ayer, such as a sputterldeposited cobalt-platinum (Copt)
all oy, as the recordi ng medi um Each magneti zed domain in the magnetic

magnet | zed o RN TR Pt oAN TR A AR TRER S, 6"
patents 4,789, % E %%@W@@&THF@LW @St]}ldg BECGRVENG 'oﬁé’lEFFl gid

di sk. As the storage density of magnetic recording di sks has increased, the
product of the remanent magnetization M (the magnetic nonment per unit

vol unme of ferromagnetic material) afd the Egggtl c layer thickness t has
decreased. Simlarly, the coercive rcivity (Hc) of the nagnetic
l'ayer has increaggthyveHtion r@ﬁeﬁeé ﬁ@néﬁall? t@'ﬁ@ééﬁ‘é‘%l@ rbﬂoﬁd‘ﬁg hddig, Mhd/srel0

achi eve the reduction iIn e thi ckness of the nagnetlc | ayer can be
reduced, Iparticomayy tcotrsermaMNtstaiéemtedﬁh@ty @i@éra will exhibit increasing
magneti ¢ decay, which has been attributed to thermal activation of snall
magneti c grains (the superparamagnetic effect). The thermal stability of a
magnetic grain is to a |large exi&tdroiglesMmesvantiony, where K' is the
magneti c ani sotropy constant of the Tayer and V Is the vol une of the
magneti ¢ grai n.Cosvarienahymgnelic ckerrdind mediss seal ed)the rdegnetatse@cordfng he

I th t t.hi t h d f | | I

be” ot abl e ATBr e G Ryes Ve Bal BE¢ Haraamar [ obo0eRe [fronsn 8 ane
sol ution @bult@f—&e?b@@é@@bbéltlp%tmw(@@P@ dloghes tr@#e%@?dlﬂgwnéahﬁﬁl #adhhi gher
Ku ). I-iowever he increase in Ku is limted by the point 051

U L 2002 Magnsteechdomast i Wietpagretic pecis Q%ﬂ%rm@do&f 'ﬁf@ﬂél%}iﬂ@‘qmgﬂ%'cml M,

becones t e I h ml ar
opor oach. (aase g AaRGihy HeBlledl nibBRYEA o, FASRLE IR, bk
t hi ckness reboridedhistal IB's S pHidrEGMWSBQLé'ﬁ% anenchHa, t173tdatnbaﬁht$ety%ldft en.

Anot her solution is to increase the intergranular exchange, so that the
ef f ect i ve GPRYRBEPRANEIEESKy of the magnetic grains is increased. However)

this approach hast r@g&@ﬁﬁ‘)ﬁ%g%@ Egn%gh%@Fé@éun@%n%%hhgﬁﬁérgéb dthe,

signal -to-noi se rati ghet i's needed
magnet i ¢ neoduch cnfghméhmrtemmmag'ddtizanmMﬂ(thﬁemghegh moment per unit volume of

ferromagnetic material) and the magnetic layer thickness t has decreased.

Similarly, the coercive field or coercivity (H,) of the magnetic layer has increased.
This has led to a decrease in the ratio Mrt/H,. To achieve the reduction in Mrt, the
thickness t of the magnetic layer can be reduced, but .only to a limit because the
layer will exhibit increasing magnetic decay, which has been attributed to thermal
activation of small magnetic grains (the superparamagnetic effect). The thermal
stability of a magnetic grain is to a large extent determined by KV, where K, is the
magnetic anisotropy constant of the layer and V is the volume of the magnetic
grain. As the layer thickness is decreased, V decreases. If the layer thickness is
too thin, the stored magnetic information will no longer be stable at normal disk
drive operating conditions.

One approach to the solution of this problem is to move to a higher

anisotropy material (higher K, ). However, the increase in K, is limited by the pont

A
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.densjty recording while retaining good thermal stability and SNR Summary
“of the Invention The invention is a magneti c recordi ng nediu i e
magnetic recording layer is at |least two ferromagnetic fil rrsﬁ]smj[.ﬁ. r?ﬂtdi
antiferromagnetically coupl ed together across a nonferronagnetic spacer
film Because the magnetic nonents of the two antiferromagnetically-coupl ed
films are oriented antiparallel, the net remanent nagneti zation-thickness
product (Mt) of the recording layer ig the difference in the Mt val ues of
the two ferromagnetic filnms. This reduction in Mt is acconplished w thout
a reduction in the thermal stability of the recording nedi um because the
vol unes efharééhgraendvitynH; hehiahtis Bpproximagiett eqality +CApl texbamésrio cagré at
constructivyel : Th medi um al so enabl es h shar. net. tr nsi i ons
Lo be achi boclf %W@a?a@wa&ﬁ%&d.%b%ﬁi £ OTET ap B o rhEihinser
l'inear biny &QH%'rﬁé( &ic lfa?@r R fBd Ib?erot'ﬂﬁ:k%'eg%mﬁis uk%é'ﬁﬂi‘t%'tﬁ/thécor di ng
medi um conpri ses t omagnetic filns, each a granular filmof a sputter
deposi t edoCudPtiGr tBaabtaope weidar.afedthsy saltm@nspéme‘rcréawﬁhmmte@ranm!hr ckness

to maxi m ze t he ant [ro eti c _exchange co, ng between the two CoPtCrB
e GRSt i B aReRe TRRRELs Lo Rt G % Bredne SRl sSher . but
the thi cknegassd. af—%m‘ﬁé%‘feﬂﬁlssé’pﬁrﬁééh hB@ peeh éﬁU\mﬂfo bhé déﬁ—‘!t@n@@@'td ffé magnetl c
field is low, but nonzero. For a | er understanding of the nature and

advant agerstrloslcwh@qift@me ratuodﬁé\iﬂ)i @‘rtperf@&@m%trn:déy@houl d be rrade to the

tgures, oWl 53R sffultiRes T BRI ERRRRE TR, ¢

schenmat i &epeRy ré@Rting WWidfethitthPgbodd drarmrgnratilitg ahlys NAF) COUpI ed magnetic
recording layer in a recording nediumaccording to the present invention.

