PERPENDI CULAR MAGNETI C RECORDI NG MEDI UM BACKGROUND OF THE I NVENTION 1.Field
of the Invention [0001] This invention relates to a perpendi cul ar nmagnetic
recordi ng medi um nmounted in various magnetic recordi ng devices. Mre
specifically, this invention relates to a perpendi cul ar nagnetic recording
medi um nount ed on harpekissk rduLxesui¢iBbs)c vsedrasnextermal storage devices in
conputers, audio and video equi pnent and the |ike. Description of the Rel ated
Art [0002] From 1997, the recording density of HDDs has risen rapidly at an
annual rate of from60 to 100% As a result of this remarkable growh, the

i n-pl ane magnetic recordi ng nethods whi ch have heretofore been used are
approaching the limts of derSERYUIRCYeAdEs INVEANEIGHt of this state of
affairs, in recent years perpendi cul ar magnetic recordi ng net hods enabli ng

hi gher densiti eschaver atid actvedtaugh attenti on, and have been the object of

vi gorous research and devel opnent. And from 2005, there has been the begi nning
of commerci al i i of HDDs .adaptin rpendicul ar _recor.di nmet hods anong a
portion of devﬁggb? deIgﬁufbdﬁgfﬁé%%enggkuegrtﬁaang?f e?é%%?’fng medi a

include, af,Jeast,  8-0RgNe| in%dﬁ%ﬁ%@{%ﬁl@ecﬁ ayer, of gshar g aegneti c material, and

optional Iy a under [ayer to orient the magnetic recording layer in the target
d'reCt'On;ré%dQGQBQCBéyfbééJ'nMd%e specifically, this invention relates

to a perpendicular magnetic recording medium mounted on hard
disk drives (HDDs) used as external storage devices in

computers, audio and video equipment and the like.

2. Description of the Related Art
[0002] From 1997, the recording density of HDDs has
risen rapidly at an annual rate of from 60 to 100%. As a

result of this remarkable growth, the in-plane magnetic
recording methods which have heretofore been used are
approaching the limits of density increases. In light of this
state of affairs, in recent years perpendicular magnetic
recording methods enabling higher densities have attracted
much attention, and have been the object of vigorous research
and development. And from 2005, there has been the beginning
of commercialization of HDDs adopting perpendicular recording

methods among a portion of device models.

[0003] Perpendicular magnetic recording media include,
at least, a magnetic recording layer of a hard magnetic
material, and optionally a under layer to orient the magnetic

recording layer in the target direction; a protective film to
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protect the surface of the nmagnetic recording layer; and a under |ayer of soft
magnetic nmaterial, serving to concentrate in the magnetic recording |ayer the
magnetic flux generated by the nmagnetic head used in recording in the nagnetic
recording layer. In order to inprove the signal output-noise ratio (S/N) of

t he magnetd:t teeeordinguimetidumr the hagher ChatactarhgtiLge0f Anlieanmagnetic
recordi ng nedi um nust be inproved. To further raise recording densities,

i mproved tiheramallastabéf i 4of tofnagingnat smatecoraded senvpey pendicculeart raagnet i ¢
recording nedia is sought. And in order to raise thermal stability, increases
i n the magnettihe anbsetropieKudahat heyemgiiet iteanetordi hg: |ayerraged spught. I n
order to increase the magnetic anisotropy, studies are being conducted using
crystal neHgifetif@nanisoteapysas! Fepresert e by LRD Bpdnotherrsstordétdres, or
using interface nmagnetic ani sotropy enploying nmultilayer filns. [0004] A

t echni que 1Ha&heeh proposdd iHPRAIEht by 19iser CPhG R Setthd Griter medi at e | ayer
to rel ax t&?@ﬂisEi% in Iat%ﬁce constants QI a fi%stbinternediate | ayer forned
of Ru or andtheP noRfebiets c mefalP dnde tHe Mign&fFcP?&cor di ng | ayer having a
granul ar structure e axis of magnetization_ of gtic crystal grains

: ch rac%%gis%?cs%%§%he pa neal 1ng e fmga %
in the granul ar structure are a |8ne see or Xanmpl e apanese Pat ent

ApplicatiQth%kgaqpefoh¥hr ngkgqgézﬁgToﬂdiﬂhhB%HQEQPQ§?Jimﬂﬁo@e@ held to be

desirable that the msfit between the [attice constants (a axis and c axis) of
the second {dennedigt eidayer sandatbhe omgnetd ¢ cpystahqgnaians of the magnetic
recording layer, and the msfit between the lattice constants (a axis and c
axi s) of thedfdtist rkndedivediraiie al ayesoaddt secondihnbedsediateilsayer, be held
to 3% or less. As material for the second internediate layer, it is stated

t hat al | oysheobtaai nedobyitaddiingrebkts Ru, thY rRigneot csamida@rrdpy GoOnfare used.
However, in order to inprove the performance of the magnetic recordi ng nmedi um
further inprowenentscheve bbery Aegessary swhamtr.edlsi agdehed ildngrehsekness of
an internediate |ayer. [0005] Further, a technique has been proposed in a

