WO 01/ 73763 PCT/ EP01/ 03494 1 Storage nmedium for thermally-assisted
magneti c recording The invention relates to a storage nedi um for

t her mal | w@es7x62d magneti c recording including a recordpOoyEP@EyBIYhavi ng
substantially parallel tracks for recording infornation. The invention
also relates to a nethod for recording information on a storage nedi um and
an appar Stbtige hedivd@ for\thérghatliitasdisted maghaild.reordingt he near future, both

| ongi tudi nal nagnetic and (magneto) optical recording wll be hanpered in
their gromh to higher densities and data rates. In conventional magnetic
recordi ng superparamagnetismw |l finally limt the stable and

| ow- medi um noi se recording of information, while in nmagneto-optica
recording the bit size and read data rate are |imted by the optical
resolution and the limted Kerr rotation and all owabl e | aser power during
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the partigcles is drastically increased. A umwi th a high Hk has
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heads preésentiy available wth 1ron or cobalt-rich flux guides. The area
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heat the recording layer. In general, the radiation beam has a wavel ength

in or nemnuglgowihgptsiizopnd0%f the spectrum In hybrid recording the bits
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of the et al., based on the calculated SNR of granular media, SNRy,eq, With 10-year data life time
and recordable with high-saturation write heads. For future improvements in densities a
drastic reduction of the grain size is necessary to maintain a sufficient SNRpeq. Particle-size
reduction, however, reduces the stability of the stored information strongly, unless the
20  anisotropy field, Hy, of the particles is drastically increased. A medium with a high Hy has a
higher coercivity field, H,, and it is more difficult or even impossible to record on such media
with conventional write heads or even the best write heads presently available with iron or
cobalt-rich flux guides.
The areal density may be further increased using hybrid recording. Hybrid
25  recording is a form of thermally-assisted magnetic recording. Both hybrid recording and
magneto-optical recording use a magnetic field to change locally the magnetisation of the
recording layer and a radiation beam to heat the recording layer. In general, the radiation

beam has a wavelength in or near the visible part of the spectrum. In hybrid recording the bits

are recorded along a track of a recording layer in the form of magnetisation transitions by



transition along the track is determ ned by the reversals of the nagnetic
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S. Sawamura, Y. Ogimoto, J. Nakajima. K. Kojima and K. Ohta, published in Proc. of
MORIS’99, J. Magn. Soc. Jpn. 23, Suppl. S1, 233 (1999). A disadvantage of these media is

25  that the storage life of the recorded data is shorter than what is determined from the storage

temperature and the stability of the magnetic transitions on the recording layer.

It is an object of the invention to provide a hybrid recording medium having a
storage life of the recorded data than the known recording media.

The object of the invention is achieved if the storage medium of the preamble

30 is characterised in that the recording layer includes a series of recording regions, each region

comprising a plurality of tracks having a pitch p for magnetically recording information, and
extending a distance ¥ p beyond a centre line of the outermost track of the region, and in that
neighbouring regions are separated by magnetically non-recording areas having a width

substantially equal to or larger than the pitch p. The invention is based on the insight, that the



relatively short storage life of the known storage nedia for

thermal | y-assi sted magnetic recording is caused by the spatial extent of
the therwaboprabil e of the known recordi ng heads. Since POPEPoiafidde
extends over the tracks nei ghbouring the;one being recorded, the
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25 A second aspect of the invention relates to an apparatus for thermally-assisted
magnetic recording of information in the form of magnetisation transitions in tracks of a
recording layer of a storage medium, the apparatus including a recording head for forming a
radiation field and a magnetic field at the location of the recording layer, the radiation field
forming a thermal profile larger than a distribution of the magnetic field in the recording

30 layer, a control unit for controlling the radiation field and the magnetic field such that the
position along the track of the magnetisation transitions are determined by reversals of the
magnetic field. The size of the thermal profile for the purpose of comparison with the
distribution of the magnetic field is the area where the temperature is higher than the average

of room temperature and the maximum temperature in the thermal profile. Similarly, the size



the value of the maximumintensity of the magnetic field in the
distribution. A hybrid recording apparatus is known frominter alia the
article wobi/7376at ayama, S. Sawanura, Y. Oginoto, J. NakapCTvaPo1Ki34440j i ma
and K Onta, published in 5 Proc. of MORIS 99, J. Magn. Soc. Jpn. 23,
Suppl . S1, 233 (1999). In the second aspect, a hybrid recordi ng appar at us
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i ncl udes a netic read head. The second aspect of the invention also

rel at es rﬂ@a’aorhgﬁlﬁod for thermally- assisted magnetic recording of

| nformation in t NereQiRedmd BARE tdiAdn Boah i @bl Shdrker thaC4E, WheRY) 63763
20  the reversal attempt frequency of the recording layer. More preferably, the pulse time is

shorter than 1/1;.

The pulse time is preferably smaller than 0.7 B/v in an apparatus for recording
marks having a length B along the track, in which an actuator moves the storage medium at a
velocity v with respect to the recording head.

25 In a preferred embodiment of the apparatus, the radiation field is elongate with
a longest dimension in the track direction. The shape of the radiation field can
advantageously be made using a recording head including a planar optical waveguide for
forming the radiation field, the waveguide having an elongate exit window facing the
location of the recording layer, the longest dimension of the exit window being oriented in

30 the track direction.

In a preferred embodiment of the apparatus the recording head includes a
magnetic read head.
The second aspect of the invention also relates to a method for thermally-

assisted magnetic recording of information in the form of magnetisation transitions in tracks



of a recording |layer of a storage nediumby inposing a radiation field and
a magnetic field on the recording |layer, the radiation field formng a

t hermal pvobi/taed arger than a distribution of the magnet PpeT/EPalid494n t he
recording layer, and the position along the track of the nagnetisation
transitions being determ ned by reversals of the magnetic field, in which
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apparatus 1s that the storage t he storag recor wth it
ar e $horthemaghetic ficdds the acharwheegith tampdriteresis Aighet than die avecagedédodm t s at

roomtenperat ure. In the third aspec hybri d.regor.di appar s is
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track divabestofdhe miakisnwn lintensity of thetynagngtic Haldiindghe digiripution. Where ineverddpani vel y
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t he WO (knowa/dppataib/iERal the3dRdge life of the storage media recorded with it are shorter than
can be derived from the stability of recorded bits at room temperature.
25 In the third aspect a hybrid recording apparatus is provided that can record
storage media having a longer storage life of the recorded data.
This is achieved if the apparatus is characterised in that the radiation
distribution is elongate with a longest dimension in the track direction. The solution is based
on the insight that the relatively short storage life of the information written with the known
30  apparatus is caused by the use of a spot that is wider than the track width. This means that
‘thermal’ side erasure occurs, reducing the storage life of data recorded in tracks
( neighbouring the one currently being recorded. A roughly rectangular (pulsed) radiation spot
is proposed, e.g. by using a planar wave guide of which the smallest dimension of the

radiation spot is in the track width direction and the longest dimension in the direction of the



6 track. The width of the |laser spot is about equal to or snmaller than the
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magneti c recording layer, the magnetic recording |layer having a small heat
capddity and a thélfhmbcqrémgilbad/pneferahiy\mclud@s # meaggetiesadl bnad)havum wakh si nk

than in the e of et| cordin ct of the
i nvent i oaﬁ? Pte‘?pqé‘?agté’ ¥ 5™4 lgrttg?%&g ﬁFﬁjﬁm‘ff‘?ﬂS‘% ﬁ%?’%m §’§V eﬁgagneti c
recor di ngnbodshéitithOredordBfpedt MethhdRY @ mdg@btioMvtitd adihaliag Wﬂﬂﬂsulb&aﬁtkwlyf orm
of 30 nmmgnetisation transitions by heating the recording |layer to a

t enper atequal tprar gmallerghan the gmallest dlmftﬂrﬁ@nr(kféléﬁr@‘ilh\jlﬂdayfer havi ng an ani sot r opy
field Hk, a saturati rsal
attempt rate fo aTRAERRELLShbinl B BPRRGTERLAL o B BN 02
Syst2®m dontrblici ige mdlatiof fielddye theshagmetiafitld mdamaafcatwmﬁgmhe teliaioni fiedd,

information on the nmedium WO 01/73763 PCT/ EPO1/ 03494
preferably synchronously with the magnetic field.

A storage medium suitable for use in the apparatus according to the third
aspect of the invention includes a substrate and a magnetic recording layer arranged on the
substrate, the substrate having a large heat capacity and small resistivity to serve as a heat

25  sink for the magnetic recording layer, the magnetic recording layer having a small heat
capacity and a thermal resistivity lower in the direction of the heat sink than in the plane of
the magnetic recording layer.

A fourth aspect of the invention relates to a storage medium for thermally-
assisted magnetic recording including a recording layer for writing information in the form of

30 magnetisation transitions by heating the recording layer to a temperature Ty, during a time t,,
the recording layer having an anisotropy field H, a saturation magnetisation M, a remanence
M; and a reversal attempt rate f. The invention also relates to an information storage system

including said storage medium and an apparatus for recording information on the medium.



7 Hybrid recording nedia are known frominter alia the article by H
Katayama, S. Sawanura, Y. Qginoto, J. Nakajinma. K Kojima and K OChta,
publ i shedvoni/R7ex. of MORIS 99, J. Magn. Soc. Jpn. 23, SPODPEP018B494233
(1999). In the fourth aspect hybrid recofding nmedia are provided having a
hi gher areal density than 5 the known recording nedia. This is achieved if
in the recordi ng nHdbrikhietbidirginedih arihofnefre aiter dliagthe saiclerit HoKatayama,

magneti sation have a_ tenperature dependence complying with Hk(Ts) MS(TS) =
C Hk(Tw) gm\mura,ﬂé %@W@o,fsNalgaﬂaws%oﬁ%@élataé’ﬁﬂ‘er@%r@bmhegﬁg ﬁ% 8F di ng

medi um spRAR&F9d hmagﬂ%ow%hezj esqgg?f %‘1,“’23% (1@9 and C is a const ant | ar ger
than or equal 14 4. e areal denSfty increase over conventional nagnetic
r ecor di nip the faurthaspedt Agbrid resbrding medi@preprdvided havieg a Bighteambl depsityhthan

recordi ng nmediumis..chargacterised by a tenperature dependence of the 15
ani so{jr o‘%‘? knpwp gecording Fﬂ?ﬁg"at uration magnetisation conplying with Ts In

