PERPENDICULAR MAGNETIC RECORDING MEDIUM AND METHOD OF MANUFACTURING THE
SAME This application is based upon and claims the benefit of priority from Japanese Patent
Application No. 2009-083611, filed on March 30, 2009, Japanese Patent Application No. 2009-083612,
filed on March 30, 2009, Japanese Patent Application No. 2009-087760, filed on March 31, 2009! and
Japanese Patent Application No. 2009-087761, filed on March 31, 2009, the disclosures of which are

incorporated herein in their entiret bﬁ reference. BACKGROUND 1. Field of the Invention The
present invention relateg%qa%@d ' Mﬁ%ﬁ@r%@ﬁ@%iﬁ%mn a perpendicular

magnetic recording type hard %@éﬂq@@fﬁ?lﬂtﬁ%m&wﬁé ﬂg&]gw&manufacturing such a

medium. 2. Description of the ReTate arious information recording techniques have been
developed along with recent increase of capacity in information processing. Particularly, the areal

recording density of hard disk drives (HDDs) using a magnetic recording technique has continued to
increase at an annual higeppligatinnisheser epsmtignd ciamsciienbeprittof Bramtie §ras® an HDD or the

like has been required tg have an informatign city greater th 0] ytes per disk. In
order to meet s%%ﬁ'b?ﬁ%%ﬁ??&‘ﬁ %@H@%@é@ﬁ?%@?g@@i' iﬁyﬁ)arﬂatﬁﬁr gg%ﬁdl%%%gensity greater than
400 Gbitsfinchgynanese Patent Application No. 2008-083612, filed on March 30, 2009,

Japanese Patent Application No, 2008-087760, filed on March 31, 2008, and

Japanese Patent Application No. 2009-087761, filed on March 31, 2009, the

disclosures of which are incorporated herein in their entiraty by reference.

BACKGROUND
| 1. Field of the Invention

The present invention relates to a perpendicular magnetic recording
medium mounted on a perpendicular magnetic recording type hard disk drive

(HDD) or the like and a mathod of manufacturing such a medium,

2. Description of the Related Art

Various information recording technigques have been developed along
with recent increase of capacity in information processing. Particulatly, the
areal recording density of hard disk drives (HDDs) using a magnetic recording
technique has continued to increase at an annual rate of about 100 %.
Recently, a 2.5-inch -magnetic disk used for an HDD or the like has been
required to have an information storage capacity greater than 200 Gbytes per
disk. In order to meet such a demand, it is necessary {0 achieve an
information recording density greater than 400 Gbitsfinch?,

In order to achieve a high recording density of a magnetic recording
medium used for an HDD or the like, a perpendicular magnetic recording type

magnetic disk has been proposed in recent years. A perpendicular magnetic



In order to achieve a high recording density of a magnetic recording medium used for an HDD or the
like, a perpendicular magnetic recording type magnetic disk has been proposed in recent years. A
perpendicular magnetic 2 recording type medium has a magnetic recording layer with a magnetization
easy axis oriented perpendicular to a surface of a sébstrate. As compared to a conventional in-plane
magnetic recording type, the perpendicular magnetic recording type can reduce a thermal fluctuation
phenomenon, in which the thermal stability of recorded signals is deteriorated due to the

superparamad@etising iyromediomdtagatrnagretioraserdingdrysraibaa magnatizgaiomhe
perpendicular magnetic recording type is suitgble to increase the recqrding density. Use of a
CoCrPt-SlOZ?ﬁﬁ @ﬁ&ﬁ&ﬂﬁf‘ﬁéﬁﬁﬁi’%ﬁ@&ﬁfﬁﬁa %%%%ﬁﬁ?j@bsé%rﬁﬁ%%ose Wm&&&&ﬁ; recording
medium of a ResRARHISHIATAERE IR AGRETEI REhMBFRE Sthé FRbERdRIlE: RRABRRFICUIar magnetic
recording medium exhibits high thermal stability and excellent recording characteristics (see t Oikawa

et. al., IEEE Treerdivagype alal 8ediadsal Biegni200at¢etorRtenomeoumdntvihielsthe reduction of
magnetic grains in a ma%jetic recording layer and imProvemegﬁ of the magnetic coercive force (Hc)

are achieved B}Pfﬁ?ﬁhﬁﬁ‘ 'EEYé?fJ%?%gEEtﬁ@m%iéﬁ L HEYME boundaries are formed by
segregating Sé%g%%&%ﬁé%%%ﬁfﬁﬁ%éﬂdﬁ@?ﬂ%ﬁﬁ@%%%@%@@ﬁg@ ggggpacked (hep)

structure of Co grow ously into a columnar shape. It has'been known that oxide is used

for non-magngliperaingypns pensetiticuiapguaiietiotensdhe wamniamgtetie tyfinsyaer example,
use of one of Si02, Cr203, 110, 1102, and Ta205 has been proposed (JP-A-2006-024346 (Patent
Document 1))the Fﬂﬂ@@m@ﬂ@!‘ﬁ%ortant factors to increase the recording density include improvement

of magnetostatic chqp%%%(@rt]?gcwgé&i tggr{ﬁgesﬁ?%hg rcr%%%\é% g%%%lgg‘ar% %dim%rﬁggrsed domain

nucleation magnetic Ti and impr ectromagnetic € cteristics, such as the

overwrite perfpEBARMFEHENAH ISF MMRITaI: R Sigingliretisrobd péfeRdianar hagadustion of the

track width. Among other things, improvement of the magnetic 3
racording type because a CoCrPt-Si0; perpendicular magnetic recording
medium exhibits high thermal stability and excellent recording characteristics
(see T. Oikawa et. al,, IEEE Trans. Magn, vol. 38, 1876-1878 (2002} (Non-
Patent Document 1)),  Size reduction of magnetic grains in a magnetic
recording layer and improvement of the magnetic coercive force (Hc) are
achieved by forming a granular structure in which non-magnetic grain
boundaries are formed by segregating SiC; between magnetic grains in which
crystals of a hexagonal close-packed (hep) structure of Co have grown
conﬁnuausly into a columnar shape, It has been known that axide s used for
non-magnetic.grain boundaries (nhon-magnetic peortions between magnetic
grains). For example, use of one of SiOg, Cra0s, TiO, TiO;,, and Ta;05 has
been proposed (JP-A-2006-024346 (Patent Document 1)).

_ Meanwhile, irnportant factors to increase the recording density include
improvement of magnetostatic characteristics, such as the magnetic coercive
force {Hc) and the reversed domain nucleation magnétic field {Hn), and
improvement of electromagnstic characteristics, such as the overwrite
performance (OW perfarmancé). the signal-to-noise ratic (SNR}, and the

reduction of the track width. Among other things, improvement of the magnetic



coercive force (Hc) and the SNR is important to read and write data accurately at a high speed even
with recording bits having a small area. Improvement of the SNR is achieved mainly by noise
reduction of a magnetic transition region in a magnetic recording layer. Factors effective in noise
reduction include improvement in crystal orientation%f a magnetic recording layer, reduction of the
grain diameter of magnetic grains, and isolation of magnetic grains. Particularly, in order to improve
the crystal orientation of a magnetic recording layer, an undedayer is provided in a perpendicular

magnetic recéiemigivadaroam(Fedang HrablRiaimpgriantiesadiand aydiegtate sncaraely grains of the

underlayer. Therefare, the crystal orientation,.of the magnetic recoyding layer can be improved.

Because the &%&é\@%ﬁﬁf%’ aF M@Uﬁ&@F@QQr Eﬁetﬁglﬂgeacﬁ% iI%r ntation of the magnetic

recording layer, a Cr%ﬁo%ﬁ%@@ﬁtﬁ@ﬁﬂ@ﬁ%é@%ﬁ%Sﬁrﬁgyﬁﬁ&ég‘%ﬂéﬁéﬁ g?eaunderlayer SO as
e

to improve the crystal orientation of the underlayer. The s ayer (non-magnetic layer) has

heretofore beevatpvetiedrhpsition otgiay én. Roegntlicasemiénglieyir Mgiets efeatidminmedium
having a seed layer of a double-layer structure has been developed (JP-A-2007-184019 (Patent
Document 2)')’.‘%!@@6@11H@W%&%M%’?ﬂ@@bé@&@ﬁﬁ%%ﬁb@ &BAgIABEphous alloy

containing Crr%%%iﬁ{?é@‘g%@:@w&f&ﬁ@ﬁﬂe 'r%ﬁwadl%rﬁ?QQF‘BFFﬂgs%gﬁé‘#g\é«YHQ %ﬂ%?&ﬁgﬂ er. a

perpendicular magne ‘ INg medium cah maintain a goo can have excellent corrosion
resistance, SkivsyRatic griifiile Parianate. incRHkntHIegidoe ihe bgemingieastidabfecording
density as described above, further improvement of the recording density has been demanded. In
order to obtaifrRgneliciresestinmiyR, radcrpsy eIRPENIdeA i atRereestiniammaanstia new

method capal or g TRedithne ¥ Biydi8 grSing ot IoMSaRet FaRERIRG tayer grow on

crystal graing of the underlayer. Therefore, fhe crystal orientation of the
magnetic recording layer can be improved. Because the crystal orientation of
the underiayer affects the crystal orientation of the magnetic recording layer, a
crystal seed layer (non-magnatic layer) is provided underneath the underlayer
50 as to improve the crystal orientation of the underlayen'
The seed layer {(non-magnetic layer) has heretofare been formed by a

single layer. - Recently, a perpendicular magnetic recbrding medium having a
seed layer of a double-layer structure has been developed (JP-A-2007-184018
(Patent Document 2)).  According fo Patent Document 2, a seéd layer is

| formed of an amorphous alloy containing Cr and a crystal alloy containing Ni as
a principal component, With this seed layer, a perpendicular magnetic
recording medium can maintain a good SNR and can have excelient corrosion

resistance,

SUMMARY
While 2 magnetic recording medium has bsen increased in recording
~ densiy as described above, further improvement of the recording density has
been demanded. In order {o obtain further increase of the recording density of

a magnetic recording medium, a new method capable of further improving the



The inventors have examined solutions for further improving the SNR and have found that they have
to focus on states of boundary surfaces of a nonmagnetic layer and a plurality of layers formed on the
non-magnetic layer. Specifically, the inventors have considered that the crystallinity of the magnetic
recording layer becomes disordered when the bounfiary surfaces are roughened and that the SNR can
be improved by reduction of the roughness of those boundary surfaces. According to careful
examination of boundary surfaces of a magnetic recording medium, the inventors have found that the
roughness of $X¥behadl-pe@staidishedrt to increase from a boundary surface between a

non-magnetic layer and a soft magnetic layer formed right below,the non-magnetic r. Therefore, -
the inventors have ¢ gﬂé‘f%ﬁt?ﬁ% as‘fﬁc%%%’ﬁ&‘%ﬁﬁﬂé@%FF&(?@@%JBW&WQ%}%§% surface has a
high roughnesg),RueEsiRRe dsMRE ARAEH R B BAARkSYr e RNV Shr sk aiNinadRe state of

this boundary surface (i.e., the rough’state) so as to roughen boundary surfaces of the multiple layers

formed abovesttzynetic taggneatid @parality tifi pyercivabik ohdhthnowaipgresticdayes boundary
surfaces is reduced by forming a non-magnetic layer into multiple layers Nﬁe{%ﬁrtheless, the main

function of thednghificaindhe IRYEPRhRYSEonSHEER St S M8 gty BN2YRFHGmed of Ru.

Although the per. ' Ic recard el in m%@ument 2 also has a
plurality of noﬁgr#§§£§i%?§yers %s%ga E%%@%F%Hon-magﬂr@%ie%?e% are formed of different
materials for thsugHEMREMICRIAO e GNEI sambe. ifipecokd dtihedection-of iyn esieghpess bave different

atomic distances of crystals, so that continuous growth of crystal grains is inhibited. Accordingly, It is
difficult to achksesesrenddan fyEa#St of the crystal orientation of an underlayer and dramatic

improvement of the%’#gaﬁ%g@%%%@%ﬁ,%ﬁ% ﬁ)%tg%ﬁ Wgﬁﬂ%&%ﬁbr%t\fé@&g §1 ﬁ“n% -Agﬁgnetic layer into

5 multiple layers is n IC'layer s orme r specific conditions

for definite pUraRSAfing mAMRAIAREHIBHeNECRDaTReR AR R Rovshekhs Bhobetidurpacks.

Therefore, embodiments of the present invention seek to provide a perpendicular magnetic recording
medium capalsieriaizssiaving thereapstiiborisrhatvdary sudacedrebiess pughBEsLCboundary

face bet - tic | d ft ic,| L Of i ing.the SNR b
mprovernent SUOANE &S0 AR RSB ARURER DA B ARG DR A S Rhcerlayer, and o

further increast e e cyaipORRS WA DSBRIAA BN REIAIS uERUIRY alitaback to provide a
method of manutacturing such a perpendicular magnetic recording medium.

rough (the boundary surface has a high roughness}, layers to be formed above

the boundary surface grow with maintaining the state of this buundary surface

(i.e., the rough state} so as to roughen boundary surfaces of the multiple layers

formed above the non-magnetic layer.

It is conceivable that the roughness of the boundary surfaces is reduced
by forming a non-magnetic layer into multiple layers. Nevertheless, the main
function of the non-magnetic layver is fo improve the crystal orientation of an
undedayer formed of Ru.  Although the perpendicular magnetic recording
medium disclosed in Patent Document 2 also has a plurality of non-ragnetic
lavers (seed layers), the non-magnetic layers are formed of different materials
for the purpose of corrosion resistance.  Therefore, those non-magnetic layers
have different atomic distances of crystals, so that continuous growth of crystal
grains is inhibited. Accordingly, 1t is difficult to achieve further improvement of
the crystal orientation of an underlayer and dramatic improvement of the SNR

with this technology. In other words, mere dividing a non-magnetic layer info



The inventors have diligently studied the solution of the above problems and have attracted attention
to a material of a non-magnetic layer. The inventors' continuous research has revealed that a
boundary surface between a non-magnetic layer and a sou magnetic layer tends to be roughened
when a crystalline material, particularly a crystallir?e Ni compound, is used for the non-magnetic layer.
The inventors considered use of materials other than crystalline Ni compound for a non-magnetic
layer. However, crystalline Ni compound is used to prevent corrosion deposition from a soft magnetic
layer andeltidintaiyethdsmeenetidicieatacuetisticorfnagneticrysiaitimb i ¢ drapoamndthaadsto be used
in order to majntain H],Pse ggé%{erggti%s. OsesThe inventors have continuously studied and have found
that, Whe?Pgollalfec?Ol% |1rﬁ%rr150(§e etwesna non-magnetic layer and a soft magnetic layer below the
nonmagnetic layEidupdesadraincantiidnsniniadqossibievto tiiimutatecattuetseinflieacdwa the soft
magnetic layer from the nhon-magnetic layer and to solve the above drawbacks while crystalline Ni

compounfS LB 1E: th &R RerrE LI ScorHA L BTRIH dTBR0 U e BRI d R s ent
invention\thatis i Ales iosoiyeitierabavedranbackenanirstdypital & aenfiguaiion of a

perpendicular magnetic recording medium according to the present invention comprises a magnetic
recordingbleyeitattyssdees dsavsiinanehpgaligyiey eorned & 6P RISERC bHiplo GAIMEIRNIEe magnetic
recording,ja on-maanetic layer formed of a non- neti efial below the underlayer to
control c%ﬂlseé%ﬁegrﬁa}ﬁgﬁ %{‘et gnt%ndiﬁg?é?,%%%%?n%ﬁ%ﬁ%%?fi‘g%%%\fﬁeggbe%a{%l%ﬁe né%t-magnetic
layer, anduadsabatrédd prenvhichdhéuniiagrieticisogr dieg tayetinb demder| &yero e antn ohidignetic layer,

and the soft magnetic layer are formed. The non-magpnetic layer comprises a first non-magnetic layer
formed aBBEANAIS G TAGHELE R BT HACBRDR L YAy Er SoTme ABES T Tre
non-magnelic, laysrchRgd¥shaanmmagnetic layer is formed of amorphous Ni compound while the
second non-magnetic layer is formed of crystalline Ni or crystalline NI compound. With the above

configuration, th@@@%ﬁ%ﬁé@ﬁéﬁ@ﬁ&?@ﬂbﬁt&ﬁiﬁiﬁh%égll\tf%ﬁfﬁbﬁﬁh‘{%eiﬁ?f@%%‘@éd‘%ﬁﬁ/‘é%n the
second ngﬁf%ﬁ%%” &gnlﬁlggrtd'e?" %ﬁQHé{F%‘P%‘?}&Wﬁ&%ﬂ'&%nﬁ%maﬁﬁlget!ﬁ\lé‘;}{ﬁka%&ﬁ%%@ magnetic

layer. Thus, the soft magnetic layer can be protected by the fifst non-magnetic layer, and adverse
influence 1esetirehshit magakticttayer fkamdtire styfiedliberwom magnetiagaytr (seconaddtinsafhgnetic

layer) can be eliminated, Therefore, the surface roughness of the soft magnetic layer can be reduced.
Accordindﬂﬂgﬁfélfo?@ﬁﬁ Eeélg? e %SUH)&I B %%nofathg%% ﬁﬁlggﬁlgt}i% QYe?%lrﬁ%utﬁ% Yayers formed

on the sofi-Ragrelicdaysnpandae inpeaves: feusedhagiysial Rientatiennidhiosedayamedn be
improved. As a result, the SNR can be improved, and further increase of the recording density can be
achieved use of materials other than crystalline Ni compound for a non-magnetic layer. However,

crystalline Ni compound is used to prevent corrosion deposition from a soft magnetic

layer and to maintain the magnetic characteristics. Thus, a crystalline Ni compound needs

to be used in order to maintain those characteristics.

The inventors have continnously studied and have found that, when a layer is
interposed between a non-magnetic layer and a soft magnetic layer below the non-
magnetic layer under certain conditions, it is possible to eliminate adverse influence on
the soft magnetic layer from the nbn-magnetic layer and to solve the above drawbacks
while crystalline Ni compound is used for the non-magnetic layer. Thus, the inventors

have completed the present invention.

That is, in order to solve the above drawbacks, a first typical



Furthermore, the first non-magnetic layer is formed of Ni compound, and the second non-magnetic
layer is formed of Ni or Ni compound, Thus, both of the first non-magnetic layer and the second
non-magnetic layer contain Ni. Therefore, the atorrg'c distance of the first non-magnetic layer can be
made similar to the atomic distance of the second rion-magnetic layer. Accordingly, 7 the crystallinity
of the second non-magnetic layer can be improved, and the crystallinity and the crystal orientation of

the underl IS0 i d. C tly. the SNR can further be | .. Itis desirabl
it th o FRRTURBEL RSN Y AR S P AP AEFREHRAO DR from the

group consisyic g TaidH cBeSeda MRGHINC oIRGB HIEEEGG e range of rom

40 atomic % to 60 atomic %. With this configuration, the Ni Compound of the first nOn- magnetic layer

can suitably e {aigeeldjetcamathof fhwus Rbasenpourfdlistlewrtbremabentibedfistdign-magnetic layer:
contains the aforementioned element(s) or =wound thereof in a range ‘of from 40 atomic % to 60

atomic 06, th@Y¥ercampTRREPEtkHaNat FrsmackeiRRoTaTaasicdanatyadrmdbanto an amorphous

phase. If the ratio of the aforemeantio - o] reQk.i atomic %, it is
undesirable B‘Q@aeﬂ%é’?ﬁéolﬁloggg%%%}gn %%%@?ﬁﬁéﬂﬁ%y‘%@%ﬁg eer‘?j%in%g&a?]nlg g&iﬁ%ﬁg liohase. If the
ratio is highepthan&Pripmithe hdhisndaeest djelbasaussubsramosmiphidh tdiabdastibase of growth
of crystal grains of the second non-magnetic layer formed on the first non-magnetic layer, unfavorably
becomes insuéficieting layérisrdesnediiaysatttiserareagnibhaysreebddhtorofh mpaniiityer contains

I ts_selected th iSti fw, Cr,. Re, Al, Cu,and M
compound tHERSAFP ARG, of HG S eBRARHE (/Er SOMRESES AT IS T RARRF RO Bhe i

compound ofthe e AN GIRYE 598 b lkdhs corlisdrBaclisyrasatomic

distance of W Is greater than the atomic distance of Ni and is closer to the atomic distance of Ru.

Therefore, wiagasdreefian doormasmptietiayayer Toatitistnian-thagreitagistismtrotthefNi compound

of the second non-magnetic layer can be made similar to the atomjc distancg?of thgé%nderlayer of Ru.
e

Accordingly, RTRRRHS NG RERRERE Wi I SaFRAKASHRFSRR b SaYeHs ond nonmagnetic

layer to the u@%%ﬁ'ﬁ(ﬁé’!‘ii or crystaliine Ni compound.

With the above configuration, the first non-magnetic layer of amorphous
Ni compound is interposed between the second non-magnetic layer, Le., a
conventional crystafline non-magnetic layer, and the soft magnetic layer:. Thus,
the soft magnetic layer can be protected by the first non-magnetic layer, and
adverse influence on the soft magnetic layer from the crystalline non-magnetic
laver (second non-magnetic layer) can be eliminated. Therefore, the surface
roughness of the soft magnetic layer can be reduced.  Accordingly, the
roughness of the boundary surfaces of the soft magnetic layer and the layers
formed on the soft magnetic layer can be improved, Thus, the crystal
orientation of those layers can be improved.  As a result, the SNR can be
improved, and further increase of the recording density can be achieved.

Furthermore, the first non-magnetic layer is formed of Ni compound, and
the second non-magnetic layer is formed of Ni or Ni compound,  Thus, both of
the first non-magnetic layer and the second non-magnetic layer contain Ni.
Therefore, the atomic distance of the first non-magnetic iayer can be made

similar to the atomic distance of the second non-magnetic layer.  Accordingly,



8 Furthermore, when the second non-magnetic layer contains the aforementioned element(s) or
compound thereof in a range of 3 atomic % to 8 atomic %, the Ni compound of the second
non-magnetic layer can reliably be crystallized, and the corrosion resistance characteristics and
magnetic characteristics can be maintained, lithe rtio is less than 3 atomic %, it is undesirable
because the Ni compound unfavorably shows a ferromagnetic property. If the ratio is higher than 8
atomic %, it is undesirable because the orientation of Ni is unfavorably deteriorated, A second

typical confightatioistatinity sétperrmeons reaghatoetie ayaicanbrimpsdisgddhae present
invention compri magnetic recording layer that records a signal, an underlayer formed of Ru or
Ru compounﬁ%)gﬁi@v%ﬁea#g eﬁﬁ%fc?%ﬁ%@%?ﬁhﬁ&nﬁg%égrgﬁlﬁ?o’%’gﬁ?ly(yﬁécrystal orientation
of the underlgypizéh gD HiroYEH mmg%%lﬁm\;g@.non-magnetic layer, and a substrate on

which the magneticrecording layer, the underlayer, the nonmagnetic layer, and the soft magnetic layer
are formed. The nolimdgsietinidécthat tunafccrsanficstddirstagnetiadgaptic fayaedootzinsamorphous

material above the soft magnetic layer and a second non-magnetic layer f d of a_crystalline
material withQFREBRIRIFTSDHR SRS ?H%mﬁeﬁjﬁgﬁccﬁ@%ﬁ“?ﬂé’ﬁégﬁﬂ%r &g layer is

formed of 8 G WBSRE ALY IPH BRSO EREE S1BRS AR BRABElERLIpgrains and o

plurality of oxities that'forms non-magne e crystal grains.  With the

above secong{raifigiirtionitite istoarfiguediontithayércalapoanmd gitba siraterial is interposed
between the second non-magnetic Ia¥er of a crystalline material, i.e., a conventional non-magnetic

layer, and thé&egnefiadhsicriysHitRR AR FPHBEE ifatan ATAPRaHIBRAgher than a crystalline
material. Therefore _the soft magneti ' I t impact of formation of the
second non-magnefigf%\%?n %gh%%%-ﬁoﬁ%ﬂﬁpnoj\ﬁé%w%ﬁ%%&%&%5&% o

y using IFst non-magnetic layer,

which is a hagg flmererrid BelnehiGPestinmiuntintiaaiefad wrangdafhidnng a0 diersieftgnagnetic

layer from the second non-magnetic layer. Therefore, the surface roughness of thi soft magnetic layer
can be reducedB atmyiit b Micnmiand oh thirfist macerpesietba imehernialighltibgayer and the

soft magnetic layer is reduced. Consequently, the.roughness,of boundary,.surfaces of the soft
magnetic Iayé?%fﬁiﬂ’l‘écl%g‘ﬁm%gﬁsw‘so%%%ﬁﬂ8?2{7&3?85&&6#8?3 eg.e'ﬂ?@ f%e crystal
orlenta_ltlon Of&rt‘%#@lx%@ﬁépel&? i@?@é@‘(ﬁﬂn A8 aiesid b & BNRArREdPRNAS lﬁgrmermorg,
corrosion deposition from the soft magnetic layer can be prevented by the second non-magnetic layer

of a crystallingompteral cand@audficientietie thraadtestars vmoeiphongiptEsed. Ntheosts, when the

second non-magnetic layer is formed of a _crystallin terial having an fcc structure, crystal grains of
the underlayd$ RENREHATRD %W&nﬁ/é'étrb?/\}’aﬁqﬁ 4 PREaHSRANG BROtgY E’%rﬁc&th‘@?ﬁ e second

o gl clBie SR BSOS ot RSSEHINEI e o e
the first non-magnetic layer, unfaverably bacomes insufficient.