per pendi culher MREGRELF cAt et OrdiPng ABEA LS USiTngcarAagaetietseesrEdEng | ayer
having an antiferromagneti c exchange coupl ed structure in which a nonmagnetic
second i ntErifeditalfeITayer HaVICHGCRY gf antiRne SStytGet BY el s 2plovFded bel ow a
first magnetic recording layer. including Ru, .and by formn onmagneti c grains
from CoOr HI16Y "RGt | REI itk o RIS BRA- FB1H T P&t Ao BEURIATTEAS ¥F Fam an oxi de
of a nmetal (S, G, g} W or simlar), Ruincluded in the second internediate
| ayer and T'ower “dons |%ueht | ayers is prevented fromdiffusing into the
magnetic recording |layer and disturbing the antiferrcnagnetic exchange coupl ed
structure of tH@Ogﬁ@neti% feederdiraghfavere( seerPerdekanptieJapanese Pat ent
Application Laid-open No. 2010-27110). SUWMMARY OF THE | NVENTI ON |

inserting a second intermediate layer to relax the misfit in
lattice constants of a first intermediate layer formed of Ru
or another nonmagnetic metal and the magnetic recording layer
having a granular structure, the easy axis of magnetization of
magnetic crystal grains in the granular structure are aligned
(see for example Japanese Patent Application Laid-open No.
2002-208126). In this proposal, it is held to be desirable
that the misfit between the lattice constants (a axis and c
axis) of the second intermediate layer and the magnetic

crystal grains of the magnetic recording layer, and the misfit



[ 0007] An object of this invention is to raise the magnetis anisotropy of the
magnetic recording layer and inprove the thermal stability of recorded
signals, w thout changi ng the conventional stacked configuration. [0006] As a
result of diligent studies of the above problem it was found that by
i ntroduci ng:tavekehi BLEayeft coMonsicag: CoGr W-bet weencaal ayerooftrRurfersa Ru-based
all oy belonging to an internedi ate | ayer stack and the magnetic recording
| ayer, theinmmegnetiieteoereiwidny, swhbol istamddidex ofyemgret ihelanicsotropy, can
be increased, leading to the attai nment of this invention. A perpendicular
magnet i ¢ recordilagsnediameafertihils fppvemt | orrdrals latstnedtaire liayewhi ¢h at | east
an internedi ate |ayer, a second underl|layer and a magnetic recording |ayer are
st acked i nt% Hitgteddehabre B enmhgret e baseldiagdpheRint’ér iédi &ke | ayer is
either a single layer of Ru or a Rbl-based alloy, or a stacked structure of a
nonnagneti%?@%lﬁéytPa9%?riQﬁﬂ W&Pﬁg COC4neE Cr %&n@rQeFaﬁ%rl%ﬁrQQ? &F€a Ru- based
all oy, and the second gqﬂ$rlayer i,ncl udes 30 at or nn@g_@pd 75 at% or | ess Co,
20 at % or & THRHCB0 Rt S0 9SS Loy T AN 9L "G e WbTEEnd 10 at:: or less
W and has&91£k£”EtE£C§§Q§§m%f %é%engggr reater, gng 1.§éryyf%* |l ess. Here, it
i s desirabl'e that the intermediate Fayé{ ave a Plﬂﬂ?t%lckness of 0.1 nmor
greater aﬂﬂuﬁ@n@@EO el ess. dyrther it is desirable that the magnetic
recording layer be forned using material having a granular structure in which
magnetic crystal Barticles are disgersed in a matrix of a nonmagnetic oxide or
a nonmagnetic. APPride. [WOOTrn2atperpertfi ddsaPerBgnet? 5 dsr di ng medi um of
this invention, bx Eornin t he nagneéic reQPrding.layer on a4

perpenditular madhetilic refording medium using a magnhetic

recording layer having an antiferromagnetic exchange coupled

structure in which a nonmagnetic second intermediate layer

having a granular structure is provided below a first magnetic

recording layer including Ru, and by forming nonmagnetic

grains from CoCr alloy not including Ru, and forming grain

boundaries from an oxide of a metal (Si, Cr, Ti, W, or

similar), Ru included in the second intermediate layer and

lower constituent layers is prevented from diffusing into the

magnetic recording layer and disturbing the antiferromagnetic

exchange coupled structure of the magnetic recording layer

(see for example Japanese Patent Application Laid-open No.

2010-27110) .