Fig. 2Ais a schematic illustration of the AF-coupled layer illustrating
the orientations of the nonen f.ern ic films at a recorded
magnetic transition. Fig. 2B tSi"RI"a LI Eted magnetic field above
t he AF-coupl ed\'He-?lWénﬁ@tﬁi|§a$ma’g]i&c|ra®'@’dlr(§b)edﬁt&dwmrém nef maghetn of

downtrack position froma transition. Fig. 3 is a schematic sectional view
of the difSkO&inHdBYEF & %tfle@ﬁfetW&rféér@maQWérﬁ*ﬂméﬁntlfﬂrmaaﬂe%@a Wfoupgstt r at e,

under | aY%%et‘h@?aEH hBnfh® iy rfegcgg %@e}ﬁ{}‘ﬁ‘r BeBAgsd it \jﬂdé?iﬁ%?l%‘rﬁ@ RUES coat .

Fi g. magnetl ysteresi s or the structure coupl ed
| ayer of dfitige t8o abéifexirdradgmetsat!ymbipleddiimsheelanieated antifhmsliehdhe niet

recordln nedi um of the pre i nvent,i gn S record;j | ayer . fornmed of

foolor el el for Einineshronr & el e The FecoRing a el ¥ e

anti f er r IRERACEGRthe MrTAILES of tr% m&%rﬂm@gm&& I8 Omﬁg neligtidd i@ty _one
or nore nonferromagnetic spacer filnms. This is shown schematically in Fig.

1 for a rascenmlisge wmoui@l rﬁﬂu@tmpmdhetth@rnﬂ@lr&tawﬁyr@’tth@ recorging mediym
separat eﬁm % 8e1REY dfrﬂgggpﬁwt 'g?raﬁ%aiﬁ%efa'n |f8r90§na§ éﬁ(ﬂﬂfc%r#fé)g > eﬁﬁﬁ‘é bGqspacer

film16 1 CKNéss a osit¥on are chosen so I C nonents

22, 24 ofcondfractvglyf mrmméau,uniélsoram nmehyshaaper mEgneﬂpltmsttimneugnoet he
nonferro net i I m 16 apd are ?ntl paral |

fields. "Nﬂcﬁwﬁgﬂﬁ 50 deagpRization fields. reguliing "&armﬂﬁg; ﬁf&%pgtl?iiégg'&sity

transiti c I in
ha 1 t eriol e MedRRACTA ohil DGR RAR I HiaaRet R dortlUPRAIAR AN

ferromag rf@rriomagnemmf‘ llfner eadng rgeanglanfi Im]of a@peasr dgpe&b&cbﬁoﬂtCrB atogkness.
Thi s oscill at ogﬁy cou I’e|ﬁltl onshi sel ct ed. mat onbi nat i

is descriBHFd dF%¥ giRu gﬁagﬁr mrpav&g:g Ithlg[w%:ﬁss ) Waxtmlze%e ant‘?erromagneto
exchange coupling between the two CoPtCrB films. One of the ferromagnetic films
is made thicker than the other, but the thicknesses are chosen so that the net
moment in zero applied magnetic field is low, but nonzero.
, For a fuller understanding of the nature and advantages of the present

Invention, reference should be made to the following detailed description taken

together with the accompanying figures.



05 J UL 2002 4 Exchange Coupling and Magnetoresi stance in th aI I i C
Superlattice Structures: ColRu, Col Cr and Fe/Cr", Phys. Rev. UF?QQZ
64, p. 2034 (1990). The materi al combi nations incl ude ferrorragnetl

made of Co, Fe, Ni, and their alloys) such as_ Ni-Fe, N -Co, and Fe-Co, and
nonf erromagnetic spacer films such as ruthenium (Ru), chromum(Cr),

rhodi um (Rh), iridium(lr), copper (Cu), and their alloys. For each such
mat eri al conbination, the oscillatory ex%hange coupling relationship has to
be determned, if not already known, so that the thickness of the
nonferromagnetic spacer filmis selected to assure antiferromagnetic
coupling between the two feg FaRlifkidd bithe PrewRSE1 0d of oscillation
depends on the nonferronaganspR‘gWMﬁt he strength and phase
of the oscill dtigry icauphenntal sctideglenels adithe¢ hetifeeraroagetetily (hﬁb eou[aibdand
interfacial 'geutal it osci |l I at or anteﬁJ erroma neti.c coupl