(tsfo) ( Hk (TS) MBrgid §achtevéd ifliVehe(rd¥¥rdling hieditifl thd MigdtdopyRICanlSht S t he

storage tenperature of the storage nediumand is is a decay tinme equal to 3
107 s. Tiaturpaoramegrstisation have at¢mparptureedependence cemplying withe t hat the witten
bits are subject to heating to approximately T. The relation gives the

requi red nedi um paraneters to achieve a 20 storage lifetine equal to is by

r educi ngH{(TeMEITL)y= e VAMATHRYNet i sation reversals in the recording
| ayer. Since the first factor after the inequality sign is proportional to

the $ain in areal density of hybrid recording over conventional magnetic
recor di - I |V i aehlg L

hybri d P‘g}é(g%gg hég?%g}égk #%%Pce |t(ﬁ)l(r% o(g eV\I/(ra‘3 ??ggn%nrg&g%rsaggéf %grrl anet e'erégggﬁ%}la{hﬁ%

st abi | i tP,, pat @rieh eonstant largertthen @axaatad dt Thohrehldensigdinoreasy @vet hasentioisdlng 25

the > sign in the inequality, the read signal that can be obtained fromthe
nedi um WRPpENAHE re?ﬂr@ﬁgﬂstﬁﬁ% : t Wé?a) SRR MU ysed. The stability of the

recor dedpRRGNRY | AT BRIiAE AR 8RBarhstetiSBRAINNVELRmpErabiitt Bbpenli®iichofitie
nonot oni cal Iy 1 ncreasi ng when the tenperature T of the recording |ayer

decras emisdtroppnfieid ang the s@arafion magodtisatier ¢complyimgstitd recor di ng system with
a read tenperature T1, 6> JTS for reading recorded information, the storage

medi um hasrpgt pE! (t A (TI) that conply preferably with WO
01/ 73763 CT/ EPUL/03047,) 1, PR,

where T; is the storage temperature of the storage medium and t;is a decay time equal to 3
107 s. The parameter t,, is the write time, i.e. the time that the written bits are subject to
heating to approximately Ty,. The relation gives the required medium parameters to achieve a

20  storage lifetime equal to t; by reducing thermally-activated magnetisation reversals in the
recording layer. Since the first factor after the inequality sign is proportional to the gain in
areal density of hybrid recording over conventional magnetic recording, the inequality also
gives the areal density achievable in hybrid recording as a function of write and storage
parameters and the stability parameter f;. If the parameters of the medium are chosen using

25  the > sign in the inequality, the read signal that can be obtained from the medium will be
higher than when the = sign is used.

The stability of the recorded magnetisation transitions is improved if Hy(T)

M;(T) is monotonically increasing when the temperature T of the recording layer decreases
from Ty to Ts.

30 For a thermally-assisted recording system with a read temperature T; > T for
reading recorded information, the storage medium has parameters Hy(T;) and My(T) that

comply preferably with



8 Hk (Tr) M5 (Tr) Tr In (trfo) Hk (Tw Ms (Tw Twlin (tx/o ) where tr is
the time the recording | ayer stays on tenperature T, during reading. For
safety twWa@o1/ti7ae may be chosen equal to ts. Note that treECHERNIGIS4H, =TS. | n
a specific enbodinent, the read tenperagure Tr is larger than T, , wherein
M-:& 0 at T. The storage nmedium has preferably 5 nonotonically increasing

val ues o, (IrK( Ta (ﬁr)dfmg)f";jﬁr a tenperature T decreasing fromT,,, to
pes

roughly Wﬁﬁﬁ@ %—&rt onically increasing and M5(T) nonotonically
decr easi Hlor s \i"He \tem ture T decreasing fromroughly Tr to T. In a
preferr } I i i : )
D05 T Rt ie O EecBhAhE AT Rl R RN EE Tolirthe PIL Bfharbly bl
r emanenaimeiay be cheearedualgo ta)eote.that THe vaienrBgE;. fea spovifacckmbddagentytleyead

conplies with 1.4< Hk(T) < 2 or 0.7< He(T) <1 WMS(T) M(T) at every
t enper att@BeBRrbeis larger thamds Twhereia M P ah&s. b istarsasunedivmdas preferablyi ng at

a tenper . i 1 i rised
"ot Rat TRhicly HEBAAAE bbooro TR MO X0 o chibebli e AitiohRRRAF IS T
decr easitagoughtyT,] and Hi@) monBteaiicatlghoreastip(ahdyN(F) 2¥bbotoAicailpdebrensingddor, ) >
480 kA/nh The storage tenperature T ,I'_s pfreferably substantially equal to
300 K. TAetefneratute ssipedromrQughlyl 1rde Tor eferably with T, + 100 K < Tw <
800 K. 20 More Pighefabhid edbodimtAnKstorahl rifedhil cBmpRlewsth Of age medi um has
preferably a value of the wite tinme t,,, that conplies wth 10 ns <t,,,
< 10 s. "ﬁlié)lleversair at t enp#,  at Esfo of the recording layer is preferably
substant¥agr)y equal to 109M§(T)§ An information storage systemincluding a
storage nedi um having a recordin | ayer with an anisotropy field Hk, a
sat UPat iabAvers igrepdratard batween hnendalsand g theaiemangriceofthe reeordingdayesn
apparatus for thernally-assi G .di of information in the
formof magneti sgg}%gk&?&aﬁé@ I garc]lgag%&tohglyrcg%g’;lgé ﬁg‘hl ayer by heating the
recording | aygr) the apparatugi . (mcluding a recording head for formng a
radi ati oﬁ“?iﬁl‘?’éﬁd é’rrragn‘%gﬁr‘n?r—c(i[ﬁﬁ& at the position of 30 the recording
| ayer to be'recorded and a contfol unit for controlling the radiation field
and the tw&?%& =Y bdh Phighrt he control unit is adapted for
cont rol Iai ng the I%erldi atl?%t)vr‘ll eam such

The storage medium suitable for reading at a temperature T, substantially

15  equal to T, is preferably characterised in that Hy(T) and My(T) are monotonically increasing
for a temperature T decreasing from T, to Ts.
Preferably, Ho(Tyw) > 240 kA/m and/or H¢(T;) > 480 kA/m.
The storage temperature Tj is preferably substantially equal to 300 K.
The write temperature T, complies preferably with T + 100 K < T,, < 800 K.

20  More preferably, Ts + 100 K <T,, <570 K.

The storage medium has preferably a value of the write time t,, that complies
with 10 ns <t,, <10 ps.

The reversal attempt rate fy of the recording layer is preferably substantially
equal to 10%/s.

25 An information storage system including a storage medium having a recording
layer with an anisotropy field Hy, a saturation magnetisation M; and a reversal attempt rate fo,
and an apparatus for thermally-assisted magnetic recording of information in the form of
magnetisation transitions in the recording layer by heating the recording layer, the apparatus
including a recording head for forming a radiation field and a magnetic field at the position of

30 the recording layer to be recorded and a control unit for controlling the radiation field and the

magnetic field, in which the control unit is adapted for controlling the radiation beam such



WO 01/ 73763 PCT/ EP01/ 03494 9 that the recording layer is heated to a
tenperature TH, during a tinme t,, and that a tenperature dependence of the
ani sot ropyobi/ed7é3 Hk and the saturati on magneti sation M cpapEP@m3w4t h Ts | n
(tsfo) /TW( Hk (TS M (TS) Hk (Ms (TwgTwin (twfo where T, is the storage
temperature of the storage nmediumand is is a decay tinme equal to 3 5 10
S. The aHatah¢ segeslind layérds heatedtol mmp'eﬂahuadelnﬁngmtma‘ tul du;d thatpd emperatwe t h

reference to, the awi ngs, i 1 shows the ar densi and
medi um é*%wmenﬁ%&ﬁ*a apis ROy ﬁﬂmmﬂd the'* SRR IR0 MEgneHEAIPE * R leﬁaéwet i
recording, assum pg onlyytransition noise or only random particle

(Poi ssong, (7}()%3(5) me%ne(m)m fih)s docurment, the SNRis defined as a

si gnal ratlo "ds) a povver ratio. Fig. 2 shows a disc-shaped

recordin and th nonencl concernin isk.architect

(dr awi ng"hEe otsr{%%stgaagﬁ grbetage 4 e Samgnaeangn 8t Sy B EialS et um
w thsthegdgfinition of zones. Fig. 4 shows a table recorded on the storage
medi um and having entries pointing to non-recording areas on the storage
medium Fig. 5 shows tracks around a non-recording area of a storage
medium Fig. 6 sh i [ f yDaratlo
versus total 20 ﬁl\éfgetalﬁﬁ%tﬁge@ 0??}1,e,18{;§1% H&g@é{ragva e%{){%?umﬁ:# € 'fnqg?a’llth

shows argfewiaewtheph-ﬁsmgtaﬁmmhof the si gnal -t 0- noi se ratl 0 versus tot aI
heating tinme t,,, and reversal rate fo. Fig, shows a graphi cal

t1
presentation of tHagsh Yieys tb%arﬁg d§as Ya%qddn%amt%Raf B&hrld Tgerding Wittt i o
ver gus
{heria (b8 ohFbuiofafifitic fRofdifk, oSuR IR EniFlraARNGh Abise of By random
magnet i attickt (Poisen) sabes Eamgm&lhm initlasl dad:umnnt fthe SN RpisldsBsed dsi agigribl ragioows a
si npl e hyQrid-recordi ng stack of a hybrid storage nedium Fig. 12 shows a
hybrid-r FPHAIRHPIVHIRI%i t h i nternedi ate |ayer for better 30 tenperature

uni formi ty. Fig. ¥deshawssudid dupartdne Meatntnihentfcitid. . ) type of
nmedi um WO 01/ 73763 PCT/ EPOl/ 03494

concerning disk architecture (drawing is not to scale).

15 Fig. 3 shows a disc-shaped recording medium with the definition of zones.
Fig. 4 shows a table recorded on the storage medium and having entries
pointing to non-recording areas on the storage medium.
Fig. 5 shows tracks around a non-recording area of a storage medium.
Fig. 6 shows a graphical presentation of the areal density D, ratio versus total
20  heating time t,, and reversal attempt rate f;.
Fig. 7 shows a graphical presentation of the signal-to-noise ratio versus total
heating time t,, and reversal attempt rate f;.
Fig. 8 shows a graphical presentation of the signal-to-noise ratio and the areal
density ratio versus heating time ty equiv-
25 Fig. 9 shows an apparatus for thermally-assisted recording.
Fig. 10 shows a timing diagram of the magnetic field reversals and the
radiation field pulses.
Fig. 11 shows a simple hybrid-recording stack of a hybrid storage medium.
Fig. 12 shows a hybrid-recording stack with intermediate layer for better
30 temperature uniformity.

Fig. 13 shows hybrid-recording head with a low-Hc(Ty) type of medium.