SUMMARY OF THE INVENTION

[0007] An object of this invention is to raise the

magnetic anisotropy of the magnetic recording layer and



stacked structure of an intermediate layer including a |layer of Ru or a

Ru- based all oy and a second internediate | ayer including CoCrWwith a

particul ar conmposition and having a particular filmthickness, it was possible
to realize inproved nmagnetic ani sotropy of the magnetic recording |ayer and

i mproved themwek shabthdinsofstsbgnats secardedednst hea per pandiceyl ar magneti c
recordi ng nedium By this neans, a perpendicul ar nagnetic recordi ng nmedi um of

t hi s i nventiizonyicanthecommudatienmagnet ticed ecorfdiongaatohi gh densities. BRI EF
DESCRI PTI ON OF THE DRAW NGS Fig. 1 is a cross-sectional schematic view

used to -x-lainggggexanple p re%ﬁ?tCQPf&EM%g{torét%l@s pef pendieul.ar magnetic

recordi ng nedi um of "the i nvent| on; is a graph showi ng the

/el ation hetyeen, fh‘crrwm&m%ﬁhgt thei second sunder tayeriand coercivity in
Exanple 1; and Fig. 3 is a graph showi ng the relation between oxygen

concent ratdc@r@;r\mengf osmingpdhecsecondyander lrayer anducoedsd \wWitlyyi n Exanpl e 4.
DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS [ 0011] A per pendi cul ar nmagnetic
recor di ng mEdingimgf tdhas imeentidaathasa g statactcurnedi nhavhiagineaticl east an
internedi ate | ayer, a second underlaver, and a magnetic recording |ayer are
st acked i mredhirsliopdéayen ahromaagnet ¢ ceodbasieither ehithel § mtrerimedizabe | ayer i s
either a single layer of Ru or a Ru-based alloy, or a stacked structure of a
nonmagnet e Eicltéy P@N@PtliCeryIru&aﬁgbé?ollaﬁlépa@redandeadﬂa?e?o of'*Ru or a Fu-based

alloy. The second under| ayer has a filmthickness of 0.1 nmor greater and 1
nm or | estE@HAGTPREI atlels B0 Jf%ilt"e“té)P“rmr% paerf@e?@léﬁ%&m&i‘%‘s%tléo 20 at: or nore
and 60 at% or | ess and 10 at 11 or %

per pendi Clﬁefrorﬁﬁﬁﬁe??%l?%codg&%‘ﬁﬁ ﬁ%iﬁ?ﬁ?ﬁ?ﬂ Y5 & Phiention ]ﬁmw 6\/\{“ dhal Iy

i ncl ude, bl en_t he nonne, etl c base asgl(ecicgnde un@lt eﬁrred£ at e, I ayer, a soft

magneti c under Fﬁ lntem?l r's er[ayer and ot ayers, “and may i ncl ude,
on the magnetiG;r e?QEQM‘ﬂniaﬁé%m a.protectiyve %K?E’of‘déf% d lubricant layer,

and other |ayers. Fig ows an exanpl e of a perpendi cul ar nagneti c.

recor di ng Ragi-umeef -t Bk s | neNthan; ndbBnediate layer is either a
single layer of Ru or a Ru-based alloy, or a stacked structure
of a nonmagnetic alloy layer including Co and Cr and a layer
of Ru or a Ru-based alloy, and the second underlayer includes
30 at® or more and 75 at®% or less Co, 20 at%® or more and 60
at® or less Cr, and 0.1 at% or more and 10 at% or less W, and
has a film thickness of 0.1 nm or greater and 1.0 nm or less.
Here, it is desirable that the intermediate layer have a film
thickness of 0.1 nm or greater and 30 nm or less. Further, it
is desirable that the magnetic recording layer be formed using
material having a granular structure in which magnetic crystal

particles are dispersed in a matrixz of a nonmagnetic oxide or

a nonmagnetic nitride.

[0009] In a perpendicular magnetic recording medium of

this invention, by forming the magnetic recording layer on a
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per pendi cul ar magnetic recordi ng medium shown in Fig. 1 includes a

nod- magneti c base 10, soft nagnetic under |ayer 20, first underl ayer 30,

i nternedi ate | ayer 40, second underlaver 50, magnetic recording | ayer 60,
protective laver 70, and liquid lubricant [ayer 80. [0012] As the nonmagnetic
base 10, vaidous basestumeldr knowAtéAnddh s achpircahcfu@ldy aiithesnoot h
surfaces can be used. For exanple, Al alloy with NP plating, reinforced

gl ass, cryst &u ibzed Bhasssednrdlsiynbhara candel usedrasdide: nenragneti ¢ base 10.
[ 0013] The soft magnetic under laver 20 is a |ayer having the function of
concent r atimg udagretperif v lgenerat edubyr tdrenpweghéebn catéddviimat he nagneti c
recording layer during recording to the magnetic recording | aver. The soft
magnet i ¢ Uirder claver £ 200 ddnt dreefer nell Wi mysPePac, tSefustzs RESIFAVFdal | oy, or
anot her crystalline material, or using NoZrNo, CoTaZr, or another anorphous
“materi al THERGAPNg &S Cor @Y OF. TFReToptT mimFACEE BF tHEF iAW t hi ckness of t he
soft magnetic under | ave 0 varies depending on the structure and
characterf§§¥€§egfEPﬁﬁmﬁgd%é%F@lﬁéaagugﬁﬁuﬂﬁ récor ?ﬂg{ngﬁFain consi derati on
of productiaon e%&%c&gpgx a .t.hi cknes .gifgg rgging%e{yilo nm_or _greater and

