PATTERNED MULTI LEVEL PERPENDI CULAR MAGNETI C*RECORDI NG MEDI A Rel at ed
Applications This application is related to the follow ng concurrently
filed co-pending applications, all 5 of which are based on a common
speci fication: "MAGNETI C RECORDI NG SYSTEM W TH PATTERNED MULTI LEVEL
PERPENDI CULAR MAGNETI C RECORDI NG MEDI A" (Appl i cants' Docket

perpEN L ARRHIMOTETREV L A RPN BT ARAAGNE IO R COROING 1ONA.

HSJ920030215US1) "METHOD FOR MAGNETI C RECORDI NG ON PATTERNED MULTI LEVEL
PERPENDI CULAR MEDI A USI NG THERVAL ASSI STANCE AND FI XED WRI TE CURRENT"
(Applicants' Docket HSJ92003024%¢lkd Aplicatibms cal Field This invention
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“METHOD FOR MAGNETIC RECORDING ON PATTERNED MULTILEVEL
PERPENDICULAR MEDIA USING THERMAL ASSISTANCE AND FIXED WRITE
CURRENT” (Applicants’ Docket HSJ920030246US1)
15

Technical Field

This invention relates to magnetic recording media and systems, such as magnetic

recording hard disk drives, and more particular to media and systems with patterned:
perpendicular magnetic recording media.
20 |
Background of the Invention
Patterned magnetic recording media have been proposed to increase the bit density in

magnetic recording data storage, such as hard disk drives. In patterned media, the magnetic
material is patterned into small isolated blocks or islands such that there is a single magnetic

- 25  domain in each island or “bit”. The single magnetic domains can be a single grain or consist of a
few strongly coupled grains that switch magnetic states in concert as a single magnetic volume.
This is in contrast to conventional continuous media wherein a single “bit” may have multiple
magnetic domains separated by domain walls. U.S. Patent 5,820,769 is representative of various

types of patterned media and their methods of fabrication. A description of magnetic recording
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types of patterned nedia and their nethods of fabrication. A description of
magnetic recording -1 systens with patterned nedia and their associ ated
challenges is presented by R L. Wite et al., "Patterned Media: A Viable
Route to 50 Gbit/in2 and Up for Magnetic Recording?", |EEE Transactions on
Magnetics, Vol. 33, No. 1, January 1997, 990-995. Patterned nedia with

per pendi cul ar magnetic ani sotropy have the desirable property that 5 the
nmagnet Pystamsneith pattgrredonedip ardithsiriapsociatedahallengssis poésented byRake, White ethal.,

{hose. <ounebb il R Vi bOuFRERE AN, il Ob Birdsmmstic RerolmenynBREG 1"
si gnal T+AsAQions oh Mdghedi GNRb]. 69NST € JadnF Y7 D9RY$s (unpat terned) nedi a.
However, to achieve patterned nmedida with a bit density of, 1 Terabitlin2 , a

nanost r uct uPaterzedragdiaivith prsedicoldr miag@Sicranisotrepy kavethd dRirable pedpett; Hat i S

requi red. Even though fabrication 10 net ho S orting bit densities of u
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continuous (unpatterned) magnetic filns and not patterned , magnetic
i sl and@edigo Ver, FHAGRfVE Pp media withauhit dengiteof t Terabitéin}, henanestveture f

magnet j : Lk ' nd nai i s, divided i.nto the
matt 1 plEey uEh B o e BUGR AL Flodh sk BB v i diifiali
mapnet nethodeaippbniag cdieasitiarofiptb S0D Uhdint R Deasliansmaareaf 1%%&?}&5.“ ned
media and multilevel recording. 20 Summary of the Invention e 1 nvention

i s a phighdeity magnelicpatiemsayithhleyrdaiect ratescanddiighjunifaginitpantsillnag awdilableagnet i ¢

bl ock or is - | ndi yvi dual etic cells. Fac ell in
an island is ?8%29 oél éz‘a&ﬁg erJ!ﬁg?é%}rngg%%ﬁcgrérﬁ%ﬁr%g!%g‘fnsprf’Bosﬁfln‘ﬁ‘géc”c “cell
Wi th piarpSnPatent! e83mgNRitioaly ﬁflbﬁﬂhﬁ@ﬁ’(@ﬂﬁdﬂ%ﬂnﬁkﬁ&icﬁlﬂﬁ%&hb&gﬂ@%ﬂ_ n.
Each cell is magnetically decoupled fromthe other 25 cells in its island
by norfagticidandsa Hewerery symultiigygkcantiprousanagnetinfilvas/tbe aumbgnefimagaeiion
(TPOnChhfio BTShde 4P sBAR Bl nbiYR, ¥l A iR Ind Mlipiclevland hehEmB RSO "
degraded.
What is needed is a magnetic recording media and system that takes advantage of both

patterned media and multilevel recording.

20 Summary of the Invention
The invention is a patterned perpendicular magnetic recording medium where each

magnetic block or island contains a stack of individual magnetic cells. Each cell in an island is
formed of a material or set of materials to provide the cell with perpendicular magnetic
anisotropy and is a single magnetic domain. Each cell is magnetically decoupled from the other
. 25 celisinits island by nonmagnetic spacer layers. Thus each cell can have a magnetization
(magnetic tmoment) in one of two directions (into or out of the plane of the layer making up the
cell), and this magnetization is independent of the magnetization of the other cells in its island.
Therefore the total magnetization integrated over the different cells per island permits multiple

magnetic signal levels or states to be recorded in each magnetic island. Because each cell in each



cell), and this nmagnetization is independent of the nagnetization of the
other cells inits island. Therefore the total magnetization integrated
over the different cells per island permts multiple magnetic signal

| evel s or states to be recorded in each magnetic island. Because each cel
in each -2 island is a single magnetic domain, there is no increase in

noi se dFe to the multiple magneti¢ |evels. The nunber n of magnetic cells
st acket§land 1§ 3,8in ngpcdf%“i"itg"ée {onomergpseria ngise dpe tothe enltiple gragnetieevel s.
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with nul tipEashsell inanisland hpssa magratiogopxcivity ditferant from dhv ediernivity ofithé ethent
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e s e AN
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|
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not affect The magnetic properties of the cel
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For a fuller understanding of the nature and advantages of the present
i nventi on, Thefmagertieislantivaredpived apatton thetshistfatd hyowdidgordratedidl et desciidt pt i on
taken atftoegtet}lg Ienrag%met}cq;rtt)]pe?‘tie?sco %@&ﬂg Iaﬂc? thaI (Iicgelé rn%? adversely affect writing to the celis.

The substrate can be a magnetic recording disk substrate with the islands patterned in concentric

tracks or a substrate of the type used in probe-based array storage systems with the islands
20  patterned in an x-y pattern of mutually perpendicular rows.
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.

- 25 Brief Description of the Drawing
FIG. 1 is a schematic sectional view of the patterned multilevel perpendicular magnetic

recording medium according to the present invention.
FIG. 2 is a magneto-optical Kerr effect (MOKE) hysteresis loop of an unpatterned section

of the magnetic recording medium showing schematic representations of the four possible
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25 Brief Description of the Drawing FIG 1 is a schematic sectional view of
the patterned nultilevel perpendicular magnetic recordi ng nedi um accordi ng
to the present invention. FIG 2 is a magneto-optical Kerr effect (MXE)
hysteresis | oop of an unpatterned section of the magnetic recordi ng nmedi um
showi ng schematic representations of the four possible -3 nagnetization

I I | abel ed A, B C t | 1s i 1 tic island. FIG
3°1s. o Ergh o ik Thar ne Rt s e e mameaicaiatd.r do
patern (m oy SRR Rl oORE pRUCEL MUY Bl MU iR tla d?

magnet sangile (top) and raftesqpiyingg squard Wweve wetRetsrmSingddik), aldsHoWThg a Sclehfatic4 1S a
schematic illustrating the nethod in which an inductive wite head wites
the fisaresentatianof the agnetization corgespprding tosthpagpdbacksignsl ottomd. t he

pat4d er ned gl | ' h tic i]lustrating the t hod
o ch anohddet intfR Ausiraie de nfkofba ™ SRR ooy ® el bP s e

