PERPENDICULAR MAGNETIC RECORDING MEDIUM Technical Field This invention relates to a
perpendicular magnetic recording medium and refers 5particularly, though not exclusively, to a
perpendicular magnetic recording medium having an exchange layer to provide improved thermal
decay and recording performance. The invention has particular utility in high to ultra-high areal
recording density media, such as, for example, hard disks utilizing granular perpendicular-type
magnetic recording lay ey ¢ BREHFRHNAHIAT AR KA IR GIERRRYS AFFRIING media arc widely
used in various applications, particularly in the computer industry. To increase the capacity of
magnetic disk drives, efforts have been made to further improve the recording density, i.e. the bit
density of 15th& magnatiginedia. In order to achieve a magnetic recording medium, the bits are
formed by a magnetic field in a direction that is perpendicular to the plane of the perpendicular

magnetic recOPEtgFRETFEIAIGE hapssreadienIs merenriicrireghding mecdhisoauhyef26in order to
fabricatesa pekRanaiGHaLIEEaIUIOIRGINEINAYAG S Al SIARARAGRS AN s Important to
is

have a recording medium with small grains, uniform distribution of grain size, and uniform exchange

coupling betHESHEHR GRTISK Svenir RrgAndmeTer eschrims ety beenisrethe grains result in
better switchingfefmagpetin giansaod migareinn IS hiraak CAUTg IRl lsngihapdipedia noise.

However, very small (ngarly zero) exchange coupling between magnetic particles or grains results a
very low squ%@ﬁ&é‘-‘gﬂ@a%}hﬂ% fRy sterdsie . Hays g%ﬁﬂl%&:&iﬁ@%@]@mﬁm;tﬁé@re%ed
resistance torsgeiheemasselizatigneand thermal decay, and low nucleation fields. Non-uniform
exchange coupling results in other magnetic particles or grains acting independently, and in clusters,
resulting(%n a broad distribution 300f grain size and anisotropy field. This non-uniform exchange
coupling betvreRdReu@@ins (Hn distribution) becomes severe with increases in temperature. This can

result in incr ased%ﬁl rmal decay at hi(t]her temperatures. A perpendicular recording medium with
uniform exchargé’ %ﬂfé@l’@)ﬁhﬁbm?@é‘ﬁ SrERerdie msdiaseayvintahierssd darariprsiapnlisaéenta order to

maintain the patfoiaanae ofeR@iPRAcMHanseFordinG MadiumeRAHvRs Yith AR/ ationsinARErating
temperature.%xcll%ng couplingg begween the grains is controlled by the formation of non-magnetic
materials at tAAgr R Bobriameds 1h & HERL iy dhn Sesred g densigrain vdahiedmsisroformed
during the spiidenslspesitiaal dahatidGe)adlrtirumdRte @ exidaiMithadditivasofighremium, boron,
zirconium, tuepgsten titanium, tantalum and.ruthenium (Cr, B, Zr, W, Ti, Ta and Ru respectively).

However, th %rgﬁ%mrgﬁg?gafzm gi&ﬁgectlon that 1s perpendicular to the plane of the

perpendicular magnetic recording medium, and that has a perpendicular magnetizing

anisotropy.

20 In order to fabricate a perpendicular recording medium having a high signal-to-noise
ratio (SNR), it is important to have a recording medium with small grains, uniform
distribution of grain size, and uniform exchange coupling between the grains. A smaller
magnitude of exchange coupling between the grains result in better switching of
magnetic grains and a reduction in cross-track correlation length and media noise.

25 However, very small (nearly zero) exchange coupling between magnetic particles or
grains results a very low squareness-sheared M-H hysteresis loop, a broad switching
field distribution, decreased resistance to self-demagnetization and thermal decay, and
low nucleation fields. Non-uniform exchange coupling results in other magnetic
particles or grains acting independently, and in clusters, resulting in a broad distribution

30 of grain size and anisotropy field. This non-uniform exchange coupling between the
grains (Hn distribution) becomes severe with increases in temperature. This can result

in increased thermal decay at higher temperatures.



10 varies between the centre or the magnetic grains and the grain boundaries due to the formation of
a non-magnetic phase inside the Co grains. Therefore, the exchange coupling between grains is
normally controlled by process parameters, such as, for example, the content of Cr, B or Zr, or oxide of
one or more of them, in the sputter targets. Another way to control the exchange coupling between the
grains is by reactive 15sputter of the targets in a sputter gas containing oxygen (02). However, this

process causeRR RAKNANIECAURINGREMPRING BTN AIDR YR AEAIUNE, AR esult Lis

very difficult to maintain uniform an fficient exchange coupling between grains. With increases in

temperature, 30drgss &y i dvedimatided Donsecdadormrdge amyéntinibe narfergranes of herefore,
the Hn decaywib@mpsr atusedidnddiLis incraasedithsieaulls in persasediistmaldecay of the

perpendicular recording medium. It would be of advantage to have a perpendicular recording medium
with a recording 25layer having a significantly lower decay of Hn (dHn/dT) and Hc (dHc/dT) with

increases in texeparaiWeuRnd tharederaia lomek thermaliirgay, ohihe permendickal faearding medium.