500 nm or 1%€$s 1S “desira Igﬁjfb6fﬁf? e TUUrider ayerséﬁ%ﬁﬁg fhe function of

control | ng. theqerystal, aniantation. aorystali gr skncdi anetens andcghmilar of

the intermediate | ayer , second underlaver 50 and/or nagnetic recording
llaver 60 foramdotheredpons:ithetbrat nynder];avern-39:icans be formed using
material including at |least Ni and Fe and having the face-centered cubic (fM)
structure. Considering that the crystal grain dianmeter increases with
increasing filmthickness, and that there is an effect on transition noise and
ot her performance of the nmagnetic recording nedium it is desirable that the
first underlayer 30 havesFdEfi PRECRIEKNEEOEOTHE ARRGINGT eat er and 20 nm or

| ess, and preferably 3 nmor greater and 10 nmor |ess. [0015] The internedi ate
| ayer 40 has thechunction of

Fig. 1 is a cross—-sectional schematic view used to
explain an example of the configuration of a perpendicular

magnetic recording medium of the invention;

Fig. 2 is a graph showing the relation between film
thickness of the second underlayer and coercivity in Example

1; and

Fig. 3 is a graph showing the relation between oxygen
concentration when forming the second underlayer and

coercivity in Example 4.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0011] A perpendicular magnetic recording medium of

this invention has a structure in which at least an



controlling the crystal orientation, crystal grain dianeters, grain boundary
segreation and simlar of the second wunderlayer 50 as well as the nmagnetic
recording |ayer 60 forned thereupon. The internedi ate |ayer 40 may be a single
| ayer, or may have a stacked configuration of two |layers. An internediate

| aver 40 comarirskingra sapgl,e d ayebngamder forredahrom Rynarid rom a Ru-based
all oy conprising Ru and one or a plurality of nmetals selected fromanong a
group conprdcsimigng, 18uer WrdvlstaCkedTin Piis RedeRhpnTa, nanmthdvietAn i nt er medi at e
| ayer with a two-layer stacked configuration conprises an upper |aver forned
from Ru orbasse abever delstrirbedmRdibasethady gy, candea 4 owergleavereforned from a
nonmagnetic alloy including Co and Cr. It is desirable that the internediate

| ayer 40 hdv&iacki PrRtthaiatess Ovn Phe? casereld atstatked orfi guration, a
total filmthickness) of 0.1 nmor greater and 30 nmor |ess, and preferably 1
nm or greéF@WmﬁﬁatEG Pt Of %8S, lP@%&%}W%é*é@@&nﬁruﬁH%r?éV@?IBG h&s the

function of cont i ng t.he crystal or| stal ain di aneters,
grai n boundary 5 g?é%ﬁ??%ﬁ”’anﬁigiﬁ??%? dﬁm#ﬁga%ﬁﬁn t7 ¢ r%%%ﬂdlng | ayer 60

formed ther,eu on. ond underl ver 5 is for d usin a . |aI
. . Q%%f& an8§V§e§ ang 1 HE éh 8%

i ncl udi ng hi's material " ifncl udes, “on the' basi s 6 e total
nunber of afoms LA Lhe. naterdsal,, - 39rai<1;ssor<:c9r%t gt - apd {5 aft, 0kl ess Co, 20
aft or greater and 60 aft or less Cr, .1 at or greater and 10 at% or |ess

W The secand yndeclkayer £0 has @ti'bEWﬁJHé3%%%S§OOBtQ dr nmor ygreater and 1.0
nmor |ess. [0017] The nagnetic recording |ayer 60 can be fornmed using a

granul ar stdrjetdi enmagneidetmt eeakdindg ndiich 8f ARgAeidwntabyskal, particles
are dispersed in a matrix of a nonnagnetic oxide or a nonmagnetic nitride.
Magneti ¢ amysitoaklpar thcles ,i neltudenathd eastmaone ttypeaof aret alhesel ected from
anong a group conprising Co, NN and Fe, and may further include at |east one
met a sel ectrégrinedam e graggy canpritsi ngoRtticTandBr NayeN andi@Qst Magnetic
crystal particles can be

underlayer, and other layers, and may include, on the magnetic

recording layer, a protective layer, a liquid lubricant layer,

and other layers. Fig. 1 shows an example of a perpendicular

magnetic recording medium of this invention. The

perpendicular magnetic recording medium shown in Fig. 1

includes a nonmagnetic base 10, soft magnetic under layer 20,

first underlayer 30, intermediate layer 40, second underlayer

50, magnetic recording layer 60, protective layer 70, and

liguid lubricant layer §O0.