It is desirable that the aforementioned second non-magnetic layer
contains one or more elements selected fram the group consisting of W, Cr, Mo,
Re, Al, Cu, and Mn or a compound thereof in a range of from 3 atomic % to 8
a’caaﬁic %. With this configuration, thé Ni compound of the second non-
magnetic layer can suitably be crystallized. Particularly, the atomic distance of
W is greater than the atomic distance of Ni and is closer to the atomic distance
of Ru, Therefore, when the second non-magnetic layer contains W, the atomic
distance of the Ni compound of the second non-magnetic layer can be made
sirnilar to the atomic distance of the underlayer of Ru.  Accordingly, it is

possible to promote continuous growth of crystal grains from the second non-

magnetic layer fo the underiayer.



improved. Furthermore, when the grain boundaries of the magnetic recording layer are formed by
a plurality of oxides, characteristics of a plurality of oxides can be obtained. Therefore, size reduction
and isolation of the crystal grains (magnetic grains) of the magnetic recording layer can further be
promoted as compared to a case where grain bourkaries are formed by one kind of oxide.
Accordingly, size increase of the crystal grains of the magnetic recording layer, which would be caused
by improvement of the crystal orientation due to the interposition of the first non-magnetic layer, is
prevented. Conseqfefizrmers nRes e kiverstneremagnetisriayar oaelaiasdhas remarkably

improved. As a result, the SNR can drastically be improved,.and further increase qf the recording
densty of thE ERGERHHELTEN FREHE) BECRTRPHTELTIREEL LR HOME ALQ SHme i & sscond
typical configyatipnydt {8IRFEBRIBINAY By ermRatg ﬁ%&gﬁﬁ&%ﬁg@ﬂ@&ﬂ%ﬁé{ fntains one or
more elements selected from the group consisting of Ni, Fe, Co, Cu, Zn, Pd, and Pt or a compound
thereof and amgstilized; st thentomeksioteckiistaribe chararkaistissingd iannBtitif, Re, Os, Ir, Mo, Nb,
Zr, and V or a compound thereof.  Thus, when the first non-magnetic layer contains one or more

elements sel@ﬁ?éﬁ%ﬁﬁtl‘ﬁ"e% BB BeBiainRfof M.‘lheefa@% iggsy hasy3 MF &kdtd®mpound thereof,
the frs non-{iagneie et YpLoG 14 8L AMSIS BVELAOLE €Al Agnat he surace

roughness o magnetic layer ca e reduced."Moreover, w Ir'st non-magnetic

layer containgrgperg; MpPha £ aiekihigbleciean ®atdhecopUupisaindetinghis bacdisbtnBe, Os, li, Mo,
Nb, Zr, and V or a compound thereof, the first non-magnetic layer can suitably be formed into an
amorphous prigrgation ipf iNdissepfPIEBI slateratiestion, it is desirable that the aforementioned

ey Cl L e T e
consisting of WadrimMech8iry tSthedsent invention comprises a magnetic recording
iayér that records a signal, an underlayer formed of Ru or Ru compound below
. the magnetic recording layer, a non-magnetic layer to control crystal orientation
of the underialg‘/er. a soft magnetic layer provided below the non-rmagnetic layer,
and a substrate on which the magnetic recording layer, the underlayer, the non-
magnetic layer, and the soft magnetic layer are formed.  The non-magnetic
layer comprises a first non-magnetic layer formed of an amoerphous material
above the soft magnetic layer and a second non-magnetic layer formed of &
crystalline material with an fec structure above the first non-magnetic fayer.
The magnetic recording layer is formed of a Co-based alloy that grows into a
columnar shape to form magnetic crystal grains and a plurality of oxides that
forms non-magnetic grain boundaries between the crystal grains.
With the above second configuration, the first non-magnetic layer of an
amarphous material is intarposed between the second non-magnetic layer of a
crystafline material, i.e,, a conventional non-magnetic iayer, and the soft
magnefic layer, An amorphous material hag hardness higher than a crystaliine
material. Therafore, the soft magnetic layer can suitably be protecied from
impact of formation of the second non-magnetic layer {(conventiona norn-

magnetic layer) by using the first non-magnetic layer, which is a hard film.



Mn or a compound thereof. Thus, when the second non-magnetic layer contains one or more
elements selected from the group consisting of Ni, Co, Cu, Cr, Y, and Ag or a compound thereof, the
corrosion resistance characteristics and magnetic characteristics of the second non-magnetic layer
can further be improved. Moreover, when the secor non-magnetic layer contains one or more
elements selected from the group consisting of W, Cr, Mo, Re, Al, Cu, and Mn or a compound thereof,
the second non-magnetic layer can suitably be non-magnetized and crystallized. Particularly, the
atomic distangaerdirighaitiarpbssitiedioct Minatkiadvesss infitrrasf Guthersodfoagnettien the second
nonmagnetic layer contains W, the atomic distance of the second n n-m?%getic 919}5!}61 er can be made

similar to the fﬂﬁﬁﬁigﬁﬁf&ﬁq@%?ﬁé‘ﬂﬂﬂ@ﬁQQQF%WEfin fﬁ%eéﬁgg% GE Fe second
non-mag netlcgﬁyﬁm: sﬁﬁ%%ﬁ% Iég%rgﬁ%ﬁiﬁéer&%%@otq-ﬁ'gg’tk%%a%gm%%g Q{g_rygﬁ%ﬁ ns from the

second nonmagnetic laye he second typical configuration, it Is desirable that
the oxides cogpriseearnfds sanmiamamriesjed dramiibegtonpoeetisi styer of Biddietr, Co, Ta,

Ru, and Cu, With this configuration, size reduction and isolation of crystal grains of the magnetic

recording laye easauensyiberonghnes el bavadenswriarme Rithaselimaansicdarssromote size
reduction and isolation of the magnetic graing most effectively. Furthermore  Ti02, whigh.is an oxide of
Ti, has a prop@H W%@M&%%ﬁ%ﬁ?ﬁgﬁ’&%‘?ﬁ%fﬁ!?é%&@%é@ﬁf@ﬁ atrfry ?ﬁg‘gNg] A first
typical configytalion faReilPertheaanaiRruERg sensipeNerulx ARl tes g gdnedium

according to the present invention comprises: forming a soft magnetic layer on a substrate; forming

a first non-magadtiptayed of Bortainors Nicoosrudepasitien suirmize seficnageetistiayer a bias voltage

applied to the gel:r? ?aterag?évented by the second non-magnetic layer of a crystalline material,
and good magnetic characteristics can be maintained. Moreover, when the
second non-magnetic layer is formed of a erystalline material having an fcc
structure, crystal grains of the underiayer having an hep structure grow an the
(111) surface of the fce structure of the second non-magnelic layer, so that the
magnetization easy axis of the underlayer can be oriented to the perpendicular
direction. Therefore, noise can be reduced, and the SNR can further be
improved., N

Furthermore, when the grairi “b.oundaries of the magnetic recording layer
are formed by a plurality of oxides, characteristics of a plurality of oxides can be
obtained. Therefore, size reduction and isolation of the crystal grains
(magnetic grains) of the magnetic recording layer can further be promoted as
compared to a case where grain boundaries are formed by one kind of oxide.
Accordingly, size increase of the crystal grains of the magnetic recording layer,
which would be caused by improvement of the crystal orientation due to the
interposition of the first non-magnetic layer, is prevented. Consequently, the
SNR is not lowered even if the crystal orientation is remarkably improved. Asa
| result, the SNR can drastically be improved, and furthert increase of the

recording density of the perpendicular magnefic recording medium can be

achieved.



forming a second non-magnetic layer of crystalline Ni compound on the first non-magnetic layer with a
bias voltage applied to the substrate; forming an underlayer of Ru or Ru compound on the second
non- magnetic layer, and forming a magnetic recording layer above the underlayer, that records a
signal. With the first typical configuration of thé{?nethod, the first non-magnetic layer is interposed
between the soft magnetic layer and the second nonmagnetic layer, i.e., a conventional non-magnetic
layer that is formed with a bias voltage applied to a substrate. Since the first non-m netciic layer is
formed without a bilsthelkegenssimicrtsonbsplinnd iheesebinihin fheRiorenentione

first non-magnetic layer contains one or mora elements selected from the group
consisting of Ni, Fe, Co, Cu, Zn, Pd, and Pt or a compound thereof and one or
more elements selected from the group consisting of Ta, Ti, Hf, Re, Os, Ir, Mo,
Nb, Zr, and V or a compound thereof.

Thus, when the first non-magnetic layer contains one or more elements
selected from the group consisting of Ni, Fe, Co, Cu, Zn, Pd, and Ptora
compound thereof, the first non-magnetic layer can protect the soft magnetic
layer mare effectively, so that the surface roughness of the soft magnetic layer
can further be reduced. Moreover, when the first non-magnetic layer contains
one or more alements selected from the group consisting of Ta, Ti, Hf, Re, Os,
Ir, Mo, Nb, Zr, and V or a compound thereof, the first non-magnetic layer can
suitably be formed into an amorphous phase.

in the second ty;iicai configuration, it is desirable that the aforementioned
second non-magnetic layer contains one or more elements selected from the
group consisting of Ni, Co, Cu, CrL Y, and Ag or a compound thereof and one or
more elements selected from the group consisting of W, Cr, Mo, Re, Al, Cu, and
Mn or a compound thereof,

Thus, when the second non-magnetic layer contains one ‘or more
elements selected from the group consisting of Ni, Ce, Cu, Cr, Y, and Ag ora
compound thereof, the corrosion resistance characteristics and magnetic
characterictics of the second non-magnetic fayer can further be improved.
Moreover, when the second non-magnefic layer contains one of more glements
selected from the group consisting of W, Cr, Mo, Re, Al, Cu, and Mn or a
compound thereof, the second non-magnetic layer can suitably be non-
magnetized and crystallized. Particutarly, the atomic distance of W is larger
than that of Ni and is cioser fo that of Ru.  Therefore, when the second non-

magnetic layer contains W, the atomic distance of the second non-magnetic




12 not damaged at the time of formation of the first non-magnetic layer, and the surface roughness of
the soft magnetic layer can be prevented from increasing. Accordingly, the roughness of the boundary
surface between the soft magnetic layer and the firi% non-magnetic layer does not increase, When the
second non-magnetic layer, which corresponds to a‘conventional non-magnetic layer, is formed on the
first non-magnetic layer formed on the soft magnetic layer, the soft magnetic layer is protected by the
first non-magnetic layer. Therefore, the surface rqughness of the soft m ggeg%l elfrqéiﬁ)es not increase

even if a bias)@_fﬁfa@%“i?%mﬁ%stmi% %H&@MG%@H@% Hﬁ"%ﬁr _ ﬁ1§gnetic layer.
Furthermore, crse{gg%dﬁer %iﬁ%% &%f@wgg%ﬁ&%ﬁﬂ%ﬁg{ﬁ%#th &E&ai)?g?}g%sapplled to the

substrate, it iSpossIble to prevent corrosion magnetic r and to maintain

excellent magpatgr pppstcsoftiaisler groviflectsyatal-grabreiionayter (eesntthomn-magnetic

layer) is formed with application of a bias voltage, it is possible to eliminate adverse influence on the
soft magnetiotagaetiolayaetodbenmaaiaiagnetic layer. Thus, the crystal orientation can be improved.

As a result, the SNR can be improved, and further increase of the recqrding density can be achieved.

Furthermore, in the m&‘%‘?&ﬁ%ﬂﬁ&ﬁﬁﬂﬁ@ﬁ%@&&ﬁ%§e it %ﬁ%&%{n%nea%ﬁ]e%ﬁg layer is formed of

??Orﬂhousﬂ'l\'é&tﬂg%%ugﬂ fAE TR ik Rasermdne ol irikiata epstatinematerial.
erefore, the so

t magnetic layer can suitably be protected from impact of formation of the
conventional ganTaagactindafar (itbridin configigatite.| sjze reguttichantifisnlasionaf of an

- amorphous material. Since the first non-magnetic layer has hitglh Ear%ness, the roughness of the
boundary surfi¥si@ldiienh ahthaBiaseetin JeeRIGNG AV P IHUERRE 88‘&5’1&'-%??5 netic layer does not

increase even,if & bias:v ej ied t tr, | rRaliemaf second
non-mag netiéﬁ%@é’%%ﬁ%ﬁg 0 ,@?ﬂﬁ%n%é@?ﬁ% b@éﬁ n%%r@%ﬁ%%% fgg%\%ﬁgﬁ fékIHescrystalline non-

13 magnetic lRwritirdoihBdayeigright besng thesteffentigzipric Faytivdrmedy 3802 Aebisitiagly, the crystal
orientation of the non-ma_gnetic layer (initial growth layer) is irgg)roved, and the cr¥stal Jorientation of the

underlayer arentauidesRfnBtibae coRmRG Ty TeRRAind dae elpmurmrIRelintReRaiRE®i®Sn amorphous

material have,no crystal stru a layer of an amorphous material is deposited randomly on the soft
magnetic Iayéﬁafﬁ%ﬁzafr%y}ﬁr%ﬁr%%gularities of the surface of the soft magnetic layer that have been

produced by minOCwW&Q%&E‘HQQPEﬁm@mrﬂi&iﬂm@nhm@amﬂgmwiﬁwar. Thus, the
t

surface roughness of the soft magnetic layer and the interface roughness of the layer formed on the
soft magneticreagnatinveeording mediummasnutivg e, i BreS6 VerdiaReoBRIIBE netic layer and

Cryotals of the frst NG ARG YRS HIR) Bihe atomic cistance of rystals of the
second non-magnelie,yge AfEAHchiaUIR GDIBRIBNAGIAREES NIEaRBITAGRALAERSGR I
improved, and hence the crystallinity and the crystal orientation of the underlayer are also improved.
Consequentlysribgr8titaesr Withert bdiagvoltade applied to the substrate;
forming a second non-magnetic layer of crystalline Ni compound on the
first non-magnetic layer with a bias voltage applied to the substrate
forming an underiayer of Ru or Ru compound on the second non-
magnetic layer; and |
forming a magnetic recording layer above the underlayer, that records a
signal.
With the first typical configuration of the method, the first non-magnetic
layer is interposed between the soft magnetic layer and the second non-
magnetic layer, .., a conventional non-magnetic layer that is formed with 2

bias voltage applied to a substrate.  Since the first non-magnetic layer is

formed without a bias voitage applied to the subsirate, the soft magnetic layer is



In the first typical configuration of the method, it is desirable that the aforementioned first non-magnetic
layer contains NI and a compound of one or more elements selected from the group consisting of Ta,
Ti, Hf, Re, Cs, Ir, Mo, Nb, Zr, and V. With this configuration, the first non-magnetic layer can suitably
be formed into an amorphous phase. In the firsB&/pical configuration of the method, it is desirable
that the aforementioned second non-magnetic layer contains Ni and a compound of one or more
elements selected from the group consisting of W, Cr, Mo, Re, Al, Cu, and Mn. With this configuration,

the second ndwhiagaged afdhe simeutidbiynetionot theditstined-rappejktidieedambtiieularly, the
atomic distance of W is larger thap, that of Ni and.is closer to that of Ru. Therefqre, when the second
14 nqn-magnéﬂé??ﬁ?eﬁoé@ﬁ%?ﬁ& G\ﬂﬂﬁﬁéa Wﬁ@'&%‘l&@%ﬁﬁﬁb iRIGHETE rﬂfé‘?ﬁﬁ@@similar_ to the
o e eAiliRglARULANES e B3RP M eRdoh e seRINdgRRnooneli

layer. Accordingly, it 1Is"possib promote continuous growth of crystal grains fronthe second

non-magneticiiyye micdtties firdenayanagnatic pecdoddyritoeniguratibamniibesastipd of
manufacturing the perpendicular magnetic recording medium according to the present invention, the

perpendicularfarieabatie SRigREd GRTESRANGSCES 2 FRigRstionat srnHgagpatiaiayascsrds a signal,

an underlayer.formed of rRu lovy t tic.r in [ ond

non-mag neticng)%er om[rgﬁnt(izz%j gﬁs aﬁ P\gﬁgmnn;%éﬁg %@%aﬂﬂﬁeeﬁag%gﬁ‘a% Bﬁ%ﬁ%@éﬁyﬁe‘(ﬁfyﬁ% control
crystal orientadiginrhbiiRtn igdaye braltsta op-naghatitoliyradeene thpbn Cssaliforsmaterial below
the second non-magnetic layer, a soft magnetic layer provided below the first non-magnetic layer, and
a substrate orswfach mughagseat e sell mpERatic iavandnrafapet innass eyeNdEadiasnon-magnetic

ayers, and G S R Y S BLRAE RR SBRORIBNEN SPALtaleg sEjhe method
magnefic layer. Furthermore, since the second non-magnetic layer can be
formed with a bias voltage applied to the substrate, it is possible to prevent
corrosion deposition from the soft magnstic layer and to maintain excellent
magnetic characteristics. Therefore, while the non-magnetic layer (second
non-magnetic layer) is formed with application of a bias voltage, it is possible to
eliminate adverse influence on the soff magnetic layer from the second non-
magnetic tayer. Thus, the crystal orientation can be improved. As a result,
the SNR can be improved, and further increase of the recording denslty can be
achieved.

Furthermore, in the first typical configuration of the method, the first nan-
magnetic layer is formed of amorphous Ni compound. An amorphous material
has hardness higher than a crystalline material. Therafore, the soft magnetic
layer can suitably be protected from impact of formation of the conventional
nor-magnefic layer {second non-magneiic iayer) by the hard film formed of an
amorphous material. Since the first non-magnetic layer has high hardness, the
roughness of the boundary surface between the first non-magnetic laver and
the second non-magnetic layer does not increase even if a bias voltage is

~appiied to the substrate during the formation of the second non-magnetic layer.

Therefore, the roughness of the boundary surface between the crystalling non-



forming the soft magneticlayer by using a target of a material having a Vickers hardness of A (HV);
forming the first non-magnetic layer on the soft magnetic layer by using a target of a material having a
Vickers hardness of B (NV); and forming the second non-magnetic layer on the first non-magnetic
layer with a bias voltage applied to the substrate; 13 the Vickers hardness of A and the Vickers
hardness of B being defined by an inequality of A<B. With the second typical configuration of the
method, the first non- magnetic layer formed on the soft magnetic layer has a Vickers hardness higher

than the soft megrrtitciaypsenhrefeysrighé bilavi dhe nemimasgiviayesdsopduced,
Accordingly, the crystal orientation of the non-magnetic layer (initial growth
layer) is improved, and the crystal orientation of the underlayer and the
magnetic recording layer is improved.  Furthermare, since grains of an
amorphous material have no crystaf structure, a layer of an amorphous material
is deposited randomly on the soft magnetic layer, Therefore, fine iregularities
of the surface of the soft magnetic fayer that have been produced by
microcrystals can be smoothened by the amorphous first non-magnetic layer.
Thus, the surface roughness of the soft magnetic layer and the interface
roughness of the layer formed on the soft magnetic layer can be reduced.

Furthermare, when both of the first non-magnetic layer and the second
non-magnetic layer contain Ni as with the above configuration, the atomic
distance of crystals of the first non-magnetic layer can be made similar 10 the
atomic distance of erystals of the second non-magnetic layer, Accordingly, the
erystallinity of the second non-magnetic layer is improved, and hence the
crystallinity and the crystal orientation of the underlayer are also improved.
Consequently, the SNR can further be improvéd.

o in the first typical configuration of the method, it is desirable that the
aforermnentioned first non-magnetic layer contains Ni and a compound of one of
more elements selected from the group consisting of Ta, T, Hf, Re, Os, I, Mo,
Nb, Zr, and V. With this configuration, the first non-magnetic layer can suitably
be formed into an amorphous phase, '

In the first typical configuration of the method, it is desirable that the
aforementioned second non-magnetic layer containg Ni and a compaound of one
or more elements selected from the group consisting of W, Cr, Mo, Re, Al, Cu,
and Mn. With this configuration, the second non-magnetic layer can suitably
be non-magnetized and crystallized. Particularly, the atomic distance of W is

larger than that of Ni and Is closer to that of Ru. Therefore, when the second



15 the first non-magnetic layer. Thus, the surface roughness of the soft magnetic layer does not
increase even if the second non-magnetic layer is formed with application of a bias voltage as in the
prior art. Accordingly, the roughness of the boundgr surface between the second non-magnetic layer
and the soft magnetic layer is reduced. Thus, the r%stal orientation can be improved. As a result, the
SNR can be improved, and further increase of the recording density can be achieved, In the
second typical configuration of the method, it is desirable that the second non-magnetic layer is formed

of NIW. With RER-EaglFIASRT RSTBIE: IS BloinfiRtAssa e HLRIRRRINARERER magnetic
iayer and to maniain e mRAle AR P A & R o aasngguslc laver also

non-magnetic Tayer and the second - nonmagnetic layer contain Ni.

Therefore, thrygiomisidisiancesidhe rarskalpabtiaadiiel noxcereingl; Rikeseaibietmade similar to the

atomic distance of crystals of the second non-magnetic layer. Accordingly, the crystallinity of the
second non-prgnaicceyinusumprové chatstal greinaiiany beceaneed Se-BRanelidn of the
underlayer are also improved. Consequently, the SNR can further be improved. Moreover, the atomic
distance of W&E@??Hﬁﬁ?ﬁlﬂﬁfm and is closer to that of Ru. Therefore, when the second

non-magnetc layer (op GBS bR AleSHlRRTR LD ERreRSNaLARADR e Similar o the

atomic distance of t ayer of Ru. Accordingly, it is possible to promote continuous growth of
crystal grainspisggaribirsiacerabnetiermagnding lmetitmthccondiagdpehe praseticneniitnhiypical
configuration of the method, it is desirable that the first non-magnetic layer is tormedézf NiTa or NM.

With this conthg RafpandiulasmaaneksicegingMedIuIR GIFRRNRRS A SHAYORI TIRIERLS! the
O o SR AU B0 R PR L il pocond boica
the magnetic recording layer, a second non-magnetic layer formed of a non-
magnefic crystaliine material below the underlayer to control crystal orientation
of the underiayer, a first non-magnetic layer formed of a crystaliine material
below the second nonwnag:ietic layer, a saft magnetic layer provided below the
first non-magnetic layer, and a substrate on which the magnetic recording layer,
the underlayer, the first and second non-magnetic layers, and the soft magnetic
layer are formed.
The second typical configuration of the method comprising:
forming the soft magnetic layer by using a target of a material having a
| Vickers hardness of A (HV); |
forming the first non-magnetic layer on the soft magnetic layer by using a
target of a material having & Vickers hardness of B (HV); and
forming the second non-magnetic layer on the first non-magnetic layer
with a bias Qoitage applied fo the substrate;
the Vickers hardness of A and the Vickers hardness of B being defined
by an inequalify of A<B.
With the second typical configuration of the method, the first non-

magnetic layer fotmed on the soft magnetic layer has a Vickers hardness higher

than the soft magnetic layer. Therefore, the soft magnetic layer is protected by



content of the first non-magnetic layer is in a range of from 40 atomic % to 85 atomic %. With this
configuration, the Vickers hardness of the first nonmagnetic layer can be made higher than that of the
soft magnetic layer. Therefore, it is possible to suitg ly protect the soft magnetic layer. In the
second typical configuration of the method, it is desitable that the Vickers hardness of B is not smaller
than 800 NV. The Vickers hardness of a soft magnetic layer currently used is equal to or higher than

bout 700 HV is | than 7501-1V. \With t b fi tion, since the Vickers hard f

i st non. G RO ERGRBLE EYPlat L 0% SHEBF TP R R LR AR AR AR cam
itably b ' 2 ' : ' ' ti fth

surtably be pg%‘gﬁ;%%@ﬁ@ﬁﬁg?ﬁé@e@@gﬂ?ﬂé, nd moﬂﬁ%@&ﬂ%&ﬂﬁérﬁ%@%ﬁ 'on ot the

method, it is e that rst non-magnetic layer has ess in arange of from 1 nmto

3 nm. If the thiglgieasel dha titss vohapagsatictiayeids amalkedbafinhhththmeghresgodtic layer may
not be protected sufficiently. Furthermore, if the thickness of the first non-magnetic layer is greater

than 3 nm, thifiethemdaiyoniiasgatvrsiihe speanbRrormaaretisHamnanddbm 68 flux to the soft

magnetic layer when. signals are written i, the perpendicu ] kcli ium, Therefore,
the above rar@@qg?ﬂ%#%ygﬁlﬂé 8@%%%%?1%@% @?%hcgg%sgé é?){ﬁ%}ggﬁfgt%ﬁgﬁgﬁm B %Ré ﬁfijird‘r%ipical
configuration gf thgPerrasditWan BRgnsts e arinumhedinatasao skt tirdmgarsidnyention

comprises a magnetic recording layer that records a signal, an underlayer formed of Ru or Ru
compound bedaiv bigeastagwastic recording layer, a second non-magnetic layer formed of a nonmagnetic

crystalline material below the underlayer to contro] crystal orientation of the under a soft
magnetic layer provieB%efRsRRLYe ﬁ&m%??c%%}?&?&?d@ﬁ%ﬂ%’%l%ﬁ the magnetic
recording lay el R RIPHR e lRASREBIRARITAANRNC I VRS AN BRSBIRGTRIIC laver are

formed. The perpendic agneticrecording medium further comprises a 17
possible to prevent corrosion deposition from the soft magnetic layer and to

maintain the magnetic characteristics. Furthermore, if the first non-magnetic
layer also contains Ni, both of the first non-magnetic layer and the second non-
magnetic layer contain Ni. Therefore, the atomic distance of the crystals of the
first non-magnetic layer can be made similar to the atomic distance of crystals
of the second non-magnetic layer, _Aécordingly, the crystallinity of the second
non-magnetic layer is improved, and the crystallinity and the crystal orientation
of the underiayer are also improved. Consequently, the SNR can further be
improved. Moreover, the atomic distance of W is Jarger than that of Ni and is
closer to that of Ru.  Therefore, when the second non-magnetic fayer contains
W, the atomic distance of the Ni compound can be made similar to the atomic
distance of the underlayer of Ru. Accordingly, it is passible to promote
continuous growth of crystal grains from the second non-magnetic fayer to the
underiayer.

In the second typicat configuration of the method, it is desirable that the
first non-magnetic layer is formed of NiTa or NiTi.  With this configuration, the
soft magnetic layer can suitably be protected from influence of the formation of
the second non-ragnetic layer by using the first non-magnetic layer.

In the second typical configuration of the method, it is desirabie thata Ta



first non-magnetic layer formed of a crystalline material and provided between the second
non-magnetic layer and the soft magnetic layer for protecting the soft magnetic layer from impact of
sputtering deposition of the second nonmagnetic Ia%l%r. According to the present invention, there is
provided a perpendicular magnetic recording mediunt capable of improving the crystal orientation by
reduction of the roughness of a boundary surface between a non-magnetic layer and a soft magnetic
layer, of improving the SNR by improvement of atomic distance matching between the non-magnetic

layer and an ﬁﬁ‘i/.@f,t%gr@* ﬂ%@%@@ﬁ%&%%@:&?&% ‘?féc L% RIS %48 Bovided a
method of maguiaghino g\ RANREh AUV ARSI R I DESCRIPTION

anatory of a configuration of a perpendicular

magnetic recofgéiaesnediyer asadieinthtiz Alghertibdiimaat of tHeGoR v agiedie Byewing variation of
characteristics with respect to materials. = Figs. 3A and 3B show variation of characteristics with
respect to the Toenptasiidhisl passibiedirtishiy santgalter saflanagnatinglaven and 4B show variation of

{able showing veriat5h DF GRARRS/RNEL TIVLCRLRR &) HECEARR: & fEE BRI URBeriayer and a
lower recording;[3¥8E hardness of B is not smaller than 800 HV, The Vickers hardness of a

soft magnetic layer currently used is equal to or higher than about 700 HV and
is lower than 750 HV. With the above configuration, since the Vickers
hardness éf the first non-magnetic layer exceeds that of the soft magnetic layer,
the soft magnetic layer can suitably be protected by the first non-magnetic layer.