10 Fig. 14 shows the tenperature dependence of M (solid lines) and He
(dotted Ilines) of a double-layer MO-type mediumfor thermally-assisted
recordi ngvequaizes (~;”): nmenory |ayer; dianonds (*;0): rpadERPULO3kByer .
Fig. 15 shows the tenperature dependencggof M () and He (o) of
single-layer 5 MO-type nediumfor thermally-assisted recording. Medium

paraneters This seigilansho@akise tenpbratutedetRngericy oM, $bdkid linpsparitgnidonpessi bl e
with hybrid recording and then focuses on the question j ch media

char act ditieskefasdogble-lageVPeype medimpios charmally-pssised reger dﬂv‘ﬁﬁgis SIS (WE)'abl e
i npr over{g%%@fyolérhe%r(ﬁgfﬂgg&si(i%%)é}‘rga%&ﬁ gn the question how large

i nprovene er’ conven gnetrc¢ recording can be obtained and which
(extra) medi a chamggtigrshsivk @ BmBefaftfidiEfRAddmRe RF M t(b rald N, (5 dF kisgletibprse

| arge i nprovenents. For the stability of witten data, a high coercivity at
r oomSt erd@xtapemedimmfog tharmalp-asgistedhresprding. s sufficient. A high coercivity
field He is al so necessary for a small transition 15 length. For the
witability a witing coercivity bel ow approxi mately 360 kKA/m (4500 Ce) at
the witipdlAmeupeeAs TW is necessary for witing with heads made of
materials wth a high saturation induction, Bs, |like Fe88Tal2N, Fe97Si 3N
(B, =1.45 and 1.9 Thixdectidmhdealdwith ittehdeabityoyrsSSNR Amprsemient possible wiiphybeidrat el y
240 KA/ m (3000 Ce). pr.ovi des re freedamin the choice of wjte head

mat er i al®&CqEBERBH thed fBerses P :quﬂﬁté’@r—‘&?g,‘ medig gZF?f“W@?ﬂE?‘SQ 9.5 have

BS-§ 820 FactRAly Haffiethe 8 0NBBrabR iRlprdRnfeRR! BiMredffor) 1P FIRSREH the qlkstibh 45F€55
5-1p.6 T) © smaller\%r

has r makes a Ite gap possi bl e, w th the advant age of
a sl i ghtHow laagajierproreaubnts @ted comadiiemal maghetwarecardingaian ibe iobtainedrand sylueid

typically t .ani field. Hk. in. f don y- ori ent i
s gr dRerd et et el reeguindo miar oGRS Tedlisnr S el PO Ry e
viz. between 480 P%B%e@?&il'ft&/dﬁ“&m(?laﬁﬂﬁlh%@%ex@ﬁ%&?f dr@dorh ienSENRufE@dlal | ng

further on, the conservative 25 choice Hk=480 kA'mis applied. Values of
t he sat Uprgeigomn siag ifesufficiento high enercivitnfiddddb inplspaecassagn éor a smpll trapsbign 1. 2

He (;Q.6 {Hk r.e He is..th IS [ . [ ly to
be lgr eflgr%g’t Ié' Qrt]heowtealrbﬁ{ ag‘(/rgﬂlé C%é%caggﬁ’el{e?o?é? 113 porﬁ’fué%ageq 7 gﬁﬁ%%%@%}kdec ay
time in thatwitiap enperatay] U, ig nadessdig fori varlivaript with heals natlef imateriatwith @ highoi d
transition wi dening. The short 30 vvavel_enasth out pélt reductj on due to
transi t i gHIioadpducgoRBmliks BessTanlhd wmidbiBsohittpand d1fab) afpthsr Fem Y9

woul d ot ¥ ' iX%h i js i it
| engt h, 'QE{Sééhlgrﬁygg%{ﬁ)ergﬁgﬁtﬁbg? e op%(?drggl @)@&ll ds%%%of?%?ﬁgﬁmlﬁf% lt}%eog a new
condi t i omite\hiead miatesinlst(bemmbB/cbimpaditidndc didBlen CdaNibsitn OFeamAlhdie Haze Bedn t he

v RGO SRS S L K UL SheRLLy Lot 8 oros
PCT/ EPO 141031 Pdirite gap possible, with the advantage of a slightly larger head-field gradient. These
coercivities correspond typically to an anisotropy field, Hy, in case of randomly-oriented
grains in a granular (poly-crystalline) medium, of roughly twice the H value', viz. between
480 and 720 kA/m (6000 and 9000 Oe). For the SNR modelling further on, the conservative

25  choice H=480 kA/m is applied.

Values of the saturation magnetisation M; or remanence M, not higher than
about 1.2 H (0.6 Hy, where H is the anisotropy field) of the medium are usually to be
preferred in order to avoid demagnetisation and reduction of the decay time in saturated
recording at the highest linear densities and to avoid transition widening. The short-

30  wavelength output reduction due to transition widening counteracts the larger output that an
increased M; would otherwise give. For relatively thin media with respect to the bit length,
higher values of M; are optimal. Hybrid recording introduces a new condition, viz. that the
My/H~M/H ocHgem/H, ratio anywhere between the writing temperature and room

temperature must be sufficiently low. A large ratio will deteriorate the transitions, because a



11 relatively large demagnetising field reduces the energy barriers for
magneti sation junps in the denmagnetising field direction. Direct

demagnet ivabi/@t6dr rapid thermally-activated reversals aPCDEHIINGZ4940 t he
Arrheni us-Neel |aw then take place. Thigjhas negative effects on both the
short-wavel ength output and the nedium s transition noise. At room

t enper atrelaéively largbdsmeagrietiging fiekf fedades tinerehgy drfierager hadretisatipnghmph
remaining informatjo ording. to the sanme Arrhenius-Neel |aw. The

t enper at'ff éelaegséeﬁa@g?@?doqﬁrww iget demagietisationyer sapi thepmallyaeiiaie not
Fulfil the.bas! h&:of(ﬁﬂ%'td’ t‘ﬁ%heﬁfus%ei 1% 818h ke lpPe Mihad AlchBvétréaich bel OW)
the witing tenperature, roomterrperzgture the ratio 1s optinal.
Ther e i sbadh ﬁwshnnfwapmbagﬁhl (mtpmi‘aammgned)ﬁmwmsdlonemsedd\n@om@mpcmmem [ onal
magneti ¢ recordin assupin rredl with.an nbi nation .of Hk(T) and
VBCTS) | RO S5 BBk Stomags LR o4 e RS TR e P IRIEARDS | on
recor di ngnfeOishdfiisalNtansw! | ke those above and Arrheni us- Neel decay:
Hk(Ts); Ms(Ts) 63,e HMFTW Z (SNR --" SNRmMF) - ) 15 k(T) s(0.1) 1/
2 /v Ts In [c/co /Thetemperptuge d@pamlen;]e]of Mrﬂ{c\@cpmmerwrl{ Y4ilablegngdia do notvt /
(M+M ) R=1 f n ) for

transi ¢ BHIEY BurS o P er SCRRY RuEa R RS R P haBuTHE g

magnet i Stainpeﬂan% &t—r@oﬁlQelM)éthtufethE,ratilfls'foptlmand fois the reversal

attenpt rate. The cf,ecay times tWand is nmust be chosen equal to the maxi num
t ot 0 heati ng time at tenperature TWexperienced by an arbitrary point of

the nmediumand re |
respectively. Thquﬁu%ésagra"ﬁ%%{sl ﬁ% %ﬁéﬁdv@{ﬁabﬁ E Slﬁfd%@oéa_ﬁlg%&g{]{bﬁugggt?dnﬂm

r ecor di ngagrie€is peotdinglagsuniihg thaa stediaavitipanyncdnibifgticteifeHi(In esd Miel)pessldbl e

| nprove 6rilgﬂse I n #ﬁlaﬁ%r?ds 1 g&)? rd and 4- é}ﬂc g(m;l Erﬂ. mé b

hybr i d- riécdsvalioned nERf BAgTHEE F Bivédy antage ioflows W&Of ng Gogsideratigns like,qyi ng

t he Iastth5s%tdbg‘,@gﬁldmgmﬁé_melt&@g s is alnmost 15 orders larger than tW it
25 follows that the nmaxi mum densi ty or SNR inprovenent is mainly deternned

by is anﬂ]tw arM p a I Ese %St jnt by TS/ TW Realistic changes in fo and
I\/!I\/r ar _
H T SNR ©.1)

T, ln[tsfo/ 1n(2M,/ (M+M, )J] "

172

Ve

) T, 1n[tw/§,/1n[2M,/(M +M,)j]

where B=1 for random-particle (Poisson) noise and 2/3 for transition noise, t,, and t; are the
decay times in seconds from magnetisation M, at t=0 to M at t=t,, or t;, and £, is the reversal
attempt rate. The decay times t, and t; must be chosen equal to the maximum total heating
time at temperature T,, experienced by an arbitrary point of the medium and required storage
20  time at temperature T of the medium, respectively. The subscripts H and C denote hybrid
and conventional recording, respectively.
The last ratio in (0.1) determines the possible improvements in SNR and D,
(3-rd and 4-th ratio) and minimum hybrid-recording-medium requirements (1-st and 2-nd
ratio). From studying the last ratio and realising that t; is almost 15 orders larger than t,, it
25  follows that the maximum density or SNR improvement is mainly determined by t; and t,,
and to a lesser extent by T¢/T,,. Realistic changes in f, and M/M; are of minor importance.
The 5-th ratio, between the minimum grain volume in conventional recording, V¢, and the

minimum grain volume in hybrid recording, Vy, is added for getting some feeling of the



The 5-th ratio, between the mninmumgrain volume in conventional recording,
VC, and the mninumgrain volunme in hybrid recording, VH is added for
getting sooe1/fEed i ng of the WO 01/ 73763 PCT/ EP01/ 03494 1PCcpRy&i/ass94behi nd
the expression. Because of the logarithnqhc functions in the |ast
expression, this volunme ratio is very small conpared to the decay-tine
ratio i sptyeics E@lﬁmgt}aiempmimecamwthmgarnhm&fuhdmmaﬁrtch lagt expresdien,used
for a ne ums SNR i,nmprovengnt or for an areal dens |ncrease 5 The M5
and Hk rt S.V@ ‘gn%@@@ﬁw% mgll cpmparedite the degay-ime yatiqy f@/ ﬁthé g531R VAL

cond 1 qagudifh iR Ry3RE Bl ALY (R U Ak SONEhAGEo LR TP iyBL

hybrid recording rre have a const ant ratio |ng
cool i ng dbosity inckease, a preferred nediumfor hybrid recordl ng is a medi um

wi th _an ani sotrop | d and, a sat.urati.on_ at the

S ordan co oot hobYma gnd H R0 et Satieth bRl SEROR' 3 Bhdife Mg
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read) t enpdinatrust havdd qONSKBY H)(TS/I\&(T}M(Itr,dpr,n)g sanling do eacyedieiemesd ce. It

is also er ho and T i n r
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t enper atiighetifidiohMcditis@ortaleé (g an¥Rént) tebPetafiae eﬂ§®hﬁh&d&g’ﬁlﬂ' ¥qual the
(monotonically) between the 15 wite and the stora n?er ature. A higher