It would be of further advantage to do so with a higher signal to noise ratio. 30 Summary According to

an exemplar 355 HdPs RPROMEYHIFE rddRdieura R e et it rdainPreRE ibstrate.

The perpendigylfyrmeyoetia erospingeMRMINIHRAS BctRRArHing, FlidyRim (e racesdingayer includes a
first granular rg

ording layer and a second granular recording layer. The ratio of saturation
magnetizatiof} gﬁﬁ?fﬁéfﬁ%ﬂ&l‘&?’%Wbiﬁﬁqmﬁme%%&{ﬁ%m%l?%@?éiﬁﬁh%&‘é‘ms greater

than 1. 5According tor angtherexamMantcasheckiberaliswromioed sopespaadisularmagnstisrecording
medium on a substrate. Thigerpendé%ular magnetic recording medium has a recording layer. The

recordirld lay 5P 3 DR SRS Gratn & MEOREIY ki XhiRd Receiirgrarmdarise ddrind tyer. The first
granular recoislingtlayethama-relgtiely frigh mageatic aviseirepy DRmTared e éhensagend granular
recording layer mlagngtic 10anisqtropy.

couplinig between grains 1s normally controlled by process parameters, such as, for

example, the content of Cr, B or Zr, or oxide of one or more of them, in the sputter

targets. Another way to control the exchange coupling between the grains is by reactive

15 sputter of the targets in a sputter gas containing oxygen (O;).

However, this process causes the exchange coupling between the grains to be extremely
sensitive. Asaresult, it is very difficult to maintain uniform and sufficient exchange
coupling between grains. With increases in temperature, it may result in an enhanced,
20  non-uniform exchange between the grains. Therefore, the Hn decay with temperature
(dHn/dT) is increased. This results in increased thermal decay of the perpendicular

recording medium.

It would be of advantage to have a perpendicular recording medium with a recording
25  layer having a significantly lower decay of Hn (dHn/dT) and Hc (dHe/dT) with

increases in temperature, and therefore a lower thermal decay of the perpendicular

recording medium. It would be of further advantage to do so with a higher signal to

noise ratio.

30  Summary
According to an exemplary aspect there is provided a perpendicular magnetic recording

medium on a substrate. The perpendicular magnetic recording medium has a recording



For the second aspect, the ratio of saturation magnetization of the first granular recording layer and
the second granular recording layer may be greater than 1. For the first aspects, the first granular
recording layer may have a relatively high magnetic 15anisotropy compared to the second granular
recording layer magnetic anisotropy. For the both aspects, the recording layer may further comprise an
exchange layer between the first granular recording layer and the second granular recording layer.

The exchan%}@yen{@@a/cspdnpg@%%ﬁuaé&ea%aog}%w?e/c%iﬂg;hfyé@gg@ PiaR1a BO.Att 20 The

exchange layer may further comprise at least one additive selected from the group consisting of: Ti02,
Cr203, Si02, izrorlimplzenphoatingd saurztonTasgs izaenyitiz frzosrandansgoriegat least one

additive may jpecin.therangeclduR@tioret b O] lavalem@yhave a thickness in the range 0 to
10A. The perpendicular magnetic recording medium on a substrate may further comprise a soft

underlayer on the substrate, and an 25isolation layer on the soft underlayer, the recording layer being

on the i5@|ati%&%i/&'iig3ﬂﬂaﬁ8th'&f@{e¥ﬁ§&?iﬁ@b@(%é}@ 1hereeriac gapuiar seeerding dayer. According
to a final exemplaé%/rrgspecj[ there is provided a method for forming a perpendicular magnetic recording

medium on a'SEASHR ARSI G RSHBRsTTY BOTRSHHIRYA fRELBrHR drsP FARS aIRG Y EASBIrming an

exchange lay@eéenitheifivet orapwabresr ding meidans fiesminm A SecesRIBIanHar 4&¢qrding layer on
the exchange layer. The ratio of saturation magnetization of the first granular recordjngi’layer and the

second 4 grafthar B JAEEIRAPEE JRSAHET AR IarSFtE ArEERAS I rEUERIMg ayer may

have a relativabshigia magrels aoispteatcampacesdeiiniteconsmndidr ipeerding layer magnetic
anisotroi)@/. 5Before the first granular recording layer is formed, a soft underlayer may be formed on
the substfate®AiPiERation layer may also be formed on the soft underlayer. The tirst granular
recording layer may be formed on the isolation layer. Forming the soft underlayer may comprise
forming a firs%soft underlarézr on the substrate, forming a layer of ruthenium_on the first soft

underlayer, ahtf fdPmifEF 4% ASREF 5 ofPEiNdERagE r GRHTREGRy A1 RTINS T FOfmIHG! t1e53 Y ftion layer
may comprisectesiding laneprigataiiosecondrotdayes asdhidisgdane- saliyusdgrtayar @ad foraingean

inteimediate layer on the grientation control layer, The method may further comprise forming.an upper
recorcing lay ot SrPHE Lo ctita §rir RIPVEC R 4 0P For i Aok Foteto8 pbr i (R BTl
recording layehi st iorcoingadahsicantdayed gratiéapretecdive layer nlhediist-giasubay 15layer, the

exchange layer and the second granular layer may be formed by DC magnetron sputtering. Brief
Description of the Drawings