In the second typical configuration of the method, it is desirable that the
first non-magnetic layer has a film thickness in a range of from 1 nm to 3 nm.
If the thickness of the first non-magnetic layer is smaller than 1 nm, the soft
magnetic layer may not be protected sufficiently. Furthermare, if the thickness
of the first non-magnetic layer is greater than 3 nm, then the first non-magnetic
layer may inhibit transmission of the magnetic flux to the soft magnetic layer
when signals are writien in the perpendicular magnetic recording medium.
Therefore, the above range is preferable to the thickness of the first non-
magnetic layer

Athird typical configuration of the perpendicular magnetic recording
medium according to the present invention comprises a magnetic recording
layer that records a signal, an underlayer formed of Ru or Ru compound below
the magnetic recording [ayer, a second non-magnetic layer formed of a non-
magnetic crystalline material below the underlayer to control crystal orientation
of the underlayer, a soft magnetic layer provided below the second non-
magnetic layer, and a substrate on which the magnetic recording layer, the
underlayer, the second non-magnetic layers, and the soft magnetic layer are

formed. The perpendicular magnetic recording medium further camprises a



Figs, 6A and 68 are graphs showing variation of the SNR with respect to a bias voltage. Fig. 7is a
graph showing variation of the Vickers hardness of the first preceding underlayer with respect to the
compositional ratio of the first preceding underlayer. 18 Figs. 8A and BB show variation of the
SNR with respect to the film thickness of the first prdéeding underlayer. DESCRIPTION OF THE
PREFERRED EMBODIMENTS Preferred embodiments of the present invention will be described
in detail with reference to the accompanying drawings, The size, materials, and other specific values
described In tfigstotowmagnatiotiyes fosraed pfacrysiatine sniebatandi posdides bietyesn present

invention and do not limit the present invention unless gtherwise explaiped. In the specification and
drawings, elerf¥hEERANHET ﬂ?ﬁ% éﬁﬁiﬁ‘%ﬁ%‘%@?@gf‘@%eﬁg% %’Fé’&%ﬁ&?g@) he same

tnat o not direy e o e aon et Embociment)
magnetic layer.

According to the present invention, there is provided a perpendicular
magnetic recording medium capable of improving the crystal orientafion by
reduction of the roughness of a boundary surface between a non-magnetic
layer and a soft magnetic layer, of improving the SNR by improvement of atomic
distance matching between the non-magnetic layer and an underlayer, and of
further increasing the recording density. There is also provided a method of

manufacturing such a perpendicular magnetic recording medium.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a diagram explanatory of a configuration of 2 perpendicular
magnetic recording medium according to an embodiment.
Fig, 2 is a table showing variation of characteristics with respect to
materials.
Figs. 3A and 38 show variation of characteristics with respect to the
| compositional ratio of a first preceding underlayer.
Figs. 4A and 4B show variation of characteristics with respect to the
compositional ratio of a second preceding underlayer.
Fig. 5 is a table showing variation of characteristics with respect to
materials of a {irst preceding underlayer and a lower recording layer.
Figs. 8A and 6B are graphs shawing variation of the SNR with respect to
a bias voltage,
Fig. 7 Is a graph showing variation of the Vickers hardness of the first
preceding underiayer with respect to the compositional ratio of the first

preceding underiayer.



[Perpendicular magnetic recording medium) Fig. 1 is a diagram explanatory of a configuration of a
perpendicular magnetic recording medium 100 according to a first embodiment. The perpendicular
magnetic recording medium 100 shown in Fig. 1 has a disk substrate 110, an adhesive layer 112, a
first soft magnetic layer 114a, a spacer layer 114b, Hsecond soft magnetic layer 114c, a first
preceding underlayer 116a (first non-magnetic layer), a second preceding underlayer 116b (second
nonmagnetic layer), g first underlayer 118a, a second underlayer 118b, a lower recording layer 122a,

an interposition laye 508 EEQWIY@éam&ﬁé%%&iﬁ‘s@&@ﬁéféﬁﬁﬁ@rﬂfﬁcording layer
122d, a Separﬂi%@é’?&#ﬁ}%&%@%ﬂ@?ﬁéﬁ@%@%ﬁr 126, a medium protective layer 128, and a

lubricating layer 130. The magnetic layer a, the spacer layer 114b, and the second soft
magnetic layer 114c jointly form a soft magnetic layer 114. The first preceding underlayer 116a and

the second precedirég underlayer 116b 19 jointly form a Erecedin% underlayer 116. The first
underlayer 1185 3ARIRSIQN & THERR Eﬂ@%@)ﬁw lerlayer 118. The lower recording

layer 122a, the integﬁji)gl'n' ks gﬁ\rbaaﬁmg@ﬁe ngﬁ% P irrggrﬁ,gr/ier?vofrgg% lv% Eﬁ%ﬁ%ﬁgﬁhe second primary

recording layer 122 rm a magnelic recording 1ayer Mluminosilicate

glass may be deraipaintesfe fifsdan @ﬁ%&bﬁi%ﬁﬁ@%ﬁ&ﬂirﬁ}q theecswliap gRadlighgnay be used

as the disk substrate 110. The kind, size, thickness, and the [ike of the glass substrate are not

specifically lingithelr spegitislvsivesrrstitiebintthedtitsving emitodirckrde atamiamsilicate glass, soda

lime glass, soda aIurgi%)sig‘(g{e lass, alumjnoborosilicate glass, borosilicate glass, quartz glass,
Yisdtee

chain silicate £8P fralgneing e ampsat Yéﬁ?‘”ﬁﬁ@%ﬁ%‘ﬁ dimé g uentially
subjected t0 giiadiliRAESTINNCLABSSHR RIS ERNAIRER NG F RSt BrLHS ooth non-magnetic

disk substrate 110 formed of a chemically strengthened glass disk. Layers from the adhesive layer

112 to the auxiteings,ceiiing iy datidg aubstmtielitidhy dapesitediomtbegiraktarbdsirate 110 by a DC
magnetron sputtering method. The medium protective layer 128 can be deposited by a CVD method.

Then the lubridehf %ﬂl%é_aéﬁﬁ @%@d’ﬁ?‘ﬁrﬂfﬁ MIH@ ﬂ‘éﬁﬂ@ﬁpi'ﬁ_%%%m to use an in-line
cepositon meiiag Jor\jAFMPHBRIR! CLALHRE NBN e ST SER Bk agonuss 1 o

described below. esive In contac bstrate'110. The

adhesive layethétamsnbifiveetion afdnartasdfrdhetpedlsttength of the soft magnetic layer 114 and
the disk substrate 110, which are deposited on the adhesive layer 112, and a function of reducing the

size of crystal grains(ﬁir%%mbﬁﬂif@%&)ers deposited on the soft magnetic layer 114 and uniformizing

those crystal grains.égg%%%%‘?cmg?ﬁ %\fﬁ%ﬁl{(@lﬁ@&ﬁg t&é&&iﬁgormed of amorphous glass, it is

preferable to form th esive layer an amorphous alloy film
Fig. 1 is a diagram explanatory of a configuration of a perpendicular

magnetic recording medium 100 according to a first embodiment, The
perpendicular magnetic recording medium 100 shown in Fig. 1 has a disk
substrate 110, an adhesive layer 112, a first soft magnetic layer 114a, a spacer
layer 114b, a second soft magnetic layer 114¢, a first preceding underiayer 116z
(first non-magnetic layer), a second preceding underlayer 116b (second non-
magnetic layer), a first underlayer 118a, a second underiayer 118b, 2 lower
recording layer 122a, an interposition layer 122b, a first primary recording layer
122¢, a second primary recording layer 122d, a separation layer 124, an
auxiliary recording layer 128, a medium protective layer 128, and a lubricating
layer 130. The first soft magneﬁc layer 1143, the spacer layer 114b, and the
second soft magnetic layer 114¢ jointly form a soft magnetic layer 114, The

first preceding underlayer 116a and the second preceding underlayer 116b



20 so as to conform to a surface of the amorphous glass.  For example, the adhesive layer 112 can
be selected from among a CrTibased amorphous layer, a COW-based amorphous layer, a CrW-based
amorphous layer, a CrTa-based amorphous layer, gnd a CrNb-based amorphous layer. The adhesive
layer 112 may include a single layer formed of a sindle material. Nevertheless, the adhesive layer 112
may be formed by stacking a plurality of layers. For example, a CoW layer or a CrW layer may be

formed on a CrTi layer to form the adhesive layer 112 he soft magnetic layer 114]s a layer for

Iﬁrming adma{?r@%}lﬂgfﬁﬁ : A8/ LqufelIéa(Yr%%%grech& f@ﬁ”&ﬂﬁ%&ﬁé@%gﬁﬁéﬁﬁnc qux);g_rough
e recording f r [ recording

method. The é%%ggﬁgﬁggy%ﬁﬁ%ﬁ %ﬁ%ﬁ@ﬁﬁé@@ﬁtﬁﬁ%ﬁﬁn@g @E‘%ange coupling

(AFC) by inteipasing2acthenmegrsitibapager 123, e firbepraenyhecieling fayroradis layer 114a
and the second soft magnetic layer 114c. Thus, the magnetization direction of the soft magnetic layer
114 can be an@#ébe&ﬁﬁ@mﬁraehéfﬁcﬁaimm&?@git@mtsv\mm&eaa?sdﬁw@more, a
component pr%r’;f)engé%%lar to the magnetization direction becomes extremely small, Accordingly, noise
produced fro L magnetic layer 114 can be reduced. A cobalt-based alloy such as CoTaZr, a

Co-Fe-based alloy sehmspRGIEaR SiroalieTazjiasariy e kasesiatey sure@ammtiayer

structure of (Ni-Fe/Sn)n may be used for the first soft magnetic layer 114a and the second soft
magnetic layédyidirest pregsiog rened thegesidaniplassdisk fomybe osacthas thiagiltic layer, ie., a

- ic ajloy | . . dj , th di derl includ
non-magnetGHBRTERT U i1 L P ERES R P LA R LR B SRR Aoy 116D,
The first prec 8&@&5@&&9@%&&@? I {aragohEmaE e FN RO BIRSY SdHEHAMbITde first

preceding underlayer 1164 has a function of
aluminosilicate glass, soda lime glass, soda aluminosilicate glass,

aluminoborosilicate glass, borosilicate glass, quartz glass, chain silicate glass,
and glass ceramic such as crystallized glass. This glass disk is sequentially
subjected to grinding, polishing, and chemical strengthening so as to provide a
smooth non-magnetic disk substrate 110 formed of a chemically strengthened
glass disk.

| ayers from the adhesive layer 112 to the auxiliary recording layer 126
are sequentially deposited on the disk substrate 110 by a DC magnetron
sputtering method. The medium protective layer 128 can be deposited by a
CVD method. Then the jubricating layer 130 can be formed by a dip coating
method, [t is preferable to use an in-line deposition method from the viewpoint
of high productivity. The composition of each layer will be describad below.

The adhesive layer 112 is formed in contact with the disk substrate 110.
The adhesive layer 112 has a function of increasing the peel strength of the soft
magnetic layer 114 and the disk substrate 110, which are deposited on the
adhesive laver 112, and a function of reducing the size of crystat grains in each
of the layers deposited on the soft magnetic layer 114 and uniformizing those
crystal grains.  In a case where the disk substirate 110 is formed of amorphous

glass, it is preferable to form the adhesive layer 112 of an amorphous alloy film



21 protecting the soft magnetic layer 114 from the sputtering deposition of the second preceding
underlayer 116b. Specifically, provision of the first preceding underlayer 116a between the second
preceding underlayer 116b and the soft magnetic I%er 114 can eliminate adverse influence on the soft
magnetic layer 114 from a crystalline material of thé second preceding underlayer 116b and can
reduce the surface roughness of the soft magnetic layer 114. Thus, the roughness of boundary

surfaces of multi%et Iae/%e@}i%rp??g %1 E,%csaes%?%%é%[}%e%%‘%er‘lm can be improved, so that the crystal

orientation of théSe ?ay e, mpr%%?hent of the SNR and increase of the

recording density caruhe.ashisthe adfiesthe ayerer ibleatiele ahiaden taniaarRrg rgLnderiayer

116a to further include one or more elements selected from the group consisting of Ta, Ti, Hf, Re, Os,
Ir, Mo, Nb, Zrhaseth\amospboumiayed thEebkbasedairmomiseysiaysr,coipdvased the first preceding
underlayer 116a can suita%be formed into an amorphg?ugseghase. In order to ensure formation of

an amorphou@PRRNOHS AR ACEIAPRFHATETRNGYE @ng & 5dbiishesed 64, it is preferable to
oo o SRR EgSle e GONSABg I REP R AdE A SRTMAI PO Some b6

If the ratio of such'element(s) or compound is less than 40 atomic %, t tion of an amorphous

phase from thegitigiematensl. beNemethirisssfichenadhéaivedtigds tgheayhisa Biwddrbic %, then the
amount of Ni, which is a base of growth of crystal grains of the second preceding underlayer 116b
formed on th@%'ﬁ@e@@&ﬁ@ﬂ)’r&ﬁﬁ?é& 17684, e¥aERIRaBI A AMRE GhARVE IRYRINBFYis therefore

second procdtig LA b A oA T SRV R f & anctzation casy axis of e
hexago_nal close-pagiposaitupliRORUPIMTR) dNalsiadr foreind d enayssticLleaiormed on the second
preceding temporarily at the time of recording in order to pass a magnetic flux through the

recording layer in a perpendicular direction according to the perpendicular

magnetic recording method. The soft magnetic layer 114 can be configured to

have anfiferre-magnetic exchanga coupling (AFC) by interposing the non-

magnetic spacer layer 114b between the first soft magnetic layer 114aand the

second soft magnetic layer 114¢.  Thus, the magnetization direction of the soft

magnetic layer 114 can be aligned along the magnetic path (magnetic circuit)

with high accuracy. Therefore, a component perpendicular to the

magnetization direction becomes extremely small, Accordingly, noise

produced from the soft magnetic layer 114 can be reduced. A cobalt-based

alioy such as CoTaZr, a Co-Fe-based alloy such as CoCrFFeB or CoFeTaZr, or a

Ni-Fe-based ailoy such as a multilayer structure of {Ni-Fe/Snjn may be used for

the first soft magnetic layer 114a and the second soft magnetic layer 114c.

The preceding underlayer 118 is formed of a non-magnetic layer, i.e., a

non-magnetic alloy layer. In the present embodiment, the preceding

underlayer 116 includes two non-magnetic layers of the first preceding

underiayer 116a and the second preceding underlayer 116b.

~ The first preceding undertayer 116a is formed of amorphous Ni

compound (Ni alloy). The first preceding underlayer 116a has a function of



22 underlayer 116b with a direction perpendicular to the disk. It is preferable for the second preceding
underlayer 116b to have a structure in which the (111) surface of the face-centered cubic structure (fcc
structure) is in parallel to the principal surface of the disk substrate 110. Furthermore, it is
preferable for the second preceding underlayer 1168b'to further include one or more elements selected
from the group consisting of W, Cr, Mo, Re, Al, Cu, and Mn or a compound thereof. In such a case, the
Ni compound of the second preceding underlayer 116b can suitably be crystallized. Particularly, the

atomic distanddsesting hesafteragngtisniavendidh fowrthg distance of Ni.

{5
Therefore, when the,second. precedi er . ' ic di the Ni
compound of i %%%gﬁﬁcgrgeiﬁg&ﬁéje@r% e?l%@%gyll Jec?ﬁﬁ%@sﬁgg%ﬁ?aﬁ%m%g%&d? ance of the
underlayer 11§pfRbyéoriainehudbistae seibimiDprsemigy Loiénages vrew dnafiseystat grains from

the second preceding underlayer 116b to the underlayer 118. In order to ensure crystallization of

the Ni compounagnieticizgantithmer sdinipatecedigrse infBience rdhsr spfempabatisilpves
aforementioned element(s) or compoynd thereof in a range of 3.atomi¢ % to mic %. If the ratio of
such element(‘ﬁ&%ﬁﬁ%&ﬁ@%&%&ﬁ%ﬁ%ﬁ?@ %erﬁgﬁetﬂ%%gcgﬂ%?&%miﬁ%ség({erromagnetic
property and ifigtRergiarmhandesiratsudhisssadions R dhAetR aipeniers, thendhenerystallization of
the Ni compound becomes insufficient so that the corrosion resistance characteristics and magnetic

characteristicyaughnelss of daiyraznyr mwefam soof tauliplexeera forines! the fisk sotimrghetise.

Furthermore, for atomic distance matching with the underlayer 118, th? econd preceding underlayer
116b may be 188icH AyF_p REITR] Ve e GHRIG BRI ﬁ%ﬂ%ﬁgaﬁﬁs ﬁ‘?ﬂ:ﬁecase, the

crystal oriental' &ng upﬁgrré%(@‘ Eragarﬁgnwmg%ﬁ%ﬂy[ﬁg%gsgwpfég{,méirst preceding

23 underlayer a below the second preceding underlayer 116b prevents the surface layer of the soft
Magnetic layegdadity eamhirirghiwghiened even if a bias is applied during the formation of the second

preceding underlayeir__&rltggﬁmm‘ it is preferable for the first preceding underlayer 116a to

further inciude one or more elements selected from the group consisting of Ta,
Ti, Hf, Re, Os, Ir, Mo, Nb, Zr, and V or a compound thereof. In such a case, .
the Ni compound of the first preceding underlayer 1162 can suitably be formed
into an amorphous phase.

in order to ensure formation of an amorphous phase from the Ni
compound of the first preceding underlayer 1162, it is preferable to contain the
aforermentioned element(s) or compound thereof in a range of 40 atomic % to
50 astomic %. If the ratio of such element(s) or compound is less than 40
atornic %, then formation of an amorphous phase from the Ni compound
becomes insufficient.  If the ratio is higher than 60 atomic %, then the amount
of Ni, which is a base of growth of crystal grains of the second preceding
underlayer 116b formed on the first preceding underlayer 116a, unfavorably
becomes insufficient, and It is therefore undesirabie.

The second preceding underlayar 116b is formed of crystalline Ni
compound, The second preceding underiayer 116b has a function of aligning
the magnetization easy axis of the hexagonal close-packed structure (hep

structure) included in the underlayer 118 formed on the second preceding



Ad described above, in the present embodiment, both of the first preceding underlayer 116a and the
second preceding underlayer 116b contain Ni. Therefore, the atomic distance of the first preceding
underlayer 116a can be made similar to the atomic,distance of the second preceding underlayer 116b.
Accordingly, crystal grains grow continuously from the first preceding underlayer 116a to the second
preceding underlayer 116b, resulting in further improvement of the crystal orientation. In the

Compound, oMY e TR Su F OB SRR LR el 8 R Brococing

compound. However;

underlayer 1%f aaeRe frsceesihef aefpepliss makenial setatning NiwhRereigra e second

preceding underlayer 116b may be formed solely of Ni. The underlayer 118 has an hcp structure,
The underlay8ufagetefdheifaosioandemitboubiy Soustystalfcosimttoped tatrparaliahts thagnetic

recording layer 122 to grqw int rgnular structure, Therefore, the orientation of the magnetic
recording Iay@fff??%%#ﬁﬁﬁ?e‘?%%%ﬁ_ %‘asi(éi%é derlayer 118 has a higher crystal orientation, i.e.,
the (0001) surface of juh eRreilS Ol pronOABIAT e BednaTs-Rasalify i RyBC PRy face of the
disk substrate 110. A typical material of the underlayer 118 is Ru. Additionally, the material of the
underlayer 1¥8rtizer reckrie cive drommRuatermrds setested fasiRihe rgrodpReGsisfghefddn hep
structure and also has an atomic distance of crystals that is close to that of Co. Therefore, Ru can

orient the ma§heMOr&&iingYafBa 19D ehAERMAPENS A8816%n cilp-S CehhpEasR eNhvorable manner.

In the case w | ' of Ru can be formed by
changing a gag§ ﬁ%%are%ﬁﬁ%%%%éﬁgﬁégéqﬁg géé%%%%ﬁﬁ%%ﬁ%ﬁé%%ﬁﬁsd%erlayer 118a on the
lower side of Hrgstalttesthy ePatBidarlyibéstoaTc diganeeasfint isaldveistsehatatgpndetermined

- pressure, i.e., a low pressure. When the second underlayer 118b on the upper side of the underlayer

118 is to be f@lifiaace Ruresampares e hraoairdisances MyneFhatsfaramvibenfitation of the

st under P . . | L h .
recording layaP 1300 See R e LR v e S eter of
magnetic graigsrahsaedTane teconarpiagdary dRikAapdre 168uRadiesridicsirhiie Regend

underlayer 118b. Furthermore, if a gas pressure is increased, free movement paths of sputtered

plasma ions @&wstiedistenteTvidhssederaspoditoafiBie isAsadagho tHaPeRsIlG % roughened.
e, S SRSl ah R -PLISTg e B U SR BreEmaiRg and the size of the
underiayer 116b to the underlayer 118.
In order to ensure crystaliization of the Ni compound of the second
preceding underlayer 116b, it is preferable to contain the aforementioned
element(s) or compound thereof in 2 range of 3 atomic % to 8 atomic %. [f the
ratio of such element(s) or compound is less than 3 atomic %, then the Ni
compound shows a farromagnetic property and it is therefore undesirable. I
the ratio is higher than 8 atomic %, then the crystallization of the Ni compound
becomes insufficient so that the corrosion resistance characteristics and
magnetic characteristics are unfavorably deteriorated to a large extent and it is
therefore undesirable.
Furthermore, for atomic distance matching with the underiayer 118, the
second preceding underlayer 116k may be formed by sputtering while a bias is
applied to the disk substrate 110. In this case, the crystal orientation of the

underlayer 118 can be improved, Furthermore, provision of the first preceding



Moreover, a small amount of oxygen may be added to Ru of the underlayer 118. In this case,
separation and size reduction of the Ru crystal grains can further be promoted, resulting in further
isolation and size reduction of the magnetic recording layer 122. Therefore, in the present
embodiment, oxygen is contained in the second unagrlayer 1186 of the underlayer 118, which is
formed right below the magnetic recording layer 122. In other words, the second underlayer 118b is
formed of Rua In this case, the aforementioned advantages can be obtained most effectively. Oxygen

;nay bet r?dded—iﬁbﬁmﬁwﬁwdﬁﬁﬁéﬂhélﬁmﬂiﬂggwb&lt'(;'fzﬂlﬁb Hm@;ﬁs(ilbﬂtai?ing oxtygetn
uring the sputtering depositign. e magnetic r ing layer as a,granular column structure
in Wh?Ch norlno%&.@%b&%ﬁé@é@%&%&%ﬁ%ﬁ%ﬁ H@%&gd%fﬁg?eﬁﬁf?d}é?ﬁs ?Bisa hard
magneie s g SRS EPRABAREP AL ally SrebSaR e AN e ally so s o

form grain boundaries. In the present 25 embodiment, the magnetic recording layer 122 includes the
lower recording layeAs 22astibedubrpesitrothiapezskt eptbediratptj hatly of teedirg layer 122c¢, and the
second primary recording layer 122d. Therefore, small crystal grains of the firs@:imary_recording layer

122c and the E&Qﬁ%ﬁ&#ﬂaﬁ?l@%rﬁﬁa %FW@WE%&%#\G@&@?@M%@ @?ﬁTﬁEB(magnetic_
grains) of the Weﬁ‘f\%?%f&@gtlj\%ygfgﬁgﬁi Bédé?%ﬁP&gF%?é&n@eggH%la BY§1 584 reduced in

size, and the SNR can be improve In the present embodiment, the lower recording layer 122a

employs CoClRi@sa8%imiichostheragatis distancagsialie ssbshhsrebing0intendgiaround magnetic

grains of CoCrPt so as to form grain boundaries for thereby forming a granular structure in which the

magnetic graif$have’gesudinals arysiarerinsipy continkeushe fpasitiba fageprezesingformed of a
non-magnetic thip film. netig,continuity between the | rr ing layer 122 d the first
primary recor&ﬂ#ﬁ%?%gg‘@m%ﬁﬁﬁ@g Bfep%oﬁﬁﬁn%n&i\{%{t%gggé%b%?%@gl%%%?@veen the lower
recording layqmbfgdearichtie s hrinaBrRaaandRg layer 122c. In this case, when the interposition
layer 122b has a predetermined film thickness (0.7 rim to 0.9 nm), antiferro-magnetic exchange

coupling (AFC) is prénitheeprestntemtiogiioaet, tbeaatondpraceding andenayasipeimiary recording

I 122c. T fore, the | b the int itiop | 122b and the | belaw th
intorpostion HYEPS5 353 SRFIER 15 e I ORI ina Ao LR TR ther for

fixing directions,of R lERiaRaARRe gl sBushsbiuL el e Jhagnsyaionmaypepduced, so that
noise can be reduced. '

formed of any crystalline material containing Ni.  Therefore, the second

preceding underiayer 116b may be formed solely of Ni.

The underiayer 118 has an hcp structure, The underlayer 118 has 2
function of allowing Co crystals of an hep structure of the magnetic recording
layer 122 to grow inte a granular structure.  Therefore, the orientatlon of the
magnetic recording layer 122 can further be improved as the underlayer 118
has a higher crystal orientation, Le., the (0001) surface of the crystais of the
underlayer 118 is more parallel to the principal surface of the disk substrate 110.
A typical material of the underlayer 118 is Ru.  Additionally, the material of the
underlayer 118 can be selected from Ru compounds such as RuCr and RuCe.
Ru has an hep structure and also has an atomic distance of crystals thatis
close to that of Co.  Therefore, Ru can orient the magnetic recording layer 122
containing Co as a principal component in & favorable manner.

In the case where the underlayer 118 is formed of Ru, a double layer

structure of Ru can be formed by changing a gas pressure during sputtering.