. .Ih
f er r omagrBEPEHG | rWQQ?Blé%rri”@s’@&of g 'V@I@R—? 'he ta.fa‘ﬁtpfesefﬂ mven’uon
magnet or esi st g6 o fGR)sdrRAMI GRS R PLBpleANbl AU ATRANG 2ed
anti f err omagnet caIIy coupl e whose nmagnetic nonents are rigidly
coupl ed tosgetdtensaot theanahiesits ditherfgrropegnistiorfilot at kercueeted Magsetitype of
spi n-val ve structures are described, for exanple, in |IBM patents 5,408, 377
and 5, 46313 §H00rhe * 185 pat ent describes a structure used in nany
commer cially augi baRl & GRR-HANGIER io fATRby thaMRRiEled laver
antiparallel pinned f erro gnetic layer having ferromagnetic filnms who
monment s aaf@ausmgjeyemt(ﬁumetcbtg@t aerafandtlcrreﬁ"aﬁcnwstrat:k@nalrupndmmrag operatl on
of the head. .The filnms 12) 14 have magnetic nonment values of Ms t1 and
M2t 2, rd&fB9Nely. (Because the remmnent mmgnetization M is expressed as

t he magnetl C NPiREBtis RedchemhdticddiBRal0fieleiftRERBKS thEct IR 6f thel prebBgt product
Mt is the nagnetic nonent per unit area for a magnetic Iayer of thickness

t.) For tihventam doatsatieg the subsiraie: tidastayenttheifdms inthe AE-eaunied iayatonent s
22, 24 of C respectively, are aligned antiparallel and
thus add adnes{hraé @O&%%tlvfn&ﬁer%%tuce t he magnetic nonent of the conposite |ayer

10. The arrowsrig24 i24 mephesenystehaidmprfor td statattronsthahe i Arlcyidleal
magneti c donmains that are directly above and bel ow one anot her across the

AF coupl i'AgetP1Mg18: 1n the absence of an applied nagnetic field, when the
ferromagnetic film1l4 is deposited onto the 0 5 JUL 2002 5 rredl um

substrate, it will have a granular structure with nultiple adjacent grains
bei ng coupl ed together to [Deiramheidrlhlésﬂrui@n wfidhetineentioni ns. | n the absence

of an applied netic field t hes I ns filmad4 will
be oesenti ai |yl BARRIHGECOHIS MoHIN S 4Re PreSa iy oAb R RGO 16 i s
t hen depqayé%rmd@ﬁw&m@h ré}r&ha@f@«cdﬂﬁ%cmbn@e&@ﬁé@@%@é!be film14.
Next , the second ferromagnetic film 12 is deposited directly on the AF
coupl i ng dntifeiremagnetically (el 1i<i>sth@fr neighboragdetioenadneticiimgrivions ey mare|
form mag t p lel to the
nonent o;}?%dnf{gat %@Pg%#reg?m@%e?ﬁfé 'ggf‘awf%ﬁ&acrag gir t1l 1?ﬁrgécross t he

AF coupl i mgofdihgnldger Thenddepep of e formmagretticfilne €2, B4 separatée byhki ckness
values t,, t2 of the ferromagnetic filns fle 14 are chosen so that the net

moment i n""YEPHOMPINIE $AaGEH THN|16. pEhe Bt H@maﬂmt@rwaqeéf mHS hideestown

in Fig. 1

preferred emogmﬁi?ﬁtt&{ﬁéze?&gérﬁ% Tﬁg?%ié> gw%ﬁenté Qzl\%ebgggi)a%eh shed by
usi ng t hefilsant2f &4 r @spgntively, amtAa‘F-lcau;sledrthtdt@hﬂu@ monfasfoﬂriagnbeﬂscaameaw ng
t, be greter t2, 0 . netlza r‘gthe magneti c nonent per unit
vol ume of " Hﬁﬁ@ﬁ@?r%?mﬂwap%n anﬂ@berdeg?g filnms may be made different by
usi ng di fferentrhfe%rc@@sagnﬁ'? befarRdmadmitr fllenks Vide doweflohBgnetiBittanditich 1 is
shown for a two-filmstructure with a si ngle spacer film16, the invention

i s extendMstal sppcarfilmthaskesn @hfeﬁ*ﬁl\/?lymté el des¢rﬂi®echwdh@mt@rq@ur@ In

ferron'agﬂgghgrgl 'Jhgs?)ﬁ‘&%% %rc?o% o%ﬂgfesofpo%\q‘grrgn{.é &1 18 rﬁ]g?rg%ggﬁgl Vet

a nmagnet | ayer a er erro netrc

remanent wR@ratiezin®spaoer fbm mmaesgdmstdswtaws,n eguplingrratdtivinahip@net i

| ayers or |OMFannetI2atI0n all oys. This avoids the problens of thermnal

i nst abi | i £9lestrr Materiasleabinatians i %sqtilb@édys%arkafbﬁtf@l in fOppilatiemer i c
layer in Fig. 1 is conpared to a single-layer consisting of only film 12,
for exanple, the addition of the AF-coupled ferromagnetic film 14 reduces
the net magnetic nonent of the conposite structure w thout decreasing
either the thickness or the nmagnetization of film 12. The enhanced t her mal
stability of the conposite structure conpared to a single nagnetic |ayer
ari ses because the anisotropy of the grains in both films 12 and 14 are
substantlally uni axi al and thus can add constructively even if the 051
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«smagnetic nonents of filnms 12, 14 are antiparallel. The resulting stability
paraneter of the coupled system KuV is given by KulVl< KuV < (Ku,V, +Ku2Vv2),
where KulVl, and Ku2V2 are the ani sotropy energies of typical bgﬁ QJHSL Q@DZ
films 12, 14, respectively. The upper limt for the conposite stability
paraneter KuV = KulV, +Ku2V2 wi || be achieved for the case when magnetic
grains in film12 and 14 are strongly coupled and share a comon ani sotropy
axis direction. The magnetic volume V &f the conposite structure (layer 10)
that determ nes the thermal stability will be approximately the sum of the
vol umes of the exchange-coupled grains in filns 12 and 14, whereas the
magneti c nonent of layer 10 is the difference of the individual nonents of
film 12 4 fer beai i f raghetic
R A e e I R T G A

