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*159159* IN  TITLE OF THE | NVENTION  *(@00002*

PERPENDI CULAR MAGNETI C RECORDI NG MEDI UM AND MA
RECORDI NG REPRODUCTI ON APPARATUS BACKGROJND G:CﬂnmlImllllm”"lllmml
I NVENTI ON 5 The present invention rela

per pendi cul ar magnetic recordi ng nedlun1used in,
e.g., a hard disk drive using the magnetic recording
techni que, and a magnetic recoyding/reproduction

Pk b %s heve aaen “deutred 15 psccntsenrs, INITHRIIN

the increase in medi gmrapi §¢ THE hRGeNTRgNa Probl em as  *Goooo2*
the recording density increases' .. The nain cause of

t-he PERPENDDOUSERI MAGpmmunawaamGgmggepl ARONEAGRETIC
domain wall in a bit 15 boundary. That is, the bit :
shaprECGROEN @/ RERRAUDUOT AOBOREHAARATUSt h vari ous factors

such as the witing nagnetic field of a head and the

size of magnetic BRAGKIRQUNP HsTHOrINVENTIRN medi um

The medi um noise is produced particularly because the

f or mati onT2® Bééﬁ?ﬂénlBVeﬁﬁéoblFe%éﬁﬁéaﬁy Rsperpendicular
|ndef|n|te due to ,variations in grain size. To_ reduce

*159159*

thelﬁﬁg%% 1$h§ecord1ng medium used 1n, e.g., a hard disk

drive using the magnetic recording technique; and a
magnetic recording/reprbduction apparatus using the
same.

While.largefcapacity hard disk drives have been
desired in recent years, the increase in medium noise
is becoming a problem as the recording density
increases. The main cause of the medium noise is
presumably a zigzagged magnetic domain wall in a bit
béundary. That i1s, the bit shape is determined in
accordance with various factors such as the writing
magnetic field of a head and the size of magnetic
crystal grains forming fhe medium. The medium noise
is produced particularly because the formation
position of the bit boundary is indefinite due to
variations in grain size. To reduce the noise, the
unevenness of the recording bit boundary'must be made
as small as possible. To reduce thé unevenness of the
recording bit boundary, it is possible to downsize
magnetic crystal grains forming the magnetic recording
layer.

If downsizing of the magnetic crystal grains
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unevenness of the recording bit boundary nust be nade

as small as possible. To reduce the unevenness of the
recording bit boundary, it is possible to downsize 25
magneti c crystal grains form ng the magnetic recording

| ayer. If downsizing of the magnetic crystal grains
advances, however, the thermal decay resistance of the
magneti c recordi ng | ayer decreages-at the sane tine.

To reduce the unevenness of the recording bit boundary

while the thermal decay resistance of the magnetic 5

crystalkrageakns howeairit @hkedheirinalls defchgCirewd sttanKef the

the grain dianeter distribution uniform However, it

i s dmbfihetit trecoukiénthéageai nedirasmier adi shel Bulrieont ime.
uniformwhile the grain dianeter of the crystal grains

i s nlpnredned &heabosvenfesm of [tees rasotridd ngr ésdéntoolhdary
level, Also, if a material which forms a grain

bountBiye E£Bgi sherdaldigcavng eche tangretifc they srugnetic
rains is _added to,the magnetic recording |ayer in

grdeFrVSta&oﬂﬁ§F?§ Pﬁemﬁéggéﬂpﬁdbr9§t&ﬁ &% ST 1 Ve g0 make

I i . 15.t tic. t al ¥-1 b ,
8‘&?8@?2%}# ?ﬁsﬁ%g%‘;r?. TP CR e PR R iERE Ty, arpRever, it
boundar y; @900« + L0, HR" QYe fgl}gi%' 'dqggq\a%terofdits*%eribution
magneti c crystal grains, therefore, 1t 1S necessary

to i pereash Whe1ef ith® Ghiagknessineh orh® rURYRY | BYRN AN grains
magnetic recording 20 I"ayer. Especially in a