For the both aspects, the recording layer may further comprise an exchange layer
between the first granular recording layer and the second granular recording layer. The
exchange layer may comprise CoCr. The Cr content may be in the range of 20 to 60 at%.
20  The exchange layer may further comprise at least one additive selected from the group
consisting of: TiO,, Cry03, Si0,, ZrO,, B203, NbyOs, MgO, Al,Os, TayOs, HfO,, Y,0,,
V,0s5and WOs. The at least one additive may be in the range‘ 0 to 20 at%. The exchange
layer may have a thickness in the range 0 to 10A. The perpendicular magnetic recording
medium on a substrate may further comprise a soft underlayer on the substrate, and an
25  isolation layer on the soft underlayer, the recording layer being on the isolation layer;

and an upper recording layer on the second granular recording layer.

According to a final exemplary aspect there is provided a method for forming a
perpendicular magnetic recording medium on a substrate, the method comprising
30  forming a first granular recording layer, forming an exchange layer on the first granular
recording layer, and forming a second granular recording layer on the exchange layer.

The ratio of saturation magnetization of the first granular recording layer and the second



In order that the invention may be fully understood and readily put into practical effect 20there shall
now be described by way of non-limitative example only exemplary embodiments, the description
being with reference to the accompanying illustrative drawings. In the drawings: FIG. 1 is a schematic
illustration (not to scale) o an exemplary embodimentof a perpendicular magnetic recording system
with read-write head and perpendicular recording medium; FIG. 2 is a schematic view of the structure

(notto scale) gt empinn. RErBERAlPL egerding, o BIGK AOFIG: Ana groel lratng

variations of dHn/dT, dHc/dT and the signal to noise ratio (SNR) of the exemplary perpendicular
recording media P Figuisiatisgly Figh 4m82nfloty ahaptioPsnwxerapiarjoniathsdconthtsieation.
Detailed Desegiptian,pfiibe: lary,Emhgdiments The exemplary embodiments are directed to a

~ perpendicular magnetic recording medium for application in magnetic recording systems. 5 As shown
in FIG. 1, an exemplary perpendicular recording system has magnetic recording head 1 and a

perpendigulageardipgrinedivm i Th& magnelicrecaiding heasklhas a faagnstics esording,reader

consisting of a magnetoresistive sensor 3 flanked by shields 4 and 5. The mag%etlc recording head 1

also has a wrih pRS B o T0iSAbalioT JaNS 5B ey Dfv BB peit i e OfiriB dRibaYidty SRS rEIH write
pole 6 throughRAULY ANSEHIG ferthaketuEn PRl TherRernRendicHlas ecordingmedim 2

comprises a substrate 8, soft magnetic under IayeréSUL) 9, isolation layer 10, and a recording layer
11 that includéRI§HEEHERY S MR SE2 TorBREe % 5 AR SEREFHAtB W IR st Yekie fOPHE Sructure

of the perpengigulaf reeRising medism:of fHfeuddsraewndn Flfmide Bhe Reipendichirtigeoding

medium 2 has a substrate 8. On the substrate 8 is depaosited the soft under layer 9 ha\(in% a first soft

under lajfer 1§18 seebrsa ihder R tha R PRl Eb RN FOMBRS R HanMssH A rst and
second soft upsiardpyers: boh i Qe Sbsinatel S manbersnads: ofh (hemetalie material.tgych as,

for example, aluminum or an aluminum alloy; i _ )
orientation control layer. The méthod may further comprise forming an upper recording

layer on the second granular recording layer, forming a protective layer on the upper
recording layer, and forming a lubricant layer on the protective layer. The first granular
15 layer, the exchange layer and the second granular layer may be formed by DC

magnetron sputtering.

Brief Description of the Drawings

In order that the invention may be fully understood and readily put into practical effect
20  there shall now be described by way of non-limitative example only exemplary

embodiments, the description being with reference to the accompanying illustrative

drawings.