r educi ngCoHeu,neo/rand/BelEr” oPhyhResoiplsiVtad. 64, mu03de199A)s Thaaenaterial
ferromagnetic filns can contain very small, di ter qgrains and maintajpn
ther mal SeBBINARRS MHHRECTETRERE UG URPIE R i (N BRe b elAYs HGBnt i on
i's shown,s gRenBINiGE | ahd Reftbd: artfndfibRomdoPeaE 489car fiIMS dd@Na s RARBhiUm
transition. The plus (+) and mnus (-) synbols represent the nagnetic poles
ari si ng fRopchremiunaden)t rfodiumH&hgaridiumallgdcopreyi (Cugi ard theiehtdoyxion0 nm

b h f f. AF- | ed ' i h in Fig. 2 .
Functi oncai &G FeeTiohoubHaTARy SEOaet T GReRPHR ehiloMSriflo GiP pre
monment  afflhé ietdhaasd ViRhbealréady kigvi e fhiat tie thisknb4s@ighé he cal cul ated Mt

for the AF-coupled layer are listed in Fig. 2B. For conparison, Fig 2B al so
shows nodenfetrgneagreticospacst filigreladieddd assyrreanifefiomapnaticstauplingom

M . . % ; Do h sy e
i cknes STt tdtio Pdgh el menc i ARS8l el dar nal
field wagohfeer St spaerAfratedith bedthEesttanyte ampaRi el 6f thBsaliidi®gi um  The

total thickness of the ferromagnetic material in the AF-coupled nmediumis
2.7 timesotplingkalso depansisgrethe fiegropranetip neafeelrnthinderdadial aealitvr d he
t her mal | . I i i I file in the
domntracésgﬁgg%fFhﬂéﬁg%§§gé%%£§gﬁmﬁgPTt ghﬁﬁgh%ﬁgwgggﬂ%%?é%?g&%gdhting in a
slhar per ﬁpi@n@élté ﬁypesghirﬁghagﬁdt@rtee&ltar’rmt(GME) temdin@i@&&@r%éﬁggpaoed f
closer than.in the SL medium. _resulting jn a hi r linear bit densit or
The” medi GANIWRYSMAOheSRedAntorargRonstalardnladBhs Wikee mRebelfoan | hat
th 0 . i . 9 i thin th

e moretstaré S%I)G&J@@é}ﬁdg%%ér%tlbhﬁéllgl Bﬁﬂtﬁ%gpéféﬁbﬂ & tAB Hddli n the

AF- coupl ed nmedium a ecreases faster than in L medium |n addition,
t he magniThede typel of spin-vdlve strudiemesyaret described, farexampdedndBM patdrds Y

osition i, g. ithin.th di.um , Thus-faor .certain_ Y,positions
B hi n°t RAEEAL (B el b nEdd SieB mie R dearped Paiffitid fedu Fobval|
denagnet caaimentidliyed dfilablessiasideiIGhER auaes tigielyanlamihatdd stisdrallel
transitions and cause the transition to demagnetize itself. The present

i nvent i RN tesemaenelitiayat bavingiferrmaanalin figiavheseiamBentsaie igifal

[ ecor df nGolBRodl R Grclorhiih SidRRPANRRD EablTh ofiflediap! @ stiucture is
shown in Fig. 3. e structure was fabricated using conventional sputter
deposi ti on equifEinis 42,014 hace ssametitmeorhehineal@ies of My, trEndMrugt ure were

t dey | i ted ont bstrate of a ALMy disk bl ank
W th o nFesercyell e (hE By menprLBRoRs ARG M FTReSedpethEL 0

t emper at wiardticHRREAIBErRlni VA of Tarforahersemesia, fd sodiceNrRReB

with the top filmcorresponding to fi eing thicker than the

bot t om f EnagmetimecNeTt penunitaresfonaimagneticiayenofdhicknesgf.) Fartbisnm vs. 7

nm. The nferro netic,spacer._filmds a 0.6 Ru fil i_th

i hgl - | AroRplaRCr Rty Be TR R ety 2 shadsans
naterial finkh 2, 9al, aégsbatRgnebrs algddantiparhiiend thas Bre dedtRidivelyioe Ru
filmthickness was chosen to be at the first antlferronagnetlcCEeak in the
osci | | at egued e Mmagnaticanpaieshpptherenmpesite laxandf e Thearrows 22ces

ferromag i i i . b : f 4.SE1NG: ial: f 0.5
m of oo TEpryeat R SRFRACCERelBACR AR AR A SRAA e

i ncr ease ddwed s bt aheranmingr dedsetre AReoliplingfingreét ila the laseand of be Ru
film resulting in enhanced antiferrona%neti? cagpling. However

ant i f er r ARRYISELMEgBRER HRKE Whspihedg T AAeIneln e dors CrRpsdednin the
incorporating the Co interface films in the CoPtCrB ferromagnetic fil ns.
Fig. 4 shows the major hysteresis loop (solid |line) and the remanent
hysteresis | oop (dashed |ine) neasured at T=350 K for the structure of Fig.
3. Referring first to the remanent hysteresis loop) it is obtained by
saturating the AF-coupled layer in a positive field and then applying an

i ncreasing reverse negative field and neasuring the remanent nonent in the

o . o o, o o o " . Y



(arraw 34) the noment of the thinner bottomferromagnetic filmreverses and
becones antiparallel to the nonment of the thicker top ferromag etlc film
(arrows 52, 54) and to the applied field with a drop in the ne P\_t?UDZ
This switch occurs roughly at the exchange field felt by the bottom
(Hex2=2000 Ce) arising fromthe coupling across the Ru film The val ue of
He,~ = Je~I M2t2 , where JeX is the antiferromagnetic interface exchange
energy density across the Ru spacer layer and Mz and t2 are the