[0012] As the nonmagnetic base 10, various bases, well
known in this technical field, with smooth surfaces can be
used. For example, Al alloy with NiP plating, reinforced
glass, crystallized glass, and similar can be used as the

nonmagnetic base 10.



formed using, for exanple, CoPt, CoCrPt, CoCrPtS, and CoCrPtTa. On the other
hand, the nonmagnetic oxide or nonmagnetic nitride which becones the matrix of
the granul ar structure includes 5i02, 1102, Al 203, AIN, Si 2N, or simlar.
Granul ar structure magnetic materials which can be used in clude CoNt - Si02,
CoCrPt O, CoCrPti0810] CoGid -sHflkCrPhn &t 1302 deoREvAEN, 0 CoLrPt1-=Skeiri , , and
simlar, but are not limted to these. By using a granular structure magnetic
mat eri al , magnet tbeseparatdromtbetweent magnet incgery st at Lgr alene rianegroxi Mty

wi thin the magnetic recording |ayer 60 is pronoted, and medi um characteristics
can be inprovéd (nonsel¢ dduced, SNR naprovied rececdidi nbpreasolugtingn i nmproved,
and simlar). No limts in particular are placed on the filmthickness of the
magneti ¢ reEcorditng Fayehre 6orINEbweyEECOFF o thieest an@poi 7t fofmegéRitévi ng bot h
hi gh productivity and high recording densities, it is desirable that the
magnet i ¢ ﬂ%E%?ﬁﬂﬁéeFa§%ﬂxﬁbkﬁa€€r§e%iT?ﬁqQﬂEﬂ?ﬁgsssﬁFd%ﬁFrﬂﬁ%ﬁiAﬂéss, and
preferably 15 nmor less. [001 e protective layer .70 is | ayer used to

D ot et t 18 hikdeP Py PHOC M HEURC L ALB dTH A dar CB0 BHAE | S Econat i et
layers. As.the protective |ayer for exanple a thin filmthe principal

0 '
Cglazr! r."anoth Z s materl din NN .
conponent of “Whi'ch i S ¢arbor cah be” Used. hermnse,gvarlous thin film

material s kpowncinuhhis fechnical (L1l as. mtevials.f orcprotection of

magneti c recording nmedia may be used to formthe protective layer

[0019] The [ aui dakubricantrlayebreqdt Sy ad ayer susedchp= provi de [ubrication
when a read-wite head flies over or is in contact wth the magnetic recording

medi um  Theddaquiedikubeé cantrHeayahn80i € ate e fserimed usimgiifrer, exanphe a
perflucro polyether based liquid lubricant, or various liquid |ubricant
mat eri al s dknovinleiratt bih sof gchnivcalofii ef fic{0020] Bachiofnddre dfayers stacked on

t he nonmagnetic
approzximately 10 nm or greater and 500 nm or less is desirable.

[0014] The first underlayer 30 has the function of
controlling the crystal orientation, crystal grain diameters
and similar of the intermediate layer 40, second underlayer 50
and/or magnetic recording layer 60 formed thereupon. The
first underlayer 30 can be formed using material including at
least Ni and Fe and having the face-centered cubic (fcc)
structure. Considering that the crystal grain diameter
increases with increasing film thickness, and that there is an
effect on transition noise and other performance of the
magnetic recording medium, it is desirable that the first
underlayer 30 have a film thickness of 1 nm or greater and 20

nm or less, and preferably 3 nm or greater and 10 nm or less.

[0015] The intermediate layer 40 has the function of
controlling the crystal orientation, crystal grain diameters,

grain boundary segregation and similar of the second

.



base 10 can be forned using various filmdeposition techniques normally used
inthe field of nmagnetic recordi ng nedia. Formation of each |ayer fromthe
soft magnetic under layer 20 to the protective |ayer 70 can for exanple enpl oy
a sputtering nethod (including a DC nagnetron sputtering nethod, RF magnetron
sputteri ngidetrhagerand s4 nidiar s vaeuumemaporatbenideposidd an nmet hod, and
simlar. When formng a protective |layer 70 the principal conponent of which

i s carbon,fdmmeaddhtiompdro. t Mheabovermedtrods,lagepl asnma 2 netsiadlean al so be
used. On the other hand, to forma liquid lubricant |ayer 80, for exanple a

di ppi ng netched, spinacdating meehbdd ornbithertappl pEatvonlaveetni e can be
used. [0021] (Exanpl e 1i As the nonmagnetic. base 10, an Al substrate

t he surfacéteirmghiiehs 9 dtled oWt hs ang bt INEPL AV EIn ¢S1PcalferitAm substrat e
manuf actured by Fuji Electric Device Technol ogy Co., Ltd.) was prepared, and
was cl eaned-® %€'cPéaﬁ€H“ﬁbﬁﬁﬁ&ﬁé??ca%ﬁgé<%Hmﬂé§lpﬁt?6 ¢ ntd & DC

magnet r on uttering_apparatus.. Then, .in Ar gas at 0.67 Pa, .a.Co54Fe9Ta6Zr
fargot (o THE IBas Of aFEohe Coisr Ranber o Liiofn St 84 At obtEd 516 %at s Ta. 6 at