The interposition layer 122b may be formed of Ru or Ru compound. The atomic distance of Ru is dose
to that of Co, which constitutes the magnetic grains. Therefore, Ru is unlikely to inhibit epitaxial growth
of the Co crystal grains even though it is interposed in the magnetic recording layer 122. 26
Furthermore, the interposition layer 122b is also uni#ly to inhibit the epitaxial growth because it is
extremely thin. If the interposition layer 122b is not provided, the lower recording layer '122a would
be a Magnet continyous to the first primary recording layer 122c and the second primary recording
layer 122d. Howegiicaly m%ﬂbﬁﬁﬁ;fﬁ?éWlﬂg&aﬂéﬁamthﬁmmwﬂ]l&madermmng layer
122d are sep ?éeg [ ch other by the interpgsition layer 122b, Therefore, the lower recording
layer 122a, thaé{ frs é??r%?y%%%tr&ﬁga %a?fgrs’ ﬁ%?ﬂﬁ%@eﬁ@gmﬁmmfmmqﬁer 122d
become sepaicds el frescele: WiReHAR LB Ui aRsa ehbic LSO AL 122 1o
reduced, the aspect ratio of the granular magnetic grains is feduced. In a perpendicular magnetic
recording medftgryntieridperit&rie &s biréatinedsaiyatomgitsdheatiieisticinnftesn agietization easy

axis. Therefogﬁ, %str%g (Eﬁ?rgagnetizing field is generated within the magnet Thus, although the lower
recording layeM@85 thaR fad donformaiienalfhedirshundetiawes iidantto RBRNGEEHIMRE from the lower

recording Iay%&ﬁ%ﬁéggggucepn%%L%ﬁyg@y&ﬁ%ﬁ@%@%ﬁgﬁﬁﬁﬁg}%@#ﬁ@@&In other words,

when a magnetic moment (attraction of tHe magn HESs of the lower

-recording layet 22 2arsbelintipadeethbgemtiselobtie firkkahdirieses 18a, aagREGRaAd and that the
lower recordig% layer 122a has magnetic interaction with respect to the first primary recording layer

122c, the ma éﬁ&@&@fdﬂ@f@@rﬁéﬁ‘%ﬂﬁi@?éﬂﬂ@ﬁ%{ﬁf‘&féb@é&ﬁéﬁ&@&ﬂih@Iess noise.  In
case, non-marfleok Hecaisd 3 BB AR 8 0 Ce) s sogregated around magnetc -
grains of CoCrPt so RafpdeBralaia padntesesriostivebrdar RinoAdEaLiR sipetse in which the
magnetic grains have grown into a columnar shape in the first primary recording layer 122c.

sputtered plasma ions are shortened. Therefore, a deposition rate is lowered,

80 that the film is roughened. Therefore, separation and size reduction of the

Ru crystal grains can be promoted, and the size of the Co crystal grains can

also be reduced.

Moreover, a small amount of axygen may be added to Ru of the

underiayer 118. Inthis case, separation and size reduction of the Ru crystal

grains can further be promoted, resulting in further isolation and size reduction

of the magnetic recording layer 122. Therefore, in the present embodiment,

oxygen is contained in the second underlayer 118b of the underlayer 118, which

is formed right below the magnetic recording layer 122, In other words, the

second underlayer 118b is formed of RuO, In this case, the aforementioned

advantages can be obtained most effsctively. Oxygen may be added by

reactive sputtering. Nevertheless, it is preferable to use a target containing

oxygen during the sputtering deposition,

The magnetic recording layer 122 has a granular column structure in
which non-magnetic substance is segregated around magnetic grains (crystal
grains) of a hard magnetic material selected from among Co-based alloy, Fe-

based alloy, and Ni-based alloy so as to form grain boundaries. In the present



27 In the present embodiment, the second primary recording layer 122d is formed continuously on
the first primary recording layer 122c. However, the second primary recording layer 122d and the first
primary recording layer 122c¢ have different compogfgons and film thicknesses. The second primary
recording layer 122d employs CoCrPt-3102-T102-C6304. In such a case, nonmagnetic substance of
5102, 1102, and Co304 (composite oxide) is segregated around magnetic grains of CoCrPt so as to

form grain boundaries for. thereby forming a granylar strygture, in which the magnetic grains have
grown into a 8&&%ﬂeﬁ‘ﬂ%%tag‘éeiﬁ‘§%‘§8%6%%"ﬁiﬂ% fic imillé%? Wer T ibed above, the
second primagyopdinaHayRfeksas R eraseH, %@Qi%ﬁﬂéﬂ?%ﬁ&?dﬁ#f&féﬁ??[!m of oxide as

compared to the first primary recording layer 122c. Therefore, separation of the’crystal grains can be

promoted gradndithérsacend frstarimecpndiogridiyer 1$92d.12Phareforesenamiccprévmgrateording layer
122d. Furthermgre, as described above, the second primary recording layer 122d contains a Co

oxide, If Si% 6t o ?§ Bﬁ@é&’d??ﬁ(ﬁi@,gdﬁ%%ﬁ?@@ﬁ%% ﬁﬁ%ﬁ?’%‘k’é@?@?@%@@r Ti lons are
mixed into the‘ w gmmagﬁr@drg@%g@a@?%%ﬁﬁ %ﬁéﬁéﬁ?&fﬁ% Hﬂg\@/&&%pe magnetic

coercive force e con Co’oxide ¢ ction as™an e support for compensation

of the oxygenrgefidiimpiayexangies Attaediglyxitie ity Reapdndieurifely s Gaueay be used as
the Co oxide, The Co oxide has a higher Gibbs free energy AG than 8i02 and 1102. Therefore, Co

ions and oxydéﬁ'ﬁ%ﬁﬂsa&ﬂafhﬁe%ﬂ% mm%m each other. Accordingly, oxygen is preferentially
separated from the %Otﬁéﬁ]%segéﬂa"%g%gﬂ%eW&?%%Se%éﬁ ﬁe%% {o:in%%)rz r:ﬁpﬁ}(:’)mpensated such

that ions of Si or Ti are"co as an oxide and can be %daries, In this

case, foreign QtEHDEDASHHiH Jéidyseniod-Fepraidratetaribe sragpelicaigins and thus

disturbing the crystallinity of the magnetic grains. At 28 that time, excess Co ions may be mixed into

the magnetic @ieing magnats aminmetiCeheriseastiodai® gomitdeviadarins fecthatshiie magnetic
grains are formed,of Co alloy. Therefore,.the, crystallinity and the crystal orientation of the magnetic
grains are im ?WM&%@?@%&?&%@%@M&#& ec’@é};%ﬁ\?g‘i&'@é ?%%ﬁvgmpe,asince the
saturation magilgizriiashgMs) is improved, the overwrite performance is also advantageously

improved, ‘
The interposition layer 122b is formed of a non-magnetic thin film,

Magnetic continuity between the lower recording layer 122a and the first
primary recording layer 122¢ is interrupted by providing the interposition layer
122 between the lower recording layer 122a and the first primary recording
layer 122¢. In this case, when the interposition layer 122b has a
predetermined film thickness (0.7 nm to 0.9 nm), antiferro-magnetic exchange
coupling (AFC) is produced between the fower recording layer 122a and the first
primary recording layer 122¢. Therefore, the layer above the interposition
layer 122b and ‘the layer below the interposition layer 122b are atfracted to each
other in magnetization so as to affect each other for fixing directions of
magneﬁzatibn. Accordingly, fluctuation of the magnetization axis is reduced,
so that noise can be reduced.

The interposition layer 122b may be formed of Ru or Ru compound.
The atomic distance of Ru is close to that of Co, which constitutes the magnetic
grains. Therefore, Ru is unlikely to inhibit epitaxial growth of the Co crystal

grains even though it is interposed in the magnetic recording layer 122,



If Co oxide is added to all of the magnetic recording layers, the SNR is problematically lowered.
Therefore, no Co oxide is added to the first primary recording layer 122c as described above. In this
case, while a high SNR can be maintained because of the first prirrry recording layer 122c, a high
magnetic coercive force (Hc) and overite performar?t% can be obtained because of the second primary
recording layer 122d. The second primary recording layer 122d preferably has a film thickness larger
than the first primary recording layer 122c, In a preferred exam%I(e, the first primary recording layer

122¢ has a thickEeER™ b Briernasiten darepriransralanwinikelyde inhibitihe snitaxiabss of 8 nm.
The aforemerﬁéimﬂ ﬂﬂ%ﬁf@&g&%@ﬂ% ording layer 122a, the first primary recording layer
ing ;

122c, and the™second primary recor er 122d are mere examples. The present invention is not

limited to those exartfties iftsaypsigsnahjee mm@wé&taﬁéqé%memi%@%}@wndafies
e

include oxides such as silicon oxide (SiOx), chromium oxide (Crx0y), titanium oxi 102), zirconium
oxide (Zr02), ftéraluwpuikibr 2112068t Pontexides(Fethesir sty estoding ks f2Rthermore,

embodiment, SLAIVS REGUN 1 LR )0 A0 20t PRSP st aH T Nayor 1220
employs two %&ﬁqq&%ig@@@@g@gﬁ%ﬁ% A RS RAR Bsingey recording layer 122d
employs three kinds of non-magnetic substances (oxides). However,the present 29
separated from sach other by the interposition fayer 122b, Therefore, the
lower recording layer 122a, the first primary recording layer 122¢, and the
second primary recording layer 122d become separate short magnets, When
the film thickness of the lower recording layer 1223 is reduced, the aspect ratio
of the granular magnetic grains is reduced. In a perpendicular magnetic
recording medium, the film thickness direction is the longitudinal direction of the
magnetization easy axis. Therefore, a strong demagnetizing field is generated
within the magnet. Thus, although the lower recording layer 122a is formed of
a hard magnetic material, the magnetic field outputied from the lower recording
layer 122a is reduced and is uniikely to be picked up by a magnetic head. In
other words, when a magnetic moment {attraction of the magnet) is set by
adjusting the film thickness of the lower recording layer 122a such that a
magnetic flux is unlikely fo reach the magnetic head and that the lower
recording layer 122a has magnetic interaction with respect to the first primary
recording laver 122¢, the magnetic recording layer can exhibit a high magnetic
coercive force with less noise.

In the present embodiment, the first primary recording layer 122¢
emplays CoCrPt-SiQ,-TiO;.  In such a case, non-magnetic substance of 8i0;
and TiO: (composite oxide) is segregated around magnetic grains of CoCrPt so
as to form grain boundaries for thereby forming a granular structure in which the
rnagnetic grains have grown into a columnar shape in the first primary recording

layer 122c.



invention is not limited to this example. For example, all or some of the layers from the lower recording
layer 122a to the second primary recording layer 122d may employ one kind of non-magnetic
substance or two or more non-magnetic substance§7in a composite manner, The types of the
non-magnetic substances are not limited to specific ones. Nevertheless, it is preferable to include SiO2
and TiO2 as in this embodiment. Therefore, if the layers from the lower recording layer 122a to the

second primary recqrding layer 122d.are.formed of only gne.layer unlike the present embodiment (i.e.,
no interposition Iaygrnléggtﬂé%% %BB?%P %%F‘&%‘é%lgqg'@nﬁ%% e F@géréﬁng layer of
CoCrPt-Si02-fokfived cohtifuRRIRA YIPMENRE pAthShArBeSr @R RRIT %.Prﬂ\ﬂ%qé?eéﬁé@e” the
magnetic recording layer 122 (the second prlémar%cording ayer 122d) and the auxiliary recording

layer 126. Thesseral ptiovatyrecaiiirg fayerctPdtardttickimet sdangey themvtihag tdyidvetipgerposition layer
122b. With thjs configuration, ferro-magnetic exchange coupling, not antiferro-magnetic exchange

coupling, is pARYSEgelenhagmansiinas @kl &g etid Y2 88FARE PAFEANY22 and the auxiliary
recording 'ay%é(?r@anﬂw§5répﬁ%e@% fetormudion ALeadnenaadan Pl jayer (@ fixed

magnetic direction layer) with respect to'the auxiliary recording Tayer S0 as to reduce noise caused

by the auxiliarpagnetidisgbaizecé2sf Si0,i T 0w ave Ty GBNBompobitstbriiaple segtagaterbent
embodiment, the separation layer, 124 may be formed of a thin film including Ru, Ru compound, Ru

and oxygen, &reund mesnriic Quainsat Cokiglramminiue asisdprypdader fandreiesrding layer 126

can be reduc e ' 24 (stor included in the separation layer 124
is seg regated? %r%n\é)@d%%ﬁa}?ﬁ%gﬂ%@ﬁﬁ%ﬁgﬁ‘a%er%éﬁgogfélaﬂ%t% gsg ra%%g}eodaon the magnetic
grains. Therefpigrfaaraiiiagcoiniliayoenal PReiryeedaainRiierthg2do crystal structure of the

magnetic recording layer 122. 30 Various kinds of oxides may be included along with Ru in the

separation layer 124A5dggetiked shaueotixierRep ot \RIMAMRTERIATM IFWRF JFRthef $Méctromagnetic

dharacteristics (SNR). For example, the separation layer 124 may be formed o RUWO3, or
RUL102. AmdTESSILS IRGE T e g BHES i cane R, &5 ARAIeR R sty gor
included alongriiihRedediveppipied nihe SRS HAr IR SeRRAGH K EAREMIDItS effects of
oxygen addition. In other words, use of W03 can suitably provide both effects of oxygen addition and
oxide additioheqpomeirdrgmesalititonxibie firsiudenagdesemdingiayarcbdetethessecsndhromium
oxide (Crx0y), titanium oxide iOZ% irconium oxide (Zr02), tantalum oxide (Ta203), iron oxide
(Fe203), and WWO%&@%@%%V uf#'%gmore, nitrides such as BN and carbides such as B4C3 may

also suitably be useflyrtnarmore, as described above, the second primary recording layer
1224 contains a Co oxide.  If Si0, or TIO; is added as oxide, oxygen deficiency
will occur.  Therefore, Siions or Ti lons are mixed into the magnetic grains so
as to disturb the crystal orientation and to lower the magnetic coercive force
(He). Thus, the contained Co oxide can function as an oxide support for
compensation of the oxygen deficiency. Examples of the Co oxide include
C0a04.  Nevertheless, CoO may be used as the Co oxide.

The Co oxide has a higher Gibbs free energy AG than Si0O; and TiO;.
Therefore, Co ions and oxygen ions are likely to be separated from each other.
Accordingly, oxygen is preferentially separated from the Co oxide. Thus,
oxygen deficiency caused to SIiO; or TiO; is compensated such that ions of Sior
Ti are completed as an oxide and can be deposited at the grain boundaries, In
this case, foreign matter such as Si or Ti is prevented from mixing into the

magnetic grains and thus disturbing the crystallinity of the magnetic grains. At



The auxiliary recording layer 126 is a magnetic layer that is substantially magnetically continuous in
the in-plane direction of the principal surface of the substrate. The auxiliary recording layer 126 should
be adjacent to or close to the magnetic recording | ger 122 in order to have magnetic interaction with
the magnetic recording layer 122. For example, th€ auxiliary recording layer 126 may be formed by
CoCrPt or CoCrPtB, or by adding a small amountjof oxide to CoCrPt or CoCrPtB. The auxiliary

recording layer 126 is provided in, order to adjust the reversed domain nucleatjon magnetic field (Hn),
to adjust the %ﬁtﬁr@ﬁc q4v08 (pﬁ?ﬂg‘fm@ %%i & 'ﬁ'u%rﬁmﬁ'flulgﬁﬁ%%characteristics,
the OW perfopmancs. anskHoraRdiRs A HAsRRAMARES b I8 RIa N Rkl pMKligRs recording
layer 126 to have high perpendicular magnetic anisotropy (Ku) and saturation magnetization (Ms). In
the present digrbsstiné 0o tlbpuxiliaeysfecer thehiylihty Endrthedeystsiovictitetinaghiétie recording
layer 122. Nevertheless, the auxiliary recording Iajyer 126 may be provided below the magnetic

recording Iay@aﬂﬂﬂ',‘icfﬂmi‘j‘s ﬁ@é@%‘(ﬁ%ﬁ%éﬁ/‘@ﬁﬁ’ﬁ?ﬁ?&ﬁsﬁh%@?&?@ﬁﬁmiﬂ?a@ﬁ%sm is
A

one magnet ewed as aw e magnetiSm m ontinuous because of grain
boundaries opgsyatrkeTPaHIR iKSidd agssuekaimpesngaries may be generated not only by
discontinuous crystals, but also by segregated CriFurtherrnore, a small amount of oxide may be

included and segredfEsdioxideisingdan toahahisroaprativreoxdiagiaveismteiSR iauxiliary
recording layer 126, the area of the grain boundaries.of the auxiliary recqrding layer 126 is preferably
smaller than maj?%f’?ﬁ%“@gﬁf%ﬁ arizlg% L ?&l%%%?ﬁ%%%%@%&gﬁff %!'Eﬁ%]ar ords, the oxide
content of theyai W@?HQ@@BH“M@KE@@/&&E@QMQ tAKeEdDS (RHmeteragiydniResdhan that of the

grain boundaries of the magnetic recording layer 122. The function and mechanism of the auxiliary
recording laybe mmw&mﬂtmﬁfﬁmhﬁtmﬁgfrﬁméﬁﬁmﬁlégﬁaﬁhé%lﬁ(iﬁéﬁg@hecording layer 126

exhibits magnetic interaction (excha coupling):with grapular magnetic grains of the magnetic
recording Iaym%%%mé ﬁ&#ﬁ%&ﬁ@%%ﬂ&%&ﬁ%ﬁ%%ﬁﬁ%gg a{r}il?:nee thermal
fluctuation ang.the, SNR #aNREIMPERAYRSN UERRIMPIR &84 OrafRe SRBBREEAHade granular

magnetic grains (crystal grains having magnetic interaction) have a larger area than a cross-section of

the granular feagrdifig trpend ZRdepedterstiydsasa fim tickine ssragdsjdoaadhe firkipemanpunt of
magnetic flux from the magnetic head so that flux reversal {%gllgi%i to, occur. Thus, the overall OW

performance igGRIBIE&YEr 1286 nla@REIss DR frP & method to

deposit carbop,while 8.vaGUARIS BIHAINGHa The JBESHURMPIRFHGOIRNRS fgBrs ooy figgtive layer for
protecting thg{%g?p}(‘e%hsglacﬁﬁar maégnge}t?c rec'orﬂﬁ'lg ediumeOO agginst impt)?aéct rom the magnetic head.
Generally, caghpiekienasted fisna CVD method is jmproved in film hardness as compared to carbon

deposited by a sputtering method. Therefore, the medium protective, 32 X
The aforementioned materials for the lower recording layer 122a, the first

primary recording layer 122¢, and the second primary recording layer 122d are
mere examples. The present invention is not limited fo those exafnples.
Examples of the non-magnetic substance for forming grain boundaries include
oxides such as silicon oxide {8i0,), ch{romium axide (CrOy), titanium oxide
(TiOy), Zirconium oxide (ZrO3), tantalum oxide (Ta20s), iron oxide (Fex0s), and
boron oxide (B;0q).  Furthermore, nitrides such as BN and carbides such as
B4C» may also suitably be used.

in the present embodiment, eaj:h of the lower recording layer 122a and
the first primary recording layer 122¢ ?mp!ays two kinds of non-magnetic
substances (oxides), and the second primary recording layer 122d employs

three kinds of non-magnatic substances (oxides). However, the present



layer 128 can protect the perpendicular magnetic recording medium 100 more effectively against
impact from the magnetic head. The lubricating layer 130 can be formed of perfluoropolyether
(PFPE) by a dip coating method. PFPE has a molegular structure of a long chain and is coupled to N
atoms on a surface of the medium protective layer 128 with high affinity. The lubricating layer 130
serves to prevent damage or defect of the medium protective layer 128 even if the magnetic head is

b ht into contact with f f i tj di di 100. Th
p:aor;gnd:gucl)af’???fﬁa%ﬂ%ﬁlés@aewé?%%eqﬁg%Ilewp%%)@e%d%ct?t é{en%ggg‘%{lén 3 g?;eég%gtg%ﬁénﬁﬁéeﬁocess.es_ome
examples of theRiaaey ReRing el sp0d8dHrlRus (B EmERecoriAR LPRb e adhesive

layer 112 to the auxiliary recording layer 126 were sequentially forméd on't ate 110 under

an Ar atmospirarg anthianonenkingt of rtapositoetipgpebistasceyon fG oragoriesmspizgastg method, The
adhesive layer 112 was formed of Cr-50Ti with a thickness of 10 nm. For the soft magnetic layer 114,

the spacer laf&iPSBISESHE ARIDRINE F8NeRke s RESATIBRRAHIRINAIS oft magnetic layer

magnetic lay S L HL e i ebl b gp s ek O e SRl BB e =
composition Gh&NIRrSISHIE MO davarAkeite diabRfcCIiaR R cH aye 1ARASRERNghereceding

underlayer) will be described later. The first underlayer 118a was formed of a Ru film having a
thickness of loweh igsaetiag layerhéip ke thesereraprimargseconlingderayde2d @vavas formed of a

g coman TR AP e s IR 5 A B R A o ER o > oo @
90(70Co-10CH20P{p3R(Qr2RRIduHR. sEickRepRpl3BE & RRemE M icsResbicsanyer 1226 was

formed of Ru with a thickness 33 of 0.4 nm to 0.5 rim. The first primary recording layer 122c was
formed of 90(/a¥€net COGHBPEIG{HIURL-5(T102) with a thickness of 12 nm at 3 Pa. The second primary

recording layer 122d was formed of 90(72C0-12Cr-16Pt)- 4.5(Si02)-4.5(Tj02)-1(Co304) with a
thickness of 12 nm dt'e PEPAIFEILR |6%4Ié§/§rrﬁh’ﬂ?£§’ﬁ;m?§ ﬂ-’ﬁgﬁﬁg Rﬂ%"ﬁqﬁi ess of 0.3

nm. The auxil] %é%ﬂgr%%@%gg%@mﬁ?wnm&@é%ﬂgéﬁhg%ygp@%mgqﬁg 6 rim. The

medium protective layer a thickness ot4 nm by D method using C2F14 and
CN. The lubrigatiiigitayescrdihay ks dort@ed byredipperating lmethoB4uisidorel iith a

thickness larger than that of the interposition layer 122b,  With this
configuration, ferro-magnetic exchange coupling, not antiferro-magnetic
exchange coupling, Is produced as magnetic effects between the magnetic
recording layer 122 and the auxiliary recording layer 126. Therefore, the
magnetic recording layer 122 serves as a pinned layer (a fixed magnetic
direction layer) with respect to the auxiliary recording layer 126 so as to reduce
noise caused by the auxiliary recording layer 126 and to improve the SNR.
Furthermore, in the present embodiment, the separation layer 124 may

he formed of a thin film including Ru, Ru compound, Ru and oxygen, or Ru and
oxide. With this configuration, noise caused by the auxiliary recording layer
126 can be reduced. When the separation layer 124 is forrned, oxygen
included in the separation layer 124 is segregated on oxide of the magnetic
recording layer 122, so that Ru is segregated on the magnetic grains.

" Therefore, Co of the auxiliary recarding layer 128 inherits the Co crystal

structure of the magnetic recording layer 122.



Fig, 2 is a table showing variation of characteristics with respect to materials. The materials used for
the first preceding underlayer 116a, the second preceding underlayer 116b, and the first underlayer
118a are shown in Fig. 2. The compositional ratios Qf those materials are shown by values added to
the symbols of the elements. Specifically, in Examptes 1 to 3, the second preceding underlayer 116b
was formed of 97Ni-3W. In Example 1, the first preceding underlayer 116a was formed of 45N1-55Ta.

In Example 2, the first preceding underlayer 118a was formed of 50Ni-50T1. In Example 3, the first
preceding underIayeVﬁﬂ@%éﬁ)ﬁﬁ@ﬂ@4@ﬁ¥§§ﬁﬁ?‘&ﬁﬁqm%ﬁb‘%é?éh‘:’t§§B%%&°fbrmed of

SORu-10Cr insigad o Ru. 40 GamARle GAMBIcyl 1 eSS mdedayer 1162 was formed

of 45NI-551a, and no second preceding under{ayer 116b Was provi omparative Example 2, no

first precedinggisetestasgnddshanipiostide SR the-seenach prs ahdisepardeoayeyek 1Bl was formed

of 97NI-3W. If a ratio of additives in a Ni compound is equal to or higher than about 40 atomic %, the
Ni compound rdyrhscipimedef BueriRiddEbnhasBuTiarefdhaane atbeptoteding/Caderlayer 116a was

amorphous inmgﬁ%ito 3 and Comparative Examples 1 and 2, In Fig. 2, Ra refers to the

surface rough it magnetic layer 114, i.e., the roughness of the boundary surface between

the soft magnetic 34daygeishanidhe fesaaredjpen e blbHpavBereUsd with an atomic

force microscope (AFM). A larger value of Ra means"thag the boundary surface was rougher. In Fig. 2,
AB850 refers todissarigseal inrfbatspiotiess ey that gnaidissesiatadeaxygenedhibésaffestsnaithod using an

X-ray diffraction apparatys, This valye is an prientati riance (¢c-axis dispersion angle) representing
the magnitude®¥ISAARFEN the! DR 5%?{‘8?'tH%ec?ggf’ﬁbFEfﬁéf‘(ﬁagﬁfa‘?f&%j?ﬂ?‘f'i means that
the crystal grajps,baverbelish arianipicRe alIRINESERIRISEMIIBS IS BRe G iRigRgwhich is a kind

of magnetostatic characteristics. As 1-ic of the magnetic recording layer 122 increases, the direction of
magnetizationdgitess diketyatositiemmenxide {8ida g nbtioniton kit (HHROLR 2itniamtoxiderove the signal
storage performance of the perpendicular magnetic recording medium 100. F%tharmore, Ho is needed

to hold data wikH@2hRICRRMM eh(RER2bBR AT R SR Rl L AR He®Bfding density.
Hn represent;gg?oheg%&sgee%ggz%iio | %8 -BFE f @%@%ﬂﬁw?yﬁq@ﬁi§@é}ﬁ?ﬂ&%&ﬁr§§a' fluctuation

phenomenon inCreases as'a e value of comes larger. The SNR means a signal-to-noise

ratio, which is QJQQMQM@mgg@@@MaCteristics. The SNR represents an intensity ratio of
signals and noise and is important to read and write data accuratelé at a high speed even with

recording bits having Eneraunitaaarecorsinglayas 12Ris 2magngtisi@yeothalispibetantabmparative

E | Is.th | orientati ' ' |
compared to CER B Eo S H  B ARO  B i e
shown in Exangglagraand PrdhsusitR/riebsrdihg tal/8r01 AB sdiitd e adjecerraauiresidseinsrease the

recording density, could be obtained by including Ta or Ti in the first preceding underlayer 116a.