W i t esfouf@iffefent maphdtizatei (eWElg R4 inaghdtionslhey 6f the pitteineMANRIdvel isliignd of  the
patterned nmultilevel nmedia. 10 FIG 6 is atop view of a disk drive

enbodi nent BHG. Siea pehematie diistratingthe methoddn mdhiclan ingudtivmvarite heatgwith en

magnet i,c ,i.slands as.dots o oncent.rd c tracks. of the recording disk, FIG 7
oa sHEe oo R ool FROR dineiml mhenisntes [ BLoBRI TR obe as
an i ndgphtterRedhkifeveERedia0r the multilevel magnetic recording system

FIGS. 8(a) and 8(b) show the two different magnetizations of the probe tip

of1& he MFMFIGE6 s atep igwef a digk drive emheditheshofithe multifev@l magnéticec@ding a vi ew
of a scanni robe enbaodi.ment of the nultil evel netic recording system
Show rg S DOy R RE pgRetaNARs g8 dolsih rParicFeks Oh dRdEcRHBE K. o a
substrate VW7 id DseciBIHdvEof ; l sl ands
bei ng represent éd as dots.' %0 Be al Ifggé%gggﬁrﬁ?ﬁo%?%{ %ﬁwglé&nb{él%gﬁﬁ
Pat t erinduttiv writé bead foPthe paritiievel InsapgnbligreedidingSsystenh. n& Medi a

FIGS. 8(a) and 8(b) show the two different magnetizations of the probe tip of the MFM

15  probe type inductive head shown in FIG. 7.
FIG. 9 is a view of a scanning probe embodiment of the multilevel magnetic recording
system showing an x-y array of MFM probe inductive write heads and the media substrate with

the magnetic islands arranged as an x-y array, the islands being represented as dots."

20 Detailed Description of the Invention

Patterned Multilevel Perpendicular Magnetic Recording Media
FIG. 1 is a schematic of the patterned magnetic recording medium according to the

present invention. The medium includes a substrate 12, a multilevel perpendicular magnetic
recording layer 50, an optional underlayer 14 and optional protective overcoat 16. The recording
- 25 layer 50 includes a plurality of islands, such as representative islands 52, 54, 56, 58, spaced-apart
by spaces 60. Each island is formed of a first layer 20 of magnetic material with perpendicular
magnetic anisotropy, a second layer 40 of magnetic material with perpendicular magnetic
anisotropy and a spacer layer 30 that separates and magnetically decouples the two magnetic

layers 20, 40 in each island. Each island is thus a multilevel magnetic island with at least two
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FIG 1 is a schematic of the patterned magnétic recordi ng nedi um accordi ng
to the present invention. The nmediumincludes a substrate 12, a nultilevel
per pendi cul ar magnetic recording |layer 50, an optional underlayer 14 and
optional protective overcoat 16. The recording 25 | ayer 50 includes a
plurality of islands, such as representative islands 52, 54, 56, 58,
spaced-a%art by spaces 60. Each island is fornmed of a first |ayer 20 of

mag nfetﬁti‘? phmagnet ﬂ?ﬁoﬂﬂﬁééﬁ&ﬁ, sughas Ceﬂ?a%éﬂ i istand 53t Haply celbissesingdel | ayer
20 . : ! . . ! .
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| ayer sh&Belis4h other BfHs by tiRNegiomPddpidted APaded sphus a mul tilevel magnetic
island with at least two -4 stacked magnéetically decoupled cells, such as

cel I's 22, 3theispages|68ugfinothe Fegionsdwtwednghamsnygicaslamdsgind tatectypieally forqed i s
d fromthe oth cell inits island by the spacer |ayer 30 and from
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I 0 errorragn { a

5 of nonmagnetic material, but may be forned et ¢c nmaterral
provi dephrathe Themagnetic isldudsscan be famhedrtydligt lahégraphitdlly paitgmilg the subsghteg and

det ecyggn.f.ro 1tlhe magnetic i sl andlg| tgﬁt they separate. The magnetic

i 5| and§PesAing, e {4y, ¥R Fesprding Iayg PR AFLRE Pticsagd wesist ang therremaning: at e,
deposiitd g i r ' s . rned
oot sthSRest RBVIABARE haiticTfatd, MAERIHNES, mEUREal MRS, clbedPihElsy
AllDer rfastidepbsiting the laperpadking s teeoniinglayerts® dnathemubstoyte IdhbsrapkicalBPOSi t i ng

the | ayers, in recording layer 50 on the substrate, |i1thographically
patte Fﬁ&‘"&%ﬁe REaring Iayery %{%gg ther r&'ggtlaa’ér thepugh dhelithp graphic mpas t he
| i t hogk&RinG - It me?% i th tic
i slands. In ggg?ﬁe&egﬁgﬂeggﬂﬁgﬁ%ﬁg@;gggﬂ%%ﬁi n tg%x?ég%rﬁg?eafg V\S/eéemgﬁee
i sl andegienschetweaisthe istndsrare vioilsfthdt Ineay bwi filled veithnmgineigheticmbRfihRkuchs¥ch as
al um na ar spin-on gl ass. substaptially planar surface topography can
t hen @E’“PB? Pin-pR glags %FH@%@@%BE’&% FoPpgraghy gag thenoe E’ﬁ@%’ﬁlﬁm ic
| 5 anQoceld oIl SRR firdOfofhitE thembnehictidl) ’ i rgqui r ed
to fiI(iB?OCtehe spaces 60, ar{;J t Aen p%%%ﬁﬁ%ﬁﬂ@ggpﬂ%sﬁghﬂﬁ%%%gﬁ%%gﬁ
mechagreakr theal thathreduileB)o fill shespreesrdl, hnd then polishaig the ainfindlitharchemieal-
exposed.hThiaz Igeh\; he al unigg I n th_e,sg?ces 60 and the tops of the
magneffheehanical pals (gig\d Qrﬂg:ts%p?,hl ?,pxgg%qtl_c islands were just exposed. This leaves the

alumina in the spaces 60 and the tops of the magnetic islands approximately coplanar.

Patterned media may also be fabricated by ion irradiation through a mask to alter the

20  properties of the irradiated regions. In one example of the patterned media ion irradiation
fabrication process, the spaces are formed of magnetic material that does not affect the
perpendicular magnetic properties of the magnetic islands. For example, the strong
perpendicular magnetic anisotropy of Co/Pt multilayers can be destroyed by ion irradiation
through holes in a mask to create regions of magnetic material with in-plane magnetization that

- 25 serve as the spaces between the magnetic islands of non-irradiated Co/Pt multilayers. Ion
irradiation methods of fabricating patterned magnetic recording media are described in the
following references: C. Chappert, et al., "Planar Patterned Magnetic Media Obtained by Ion
Irradiation," Science, Vol. 280, June 19, 1998, pp. 1919-922; A. Dietzel et al., “lon Projection



Patterned nedia may al so be fabricated by ion irradiation through a mask to
alter the 20 properties of the irradiated regions. In one exanple of the
patterned nmedia ion irradiation fabrication process, the spaces are forned
of magnetic material that does not affect the perpendicular magnetic
properties of the magnetic islands. For exanple, the strong perpendicul ar
magneti c anjsotropy of Co/Pt nultilayers can be destroyed by ion

i rradi dlreshStraguingfer Reftamingof Magnetic Medio? BEE Fregiaorianscdn MagieicscVeesgr i al
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the follow ng references: C appert, et anar erne ghetic
Medi a @israindonrippssible magneticlientls onstateSi ench éslandpbach 28dpneti¢istate Mepert@iBon PP-

191 -9ﬁ}2; A .Dietzel et al. "lon Projection -5 Direct Structuring for
Patter enddre&wr}\/&ffg‘ﬂwe zafjon; (tpagnetiegrpoment) ingach grEneic gwllg Rach megnefisistataimn

No. 5, q o ; 1.7 364 and 383, 597.
pS shoms By e Creprawnt D PIE 3 %pd g be vopresghg Wbt e il iPn e

cel I s kellsin the lowet lagere20aare sélented e fibst bitrimgratytecor veore lagd ﬁfagﬁétﬁaﬁ& imthgach
I sl and, agﬁfg. magneti %E%taée depending.on 5 the direction of magnetization
( magnel'? SURRIREAY fonsidered A ’%@?F@gﬁ jq statesarg andollewsi ¢ state in the

t wo- | ayer em_)f)gi]msnt of FIG 1 can thus be represented as a two-bit byte or
word. If the "cells in the lower |ayer 20 are selected as the first bit in
t hed byt e orBul,d and nagnetization in the wup direction is considered a 0,
t hen t he rraFe?ietéc states are as follows: A [1,1] 10 B: [0,1] C [0,Q0]