In the drawings:

25 FIG. 1 is a schematic illustration (not to scale) of an exemplary embodiment of a
perpendicular magnetic recording system with read-write head and perpendicular
recording medium,;

FIG. 2 is a schematic view of the structure (not to scale) of an exemplary perpendicular
recording of FIG. 1;

30  FIG. 3 is a graph illustrating variations of dHn/dT, dHc/dT and the signal to noise ratio

(SNR) of the exemplary perpendicular recording medium of Figure 2; and

FIG. 4 is a flow chart of an exemplary method of fabrication.



or (i) a non-metallic material, such as, for example, glass, silicon or silicon carbide. 75 The
average surface roughness of the substrate 8 is preferably not greater than 0.3nm, and more
preferably is not less than 0.2 nm. Furthermore, microwaviness is preferably not greater than 0.3 ran,
and more preferably is not greater than 0.25 nit. 30The material of the :first and second soft under
layers 13, 14 may be en alloy of Co and Fe with the Co:Fe in the ratio of 60:40 to 70;30 [Co and Fe
contents] and with one or more additives from the group: Ta, Nb, Zr, Si, B, C, Al and C. The additive is
6 preferably in the range 3 to 10 at%. It is preferable Ibr soft underlayers 13, 14 to have an amorphous

crystal structdtetaiigd Beveriptipn of thoikgampiass BRodbnaass structure is that it helps the lattice to
uniformly setﬂ@l@@x@}ﬁdp?wﬁqﬁb@amﬁut&%@e&@@ thpegferRisithin hetter-upifermity of grains in

the perpendicular medium 5structure. Furthermore, an amorphous soft under layer 13, 14 does not
disturb the crifQaERi & ARBHCBH e B IRASR I BEHHBIAAYEICIP: The coercivity of the soft under layer 9
is preferably in the range 50e to 100e. It is preferred that the saturation magnetization of soft
underlayer 9 is in the range 0.6 T to 10 1.5T._ Each layer of the soft unclerlayer 9 may be formed by a

sputtering protesBal, % i tinle BRFSHREHGHY ithe Brofirruar St Y T maatc e bR BI3SHEHSN the

radial directiorcdiamBRhédn Lahetweenéheitinsirand seaonehsaftiunderlayerissddipreeisasan anti-
15 ferromagnetic, co pIinr% between first and seéc@ggd underlayers %3, 14, This assists in suppressing
DC noise ge&@agtehlhﬁ%i o THEHEUT-IARE P CEEE T HORBIE TR dBH Ay SR HEP Yo AikinhiZe

WATER (WidgaAkea yatkekrasendand Alid tAudineentctmakninterdiarents) eifestaincdhelpepemdicular
recording medium. The soft underlayer 9 may assist in ¢conjrolling the crystal orientation of th
erpendbulaf FHE Bl e dHIRE SOVFHL OB Ry B G5 iR O Lo R g 48 Tormed
on the secongabftuagérdayeisldo and asdrtepvrRdBte ByerpkBparmaden-taeatigntataieontrol layer
17. , ' . . .

comprises a substrate 8, soft magnetic under layer (SUL) 9, isolation layer 10, and a

recording layer 11 that includes an exchange layer 12.

15 An exemplary schematic view (not to scale) of the structure of the perpendicular
recording medium of FIG. 1 is shown in FIG. 2. The perpendicular recording medium 2
has a substrate 8. On the substrate 8 is deposited the soft under layer 9 having a first
soft under layer 13 and second soft under layer 14 with a layer of ruthenium (Ru) 15

between the first and second soft under layers 13, 14.

20
The substrate 8 may be made of:
(i) a metallic material, such as, for example, aluminum or an aluminum alloy;
or
(i) anon-metallic material, such as, for example, glass, silicon or silicon carbide.
25

The average surface roughness of the substrate 8 is preferably not greater than 0.3nm,
and more preferably is not less than 0.2 nm. Furthermore, microwaviness is preferably

not greater than 0.3 nm, and more preferably is not greater than 0.25 nm.

30 The material of the first and second soft under layers 13, 14 may be en alloy of Co and
Fe with the Co:Fe in the ratio of 60:40 to 70:30 [Co and Fe contents] and with one or
more additives from the group: Ta, Nb, Zr, Si, B, C, Al and C. The additive is



Orientation control layer 17 is preferably of a Ni-alloy, Pt, Ta, or Pd-alloy. Itis 25 preferred that the
thickness of orientation control layer 17 is not less than 1 nm and more preferably is not more than
15nm. A thinner orientation control layer 17 may not be able to provide improved crystal growth and
orientation of the grains in the recording layer 11. A thick orientation control layer 17 may result in an
increase in the head-tosoft underlayer spacing and therefore may decrease the writibility, and the

resolution of E:%@%?aﬁ‘?ﬂﬁ%fé%ﬁgégﬁf’d- 16 J9% racRrpingtlayRr A B formedianibe intermediate layer

18. The recording layer 11 includes a first granular recording layer 20 and a Second granular recording

layer 21 with Bxc¢HafigEIay ety et hithe fildtcand watesr] gfahuvargetordmerirs 205, An
upper record mm&f@?ﬁ&r%%%yge Y eld4 anddubBreANtaye R shsegrantiy formedson the

second granular recording layer 21. The thickness of the isolation layer 10 is preferably not less than

10 nm and mdé sheretesly EsHEt brectifanwaipamityhefingspine dintdhay e pendi pHafe rABHIBE Ru or an
Ru-alloy sAnathesiglloy-mavaisp e isedirdhesinaimedintalayeri&inordeniadd drcegasg the

grain size of the recording layer. The intermediate Ia%/er 18 helps to control the orientation of grains of

the recordingE§a4an RiH cAisBpigvigRuENI8VEd degregation of grains in the recording layer 11.