Additionally, it tenrbegsedin reserdinalayrs 42840 Ridesiafrnereeaneitibieraeting MatdB® for the first
underlayer 1188 IatGRd O MG Y TS AR SR ARG Kayp F2b that the
may be formed by CoCrPPt or CoCrPtB, or by adding a small amount of oxide to
CoCiPtor CoCrPtB. The auxiliary recording layer 126 is provided in order to
adjust the reversed domain nucleation magnetic field (Hn), to adjust the
magnetic coercive force (He), and thus to improve the thermal fluctuation
characteristics, the OW performance, angi the SNR. For those purposes, itis
preferable for the auxiliary recording layer 126 to have high perpendicular
magnetic anisotropy (Ku) and saturation magnetization (Ms}.  In the present
embodiment, the auxiliary recording layer 126 is provided above the magnefic
recording laver 122. Nevertheless, the auxiliary recording layer 126 may be

provided below the magnetic recording layer 122,



35 roughness (surface roughness) of the boundary surface could be reduced by using amorphous Ni
compound (NiTa). In this case, however, Comparative Example 1 did not include the second
preceding underlayer 116b of crystalline Ni compound. Therefore, the magnetic characteristics (Hc,
Hn, and SNR) could not be maintained, Moreover, sthce Comparative Example 2 included the second
preceding underlayer 116b of crystalline Ni compound, magnetic characteristics other than the SNR
could be maintained to some extent. In this case, however, Comparative Example 2 did not include the
first preceding underlbigse, 1 ‘trgnatinalhascatinyprslsfmade thaidhasmaometissudhness (surface

roughness Ra) of the boundary, surface.increased so as tq deteriorgte the crystal orientation of the
crystal grains. Wl"lﬁé'j"‘é%@@ﬂ h%@%&?%e%ﬂﬁw‘?ﬁﬁ%‘)‘%& "C‘-"gﬁrgfﬂ,g‘\?g Q"E@H’?}é%méﬁ?& %sérll%ity could not
be obtained. (5,43 ¢88 hRPRBIHEMRINR AR LRUIRA LR HiReEABNHIAURE MagRBtisHecording
medium 100 includes the fifst preceding underlayer 116a of an amorphous Ni compound and the

second precedingylrelditapatitdGisdictangstaligeaii boundating ofettysta grainserdbgikess of the

boundary surface, improvement,of the crgstal orie@té%ion, and iqen eim rovemen&rc‘)f the SNR can be
achieved by op RO UM SRINAMNARTRS (TRE AR EIRIE 5&9&05:'% y disGepinugls g 3B show

variation of cha/aRIE453 Wlh (7°0ericlos E9RARARAIIRIL QbR Lrsbireer e Rdyioyer

- 116a. Fig. 3Ais owing characteristics when the compositional ratio of the first

preceding undeayelulitanhsapagdtbdseEvpoif BramipteiddafiBigcaniBigirgBasidegaeph showing the
relationship between the compositional ratio and the SNR. The notation of materials used for the first

preceding undéered inthe awdilianoiseeidnadael helribearesd tha@mip houndriemobr 118a and

o N R Ry i r e

36 boundaries of the magnetic recording layer 122.  In other words, the oxide
content of the grain boundaries of the auxiliary recording layer 126 is preferably
lower than that of the grain boundaries of the magnetic recording layer 122.
The function and mechanism of the auxiliary recording layer 126 are not
necessarily clear. It is conceivable that the auxillary recording layer 126
exhibits magneﬁc interaction (exchange coupling) with granular magnetic grains
of the magnetic recording layer 122 so that Hn and He can be adjusted.
Therefore, the resistance to thermal fluctuation and the SNR can be improved.
Furthermore, crystal grains connected to the granular magnetic grains (crystal
grains having magnetic inferaction) have a larger area than a cross-section of
the granular magnetic graing. Therefore, these crystal grains are subjected to
a large amount of magnetic flux from the magnetic head so that flux reversal is
likely to occur.  Thus, the overall OW performance is improved,

The medium protective layer 128 can be formed by a CVD method to

deposit carbon while a vacuum is maintained. The medium protective layer
128 is a protective layer for protecting the perpendicular magnetic recording
medium 100 against impact from the magnetic head. Generally, carbon
deposited by a CVD method is improved in film hardness as compared to

carbon deposited by a sputteting method. Therefore, the medium protective



preceding underlayer 116a was varied around the compositional ratio of Example 1. Specifically, the
second preceding underlayer 116b was formed of 97N1-3W in Examples 1, 4, 5, and 6. The first
preceding underlayer 116a was formed of 65141-351a in Example 4, formed Of 55N1-45Ta in
Example 5, formed of 45M-55Ta in Example 1, and%8rmed of 35N1-65Ta in Example 6. Referring
to Fig, 3A, when the Ta content of the first preceding underlayer 116a exceeded 35 atomic %

(Example 4), the surface roughness of the boundary surface was reduced, and the crystal orientation
was improved|axsra! s o RiRtae e ks orndigHiaiagnaticdiesasdingreegise HpPoves When the Ta

content was furthet.Increased (Exampl nd 1), the. tic characteristics peaked at the Ta
LR G AR e

content of 55 & amp con was still further increased, the magnetic

characteristics were '@ﬁ&f&%&i&ﬁh@é@@ﬂ@@ﬁﬁ@@f&?iﬁé@%ﬂbéﬁm&ﬁ EEglgnt magnetic

characteristics can suitably be maintained by adjusting the Ta content of the first preceding underlayer
116a within aradfipaaiing methed. PRERMacBigoslrisicative séadanatchwimarebistent of the

first preceding underlayey,116a should be in a range of about 40 atpomic % t oyt 6Q atomic % in
order to meet ﬁ?&@eﬁt}\éi&é%%@%ﬁlﬁlﬁ%ﬁqso ﬁ%‘%‘rmiaﬁ XA Hfgﬁ 3 gabmga%ﬁis been
required 10 iNGiaa3e .th?ﬁﬁ%ﬁlﬂﬁﬂgﬂéwr VorsbiOesd BREVERE WaRARY o BBR G pIRaIC %
(Example 4), the firSt preceding undérlayer 116a was insufficiently formed into an amorphous phase
so that the softnexdigmepicotaptivd 1ayep ARE eoesaif Shectaigy bictesecs trbught et s ecatatbreceding
underlayer 116b. Therefore, the roughness (surface roughness Ra) of the boundary surface was

increased, an¥iti-d SEfach bR REfREWisH R4 RagREtiG EBERENO MR I W0e recording density
could not be obtaine 5\ LhGEMALEA AELIRiC PRGNS HEFIADRITEBRAIRABIF e (Sxample ©).
ainéd | prece

the amount of Ni con the Tirst ing underlayer 116a became insufficient so as to inhibit

continuous grevtve intackystal sredesof tBersecexsiplesasiitieyndecktienéntbrioriihbd on the first
preceding underlayer 116a. Thus, the magnetic characteristics were deteriorated.
described below.

(Exampies)

Layers from the adhesive layer 112 to the auxiliary receording layer 126
were sequentially formed on the disk substrate 110 under an Ar atmosphere
with an evacuated deposition apparatus by a DC magnetron sputtering method.
The adhesive layer 112 was formed of Cr-50Ti with a thickness of 10 nm.  For
the soft magnetic layer 114, the spacer layer 114b was formed with a thickness
of 0.7 nm between the first soft magnetic layer 114a and the second soft
magnetic layer 114¢c. The first soft magnetic layer 114a and the second soit
magnetic layer 114¢ were formed of 92(40Fe-60C0)-3Ta-5Zr with a thickness of
20 nm, The composifion of the preceding undedayer 118 (the first preceding
underlayer and second preceding underiayer) will be described fater.  The first
underlayer 118a was formed of a Ru film having a thickness of 10 nm under an
Ar atmosphere at 0.6 Pa, The second underlayer 118b was formed of a
Ru(RuO) film including oxygen with a thickness of 10 nm under an Ar

“atmosphere at 5 Pa by using a target containing oxygen. The lower recording
layer 122a was formed of 90(70C0-10Cr-20Pt)-10(Cr203) with a thickness of

2nm at 3 Pa.  The interposition layer 122b was formed of Ru with a thickness



Figs. 4A and 4B show variation of characteristics with respect to the compositional ratio of the second
preceding underlayer 116b. Fig. 4A is a table showing variation of characteristics when the
compositional ratio of the second preceding underlayer 116b was varied based upon Example 1 of Fig.
2. Fig. 48 is a graph showing the relationship betwex the compositional ratio and the SNR. The
notation of materials used for the first preceding underlayer 116a, the second preceding underlayer
116b, and the first underlayer 118a and compositional ratios thereof is the same as in Fig. 2. The

explanation obfasgentive P ameteThisfsititsdoyaveistdirgrgundaneywAsishawm o Fig. 4A, the
compositional ratio of Ni and W of the seco%gmé)recedin% underlayer 116b was varied based on

Example 1, SPAtR My GRE1RRhH SidnS Uider mifhathinkorss fof T areral S\F&5 e Examples
1,718, and 9. Th d dj derl 116b f 7Nj- j lel,f d of
SIS in ESERB B Rt DS R A LG SR Evarple 0,
Referring to Figsdfowben @?W‘E‘%%B@l‘) Withe 9eRALRI8FAYIRM URdeAaYerThatb was increased

from 3 atomic 4)/0 (Example 1), the magnetic characteristics were gradually deteriorated (Examples 7
and 8). Whenstgavationltayarci2ésdsdormrshnf RV SNR alittinkneseaf § asined Vakie (equal to or

higher than 18.0 dB). Referring to Fig. 4B, it can be n thag the upper limit of the W content of
the second prﬁﬁﬁ%ﬁ% [ﬁ?&éﬁ%@é?ﬁ%ﬁ%@‘568&?%"&%%5%&%@@&7“&?%@%% onditions of the SNR
that is equal t ' 8. i regull I ording density.
Therefore, the&’ V%k(ﬁ%%:réf gm Sgﬁﬁqgﬁﬁﬁ%r%%%}ﬁ%%%ﬁﬁﬁdﬁ%@%ﬁgé appropriate range

of 38 about Jhitkmés&ofe! ato bitySacdiMbienthdd thainth SAdngad DA atdrhis ldisteatiagtayehing of the
second preceding undertayer 116b and the first underlayer 118a is improved so that the SNR is

improved. If tHé Mm@I%rdﬂﬂé‘r%ﬁﬁﬂnmﬁ?%gt‘l‘rﬂ%?gf@preceding underlayer 116b

e ey A PRBE SFOUER A  SoRGLBALE TR ocond

magnetic charagteristics Theesatévatbaleeddor the first preceding underlayer 116a, the
second preceding underiayer 116b, and the first underlayer 118a are shown in
Fig. 2. The compositional rafios of those materials are shown by values added
to the symbols of the elements. Specifically, in Examples 1 1o 3, the second
preceding underlayer 116b was formed of 97Ni-3W. In Example 1, the first
preceding underiayer 116a was formed of 45Ni-58Ta, In Example 2, the first
preceding underlayer 116a was formed of 50Ni-50Ti, In Example 3, the first
oreceding underlayer 116a was formed of 45Ni-58Ta, and the first underlayer
118a was formed of 80Ru-10Cr instead of Ru.  in Comparative Exampie 1, the
first preceding underlayer 118a was formed of 45Ni-55Ta, and no second
preceding underlayer 116b was provided. In Comparative Example 2, no first
preceding underlayer 116a was provided, and the second preceding underiayer
116b was formed of 97NI-3W.  If a ratio of additives in & Ni compound is equal
to or higher than about 40 atomic %, the Ni compound is formed into an
amorphous phase. Therefore, the first preceding underiayer 116a was
arnorphous in Examples 1 to 3 and Comparative Examples 1 and 2,

In Fig. 2, Ra refers to the surface roughness of the soft magnetic layer

114, i.e., the roughness of the boundary surface between the soft magnetic

|




As described above, according to the present embodiment, the crystal orientation is improved by
reducing the roughness of the boundary surface between the preceding underlayer 116 (the first
preceding underlayer 116a) and the soft magnetic I;lé/er 114 (the first soft magnetic layer 114a). The
SNR is improved by improving the atomic distance ¥fiatching of the preceding underlayer 116 (the
second preceding underlayer 116b) and the underlayer 118 (the first underlayer 118a). Accordingly,
the recording density can further be increased. (Second Embodiment) The inventors have found

that a boundalgyentaéandthedirshpfenastinmundesiyeantitasorassiribnitnes aomis to be |
roughened if g bias vpltage is jed to,a substrate w the non- etic layer is formed on the soft
magnetic laye (Bﬁ %ﬁﬁgﬁﬂa?a‘%%ﬁgfoéﬁ?ﬁ&fn%}Hﬁ)Pg?@ng\gngﬁﬁﬁé %uﬁgﬁ%agnetic layer |
without applicgiiggof @Aiaagiace Py eY SAaBoNRI R tha BipsadinsiRieinss Gigdgmation of the
non-magnetic layer is performed for improvement of magnetostatic characteristics (particularly the
magnetic coegraindarzméie)). e rotiing chavaceethticsusingansideapdiffrdstiorated if no bias
voltage is applied. Accordingly, application of a bias voltage is, required during the foﬁsmation of the

non-magnetic3Rparatse ifVERNABLIRAY SR GHEALRIRY Y 2HiATIER UraNsdisRersai?B8 fterposing a layer

between a non-magneiic layer ;ﬂgﬂ I';E 'ﬂﬂ?@ﬁ G| c%% W arelat netic layer for
protecting theﬁ'g"gf:tg gneaﬁg{'rrsgt?ggaye . %Clg:?/en o‘rsfgqg\?g ?:%n%s% er‘tgﬁ%éat?t IS layer c%rﬁﬁlgrhinate adverse
influence on thespestigragneliel ass0imexntamnathaagnicdrios e pattenalikataljgmprove the
crystal orientation. The inventors produced a perpendicular magnetic recording medium by using this

technique and-sveipeasenissrenraeneiic peRiciaitime. whiphdea kst oy deaetortatic
characteristics. As He of the magnetic recording layer 122 increases, the

direction of magnetization is less likely to reverse in the magnetic recording
fayer 122 so as to improve the signal storage perforinance of the perpendicular
magnetic recording medium 100, Furthermore, He is needed to hold data with
a frack width, which has been narrowed along with increase of the recording
density. Hn represents the reversed domain nucleation magnetic field. The
resistance to a thermal fluctuation phenomenon increases as an absolute vaiue
of Hn becomes jarger.  The SNR means a signal-to-noise ratio, which is a kind
of electromagnetic characteristics. The SNR represents an intensity ratio of
signals and nolse and is important to read and write data accurately at a high
speed even with recording bits having a small area.

As shown in Fig. 2, comparison of Examples and Comparative Examples
reveals that the crystal orientation (A850) of crystal grains was better in all of
Examples as compared to Comparative Examples and that a high SNR couid
be obtained in all of Examples. As shown in Exampies 1 and 2, the SNR
higher than 18.0 dB, which has been required to increase the recording density,
could be obtained by including Ta or Ti in the first preceding underlayer 116a.
Additionafly, it can be seen from Example 3 that Ru compound could also
suitably be used for the first underlayer 118a instead of Ru.

Furthermore, it can be seen from Comparative Example 1 that the



The SNR of the perpendicular magnetic recording medium produced by using the above technique
was improved along with improvement of the crystal orientation, However, the SNR decreased after
the crystal orientation reached a cer,tain level. As a result of careful examination of the perpendicular
magnetic recording medium for elucidating the caus# the inventors have found that crystal grains
(magnetic grains) of a magnetic recording layer become larger along with improvement of the crystal
orientation and that the SNR decreases due to increase of noise in a magnetic transition region after
the crystal granasigbneksa{senfadts reughoksieof the Tioerdary, shdsios emddsbearsai tioeddhy it difficult to

drastically improye the SNR merel vement aof the crystal orientation. The inyentors have
thought that th\éﬁg‘%%mﬁm‘ﬁrﬂﬁr%@%@%&%@N%ﬁ 15 ﬁéﬁ?g ’ﬂ?&’%ﬁ%ﬁ%ﬂﬁf&ﬁ%@ As a result of

furher examinglapiciBiFAIATAARNE (A2 405% Brocoitel atirsiayan o i Imatagd by reducing

the size of crystal grains of a magnetic recording la with the"above technique and that the
crystal grains ¢fitspagnetic Teecefting, hyomarmaticetdirpitepaticsr{téc, tHomaind @RNg in size so that

the SNR can drastica‘lg be improved. In the present embodiment, there will be described that the

second nonme@ﬁ’&ie ff@rfﬁaﬂﬁﬁﬁﬁ’é@@f M&Q&ﬁfﬂé‘?ﬁﬁtmmﬂﬁeﬁxﬁi@%ﬁ%m@dﬁﬁs relates to the
fact that the magnetic regct f%e'{‘e%g'ﬁg%%(? %ﬁ’é%?q%‘g&@ ‘?Qnﬁn'!«? .‘\M&Jﬁg ﬂgyﬁ%&ﬁolumnar shape

and forms magt éﬁg%?? grainsy an rality of oxides, which form'non-magretic grain

boundaries begyggiitigstie ailistadharmine. SNRRYIAsthadiaiiredamndbeditembotigsst or

portions that should be explained in greater detail will be described below. This is to omit the

redundant expt@satibnwever Keofnpamtive Ginarplac didenatlipalideotrmdirshuncediogpohous material.
The first preceding underlayer 116a has a function of protecting the soft magnetic layer 114 from the
sputtering depB@ﬂ%T‘%ﬁ E@HW%%&@&H&%R&@@ ?llﬁeﬁgéﬁﬁgﬁﬂgﬁ}mﬁﬁ%phous material
has hardness highgedhaghrBaAMAEsalnTas Sam s RpEbe-i Shris s do@ HedRsiayer 116a

that is formed of an amorphous material is provided between the second preceding underlayer 116b

and the soft mtgnenysteertaichettfe mystaltgranser usaarstiibihigherdiand8.fom impact of

formation of the conventional non-magnetic layer (second preceding underlayer 116b) by the hard film
(the first prece@ﬁ}énﬁ#ﬂ%‘ﬂ%ﬁ)ﬁﬂ%ﬁﬁﬂ@@ Qﬁ%%’e"ﬁﬂﬁ&%ﬁ’ﬁﬁdﬁ@ﬁ magnetic layer 114

can be eliminated at e 6 &4 SRR BHEraEaRE R SR AHPLIRTBNAR Mlhated e

surface roughness of the so [ er 114 can be reduced, Thus, roughness of boundary

t magneti
surfaces of mutiptedingersstismetDorinbecestthemfise trdayeing luhdaridyeimtBaddarl hus, the crystal
orientation of those layers can be improved. As a result, improvement of the SNR and increase of the

crystalline Ni compound, reduction of the roughness of the boundary surface,
improvernent of the crystal ofientation, and hence improvement of the SNR can
be achieved by optimizing the material of the first preceding underlayer 116a.

Figs. 3A and 3B show variation of characteristics with respect to the
compositional ratio of the first preceding underlayer 116a. Fig. 3Ais a table
showing changes of characteristics when the compositional ratio of the first
preceding underlayer 116a was varied based upon Example 1 of Fig. 2, Fig.
38 is a graph showing the relationship between the compositicnal ratic and the
SNR. The notation of materials used for the first preceding underiayer 1183,
the second preceding underlayer 116b, and the first underlayer 118a and
compositional ratios thereof is the same as in Fig. 2.  The explanation of
respective parameters is omitted to avoid the redundancy.

As shown in Fig. 3A, the compositional ratio of Ni and Ta of the first



In the present embodiment, the first preceding underlayer 116a is preferably formed of one or more
elements selected from the group consisting of Ni, Fe, Co, Cu, Zn, Pd, and Pt or a compound thereof.
In such a case, the first preceding underlayer 116a can protect the soft magnetic layer 114 more
effectively, so that the surface roughness of the soﬁ@nagnetic layer 114 can further be reduced.
Furthermore, it is preferable for the first preceding underlayer 116a to

praceding underlayer 116a was varied around the compaositional ratio of
Example 1. Specifically, the second preceding underlayer 116b was formed of
97Ni-3W in Examples 1, 4, 5, and 6. The first preceding underlayer 116a was
formed of 85Ni-35Ta in Example 4, formed of §5Ni~45Ta in Example 5, formed
of 45Ni-55Ta in Example 1, and formed of 35Ni-85Ta in Example 6.

Referring to Fig. 3A, when the Ta content of the first preceding
underlaysr 118a exceeded 35 atomic % (Example 4), the surface roughness of
the boundary surface was reduced, and the crystal arientation was improved.
As a result, various kinds of magnefic characteristics were also improved.
When the Ta content was further increased (Examples § and 1), the magnetic
characteristics peaked at the Ta content of 55 atomic % (Example 1). When
the Ta.ccmtent was still ﬂ.%rther increased, the magnetic characteristics were
deteriorated (Example 8). From this result, it can be seen that excellant
magnetic characteristics can suitably be maintained by adjusting the Ta content
of the first preceding underlayer 1162 within an appropriate range.

Referring to Fig. 3B, it can be seen that the Ta content of the first
preceding underlayer 116a should be in a range of about 40 atomic % to about
B0 atomic % in order to meet the conditions of the SNR that is equal to or higher
than 18.0 dB, which has been required to increase the recording density.

When the Ta content was lower than 40 atomic % (Example 4), the first
preceding underiayer 116a was insufficiently formed into an amorphous phase
s0 that the soft magnetic layer 114 could not satisfactorily be protected from the
second preceding underlayer 116b. Therefore, the roughness (surface
roughness Ra) of the boundary surface was ingreased, and magnetic
characteristics that have been required to increase the recording density could
not be obtained, Furthermore, when the Ta content was higher than 60
atomic % (Example 6}, the amount of Ni contained in the first preceding

underiayer 116a became insufficient so as to inhibit continuous growth of Ni




41 further include one or more elements selected from the group consisting of Ta, Ti, Hf, Re, Os, Ir,
Mo, Nb, Zr, and V or a compound thereof. In such a case, the first preceding underlayer 116a can
suitably be formed into an amorphous phase. In order.to ensure formation of an amorphous phase of
the first preceding underlayer 1164, it is preferable t8contain the aforementioned element(s) or
compound thereof in a range of 40 atomic % to 60 atomic %. If the ratio of such element(s) or
compound is less thzim 40 atomic %, it is undesirable because formation of an amorphous phase

becomes insuffit/SiR: ANS ALTRSHGA BiareseaHnderBYs! i 15h fersesdor thediiste the amount of
Ni, Fe, Co, C ich isa.b | ns: d di
nderiayer 1108 S e P A B8 e mouiciont.

The second pree&shagatertierlayer 116b is formed of a crystalline material. The second preceding
underlayer 116b has a function of preventing corrosion deposition from the soft magnetic layer 114

and a function of maifii@fifif and 4 Feheuiadatieacdt aeaccrinfies wiraasresttothepreceding
underlayer 116b al s a,function, of aligning the magnetization e xis.Qf the, hex al
close-packed s%ﬂ&?éséﬁa _r'(':ap1 E_#E?cﬁfrte iﬁ&%ﬂ dﬁf?ﬁ?ﬁ?ﬁd’g} J@f&?{gﬁheﬁgn{héss% i preced_ing
underlayer 11%%&?\G’éfﬁim%ﬂﬁﬁéﬁﬂﬁfa&oﬂhéﬂtﬁb ddifpRiatRnhisHie reladepie crystalline
material of the second preceding underlayer 116b to have an fcc structure. In such a case, crystal

grains of the updestiog un8driayay Hébheyastwacktdgsed opom&Exatls drisfcEipf2he Fig. structure of

the second preceding underlayer, 116b, so that the netization easy axis aof the underlayer 118 can
be oriented to 'Bé?ﬁé?ﬁﬁ&%&?”mm%ﬁ?fﬂ%ﬁﬂlHg?ﬁ%%%ﬁﬁ%?gﬁﬁ@é@ EHP ARSRR can further

e improved. YIrt! LaheliRaRA o nineranS tiesaddniRle mitphEeding Bitlehigai{Bg second

preceding underlayer 116b is preferably in parallel to the principal surface of thedisk substrate 110.
42 In the ptheascembpriczatitgthadertayzdt piébedim) thadeshynddrlBfeistpbafarably formed of one
or more elements selected from the gr%ip cansisting of Ni, Co, Cu, Cr, Y, and Ag or a compound

[

thereof. In suchAnRAsItRalBHRSIBRRA SN seme 88 iR tand NeeerRigRalIETREracteristics of the

second precedjng nderiayer 1160 AN A BB BESedundancy.

As shown in Fig. 4A, the compositional ratio of Ni and W of the second
preceding underiayer 116b was varied based on Example 1. Specifically, the
first preceding underlayer 116a was formed of 45Ni-85Ta in Examples 1, 7, 8,
and 8. The second preceding underiayer 116b was formed of 97Ni-3W in
Example 1, formed of 95NI-5W in Example 7, formed of 83Ni-7W in Example 8,
and formed of 91Ni-OW in Example 8,

Referring to Fig. 4A, when the W content of the second praceding
underlayer 116b was increased from 3 atomic % (Exampie 1), the magnetic
characteristics were gradually deteriorated (Examples 7 and 8). When the W
content exceeded 9 atomic %, the SNR did not meet a desired value (equai to
or higher than 18.0 dB).

Referring to Fig. 4B, it can be seen that the upper limit of the W content
of the seﬁond preceding underiayer 116b is about 8 atomic % in order to meet
the conditions of the SNR that is equal to or higher than 18.0 dB, which has
been required to increase the recording density. Therefore, the W content of

the second preceding underlayer 116b should be in an appropriate range of



Furthermore, it is preferable for the second preceding underlayer 116b to further include one or more
elements selected from the group consisting of W, Cr, Mo, Re, Al, Cu, and Mn or a compound thereof.
In such a case, the second preceding underlayer 116b can suitably be non-magnetized and
crystallized. Particularly, the atomic distance of W is38loser to the atomic distance of Ru as compared
to the atomic distance of Ni. Therefore, when the second preceding underlayer 116b contains W, the
atomic distance of the second preceding underlayer 116b can be made similar to the atomic distance
of the underlayiriit 3 atdruidriite shset\Braoenii 6. usattfion this secpadipeasteditodistdadayer 116b.
Accordingly, it is possible to promote continuous growth of c‘gstal garains from the secondgpreceding

underlayer 116%%&@Lﬁﬁé‘é@lﬁ?@?ﬁqgf@e‘ﬂ‘?%mﬁs& braatihedish widsdaesd Preceding
undedayer 116by s ieISatle g mAIBIE e R FLEER) g gppaguad thereofna

range of 3 atomic ratio of such element(sj or compound is Tess than 3 atomic

%, it is undesirgbipibesatne dbenpaqRedddingasde tuyderiagy JeDCTEBIY £ RJRE @magnetic property. If
the ratio is higher than 8 atomic %, it is undesirable because the crystallization of the second

preceding undf{Egeagneticscoribs instheckmordantisthisberiban® risitsée bE500680tics and
magnetic characteristics are unfavo deteriorated to a large extent Furthermore, for atomic
distance matcﬁﬁﬁa{ﬂgﬁﬁgaﬁg@ﬁ&ﬁg%ﬁ%@%&%% Br%%‘é%ﬁ#b"‘dﬁ&é‘ﬁ&%?‘i?‘%%‘ Ey be formed by
sputtering whilgi&hiasdsnplian t-thngitts Weliattetdfedniincansed Suenetal orientation of the

43 underlayer 118 can be improved. Furthermore, provision of the first preceding underlayer 116a
below the second pretedespiivett dhgee Iasivshogdotthth presdaterthadiviie thefcrysighetic layer 114

from being roughened even if a bias js applied during the formation of the second preceding
nderiayer 11 EETEEN & GO H B A GHABRERS LM RTS8 S934¢Re tower
recording laye %%ﬁl 1sdar. < I lﬁ}\éltSd ¢ Iﬁw @éfa ms crystal
grains (magnegt% graln;SJ’g gr%%g%?&r%ﬂf@ ?%&ﬁeﬁgﬁgosite o}r}%%e(?)’%%at orma'r?c%ﬁ?‘r%ag eﬁg grain
boundaries betiweenfihegyyetia igyeins! 4\(itietlirstanifimagtet HyaratidaticToé SpRrility of oxides
can be obtained. Therefore, size reduction and isolation of the crystal grains (magnetic grains) of the

lower recordin§najeyebby irrsavag e aterisiRiansematshind PR &reeegithoted as compared to

h . . f . . . - . f h
Cryotal arains o U8 RO e Sy e RS T B0S SE TRl B TE,) hicn
would be causgfdyHporRMFRIRSH Dfdde Cstardvgiyiatesimdmi eoniarpesiinmaéiie first

preceding underlayer 116a, is prevented. Consequently, the SNR is not lowered even if the crystal
orientation is rémtgRadtl improved. As a result, the SNR can drastically be improved, and further
increase of the recor(@e%deg%é of heéz) pendicular magnetic recording medium 100 can be
achieved. The ox Bﬁ;gf e an oxide of an element selected from the group consisting

of Si, Ti, Cr, Co, Ta, RyeaRdentdrihaveTeuratnallippopsiblg iofadbesprants sbe reduction and
isolation of the crystal grains of the lower recording layer 122a. Particularly, Si02, which is an oxide of

Si, can promotmagretiedaysoanche mﬂmag@%bm@@&@bm%@%&@éﬁ%mr_th_ermore,
(pertoulary thSRES  REEIREIS SRR MR D e P AR LIS B & ST PS) Bices that
formgrain  go magnetic layer (on sputtering).. Therefore, the inventors considered

fdrmi'ng a non-magnetic layer without application of a bias voltage. However,

application of a bias voltage during the formation of the non-magnetic layer is

performed for improvement of magnetostatic characteristics (particularly the

magnetic coercive foree (Hc)). Therefore, characteristics are considerably

deteriorated if no bias voltage is applied. Accordingly, application of a bias

voltage is required during the formation of the non-magnetic layer.