Do [ 1,0] 0.4] i s depicted with two magnetic | ayers, but 3 or nore

magneti c Iapg_e(]lso]are possi ble. The total readback signal integrated over
the n differeht ‘magnetic |ayers gives rise to 2" different 15 signal

| evel s, whi EIG.ddndisictod edthitab nimaeR iagers 4@ B Bibre HAgndtRAMEY 419 pa&ARLLY 1S
thus increased by a factor of 2(""1~
The total readback signal integrated over the » different magnetic layers gives rise to 2” different
15  signal levels, which can be used for magnetic recording. The recording density is thus increased
by a factor of 2™,
For experimentation, a magnetic thin film was 'sputter—deposited at rootn temperature onto
an hexagonal array of SiO; pillars with a diameter of 150 nm and a height of 80 nm. The spacing
between the center of the pillars was 300 nm. The pillars were formed by lithographically
20 patterning a SiO; film formed on a Si substrate. The structure had two perpendicular Co/Pd
multilayers separated by a 5 nm thick Pd layer to magnetically decouple the upper and lower

multilayers. The composition of the film was as follows:

C(40A) / Pd(10A) / [Co(3.3AYPA(8.3A)]s/ PA(S0A) / [Co(2.5A)/Pd(6.5A) |10/ PA(20A) / SiO,
.25
Comparing this experimental structure to the schematic of FIG. 1, the multilayer of 10
Co/Pd pairs is the lower magnetic layer 20, the multilayer of 6 Co/Pd pairs is the upper magnetic
layer 40, and the 5 nm thick Pd layer is the spacer layer 30. The strength of the magnetic
anisotropy and coercivity of the magnetic layers can be easily altered by changing the Co and Pd
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For experinentation, a magnetic thin filmwas sputter-deposited at room
tenperature onto an hexagonal array of SiQ2 pillars with a dianmeter of 150
nm and a hei ght of 80 nni. The spacing between the center of the pillars
was 300 run. The pillars were forned by lithographically 20 patterning a
S filmformed on a Si substrate. The structure had two perpendi cul ar
Co/Pd nultilayers separated by a 5 nmthick Pd | ayer to magnetically
decouphiekndseesuipéiis stnutturoukt of thehyerd myleing up ThyersOrpOand 4®wens aliddepbéitdd Was

e o) e s P A v ot
truct ' s ' f Pd pairs i
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strength of the magnetic anisotropy and coercivity of the magnetic |ayers
cafl b e@‘é&"ﬂl%‘&?@#‘ééﬁ]wschangi ng the Co and Pd -6 thicknesses. In this
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magnetic islands on top of the pillars, the magnetic properties
i s| andliffeent applied:figlds aeshawn inHdGragleconfimmthat magnetic intemctiorethedugh and t her e

th ' 5 bet t h tic.islands. gnet o-optjcal K ffect
(Mo Pk e Polb bk Bt e et v s notl e o lpops werecpisco ¢ hi s
St UC tnkaSure® ¥Pdet@thihd @e ¢bSpling Held Wut ﬁ(mn:aﬂ:aﬁfm ﬁ%ﬁg@ﬁé s Iﬂtﬁhh' IT'ﬂé‘r@for?ﬁg

di fferent a_pEIied fields, as shown in FIG 2. To i rmthat magneti
i nt er dystengpis 1¢nprhape camdbgsimply nadérstood aph supgrivsitive of the tystensisndgwet i ¢ | ayer s

i1 ol dnshesdtntimmeBinbR S10csae Ardher Rl ShRG ShTmebinnge: or ogi s

| 00p $loaRP1ye) hRea SdeiBVity mﬁr&&m@mm&&%@g@%@ isgﬂgﬁaf(ﬁgﬁﬁ Rushigegsi s of

two independent magnetic |ayers. FI'G 2 also s

[ Co( 2 (epwet Raem hayy foerdvityiof appeoxamatelyolMrO¢.ayer) has a coercivity of

approximatel y 350 OCe apnd the .[ Co(3.3A)/Pd(8.3A)J6 .multilayer upper | ayer)

A8 o coor & eESFGFER e SRy Wageq pertotinied on thif sland artay sructil The
structure was fixed on a x-y stage, controlled by piezoelectric drivers with a resolution of less

than 2 nm, and scanned at low velocity (approximately 5 pm/s) while in physical contact with the
recording head. A conventional longitudinal recording giant magnetoresistive (GMR) read/write
head was used with write and read head widths of about 240 nm and 180 nm, respectively. The

20  structure was first dc magnetized in an external perpendicular field of 20 kOe. The recording
head was then aligned paraliel to the rows of magnetic islands. Although a conventional
longitudinal inductive write head generates a write field between its poles that is generally in the
plane of the media, in this experiment the perpendicular components of the fringing field from
the poles were used to change the magnetization of the perpendicularly magnetized cells in the

- 25 islands.
In contrast to writing on conventional continnous media, where the bits can be written

everywhere on the medium, writing on patterned media requires the synchronization of the
square wave write pattern with the island pattern. The island locations can be easily retrieved

from the readback signal of the dc-erased magnetized islands, where the minima indicate the



15 A magnetic recordi ng experiment was al so 'perforned on this island array
structure. The structure was fixed on a x-y stage, controlled by

pi ezoel ectric drivers with a resolution of less than 2 nm and scanned at
| ow vel ocity (approximately 5 m's) while in physical contact with the
recordi ng head. A conventional |ongitudinal recording giant

magnet oresi stive (GWK) read/wite head was used with wite and read head
Wi dt hstreches s spaces senqrating dheliglondsrps stenyreley the ¢opysigihén PIG. 3t 'iwtredcheads fir st
demagngii i external . perpendjcul gr field of 20 kQe. The recording
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converthitie 8kperintgil exathpie) a horfhefilal Weitd'hdal G %?éh ! Lokl eld
between its poI es t hat tls]s generally in tahe £p angﬁggf?%g%’nrg%%eq?ﬂh hi s

ex loer i40and. 4 él(; Beugk adixed waite cwranowas isedpby pim]?etf uﬁ‘lthgioﬂime‘ \gﬁieq?uf[ge?mwgshe
pol.es r. sed .t ange .t he netization of the perpendicularly

ma netﬁ%@eg‘éﬁ@y &chi?'ﬁ@ gﬁit?pdi %ﬁ%agwﬁm}%ﬁm Faxipgn e an istapdea thasorbnt i onal
cont i RHOsS WRE iR loWwBedoRed N8 iRtk i WrhddnBfzans S reon the medium
writing on Eatter{r)led nedi a%rlequﬁirlsgg{at gxg/dﬁ%@gzrﬁt@égwﬁ\éﬁ% e]E’Wé“g &ecﬂ]%re wave
wr i t e vpate pulses soi thit théimaxmhuan dringng field . wakhgplia] Rt 9 akitéisg RN be easily

retrieved .fromthe rgejdback, Si %nal of the dc-erased magnetized i sl ands,
wher e r?q%etmanp%oﬂ- l?%*? lsdn ap jsland. Albfownsegegtiostriesdd, B £HR) wererabld todbei s| ands,

as shQwehy Hﬁ?n{a{?ﬁ’ers | . The I he w dth of about 180 nm
enabl es the s gna tbqggﬁlr)tédgﬁ S@g(g:}lgn%‘rlg‘m?gl}\o |S?1[g? WAYELON §eRerated by r ay .

| 10t hidsaggingahé GMR adaddcadrpdress the Bhind patéras and icveald@adonasfaepd With a fixed
wite current, of 4 Even though a fixed wite current was used, by

pr opelmigf‘?ﬁzﬁﬂo% eVF]IgéKf\ﬁ’pt@- pulses it was 5 possible to apply the fringing
w h the | oo ebaBnraR Ao oY et oR ol R ot Tosfroinh « ched.
esul Lod 0 St Lebl oot be, maanat | e o o "Dt el poPHehelg e8P | o
f our ﬂﬁﬂﬁ@ﬂgcém‘_%/i)gtlﬁ@%( ,Q"@?‘G‘,‘%}ﬂ‘\)@isémdftﬁl@ hegised The inventioniin alshiftlyranner . The
oo o Bt A M AP UPMTRASH ST, (0% (our
di f f epenpendicdamignett haisottgyel s (A B, C, D).
The magnetic cells can be formed of a granular polycrystalline cobalt-chromium (CoCr)
alloy grown on a special growth-enhancing sublayer that induces the crystalline C-axis to be
perpendicular to the plane of the layer, so that the layer has strong perpendicular
20  magnetocrystalline anisotropy. Materials that may be used as the growth-enhancing sublayer for
the CoCr granular layer include Ti, TiCr, C, NiAl, SiO; and CoCr, where Cr is about 35-40
atomic percent.
The magnetic cells can also be formed any of the known amorphous materials that exhibit
perpendicular magnetic anisotropy, such as CoSm, TbFe, TbFeCo, and GdFe alloys.
25 The magnetic cells can also be formed of chemically ordered CoPt, CoPd, FePt, FePd,
CoPt; or CoPds. Chemically-ordered alloys of CoPt, CoPd, FePt or FePd, in their bulk form, are
known as face-centered tetragonal (FCT) L1, -ordered phase materials (also called CuAu
materials). They are known for their high magnetocrystalline anisotropy and magnetic moment.