Vs d0 t Hewpsesigblacionbeeathe i andeM a1 the reeqrding tempsr Ew (©5t200aC):  nedi um

ot opor ¢ agiaFry e P FERLERR @lbet dpeklncafid %'er?a@ureﬁaa%éé%a%ﬁ“%g
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reduces the influence of noise sources other than medi um 20 noise. So, in

cases \A/r%ﬂ@ailbiémﬁ@%m@ﬁ:lﬂ)ﬁlhet‘mﬁnlth%Wflﬁq addhe storpge Smpps weeificithgradhoi se

o F avourBpfaerEnEL SOEHED RACHo IRURE f PlalP BdORAEY RBRUSE, )
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electronics noise, to levels far below the medium noise, it is favourable to use a higher M; at

storage (more specifically the read) temperature than claimed for the above ‘optimal’
medium, combined with a roughly proportionally higher Hy at storage (more specific the
read) temperature.
25
When reading is carried out at a temperature T, higher than T, then M(T) is
allowed to be much smaller or even zero as long as K(Ts) ~ M(Ts) Hi(Ts) ~ Mg(Ts) He(Ts) is
sufficiently increased with respect to K(Ty) in order to guarantee long-term storage. This
might lead to the choice of an MO type medium with compensation temperature at
30 approximately T, and sufficient M(T;) for magnetic read out.
In case of reading at a temperature T, higher than T; and application of an MO
type medium with compensation temperature near T, it remains preferred to choose
Hy(T)/My(T) > or » H(Tw)/Ms(Tw) between the write (and read temperature and between the

read) and storage temperature. This guarantees that the transition does not deteriorate during



type mediumw th conpensation tenperature near Ts, it remains preferred to
choose Hk(T)/Ms(T) > or Hk(T,,,)/M(T,,,) between the wite (and read

t enper at we oamichet ween the read) and storage tenperat ur BCT/ERoig03guar ant ees
that the transition does not deterioratgqsduring WO 01/73763 PCT/ EPO1/ 03494
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conventional magnetic recording is calculated by way of exanple using the
f ol 118w rigomdempenatire theiralisis aptimal.o. 8, fo 109 s-1, T,,=450 K, T,=3 00 K and
is=10 yr, and the results are shown in Fig. 1 as a function of t,,,. The
wite time tWis the dwell time of the noving thermal profile in the
recording | ayer fd{emslmgyhamtheaazthml tlorice 6f thé dalaé of Mhstod niinomitnpostatge imbhd ng

over ther ordin t he vvrlte eed 20 ractical value for the
t ot al tlrﬁ'ﬂ”( aFtXP S‘SP%‘?E%@WXBEESHPHS?H Li’ﬁ??lg’wsheat ed is t,, =490 ns.
This val ue correspgn €59 a realistic spot centre-line heating tinme of 100
ns (| ongit(ndipal) %b(—dﬁ%ﬂrﬁ(rﬁ)m fr,)n and vel ocity 10 m's) and heating-up six
tracks at a tine ‘F(éw@ er sal spot dianeter of 1 mand a track pitch p of
m. The 0.16 tra it arrespon real en5|t
Gl 112 for  pama. 27 Near Ao Y3 or BB G st B For R R feteutied °°
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di stance between transitions, assum ng a sinple non-return- t o- zero, NRZI,

code). AR=PARKenddsdp yrinad the weanltshse shawn i g has afmgtiornott,. Bhe writq tie ease
o e, TEAL ST 8 BRO ol 8ol e ched By il o
recor di ngelébf @@fstam fterishe moe itigvet thetre@rding éay¢r al the evritospeedh ot her
20 A practical value for the total time that an arbitrary point of the medium is
heated is t,=490 ns. This value corresponds to a realistic spot centre-line heating time of 100
ns (longitudinal spot diameter 1 um and velocity 10 m/s) and heating-up six tracks at a time
(transversal spot diameter of 1 um and a track pitch p of 0.16 pm). The 0.16 pm track pitch
corresponds to an areal density D,=100 Gb/in? for p/B=4.27 (using W/g=4, g/B=0.8 and
25  W/p=0.75, with W=trackwidth, g=gap length and B=user bit length, viz. the shortest distance
between transitions, assuming a simple non-return-to-zero, NRZI, code). An increase of the
areal density with a factor 2.2, or an increase of the medium SNR for Poisson noise of 5.3 dB
(1.8x) and 8 dB (2.5x) for transition noise, is for this t,=490 ns theoretically possible.
Repetitive recording of parts of the medium that are very close to each other
30  will increase the maximum heating time further. When this recording is more or less
randomly organised, the maximum writing time is more or less undetermined, and no specific

maximum writing time can be guaranteed. Therefore, a special data write architecture is



30 will increase the maxi mum heating tinme further. Wien this recording is
nore or less randomy organised, the maxinumwiting tinme is nore or |ess
undet er mwed1/786xl no specific maximumwiting tine can bePCyERVIZISIEEd.
Therefore, a special data wite architeqyure is WO 01/ 73763 PCT/ EPO1/ 03494
14. preferred to avoid heating | onger than the aforenentioned unavoi dabl e
heat i ng preferred 498vaid heating i drgeathan eheeafargpiedjionehiravoidable hkatthgaithe (490tfse next
section., pression (0.1). subsequently indicates that a preferred
si ngl e- I'By! aWGFWPIS)-ﬁ}FS IHWFI'F%%%@SPH&SFB“%M t he above i nprovenents
possi bl e, for the above choices and conditions, should have a reduction of
Hk (ocH of a factor of 1.8 between storage tenperature TS and witing
tenperature T, acdixpossioad0.\y) subsaquertdy aidicatestthasagrefedad single-loeyer oddlifs M) .
A preferred enpodi nent of .the storage nmedi um conplies,wih 0.Hk(T)> or
i T 0. 157 R kPR 0 ikt i Ao S oV Bt BOSRDR 4 the e OIS pd vy S,
1. 4<_ HkbAditioas, Qhodld haved dlustioh d\ﬁﬁkT()xﬂ@g offa fa%kor%\fqr%étﬁeaaﬁt&tagé e between TW
and T. Wen the recording |layer does not increase in tenperature during
readi ng tempematmail nandawritihgtegtperatige Tivea@empanice withlkehequaltytstidr(giedastonod
pr ef eraq\ldy gﬁn)otoni cally increasing when the tenperature T decreases from
TWto T.MyMo)-t he read tenperature Tr is higher than Ts, Ms is preferably
about equal 10 0 ok phfertdi{chiboiifledSt e RrBePrEbBhARINpIRRARON cal Ty
i ncreasi ng when the  tenperature T decreases fromT,,, to roughly Tr, and
Hk (D nn’#ygifb%\_j cal | yori ncreasip@ apd M (T) nonotonically decreasing when the
tenper atmy@®) T decreases fromepughly Tr to Ts. 20 Preferably Hc(Ts) > 480
kA/mand Hc(T,,,) > 240 kA/m nore E(efe_rabl y He(T,,,) > 240 KA/m
Pr ef er alsit gvery figmparafuesfeetvesmpbyr aidiFe Likewise, subst antial |y equal to room
t enper at ur e,igi(g. 300 K. The [ tenperature T,,, preferably conplies

g

with TS H4% <2T, or < @08 .( ké wite time tWpreferably conplies with
10 ns <t,, M&T10 s. 25 WiteMddhitecture A special data wite

architecture is preferred to_ avojd heating | onger than the  aforenentioned
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char act gLl st 1 : o hi i i ar eas,
i.e. a qér%lgélﬂgﬁr%g\“?@eﬁ g‘%ﬁg {e){é?ré :dﬁg ag%ee gwg ﬁ?érégﬁlg g%atﬁ‘ﬁ’grlk?g)cor gi ﬁ(g') ri'agekgi ons of
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non-r ECCH:lg irer?.]l tgnrlgearatiurse ,r}s 1rg & tY}Qr?Ji'g I\/ng greéfér%blry% 81r1tdeiq?1gl tio% at Ts.
Hy(T) and My(T) are preferably monotonically increasing when the
temperature T decreases from T, to roughly T,, and Hi(T) monotonically increasing and
M(T) monotonically decreasing when the temperature T decreases from roughly T, to Ts.
20  Preferably Hy(T;) > 480 kA/m and H¢(Ty) > 240 kA/m; more preferably Hc(Ty) > 240 kA/m.
Preferably, the storage temperature T is substantially equal to room
temperature, i.e. 300 K. The write temperature Ty, preferably complies with T + 100 K <T,,
< 800 K. The write time t,, preferably complies with 10 ns <t,, < 10 pus.

25  Write architecture

A special data write architecture is preferred to avoid heating longer than the
aforementioned unavoidable heating time (490 ns in the example mentioned above). The
main characteristic of the architecture is mutually separated recording areas, i.e. a
magnetically non-recording area surrounds the recording regions of the recording layer where
30  magnetic recording is permitted. A non-recording area is an area where magnetic recording is
inhibited. Such an area does not comprise any information recorded by hybrid recording. The

recording of a region will not impair the storage life of data recorded in a neighbouring



I nhi bited. Such an area does not conprise any information recorded by
hybrid recording. The recording of a region will not inpair the storage
life of dava/rzmedrded in a nei ghbouring WO 01/ 73763 PCT/ EROLEB®AB494 15
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indicated by entries in a table recorded in a control area of the
r ecor di nggodeyara, pattarncofaamiossedfpits uicdthaetandling region 2 comprises a plurality of tracks.

The recording regions are separated from one another by non-recording areas 3. The non-

25  recording areas in the embodiment shown in Figure 2 are annular trenches 4, which separate
sectors radially, and radial trenches 5, which separate sectors in the longitudinal or track
direction. The radial trenches between sectors at different radii are aligned to form a spoke
pattern, as shown in the Figure. Figure 3 shows a series of zones 6 on the storage medium.

The servo structure of the tracks may be continued in the non-recording areas.

30  The location of the non-recording areas and/or the recording regions may be indicated by
entries in a table recorded in a control area of the recording layer. An example of such a table
is given in Figure 4. Each entry in the table contains addresses marking the beginning and

end of an area by means of track numbers and / or sector numbers. The position of the areas

may also have been defined in a standard, and an apparatus for scanning the storage medium



is given in Figure 4. Each entry in the table contains addresses marking

t he beginning and end of an area by neans of track nunbers and / or sector
nunbers. Wie/posd ti on of the areas may al so have been dePCTved0/034%
standard, and an apparatus for scanning jghe storage nmedi um WO 01/ 73763
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density of 100 Go/in2. These above values are used in the owing 25
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hybrid recordin diumis esi d, .t hat .he necessary 6 tinmes heating
of neig %F%ﬁ‘@gls%é‘owcgiﬁ% % %@“ﬁboﬁ*ﬁpgrﬁ?@ﬁ#{gg f5$'PPactice that a
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20  following parameter values:

track pitch, p, 0.16 pum
track width, W, 0.12 pum
bit length, B, 0.037 um

thereby attaining an areal density of 100 Gb/in®. These above values are used in the following
25 numerical examples, unless otherwise stated.