doublg- hayatadnpar pendibeuhan o MRIRe! 165G 4iH present

medium this increases the distance between a

magnéewelrecordi ng head and a soft nagnetic

Also, if a material which forms a grain boundary

region for dividing the magnetic crystal grains is
added to the magnetic recording layer in order to
downsize the magnetic crystal grains, the alignment of
the magnetic crystal grains worsens by diffusion of
the material which forms the grain boundary region.
To improve the alignment of the magnetic crystal
grains, therefore, it is necessary to increase the
film thickness of the underlayer or magnetic recording
layer. Especially in a double-layered perpendicular
magnetic recording medium, this increases the distance
between a magnetic recording head and a soft magnetic
backing layer for refluxing the head magnetic field,
and weakens the effective magnetic field from the
magnetic head (produces a spacing loss), tﬁereby
worsening the recording/reproduction characteristics

of the perpendicular magnetic recording medium.
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backi ng |l ayer for refluxing the head magnetic field,

and weakens the effective magnetic field fromthe 25
magneti ¢ head (produces a spacing |oss), thereby

wor seni ng the recordi ng/ reproduction characteristics

of the perpendi cul ar magnetic recordi ng nmedi um
Accordingly, to nmake the magnetic crystal grains snal

and uniform it is necessary-to3deerease the film

t hi ckness of the nagnetic recording |ayer and i nprove

the crystallinity of the magnetic crystal grains. 5 As

a t eckrioqudd nafl yobttai makg ahki magueitfier mrfisitml igraite small
fields of quantum el ectronic devices such as

si nghadehadifioom, t Adndiss necs sead ysitegldecgleaster aime £ilm
menories, a techni que which nmakes a fine uniform
nanodtiGkngss Plohal Mas@esic gegiosdingedaver ids improve

techn ular region for preferentlall gr owi ng
§lh1gorcﬁé@t6‘§r%én§l§i¥s aft&e HRGNE ﬁqcxé‘&ymar% rga-"amnf

contalnln i.s fornmed after t

% %F% Si %pdlgr _ i1
The total “Smburt® P& A Rd & % & ed'S %rm 1lm
nlernfEhg'%ﬁeé%ﬁt%f7%g%%%hﬁT@f%J@¥$a d dFQg§SIbI%Ch as

15 forma mx a plurali 75 hders

”a'nEXnQQQL%U%bQQo%Itr@%%&@%o@sdbﬁﬁpgqrgqf %%E?%H"n

and spaced at intervals of 30 nm or a matrix

regi QRmakii @lsy %Olﬁte@h&'lrdﬁlesbvh@%@l/ a K62 @mhsw mrf@ﬂffg
t hese cyllnders e.g., Jpn. Pat. Appln. KOKAI

Publ heabisemruNe ur20 4ok 332 3ndUsfiortsurdts s f QmMthis
th e regular region, this technique requires the

f or mieicon lgfueni er cegadess esgifna floon eyredar eartriay 1ysigrpwing

a wet process based on the technique of anodic
Al is formed on a substrate, and a mixed film mainly
containing Al and Si and/or Ge is formed after that.
The total amount of Si and/or Ge contained in this
mixed film is 20 to 70 at$%. This makes it possible to
form a mixed film having a plurality of cylinders
mainly containing Al, having a diameter of 1 to 30 nm,
and spaced at intervals of 30 nm or less, and a matrix
region mainly containing Si and/or Ge and surrounding
these cylinders, e.g., Jpn. Pat. Appln. KOKAI
Publication No. 2004-193523. Unfortunately, to form
the regular region, this technique requires the
formation of micro-recesses of a honeycomb array using
a wet process based on the technique of anodic
oxidation and focused ion beam (FIB). These wet
process and FIB are not easily applicable to the