2, “bal ance, (Z0; si M| ar}y bel ow) wgs Used Lo forma HBAFEITaGZr amor phous

soft magneti'c undef Tayer | mthickness 30 rim a Ni 200r 25

target wa LAopfor |.20C. 251 LT st, r r f.fd Lm t hi ckness 6 nm
in Ar gas$§¥§%$e228r§ %%%%u!ag %ﬁgbﬁ%%d%%Q%EQ?FF%¥§b%%%ﬁ§§m%ggglhe fcc

structure.,Next 1 .3-Rurt argets was rused i fgm-aRdcint e nedirateql ayer 40 of
filmthickness 8 nmin Ar gas at pressure 4.0 Pa. Then, a 00260r2Wt arget was

used to forimey,0a26Ck 2WsecandunderhayefrH0 a RoAhagast 8t fanessure 0. 67 Pa.
Here the fil mthickness of the second underlaver 50 was varied in the range
0.3 nmto ihdAuaimgNextand Q0( CA12Cs 162¢) =AH0.0itB2tt ahgeintwasiawsedet o form a
CoCrPt-3i 02 magnetic recording |ayer 60 of filmthickness 5 nmat pressure 5.3
Pa. Final |\avea dar banetarigetm was cisedst olif oihm aacar bbre pricteetd ve | aver 70 of
filmthickness 2.5 nm to obtain a perpendicular magnetic recordi ng nmedi um

[ 0022] (Exaifpife 9pyation, a padept ok thecknmes)t Rat Ot hent at'getrs@dRposi ti on was
changed to Co38Cr 2Wwhen form ng the second underl| ayer 50, the sane procedure
as in Exarfi% *f Rs skt io FabPresterthe pefpendPEnt Bt mighet’i € 8Eor di ng
medi um [ 0023] (Exanpl e 3) Except for the fact that the target
corrpositio]rfE s changed to Con42Cr2Wwhen form ng the second underl ayer 50,
the sane procedure as in Exanple 1 was used to fabricate the perpendicul ar
magneti ¢ recordi’Agcmedi uthe [B024H( Codpalatdv e OEkamaptee junction cExcept for the
fact that a second underlayer 4 was not formed, the same procedure as in
Exanpl e | s rgseédne ot iabiicare Phecpetr petidi cdlvara mghett clicgededrng medi um

grain boundary segregation, and similar of the magnetic
recording layer 60 formed thereupon. The second underlayer 50
is formed using a material including Co, Cr and W. This
material includes, on the basis of the total number of atoms
in the material, 30 at% or greater and 75 at® or less Co, 20
at® or greater and 60 at® or less Cr, and 0.1 at® or greater
and 10 at® or less W. The second underlayer 50 has a film

thickness of 0.1 nm or greater and 1.0 nm or less.

[0017] The magnetic recording layer 60 can be formed

using a granular structure magnetic material, in which

8



[ 0025] (Eval uati ons) A Kerr effect measurenent apparatus was used to
neasure the coercivity M of perpendi cul ar magnetic recordi ng nedi a obtai ned
in Exanple 1 and Conparative Exanple 1. Fig. 2 shows the relation between the
filmthi ckness of the second underlayer 50 in Exanple 1 and the coercivity Ho
of the pernpenditcul arysagnetd:a ikeeer di o0 |dirymdobt ak negds rAS drs aseen from Fi g.
2, conpared with Conparative Exanple 1 (the case of a filmthickness of 0 nm,
t he coer cindrimaghe twasox ity eased nbymddndtol 20%t(tibat | 8agidrel cragretkt ani sotropy
of the magnetic recording |layer was increased) for the perpendicul ar nagnetic
recor di ng prediialet Exahple at, lieaswhpeh CoCr Wiseeond smbericalydrsm50 of
thickness 0.5 to 1.0 nmwere forned. Further, the coercivity M does not

i ncrease moHOCoRi 6APRY T lisdEgeasi ngt fdldnfichi ekAessy of uitHesecond under| ayer
50, but takes a maximumvalue at a filmthickness of 0.7 nm That is, it is
seen that tHeréEeesists2ah opt itamlivardecre? tHE"f4 I9hCWPhicERREsS ¥ the second
under |l aver_50 to realjze_the i mym coerci vit 500264%$0n performng simlar

studi es o7 EXGMEes" dhd™s g mi TarT v 1o BarlePt: 1 1i Wl Folfd that an

optimum val ue exists for the filmthickness.of, t nd _under 50 to
D ot e R O o D D B SR AR Bea 2D 626 o

the second,underLayer 0,4 and .t Iﬂ%nﬁg?&ﬁ(%{i\’é ty e 8t Lbgoptdymm film
t hi cknesses, appear in Table [0027] Table 1

nitride which becomes the matrixz of the granular structure
includes Si0®,, TiO,, Al,0s;, AIN, SisN,;, or similar. Granular
structure magnetic materials which can be used include CoPt-
S10,, CoCrPtO, CoCrPt-Si0;, CoCrPt-TiO,, CoCrPt-Al,0;, CoPt-AlN,
CoCrPt-8i;N,, and similar, but are not limited to these. By
using a granular structure magnetic material, magnetic
separation between magnetic crystal grains in proximity within
the magnetic recording layer 60 is promoted, and medium
characteristics can be improved (noise reduced, SNR improved,
recording resolution improved, and similar). No limits in
particular are placed on the film thickness of the magnetic
recording layer 60. However, from the standpoint of achieving
both high productivity and high recording densities, it is
desirable that the magnetic recording layer 60 have a film

thickness of 30 nm or less, and preferably 15 nm or less.