In the 100 Gb/in® example, the hybrid recording medium is so designed, that
the necessary 6 times heating of neighbouring tracks is acceptable. This means in practice
that a recording region enclosed by a non-recording area has to be rewritten as a whole.
Keeping track of the number of exposures of a particular track when random writing is

30  permitted within a region might be a solution, but appears to be relatively complex.
Therefore, the whole region has to be re-written, even if only part of the tracks has to be
replaced. Moreover, the rewrite takes time again. If the regions are not only separated along
the tangential direction (i.e. circles or ellipses) but also along the radial one (radii or

‘spokes’), only part of the revolution of the storage medium with respect to the recording



repl aced. Moreover, the rewite takes tine again. If the regions are not
only separated along the tangenti al direction (i.e. circles or ellipses)
but al sovabong7she radial one (radii or "~spokes'), only parEpraioudie

revol ution of the storage nmediumw th rqgpect to the recording WO 01/73763
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di vided T'nto ors, ‘eac an angul ar
t andént ifat PQiussgt, anrhcorﬁllsmmg tsvoir Mdraof memt\ml madlwlukda dapaicity o:frthe: urrent
optical and g n%tlc di sk devices., For exanple the so-called "blue DVR

format " Hedor] mauchlgrgerth a%aueltéwée@pmsw Ytﬂ%uﬁagacks For larger units to
be stored the spokgg #6@, a s aas'&saia d HEdifmtfof Pc%gpheiuoas §H«Hudﬁ6t%§5e are

read or witten. This cofreSponds to he AV application | ower the
amount  abo buafy erackseﬁnmytlneedengesf. the pidtars of embsmhatmmlmtd'aahmtadldumberrﬁ\la) ofi se

the 1oss se a se und defe limt.the capacity
o s voickTndRRe Bu i o ot BGraSia b gt Ruttsth wth Brisiidriana t ho
ef f gl enhefisRnOdse o ehetirsdkoRERR, a 2d%€ caRBagivided u% N fsect%@sc badh df@h aBgulkse and
the capacity of the zone for AV applications. q%l cal exanple mght be:

Take 200tendaeld Mralomythe psiesstial Airgefian. This lssmﬂ@u tehihg strgctprefoued ¢n curgpt
tracks). opt1£a1t£8 rﬁa%ﬂgt ic (Elglg Hé@ce(s?florr@%p eqhé s&%l[e%s%?u%qﬁVhofoﬁnat” has 155
zones and 8 spokes divide the tracks. For larger units to be stored the spokes are ignored and
the entire 360° of a full track are read or written. This corresponds to the AV application. To
25  lower the amount of buffer memory needed for this read/write scheme and to minimise the
loss in case a sector is found defective we try to limit the capacity of a zone. The number of
zones and spokes should be a balance between the efficient use of the disk area, the capacity
of the sector for PC use and the capacity of the zone for AV applications.
A typical example might be: Take 2000 zones and 64 spokes. A zone is
30  roughly 17 um wide (~ 106 tracks). At the inner radius (24 mm), this corresponds to a
capacity of roughly 53 MB. By taking 64 spokes this would yield 0.84 MB per sector. At the
outer radius (57 mm) the capacity of a zone would be 129 MB. The capacity of a sector

would be 2 MB. By increasing the number of spokes proportional to the radius (e.g. from 64



capacity of roughly 53 MB. By taking 64 spokes this would yield 0.84 MB per
sector. At the outer radius (57 nm the capacity of a zone would be 129 MB.
The capasvoyil/of’ém sector would be 2 MB. By increasing thecverbien4of spokes
proportional to the radius (e.g. from 64gW0 01/ 73763 PCT/ EP01/03494 18 to
155) this nunber could be |owered to the value at the inner radius. Because
of the toeﬁﬁ))rtﬂlsrrgm&reeamldhbd)aweradwt% ohlut hethdiimsler paddas. Becduwss bf ther dat a

st or age. storag per. .zone, i.s relatively large in this exanple.
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seconds. The factor two %réséa%salégﬁde%or ol\s/er%]ezf?of 1(I:Ihalrﬁnel 8gde %ﬁ %C
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the zones are divided by 64 spokes, (PC application: 106 tracks of 5.6).
For 10he regnsding arqas ikl ke 9“%‘?\‘&???&1"“’&1{1 ﬁ@aosam%dpis ofliscer i s rewitten in

AV storage or a 6 | t
that v -0 m e, e daoRRE e foraErhBubllndy Brdeddeighs pds ophgBAReEY )
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Com ot 2bpBiauony s eiefis of Y81 Y andlor it Sk impatin Nighthe Soresrt fidBaBy g v o
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rate will 20 decrease by a factor equal e nunber of spokes, yielding,
f or 16he z@b@werewmampireAVmcﬁage{W@] firhds smallez sodorsndiG sotagedf itAs assuamkd ti me of

1.6 s w dtore e.all the 10 4 t.ne
out er trg@ 1‘@185%?‘? %B%Eﬁéatf;gg%atlsf [n}/glé(? é\%ﬁﬁ(g Bﬁ&ti cjty@) Mbﬁ ?H%I | er
and W | lcobesppn@siRbthk- 24 i ifiner!rAdiGs 96 a 85tadéRD freQuasy aﬂ 68 B snA ekdutione
effective data rate will go up by roughly a factor 2. 25 Normally the

nat ure dimejefeldims. dﬁalédgtg@g ag@mn@éﬁ 29ne shoylghpe f%eédbé efectiyg datsarateiwillent i on
e AL SRS A5G Be  ) RRRRB M
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30 i nfor f%ké gﬂmt MB@EF&RBé’B&ePHﬁckQY}?J effRIiBEdRRTHS firepiREing bRk sl i§ he chance
on fatal bur errors is

smaller and will be around 1.7 Mb/s. In case of 5000 zones and 32 spokes the effective data

rate will go up by roughly a factor 2.

25 Normally the nature of defects on a storage medium of the type covered by the
invention requires a certain amount of recording space to be reserved for the correction unit
(ECC block). In optical recording the length of such a block is often chosen equal to one
complete track of 360° at the inner radius and, because the number of bits in such a block
must be constant, almost 180° at the outer radius. This large length of the ECC block causes

30 information to be spread out over large parts of the disk and the chance on fatal burst errors is
minimised. This error correction strategy does not map properly (is in conflict) with the ‘PC
strategy’ in which only one sector is replaced. Reading and buffering complete zones (with a
data rate of 270 Mb/s, totally as well as effective) for the PC application too, is preferable for

error correction. This hardly increases the time necessary for total replacement of a sector,



m nimsed. This error correction strategy does not map properly (is in
conflict) with the 'PC strategy' in which only one sector is repl aced.
Readi ng amdlobud76eri ng conplete zones (with a data rate oPCRERIINMGAS,
totally as well as effective) for the PGgapplication too, is preferable for
error correction. This hardly increases the tinme necessary for total

r epl acerehusefthalakfcy dme iV¥odGddd/@iidp oPfoheiell Qadihdrealddl heffoauize, likedot at ency
time is reduced partly or conpletely. An increased buffer size, |ike for
the AV nBB&Y Modpdsno¥aEesSsATY. There are two wel | - known speed nodes for
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generally applied for audio-video, e.g. 1n optical drsk driv const ant
angul ar mediomity (CAV), generally applled for data, e.g. in hard disk

drives. The spinnin e 0i to inner sts tine
and “enefOgytaniEinsal Y&ﬂ%‘gg' @ﬁ%ﬁ%fﬁ&@w ‘{]ﬁ’g E&gf e 1g'smp‘?éIl fr%{f)lT Ve
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di fference between raw error rates of, for exanple 1 10-.,6 and. 2 10-6 is of

mi nd0 i ipBesEy eEoPPEionghte the Fagiusy be- @palfomat@k/r?oﬁlm%#ar&eé@r nenidiithangt ew of
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very-smal | reversal atterrpt period 1/f0. 20 Further devel opment of hybrid
r ecdidi rlgndl of toémarwes dfignch anhingreasa un prorateevérn nat tokdrabdermgily gn weM®llwhan a

factor rovenent for. Poisson neise dB
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t heoreticall gl n&; sible for the above described hybrid recor d| ng systens.
sti§

At ar ealraigeh apsel thoregogedaparticke (on actingkipRLiYAlimp ioRrepeiongldo &g ght | y
Ir 28,92{ i on&%f@#roltybu i f)l?l 0 %6.'5&%1 | ng%ééﬁ' %@ﬂ?év%ré\%})gt{i’egﬁ?@g u ?fiqlpfﬂ't gﬁ i ncrease
of Z¥Rmed for Poisson noise from5.3 dBto 6.7 dB.
Further development of hybrid recording
It can be shown that an increase in areal density by more than a factor 2.9 or 7
dB (2.2x) SNRy,eq improvement for Poisson noise and 11 dB (3.4x) for transition noise
(obtained when T, would be close to Ts and M; and H; are reduced by a factor of at least 2.9
25  between Tsand Ty) is theoretically impossible for the above described hybrid recording
systems. At areal densities below 100 Gb/in? the maximum improvement is slightly larger
and at higher densities slightly lower. A spot size of the radiation distribution of 0.3 um
instead of 1 um would result in an increase of SNRyeq for Poisson noise from 5.3 dB to 6.7
dB.
30 An unexpectedly large improvements over conventional magnetic recording
(and ‘conventional’ hybrid recording) is possible for special hybrid recording systems with
values of f, X ty cquiv Substantially smaller than assumed above. These values can be achieved

by pulsing the radiation field.