The c-axis of the L1, phase is the easy axis of magnetization and is oriented perpendicular to the
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The experinental results described above were for a nultilevel magnetic
recordi ng nediumwherein the nagnetic cells with perpendicul ar nmagnetic
ani sotropy were nultilayers of alternating Co/Pd |ayers. Co/Pt multil ayers
may al so be used. The invention is also fully 15 applicable with other
types of magnetic recording materials and structures that provide
perpendlcular magneti c ani sotropy. The magnetic cells can be fornmed of a

gr anulsal Stﬁ@ﬁ ﬂwmkmg the mﬂ&@bhsultablwfonpcmﬁ(tﬁmﬂhr)maabhmecgndmgmeha aLikeeci al
growt h; e r |nducsthec stalline Caxis to be

per pe @ﬂﬁﬁ%“qjg /?ﬁ ‘S?@P@s’o cseavers,bave Ve@’os gPeRpR F‘él%?m?r?ér@lét rong

per pendi culwmlepdmﬁﬁu%m@p&éﬂwﬁrﬁﬁﬁm{m&xd@ e,y be used
as the growt h-enhanci ng subl ayer f'or ayer |ncI ude Ti,

Ti Cr, egyentihlly anySiogmagmetic @aeterial waebeued, pmvmlbd)utls ﬂﬁeléhﬁmuglh aussupeieRt . The

e netlc cells cap al,so, be forned of the knovvn anmor phous naterial s that
exhi bia8npLe bei]ﬁ 1%[?“4?&%@?8‘@%?}?&%?@6@@ Shche: arpigxampleppéCo, and

CdFe gklepYisaterals thitSn rqgég}ﬁa%qg%&l so be forned of chem cally ordered
CoPt, CoPd, FePt, FePd, OoPt3 or Chem cal | y-ordered all oys of CoPt,
CoPd, FePt Imperﬁeiﬁli(;ulamnagmeiw rdsotding syswemsahia usdxp@'lwheﬁ% forreadifig AdEweitlng,

rd h | | | I ed CuA
mt er fapaly mognelcallveRnEANE Wl eﬁgﬁ?gﬁﬁ”né#%éﬁa%&% ﬁ%eat.!emhma;mopy and
rrm;gzggl)%gtlonﬁgﬁ ﬂ;ﬁg?%“ nt ed)(?ﬂ(]eérﬁgngIl %M%QO@ g@b!"ﬁ?a%b%‘dmf’iﬂis

B ngndghetiomt@ting|systerns diat esefriig ladpfon deaﬂlﬂg@hd RREHE! 4 Soff BRdREIAV I IndYEHta-
Like . the Co/Pt and Co/Pd multilayers, these |ayers have very strong

per peRaNEsESIAY.afllermatsgls thatiaresutiablgfar the soft urderlayerdncleds NiFeyBeAlSit er i al i n
the e essentially any nonmagnetic material can be
used, )Fg?@ﬁ’ chtg%lﬁ?le 9?3 ﬁﬁ%nough to assure that the 5 magnetic cells in
the islands are nagnetlcally decoupl ed. Cu, Ag, Au and Ru are exanpl es of
other materials that ma be used for the spacer Iayer | n perpendi cul ar
magne MeLIon Recere riultievel Mediauging War dieitng and writing, a

"geftt mag ﬁ%l&ﬁh@%&%@ﬁﬁﬁh& OS] Y Slaubio AP b Lo B BT 1 ©

beneat h t he magne
four possible magnetic states in a magnetic island having two single domain magnetic cells. The

head 100 is a perpendicular head and has a coil 102 connected to a current source 104. The
current source 104 is part of the write driver circuitry that also includes switching circuitry to
generate bi-directional write pulses with at least two different current levels, I; and I,. The write
20  current generates a generally perpendicular magnetic field from the write pole 105 that returns

back to the return pole 107. In the preferred embodiment of a two-layer medium, the lower
magnetic layer 20 has a higher coercivity than the upper magnetic layer 40. Current level I,
generates a magnetic write field greater than the coercivity of the lower layer 20. Thus, as shown
in FIG. 4(a) a positive I; changes the magnetization direction in both layers 20, 40 and generates

. 25  the A state. Similarly, as shown in FIG. 4(b), a negative I; write pulse changes the magnetization
direction in both layers 20, 40 and generates the C state. To generate the D state, the island must
first be in the A state, after which a second current pulse with a value of I in the “negative™
direction is applied, as shown in FIG. 4{c). This negative I; current pulse generates a magnetic

write field greater than the coercivity of the upper layer 40 but less than the coercivity of the
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| ayer to provide a flux return path for the'field fromthe read/wite pole
head. I n perpendicular 10 magnetic recordi ng systens that use ring heads
for reading and witing, a soft underlayer nay not be necessary. Alloy
materials that are suitable for the soft underlayer include N Fe, FeAl Si,
FeTaN, FeN, CoFeB and CoZrNb. Method for Recording on the Miltilevel Media
using Variable Wite Current 15 FIG 4 illustrates the manner in which the
i nductiower luyer 26 st enly thOMagmetiaatitn cfanly e upper lafep o iuwdEfchbd eSHEiNRT foC St at es

in a magnetic island havi si ngl e domai n _magnetic cells. Thé' head 100

t
is a BERGsUAhetsate Hhed a%fhn%“ﬂ\i\afg"s%beda ithe G 5tate; gHercwkiela serond currentipulsgour ce

104. {: =104 4 . - 1:.h ' j Lr.cuitr hat
5o Vi Fitie SEh PBE MBS oA aBitic s Hobpttn £ ), SHF RGNk ool ses
W th ghrrét palse igeersted 4 fragidticomtite #ield fremet than tHe RBEIVIE-of TiCupiet [aQerdd 1T I Nt

generates a general |y perpendi cular magnetic field fromthe wite pole 105
t hat dess thandhe engeivitioof the laver layar Hdseonlp the magnetieationeff the uppeelayaditient of a

the. uphirdlogh itk ifihce PRGNS belten e maghus BB by Wi 1o
fi el dygp@abRin thedhehbifc KRAA & Milche®WhER the IPPREe is@.)é@ied?%%véa,m s shown in

FIG 4{(a) a positive Ii changes the nagnetization direction I'n both |ayers
20, 40oarcivitipemethattes celibintaheslandstaatbe. ve§i clodesorltlye corsciwityoofithe fower Cell 64lp) , a

negative li wit | se chan t he magneti zatjion  direction in both |ayers
200 el e harEibe EhercitE DL U GGl 1L R TIE designediee thaties lowRrsRll mist

fhgst; ' i S . |« | ue of
1407 i RO Yo gl b, MU0k bnfied6y Aol Elbeubitp B fhibthel IF
negat thesspacer tayer #0) thepiowvselagemidreillds axposgite aimuchiswénwvfiledicld tas diearppehan

t he C(lz)ercivi y tgnfg th? upper,. l.ayer 40 but less than the coercivity of the -9
| ower 1ays5d} when the Lpitise 18 gRPliglgnet i zati on of only the upper layer 40 is
switched. Simlarly, to generate the B state, the island nust first be in
the C state, after which a second current pulse wth a value of 12 in the
" posi Meteod ot Readrdinp on shelulinltilewt] Mesli v Thepmal Sssisddidy and Fixed Waiet | ve 12
current pul se generates a magnetic wite field greater than the coercivity
oiﬂh&ﬁgﬁ%r | ayer 40 but 5 less than the coercivity of the |lower |ayer 20
so only thejdaegnalifat . r | & bstanti al
di fferenceﬂ n c@g%ﬂéa?%itbgﬂhﬁe\{glgﬁ%%%ng‘g@% iag“é:i gélg}dgét\étesﬁﬁégwf@g&onl y the

records each of the four possible magnetic states in a magnetic island having two single domain

magnetic cells. The head 100’ is a perpendicular head and has a coil 102 connected to a current
source 104 that provides a fixed write cutrent Ip. The current source 104 is part of the write
20  driver circuitry that also includes switching circuitry to generate bi-directional write pulses with

plus or minus current levels, I. The head 100’ also includes an electrically resistive heater 103
located between the write pole 105 and the return pole 107. The heater 103 is connected to
circuitry for applying current pulses that enable the heater 103 to generate heat pulses to the
magnetic islands on the medium. U.S. Patent 6,493,183 describes an inductive write head for