magnetic recording medium manufacturing process which

requires a high manufacturing cost and in which film
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oxi dation and focused ion beam (FIB). These wet 25
process and FIB are not easily applicable to the
magneti ¢ recordi ng medi um manuf act uring process which
requires a high manufacturing cost and in which film
format ion is mainly perfornmed in a vacuum In
addition, Si contained in the AISI filmreadily

di ffuses. Therefore, if this-Al& filmis directly

i ntroduced to the nmagnetic recordi ng nmedi um adjacent
5 |ayers are adversely affected. Furthernore, it is
di f f ifouina thenmeisntreiim lgo e rfforstead ial isgnentuntly an
small filmthickness. For these reasons, the
abovédgdtiiooned inmeoderinsduie ddmndil e dilrectdadily
applied to the field of magnetic recording. 10 Al so,
anot Réif fisesni qldersdox eperifetdiicuirdSi tisc directly

recor,di ng medi um hayi ng a soft nagnetjc backing ,

| ayer N ATAREN{c bRe SRAETSC EOATE ik Miem, adjacent
contrql | ayer, underlayer, d .perpendi cyl ar magnet. c,
recor Mg S AV er aggregsgégsﬁjgpegtie di &%r moFey. thgs
Jpn. 4Ratc.; I . l. _Rubl j [ : - 30767.

LR s S e To RE Grarn G arb ey Wom Fol a2y

mai nlsyhadanirailhs @l dkeRsls .oneR! eRYe SAILURI fom the

group consisting of silver, alum num tantalum

coppebovanethedidd@nieidi WanoEtrs KRS ddnriRAs Yebld A 120,
control the alignnment and grain dianmeter of nmagnetic

crystgpldeal n® ahet fiielgr aim rdigsiier edrding.ayer,

and increase the thermal decay resistance, thereby

i ncreasi n@lisvg Sindtared reesdinitquen. f dovee e rpdridiscular

technique is still unsatisfactory to achieve a high
magnetic recording medium having a soft magnetic
backing layer, alignment control layer, grain diameter
control layer, underlayer, and perpendicular magnetic
recording layer on a substrate is disélosed, e.g.,
Jpn. Pat. Appln. KOKAI Publication No. 2004-30767. 1In
this technique, the grain diameter control layer
mainly contains at least one element selected from the
group consisting of silver, aluminum, tantalum,
copper, and gadolinium. This makes it possible to
control the alignment and grain diameter of magnetic
crystal grains of this grain diameter control layer,
and increase the thermal decay resistance, thereby
increasing the S/N aﬁd resolution. However, this
technique is still unsatisfactory to achieve a high
recording density exceeding, e.g., 100 Gbits/inch?2.

Accordingly, it is being desired to further downsize

and uniformize the magnetic crystal grains.



25 recording density exceeding, e.g., 100 Goits/inch2.
Accordingly, it is being desired to further downsize
and uni form ze the magnetic crystal grains. BRIEF
SUMVARY OF THE | NVENTI ON The present invention has
been made in consideration of the above situation,
and has as its object to provide a magnetic recording
mediumin which 5 a fine nmagheti c-recording |ayer
having a small grain size distribution and high
crystallinity is fornmed by wusing a fine uniform
under| ayer wi t hoUBRIEY rE2MNAR)Y tOR TP arN VENT DSIS,
expandi ng the grain dianeter distribution, or

degr adi ng Hfe RESEQT liniant icemdag heerxmdds & hi gh

SNR and gﬁ{ erforn1h|%F%denS|ty recordlng A
perp&ﬂﬂs ERien g iauitimrof ansk has as its
prese |nv%nt|on G ri ses a nonnagnetlc substrate, a