magneti zati on and thickness of the bottomferromagnetic film respectively.
For an antiparallel alignment of the ferromagnetic filnms to be realized
requires that He, ~ exceed the coercive field required to reverse the bottom
ferr onagnmademlelufnS(rH%e it Wit fizvet & grayudarcststfiieatvidh ofultiple am{awmgram

assum ng no. exchan %? |ntﬁract on wi,.t h the toggf e ommg

e onat 'S BRoSiaHEE odPGRAB BRIV pL P Reh RIS Uy pbidhed &8

AF- coupl i pgplied Maghesit R FRSMIARMS Bf fRIsBIIMailng.ir it 14 TR w@éﬁé‘@ﬂtal@t ate
after saturation in a positive field is given by the noment of t etog
he

f er r onagneAnidonlylarigréedl Toe spacentint peAl-eliuptiogiftm dfAds then depesitedoto t

bottomferro e nti parall el it field rection
(arrows. ce0raa ingsp 8o Td onfBfPinatinel g G7 o) Fe shEoHAdHER 0B Rs o
is stabl eﬂr'rﬁ‘tﬂZ'lsH@%oﬁ@@@@irectl@oﬁ te NF'—COZMHQ?I@HG hasted gk eihs @fagnetic film
reverses and the nonments of h films are parallel and aligned in the

negati ve &itranagneiic finafe g(raWrthﬁ wibforgumagmaic samaine withanomeat moment  of

{he 1P {SHERTRERE' 45 bl MBIET IR FREERTEREhichorin i AL

| ayer and™1'S ¢given e '&XCh ield

acting Ontﬁéiearémécﬂyra@wmtelmi:f:bb[ﬂﬁr(giﬂ?ﬁr?ﬁ~x Mt,) and H-, is the
coercive field_of the top ferromagnetic fil assumng no i nteract| on W th
t he bottom f er &@eyREfdefromagnetic nateni @rtf‘lcg§‘eﬁ$ vekestlop, of

ferromagnely GrbbhBhaRins 19, AFOURLLD0-L hamUSle: Bfolent BradolomR T 1 -

of the conposi ur e' bel ow expecte vvrlte For
this exarrphlebém@upamhrm:yzéro gf@rftm@nam\ehowmm(ém ‘sttaeek/h([_mrrmw&tﬁz;tur‘é% to

the next remanent state (arrows gh n t er medi at state
wher e t he SSHERY Mrot-Mhdo-t i Plﬂrﬁérﬁfﬂe‘grﬁngﬂm@ é&é’ukg be g4 irsfnudhisi n

contrast h@af‘ge%%%@ shbE B %tdéﬁrﬁtﬂés%é'?er$&h%g\4é{|é’$né%/ﬁ?alfs(%ﬁ(?ﬁ@'t\08 heads,
t he nmonments "of the ferromagnetic fil in the rredlumaccordlngtothe

present i filmeatilon4aared havmg|tgb@|gyeaieuﬁma@dz,tcuqéeh‘eagta@trzr;aé@nt(ﬁee prRanetipl i ng
filmbeca

nyst er s, S BERC e B VBRI e Fer G daondarRc e TR e maPe

layer) i. elifferent By ustigratentegR6inagablio matefialkifsetHeotid finsat Wilki [g. 1 is
magneti zati on. Recording performance tests on the AF-coupled |ayer were

per f or med shewmyfos actuie Bl sBHelUre vithia %JBG*%?P%C@&@FHHI% tm@aa/eni%pgﬂ%u to noi se
rati o nea n‘mﬂgi e
perI mlli %ﬁ%ﬁ@?#estpmﬁfét%egﬁglt@ I?ﬁégl so at g%q nﬂ@ érfrfgﬁlgﬁ? (lglégcr:\d'hﬁ'lpg >
t he integrated ﬁmjpaeswtmwtloam d oclimiver ef:addaamtggderwera mapeetic lagsul t s

d trat th bj et I f dat

The AR colBTBES RS Snalelar Aber TR S dBa - B FoTPTHEl rarate RN
denmonst r at@fh HObbdihed WHiHut Wsin mﬁLtwmtrhggﬁetW@y@rs aprom-%grf&.%f@@e
films, wth and w thout one or interface layers, and with

CoCr Pt Ta faihyénﬂgn@avoldmthﬁmrolvlnmSeoftth@rrpalesét@bllitmadtdlfzﬂﬁutﬁxam wating

particul ar dgs n fer
enbodi rrent(igcﬁg%%&\gee ﬁ @ @5&%@%@%?’8%'83&% [Egg{préﬁefk ﬁ&g nat®vari ous
changes i rbdr@'éﬂr@’@f St drh 1@?orb@<afm§1@ thiet ddditiosiep i ARGcduped fdreomagnétic- a
~ Z00z spi r| t, scope, and teaching of the invention._ Accordingly, the
di scl osed fi m,%trqeq,t,&pqssthe net magnetic moment of the composite structure without

decreasing either the thickness or the magnetization of film 12.