- 25 generating the magnetic write field and a heater for heating the media. The write current Iy
generates a generally perpendicular magnetic field from the write pole 105 that returns back to
the return pole 107. In the preferred embodiment of a two-layer medium, the lower magnetic
layer 20 has a higher coercivity than the upper magnetic layer 40. Current level I; generates a

magnetic write field greater than the coercivity of the upper layer 40 but less than the coercivity
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upper cell in the magnetic island is swtched when the 12 pul se is applied.
However, the coercivities in the two cells in an island can be very close
or the coercivity of the lower cell only slightly greater than the
coercivity of the upper cell if the nedia is designed so that the | ower
cell 10 is sufficiently far fromthe upper cell. For exanple, by
appropriate selection of the thickness of the spacer |layer 30, the | ower

| ayer abthgilowerdeyee 2003bus withaut thevinal assistanve fro@ Hea} €03, Bary ﬁ)@ﬁllvgﬁfzmoﬂ ayer

ied. Method for Recording on’the evel

20 wh h 2. |
Medi aeﬁﬁhﬁe ‘#H&pu se]ﬂéﬂg 4§Q‘ﬁh@s swifghed bycthe wagnetic \mte@'mld eﬁiowﬁreﬁ when heat

I 11 ust tlve I.te head
100 r{e%igrﬁggd llggléh o? h %?%B@S%E?&ﬁ%r tﬁl&qﬁﬁg]ﬁo Oalsﬁ%{ 9% tps| and
haV| ngtlle\ﬁblrsltcrgpﬂamimmme fermgnaghétic metetisl in TAoWeARly é‘r% \dhﬁ:h%ﬁ(ﬂlﬁ:’é?ﬁ-l@d' cul ar

>a?.d and ha% &tﬁ Lﬂ gaz connected to a current source 104 that provides a
ed FTEEA e ver Ayentochel e the wioterfiskd gaurated lpemnrenf Lot husyias sleovad

dr| ver c WI tchl ir ener at e

b1 - i rinarog e & Boblteé 1o e G p Bl i a fetrilen fom Bealera 0%jehanges head
100"  athe magnetizaties diaéctioh @€ bsth Ialety20, @8 1afd biMRrdt veen
the wite pole 105 and the ret?}rn oI e 10% Thg@%gz‘%%%{glgk%% éonne&‘?‘ed to

ci r cui MGt Hb).anseytivedo ewrrens pulsein @;mbmatwn veittad heat phise fient lesatet 083 tRanges
d th di U. S. Patent
gonet A pgALHbT oo o TOARGHL B nhd S ot Ot o Bimsrinibe et
|
Wik e drate) tle Ritadani3e ifsebe irdthe ARtk ek WhidKeRatiyd1G ek Gl zﬁ{g}ge% o 105

generates a gener al Iéénper pendi cul ar magnetic
that rieWRAR H&cﬁ(c)t Scmaii‘eﬁthlcwrgmpgls&@heratns s hegpetefvarite dididogromes themt of a

t wo- | ayer 20 has a hi her coercivity than
t he ugﬁéﬁ{)é}?g{rﬁgﬁ} ﬁ@%ﬁa}%“ r{'ﬁaﬁ‘ % '8‘%8%@1‘5&9\5! er lgyer ﬂﬁ@ﬁ@ﬂl)@h@} ite
field rﬂﬁgﬁﬁﬁhohwmetdwmqa?ér%\ié wltairedt hﬁn Beta btic 48 Blthie| B8 RN Lhe
coercivity -10 of the | ower |ayer . Thus % her el &e ] s! ce from

heat ermuEirst b uryﬂwpﬁéstntagafsr whédhi a:posnnlka I eremepilse isrppligic ks Siowerin40 wi | | be

tc te field. Ho when_heat lied to th
i urkiPt S e SPEER o eR s R ETHeS Faghio Wil pienepbon B af sed

ICLSZ re dggrcnf,i\?:ﬁcf ?{%ﬁgﬁi lgg&teﬂ)giu'ﬂ Ie8s fan BhEcoe ViR BEIREToWer IRESI) & oﬂly glehe | over
magnetization of the upper layer 40 is switched. A substantial difference in coercivity between
the magnetic layers assures that only the upper cell in the magnetic island is switched when the I
pulse is applied. However, the coercivities in the two cells in an island can be very close or the

20 coercivity of the lower cell only slightly greater than the coercivity of the upper cell if the media

is designed so that the lower cell is sufficiently far from the upper cell. For example, by
appropriate selection of the thickness of the spacer layer 30, the lower layer 40 will be exposed to
a much lower write field than the upper layer 20 when the I, pulse is applied. As one example of
this embodiment, the lower layer can be formed of a 6 [Co(4A)/Pd(10A)] multilayer and have a

- 25 coercivity of approximately 3000 Oe, and the upper layer can be formed of a 6
[Co(2.5A)/Pd(5A)] multilayer and have a coercivity of approximately 2000 Oe. A fixed write
current pulse of 10 mA will generate a magnetic write field of approximately 3000 Oe. A heat
pulse of a few milliwatts will increase the temperature of both layers by approximately 40 K,

which will reduce the coercivity of the lower layer to approximately 1000 Oe,
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5 coercivity of the lower layer 20 to belowthe wite field generated by
current lo. Thus, as shown in FIG 5(a) a positive o current pulse in
conbination with a heat pulse fromheater 103 changes the magnetization
direction in both layers 20, 40 and generates the A state. Simlarly, as
shown in FIG 5(b), a negative ID current pulse in conbination with a heat
pul se from heater 103 changes the magnetization direction in both |ayers
20, 40 and @$dhewshHIS. Shows thedeater 103 Ipeated hetsyetmmeﬁ)olldé 1652107, thelhRateSnapd

st s Wealel b8 S Gacl i W BB S SRS 2 elient pulse TS
magnet joagittidihsl vfmelhaacga@aés@ﬁbédxﬂ%ubhhﬁdfwsfﬂ%rht pﬁt?t}o*ﬁ%doeﬁﬁgb@ X in 40 but

| ess than the coercivity of the ['ower |ayer Yion
of t hewhish&nse my@@nsm thescodhdierverne dhe Geatiitalidads td the bieater. dhaddition Bhehahg. the

sland fi,r.s C state, after which a posit e o current
Ipulsgle ‘?Oseggl%fﬂ'?e:gdo Lg ]:‘?BWQFY egistive heater maTI]?IFQ‘ Sﬂ?ﬁsflﬁ? Ieiﬂgie\ﬁllbn@lmﬂegﬁﬂ pul se
gener aisgsuioBanthd falcileSuric Bbal ShAAC b0 M HErs FRBRCHY LM, UPPe!