30 An unexpectedly | arge inprovenents over conventional nagnetic recording
(and “conventional' hybrid recording) is possible for special hybrid
recordi ngv@ystans with values of fox t,,, ea,,;,, substartcT/aPbyosgnmal | er
than assunmed above. These val ues can bejgchieved by pulsing the radiation
field. WO 01/73763 PCT/ EPO1/ 03494 20 A very good conparison between the
conventi onal nmagnes veryrgeod komparisoncetwezn tlsqamiveﬂmdmmmgnemcremiﬂmg andithebe
obt ai ned nungerically en the érrhenl us- decE i If the wite

t enper atSPPeaPYE recording fan PooRaingd phmets a@léentt FHH‘Fé\}eFl deeay &t i caIIy

unreal i h t

obt ai nea i,y HERIERARkr. TRy BRLHHBItC!RE HERee I ANEIT T QUM |
T, is takegulisfihand dﬂngemhm)gt}meubamtategr lamlsumqmbmmnbwenlddmbtamed‘ e all
calc | ati for ures and 7 rel at| i%ﬂ ra!kd recordi ng using

rel a |vé¥’i} aé‘PB% ﬁ‘?arsaé?vef&r&e fewngﬁﬁ'lus UtB*R-or continuous heat

spot *) 10 T, =300rh&:followinl gfa@&eetérmmg ﬁaw&enhséa m4ﬁé>cd~feulﬁnmﬁff&epﬁgufé§ spot
tenperature *) is 10*365*24*60*60 s; (* lgw red storage tinme *) Dspot=1
yely

10"6 m §andeF felatingye hybricheperding using re argpwalues of fo xvwd@v-nis; (* Medi um
velocity *) 15 p=0.16 10"6 m (* Pitch; 0.16 mis 100 Go/in2 situation *)
Novw=O, (* Nunber of overwites before refreshing; O=no overwite, i.e.

every tine refr@tsjhpufsforj&guﬁudus}ﬁﬁt yt)rsal attenpt rate, i.e. reversal
attenpt tine is 1 ns 20 M=240 103; (* Required renmanent nagneti sation at

t--t10 anb=800K; (* &notage@@ngqygu{e%*)wam num remanent nagnetisation, at t=0 *)

t wwDs pot t [@@t* ng time *) tw
(Novvv-lrl)tv( 65?16 %rffe ?&S{p%t ehﬂ% 2\ heating time. Note: proportional to
Dspot 2. tEd|0*3@‘2m°@*601sp@1 Rm{iﬁredfstoaageybmé ) recordi ng systemw th mini nal

t hermal side erasur he. t ot al |valet heating time, tweq,iv, is
substitL}S%mt_ { ’”n‘?{f?%weﬁf&lﬂs Ot(sdiotlé]lamaﬁ?a Varied. * ) (* Additional

i nput f%l@?ﬁ/?ee M@ﬁ{un%%m Jytpp 50 10”9 s; (* Effective single-shot
heating tine pul sed ins ead of continuous heating. 30 Choose at | east

abodtt equal to m nimumreversal tine. Larger than 0.7 tinmes the bit tinme
B/'v isn I heat | ti is. 50,.ns |aser pulse + ca. 20 ns
' dwel | g)emu va"gB‘\ﬁ‘% §‘36 ]tﬂpg‘é “\Ms’(ﬁ‘t‘aﬁlof}ve)r gap length Wg *)
bet al O'ﬁOVV(FO,g’L RunfbePbt O\le?\'i’/me@ before refreshing; 0=no overwrite, i.e. every time refresh

*)

fs=109 s'l; (* Reversal attempt rate, i.e. reversal attempt time is 1 ns *)

20 M=240 103; (* Required remanent magnetisation at t=t; and t=ty, *)

M;=300 10°;(* Maximum remanent magnetisation, at t=0 *)

tww=Dspot/v; (* Spot centre-line heating time *)
tw=(Novw+1)*(Pi/4)*Dspot/p*tww; (* Total heating time. Note: proportional to Dspot®. For
25  the embodiment of a hybrid recording system with minimal thermal side erasure, the total

equivalent heating time, ty cquiv is substituted per definition for ty, in (0.1), and varied. *)

(* Additional input for pulsed heat spot *)
tpp=50* 107 s; (* Effective single-shot heating time for pulsed instead of continuous heating.
30  Choose at least about equal to minimum reversal time. Larger than 0.7 times the bit time B/v
is not useful. Typical heating time is 50 ns laser pulse + ca. 20 ns 'dwell time'. *)
Wog=4; (* Read track width over gap length W/g *)
betal=0.8; (* g/B; B=bit length *)
beta2=0.75; (* W/p; p=pitch *)



bet a2=0.75; (* Wp; p=pitch *) WO 01/ 73763 PCT/ EP01/ 03494 21 The results
of the calculation for the conparison of the hybrid recording with tH, >>
1/ f o and wonvetss onal nagnetic recording are shown in Fi geCeEEP@/Bm 7. | n
Figure 6 the vertical axis gives the ratio of areal density for hybrid and
conventional magnetic recording, 5 and the horizontal axes the |ogarithm of
the heating tine tWand the logarithmof the reversal attenpt rate f0. In
Figure 7 the vertical axis gives the ratio of the SNR of the medi um.for

hybrid and conventihsissultseghercalculation fon the comparsen gf the ybrigapeording arithaxi s
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is arranged bel ow the recording |layer, and the 15 recording |ayer has a

cor r espdntridghg chrvegtionad magnétig recordingSn TRp and thed)orizantabaxis give it sagnet o
expression q 1). The (TW/Ms(T,) ratio is called MsRati o bel ow. Wen the
val ue ofP¥ efﬁilagglguir " tpp is chosen in the calculations to be very |ow,

t he nunber of heating pul ses experienced by each grain in the medium for
pul sed heating is _calculated and the resulti ng total heati nggti me (wor st
n

casdOassunpti on) iBytrikespriingavittoexdremsly,shorhsaling pylsesagauipsy| thatdhe beaging gy e
to sl ow i i.0Q): } its:isS S I t han
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reached aeul dehsity ca SINRwili etdaye fuatheswith respadtao thandd'caiveational' Hybridhoul d be
noted that the gnalyses are based on the Aryheni us-Neel . expressi.on and,
hence, tIRePTdingelith hrgting ulagate et ahort the ﬁeragwggsa%ﬁ bHEY {40t her nal
25 equi |$éﬁrﬁfﬁ@l%'i‘9€r§'?80ma%in?% Srrfoel BEloWAhatecBRALS RYel bi®theThi s is not
correct for atotal heafing tine that consists of a numbeér of

wel |15sepeacating lineahapateespoidiogly drgomalue fortthe Ma(TadM (b rative acaovding &d
attenpt tine .1/f0. or. snaller,. e decay.,i e. roxi mation is then

over est | FRIEHP (é)xxpr die i@‘gt‘sstd:B r?té%gs‘%g%wsﬁgwaﬁe@%‘fvhg' time, ts, before a
first reversal canyhé@hR valuROE theilseddfie ) is dhostmdintiecalbuldint tsbdealy
expression if you introduce an equivalent 30 total heating tinme, tWegaiv,
that is lewatheaumbgnef hasting pulges cxperencad by ieach graipyin thy mediym foupulsedbm t he
fol |l ow escript i f i | t i.fd . Joust t.er the
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PCT/ EP01/.03494 . o . L
bits is smaller than the heat-pulse time, the normal situation of continuous heating is in fact

reached and then automatically, as such, taken into account.
It should be noted that the analyses are based on the Arrhenius-Neel
expression and, hence, the underlying assumption behind all the approximations is thermal
25  equilibrium during the major part of the total heating time. This is not correct for a total
heating time that consists of a number of well-separated heat pulses of durations of the order
of the reversal attempt time 1/f; or smaller. The decay in the approximation is then
overestimated (‘worst case’): it takes some ‘switching’ time, t;, before a first reversal can
take place. You can still use the Arrhenius-Neel expression if you introduce an equivalent
30 total heating time, ty cquiv, that is smaller than the actual heating time, t,. This follows from
the following description of the physics just after writing and just after the beginning of a
heating period when a magnetisation state away from thermal equilibrium moves quickly to

thermal equilibrium.
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expression etc. by introducing an equivalent total heating time, ty cquiv, that is smaller than the

actual heating time, t,.

25 Nevertheless, the above improvement factors already described qualitatively
correct the very short heating times within the order of the reversal time 1/f and prevent the
medium from switching by thermal agitation during the time that the medium is locally
heated and the static coercitive field Hy is strongly reduced. Consequently it will also be
difficult to switch the magnetisation during a comparably short recording time. A higher

30 recording field, in order to reduce the switching time, is then necessary. This means in fact a
higher dynamic coercivity.

The calculations for the very short heating times, using a final areal density
D;=100 Gb/in%, Dspor=1um and v=10m/s, yield:
For continuous heating (i.e., ty=490 ns), M;Ratio = 1.83 and D,Ratio = 2.24.



WO 01/ 73763 PCT/ EP01/ 03494 23 For Ins pul ses, MSRatio = 1.99 and DaRatio =
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very Iarge density i nprovenents become 15 possible for very short heat
pul ses. bepora¢ verytlange. cases, the extra effect of short pul ses are noderate.
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tinme, t\desayidr100fGWRENAL QighkFyihd] atdabderilies lﬂheymeoﬁle&zalhalelqmt “alogsd, heati ng
time is considerably shorter than the actual 20 heating time for very short

heat!Opulheaigverpthat dug Wéh%lrla;rapr wisqrf)?tre@isawhm Fh?épphdlﬁﬁéteFPblﬂg}éf)f dspytiessNR
the signal;s1.0; 00456 ass%&f%do Po! 3S] t‘gﬁéo n&a?sﬁ{lﬁﬂié%ﬂﬁ '15‘ thhott ﬁée@

T--t ran5|wt| on~ nol se Mithe T ure recor and

C=conv el Mtlen HBG R ik @p}ﬁl&fdﬁfeﬂy m&uy (BheheVadation of tHeWwittg e, @-glbif @bpltyﬁlgequm
to 1 ns and _is represented by on the x-axis. OQther input values for the

cal cul atltssnlightdhougben ﬂ@ﬁ erfél%wte hegdnyithus everapiwith H@‘gbbﬂ}F%It@l‘iks heat i ng
t b
whon ¢ G BERth S o1 Rlch Hank MO ing s} Yerd MR enl RPinlERberhbth Bocbhi?®s

revdss alpoastxblerf@tvetry gigorf héap pulaend Ireajuather ¢ases, dot axada effettadf sheapulsgs arene f or
pul ses Ioc%er than a few tines the reversal attenpt tinme. Figure 9 shows
an appar®?4¥53%®0 for thermal | y-assisted recording according to 30 the

invention. A di SC'Iﬁh?eQ?gplﬁHB%% ﬁE%%'tHémﬁﬂrokf&néxﬁtfﬁ&gﬁ DRafh aft uator 92. A
recording head 93 includes a %t shown) read and wite head and an

opti cal INRwlsRatiorare plosted agaﬁimtlonoﬁﬂnemmﬂequalm hegting theedw and ofleaddict s t he
data in the.r t he d head. A dri control,s t
rooact it R edRR s o ket et e SsKERbohoTEh R s s,

field ofheating time for very short heat pulses. D, is the areal density (drawn line in the Figure) and

SNR the signal-to-noise ratio [P=Poisson noise (dashed line in the Figure), T=transition noise
(dotted line in the Figure), H=hybrid recording and C=conventional magnetic recording].

The value of tw equiv (=1/f) is equal to 1 ns and is represented by -9 on the x-axis. Other input
values for the calculations have been given above.

25 As described, the equivalent heating time becomes (much) smaller than the
actual sum of the heat-pulse times when the heat-pulse time t,; is of the order of or below the
reversal-attempt time 1/f, and equals the actual total heating time for pulses longer than a
few times the reversal-attempt time.