[0018] The protective layer 70 is a layer used to
protect the underlying magnetic recording layer 60 and lower
constituent layers. As the protective layer 70, for example a

thin film the principal component of which is carbon can be



Second under| ayer Perpendi cul ar magnetic recordin' nedium Material Optinum
filmthickness (nn) Coercivity Ho

used. Otherwise, wvarious thin film materials known in this
technical field as materials for protection of magnetic

recording media may be used to form the protective lavyer 70.

[0019] The liquid lubricant layer 80 is a layer used
to provide lubrication when a read-write head flies over or is
in contact with the magnetic recording medium. The liquid
lubricant layer 80 can be formed using for example a perfluoro
polyether based liquid lubricant, or various liquid lubricant

materials known in this technical field.

[0020] Each of the layers stacked on the nonmagnetic
base 10 can be formed using various film deposition techniques
normally used in the field of magnetic recording media.
Formation of each layer from the soft magnetic under layer 20
to the protective layer 70 can for example employ a sputtering
method (including a DC magnetron sputtering method, RF
magnetron sputtering method, and similar), vacuum evaporation
deposition method, and similar. When forming a protective
layer 70 the principal component of which is carbon, in
addition to the above methods, a plasma CVD method can also be
used. On the other hand, to form a liquid lubricant layer 80,
for example a dipping method, spin coating method, or other

application technique can be used.
[0021] (Example 1)

As the nonmagnetic base 10, an Al substrate the surface
of which was plated with a smooth NiP film (S13 aluminum

substrate manufactured by Fuji Electric Device Technology Co.,

10



(Go) (210 A/m Exanple 1 Co26. r2WO0.7 6984 5.56 Exanple 2

Ltd.) was prepared, and was c¢leaned. The cleaned nonmagnetic
base 10 was introduced into a DC magnetron sputtering
apparatus. Then, in Ar gas at 0.67 Pa, a Cob4Fe9TabZr target
{on the basis of the total number of atoms, 54 at% Fe, 9 at®
Ta, 6 at® Zr, balance Co; similarly below) was used to form a
Co54Fe9TacZr amorphous soft magnetic under layer 20 of film
thickness 30 nm. Next, a Ni20Cr2S8i target was used to form a
Ni20Cr2S8i first underlayer 30 of film thickness 6 nm in Ar gas
at pressure 0.67 Pa. The Ni20Cr2S8i film obtained had the fcc
structure. Next, a Ru target was used to form a Ru
intermediate layer 40 of film thickness 8 nm in Ar gas at
pressure 4.0 Pa. Then, a Co26CrZW target was used to form a
Co26Cr2W second underlayer 50 in Ar gas at pressure 0.67 Pa.
Here the film thickness of the second underlayer 50 was varied
in the range 0.3 nm to 1.5 nm. Next, a 90(Col2CrlePt)-10S5i0,
target was used to form a CoCrPt-510, magnetic recording layer
60 of film thickness 5 nm at pressure 5.3 Pa. Finally, a
carbon target was used to form a carbon protective layer 70 of
film thickness 2.5 nm, to obtain a perpendicular magnetic

recording medium.
[0022] (Example 2)

Except for the fact that the target composition was
changed to Co38Cr2W when forming the second underlayer 50, the
same procedure as in Example 1 was used to fabricate the

perpendicular magnetic recording medium.

[0023] (Example 3)

11



Co. 38Cr2W 0.7 6817 5.42 Exanple 3 Co42Cr2WO0.6 6827 5.43

Except for the fact that the target composition was
changed to Co42Cr2W when forming the second underlayer 50, the
same procedure as in Example 1 was used to fabricate the

perpendicular magnetic recording medium.
[0024] (Comparative Example 1)

Except for the fact that a second underlayer 4 was not
formed, the same procedure as in Example 1 was used to

fabricate the perpendicular magnetic recording medium.
[0025] (Evaluations)

A Kerr effect measurement apparatus was used Lo measure
the coercivity Hc of perpendicular magnetic recording media
obtained in Example 1 and Comparative Example 1. Fig. 2 shows
the relation between the film thickness of the second
underlayer 50 in Example 1 and the coercivity Hc of the
perpendicular magnetic recording medium obtained. As is seen
from Fig. 2, compared with Comparative Example 1 (the case of
a film thickness of 0 nm), the coercivity Hc was increased by
17 to 20% (that is, the magnetic anisotropy of the magnetic
recording layer was increased) for the perpendicular magnetic
recording media of Example 1, in which CoCrW second
underlayers 50 of thickness 0.5 to 1.0 nm were formed.
Further, the coercivity Hc does not increase monotonically
with increasing film thickness of the second underlayer 50,
but takes a maximum value at a film thickness of 0.7 nm. That

is, it is seen that there exists an optimum value for the film

12



Conparative Exanple 1 __ -- 5798 4.61 [ 0028] (Exanpl e 4) Except for
the facts that the filmthickness of the second underlayer SO was fixed at 0-5
nm and that formation of the second underlayer 50 was performed in a mxture
of Ar and O gases, the sanme procedure as in Exanple 1 was used to fabricate

t he per pendiicitnaksnmagnetd Gdeear dhagrme@gi timo Ab realize the mazimum

coercivity Hc.