The inveniors have continuously studied and have considered

interposing a fayer between 2 non-magnetic layer and a soft magnetic layer



44 boundaries of the lower recording layer 122a. There will be described some examples in which
Si02 and TiO2 were used as a plurality of oxides, i.e., examples in which the lower recording layer
122a is formed of CoCrPt-Si02-1102. In the examples of CoCrPt-8i02-1102. S102 and TiO2 (oxides),
which are non-magnetic substance, were segregatetfaround magnetic grains of CoCrPt, which is a
Co-based alloy, so as to form grain boundaries, and the magnetic grains grew into a columnar shape
to form a gran Iz;@sg cture. (Examples There will be described Examples of the present invention

and Compara Rk lﬁ's?hﬁd}@ﬁf' 'BI@%f‘er‘rCﬂSﬁﬁﬁﬁﬁiaﬂ\;Q%%{Bm&@%%opd
embodiment (AEAMR SR AEUR ARSI SRR RME GRS W L R aRmagsiiunlh the same

film thickness, or under the same deposition co sinthetirste men Ig. 5 is a table

showing variatiariaf sbatmelgisiic fayaiirasnhet norhaagatanals/ef thrlfish pepsadingynderlayer 116a
and the lower recording layer 122a. In Example 21 of Fig. 5, the first preceding underlayer 116a was

formed of 500MBOT Hriaiystrlweeréainaingliagdnventary piofbiassrdrerpendicular
95(72C0-10Cr18P1)-2.5(Si02)-2.5(1102). In Example 22, the first preceding ungderl 116a was
formed of 50|\W?§52F§? aclﬁ)é%ﬁ@d?%%kgﬁéma‘%%?l Wﬂgﬁcﬁm%vg%ggﬁ?e% ial as the
Example 21. thg paiparaiivaidrampietéleoriinh Reehging underlayer 116a was provided, and the

lower recording layer 122a was formed of the same material as the Example 21. In Comparative
Example 22, no first precBMRpfitrecpeipantiktdan ssgredid cecendh thentaliven prodiuting lyer 122a was
formed of 95(72Co-10Cr-18Pt)-5(Si02). In Comparative Example 23, the first preceding underlayer
116a was fornffE'B1BD @ReR ILChARHRIER P RIRYRS APRY XA ImPIoNETRAR & hassiihe material

as the Compagaiiye FXAMPIfaRvEY, G BRRHLEEAINIRE L BrSTARERERMBEN reached

a certain level. As a result of careful examination of the perpendicular
magnetic recording medium for elucidating the cause, the inveniors have found
that crystal grains (magnetic grains) of a magnetic recording layer become
%arger along with improvement of the crystal orientation and that the SNR
decreases due to incréase of noise in a magnetic transition region after the
crystal grains reach a certain level of size,

Therefore, the inventors have thought it difficult to drastically improve the
SNR merely by improvement of the crystal orientation. The inventors have
thought that there is a fimit to improvement of the SNR only using the above
technique. As a result of further examination, the inventors have found that the
crystal orientation can be improved by reducing the size of crystal grains of a
magnetic recording layer along with the above technique and that the crystal
grains of the magnetic recording layer are accordingly prevented from
increasing in size so that the SNR can drastically be improved.

In the present embodiment, there will be described that thé second non-
magnetic layer is formed of a crystalline material having an fce structure.  This
relates 1o the fact that the magnetic recording layer is 'fbrmed of Go-based‘ alloy,
which grows inte a columnar shape and forms magnetic crystal grains, and a

plurality of oxides, which form non-magnetic grain boundaries between the



45 underlayer 116a was formed of 60Ni-50Ta, and the lower recording layer 122a was formed of the
same material as the Comparative Example 22. In all of Examples and Comparative Examples, the
second preceding urtderlayer 11613 was formed of 95N1-5W. In Fig. 6, A050 (Ru) refers to the
crystal orientation of Ru crystal grains of the underlayer 118 measured by a rocking curve method
using an X-ray diffraction apparatus (XRD). This value is an orientation variance (c-axis dispersion
angle) representing,the magnitude of variation in the orientation of the crystal grains. A smaller value
of A850 meaﬂéﬁ'ﬁr@%ﬁal grains have better orientation. Mc represents the magnetic coercive

force, which is a kind:{4AGHRLYSIfF FHA BATISHEMIUAEN LA BEMIAS IRy of crystal

grains of the lower recording layer 122a measured with a transmission electron microscope (TEM). A

smaller value eklirgrdin diasieredatationl addsenipstabirains This isralsmiiddehave been reduced
~in size. The SNR represents an intensity ratio of signals and noise and is important to read and write
data accuratefp@badaptesplanatioen with recording bits having a small area. As can be seen from

comparison of Examples, 21, a . ' % ﬁé%ml g, (Ru) was
smaller in Examplezlgleafﬁétfggﬁ%a%ﬁﬁdgg%@%ﬁg xamplesgéﬁ tﬁg%‘égﬁﬁe&r&e%o@ea%q Igh SNR was
obtained in Expaiies; pledBding uhBERalieron 62 seea thatnsadsiproricingfitel peeiceding underlayer
116a between the soft magnetic layer 114 and the second preceding underlayer 116b as in Examples

21 and 22 carrmignietitdayeverbe fofudne spiteiing sepesiiosief Hgsacendmraeadiagof the formation
of the second preceding ungerla er 116b and can alsp improve thia crystal orientatign of the soft
magnetic layeHAderENENHAL deéﬁ A ﬁ?e%?f?ﬁ%%ﬁ?%%r%&%rﬁ%%ﬁf}@ RE undedayer
118. It can begeer, Bl R ABRA| TREMRIE \ier e ARG remagsison of Example

21 and Comparative 46 Example 23 and comparison of Example 22 and Comparative Example 24,
the grain diametes aharystarovednst ahtbenbophesus coatting |l is pravided baedvanbtbeisabentase where
the lower recording layer 122a was formed of CoCrPt-Si02-TiO2 (Examp and 22).than in the

les 2
case where thereseding soasrgYaydi 6o aadihe RefhRgretiscapeishids Q@Z‘?ﬂ%m amples 23

artculary BB B A B B e o e

ayer 1 are formed by a plurality of oxides, characteristics of a

plurality of oxidgs RagpRDIaeedsdend proseginghridirayer ttBohianthesbtidinoithe crystal grains
(magnetic grains) of the magnetic recording layer 122 can further be promoted as compared to a case

where the graffirsicriesading aredesinyed i)'lﬁ@re I&?ﬁ%ﬂﬁb@%?ﬂ%ﬁ%ﬁ&@?ﬁ%ﬁ%%é the crystal
improved cue ARRAGURHEL LA oF R L DA o T e L e
SNR can dras{icallydifidTIRERYEYer 116b, and the surface roughness of the soft magnetic
layer 114 can be reduced. Thus, the roughness of boundary surfaces of
multiple layers formed on the soft magnetic layer 114 can be improved. Thus,
the crystal orientation of those layers can be improved. As a result,
improvement of the SNR and increase of the recording density can be
achieved.
In the present embodiment, the first preceding underlayer 116a is
preferably formed of one or more elements selected from the group consisting
of Ni, Fe, Co, Cu, Zn, Pd, and Pt or a compound thereof. In such a case, the
first preceding underlayer 1162 can protect the soft magnetic layer 114 more
effectively, so that the surface roughness of the soft magnetic layer 114 can
further be reduced.
Furthermore, it is preferabie for the first preceding underlayer 116a to



As described above, according to the present embodiment, the first preceding underlayer 116a is
provided between the second soft magnetic layer 114c (the soft magnetic layer 114) and the second
preceding underlayer 116b (the preceding underlayer 116). Accordingly, the crystal orientation of the
layer formed on the soft magnetic layer 114 can be #fiproved. Furthermore, the grain boundaries of the
lower recording layer 122a (the magnetic recording layer 122) are formed by a plurality of oxides.
Accordingly, size increase of crystal grains (magnetic grains) due to improvement of the crystal
orientation carfusthgraveiutiziaethambe Slericels dedatied i thepgroup cCosisting@itha, the

ding dengj dj [ di dj 10 further be i d. I
ine present entboitba Chele Mo Lo dti (L BP LB T e 3 A A1E5 8y er of NV (NI
compound). T@ﬁﬁﬁﬁ?&%‘éﬁﬁ@%&ﬂ%&ﬁ@%‘@@@uﬁ@ﬁt@@‘?&#ﬁmﬂ‘ﬁt&%ﬁ%ﬁfﬁﬁ%ﬂ@g underlayer

f rystalline material. T

116b may be formed df any C erefore; the second preceding underlayer 116b

may be formedghisaialy oNirddihiccehnsube domealibn of Bheamventtous haséopfithélfash boundary surface
between a nonmagnetic layer and a soft magnetic layer tends to be roughened if a bias voltage is

applied to a sﬁﬁ?&éﬁﬂgmm@%ﬂﬁ%ﬂéﬁ@i’ﬁfﬁﬁ@%@rﬁéﬁ%mﬂﬁ’@ﬁﬁ Wfl“%yer (on
spurtering). Therefore, 9 Iveniars apsiieiad DFH0 G IBTLAROSHSdaeE oy, applcation of a

bias voltage. I—?owever, pplica 1as voltage during rmation of the non-magnetic layer is

performed for imPraueBEalEH BlogRMPsSIAicohpraidristiess Thateforstophiardtirstics are

considerably deteriorated if no bias voltage is applied. Accordingly, application of a bias voltage is
required duringimdesablgdorranascfoiBrativigelcat amerhous phase becomes insufficient.

If the ratio is higher than 60 atomic %, it is undesirable because the amount of
Ni, Fe, Co, Cu, Zn, Pd, or Pt, which is a base of growth of crystal grains of the
second preceding underlayer 116b formed on the first preceding undertayer
118a, unfavorably becomes insufficient.

The second preceding underlayer 116b is formed of a crystailine
material. The second preceding underlayer 116b has a function of preventing
corrosion deposition from the soft magnetic layer 114 and a function of
maintaining good magnetic characteristics. Furthermore, the second
preceding underlayer 116b alse has a function of aligning the magnetization
easy axis of the hexagonal close-packed structure (hep structure) included in
the underlayer 1;I8 formed on the second preceding underlayer 116b with a
direction perpendicular to the disk. Therefore, it is preferable for the crystaliine
material of the second preceding underlayer 116b to have an fce structure.  in
such a case, crystal grains of the underlayer 118 having an hep siructure grow
on the (111) surface of the fec structure of the second preceding underlayer
116b, so that the magnetization easy axis of the underiayer 118 can be oriented
{o the perpendicular direction. Accordingly, noise can be reduced, and the
SNR can further be improved. The {111) surface of the face-centered cubic
structure {fec structure) of the second preceding underlayer 116b is preferably

in paralle! to the principal surface of the disk substrate 110.



The inventors have continuously studied and have found that, when a layer is interposed between a
non-magnetic layer and a soft magnetic layer formed below the non-magnetic layer under certain
conditions, adverse influence on the soft magnetic lgyer from the non-magnetic layer can be
eliminated while the non-magnetic layer is formed wfth application of a bias voltage. Thus, the
inventors have found the solution for the above problems. In the present embodiment, a first

non-magnetic layer of amorphous Ni ﬁoa] 0 no! is formed on a sqft magnetic layer without a bias
voltage appllied t)(/) a EX‘%@ I 'f%#‘?n I o Bf%ﬁféfyf%ﬁ%&f@%#%%d il; forrrlled on
(he frst non ASRAENAEMI RAdNE DRI LRANAR LIiaS IR IRe/ RARTRSIRIBRY Ru or R

compound is formed second non-magnetic layer. A magnetic recording layer for fecording

signals is forna ity eCiineQunesiad dxg or aRortipoaribabheidef, framsiehfastasmbediment or portions
- that should be explained in greater detail will be described below, This is to omit the 48 redundant

explanation. COMAOREEH harterisics rshiie mRmee s ehasastRsistind et ound, The first

preceding under. r gg ﬂﬁf ' ing:t 0 tic layer 114 from the sputtering
deposition of %eé %ﬁ%gjﬁ% préc ﬁ%%?lﬁ%ﬁgggg%%ﬁﬁ%g?ﬁ%§MOrphous material has
hardness higher thag grgepiitinatagitsiatablersidie sabend pedisdinteoadiravaderblyes 116a that is
formed of an amorphous material is provided between the second preceding underl%er 116b and the

soft magnetic fagberinsiugie g onampietiements seleated drapihBamuBReeddifting Ph¥ct of formation
of the second pregedi nderlayer, 116b by the hard film (the. first pregeding underlayer 116a) even if
the second pr§5§@ﬁrﬁ%ﬁ&ré§é¥a‘i “(8{ scgégﬁﬁuﬁé#?rﬁa%%étizh%?cr;? |s?§?m'e%e%v$t¥18§§é-lication of a
bias voltage agisumprifiRafSCPBNGAn adasreialhianamgndhsssoint agaesindarer 114 can be

eliminated at the time of the formation of the second preceding underlayer 116b, and the surface
roughness of Partimftaniydheitdmie distarcerpb¥risatioser(th éhauptameis sigfanee $HRthasoft magnetic

layer 114 does not increase). Thus, the roughn of.houngdary surfaces of the multiple,Jayers formed
on the soft mAgHRRRRd %@Eﬂﬁ'ﬁgﬁtﬁ?ﬂg@é’f %’?ed ?%5%&?&%&%%‘?%‘}%%{35%%’“ those
layers can be jjnpraueds Ty doreaiempusanhnt thietSh anghdncigang pidbediagording density can
be achieved. Furthermore, since grains of an amorphous material have no crystal structure, grains

of the amorphondemaeridl Gbecdarbesitatensiduianjothehatemicrdistanraiz ofifhe undenaygefore, fine

[ lariti f face of the soft fic | 14 that h b duced ' tal
06 Smoothencl B R 5e WS RO EREET )8 CEORHE PRRRE SN ALY Bhghmoss of e

soft magnetic jayer 114 andingyniscacedpiwimrithedanidauaroan diesetkrignetic laver 114

can be reduced.
from the second preceding underlayer 116b to the underiayer 118,

In order to ensure crystallization of the second preceding underiayer
116b, itis preferéble to contain the aforementioned element(s) or compound
thereof in a range of 3 atomic % to 8 atomic %. If the ratio of such element(s}
or compound is less than 3 atomic %, it is undesirable because the second
preceding underiayer 116b shows a ferromagnetic property.  If the ratio is
higher than B atomic %, it is undesirable because the crystallization of the
second preceding underlayer 116b becomes insufficient so that the corrosion
resistance characteristics and magnetic characteristics are unfavorably
deteriorated {o a large extent.

Furthermore, for atomic distance matching with the underlayer 118, the
second preceding underlayer 116b may be formed by sputtering while a bias is

applied to the disk substrate 110, In this case, the crystal orientation of the



In the present embodiment, the first preceding underlayer 116a is formed 49 without application of a
bias voltage to the disk substrate 110. Therefore, the soft magnetic layer 114 is not damaged at the
time of formation of the first preceding underlayer 116a, and the surface roughness of the soft
magnetic layer 114 can be prevented from increasifld. Accordingly, the roughness of the boundary
surface between the soft magnetic layer 114 and the first preceding underlayer 116a does not
increase. Furthermore, it is preferable for the first preceding underlayer 116a to further include one

or more eleméieesiawEdd QrBW@\%iﬁ?Bmy%nngﬁbwmrmsi@@, S,‘@rﬁl_\‘ﬂbpﬂﬁbﬁihmnd Vora
compound th%ﬁ@&rf OP%&%’&SVJJW fggggﬁ%c%%lggdﬁ?%dgﬁlﬁgﬁéy%Gﬁ §%rf1) {%ljéjt?a[l} I ﬁ% formed into an

amorphous phase. rder'to ensure Tormation orp as ceding
underlayer 118gyfiids RRRfeER Eofantindbe I@S@ﬁﬁ%‘ﬁ&'ﬂ%ﬁl%mﬁb@d&@%ﬁ%%iﬁ?rem in a
range of 40 atomic % to 60 atomic %. If the ratio of such element(s) or compound is less than 40
atomic %, it istiAERERGEIrPEcheSemation of bEsesond prenaditigasndscayaretl Bisufficient. If the ratio

is higher than 60 atomig, %, it is undesirable b th t of Ni. which.is a base of growth of
orytal g1 of 16 DL B BFEOL AR s, L TORBT TS CREBIAING R 22 AR Wevimyer 1162
unfavorably begosRgadnay&icionk, is faﬁﬁeme-ea%@%dénsmw 302 dpimmesyof crystalline

Ni compound, The second preceding underlayer 116b has afunction of preventing corrosion
deposition froshgpe: soid fongaatiydtalgraing imagnélicgivime) arsdragihirajigosfibridemetic
characteristicr?. Furthenrmor(@F%S]ﬁégg;:-i ond preceding underlayer 116b also has a function of aligning the
magnetizatiorteEPes!E gk %M%%‘E@%%ﬂ%&r@mEﬂ%d@fd%ss’?mﬁ@)thﬁ:ﬁmé@ﬁn the

underlayer 118:&?6@e%ﬂ%hﬁé%ﬁ%%ﬁ&ﬁ?&?&ﬂé@?&@égf&%%mmg&FES&%QQ é&{%%ndicular to the

disk. Therefore, It is preferable for the crystalline material of the second preceding underlayer 116b to
have an fcc stshtaimed In Tdrafore, size reduction and isolation of the crystal grains

{magnetic grains) of the lower recording layer 122a (the magnetic recording
layer 122) can further be promoted as compared o a case where grain
boundaries are formed by one kind of oxide. Accordingly, size increase of the
crystal grains of {he magnetic recording layer 122 {particularly the lower
recording layer 122a), which would be caused by improvement of the crystal
orientation due to the interposition of the first preceding underiayer 118a, is
prevented. Consequently, the SNR is not lowered even if the crystal
orientation is remarkably improved. As a result, the SNR can drastically be
improved, and further increase of the recording _density of the perpendicular
magnetic recording medium 100 can be achieved,

The oxides preferably include an oxide of an element selected from the
group consisting of Si, Ti, Cr, Co, Tz, Ru, and Cu. In such a case, it is possible
to further promote size reduction and isolation of the crystal grains of the lower
recording layer 122a. Particularly, Si0O;, which is an oxide of 8}, can promote
size reduction and isolation of the magnetic grains most effectively.
Furthermare, TiO», which is an oxide of Ti, has a property of improving the
-electromagnetic characteristics (particularly the SNR). Thus, it is most

preferable 1o use SiO; and TiO; as a plurality of oxides that form grain



such a case, crystal grains of the underlayer 118 having an hop structure grow on the (111) surface of !
the fcc structure of the second preceding underlayer 116b, so that the magnetization easy axis of the }
underlayer 118 can be oriented to the perpendicular direction. Accordingly, noise can be reduced, and |
the SNR can further be improved. The (111) surfad® of the face-centered cubic structure (fcc structure) \
of the second preceding underlayer 116b is preferably in parallel to the principal surface of the disk

substrate 110. In the present embodiment, the second preceding underlayer 116b is formed while |
a bias voltag&@iagplies abtheclensr saeetding eMer Waathis configuration, atomic distance matching of '

the second preceding underlayer,116 d.the underlayer.118 can_be con ed, and the crystal
orientation of the urﬁ'e?fgy%?‘? é“?ﬁ"ﬁ"e% ﬁﬁﬁ@?e@gaﬁ@%e%g%ﬁ%uﬁﬁh%%ﬁé%&%ﬁding medium 100
can maintainpeelient phaangtisrdiadasiqistissatngdie Rroaset #Radiareabolin Iéyef"st preceding
underlayer 116a is provided between the soft magnetic layer 114 and the second preceding
underlayer 11¢2aisdesvatied GhOvE-Bi®stiiage routhereasryfldsec Gfo BriyrRithIFiRy, 114 does not
increase even jf a bi ltage js applied to the substrate during the formation of the second preceding
underlayer 1%6@? aﬁéﬁ’ﬁhi&ﬁ\éﬁéﬁﬂﬁ' ?Jﬁ@ﬂ?%@%ﬁgﬁgﬁt%@eﬁﬁﬁlﬁ?@é?@@r‘&dlmb to further
include one olrgiaie ASABALFEIRS BICERIPNSAINR PO BIRF by Lo MO, Cu, and Mn or
a compound thereof, In"such a case, the second preceding underlayer‘116b can suitably be
non-magnetizgaimbdunyistisss eddRhetimagntithyy sirengiee sttm eccofum nackingre ddferatomic distance
of Ru as compared to the atomic distance of Ni. Therefore, when the second preceding underlayer w
116b containd YRBNARRSHWRtance of the second preceding underlayer 116b can be made similar to
the atomic distance E&g?ﬁ l‘%cierlayer 118 of Ru in the case where Ni is used for the second preceding |
underlayer 116b. Aécordlr?g y, it is possible to promote continuous growth of crystal grains 51 from the |

second preceding une@AyRI el Gesieritel ncariplesr di e Prasent invaafRigliao form the second

preceding underlayer 116b of MW. In order to ensure crystallization of the second preceding

underlayer 1%{‘%%@&%@%0&%&@%%%% e%"@l'@ﬁféﬁ(@)ﬁiﬁ%ﬂﬁﬁ)lﬁh #hereof in a
ange of 3 algyye% I8 aliyle e (19 8L SHEISEI A SATARHIAISISSS fhan 3 aomic

%, it is undesSirable because the secon preceding underlaye OWS a terromagnetic property. If

the ratio is highgip@atiod Sl dsdie ARFenicRREDeseuUngahmeyadidapesinishe second

preceding underlayer 116b becomes insufficient so that the corrosion resistance characteristics and
magnetic charaRgitipne asie therftalembabnemiiated to a large extent.  As described above, in the

present embodimeny, each of the first preceding undeglayer 116a and the second preceding

underlayer 116b is r%ﬁhaécéscﬁ T#’i%ﬁf}? A8 ."?H%P&%Pi%@?ﬁ?ﬂ%‘ﬁ%&&ﬁéﬁ?ﬁ?ﬁ @r&?als of the first
preceding undefigyss bEfR.ARNNERaARS TNt IR k1el abR IRt SAP Fdoaraigialg<H the second
preceding underlayer 116b. Accordingly, the crystallinity of the second preceding underlayer 116b is

improved, anéiZZncdnisanptaliiinf gl thdrwfisiipaceting nnrdansyeanddfayag i@mesdalso

i _ he SNR can furth ' .
improved Co&sgégﬁgg*ait 2hd the [ower To6or 159'@9&?\4‘32%3 was formed of 95(72Co-10Cr-

18P1)-2.5(Si0,)-2.5(Ti0z). In Example 22, the first preceding underlayer 116a

was formed of 50NI-50Ta, and the lower recording layer 122a was formed of the
same material as the Example 21. In Comparative Example 21, no first
praceding underlayer 116a was provided, and the lower recording layer 122&
was formed of the same material as the Example 21.  In Comparative Example
22, no first preceding underlayer 116a was provided, and the lower recording
fayer 122a was formed of 85(72C0-10Cr-18P)-5(Si02). In Comparative
Example 23, the first preceding underlayer 1162 was formed of 50C-507Ta, and
the lower recording layer 122a was formed of the same matetial as the

Comparative Example 22.  In Comparative Example 24, the first preceding



(Examples) There will be described Examples of the present invention and Comparative
Examples. Parts of Examples and Comparative Examples in the third embodiment that are not
described below were produced with the same composition, with the same film thickness, or under the
same deposition conditions as in the first embodimétt. The first preceding underlayer 116a was
formed of 50Ni-501a, and the second preceding undedayer 116b was formed of 95Ni-5W. Figs. 6A
and 66 are graphs showing variation of the SNR with respect to 52 a bias voltage. Fig. 6A shows

variation of the!sagHapes ¢8e warcirmetel AENROIR 88! thedwwisaspriingdaes during the

formation of the second preceding underlayer 1 s varied duri farmatiop of the first
preceding und\gﬁﬁfgfqﬁ@ ( r%gsnﬁ rﬁ‘é@( é% %%E%g%ﬁ%%ﬂgégéagfgg i%%agé}%tﬁgre a bias
voltage was sghal-hgiaIBRPoMBRIAIVE Edufidcdaerseatian pfdbedingt praerding yrdigrlayer 116a

and was varied during the formation of the second preCeding underlayer 116b, In Fig. 6B, Series 2
shows variatiowasf fherBhRfiBSNea¥e where the bias voltage was set at a constant value of 0 V during

where the bias voltad® 1 S BHLEIE 1B SDRB O BT RRE GO SHBIAL S RIES S prececing

1 underlayer 140a, Serigsé 918 ReuRlAUPByPE RRGAIRCING RSMUDBEREEN X-ray
diffraction apparatus (XRD). This value is an orientation variance {c-axis
dispersion angle) reprasenting the magnitude of variation in the orientation of
the crystal grains. A smaller value of AB50 means that the crystal grains have
hetter orientation.  He represents the magnetic coercive foree, which is a kind
of magnetosiatic characteristics. The grain diameter is the diameter of crystal
grainé of the lower recording layer 122a measured with a transmission elsctron
microscope (TEM). A smaller value of the grain diameter means that the
erystal grains are smaller and have been reduced in size. The SNR represents
an intensity ratio of signals and noise and is important to read and write data
accurately at a high speed even with recording bits having a small area,

As can be seen from comparison of Examples 21 and 22 and
Comparative Examples 21 and 22 of Fig. 5, A850 (Ru) was smaller in Examples
21 and 22 than in Comparative Examples 21 and 22. Therefore, 2 high SNR
was obtained in Examples 21 and 22,  Thus, it can be seen that provision of
the first preceding underiayer 118a between the soft magnetic layer 114 and the
secand preceding underlayer 116b as in Exampies 21 and 22 can eliminate
adverse influence on the soft magnetic layer 114 at the time of the formation of
the second preceding underlayer 116b and can alsc improve the crystal
orientation of the soft magnetic layer 114 and the layer formed on the soft
magnetic layer 114, particularly the underlayer 118. It can be seen that the
SNR can thus be improved.