Figure 9 shows an apparatus 90 for thermally-assisted recording according to

30 the invention. A disc-shaped storage medium 91 is rotated by an actuator 92. A recording
head 93 includes a (not shown) read and write head and an optical head. A receiver 94 is
connected to the read head and detects the data in the read signal from the read head. A driver
95 controls the magnetic field of the write head and a driver 96 controls the radiation field of

the optical head. A processing unit 97 makes the data read from the storage medium available



the optical head. A processing unit 97 nakes the data read fromthe storage
medi um avai |l abl e WO 01/ 73763 PCT/ EPO1/ 03494 24 for further use and accepts
data to wow/7376&n onto the storage nedium The processi NBCYEPe1/03pdovi des a
control unit 98 with information for wr'Ehi ng data. The control unit
controls the two drivers 95 and 96 such that the magnetic field and the

radi at i dor furthetuserapd putepecdatatot brevidindn @ftd thevsdyragomedianr. The peocdsin unit
control unit 99, provided wth_ infornation about he act ual p05| tion 5 of
the recdreifes qq@mrobw P%W@H@foap n@rm\@ltw&d@ta@? © EYHEAL Hnit comEols theitaie
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fiel S aratifiond BF G0 1 rroctrfve gL ap 5P et AP ot B8 {1 ol
subst antrbéﬂram g RRh Gt fespliho tGeEAYRE TR dum DY vigaPadthiod 10l benefits of the
short radlatlon pul ses, “a hybrid-recording layer stack preferably consists

of a magnetic recd%gilrngOlsb@waﬁ@mangwmbtlle)magrmﬁialﬂeldﬁas acf@xgp@@moytmwch t hat

it heat ui ckly..and w t,h .l.ow a

resisti 3*1? 6’ qgaﬁgﬁngﬂgtpo “f ocglths 1a 18n ﬁ?@"‘ﬁ thezl%ﬁt%B} r"ilacehe %Fagll non pf)llste Shot so

fast thake $ydeBfonpedes thesn sﬁ@ﬁela)re@ﬂsmkm@nh@t thé aniliag edgsi dftthedatliatioh ar ger
in the | ateral dlrectloné1 than in the direction of the heat sink 20 4)

addilfi orfigld subsentialimeningiie with th igvergalayer with a small resistivity in the
direction of the heat sink, an internediate |ayer wwth an opti nal
resistivity may be applied; this conbination is to be preferred for the
nmor e uni f or m t enp@&roadeay theifoll baeefitecfthel siugt tadiation ipulses, uéybridsecording dayer

under - | a¥ or s strate th large heat capacity and small enough

resisti \FQC%P(%C aconﬁxggsg\% serving as a heat sink, such that the magnetic

top laygrmgsae hgré&mn I-Hg‘éhlla)(rl py thout 25 heating the surroundi ng. A
col umar structure or terned structure hel ps considerably in obtaining

t he 15dedl) lasmaﬁdleamarpeqat)c sudhahatet heagssipsquigkly wnd withHewldaseopeiverg (and

i nt er nedj at e er. ure 11 sh | e brid.recordin tack 111 of
2"t or agh ohitel bl st fh FE oSt 3orl oy fu vl St BuLhdlEs, 13
The recaaditid 1ds8ySdwdrSs tvadied nm | ayer of 30 Th22Col8 with a Curie
tenperature of about 600 K, determ ned by the type of transition netal, and
a conperi aniseftopie thesmak rgsistivify: Msgartin ﬂtfdnﬁetaéﬁpwtmn(ﬂr)éhmcnahfgdlm}n@@ of there,

| ower s tgg %}(lle tenperature to 400 K. The recording | ayer may al so be nade
of Tb2 tl'—s Co7.5, yielding a simlar conpensation tenperature. The

| at Ror hiyadditibedlly toaaasdrelic €2cording layer with a small resistivity in the direction of the

heat sink, an intermediate layer with an optimal resistivity may be applied; this combination
is to be preferred for the more uniform temperature in the recording layer it gives rise to.
an under-layer or substrate with large heat capacity and small enough resistivity (e.g. a
metal), serving as a heat sink, such that the magnetic top layer cools down quickly without
25  heating the surrounding.
A columnar structure or patterned structure helps considerably in obtaining the
desired anisotropic thermal resistivity in the recording (and intermediate) layer.
Figure 11 shows a simple hybrid recording stack 111 of a storage medium. A
recording layer 112 is arranged on a heat sink 113. The recording layer is a 12 nm layer of
30  TbypCo;g with a Curie temperature of about 600 K, determined by the type of transition
metal, and a compensation temperature of about room temperature. Changing Co to Fe,
lowers the Curie temperature to 400 K. The recording layer may also be made of
Th,; sFe71Co7s, yielding a similar compensation temperature. The latter has a heat capacity C

of 2.8 10® J/(m?K) and a thermal conductivity L=9 W/(m.K). For reading close to room



of 2.8 106 J/(nBK) and a thermal conductivity L=9 W(mK). For reading
close to room WD 01/ 73763 PCT/ EP01/ 03494 25 tenperature, it is necessary
to reducavohe737es e-earth content in the above conpositi onP¢(AERON3494= 30 K /
at % RE content change). The heat sink hg a layer of e.g. 25 nmthick A Cr,
having L=20 W(m K) and has a heat capacity C=2.7 106 J/(nBK). An Al

subst r attempératude] @t is MBYesSrs € redfte/Be e REAN cSritert)in Me dbdFe oPositidH (@chJ.,Jger mal
conduct|V|ti%/of L=190 W(mK), which makes 5 it a better heat sink. Figure
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an oxi de, e.tg. Al -oxi de, having a thermal 10 conductivity L=1 W(mK) and a
t hi cRnedka betfes hgat sgikam  The heat sink preferably has a high heat capacity
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al l owed: the nagnetisation is frozen-in by e steep spatial tenperature
decrl®as eonduntivitid 1 S AmK) byd athidaesmfsan $om. Thsdieatsink prefasaly bas aBighg t he

densi 11 dea ePfinCRAEN g BAmplionb ARty bOR RIGKRBEShe roSF SRS ordl | o

| arger |5R4iakd1s SABACIOGRe hddt sinkang. hence a larger Hc) than for normal MO
systens is desired. Fig. 13 shows an enbodi nent of the recording head 130

for such a systemin which account has been taken of the know edge

concer ni ther mal .decay devel oped .abgy 25.and in the foll ow ng section
i t | RSB Rl i RRE R e B AR AU o' &t or age med um 131
provisded with a recording |layer 132 having a | ow heat capacity, an

internmediate |layer 133 having an optimal thermal conductivity, and a
substrata 134, actWhen ths lasehsmt dsdsmiot extemdstHegondthe mdgnpee spen @hath irathe

o ¢ - sk tabreclion Bt e Hisfin O dhe ek & ety S MR ke Rlingml spot
for tragecom8s WnthabsblNvith MOGybe re@ofddie I thaPéRE alowRYE Bty d€allcired@thel aser

is utilised with'its smallest dinmension in the width direction n (arrow
136) of magnetisatior islBgzenfindyvhs dequipgtahampenatiag idecregian onthe sedding pyhan

B N S T N
di mensi decase of tHetdensities in which we are interested (bit size < optical spot size), a larger
medium remanence, M;, (and hence a larger Hc) than for normal MO systems is desired.
Fig. 13 shows an embodiment of the recording head 130 for such a system in
which account has been taken of the knowledge concerning thermal decay developed above
25  and in the following section ‘Additional information ...". The head is operatess on a storage
medium 131 provided with a recording layer 132 having a low heat capacity, an intermediate
layer 133 having an optimal thermal conductivity, and a substrate 134, acting as a heat sink.
In the case of perpendicular recording, the recording layer and/or the intermediate layer may
include a soft-magnetic back layer. To avoid side erasure/decay by the thermal spot for track
30  widths W < Ajignt , a tapered planar wave guide 135 or laser is utilised with its smallest
dimension in the width direction n (arrow 136) of the track 137. The wave guide has an exit
window facing the recording layer, the longest dimension of the window being oriented in
the tract direction. The ratio of the longest dimension and the shortest dimension is eight.

Especially when low-coercivity (at T,) media would be applied (e.g. MO-type media), this is



Especially when lowcoercivity (at TW nedia would be applied (e.g. MOtype
media), this is WD 01/ 73763 PCT/ EPO1/ 03494 26 inportant. But also in

conbi nat ivedowri7kd a ~hybrid recording nmediumi with a high POPERIMI3E at T.,
t he proposed set-up is attractive. The \Qﬁve gui de 135 fornms an el ongate
heat spot 138 in the recording |layer. The spot has a | eading side 139

faci ng tilmpopaitt Bofalsdia donfbination evithhihgbrid tdeerdiay medivind aviktes hightcosretvityassed,
and a tralllng side 140 opposite to the leading side. Athin 5 filmwite
head 148! ferthfprapesesbict upras %tgge,twaf Thewaeneinds| qr@éapamgyte iheat;spet}38d near
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t he Ieadl ng edge of the thermal spot). Because of thermal decay in the hot

spotl0 bdhewdass phtbemmagnetin feld sget ase tatally wimnestant. A sead haad cambe located ioRg edge
of the ttﬂeefv%hesaﬁoﬁuttlﬁs 1%%&%21?%”‘1' ng nediumw th paraneters M and H,
: W

accordi ng expressi t,,, small, but unequal to zero, should
be applied. 20 This di sadvantage of the necessity of a higher He(T,,,) and

M(T,,,) . (wth respect . to enbodjnent, a) due to so t her decay is paid
back by Xurely st re&mtléfﬁlyaﬁavr%b%dwaéfﬁéﬂﬁ%lflp(?/? g it 8”?!@%4&6. n

enbodi K ] Haut

W h a DeLaablH W S6T ACARARly, h AR pol IR (& ANRRI RGP i bl B
nec d§sarp}actecb sorné distanke gwapirbin the traﬁlng iedge ofthe thgnmakhspotéd thef left, isd. gnthbn
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fixed (retvseathe fralling 6dsH dﬂh@hagﬁetk spsVandithe (¥Bilifg €QFAH1 tﬁ@ilﬁﬂnﬁlf’s@ﬂt gxpressed
by (0.1). An over-width of the above magnetic wite heads has hardly

negat i vaybrid-seqosding gwditme withperamsternMaad b rscasdingite axpressione(Ovid mith far ge
now, Se%m'gilgbutglﬁeﬂa'f'?o%(er sjg?wd\{)%régl?égall (embodi nent b) or zero (enbodi ment

a). Moreovet determ ned by optical limts but by
t he28ub- m cron w dhis difadvhetagegithe hecebdithf adiigher BR(H))tadd MEN,H (itheespactgul ar

shape. \{Per%%éc?iﬁizgg a)Pd%-Ic;/t(I)E Fs)grzllié %‘?eél}l’?‘lgl decay is paid back by surely straighter and possibly
sharper transitions than in embodiment a. The straighter transitions are advantageous for read
out with a magnetic read head.
A larger M(T;), and hence a larger Hi(T;), than necessary for thermal stability
25  (i.e. > sign instead of = sign in (0.1)) delivers more magnetic read signal.
The general requirement for thermal stability, in case the M{(T)/H(T) or M(T)/Hy(T) ratio is
not fixed (relevant for reading at T, > Ts), is more complicated than expressed by (0.1).

An over-width of the above magnetic write heads has hardly negative effects.