The recording layer 11 is formed on the intermediate layer 18. The recording layer 11 15 includes a

first granular recording layer 20 and a second granular recording Iem)%r 21 with exchanélg I§¥er 12
23,

between the f1&t SATEBES RS dRariRbir redssr e 18y srBrsEroRlyAR di a1 oidinty 14) protective
layer 24, andJigeigantiay e Saimsonsesurmtiioredan thasecrnd gianulas racerdingiayer 21.

20The recording layer 11 is formed by first and second granular recording layers 20, 21 with the

exchang8 layer 12 Bt tind Hire SR e euihE oranataP T deEMAA G VoA SPEBB IRE PIORESH AE Shisotropy

of the first granelaniecardinelaper, 20 Maydreriighanthandhatelittereconggianularrecaiing layer
21. 25The first granular recording layer 20 may be of a relatively high magnetic anisotropic material

compared to th&FHaterial of the second granular recording layer 21. Furthermore, the ratio of
saturation magnetization (MI/M2) of the first (M1) and second (M2) granular recording layers 20, 21 is

preforably be BRI B Ao 0B b 0 kR AR SOUNMBIERENE o i S BF B3 TP305, 3102,
andWO03; in thesrange et 29 ailnd berexsehamnge dayeset danayhbaveyarthickness MhikeassiRgei to 6A.
suppressing DC noise generated during the read-write process. The soft underlayer 9
may help to minimize WATER (Wide Area Track Eraser) and ATI (Adjacent Track
Interference) effects in the perpendicular recording medium. The soft underlayer 9 may
assist in controlling the crystal orientation of the perpendicular recording medium.
20
The isolation layer 10 has an orientation control layer 17 formed on the second soft

under layer 14, and an intermediate layer 18 formed on the orientation control layer 17.

Orientation control layer 17 is preferably of a Ni-alloy, Pt, Ta, or Pd-alloy. It is
25  preferred that the thickness of orientation control layer 17 is not less than 1 nm and
more preferably is not more than 15nm. A thinner orientation control layer 17 may not
be able to provide improved crystal growth and orientation of the grains in the recording
layer 11. A thick orientation control layer 17 may result in an increase in the head-to-
soft underlayer spacing and therefore may decrease the writibility, and the resolution of

30  the reproductive signal.



8 The recording layer 11 also has an upper recording layer 23 formed on the second granular
recording layer 21. The thickness of recording layer 11 is preferably between 10 to 20 nm. This is
particularly so to maintain the signal output, SNR and overwrite characteristics. The upper recording
layer 23 may be one or more of: a granular recording-ayer, an exchange break layer, and a
continuous layer. Preferably the upper recording layer 23 consists of Co, Pt and an oxide, with the

easy axis origpiation ReinoIRRIPENGICkIARLA Hedim normali kR Sfﬁ‘g!y’ﬁﬁ‘éraeggiﬂ\{% y%fyrggﬁor more

of: Cr, B, Zr, W, Ti, Ta and du tOfor further improvement in the SNR. The protective 4 may
include a matBfiafedmdisshgenRE sosidnateyrihvihardnetisadedemeventtserdiadaectathe

recording megium surfacs. Ao PIRYERL oI glthe Rerrendiciardesarding paedim, The

thickness of the protective layer 1524 is preferably not lower than 1nm, and more preferably is not
greater than SAmUPBSFicEREBE 2BYRRyBonBretesitbite bymortofaperilubrispatydeer, &fludknated

alcohol, and flugyinated ¢ asbexlignasid s @l Q&I@M@%&jrmggqg%%qﬁcular recording medium

described above may be formed by DC magnetron sputtering except the protective layer 24. The
protective layer 24 may be formed by chemical vapour deposition. The vacuum chamber may be

evacuated toMacudakiRve! of #:5:814858- 13540 20 exFRpealistRnd364ARE JrRAMasLGarding layers
20 21 with different compositions and, (a) with exchange Iay%\;vith EL), and (b) without exchange

layer (withouPEESrabln iy 8 WA FidaR SPHE e iU BRSO RBL BT AR eRisherakePDRy4ren from

the lower 30guifansy(onAletexchangatayeddhto s gnpe s faeembisteresis:agpsm Wi regorded at
different temperature in the range 25C to 170"C. By recarding the hysteresis loops at different

temperdtqjres@%@%a?&&%%@ﬂgeﬁa%ng layer. The intermediate layer 18 helps to control

the orientation of grains of the recording layer 11. It may also provide improved

segregation of grains in the recording layer 11.

The recording layer 11 is formed on the intermediate layer 18. The recording layer 11
15 includes a first granular recording layer 20 and a second granular recording layer 21
with exchange layer 12 between the first and second granular recording layers 20, 21.
An upper recording layer 23, protective layer 24, and lubricant layer 25 are

subsequently formed on the second granular recording layer 21.

20  The recording layer 11 is formed by first and second granular recording layers 20, 21
with the exchange layer 12 between the first and second granular recording layers 20,
21. Magnetic anisotropy of the first granular recording layer 20 may be higher than that

of the second granular recording layer 21.