As can be seen from comparison of Example 21 and Comparative



bias voltage was set at a constant value of -500 V during the formation of the first preceding
underlayer 116a. As shown in Fig. 6A, the SNR was considerably lowered when the bias voltage
applied to the disk substrate 110 during the formation of the first preceding underlayer 116a was
increased (to be precise, the absolute value of the s voltage was increased). Conceivably, this is
because the soft magnetic layer was damaged during the formation of the first preceding underlayer

116a so as to cause deterioration of the crystal orientation when the bias voltage was applied to the
disk substrate FARORIBAR tRedcamRRsisoTIIEampind%end Gempasatie: Frevagie@dntterlayer 116a

hould be f ith licati f a.bi ltage:to the disk subst 110. th d
oreceding uncli A BT SR R AR, G B VNGl o WS FPSe R
underlayer 11¢gdizakhaghremhiommag M&G@&iﬁgnﬂysﬁlﬁmemae{@&%@%ﬁrﬁﬂ@mlmag- 68, the

SNR was improved in each of Series as the applied bias voltage was increased. Conceivably, this is
because, wheEadinpies Bigend 22 Hiplcld theingsh ehetSthea inatonasitidingdegad 1#2aeding

underlayer 116b, the surface roughness of the soft magnetic layer 114 was prevented from increasing
as the soft ma%?&ﬁﬁf&ﬁéqgggtﬁgb Bmﬁquﬁ?%mgﬁ@%ﬂ%m\er 1hgretere ¥oughness of
the boundary i Hﬂ?&“ 6'.%@. mgi,? i 114 was
reduced, so th%ﬁ%%%ﬁﬁﬁé%ﬁ%ﬁ@%pmvé%ﬁ a'%urt rr%‘c%g,g%eac %‘#genes in Fig. 68,
the SNR was ipartimaieirindist: soyvificantiyiingriagepid2m)tagcforitel biyes, plorbiag abligiges o a bias

voltage of -200 V during the formation of the second preceding underlayer 116b. Therefore, in order to

maintain excel@?{rﬂ%ﬂﬁﬁ@ éﬁ&raﬁ{@#&iég ?ﬁiﬂﬂ%lﬁ%ﬂ?%mof ﬁﬁ_@%bbﬁe‘iﬁﬁ&ﬁéﬁtrﬁﬂgnetic
oo A i SIS 4 K R 5 SR o

recording layer 122 can further be promoted as compared to a case where the
grain boundaries are formed by one kind of oxide. Therefore, size increase of
the crystal grains of the magnetic recording layer 122 is prevented even if the
crystal orientation is remarkably improved due to the interposition of the first
preceding underiayer 118a. Thus, it can be seen that the SNR can drastically
be improved.

As described above, according to the present embodiment, the first
preceding underlayer 116a is provided between the second soft magnetic layer
114¢ {the soft magnetic layer 114) and the second preceding underlayer 116b
{the preceding underlayer 118). Accordingly, the crystal orientation of the layer
formed on the soft magnetic layer 114 can be improved. Furthermore, the
grain boundaries of the lower recording layer 122a (the magnetic recording
layer 122) are formed by a plurality of oxides. Accordingly, size increase of
crystal grains (rr;agnetic grains) ciue to improvement of the crystal orientation
can be prevented so that the SNR can drastically be improved., Consequently,
the recording density of the perpendicular magnetic recording medium 100 can
further be increased.

In the present embodiment, the second prece'ding underlayer 116b is -

farmed of an alloy laver of NiW (Ni compound). The present invention is not



Moreover, referring to Fig. 6B, the SNR of Series 2 was higher than that of Series 3 or 4, irrespective
of application of a bias voltage during the formation of the second preceding underlayer 116b and the
magnitude of the bias voltage. Therefore, in order to maintain a high SNR, it is highly effective to form
the first preceding underlayer 116a without any bias&/ltage applied to the disk substrate 110. When
Series 3 and Series 4 were compared, the SNR of Series 3 was slightly higher than that of Series 4.
Therefore, it can be seen that a bias voltage should be set as low as possible if the bias voltage needs
to be applied timaiediscibisexameiel 0 Ghesgeraddiecedindbntieriayep téamaybelerlayer 116a.

As described ghove, according 1o the present e diment, the first preceding.underlayer 116a is
formed on the SOfF %dagcfrclgﬂg ?ﬁ(}%%\ﬁ.]& Wﬁi%’iﬁ'a%ﬁﬁ%%ﬁg%ﬁf%%‘f&éﬁ%&ﬂg Bgesasetiate 110.
With this configyeinmmytle ReatilledrilEngate adverse influence on the soft magnetic layer 114 from
the second preceding underlayer 116b that has been formed with application of 54 a bias voltage to

the disk substrate 11(THirlEmbeditnéate roughness of the soft magnetic layer 114 can be prevented

from increasing, and the roughness of boundary surfaces of layers formed on the soft magnetic layer
114 can accordingly é%‘%l‘@\’/% tt‘éﬁ??ﬂﬁ? i%’é‘r'&agﬁ%?T%%W,?Hﬁﬁ&?ﬁ%em&%cﬁﬁ@ﬂhderlayer 116 (the

second precqu;lé%ﬂgﬂerl gg&&pg)sggmmwqgwqg%q?e%%?ﬂ%ﬁsg%@% gglggcrystal orientation

and the SNR ¢ e improved. Thus, further increase o nsity can be achieved.
(Fourth Embodictiag® is afjiedteatubdimte thardtimharbmaetc daviade faetnedorathecond
non-magnetic layer and a soft magnetic layer tends to be roui%he,ned if a bias voltage is applied to a

substrate wheBRRENRAEHE IR SEHESE)S) is IhRTEIPE The SyemnE fRsBs@don sputtering).

Therefore, thegfiven 1S : | 00 ' itho ication of a bias
voltage. However, a&%gﬁﬂﬁ%?ﬁﬁ@%ﬁﬁ&% F%} %?1;%:%51?% %ﬁgﬁ%o;ﬁ%%%%ggnetic layer
is performed feipplipetieenas atisibenagtzeie shadieocter foneatiiesdipthei colattysiieetivalgnetigscoercive force
(He)). Therefore, characteristics are considerably deteriorated if no bias voltage is applied.
Accordingly, appifesmss denitaevemneant of magnatasiefmeharetrRsliedn of 1eeaie®nd non-magnetic
layer. The | .have, i ied. h r is interposed
between a sec%F}l\éj %%éﬁ%n%i%%g@%%i%}g%ﬁﬁ%@éﬁﬁéﬁ% #é%%d%é %%ﬁﬁ!?eé/%?econd
non-magnetic Jrwesrelicity, eppiitatondiianieduage isffeaniredt hagié foruatin leyeiefirom the

second non-magnetic layer can be eliminated while the second non-magnetic layer is formed with
application of A®MaR'@anage layais, the inventors have found the solution for the above problems.

The inventors have continuously studied and have found that, when a
layer is interposad between a non-magnetic fayer and a soft magnetic layer
formed below the non-magnetic layer under certain conditions, adverse
influence on the soft magnetic layer from the non-magnetic layer can be
eliminated while the non-magnetic layer is formed with application of a bias
voltage. 'fhus, the inventors have found the solution for the above problems.

In the present embodiment, a first non-magnetic layer of amorphous Ni
compound is formed on a soft magnetic layer without a bias voltage applied to a
substrate. A second nen-magnetic layer of crystalline Ni compound is formed
on the first non-magnetic layer with a bias voltage applied to the substrate. An
underlayer of Ru or Ru compound is formed on the second non-magnetic layer.
A magnetic recording layer for recording signals is formed above the underlayer,

Partions that differ from the first emboediment or portions that should be

explained in greater detail will be described below., This is fo omit the



In the present embodiment, there will be described a method of manufacturing a perpendicular
magnetic recording medium in which a first non- 55 magnetic layer that is harder than a soft magnetic
layer has been formed. Portions that differ from the first embodiment or portions that should be
explained in greater detail will be described below. H8is is to omit the redundant explanation. In the
present embodiment, the soft magnetic layer 114, particularly the second soft magnetic layer 114c, is
formed by using a target of a material having a Vickers hardness of A (HV). The detail of the Vickers
hardness will BeEsRHaxpaaaton. The first preceding underlayer 116a is formed of Ni or Ni

compound for protecti soft netic layer 114..In.the present embodiment, the first preceding
ur_lderlayer 116ais foﬁ%@%@ﬂgﬁrﬁgg%?ﬁg?'g?%e}’ni gﬁé?f%%ﬂ% é)n{ﬁg‘k%r&gﬁgﬁdrﬁgss of B (MV). The
Vickers hardn nﬂi‘d.he'l'ﬂ@tﬁfﬁ:p?éé@aiﬁ%ﬁ@r PAeAih e FrRRASR W R¥Riclikg and the

Vickers hardness (B) of the material of the target for forming the first preceding underlayer 116a are

set such that AheBoft magitatibieyentitd featorihehsplittenng cengitiondof thyesdckBat has a Vickers
hardness higher than. that of the sof gnetic layer 114, Therefore, the first preceding underlayer
116a can have® BSNB%%H&&@&%% %81?‘%?"?&@!%1?&&%%‘12%%%8{61%%3?&{ HeHbsition of
the second pregedipqridsiavaadin8imarrsiicaeratizs, BRdHShE s iiaRLHIAg layer 116a that is
harder than the Soft magnetic’layer 114 is provided between the second preceding underlayer 116b
and the soft magdetiayaydf 84 4hahes softnedghatciapeptids imptetad fepovithedfivetpeareding
underlayer 116a even if the secaond preceding underlayer 116b is formed with application of a bias

voltage as in tmﬁpﬁﬁaﬁﬁl.Wﬁ@?é‘f.ﬂ_ge’;‘ﬁl‘%rﬁ?f%i?ﬂ@}?da@ﬁ’r#ﬂ?aié%m%ﬁﬁfﬁﬁcy&ntMt magnetic
e oo RIS S i e s e ot
does not increggégand preceding underlayer 116b by the hard film (the first preceding

underiayer 116a) even if the second preceding underiayer 116b (the second

non-magnetic layer) is formed with application of a bias voltage as in the prior

art, Accordingly, adverse influence on the soft magnetic layer 114 can be

efiminated at the time of the formation of the second preceding underiaver 116b,

and the surface roughness of the soft magnetic layer 114 can be reduced (the

surface roughness of the soft magnetic layer 114 does not increase).  Thus,

the roughness of boundary surfaces of the multiple layers formed on the soft

magnetic layer 114 can be improved (reduced) so that the crystal orientation of

those layers can be improved. Therefore, improvement of the SNR and

increase of the recording density can be achieved.

Furthermore, since grains of an amorphous material have no crystal

structure, grains of the amorphous material are deposited randomly on the soft

magnetic layer 114. Therefore, fine irregularities of a surface of the soft

magnetic layer 114 that have been produced by microcrystals can be

smoothened by the amorphous first non-magnetic layer 116a. Thus, the

surface roughness of the soft magnetic layer 114 and the interface roughness of

the layer formed on the soft magnetic layer 114 can be reduced.

in the present embodiment, the first preceding underiayer 116a is formed



56 Accordingly, the roughness of boundary surfaces of the multiple layers formed on the soft magnetic
layer 114 is improved (or reduced) so that the crystal orientation of those layers can be improved.
Therefore, improvement of the SNR and further increase of the recording density can be achieved,
The Vickers hardness (B) of the first preceding undé”f?ayer 116a is preferably at least 800 HV. This is
because the Vickers hardness of a soft magnetic layer 114 currently used is equal to or higher than

about 700 HV and is lower, than 750 MV. If the Vickers hardness of the first preceding underlayer 116a
exceeds that vERfIeYhaRricien &fin ias voitagerta toa dak suhsbaieidRct Fhemtarmdbetic layer

114.  Furth ' ' 6a include Ta or Ti.
Speciically. (e I A A P, oo & case,
the Vickers hagtaegging iedbrsyuesest) anheeslsyaadd Raughnseilabtidsdnereasree  Inorder to

ensure that the Vickers hardness of the first preceding underlayer 116a is higher than that of the soft
magnetic layerda@yer, i gsefeeiRvasntedd s ipreeasing uftkataginglyl Saetoooghragsstefl iva range of

40 atomic % tq 85 afomic %. With this configuration, the soft magnetic layer.114 can suitably be
protected by u%ﬂ%i%%%é&%ﬁ%%gﬁgmi%% ¢ %Iyﬁft?ﬁgrﬁ{)%, ﬁé‘rﬁl 'iﬁ?@@n%s of the first
preceding undegrgxeed oM Bisk ABbiRR4889€ of 1 nm to 3 nm. If the thickness of the first
preceding underlayer 116a is less than 1 nm, then the first preceding underlayer 116a may be unable

to satisfactorily prote&mwmcma@ﬁt?ﬂwfam&fnr therfirsh ptanestngs unddilaypradéding underlayer
magneti flox (YORPCSR R ABS BT SN SRS T AR PEHSURG B magnetic
recording medigm 4 O THE, LGNS 2R HRY YrstellaumipbeR 1harsan-MAadneHGaliyelayer

the first preceding underlayer 116a can suitably be formed into an amorphous

phase. In order to ensure formation of an amorphous phase of the first

preceding underiayer 116a, it is preferable to contain the aforementioned

element(s) or compound thereof in & range of 40 atomic % to 80 atomic %. If

the ratio of such element(s) or compound is less than 40 atomic %, itis

undesirable because formation of an amorphous phase becomes insufficient.

If the ratio is higher than 80 atomie %, it is undesirable because the amount of

Ni, which is a base of growth of crystal grains of the second preceding

underiayer 116b formed on the first preceding underlayer 116a, unfavorably

becomes insufficient,

The second preceding underiayer 116b is formed of crystalline Ni
compound, The second preceding underiayer 116b has a function of
preventing corrosion deposition from the soft magnetic layer 114 and a function
of maintaining good magnetic characteristics. Furthermare, the second
preceding underlayer 116b also has a function of aligning the magnetization
easy axis of the hexagonal close-packed structure (hep structure) included in
the underiayer 118 formed on the second preceding underlayer 118b with a
direction perpendicular to the disk, Therefore, it is preferable for the crystalline

maferial of the second preceding underlayer 116b to have an foc structure.  In



57 formed of Ni or Ni compound. With this configuration, it Is possible to prevent corrosion deposition
from the soft magnetic layer 114 and to maintain the magnetic characteristics. The second preceding
underlayer 116b has a function of aligning the magnetization easy axis of the hexagonal close-packed
structure (hcp structure) included in the underlayer 188 formed on the second preceding underlayer
116b with a direction perpendicular to the disk. It is preferable for the second preceding underlayer
116b to have a structure in which the (111) surface of the face-centered cubic structure (fcc structure)

is in parallel to HChriease stiviebosrineaiithesindariaven 108 rviseen hepBteuchyegrenucture and
an amorphous structure may be mixed in the second eding underlayer 116b Furthermore, it is
preferable for th%néggéﬁﬂ%%rf%‘fﬁgoi%eﬁg G?Fuf?%rg %ﬁﬁﬁﬁ&g&l&%&#%é&ﬁ@gﬁ\%e second
preceding undenlgwg; sblfiaisH efamRyionnesalNs et Uiaiims dieianseef Wdsepser to the

atomic distance of Ru as compared to the atomic distance of Ni. Therefore, when the second
preceding undettaljer ferepndicudan divection atdateodiingly swseheaNibeoraguced, shththeecond

preceding unde r 116b can be made similar. to the atomic distance of the underlayer 118 of Ru.
Accordingly, it iggﬁgﬂﬂ qg%%@@@ﬂﬁéﬂoﬁé’ﬁr@ﬁﬁ% ngzﬁ‘ﬁﬁﬁcﬁ%&ﬁ@ge%ﬁ preceding
under-layer 11650, WRARiANRL ) B the SUEBRIBRICdMARRARARFSTTORRGH e
underlayer 118, the secgrﬁ%éprecedi% underlayer 1JI§€5b may be formed by sputtering whilé a bias is
applied to the diskpardiigt et priteiias seatadind try siskaidntagitenidDthe underlayer 118 can be
improved. At that time, provision of the first preceding underlayer 116a below the second preceding

underlayer 116b prevéﬁ@ﬁﬂ@m@@frwﬂfﬁ-eﬂ%%ﬁ@ﬁ%@ﬁé’ﬁﬁqﬁ9@rgl'ﬂﬁﬁﬂﬁ¥ﬁemS‘?éﬁghened even
if a bias is appli%ﬁg&i%ﬁée fgfgé%iﬁ%ﬁé@%ggﬁggmaggg pg@yﬁro}lgﬁitﬁ\&%scribed above,

in the present embodiment, both of t rst preceding underlayer 116a and the second preceding

underlayer 116kesfigaratiih, Henstodisttheatomtchitigtahteadbentl srpcedidindadaytayer 116a can
be made similar to the atomic distance of the second preceding underlayer 116b. Accordingly, crystal

grains grow_conﬁﬁﬁ%ﬁ%@?ﬂ%#f‘ﬁ%’%%%@@&ﬂ@%ﬁﬂ@%ﬁ@ﬁ toeucerstal shippiatieumfy underlayer
116D, resulting {Rglﬂﬁﬁ%ﬂwq\ﬁwgﬂt&f g el SRR dicular magnetic recording

medium 100 can maintain excellent magnetic characteristics.  In the present
embodiment, since the first preceding underlayer 118a is provided betwaen the
soft magnetic layer 114 and the second preceding underfayer 116b as described
above, the surface roughness of the soft magnetic layer 114 does not increase
even if a bias voltage is applied to the subsirate during the formation of the
second praceding underiayer 116b.

Furthermore, it is preferable for the second preceding undeﬂayér 116b to
further include one or more elements selected from the group consisting of W,
Cr, Mo, Re, Al, Cu, and Mn or a compound thereof. In such a case, the second
preceding underlayer 116b can suitably be non-magnetized and crystallized.
Particularly, the atomic distance of W is closer fo the atomic distance of Ru as
compared to the atomic distance of Ni. Therefore, when the second preceding
underlayer 116b contains W, the atomic distance of the second preceding
underiayer 116b can be made similar to the atomic distance of the underlayar
118 of Ru in the case where Ni is used for the second preceding underlayer

116b. Accordingly, it is possible to promote continuous growth of crystal grains



In the present embodiment, the first preceding underlayer 116a is preferably formed of NiTa or NiTi,
and the second preceding underlayer 116b is preferably formed of NiW. However, the present
invention is not limited to those examples. The first preceding underlayer 116a may be formed of any
material that can provide a Vickers hardness that exceeds the Vickers hardness of the soft magnetic
layer 114. The second preceding underlayer 116b may be formed of any material that can prevent

corrosion deposition from the soft magnetic layer 114 and can maintain the magngtic characteristics.
5

Therefore, the fit&p %é&ﬁ‘ﬁf‘gﬁ&%ﬁ QQH'@ PPk &88?{%%95'58 AErdBriay it BiSmay be

formed of a majgdpl SRIRASEhAThE TEkshi et dlhdnithddnAYierNA 68Nt R urthermore, the first

preceding underlayer 116a and the second preceding underlayer 116b may be formed of alloy that
contains the aforemeritiarddritwetaisascagystaifizdiomyfdheseanddve catitainmdadaemore additive
elements of Ti, V, Cr, Mo, and W. Fig. 7 is a graph showing variation of the Vickers hardness of the

first preceding Jﬂ@Erlﬁ}%pﬁ@ﬁawlﬁ@@%@ﬂg‘ﬁéfﬁmﬂﬁﬁaﬁwm RSEIMRENAY underlayer
116a was fOFmﬁﬁ%Miﬁ% &ﬁg@%’?’?ﬁ%ﬁ%“ﬁ? “g%%%@%ye%%d@@)%é@ﬁ@gé@ﬂ syPun

method), The ers hardnesS was measured by pressing an indentator into the specimen under a

test load of 25 g Baempielrisshasditnan Shatomit gt & vededatpesiacatsa mngeceno

measurements. As shown in Fig, 7, the Vickers hardness of the first preceding underlayer 59 116a
was higher as theegedimtafararesddGbmiewickdpsmmageatcyskettwhdhthiteratiodsntent was about

70 atomic %. When the Ta coptent was, furthey increased, the Vickers hardness decreased. Thus,
referring to Flg\;/\{"g i 'joﬁ)@ éagﬂgﬁ?eﬁhﬁf%hu@%agai%§?§ﬁg§$ éﬁ?h%r@%%%&%fﬁé derlayer 1_16a
formed of Ni angkZarg pigbeaiipnrhalaféhe reitueasmatiohaveTclert detitendiekaissiiadness is at
least 800 I-1V, the Ta content should be in a range of 40 atomic % to 85 atomic %. Figs. BA and
8B show variatimsistaheeSkimraataristigscantomagigtictbhcactsrisficsardinfavesaing underlayer 116a,

Fig, BA is a table showing the c%‘? ositions and the SNR values of Example and Comparative
Examples. Fig.%ﬁ?grf?r@ Bh% &)ﬁrﬁ)"(ﬂﬁaﬁon of the SNR in Example and Comparative Examples.

In each of Example a%gggm@igg@@mﬁ@p%éﬁ@ﬂgﬁm'%ﬂc@r{%%g{mb contained 95
W

atomic % Ni and 5 atomic % W.
preceding underlayer 116a and the second preceding underiayer 116b is formed

of Ni compound. Therefore, the atomic distance of the crystals of the first
preceding underlayer 116a can be made similar to the atomic distance of the
crystals of the secend preceding underléyer 118b. Accordingly, the crystallinity
of the second preceding underiayer 116b is improved, and hence the
crystallinity and the crystal orientation of the underayer 118 are also improved.
Consequenﬂy, the SNR can further be improved.

(Examples)

There will be described Exampies of the present invention and
Comparative Examples. Parts of Examples and Comparative Exampies in the
third embodiment that are not described below were produced with the same
camposition, with the same film thickness, or under the same deposition
conditions as in the first embodiment.  The first preceding underlayer 116a was
formed of SONi-50Ta, and the second preceding underlayer 116b was formed of
Q5Ni-5W,

Figs. 6A and 6B are graphs showing variation of the SNR with respect to



As 'shown in Fig, 8A, Example 41 employed a perpendicular magnetic recording medium 100 including
a first preceding underlayer 116a formed off 45Ni-55Ta with a Vickers hardness of 950 HV and a
second preceding underlayer 116b having:a film thickness of 7.2 nm. Comparative Example 41
employed a perpendicular magnetic recording mediufi2100 including a first preceding underlayer 116a
formed of 97N1-3W with a Vickers hardness of 160 MV and a second preceding underlayer 116b
having a film thickness of 4.3 nm. Comparative Example 42 employed a perpendicular magnetic
recording medidhPESIMEBO8INJiSfifA shavenriiaierenbihe SR itoanadowberE-a dTaswith a Vickers

hard f 250 I-]V_and d di d b.havj film thick f 6,8 nm.
When the fim (NRFRRER S At FOSCHRG RO ShayaD FrShr BB B Ebihp SR Examples
was varied as shruBdg igndéhdhan e SMRWaEI0grRY NAING IRdIErABSHESFHRGIG Fig. 8B, it can

be seen that a higher SNR could be obtained in Example 41 as compared to Comparative 60
Examples 41 amtet2dmngundedaydintt tatGesasthdinkigt SR ehvkevatimtidnediia Boffaimaterial of a

target for forming the sqft magnetic layer 114 and the Vickers hardness (B) of a material of a target for
forming the first‘%ﬁ%&%ﬁ%’%ﬁ%@ﬁﬁygyﬁg% arSelelenain s Bt rRlMeS IHERS AN underlayer

116a formed bysusingisheh RS Hriusmparddeison de-saf/magnpla @yshd kand the second

preceding underlayer 116b. In such' a case, the soft magnetic layer 114 can be protected from the
sputtering depokitinatirirtieé thacerrbpdosediedingdedayaydr Bitband mBiwre 8 i fhsmace on the soft
magnetic layer 114 from the second prece_'ding underlayer 116h can be eliminated. Therefore, the

surface rogghné@‘ﬁ?tﬁ%‘@gﬁmgﬁﬂ%ﬁqgﬁrﬁﬂsﬁ whenedhe %M:@I%ms%e&%@undary surfaces
of the multiple layers fornGg08 W?ﬂ%ﬁﬁﬂ@?ﬂ%ﬁﬁ%jul“%h%%%@ﬁ%déﬁ\ﬁéi r%?d).

Consequently, the crystal orientati ose layers Is impro proved. As

described above]8scoSingsBtshawe santtorotiebNRhin frsapecnndiegin driaysitdicda formed by
using a target having a Vickers hardness h'iﬁher than the Vickers hardness of a target used for forming

the soft magnetit3@§éf ahd @‘&‘F@ﬂ&gﬂf‘éﬁ? é@@fﬁ’n#é‘&ﬁét?&?aﬁ%?’fﬂ@lﬁftm§ @é%té?rﬁf@émace
s o b A O RSN o

second preceding un e raughness o oundary surface be he second

preceding tmdegiayarclthge aad Hie a04 consteiicayect 1806 esuoss (i riefamoinhg gmgstal

orientation of the layers formed on the soft: magnetic layer 114 is improved. Consequently,
improvement offfisé Eereding andreReE £ of the recording density can be achieved. Although

T T R e R A ™ e
to those skilled JpageHg MBIk AIARRANOMIRIg e RSHaBARastatB ereln

preceding underlayer 116a v%fas increased {to be pracise, the absolute value of

the bias voltage was increas;ad). Conceivably, this is because the soft

magnetic layer was damage;;d during the formation of the first preceding

underlayer 118a so as to ca{.xse deterioration of the crystal orientation when the

bias voltage was applied to fhe disk substrate 110 during the formation. Thus,

it can be seen that the first ;éreceding underlayer 118a shouid be formed without

application of a bias voltageéta the disk substrate 110.