I dfgg

firsCodsEer &y & Fortred J1 H¥ Yomfgieting értﬁj%lt%t]éi which
i s and t qi 25 1B onent , .at ast one

el errentfqgle% gg{y %Qflr S”ﬂ%’e“dw“&&%&%.%. G SRl grain

N, B4, \ , e, y ) 7

secongzl?ndérsga};grwt 85@5%3 hl-gh %St l}r%g'/gﬁyaylesrpﬁdﬁcmed by

cont aetingi &h fike Un&%rﬁﬂ%@e@i%r eraﬂwgt%%n AN LA ng the
as a

crystal grains which contain one of

Mai N sparpogeNbs saNn e x@ agicding Q%Mﬂ@&@ﬁd*ﬂEdMéﬂHHCh
contains Si as a main conmponent and surrounds the
crysealstgidiutg ona olri deguwadenigayere foarymed 11 i, and
second underl ayer, and containing, as a nain 25
conpyhésh, has ﬁeééghoﬁﬁReb@me@ﬁns@amﬁmﬂm1hmgh{duns1ty

recording,

A perpendicular magnetic recording medium of the
present invention comprises a nonmagnetic substrate, a
first underlayer formed on the nonmagnetic substrate,
and containing, as a main component, at least one
element selected from the group consisting of Ag, Ir,
Ni, pd, Pt, Rh, Hf, Re, Ru, Ti, Ta, Zr, Mg, and Al, a
second underlayer formed on the first underlayer in
contact with the first underlayer, and containing
crystal grains which contain one of Mg and Al as a
main component, and a grain boundary region which
contains Si as a main component and surrounds the
crystal grains, a third underlayer formed on the
second underlayer, and containing, as a main
component, at least one element selected from the
group consisting of Pt, Pd, Ru, Rh, Co, and Ti, and a

perpendicular magnetic recording layer formed on the
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group consisting of Pt, Pd, Ru, Rh, Co, and Ti, and a
per pendi cul ar magnetic recording |ayer forned on the A
6 third underlayer. Al so, a magnetic
recordi ng/ reproducti on apparatus of the present

i nvention conprises a perpendi cular mnmagnetic
recordi ng nedi um havi ng a nonmagnetic 5 substrate, a
first underlayer fornmed on the énormagnetic substrate,
and containing, as a main conponent, at |east one

el ement selected fromthe group consisting of Ag, Ir,
Ni , PRdiret unRerldyerRe, Ru, Ti, Ta, Zr, My, and A, a
second under| ayer fornmed 10 on and in contact with the
first undérlissyera maehetciontrs o mbi oy Arstratodyrati i wipmEratus
contain one of Mg and Al as a main conponent, and a
gr ai REb&bed &5F Sedd SR VeRHiicn comptiisessia perpandisular

conponent and surroynds t crystal grains, a third
undef? z??&ilfoﬁ?é:&’r&}%@efg%m&%@eﬂwn%

cont [ S a ent | ea t on elenent
sel e%tug q’%atm 't e lrrs‘(g‘ur}f1 ?)éaﬁ: PS 3[ J'% Rh,

.Co’ ﬁ 91‘11-&' ri(é %#é)%%&%%rédl %Lljlég rﬁolm%qqllncﬁ dr %Cso rad Imna n

| ayer ayer

recoe@m@%@w?owctﬂe%th%% e%%rde%tt 'é%l%fcec% Y rom the

I nvention, a fine nmagnetic recor di ng ayer %ﬂaw ng a

smal hrougi kotisdnetiery off Sy, byt i e, andi,higgh RrRh, HE, Re,
crystallinity is formed wi t hout |ncrea5|ng t he

spacRag [TassTagx@andimg tanel grlgi m sdcdiRt @hderlayer formed

di stribution, or degrading the crystallinity.
on and in contact with the first underlayer, and
containing crystal grains which contain one of Mg and
Al as a main component, and a grain boundary region
which contains Si as a main component and surrounds
the crystal grains, a third underlayer formed on the
second underlayer, and containing, as a main
component, at least one element selected from the
group consisting of Pt, Pd, Ru, Rh, Co, and Ti, and a
perpendicular magnetic recording layer formed on the
third underlayer, and a recording/reproduction head.