25  The first granular recording layer 20 may be of a relatively high magnetic anisotropic
material compared to the material of the second granular recording layer 21.
Furthermore, the ratio of saturation magnetization (M1/M2) of the first (M1) and second
(M2) granular recording layers 20, 21 is preferably greater than 1 (M1/M2>1). The
exchange layer 12 may comprise CoCr with the Cr content preferably being in the range

30 of 20 to 50 at%; and an additive of one or more of TiO,, Cr,O3, SiO,, andWOs5 in the
range 0 to 20 at%. The exchange layer 12 may have a thickness in the range 0 to 6A.



9 were able to be estimated. The recording performance was determined by use of a read/write
analyzer and a spin-stand. A magnetic head using a single magnetic pole for writing, and a TMR
element in the reproducing section, was used for the evaluation of the recording characteristics. A
recording density of 1250 kfei was used, Thermal degay of He, Hn (dHc/dT, dlInidT) and the signal to
noise ratio (SNR) are listed in Table 1. Specimen Recording Layer(11-1n/dT dirlc/dTME SNR (dB)

Example-1 %%&4@'%&8%9'gﬁ&ﬁggpﬁ{%?ﬁepf%fﬁﬁ{ézwg}% ELilR PPl QAT

Example-2 With EL-18.07-13.29 16.70 Comparative Example 2 Without EL -20.16 -16.35
granular recording layer 21. The thickness of recording layer 11 is preferably between
10 to 20 nm. This is particularly so to maintain the signal output, SNR and overwrite

characteristics.

The upper recording layer 23 may be one or more of: a granular recording layer, an
exchange break layer, and a continuous layer. Preferably the upper recording layer 23
consists of Co, Pt and an oxide, with the easy axis orientation being perpendicular to the
film normal. It preferably has additives of one or more of: Cr, B, Zr, W, Ti, Ta and Ru

10 for further improvement in the SNR.

The protective layer 24 may include a material containing C, Ru, or SiO2. Its primary
function is to prevent the damage to the recording medium surface, and to prevent
corrosion of the perpendicular recording medium. The thickness of the protective layer

15 24 is preferably not lower than 1nm, and more preferably is not greater than Snm.

Lubricant layer 25 may consist of one or more of: perfluoropolyether, a fluorinated

alcohol, and fluorinated carboxylic acid.
20 All the layers of the perpendicular recording medium described above may be formed

may be formed by chemical vapour deposition. The vacuum chamber may be evacuated

to vacuum level of 107 or less.

25 In an example, first and second granular recording layers 20, 21 with different
compositions and,
(a)  with exchange layer (with EL), and
(b)  without exchange layer (without EL)
have been made. The magnetic anisotropy of the second layer 21 varied from the lower
30  surface (on the exchange layer 12) to its upper surface.
Hysteresis loops were recorded at different temperature in the range 25°C to 170°C. By

recording the hysteresis loops at different temperatures, the thermal decay of He and Hn



16.38 Example 3 With EL -18,60 -15.10 16.2 Comparative Example 3 Without EL -21.31 -17.69 15.8
TABLE FIG. 3 shows a typical variation of thermal decay of He, Hn (dI-Ic/dT, dfin/dT) and 10 signal to
noise ratio (SNR) with an exchange layer 12. The exchange layer 12 results in an improved decay rate
of He and Hn with temperature (dHc/dT, dHNn/dT), and an improved signal to noise ratio. The exchange
layer 12 helps to control inter-granular exchange in the first and second granular recording layers 20,

21. This also gsristsiin thelowendesay afidnabighepie R esLdipidhila Fyrihergiose, the

exchange layer 12 together with the second granular recording layer 21 helps to switch the higher

magnetic aniSRFOWY irebYPRUBI ScHraSER ISy & PRERFtgheRE WHIlEQRpTBEL 17ERRS IFcRURSM better
ROW and switghing, fiald disnrbutioneand therefaisiachigheesignalie naigesatie 2Miuation of

the recording characteristics. A recording density of 1250 kfci was used. Thermal

5  decay of He, Hn (dHce/dT, dHn/dT) and the signal to noise ratio (SNR) are listed in

Table 1.

Specimen Recording Layer dHn/dT dHc/dT | MF SNR (dB)
Example-1 With EL -14.57 -12.28 16.54
Comparative Example-1 Without EL -19.68 -15.29 16.27
Example-2 With EL -18.07 -13.29 16.70
Comparative Example 2 Without EL -20.16 -16.35 16.38
Example 3 With EL -18.60 -15.10 16.2
Comparative Example 3 Without EL -21.31 -17.69 15.8

TABLE 1

FIG. 3 shows a typical variation of thermal decay of He, Hn (dHc/dT, dHn/dT) and
10 signal to noise ratio (SNR) with an exchange layer 12. The exchange layer 12 results in
an improved decay rate of Hc and Hn with temperature (dHc/dT, dHn/dT), and an
improved signal to noise ratio. The exchange layer 12 helps to control inter-granular
exchange in the first and second granular recording layers 20, 21. This also assists in

the lower decay of Hn at higher temperatures (dHn/dT).