When the second précecﬁng underiayer 116b was formed, with
application of a bias voltagei on the first preceding underlayer 1162 that had
been formed without applicaftion of a bias voltage, as shown in Fig. 8B, the SNR
was improved in each of Self'ies as the applied bias voltage was increased.

Conceivably, this is because.f? when a bias voltage was applied during the

i
i
]
1

g
i



61 within the scope of the present invention recited in the claims. It should be understood that those
modifications and variations fall within the scope of the present invention. Industrial Applicability The
present invention is applicable to a perpendicular magnetic recording medium mounted on a
perpendicular magnetic recording type hard disk drive¥HOD) or the like and to a method of
manufacturing such a medium. 62

formation of the second preceding underiayer 116b, the surface roughness of
the soft magnetic layer 114 was prevented from increasing as the soft magnetic
layer 114 was protected by the first preceding underlayer 116a, The
roughness of the boundary surface between the preceding underlayer 116 and
the soft magnetic layer 114 was reduced, so that the crystal orlentation was
improved,

Furthermore, in sach c:;‘ Series in Fig. 68, the SNR was improved most
significantly from a bias voltage of 0 V (i.e., no bias voltage) to a bias voltage of
-200 V during the formation of the second preceding undetiayer 116b,
Therefore, in order to maintain excellent magnetic characteristics (particularly
the SNR) of the perpendicular magnetic recording medium 100, it is effective to
apply any bias voltage to the disk substrate 110 during the formation of the
second preceding underlayer 116b.

Moreover, referring to Fig. 6B, the SNR of Series 2 was higher than that
of Series 3 or 4, irespective of application of a bias voltage during the formation
of the second preceding underlayer 116b and the magnitude of the hias voltage.
Therefore, in order to maintain a high SNR, it is highly effective to form the first
preceding underfayer 116a without any bias voitage appiied o the disk
substrate 110. When Series 3 and Series 4 were compared, the SNR of Series
3 was slightly higher than that of Series 4. Therefore, it can be seen that a
hias voltage should be set as low as possible if the bias voltage needs fo be
applied to the disk substrate 110 during the formation of the first preceding
underlayer 116a.

As described above, according to the present embodiment, the first
preceding underlayer 116a is formed on the soft magnetic layer 114 without
application of a blas voltage to the disk subsfrate 110. With this configuration,
it is possible to eliminate adverse influence on the soft magnetic layer 114 from

the second preceding underlayer 116b that has been formed with application of



WHAT IS CLAIMED IS: 1. A perpendicular magnetic recording medium comprising a magnetic
recording layer that records a signal, an underlayer formed of Ru or Ru compound below the magnetic
recording layer, a non-magnetic layer formed of a non-magnetic material below the underlayer to
control crystal orientation of the underlayer, a soft m&§netic layer provided below the non-magnetic
layer, and a substrate on which the magnetic recording layer, the underlayer, the nonmagnetic layer,

and the soft magnetic layer are formed, the non-magnetic layer comprising a first non-magnetic
layer formed aBavasveltage ieihectishsuhstmted $6coldusrthasyriste lmughoesedf dheve the first

non-magnetic layer the first non-magnetic layer being farmed of amorphous NI compound, and the
second non-mggﬁé‘%qg%? tLaeVlﬁE; ?ﬁ?rﬁgg%? @@éﬂﬁ@e ﬁf?’& BRIERNHMR RASRGIOHRGNess of The
perpendicular AGRAHG KFRIEiaG S BRANR Sl RrkoWbiRs edRe 1 $pon-magnetic layer
contains one or more elements selected from the group consisting of T4, Ti, Hf, Re, Os, Ir, Mo, Nb, Zr,

and V or a conagoardingigreeinireeantngdroffiocretmmid Beraf@e, abititié.precedifthe perpendicular
magnetic recording medium_as recited in claim ], wherein the second non-magnetic layer contains one

or more elemeRfSEERYERIIRJMSREERBER agyieRever MBbRe faimed Wit Mn or a compound
thereof in a range AL of 2IBRICEUAE BEBIGE orierlafuRARE MLCKIdRMARRRIIC recording

medium comprising a magnetic recording layer that records a signal, an underlayer forrned of Ru or

Ru compound ingienvékie nidgseticrieeoiningky of thenatondiggelonkiyecdn berdtpievpstal orientation
of the underlayer, a soft magnetic layer provided below the non-magnetic layer, and a substrate on

which the magnetic récevith Fmabeditpent)
The: inventors have found that a boundary surface between a second

non-magnetic layer and a soft magnetic layer tends to be roughened if a bias
voltage is applied to a substrate when the second non-magnetic layer is formed
on the soft magnetic layer (on sputtering). Therefore, the inventors considered
forming a second non-magnetic layer without application of a blas voltage.
However, application of @ bias voltage during the formation of the second non-
magnetic layer is performed for improvement of magnetostatic characteristics
(particularly the magnetic coercive force (He)). Therefore, characteristics are
considerably deteriorated if no bias voltage is applied.  Accordingly, application
of a bias voltage is required during the formation of the second non-magnetic
layer,

The inventors have continuously studied and have found that, when a
layer is interposed between a second non-magnetic layer and a soft magnetic
layer formed below the second non-magnetic layer under certain conditions,
adverse influence on the soft magnetic layer from the second non-magnetic

" jayer can be eliminated while the second non-magnetic layer is formed with
application of a bias voltage. Thus, the inventors have found the solution for
the above problems.

In the present embodiment, there will be described a method of

manufacturing a perpendicular magnetic recording medium in which a first non-



6$ underlayer, the non-magnetic layer, and the soft magnetic layer are formed, the non-magnetic
layer comprising a first non-magnetic layer formed of an amorphous material above the soft magnetic
layer, and a second nonmagnetic layer formed of a crystalline material with an fcc structure above the
first non-magnetic layer, the magnetic recording | §er being formed of a Co-based alloy that grows
into a columnar shape to form magnetic crystal grains and a plurality of oxides that forms
non-magnetic grain boun‘dari?ragetween the crﬁstal rains, 5. The perpendicular magnetic

[

recording mediMAIRENSIRYG T Aabifnerdaidha nawrtrdghetibaapeccoiemed.  one or more

elements seIeCieg,{m fﬁﬁt%ﬁEPﬁ&ﬂjﬁH% Eh‘iibgﬁm%ﬂt Sﬂ’ gﬂbg%’éﬂ%ﬁfﬂé{% gom pound thereof,

and one or more elements selected from the group consisting o e, Os, Ir, Mo, Nb, Zr,
and V or a comgmplathtbhe gleatertddthit witipe nidisciideth BERRIIC MEERIENG Sagdie as recited in claim

4, wherein the ?ggggga?‘%g%rgﬁagnr;%té% !ayer contains.

In the present embodiment, the soft magnetic layer 114, particularly the
second soft magnetic layer 114c¢, is formed by using a target of a material
having a Vickers hardness of A (HV). The detail of the Vickers hardness will be
described |ater.

The first preceding underlayer 116a is formed of Ni or Ni compound for
protecting the soft magnetic layer 114,  In the present embodiment, the first
preceding underlayer 116a is formed by using 2 target of a material having a
Vickers hardness of 8 (HV). The Vickers hardness (A) of the material of the
target for forming the soft magnelic layer 114 and the Vickers hardness {B) of
the material of the target for forming the first preceding underayer 116a are set
such that A< B,

With this configuration, the first preceding underlayer 1168a has a Vickers
hardness higher than that of the soft magnetic layer 114, Therefore, the first
preceding underlayer 116a can have a function of protecting the soft magnetic
layer 114 from the sputtering deposition of the second preceding underiayer
116b. Specifically, when the first preceding underlayer 116a that is harder than
the soft magnetic layer 114 is provided befween the second preceding
underlayer 116b and the soft magnetic layer 114, the soft magnetic layer 114 is
protectad by the first preceding underlayer 118a even If the second preceding
underiayer 116b is formed with application of a bias voltage as in the prior art.
Therefore, it is possible to eliminate adverse influence on the soft magnetic
layer 114 from the second preceding undetlayer 116b. Thus, the surface
roughness of the soft magnetic layer 114 is reduced. In other words, the

surface roughness of the soft magnetic layer 114 does not increase.



one or more elements selected from the group consisting of Ni, Co, Cu, Cr, Y, and Ag or a compound
thereof, and one or more elements selected from the group consisting of W. Cr, Mo, Re, Al, Cu,
and Mn or a compound thereof. 7, The perpendicular magnetic recording medium as recited in
claim 4, wherein the oxides comprise an oxide of an*étement selected from the group consisting of Si,
Ti, Cr, Co, Ta, Ru, and Cu. 8. A method of manufacturing a perpendicular magnetic recording
medium, the method comprising: forming a soft magnetic layer on a substrate; forming a first

non-magnetic IAgepttingho (hRJIGYINNESH pbhAUNGE thewBehseftbacTaénieawsus fopmed oltage
applied to the sybglates ﬁn4agnetic layer 114 is improved (or reduced) so that the crystal

oriegntation of those layers can be improved. Therefore, improvement of the
SNR and further increase of the recording density can be achieved.

The Vickers hardness (B) of the first preceding underlayer 116a is
preferably at least 800 HV. This is because the Vickers hardness of a soft
magnetic layer 114 currently used is equal to or higher than about 700 HV and
is lower than 750 HV.  if the Vickers hardness of the first preceding underiayer
1162 exceeds that value, the first preceding underlayer 116a can suitably
protect the soft magnetic layer 114,

Furthermore, it is preferable for the first preceding underlayer 116a to
further include Ta or Ti. Specifically, the first preceding underlayer 116a is
preferably formed of NiTa or NiTl. In such a case, the Vickers hardness of the
first preceding underlayer 116a can suitably be increased.

In order to ensure that the Vickers hardness of the first preceding
underlayer 116a is higher than that of the soft magnetic layer 114, itis
preferable for the first preceding underiayer 116a to contain Ta in a range of 40
atomic % to 85 atomic %. With this configuration, the soft magnetic laysr 114
can suitably be protected by using the first preceding underiayer 116a.

Furthermare, the film thickness of the first preceding underiayer 116a is
preferably in a range of 1 nm to 3 nm.  If the thickness of the first preceding
underlaver 118a is less than 1 nm, then the first preceding underiayer 116a may
be unable to salisfactorily protect the soft magnetic layer 114,  If the thickness
of the first preceding underlayer 116a s greater than 3 nm, then the first
preceding underlayer 116a may inhibit transmission of the magnetic flux to the
soft magnetic layer 114 when signals are written in the perpendicular magnetic
recording medium 100.

The second preceding underlayer 116b is a non-magnetic alloy layer



forming a second non-magnetic layer of crystalline Ni compound on the first non-magnetic layer with a
bias voltage applied to the substrate; forming an underlayer of Ru or Ru compound on the second
nonmagnetic layer, and forming a magnetic recordingélayer above the underlayer, that records a
signal. 9. The method as recited in claim 8, wherein the first non-magnetic layer contains Ni and a
compound of one or more elements selected from the group consisting of Ta, Ti, Hf, Re, Os, It, Mo,
Nb, Zr, and V. 10. The method as recited in claim 8, wherein the second non-magnetic layer

contains Ni andfare@i sd v eoNbeerpauade clbfitfethis conligasatiom the prssiblottsistngndf W, Cr, Mc,
Re, Al, Cu, and Mn. . 1. A method of manufacturin er icular magnetjc recording medium
comprising a mgﬁﬁgﬁ@'ﬁe e oﬁ@ggrn?n r@‘&%m&%"& aﬁy‘%&?ﬁﬂiﬁm&wﬁa %\eRu or Ru
compound be'%é?ﬁéﬁ@ﬁﬂ&%f@ﬁ@diéé?g e sk SRE PRecRRAE aNaE Ay 8y ¢4 48 Mol

non-magnetic crystalline material below the underlayer to control crystal orientation of the underlayer,
a first nonmagnithetiayesfraligridgothe onpgditizatinateasy balewftthe Jenaubnalcinsmpetkddyer, a soft

magnetic layer provided below the first nopn-magnetic layer, and a substrate on which the magnetic

recording Iayer,%&ihﬁ@ér‘f%f%ﬁ%r éﬁﬁ%ﬁﬁ%ﬁ@ﬁtiﬁ% rReg RS SFEMEgnetic layer

are formed, the ising- i it Ing.a target of a material
m@%%)yaﬁ‘w 9 ek PAYRRRRNE LYk R !

having a Vickers har
preferable for the second preceding underlayer 116b to have a structure in

which the (111) surface of the face-centered cubic structure (foe structure) is in
parallef to the principal surface of the disk substrate 110. Moreover, such 2
crystal structure and an amorphous structure may be mixed in the second
preceding underlayer 116b,

Furthermore, it is preferable for the second preceding underlayer 116b 1o
further include W, Spegcifically, the second preceding underiayer 116b is
preferably formed of NIW.  Here, the atomic distance of W is closer to the
atomic distance of RU as compared {o the atomic distance of Ni.  Therefore,
when the second precading underlayer 1168b contains W, the atomic distance of
the Ni compound of the second preceding underlayer 116b can be made similar
to the atomic distance of the underlayer 118 of Ru.  Accordingly, it is possible
to promote continucus growth of crystal grains from the second preceding
underlayer 116b to the underlayer 118.
| Furthermore, for atomic distance matching with the underiayer 118, the
second preceding underiayer 116b may be formed by spuitering while a bias is
applied to the disk substrate 110,  In this case, the crystal orientation of the
underiayer 118 can be improved, At that ime, provision of the first precedlng
underlayer 116a below the second preceding underlayer 116b prevents the
surface layer of the soft magnetic layer 114 from being roughened even if a bias
is applied during the formation of the second precading underlayer 116b.

As described above, in the present embodiment, both of the first



forming the first non-magnetic layer on the soft magnetic layer by using a target of a material having a
Vickers hardness of B (1-1V); and forming the second non-magnetic layer on the first non-magnetic
layer with a bias voltage applied to the substrate; 65 the Vickers hardness of A and the Vickers
hardness of 8 being defined by an inequality of A <B58  12. The method as recited in claim 11,
wherein the second nonmagnetic layer is formed of NiW. 13. The method as recited in claim 11,
wherein the first non-magnetic layer is formed of NiTa or NM. 14, The method as recited in claim

13, wherein a TRFeeRfing Unessayst ﬁ&ﬁ%ﬁééﬁéﬁ@%@@dﬁfﬂ%ﬁﬁ%@éﬁﬁ@f@!ﬂd‘@bm@%no 85 atomic

0,
. Ni. Therefare, the atomic distance of the first preceding underlayer 116a can

be made similar to the atomic distance of the second preceding underiayer
116b, Accordingly, crystal grains grow continuously from the first preceding
underiayer 116a to the second preceding underiayer 118b, resulting in further
improvement of the crystal orientation,

In the prasent embodiment, the first preceding underlayer 116a is
preferably formed of NiTa or NiTi, and the second preceding underlayer 118b is
preferably formed of NiW. However, the present invention is hat limited to
those examples. The first preceding underlayer 116a may be formed of any
material that can provide a Vickers hardnaess that exceeds the Vickers hardness
of the soft magnetic layer 114. The second precading underiayer 118b may be
formed of any material that can prevent corrosion deposition from the soft
magnetic layer 114 and can maintain the magnetic characteristics. Therefore,
the first preceding underiayer 116a and the second preceding underlayer 118b
may be formed of a material selected from among Ni, Cu, Pt, Pd, Zr, Hf, Nb,
and Ta. Furthermore, the first preceding underlayer 118a and the second
preceding underiayer 116b may be formed of alloy that contains the
aforamentioned metal as a principal component and also contains one or more
additive elements of Ti, V, Cr, Ma, and W,

Fig. 7 Is a graph showing variafion of the Vickers hardness of the first
preceding underlayer 116a with respect to the compositional ratio, The first
preceding underayer 116a was formed of NiTa. A specimen was produced by
a quenched ribbon method (melt-spun method), The Vickers hardness was
measured by pressing an indentator into the specimen under a test load of 25 g.
The Vickers hardness shown in Fig. 7 was defined by an average of 10
measurements.

As shown in Fig. 7, the Vickers hardness of the first preceding underlayer



15. The method as recited in claim 11, wherein the Vickers hardness of B is not smaller than 800 NV,
16. The method as recited in claim 11, wherein the first non-magnetic layer has a film thickness in a
range of from 1 rim to 3 nm, 17, A perpendicular magnetic recording medium comprising a
magnetic recording layer that records a signal, an un®@rlayer formed of Ru or Ru compound below the
magnetic recording layer, a second non-magnetic layer formed of a non-magnetic crystalline material
below the underlayer to control crystal orientation of the underlayer, a soft magnetic layer provided
below the secofitfaonas highettamihe Tambatenbitesee sadwhidretiickesy hetidnesopdiskeiayer, the

porpendouiar WASHALE 1 ALERA AR APt P EUT eing WLITR fA FGGIRITOHRS B¥RTed of a
R S T e e
layer. o ensure that the Vickers hardness of the first preceding underlayer 116a

formed of Ni and Ta is higher than that of the soft magnetic layer 114, i.e., the

Vickers hardness is at least 800 HV, the Ta content should be in a range of 40

atomic % to 85 atomic %.

Figs. BA and 8B show variation of the SNR with respect to the fim
thickness of the first praceding underlayer 116a, Fig, 8A s a fable showing the
compaositions and the SNR values of Example and Comparative Examples.

Fig. 8B Is a graph showing variation of the SNR in Example and Comparative
Examples. In each of Example and Comparative Examples, the second
preceding underlayer 116b contained 85 atomic % Ni and 5 atomic % W,

As shown in Fig, 8A, Example 41 employed a perpendicular magnetic
recording medium 100 including a first preceding underlayer 1182 formed of
45Ni-55Ta with a Vickers hardness of 850 HV and a second preceding
underlayer 116b having a film thicknass of 7.2 nm. Comparative Example 41
employed a perpehdicu!ar magnetic recording medium 100 including a first
preceding underiayer 116a formed of 97Ni-3W with a Vickers hardness of 160
HV and a second precading underlayer 116b having a film thickness of 4.3 nm,
Comparative Example 42 employed a 'perpend,icular magnetic recording
medium 100 including a first preceding underlayer 116a formed of 90Ni-10Ta
with a Vickers hardness of 250 HV and a second preceding underlayer 116b
having a film thickness of 5.8 nm.

When the film thickness of the first preceding underlayer 116a of
Example and Comparative Examples was varied as shown in Fig. 8A, then the
SKNR varied as shown in Fig. 88. Referring to Fig. 8B, it can be seen that a

higher SNR could be obtained in Example 41 as compared to Comparative
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Examples 41 and 42.  Thus, according to this embodiment, the Vickers
hardness (A) of a material of a target for forming the soft magnetic layer 114
and the Vickers hardness (B} of a material of a target for forming the first
preceding underfayer 1163 are set such that A< B. The first preceding
underiayer 118a formed by using such a target is interposed between the soft
magnetic layer 114 and the second preceding underlayer 116b. In such a
case, the soft magnetic layer 114 can be protected from the sputtering
deposition of the second preceding underlayer 116b, and adverse influence on
the soft magnetic layer 114 from the second preceding underlayer 116b can be
eliminated. Therefore, the surface roughness of the soft magnetic layer 114 is
reduced, and the roughness of boundary surfaces of the multiple layers formed
on the soft magnetic layer 114 can be improved (or reduced). Consequently,
the crystal orientation of those layers is improved, so that the SNR is Improved.

As described above, according o the present embodiment, the first
praceding underlayer 118a formed by using a target having a Vickers hardness
higher than the Vickers hardness of a target used for forming the soft magnetic
layer 114 is provided on the soft magnetic layer 114.  In this case, the surface
roughness of the soft magnetic layer 114 is prevented from increasing during
the formation of the second preceding underayer 116b. The roughness of the
boundary surface between the second preceding underlayer 116b and the soft
magnetic layer 114 is reduced. Therefore, the crystal orientation of the layers
formed on the soft magnetic layer 114 is improved, Consequently,
improvement of the SNR and further increase of the recording density can be
achieved.

Although preferred examples of the present invention have been
described above with reference to the accompanying drawings, the present
invention is not limited to those examples. |t would be apparent to those

skilled in the arf that many modifications and variations may be made tharein
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within the scope of the present invention recited in the claims. 1t should be
understood that those modifications and variations fall within the scope of the

present invention.

Industrial Applicability
The present invention is applicable to a perpendicular magnetic
recording medium mounted on a perpendicular magnetic recording type hard

disk drive (HDD) or the fike and to a method of manufacturing such a medium.
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WHAT IS CLAIMED 15:

1. Aperpendicular magnetic recording medium comprising a magnetic
recording layer that records a signal, an underlayer formed of Ru or Ru
compound below the magnetic recording layet, a non-magnetic layer formed of
a non-magnetic material below the underiayer to control crystal arientation of
the underlayer, a soft magnetic layer provided below the non-magnetic layer,
and a substrate on which the magnetic recording layer, the underlayer, the non-
magnetic layer, and the soft magnetic layer are formed, |

the non-magnetic layer comprising a first nan-magnetic fayer formed
above the soft magnetic layer and a second non-magnetic layer formed above
the first non-magnetic layer,

the first non-magnetic layer being formed of amorphous Ni compound,
and the second non-magnetic layer being formed of crystalline Ni or crystaliine
Ni compound.

2. The perpendicular magnetic recording medium as recited in claim 1,
wherein the first nen-magnetic layar contains one or more eiements seiected
from the group consisting of Ta, Ti, Hf, Re, Os, Ir, Mo, Nb, Zr, and Vora
compound thereof in a range of from 40 atomic % to 60 atomic %.

3. The perpendicular magnetic recording medium as recited in claim 1,
wherein the second non-magnetic layer contains one or more elements selected
from the group consisting of W, Cr, Mo, Re, Al, Cu, and Mn or 2 compound
thereof in a range of from 3 atomic % o 8 atomic %.

4, A perpendicular magnetic recording medium comprising a magnetic
recording layer that records a signal, an underlayer formed of Ru or Ru
compeund below the magnetic recording layer, a non-magnetic layer to control
erystal orientation of the underlayer, a soft magnetic layer provided below the

non-magnetic laver, and a substrate on which the magnetic recording layer, the
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underiayer, the non-ragnetic layer, and the soft magnstic layer are formed,

the non-magnetic layer comprising & first non-magnetic layer formed of
an amorphous material above the soft magnetic layer, and a second non-
magnetic layer formed of a crystalline material with an fcc structure above the
first non-magnetic layer,

the magnetic recording layer being formed of a Co-based alioy that
grows into a columnar shape to form magnetic crystal grains and a plurality of
oxides that forms non-magnetic grain boundaries beiween the crystal grains,

5. The perpendicular magnetic recording medium as recited in claim 4,
wherein the first non-magnatic layer contains:

one ar more elements selected from the group consisting of Ni, Fe, Co,
Cu, Zn, Pd, and Pt or a compound thereof, and

one or more elemerts sefected from the group consisting of Ta, T, Hf,
Re, Os, I, Mo, Nb, Zr, and V or a compound thereof.

8. The perpendicular magnetic recording mediurn as recited in claim 4,
wherein the second non-magnetic layer contains:

one or more alements selected from the group consisting of Ni, Co, Cu,
Cr, Y and Ag or a compound thereof, and

one or more elements selected from the group consisting of W, Cr, Mo,

- Re, Al, Cu, and Mn or a compound thereof,

7. The perpendicular magnhetic rsmrding medium as recited in claim 4,
wherein the oxides comprise an oxide of an element selected from the group
consisting of Si, Ti, Cr, Co, Ta, Ru, and Cu,

8. A method of manufacturing a perpendicular magnetic recording
medium, the method comprising:

forming a soft magnetic layer on a substrate;

forming a first non-rnagnetic layer of amorphous Ni' compbund on the soft

magnetic layer without a bias voltage applied to the substrate;
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forming a second non-magnetic layer of crystalline Ni compound on the
first non-magnetic layer with a bias voltage applied to the substrate;

fmmihg an underlayer of Ru or Ru compound on the second non-
magnetic layer, and !

forming a magnetic recording layer above the underlayer, that records a
signal.

8. The method as recited in claim 8, wherein the first non-magnetic
layer contains Ni and a compound of one or more elements salected from the
group consisting of Ta, Ti, Hf, Re, Os, I, Mo, Nb, Zr, and V.

10. Tha method as recited in claim 8, wherein the second non-magnetic
fayer contains Ni and a compound of one or more elements selected from the
group consisting of W, Cr, Mo, Re, Al, Cu, and Mn,

11. A method of manufacturing a perpendicular magnetic recording
medium comprising a magnetic recording layer that records a signal, an
underiayer formed of Ru or Ru compound below the magnetic recording layer, a
second non-magnetic layer formed of a non-magnetic arystalline material below
the underlayer to control crystal crientation of the underiayer, a first nhon-
magnetic layer formed of a crystalline material below the second non-magnetic
layer, a soft magnetic layer provided below the first non-magnetic layer, and 2
substrate on which the magnetic recording layer, the underlayer, the first and
second non-magnetic layers, and the soft magnatic layer are formed, the
method comprising:

forming the soft magnetic layer by using a target of a material having a
Vickers hardness of A (HVY),

forming the first non-magnetic layer on the soft magnetic layer by using a
target of a material having a Vickers hardness of B (HV); and

forming the second non-magnefic layer on the first non-magnetic layer

with a bias voltage applied to the substrate;
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the Vickers hardness of A and the Vickers hardness of 8 being defined
by an inequality of A<B.

12. The method as recited in claim 11, wherein the second non-
magnetic layer is formed of NiW.

13. The method as recited in claim 11, wherein the first non-magnetic
layer is formed of NiTa or NiTl. .

| 14. The method as recited in claim 13, wherein a Ta content of the first
non-magnetic layer is in a range of from 40 atamic % to 85 atomic %.

15. The method as racited in claim 11, wherein the Vickers hardness of
B is not smaller than 800 HV.

16. The method as recited in claim 11, wherein the first non-magnetic
fayer has a film thickness in & range of from 1 nm to 3 nm.

17, A perpendicular magnetic recording medium comprising a magnetic
racording layer that records a signal, an underlayer formed of Ru or Ru
compound below the magnetic recording layer, a second hon-magnetic layer
formed of a non-magnetic crystalline material below the underlayer fo control
erystal orientation of the underlayer, 2 soft magnetic layer provided below the
second non;magnetic layer, and @ substrate on which the magnefic recording
tayer, the underlayer, the second non-magnetic layers, and the soft magnetic
fayer are formed,

the perpendicular magnetic recording medium further comprising a first
non-magnetic layer formed of a crystalfine material and provided between the
second non-magnetic layer and the soft magnetic layer for protecting the soft
rmagnetic layer from impact of sputtering depcsitioh of the second non-magnetic

layer.