| ayer 40 but less than the coerci'vity o ower

magnet previded thedfeat rdscamdehe magreetic 4dte fiekldah Haasbalitedsioasidd iHatbnl§ 'tﬁé er e ” ce
I n coe v %‘%i 31 en the magnetic |ayers assures that only the upper cell
in the eﬁ’é@‘L fsdaye Hdm}gé‘e%%“?mt%ﬁ@n the lo puI se is applied. However,

t he coerci be ve cl ose or the 20
coer ci vi tyVIggj ??\Se”bg\/\‘ggw%gﬁpﬁ dlh?;egl%gﬁﬂe gﬁgﬁ lFYfﬂﬁ“ BNCEEEing ty of
t @ upgyetemcaebbrdirdg tb e preséintinvesstione SThedee 200 hidd h6ﬁ§ﬁ1gl ase £ that sﬁpports
sufficientl ?/ far fromthe upper cell. For exanple, by appropriate

sel ect%ﬂcmtl@ or23Q apgha éﬁﬁ%ﬂ@t%ffomﬁtmgaéhﬁemunm}t@lr magneticinecording disk 2y 4r THO Wi | |

b | 20 wh the |
pﬁl g)é 'S app S%t%pghgx\géuéﬁgeeﬁ% fi’ﬁ'i‘ %%af’ﬁecﬁtaﬁ“‘? B e’é@ﬂ“‘ﬂﬁsgr c:n °
be f or(lmldg))f;ulﬂtrﬁteé @Bﬁ%ﬁrﬂéﬁﬁ@%} HiskdhibVed. apiRr acﬁﬁﬂ)rb@@l ﬁ'l é}%%f%g&g&h\fﬁ&t& of

approxi nately 3000 ., and the upper layer can be f
[ Co( 2.(¥AMP@taranstugior thm la@f@rn%ma% mmaaboumvmfzsappsmmm ely 2000

A I Wil | en t magnetjc wite
(181 o "oty bl Sl By 0 R8T Prusoetiea P hneher Pllaead i |
i ncr eastechedao tiergpd ofihttistopirmbrr4 hﬂd%&ﬁ:ﬁﬁ chr¥ieAPEY, @&H@taﬁlﬂr-@sgﬁsl Qi ch will
reduce the coerC|V|ty of the |ower |ayer to approxi matel -11

Al t hodgached to the otlesgad phauspension;2210 The owmgnetic iskande2is amSlpmzemaﬁangeam
the heatfiaifPbaced circular tracks 218. As the disk 214 rotates, the movement of actuator 230

allows the head 100 on the trailing end of head carrier 222 to access different data tracks 218 on
20  disk 214 for the recording of multilevel data in the magnetic islands 215. As previously
mentioned, the writing on patterned media requires the synchronization of the write pulses with
the island pattern. A patterned media magnetic recording system that uses the magnetic islands
to clock the writing is described in published application US20030107833A1 titled “Patterned
media magnetic recording disk drive with timing of write pulses by sensing the patterned media”
. 25 published June 12, 2003 and assigned to the same assignee as the present application.
The inductive write head used to record the signal shown in FIG. 3 was a conventional
longitudinal inductive write head, and the inductive write head depicted in FIG. 4 is a
perpendicular head with a write pole and a return pole. Another type of inductive write head for

use in the present invention is based on a magnetic-force-microscopy (MFM) probe comprising a
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al so be located on either side of a pole. Also, the heater may be forned as
part of the coil of a longitudinal wite head, as described in published
U.S. Patent Application 2003/0021191Al, in which case portions of the coil
serve as the electrical leads to the heater. In addition, the heater 5 does
not need to be an electrically resistive heater and may be a separate

el ement not directly associated with the inductive*wite head, such as a

| aser ¢aptilever with @ arpmetesrshampoagnetic tipat thedantileverpndy Ose dydelod MiERItprebd ise and

th i 6wk Lepti el be | pcal i zed t re that only the desired
cor 1 o Saguoe S Tk 0 o 8a e hERd. 1 S5V I e wsstond et otth sic
drive robosbo@dwigd the Brobewbly b &Y fhacBERahfilel &0B0d :ﬂg phobeodl ST BECOEl N9

to the present invention. The drive 200 has a housi'ng or ba Thet"
supporafpoles F48ci4Zaandran Ixiictiveicail Hrli. VEheroil (il 1 fand polet 340,392 takeforiibd iidigy €|

magnet i ¢ recor.di di,sk 4. The . di 214 substrate nmay be any suitable

subst rafEe lgﬂﬂlﬂ“ﬁ‘ggr?ﬂ’éc f5Paugues, as3p ﬁﬂ?ﬁﬁ‘tﬁ‘ﬁWﬁd@ Hhednapnfactyce jof sk dbxe thin knused

in co i Lk i O i g 2@ voi.ce coil notaqr

(Veny HEAIVSWale BRS iPpich e AN oKX ro SR s it B0 s esiondl 232

as shaligk dbyiveircheatng dRler. Thépales 3405 Béllﬁﬂe&pa@ﬂ%@ﬁbbyaﬁaﬂmh?ﬂig g8 3P, 234
uat or arm

suspensi on 2§% t£ t has one eng attached to the end of ac

and anlﬁ\?é’é?‘eé AP 32 aso piter tosformya yoke throwgh which éhre coilad 1t prabsesl The t he
ot her ' 24: etl e .isl and 5,An disk 214 are
arrangsg‘tgjmmigé\eraai a: Ié;?q'rs\gégélés géfsgg?g;ﬁ?ﬁ(g‘gﬁ@aif%ﬁ 3%@: Pﬁ'&ﬂ&}lg?\ﬂt?ﬁe? ot at es,

t e nulrengineoibl ! laemughetic A0 is inttha@dsn tegoke ast +ABndiR fliSs g&ﬁkdttmeﬁe% of
head carrier3‘€)'2]%?to access different data tracks 218 on 20 di sk 2 or the

r ecor dRGRPIEY 3 1ust as|1n g gppventiona) dongitydianl thin BlmainductiveSyritaent. eAipeate! v

ment i NN e ' equy r th chroni zati on of
the. wiPo2Opb B fokpeinbniiel bith APRATREL B H2RLE 330 peSe i et myhcaie
recoru'hixamt&}aﬁ%éhaisw&esoiﬂiegmmbk&ndlﬁr@ﬂdﬁeeﬂd@ofiﬂé%lésh%%'f&b'bng is
descri,bggpég%gﬁbl i shed application US20030107833A1 titled "Patterned nedia

nmagnef Fah ons Wietags prsaaded 32 whichisig contagh witkeopridfthe polps smhisi ng t he

Past exfaild A 1S : 2003 and assigned to the sane

aggi grt;ee ars&‘f ? H‘Z“‘g'p‘?‘z“'s‘g‘ﬁ'?hglpgq‘ ?@%&H’l ﬁPﬁgg‘f‘)"n“é‘hﬁd‘iﬁ)’éﬂﬁ gqngmﬁ}ggamagléﬁageo

r ecor dut itwactiad slpe clovaryi Asah GlterBativstoahe pukéathbtaRAdepicdt @A MR coil

I nductive wite hea&s{e_and the inductive wite head depicted in FIG 4 is a
per pe YOG " RPRFd AR 2 k?ﬂﬁ‘%ﬁt@%l@%&%&@ﬂmﬁﬂ@ﬁlmmﬂ type of

| NAUC iRl 556 pRSRfkd e structures are formed of material that allows the magnetic field

generated by the coil to be directed to the magnetic probe tip 320. This type of MFM probe is
20 described in U.S. Patent 5,436,448. In any such arrangement using an MFM probe as the
inductive write head, the coil receives current I; or I, from the write driver, which causes probe
tip 320 to be magnetized in one direction with a field strength determined by the value of I, or L.
When the current direction is switched through the coil, the direction of magnetization of the
probe tip is reversed. These two magnetization directions are shown schematically in
- 25 FIGS. 8(a)-8(b). These two possible magnetization directions and two possible magnetic field
values enable the four possible magnetic states (A, B, C, D) to be written in the magnetic islands
in the same manner as described with respect to FIG. 4.
In the disk drive embodiment of the present invention with the MFM probe as the

inductive write head, the cantilever 350 with probe tip 320 is attached to the actuator arm 234
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use in the present invention is based on a magnetic-force-m croscopy (MM
probe conprising a -12 cantilever with a nanoneter-sharp nmagnetic tip at
the cantilever end. One type of MFM probe is described in U S. Patent
5,900, 729 and shown in FIG 6. FIG 7 is a side sectional view of the
probe 300 showi ng the probe body 310 attached to cantil ever 350. The probe
body 310 has a pair of poles 340, 342 and an inductive coil 311. The coil