Furthermore, the exchange layer 12 together with the second granular recording layer
21 helps to switch the higher magnetic anisotropy first granular recording layer 20
during the writing process. This results in better ROW and switching field distribution,
and therefore a higher signal to noise ratio.
20
To refer to Figure 4, the process is to first form the first soft underlayer 13 on the
substrate 8 (401) then the ruthenium layer 15 on the first soft underlayer 13 (402)
followed by the second soft underlayer 14 on the ruthenium layer 15(403). The
orientation control layer 17 is then formed on the second soft underlayer 14 (404) and
25  the intermediate layer 18 is formed on the orientation control layer 17 (405). The first

granular recording layer 20 is formed on the intermediate layer 18 (406) and the
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recording layer 21 IS formed on the exchange layer 08) an ng layer 23 is

formed on the&gesbrdegradinar aseordinyiiayed2n Bogxchhadolmyatidn ofthaprotectivedayer 24 on
the upper re%ﬁf@dgxg&%iq@%&(é&gﬁ' WitRha tonahiRg LRYEARt layey 2pyé 11)

completing the formation of the perpendicular magnetic recording medium. By optimization of:

()magnetic afiseEbpy of fspeaiacsaedarcyrdnuldheriatpsetiedessers doyep 23 1y watdrBliorvith
magnetizationrafp Mt \GRmbn ARt ant %%?r@m)ecm%[em% BR/RGRdiaYiaLFegording medium may

have an improved thermal decay (dhle/dT, dlin/dT), and a higher signal to noise ratio. Whilst the

foregoing deREpEH MY arEiiEd SahpEReeMbodiments; it will be 15understood by those skilled
in the technology concerned that many variations in details of design, construction and/or operation

may be made without departing from the present invention. Il
By optimization of:

(i)  magnetic anisotropy of first and second granular magnetic layers 20, 21;
10 (ii) saturation magnetization ratio (M1/M2>1), and
(iii) the exchange layer, the perpendicular recording medium may have an improved

thermal decay (dHc/dT, dHn/dT), and a higher signal to noise ratio.

Whilst the foregoing description has described exemplary embodiments, it will be
15 understood by those skilled in the technology concerned that many variations in details
of design, construction and/or operation may be made without departing from the

present invention.



The Claims 1. A perpendicular magnetic recording medium on a substrate, the perpendicular
magnetic recording medium comprising a recording layer; the recording layer comprising a first
granular recording layer and a second granular recording layer, the 5 ratio of saturation magnetization
of the first granular recording layer and the second grgnular recording layer being greater than 1. 2. A
perpendicular magnetic recording medium on a substrate, the perpendicular magnetic recording
medium com;}r#'lseirtg,;l a“{lescording layer; the recording layer comprising a first granular recording layer
and a second granu?ar recording layer, the 10 first granular recording layer having a relatively high
matrmetic anisotropy perppatedito thesetondgrahnpnredomring layebaiagnetic apdsenopyilag. A
perpendiculay, magneric LegaIfing Medim ofhihauhakale A almed a2 Leial) M tatio of -
saturation magnetization of theTirst granular recording layer and the second granular recording layer is
greater than Totsifingespbridiganimameetibredongingnhediepeivh srautetretecadintalayed ihelaim 1,
wherein the firsh 9raPUiARISRRding ievelie & teativel el maanelisanigioRk sampalem o the
second granular recording layer magnetic anisotropy. 5. A perpendicular magnetic recording medium
on a substratgrasidhaimeer dngripystdanglgipatel thaa further comprising an exchange layer between
the first ranujar 20¢egagingaver ANAABREONCAIARNARITUNGINER: Sud Bemandickler
magnetic recording medium on a substrate as claimed in claim 5, wherein the exchange layer
comprises CoGzanftticthec G dthgte tddding wrenpmgiaof 20resGUIaN0 lay T Atherpesriidiiar ¥iggnetic

recording meg%ﬁﬁr?gséj%%Waﬂﬁlﬁﬁ@@@fhiﬁ§@%r6m@é’v&%@@ SnarENARGRIRYeRLIMINGE

comprises at least one additive selected from the group consisting of: Ti02, Cr203, Si02, Zr02, B203,
Nb205, Mg0"f1siaz amaapsecrrting laypphaxings splativg3; ith #3eaSE0ABLSIERRCBEIRY 56 the range

0 to 20 at%, &, AResRandichiak TagReHs 1@@@9@%?%dd{ggb%§ysubstrate as claimed in any one of

claims 5 to 7, wherein the exchange layer has a thickness in the range 0 to 10A, 30 9. A perpendicular
magnetic recérding/mesaRARdaFHREDIsEREES EeWAiRemad HAY Yhe BOEHRS1 WIB R R E8hTprising a

soft underlaygppndhesubstiates and:andsalati eﬁ%&&rbfhﬁ@%ﬂg@ﬁ{mefew%ﬁgqa@ma@yer

being on the isolation layer. 12 10. A perpendicular magnetic recording medium as claimed in any one
of claims 1 to DF§PERRdcHHPHIHER EEDEIRAFTEP dn the second granular recording layer.