The enhanced thermal stability of the composite structure compared to a
single magnetic layer arises because the anisotropy of the grains in both films 12

and 14 are substantially uniaxial, and thus can add constructively even if the



to be.considered nerely as illustrative and limted in scope o

a
specified in the appended cl ai ns. 0O ~aa ~ zoos _11 \Wat |gh£ aﬁIHLdZDQZ
1. A magnetic recording nedium conprising: a substrate; a magnetic

recording layer on the substrate and conprising a first ferromagnetic film
havi ng a magnetic nonent per unit area, a nonferromagnetic spacer filmon
the first ferromagnetic film and a second ferromagnetic filmhaving a
magneti c nonent per unit area different $romthe moment per unit area of
the first ferromagnetic filmand being formed on the spacer film the
second ferromagnetic fil m being exchange coupled antiferromagnetically to

the first ferromagnetic fil macross the spacer_film fhe etic recording
| ayer exW?SP?i'ﬁ@“%{"ﬁﬁ}s ‘bffrtj"ms&r"és"i‘@ Q‘g@ﬁpﬁhefh%%ew@%ﬂé% d?‘?é?m'??esrt at es
in the abhs® iced; j \eldkuandrueragh e ' I ons
of the rmrre%f(g) f]ec?%g@t%ﬁ{r ’é?%ﬁigggtggﬂéd‘ﬁr%un\ggﬁet i1c1*1§‘ih|]2r\"r,t1§p'a\rl‘ﬁep\@ré}P(hij\p1

subst ant #rd Ku,dpaigptheadhiebtropy enctyieeatlypival gtangin flats thel4,irespectively.
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2. The npehidizdforcthal GRS WRel htidhetic graiht e Filng ADRINdS A aré sEB8RERSCoupled |
nonf erromagneti ¢ spacer filmon the second ferromagnetic filmand a third

f er r omagaed isbafé hraconmpherisdmRy apadeectidn. nf he hagneticodlenedmftetic film
Dol 19 oA S P e YLl 567 PUTAREL R Bl 8 SBRR R Ot o,
wher ei n gpgroxirhately eid SRGTahe Yofunhéd bRmeteXdhibflBRespldd grfindirAeei2 zat i on
ML, the second ferromagnetic film has a

and 14, whereas the magnetic moment of layer 10 is the difference of the individual

moments of films 12, 14. The antiferromagnetic coupling between the two

ferromagnetic films provides a mechanism to increase the effective film thickness

while reducing the net Mrt value of the composite structure. Thus the ferromagnetic

films can contain very smali diameter grains and maintain thermal stability.

The AF-coupled medium according to the present invention is shown
schematically in Fig. 2A with a recorded or written magnetic transition. The plus (+)
and minus (-) symbols represent the magnetic poles arising from the transition. The
calculated longitudinal field (H,) 10 nm above the surface of the AF-coupled
medium is shown in Fig. 2B as a function of X direction or downtrack position from
the transition. The moment and thickness values for the two films 12, 14 and the
calculated Mrt for the AF-coupled layer are listed in Fig. 2B. For comparison,

Fig 2B also shows model calculations of longitudinal magnetic field arising from
transitions in a single-layer (SL) medium that has a similar Mrt. The thickness
values (t, and t,) were chosen such that the peak longitudinal field was the same for
the AF-coupled medium compared to the SL medium. The total thickness of the
ferromagnetic material in the AF-coupled medium is 2.7 times thicker. Therefore,
the AF-coupled medium should be more thermally stable than the SL medium. The
longitudinal field profile in the downtrack direction decays faster for the AF-coupled
medium, resulting in a sharper transition. This indicates that the transitions can be
spaced closer than in the SL medium, resulting in a higher linear bit density for the

medium. While not shown in Fig. 2B, calculations have also shown that the



thi ckness t2 and a magnetization M2, and wherein the nagnetic nonents per
unit area (ML x tl) and (M2 x t2) of the first and second ferro@‘@r&U[czunz
films, respectively, are different fromone another. 4. The medi um as
claimed in claim3, wherein the first and second ferromagnetic filnms are
fornmed of the same material, and wherein tl is different fromt2. 051
UL 2002 -12 5. The nediumas clained in claim3, wherein the first and
second ferronmagnetic filnms are forned of7 different nmaterials and wherein tl
and t2 are substantially the same thickness. 6. The nediumas clainmed in
claim1l, wherein the spacer filmis forned of a material selected fromthe
group consisting of ruthenium (Ru), chromum (Cr), rhodium (Rh), iridium
(1r), coppemag@alizatamdfi¢lidioma transitiorvwitiingheaetf-coupledahadimedalse cl ai m 1,

wherein the first and second, ferro netic filnms are mad f a materjal

sel ect ed FFQRRERS EHBLMaTIASNE LRGN REATRN, MeTaagniyde anfsyen obherne
medi um asd&hépﬁgﬁzétfbrpﬁéﬂfaesren\&@%rneche Yt P8sitibh %éesfr ?fq’. %@%ﬁﬂih ¢hd nhdRiiMc! udes
an interface | mconsisting essentially of cobalt 1 ocdated at the 1 nterface
of the fiTbus-fargartaiyYepositiéns withindhe meedipat ¢he tehmagretizatien freldi iaredisced

| ai ned | laim1, in.,th df tic filmi d
hert acctr it el SRFH BB TR0 b bR PRl BT R R ace o
the secongah&tibRaaR&iduselthe MaaRHichne dehasdietikli®elr10. The medi um as

claimed in claim1, further conprising an underlayer | ocated on
The present invention has been demonstrated using conventional CoPtCrB