[0026] Upon performing similar studies for Examples 2
and 3, similarly to Example 1, it was found that an optimum
value exists for the film thickness of the second underlayer
50 to realize the maximum coercivity Hc. The optimum values
of the film thickness of the second underlavyer 50, and the

coercivity Hc at the optimum film thicknesses, appear in Table

1.
[0027] Table 1
Second underlavyer Perpendicular magnetic
recording medium
Material | Optimum film Coercivity Hc
thickness
(nm) (Ce) (x10° A/m)
Example 1 Co26Crz2w | 0.7 6984 5.56
Example 2 Co38Crz2w | 0.7 6817 5.42
Example 3 Cod42Cr2w | 0.6 6827 5.43
Comparative — — 5798 4.61
Example 1
[0028] (Example 4)

Except for the facts that the film thickness of the
second underlayer 50 was fixed at 0.5 nm and that formation of
the second underlayer 50 was performed in a mixture of Ar and
0O, gases, the same procedure as in Example 1 was used to

fabricate the perpendicular magnetic recording medium. At

13



this time the 02 concentration was varied in the range 0.5 to 3% The second
under |l aver 50 of this exanple included a CoCrWal] : and ozides of Co, O
and/or W [0029]Fig. 3 shows the relation between the 02 concentration during
formati on of the second underlayer 70 and the coercivitv Hc of the obtained
per pendi cuWdrs wragaethe ¢.econdingraediumai rekudingh tthe resykt ofercdExanple 1
(02 concentration = 07)). As is seen fromFig. 3, with rising 02 concentration
during for3mti aheobethed secndaynded b ayf rtibl, ct-hepteeirciMidad Hccdeeli nes
nonotonically. This result suggests that in the second underlayer 50, a
conposi ti onllwhi ehdi peldelesofacoxicdea(iforr ékanpl e, a granular structure in
whi ch grain boundaries are oxides) is inappropriate. Wuat Is Cained Is: 1. A
per pendi cul ar nagnetic recprdi ngoNediim idy MicghpatLeasthan, i nternediate
| ayer, a second underlaver and a nagnetic recording |ayer are stacked in this
order on adionmagaetbe dhase.g WiderethNon of the RecbhAtiernesiated ageands either a
single layer of Ru or a Ru-based alloy, or a stacked structure of a
nonmagnet ittheaaldosy ciayey Hnclfudihrgoloaamet Gre raradachayermafneRicor a Rubased
all oy, the second underlayer includes 30 at or nore and 75 atl

recording medium (including the result for Example 1 (0O,

concentration = 0%)). As 1s seen from Fig. 3, with rising O,
concentration during formation of the second underlayer 50,
the coercivity He declines monotonically. This result
suggests that in the second underlayer 50, a composition which
includes an oxide (for example, a granular structure in which

grain boundaries are oxides) 1is inappropriate.
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or less Co, 20 at or nore and 60 at or less Cr, and 0.1 at%or nore and 10 at%
or less W and the second underlayer has a filmthickness of 0.1 nm or
greater and 1.0 nmor |ess. The perpendi cul ar magnetic recordi ng
medi um according to Claim1l, wherein the internediate |ayer has a film

t hi ckness wfat0.1% nmoheg@reat er and 30 nm or | ess. The perpendi cul ar magnetic
recordi ng nmedium according to Claiml1l or Claim2, wherein said nagnetic
recording layer is gorgedenooficq&t grlingl ngta.vé ng a.gr gnu&lgriusng ri%ctw%ri%hi n whi ch
magnetic crystal partlloc]fpes are di spe?se in a matrex o? a nonmagneti c oxide or

a nonnagn%h!qe%%%rbgeintermediate layer, a second underlayer and a

magnetic recording layer are stacked in this order on a

nonmagnetic base, wherein

the intermediate layer is either a single layer of Ru or
a Ru-based alloy, or a stacked structure of a nonmagnetic
alloy layer including Co and Cr and a layer of Ru or a Ru-

based alloy,

the second underlayer includes 30 at® or more and 75 at®
or less Co, 20 at% or more and 60 at? or less Cr, and 0.1 at®

or more and 10 at® or less W, and

the second underlayer has a film thickness of 0.1 nm or

greater and 1.0 nm or less.

2. The perpendicular magnetic recording medium
according to Claim 1, wherein the intermediate layer has a

film thickness of 0.1 nm or greater and 30 nm or less.

3. The perpendicular magnetic recording medium
according to Claim 1 or Claim 2, wherein said magnetic
recording layer is formed of material having a granular
structure in which magnetic crystal particles are dispersed in

a matrix of a nonmagnetic oxide or a nonmagnetic nitride.
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