311 ar(drlcrzoﬁ)emmr t)&eZ)factaatbommadlabbs tig: MFDprobats bnaed lin b ARETERRBIC

t echni u in the nmanufacture of disk drive thin film

i nduct é’éﬁ%‘t ?ﬁo%ﬁﬂ%hﬂpwsv Tothe MFM %@W%@@nﬂmMn heaealso

traillybgmﬁgglﬁ]‘%l beayin I|d : The ol es
340, 342 areuspgcegﬁg%art e%ﬂ&iggrﬁlg%%%’%g{%p\ég%c?j%4% 842 are
i nt er aleseribed énd“MallipaterA MEDISBased Sughthing Pride Tiga-Sokd e%%{eﬂ@sm The
sectigped ends of the coil w ndings are shown in enc% view as coll 311. Wen

cuPr enftapgssens oroMagmesiayy Aol No1 2, March9Rd(npc9 38450 The ‘Midlipede!” systehhis yoke

convernedindchitio SR Ahh G Rt B aRod tineb udsip swie nit o 220,
whi ch ih 8 pblyfieeid stofageQnéditihn. Wi BeadhidgGRshe Qﬁl%d%ﬁeﬁt'%?ﬂ%hﬁﬁll&%grfﬁbe‘%z and

preferably also in contact with the end surface of the ext ends
from {TEReT nlgysmm faererding tosthe presensinmeation 5 she@NhmEIG 9. I'Haﬂhulﬂmelsm&me or
poles and js 15 fornmed of a

d
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structure depicted in FIG 7, the coil Tay be
ar oundoyt elbthespbstetndOly, Hﬁae;subﬁjetdoﬁuyns Sugsported oh laglatfondi402\0f an 3593@?1@&' ded

goner At MEM I bohe s fio itk Sivopatel RaMilatmed 1ids ftsisandiop a3hip 420 s
type ofhe\ibi #2008 hediuRU08esChbRfe felative B of@é:ﬁ)ﬁ{erﬁ} % o éﬁec[nﬁes BihesUC h

arrangenent using an MFM probe as the inductive wi
r ecei gz seaonere (fthus eachprotse if lassnmawdwvthmﬂydseomn of titeitotal Shudagraphmbe tip

di th afield strength det d b
he v AtdEsRT oY U Rlanadinhd sociol” MatRalb o LR 430, €A wimemiter ough ¢ e
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two magneti zation directions are shown sc cally in 25 FIGS. 8(a)-8(b).
These two Ppbss¢aphingpeejrectystemtdescribei abotd amdslepiottdtin®IG.oskdsbinarmmeoneti c fiel d

probes. However, the scanning probe multilevel magnetic recording system according to the
present invention is also possible with only a single probe in cooperation with an xyz scanner, in

20 the manner of a conventional MFM system.

While the present invention has been particularly shown and described with reference to
the preferred embodiments, it will be understood by those skilled in the art that various changes
in form and detail may be made without departing from the spirit and scope of the invention,

- 25 Accordingly, the disclosed invention is to be considered merely as illustrative and limited in

scope only as specified in the appended claims.



val ues enabl e the four possible nagnetic states (A, B, C, D) to be witten
in the magnetic islands in the sane nmanner as described wth respect to
FIG 4. In the disk drive enbodi nent of the present invention with the MFM
probe as the inductive wite head, the cantilever 350 with probe tip 320
is attached to the actuator arm 234 -13 (FIG 5). Another type of actuator
that enables the MFM probe to be used in a disk drive is described in U S
Pat ent 5, What isiddaimedigver, the MFM probe type of inductive wite head al so
permts nmultilevel magnetic recording in a scanning probe system A
scanni ng probe systemis described in "MIIlipede-A MEMS-Based
Scanni ng- Pr obe] Dat aqﬁ;agﬁ@g;qe&a{ngrﬁiedhhgggn? -;Iiﬁ%nsacti ons on Magnetics, Vol.
39, No. 2, March 2003, pp.938-945. The "M Plp de" systemis a
thernnnechanigﬁhb§¥ﬁ&%ﬂhin which the data is recorded by heating the probe
tips to cause pits 1'n a polyneric storage nedium The scanni ng probe
enbodi nent of thiea[mI tilevel magnetic recording systemaccording to the
present i nventdRipreiy of|spagediapant magnefic islgadsmn the sebstrateneashadslarsl conguising ng
medi um 400 is as described with respect to FIG 1 and includes the
subst r at et kagt twndtatked magnetig celfs, eadhsiel el sing @erperdieulasmagibtic ﬁﬁi@o@é@ a4dr anged
as an x-y array of nutually perpendicular rows on the substrate 401. The
subst r at ®ethigbepaiated BBAT the StheR céllsth Ak iMn 402 of an xyz scanner. An array
of MFM type probe tips 410 with associated cantilevers 411 is fabricated on
a chip 420. The chip 420 and nmedi um 400 are novable rel ative to one
another in the x-y directions by the xyz scanner. Thus each probe is
associ ated w 2h oniThe medReh bPélaidf 1 WiRrdiPihalmd Eﬁ@ﬂoﬁ"eﬁt@%f@:i@aﬁwgddresses
only the islands in that section, Miltiplex drivers (MJX) 430, 2 all ow
wite cafighberingcells ipan islapd argriepted sitherpagallchongtippratile i ndi vi dual | y. The
scanni ng probe system descri bed above and depicted in FIG 9 has an array
of probes. However, the scanning probe multilevel magnetic recording
system accor diing { Thé hredivet 6felatn | WheRi Sthicsl M SEngOFREALE diirdh o' ¥
single probe in cooperation with an xyz scanner, 1n 20 the manner of a
conventional MFM system Wiile the present invention has been particularly
shown and desgri be i.th: C o .the preferred enbodi nents, if. wll
ULyt il bEARRES whirein 0% REPAEY Fomenc oL onénted in

be under st ood by those's
one of two opposite directions substantially perpendicular to the substrate.

5. The medium of claim 1 wherein each island includes a layer of nonmagnetic

material between the stacked cells for separating the cells.

6. The medium of claim 1 wherein the islands are spaced apart by voids.

7. The medium of claim 6 wherein the substrate is patterned into a plurality of

pillars and wherein the islands are formed on the pillars.

8. - The medium of claim 1 wherein the islands are spaced apart by spacing
material formed on the substrate between the islands and having substantially no

perpendicular magnetic anisotropy.

-15-



in formand detail may be nade wi thout departing fromthe spirit and scope
of the invention. 25 Accordingly, the disclosed invention is to be
considered nerely as illustrative and limted in scope only as specified
in the appended clains. -14 What is clained is: 1. A nagnetic recording
medi um conprising: a substrate; and a plurality of spaced-apart magnetic

i slands on the substrate, each island conprising at |east two stacked
magnetic cel | s¥- eachheelefiunnef ahajmp®whensiti the lspacingeyatetialds acimagnetigy and
bei ng separated fromthe other cells inits island. 2. The medi um of claim
1 wherein the magnetic nonents of each of two neighboring cells in an

i stand are of i ent edTRE b Miinl whtreRthERALAIG two ells TG GHgN Of Cl I M

1 wherein each cell is a single magnetic domal n. um of claim3
wherein each cell has a nagnetic nonent oriented in one of two opposite

di rections substantially. .per dicular to the substrate. 5. The medi um of
claim 1 wherei ﬁlt'eac ?’%‘%@ &%qu@de‘é’ﬁgeﬁnﬁéb cedk is ganwtitayen ofalterpating lagers

bet ween t f Waleme The medi um.of claim
1 wher ei n@hﬁé&?@%gﬁggé L%%d%g%%%éﬁ%ﬁﬁ%?ﬁ@# L"%d Fe?%"ed Eprge&? ﬁ‘ﬂP&Qﬂéﬁf aimé6
wher ei n  tdvtectadifiim tteegroup @msisingiefiPt and ®dasaid tivitilayer hefing Pldgh@icanidttopher ei n
the islands are forned on the pillars. 8 The nediumof claim1 wherein the
i sl ands asrugs@’bt&’é]é'd’egﬁaﬁc%wstﬂééﬁwgmenateri al formed on the substrate

bet ween the islands and having substantially no perpendicul ar magnetic

ani sotropy. -15 9. The nmedium of claim8 wherein the spacing nmaterial is

nonmagneti c. 12 THEhemeldimodtlairth di whekeinieadtedel i RehRd 3F 8 f@i¥agnde cel I's in

each i sl and. él. The, medi um of claim 1 wherein each cell is a nultilayer of
al t er nat irﬁgexp \FEmPprising one or more of Co, Ni, Fe and alloys thereof.