longitudinal recording media alloys for the ferromagnetic films. An example
structure is shown in Fig. 3. The structure was fabricated using conventional
sputter deposition equipment and processes. The films forming the structure were
grown onto a Cr underlayer deposited onto a substrate of a AlMg disk blank with a
nickel-phosphorous (NiP) surface coating, with the substrate temperature at
approximately 200 °C. The ferromagnetic films are CoPtCrB, with the top film
corresponding to film 12 in Fig. 1 being thicker than the bottom ferromagnetic film
corresponding to film 14 in Fig. 1 (12 nm vs. 7 nm). The nonferromagnetic spacer
filmis a 0.6 nm Ru film. As with single-layer media, it is advantageous to use a
granular ferromagnetic material with isolated magnetic grains to lower the media
noise. The Ru film thickness was chosen to be at the first antiferromagnetic peak in
the oscillatory coupling relationship. For this example, each CoPtCrB ferromagnetic
film included an interface film consisting essentially of 0.5 nm of Co at the interface
with the Ru film. These ultra-thin Co films increase the interfacial moment between
the ferromagnetic films and the Ru film, resulting in enhanced antiferromagnetic
coupling. However, antiferromagnetic exchange coupling has been demonstrated
without incorporating the Co interface films in the CoPtCrB ferromagnetic films.
Fig. 4 shows the major hysteresis loop (solid line) and the remanent
hysteresis loop (dashed line) measured at T=350 °K for the structure of Fig. 3.
Referring first to the remanent hysteresis loop, it is obtained by saturating the
AF-coupled layer in a positive field and then applying an increasing reverse
negative field and measuring the remanent moment in the layer after the negative

field is applied. The remanentloop is a plot of the remanent moment versus the



the substrate between the substrate and the magnetic recording b

The mediumas clainmed in claim1, further conprising a protecti ZyQiH[angz
formed over the magnetic recording layer. 12. A magnetic recordi ng di sk
conprising: a substrate; an underlayer on the substrate; a magnetic
recording |layer on the underlayer and conprising a first cobalt alloy
ferromagnetic film having magnetic nmoment per unit area and 0~J UL
2002 -13 conprising nultiple magnetic d®dnmains with the orientations of the
nonents of the domai ns being generally randomly oriented, a

nonf erromagnetic spacer filmof a material selected fron1the gr oup

isti f .rut henj hod d ,
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of the nonmusrrmllqvhea@@gmﬂq&ntlyriOWﬁreMstet@chﬁjatl@evmm@mea geedter otbeinagnetic
substantlﬁall% % araIIeI to the orientations of the nonents of their
associ at e 4€$% the first ferromagnetic film and a protective

overcoat for ”E@éf@rrlﬁgenéﬁﬁgﬁfﬂﬁé endj@ctoystéregis I8gpof Figd-4, The pliirslofaforoatdred in
claim12, further conprising a second nonf erromagneti c spacer film forned

on and i nagemtsapdioste ha peestebonaf the fesinmranstis fimsiin tandFacoupled layer at
ferromagng ﬂ’eCreH( &@‘Hisofn”i’?% 1agis! 18?;90*%%‘%5#%@ ﬁF}J‘% iREEARL SR %:go%higg]

t he thickness o € secondspacer C|ent to |n

third fer doeetine{acows 30, ’GQ? onebacd;@agghed)ﬂl@Hecbm@ O thepgmigferroahdghdtio
t he second ferromagnetl c filmacross the second spacer film 14. The disk

as cl ai me@oHRIRG i§ dyersomgnancihe mrREnants of thedWaolraigreagretia filshare koth
thi ckness ptaﬁz'alfaéqgo ﬂwé@gﬁﬁ%d ﬁ@ﬁj‘(gﬂo% 42k *zlg Wﬁ\eQHQ pﬁ]é&”ﬂ‘%%‘%tﬂe%ufcbbm has a

t hi ckness I zation rern the magnetic noment per
unit ar ea(am\m&t Itheandm(eh?okthteﬂ)nrmﬁerbb&om festonesaghedieddmdreiversesanadet i C

fil ns, ectivel fferent fr 0 he 1 S The_di sk as

¢l ai med .%%epai%ﬁi%ﬂ Sl e meniol The BikBrloh terreinasnets 8% 1 e ar e
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L 200z - 16. The di'sk as clainmed in claimi14, wherein the first and

second f elaceHERiRaaly at thesexahange fielstifelifbyiner kotiarn filra (b, 3PQ0R QR a@TiiRg n t |
and t2 ar g 345t a8k LANd ¥clol€ the Ru film. The value of H,, = J,/M,t, , where J,, is the

antiferromagnetic interface exchange energy density across the Ru spacer layer
and M, and t, are the magnetization and thickness of the bottom ferromagnetic film,
respectively. For an antiparallel alignment of the ferromagnetic films to be realized
requires that H,,, exceed the coercive field required to reverse the bottom
ferromagnetic film (H,,). Hg, is the coercive field of the bottom film, assuming no
exchange interaction with the top ferromagnetic film. Thus, the magnetic
properties and thickness of the bottom film, as well as the AF-coupling film, must be
designed to maintain H,,>H,,.

The remanent state after saturation in a positive field is given by the moment
of the top ferromagnetic film parallel to the field direction and the moment of the
bottom ferromagnetic film antiparallel to the positive field direction (arrows 52, 54)

In a reverse applied field (arrow 36), the magnetic state is stable until the moment



sane,thickness. 17. The disk as clained in claim 14, wherein Sty
ferromagnetic filmincludes an interface film consisting esseﬂﬁé‘pmr 2902
cobalt located at the interface of the first ferromagnetic filmand the
spacer film 18. The disk as clainmed in claim14, wherein the second
ferromagnetic filmincludes an interface filmconsisting essentially of
cobalt located at the interface of the second ferromagnetic film and the
spacer film .AvalL. AH Al uF. A A; . AY. AF. AY. AY. An3. A(. Ay. Ay. AN, ) saJ- L
e
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write field of the head. For this example the pathway to go from one remanent

\J

state (arrows 52, 54) to the next remanent state (arrows 72, 74) goes through an
intermediate state where the moments of the two films are paraliel (arrows 62, 64)
Thus, in contrast to AF-coupled structures used in spin-valve GMR recording
heads, the moments of the ferromagnetic films in the medium according to the
present invention are not rigidly coupled together across the AF-coupling film
because the coupling must be overcome to write on the medium. The hysteresis
loop of Fig. 4 exhibits the desired feature of an AF-coupled layer, i.e., a low
remanent magnetization relative to the saturation magnetization.