30 The improvement factors obtainable are very large now, see Fig. 8, since ty, is
very small (embodiment b) or zero (embodiment a). Moreover, the track width is not
determined by optical limits but by the sub-micron width of the magnetic head, and the bits

have a rectangular shape.



27 The alternative b cones close to the set-up of the previous proposals 1,
2 and 3 for thermally-assisted recording with a relatively large |aser
spot, extveadi/mgébeyond the magnetic spot (in the track-w,dr/Bpraio3esti on as
well as in the direction of the track apythe trailing side), for which a
recording layer with a high coercivity (or K) is needed and the 5

magneti sation i s flThealtemiativedy comes abmp tispszt-uplof deqrevises pbpddats Ij@gndt3i ¢

field fromthe magnetic head ar di um parameters, |ike t
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(because they are proport| onal to each other, i.e. 15 He oc Hk, M oc Ms
and consequently K -''/ZoHkMs oc HKMs oc HcM) Thi s does not apply to
(in)equalities in | f
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i nt er pr eoefivaSidl@HigtheGatuednaMagietieitivn, M ahammeﬁﬁnandnesgmaﬁéaabn QvI;, are
approximately as small S as, respectively. 20 Additional information
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al." of Htachi to thermal | y-assisted witin read out at room
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read- out . |l .aye r erature i.S.con ient for magnetic read out.
The. 1 ol dIDGBRJ Gy ARBBE T IR PIBY & i SiaY B TaHE PV ERUAB Y ayer
itself YPardnRQEPs L enper ature i s conpensated by exchange coupling to the

Th- Fe-Co nenory | ayer having very high coercivity at roomtenperature. A
si ngl e- I ayer magném addj'piolil,ctheb > @MDE signpbavrftorbedhﬁerprmé ap rrgarios egphoyimdtely ay ama
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Additional information regarding (inapplicability of) known media
Quite different type of media that can be made applicable for hybrid recording
are MO-type media. Perpendicular MO media have been developed for writing at high
temperatures. The (read-out) layers of these media have been optimised for magneto-optical
25  (Kerr-effect) read-out. Magnetic read out requires optimisation of the M; at the read-out
temperature. Fig. 14 shows the magnetic properties of a double-layer MO-type medium,
adopted by Nemoto et al."' of Hitachi to thermally-assisted writing and read out at room
temperature.
The magnetisation of almost 300 kA/m (300 emu/cm’) of the read-out layer at
30 room temperature is convenient for magnetic read out. The relatively very-low coercivity of
the Tb-Dy-Fe-Co read-out layer itself at room temperature is compensated by exchange
coupling to the Tb-Fe-Co memory layer having very high coercivity at room temperature.
A single-layer magneto-optical (MO) type of medium was optimised by

Katayama et al.® for thermally-assisted writing and reading. The compensation temperature



28 of the rare-earth transition-netal (RE-TM alloy chosen, Tbh23Fe22Co55,
is around room tenperature, see Fig. 15. The absence of demagneti sing
fields dweovo737he conpensati on of the M5 of the 5 RE subbar/Epaenslms t hat of
the TM sublattice at roomtenperature gygrantees |large storage tines. In
order to assess the suitability of MO-type nedia for hybrid recording at
ul t r a- hiofhhekarsédribasansitioasmethl @& TW) atlog chiseat Tsik,10dks i iroasd foom

si ngl e-1 ayer conventional hard-disk type nmedia should be applied, with
modi f i cdeMPHatuEh s¢eakigl bhast) two points. Firstly, 10 MO | ayers are not
granul ar (poly-crystalline) but continuous (anorphous) and an effective
activation volune will take over the role of the exchange-decoupl ed grains
i n granul ar nedi a.The8bsenoelbfdendgnetsing fielde dpetothe dompérsatiormofitha Msaf thes ul t

t he de etisi.ng fjel e ases .. en the bit length decreases. W do not
nowsor sty et ethe TN AR s e trouh ppirn PR SR BAS TVl une. of
MO nedi gipggxyd of its possible dependence on the recording 15 density and its
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acti vat inard-uiek wiR middid shduliWe3appliet, wigh modificatshsiaar (aslehdt) Bvepdints! Fiestiyp!
stability during 490 ns total reading (or witing) time at 177 C (450 K).
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100 &/in2 for the paraneterg used earlier in this sectiqn, woul d occupy
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(7x) wondh@activagst VolusRPREO Redid'@ld dfMRTRsablkid¥pddenceVd HEBSordifg ,
approximately equivalent to grain volunes for transition noise and Poi sson
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20  result we further assumed M;=130 kA/m, H:=200 kA/m, M&=M,, H,=2H. and the maximum
demagnetising field Hgem=M,/4 (the minimum activation volume would be (12 nm)3 for
Hgem=0). A bit volume WBt,=122x38x9.5 nm3=(35 nm)3 , with t,, the medium thickness,
corresponding to 100 Gb/in? for the parameters used earlier in this section, would occupy
only 20 of these activation volumes. An insufficient medium SNR of 17 dB (7x) would
25  result, supposing that these activation volumes are approximately equivalent to grain volumes
for transition noise and Poisson noise is absent. For Poisson noise the medium SNR is only
13 dB (4.5x).
It must be realized that in all normal MO media, i.e. having very-low H¢’s of
the order of 16 kA/m (200 Oe), written data would decay immediately at the enhanced
30  writing temperature in the laser spot just after writing in a thermally-assisted recording
scheme with a relatively large laser spot. This is true in particular, when the activation
volumes of the MO medium would be reduced for obtaining a reasonable S/N ratio at very-

high densities.



Model cal cul ations on a conmmerci ally-avail able granular hard di sk nmedi um
fromKomag with its too large M/Hc (280 kA/m)/ (150 kA/m ratio at the
desired wovi/mge3 tenperature of 450 K yielded a | arger deprenmeeising fiel d,
Hdem M /2, than assumed for the MO nedhbg. Consequently a worse nedi um SNR
(14 dB, assumng only transition noise) 5 resulted. These cal cul ations
suggest that for MM&del dalbﬂamﬂidmgadmmbr):laﬂib'giveﬂaH}Eglandlai\/ﬁardaimkaﬁedmman in
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4. The storage nedium according to Caim1, wherein the nmedium has a disk-
shape, and the recording regions are annul ar zones separated by annul ar
non-r econdd ng7aseas. 5. The storage nedi um accordi ng to BrEERV34mher ei n
at least one of the annular 20 zones iggdivided into sectors by radially
extendi ng non-recordi ng areas. 6. The storage nedi um according to Caimb5,
wher ei n @tAIM8st two zones are divided into sectors and the radially

ext endi ng non-recordi ng areas of the zones are aligned. 25 7. The storage
medi um according Claim1l, wherein the wwdth of the non recording areas is
substantially equal to or larger than three tinmes the pitch p of the
tracks. 8. The storage nedium according to Claim1l, wherein the
non-recording areas contain optically detectable marks representing
information. WD 01/ 73763 PCT/ EP01/ 03494 31 9. The storage nedi um accordi ng
to Caimb5, wherei - ' ' -,addr ess
nf o mat on. 5. 104 Thiaes AR for RGP me b AR LRI R BRE AT 2
radi al | yesotdliap dayeg having sutseaatiall ynparalled aicksfol rederditiginforadhtion schatastepisedhin on.
11. A method for recording information on a storage nmedjumincluding a
recor di igRYtAY EFoIiRg IaYerdnBudes fserrt of 1eRrdingdpeipns, 4 1F81ON CORBFIging §
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magnetical.ly recording jnformatio the recording r.eaqi.on. endi ng.
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or larger than a pitch of the tracks. 1 2. The nethod according to Claim

11, wherein the information is recorded in recording regions that are

separatof by al | aastiane HOGGRYEHi BRINET P SuRFER RShENT eludes o
per pendi‘¢ul ar to t'he tracks, e transverse area having a w ' a

di r @ot i agblphsavihg entrieopséihting torthe kon-setoediaghdead.| y equal to or larger than a
pitch of the tracks. 20 13. The nethod according to Claim1ll1l, wherein a

recording region is recorded in one wite session. 14. An apparatus for

thermal ly-assi st eg“.&%%&a;l%%dca&af b vbhePdif? HRAF kS th (HE Udding
including a recording Iayer having substantially parallel tracks for

r ecor di nrggionsdre praidednwitiaa sereo sthictgrefenilackinprhndrat astyzrtoof thonomvmeeonling he
recordi % hﬁacﬁi(érel ative to the storage nedium characterised by a control
uni t f orIESMESRIPFING SHREYSet uat or such t hat
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4. The storage medium according to Claim 1, wherein the medium has a disk-

shape, and the recording regions are annular zones separated by annular non-recording areas.

5. The storage medium according to Claim 4, wherein at least one of the annular

20  zones is divided into sectors by radially extending non-recording areas.

6. The storage medium according to Claim 5, wherein at least two zones are

divided into sectors and the radially extending non-recording areas of the zones are aligned.

25 7. The storage medium according Claim 1, wherein the width of the non-

recording areas is substantially equal to or larger than three times the pitch p of the tracks.

8. The storage medium according to Claim 1, wherein the non-recording areas

contain optically detectable marks representing information.



information is recorded in nutually separated recordi ng regions,

each

recording region conprising a plurality of tracks having a pitch p for
magnet i cavoy1/7136dr di ng i nformati on, each 30 recordi ng regPOVERXIISHE Ng a

di stance %2 p beyond a centre line of agjouternost track of the

recordi ng

region, and in that nei ghbouring recording regions are separated by
magnetically non-recording areas having a width substantially equal to or

| ar ger t9han the pitch p
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The storage medium according to Claim 5, wherein the annular non-recording

areas include zone-address information.

10. The storage medium according to Claim 5, wherein the radially extending

non-recording areas include track-address information.

11. A method for recording information on a storage medium including a
recording layer having substantially parallel tracks for recording information, characterised in
that the information is recorded in recording regions that are separated by at least one non-
recording area, each recording region comprising a plurality of tracks having a pitch p for
magnetically recording information, the recording region extending a distance 2 p beyond a
centre line of an outermost track of the recording region, and the non-recording area having a

width substantially equal to or larger than a pitch of the tracks.

12 The method according to Claim 11, wherein the information is recorded in
recording regions that are separated by at least one unrecorded transverse area extending
perpendicular to the tracks, the transverse area having a width in a direction parallel to the

tracks substantially equal to or larger than a pitch of the tracks.

13. The method according to Claim 11, wherein a recording region is recorded in

one write session.

14. An apparatus for thermally-assisted recording of information on a storage
medium including a recording layer having substantially parallel tracks for recording
information, a recording head, and an actuator for moving the recording head relative to the
storage medium, characterised by a control unit for controlling the actuator such that
information is recorded in mutually separated recording regions, each recording region
comprising a plurality of tracks having a pitch p for magnetically recording information, each
recording region extending a distance Y2 p beyond a centre line of an outermost track of the
recording region, and in that neighbouring recording regions are separated by magnetically

non-recording areas having a width substantially equal to or larger than the pitch p.