13.  The medium of claim 12 wherein each cell is formed of a ferromagnetic
material comprising an alloy of Co and Cr having a magnetocrystalline anisotropy

substantially perpendicular to the substrate.

14, The medium of claim 13 wherein each cell is formed directly on a growth
enhancing sublayer, '

15.  The medium of claim 14 wherein the growth enhancing sublayer is formed of
a material selected from the group consisting of Ti, TiCr, C, NiAl, $iO, and CoCr, where Cr
is about 35-40 atomic percent in the CoCr sublayer.

16. The medium of claim 1 wherein the cell closest to the subsirate in each island

has a magnetic coercivity greater than the magnetic coercivity of the other cells in its island.

17.  The medium of claim 1 further comprising an underlayer on the substrate

beneath the islands.



of a first material selected fromthe group-consisting of Co and Fe and a
second material selected fromthe group consisting of Pt and Pd, said
mul tilayer having magnetic ani sotropy substantially perpendicular to the

substrate. 12. The nediumof claim1l wherein each cell is forned of a
ferromagnetic material conprising one or nore of Co, Ni, Fe and all oys
thereof. 13. The nmedium of claim 12 wherein each cell is forned of a

f erromagneti c 18mat élﬂieanedmnpfpbnmgmﬂlemm the wnideBoyenisch soft hagrictically

magnet ocr ni sot.r o tiall er pendi cuI ar to the

subst r at ﬁﬁ%ﬁeﬂ@ ﬁ{nﬁf%él %ﬂ&lﬁﬁ?&ﬂz}?e\e&/‘ﬂ Rensistieg pf NeFe BedSd direct |y
on a gr oeraNeRdNITSIFRs st @¥Rp: 15 The medium of claim 14 wherein the
growth enhanci ng ‘subl ayer is formed of a material selected fromthe group

consi sting of T|, TiCr, C N| , Si2 and CoCr, where O is about 35-40
at om ¢ percent Cr a 16. The medi um of claim1 wherein the
cell cl osest t18 th §l’}'%f ﬁiWﬁ%F@ﬁﬂmﬁﬁeﬁfﬁfﬂgﬁéﬂﬂ@@bw&Wmay

greater tphﬁﬁht&%?g&ﬁ&ﬂﬁtdoﬁc&ﬁ%&é(ﬂ&rhaﬁs the other cells inits island. 17.
The nmediumof "claim 1 "further conprising an underlayer on the substrate

beneath the islands. -16 1 8. The medium of claim 17 wherein the underl ayer
is a soft rragaﬁti c% albl e_under | ayer of material selected fromthe
group consi sti“hy of F\IF‘WQ 8 whereinthepdapds esramngedioc iz shbstrat®in The
medi um o pds are arranged on the substrate in a

pl urali t;felmof gg?nrélrlai i{/ﬁ&gﬁg&gﬁ{lrl l(::)@'m rcular tracks. 20. The nediumof claim
1 wherein the islands are arranged on the substrate in an array of

nmut ual Iy perpendi cul ar rows. 21. A patterned magnetic recordi ng nedi um
conprising a substrate and a plurality of spaced-apart nmagnetic islands on
the substrate, each island conprising at | east
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two stacked magnetic cells, each cell having (a) nmagnetic ani sotropy
substantially perpendicular to the substrate, (b) a magnetic nonent
substantially decoupled fromthe nagnetic nonents of neighboring cells in
its island, and (c) a magnetic coercivity different fromthe coercivities
of neighboring cells in its island. 22. The nmedi um of claim 21 wherein each
I sland further conprises a spacer |ayer between neighboring cells for
decoupling the magnetic nonments of neighboring cells. 23. The medi um of

claim?21 wherebpn the . S apal.t by vaids. 24. The nedi um of
clai m 23 V\/nereim;\]' thg %ﬁ%@?&gagﬁignsc ‘%‘gfrﬁg\gﬁ@ﬁﬁ?fﬁ%mgﬂﬁpgﬁgp ftptegnd apj | | ar s

and wher ephiraliteof spaceddapastiRagneti @ Rn@s oh R Wbtk Sacidial | claim
21 wherein the ial ands_are spaced apart by spaci’ngc ?rlaa{lae-gls%lpﬁggg%g‘;%n t he

subst r at eMH&it magaeticeliheach erl] kaving @) agsatmrenisatroyy substapgalyendi cul ar
magneti c | Sk lum of. cl aim?25 wherein the spacing
material 1s %@E\Jr?l?gﬁ%a% Ss pb%fc,@ga ‘ﬁ%%‘?e&ﬁm%‘%m%\* é‘i%ﬁ&? ’aﬁh@?c@}‘l’lles Herdthgr e only
two cel | smagnetiacivmentsofheig®oridd Cell¥ad il NIl shpi lefbi ] is a
multilayer of alternatin @:ﬁ%aye_grls of a fi rsfﬁlllr?gch?l al’ se %g&éﬁaf%r]ggnr%{’{]e
group condprithegpepgivites ighboringl cellssadtsnddandrat eri al sel ected fromthe

group consisting of Pt and Pd, said nultilayer having magnetic anisotropy
substantially perpendicular to the substrate. -18 29. The nedium of claim

21 wherei n eaci?, celThd heditBFe1ash ; | | al ri sing one
or nore of Co, Ni, Fe and al | oys tzﬁe‘flgegélg %g%@fuﬁ@%g&@@seﬁggﬁe@@y&
wher ei n eéeandicighberingeeisdordecauplingy therampmdticanomeditesf @ighboRRg calsg an

all oy of Co and Cr havi ng magnet ocrystal line anisotropy substantially
perpendi cular to the substrate. 31. The nedium of claim 30 wherein each

cel I i's formechydi r eftilniedhbindf Bfafitoll wiRhIR ! ndk Pl GHELA iy by Nifag o0 um of

claim 31 wherein the growt h enhanci ng yer 1s

24.  The medium of claim 23 wherein the substrate is patterned into a plurality of

pillars and wherein the islands are formed on the pillars.

25.  The medium of claim 21 wherein the islands are spaced apart by spacing
material formed on the substrate between the islands and having substantially no
perpendicular magnetic anisotropy.

26.  The medium of claim 25 wherein the spacing material is nonmagnetic.
27.  The medium of claim 21 wherein there are only two cells in each island.

28.  The medium of claim 21 wherein each cell is a multilayer of alternating
layers of a first material selected from the group consisting of Co and Fe and a second
material selected from the group consisting of Pt and Pd, said multilayer having magnetic

anisotropy substantially perpendicular to the substrate.



a material selected fromthe group consisting of Ti, TiC, C, NA, SO
and CoCr, where Cr is about 35-40 atomic percent in the CoCr subl ayer. 33.
The nmedi um of claim 21 further conprising an underl ayer on the substrate
beneath the islands. 34. The nedium of claim 21 wherein the underlayer is a
soft magnetically perneable underlayer of material selected fromthe group
consisting of NiFe, FeAl Si, FeTaN, FeN, CoFeB and CoZrNb. 35. The nedi um

of claim21l wer ei nhemmﬂbﬂmhimzaudieﬁdmadwom@s fosthéd6fa ffiBma: ?ﬁé&nged on

the substrate in a plurality of %@neral |y concentric circular acks
The nedi undterial cpmprising opgenapis af feo, NiJ Eerand allows thereafiged on t he substrate in
an array of nutually perpendicular rows. -19

1

30.  The medium of claim 29 wherein each cell is formed of a ferromagnetic
material comprising an alloy of Co and Cr having magnetocrystalline anisotropy

substantially perpendicular to the substrate.

31.  The medium of claim 30 wherein each cell is formed directly on a growth
enhancing sublayer.

32.  The medium of claim 31 wherein the growth enhancing sublayer is formed of
a material selected from the group consisting of Ti, TiCr, C, NiAl, SiO; and CoCr, where Cr
is about 35-40 atomic percent in the CoCr sublayer.

33.  The medium of claim 21 further comprising an underlayer on the substrate
beneath the islands.

34.  The medium of claim 21 wherein the underlayer is a soft magnetically
permeable underlayer of material selected from the group consisting of NiFe, FeAlSi,
FeTaN, FeN, CoFeB and CoZrNb.

35. The medium of claim 21 wherein the medium is a disk and the islands are

arranged on the substrate in a plurality of generally concentric circular tracks.

36.  The medium of claim 21 wherein the istands are arranged on the substrate in

an array of mutually perpendicular rows.