Recording performance tests on the AF-coupled layer were performed using
a conventional longitudinal recording head. Signal to noise ratio measurements
determined a media S,NR of 31.9 dB at 9500 flux changes per millimeter (fc¢/mm),
where S, is the isolated pulse amplitude and N is the integrated media noise at
9500 fc/mm recording density. These results demonstrate the viability of
AF-coupled magnetic layers for data storage.

The AF-coupled media according to the present invention has also been
demonstrated for structures with and without one or both Co interface films, with
and without one or both CoCr interface layers, and with CoCrPtTa ferromagnetic
films.

While the present invention has been particularly shown and described with
reference to the preferred embodiments, it will be understood by those skilled in the

art that various changes in form and detail may be made without departing from the
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spirit, scope, and teaching of the invention. Accordingly, the disclosed invention is

to be considered merely as illustrative and limited in scope only as specified in the
appended claims.
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What is claimed is:

1. A magnetic recording medium comprising:
a substrate;

a magnetic recording layer on the substrate and comprising a first
ferromagnetic film having a magnetic moment per unit area, a nonferromagnetic
spacer film on the first ferromagnetic film, and a second ferromagnetic film
having a magnetic moment per unit area different from the moment per unit area
of the first ferromagnetic film and being formed on the spacer film, the second
ferromagnetic film being exchange coupled antiferromagnetically to the first
ferromagnetic film across the spacer film, the magnetic recording layer
exhibiting a major hysteresis loop with two remanent magnetic states in the

absence of an applied magnetic field; and

wherein the orientations of the moments of the first and second
ferromagnetic films are substantially antiparallel in each remanent state, but the
first ferromagnetic film's moment orientation in one remanent state is

substantially antiparallel to its orientation in the other remanent state.

2. The medium as claimed in claim 1, further comprising a second
nonferromagnetic spacer film on the second ferromagnetic film and a third
ferromagnetic film on the second spacer film, the third ferromagnetic film being
exchange coupled antiferromagnetically to the second ferromagnetic film across

the second spacer film.

3. The medium as claimed in claim 1, wherein the first ferromagnetic film has a
thickness t1 and a magnetization M1, the second ferromagnetic film has a
thickness t2 and a magnetization M2, and wherein the magnetic moments per
unit area (M1 x t1) and (M2 x t2) of the first and second ferromagnetic films,

respectively, are different from one another.

4. The medium as claimed in claim 3, wherein the first and second ferromagnetic

films are formed of the same material, and wherein t1 is different from t2.
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films are formed of different materials and wherein t1 and t2 are substantially the

same thickness.

6. The medium as claimed in claim 1, wherein the spacer film is formed of a
material selected from the group comsisting of ruthenium (Ru), chromium (Cr),

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

7. The medium as claimed in claim 1, wherein the first and second ferromagnetic
films are made of a material selected from the group consisting of Co, Fe, Ni,
and their alloys.

8. The medium as claimed in claim 1, wherein the first ferromagnetic film includes
an interface film consisting essentially of cobalt located at the interface of the
first ferromagnetic film and the spacer film.

9. The medium as claimed in claim 1, wherein the second ferromagnetic film
includes an interface film consisting essentially of cobalt located at the interface

of the second ferromagnetic film and the spacer film.

10. The medium as claimed in claim 1, further comprising an underlayer located on

the substrate between the substrate and the magnetic recording layer.

11. The medium as claimed in claim 1, further comprising a protective overcoat

formed over the magnetic recording layer.
12. A magnetic recording disk comprising:
a substrate;
an underlayer on the substrate;

a magnetic recording layer on the underlayer and comprising a first

cobalt alloy ferromagnetic film having magnetic moment per unit area and
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film having magnetic moment per unit area different then the magnetic moment
per unit area of the first ferromagnetic film and comprising multiple magnetic
domains formed on and in contact with the spacer film, the spacer film having a
thickness sufficient to induce domains of the second ferromagnetic film to be
exchange coupled antiferromagnetically to associated domains of the first
ferromagnetic film across the spacer film with the orientations of the moments of
the domains in the second ferromagnetic film being substantially antiparallel to
the orientations of the moments of their associated domains in the first

ferromagnetic film; and
a protective overcoat formed on the magnetic recording layer.

13. The disk as claimed in claim 12, further comprising a second nonferromagnetic
spacer film formed on and in contact with the second ferromagnetic film and a
third ferromagnetic film formed on and in contact with the second spacer film,
the thickness of the second spacer film being sufficient to induce the third
ferromagnetic film to be exchange coupled antiferromagnetically to the second

ferromagnetic film across the second spacer film.

14. The disk as claimed in claim 12, wherein the first ferromagnetic film has a
thickness t1 and a magnetization M1, the second ferromagnetic film has a
thickness t2 and a magnetization M2, and wherein the magnetic moment per unit
area (M1 x t1) and (M2 x t2) of the first and second ferromagnetic films,

respectively, are different from one another.

15. The disk as claimed in claim 14,wherein the first and second ferromagnetic films

are formed of the same material, and wherein t1 is different from t2.
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same thickness.

17. The disk as claimed in claim 14, wherein the first ferromagnetic film includes an
interface film consisting essentially of cobalt located at the interface of the first

ferromagnetic film and the spacer film.

18. The disk as claimed in claim 14, wherein the second ferromagnetic film includes
an interface film consisting essentially of cobalt located at the interface of the

second ferromagnetic film and the spacer film.