A methogkfor forming g.RRARERMISHIAL MANRLG F&eR dingime dilim.aBsa-aLsteaan tiemathad,
comprising forming a firs 'géanular recording layer, forming an exchange 5 layer on the first granular
[

recording layePhardnidhaingsh SERsvR grsntitie-deuraingtidyarlaively SiehdRaerele AHataRd or
saturation maggetization aidhedist granulaneespidingdpvenancdihe.sreanggranular recording layer

being greater than 1, ’ . . . , '
5. A perpendicular magnetic recording medium on a substrate as claimed in any one

of claims 1 to 4 further comprising an exchange layer between the first granular
20  recording layer and the second granular recording layer.
6. A perpendicular magnetic recording medium on a substrate as claimed in claim 3,
wherein the exchange layer comprises CoCr with the Cr content being the range of 20 to
60 at%.
7. A perpendicular magnetic recording medium on a substrate as claimed in claim 6,
25 wherein the exchange layer further comprises at least one additive selected from the
group consisting of: TiO,, Cr;03, SiO,, ZrO,, BoO3, NbOs, MgO, AlO3, TayOs, HfO,,
Y,0,, V205 and WOs; the at least one additive being in the range 0 to 20 at%.
8. A perpendicular magnetic recording medium or a substrate as claimed in any one
of claims 5 to 7, wherein the exchange layer has a thickness in the range 0 to 10A.
30 9. A perpendicular magnetic recording medium on a substrate as claimed in any one
of claims 1 to 8 further comprising a soft underlayer on the substrate, and an isolation

layer on the soft underlayer, the recording layer being on the isolation layer.



12. A method for forming a perpendicular magnetic recording medium on a substrate, the method
comprising forming a first granular recording layer, forming an exchange la layer on the first granular
recording layer, and forming a second granular recording layer on the exchange layer; the first
granular recording layer having a relatively high magnpetic anisotropy compared to the second granular
recording layer magnetic anisotropy. 13. A method as claimed in claim 11 or claim 12, wherein before

the first granulgr Loy eeoiing. iaYehis tpmed.aaalk Widstave dufaitad of'Besybstiale and an
isolation layer is formed on the soft u%derlayer, the Tirst granular recording layer %elng ormec?on the
isolation layeP. further somettbaes claneeg ¢ardiaial B3 whéreisefonsiggabias ofc enddieg [Ryer. comprises

forming a firsg goft %%@@?&q&lﬁiﬁg%%@m&%@m%wmﬁ{g%aﬂ&h&fﬁ%%m&

underlayer, and formingg second soft under ag/er on the layer of ruthenium. 15. A method as claimed

in claim 14, whe réiet e ehfing RHETSD FREBHNG Ve FEB e IBar fereaiidi an e ntatioineoritrek éhgegaon the
second spft upderlayerang-formingian ﬂe&%fmﬁgsi@g%ayﬁ{ao&Mﬁ@ig@é&mcg%muw@éordﬁé- A

method as claimed in any one of claims 11 to 15 further comprising forming an 25upper recording
layer on the J@¥BhAYFAR GRS NG Iaerrebmah gHYRERCIAETSerbanid tspErsessrieg layer,
and forming adubiisaptdaves iR RIMegivalayetcdrdif [Hcﬁépﬁ@iﬁ‘é glaimediin gny one of claims 11

to 16, wherein the first granular layer, the exchange layer and the second granular’iayer are formed by
DC magnetro}’gsputt%lxﬁﬁmd for forming a perpendicular magnetic recording medium on a substrate,

the method comprising forming a first granular recording layer, forming an exchange
10 layer on the first granular recording layer, and forming a second granular recording

layer on the exchange layer; the first granular recording layer having a relatively high

magnetic anisotropy compared to the second granular recording layer magnetic

anisotropy.

13. A method as claimed in claim 11 or claim 12, wherein before the first granular
15 recording layer is formed, a soft underlayer is formed on the substrate and an isolation

layer is formed on the soft underlayer, the first granular recording layer being formed on

the isolation layer.

14. A method as claimed in claim 13, wherein forming the soft underlayer comprises

forming a first soft underlayer on the substrate, forming a layer of ruthenium on the first
20  soft underlayer, and forming a second soft underlayer on the layer of ruthenium.

15. A method as claimed in claim 14, wherein forming the isolation layer comprises

forming an orientation control layer on the second soft underlayer and forming an

intermediate layer on the orientation control layer.

16. A method as claimed in any one of claims 11 to 15 further comprising forming an
25  upper recording layer on the second granular recording layer, forming a protective layer

on the upper recording layer, and forming a lubricant layer on the protective layer.

17. A method as claimed in any one of claims 11 to 16, wherein the first granular

layer, the exchange layer and the second granular layer are formed by DC magnetron

sputtering.