In the present invention, a fine magnetic

recording layer having a small grain diameter
distribution and high crystallinity is formed without
increasing the spacing loss, expanding the grain
diameter distribution,.or degrading the crystallinity.
Since, therefore, low noise can be realized by

reducing the transition noise of the perpendicular

magnetic recording layer without decreasing the
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25 Since, therefore, |ow noise can be realized by
reduci ng the transition noise of the perpendicul ar
magneti c recordi ng |ayer w thout decreasing the
thermal decay resistance, a nagnetic recordi ng nmedi um
capabl e of high-density recording is obtained.
Addi ti onal objects and advantages of the invention
will be set forth in the deseriftien which 5 follows,
and in part will be obvious fromthe description, or
may be | earned by practice of the invention. The

obj e¢herand advay aged safarideg a meeidtdt MREI®RIing medium
reali zed and obtai ned by neans of the

i nst capaRtal iofi & glmdleoeitivn atdcmrslipay tiisc ulkerd inekD.

poi nted out hereinafter. BRI EF DESCRI PTI ON CF THE
SEVERAL VSRS tderpE IHANING anth e diadasas iafy the

draw,ngs, .,whi ch .are incorpaorated, 6 in and constitute a
par t 18 Sfird Ofp iq-rli O%t iS6F, Tonthudty dhe assdiiminap grhich
the i ion,_ _and together, 15 with the genera
descF?%??%ﬁ’gF& l&bg%gtaﬁ& h&S @RS TFES Y i on

of t i:ment s _gi el,qw, rve to explain the
pri ngi%SI%ggggfl %?lﬁe%irn\b\éﬁl?ﬂo%n.l%\l‘%{lraesdiq s Pa ascg Cleor?% trhe

vi ewisgeamabincal MheSheWieie s Lhe ahaneeRY & Be
per pendi cul ar magneti c recording 20 nedi um accordi ng

to atneshedofentyobet heapriesentand BeeRLiNY t Geahd S the
a sectional view schematically showing the

ar r ahgefrenneat ad ipéepeadidc doab i MEGASNSC Paetalcdilng 1y
medi um accordi ng to an enbodi nent of the present 25
i nveRPiiBied out hereinafter.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

The accompanying drawings, which are incorporated
in and constitute a part of the specification,
illustrate embodiments of the invention, and together
with the general description given above and the
detailed description of the embodiments given below,
serve to explain the principles of the invention.

FIG. 1 is a sectional view schematically showing
the arrangement of a perpendicular magnetic recording
medium according to an embodiment of the present
~invention;

FIG. 2 is a sectional view schematically showing
the arrangement of a perpendicular magnetic recording
medium according to an embodiment of the present
invention;

FIG. 3 is a partially exploded perspective view

showing an example of a magnetic
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FIG 3 is a partially expl oded perspective view
showi ng an exanple of a magnetic
recordi ng/ reproducti on apparatus of the present
invention; FIG 4 is a sectional view schematically
showi ng the arrangenment of a perpendicul ar magnetic
recording 5 nedium according to an enbodi nent of the
present invention; FIG 5 is aggraph showi ng the SNRm
and crystal grain dianmeter as functions of the S
conposition ratio in an AlSi second underl ayer; 10

FI G r&dos i ngy/ameip refumitied hepSNRBanNd ok @re @i N

di aneter as functions of the Si conposition ratio in

an Mjsivesgdemd underlayer; FIG 7 is a graph show ng

the SNRm and average crystal grain dianmeter as

functi ons EHG -t He i |amsEs- timinekdn esiswfs crem tSicasldlgonehowing
underlayer; FIG 8 is a graph show ng the SNRm and '
aver $§€ AEIEENSTaiof @ ArePendS Wl Mashetdic wesording

fil thi ckness of. the AlLSi second underl ayer; and
1 6 R AR 5 SHRGRATE 1 SGwarg o6
t he q&&@gggg%pt of a perpendi cul ar magnetic recording

4

medi um according to an enbodi nent of the present

i nventi on.prETAl LED | hp-ghg&'iqg Eg{l%elsslﬁ\@m%\lng;‘é; shal

pr esent inventprs nad. extensive .
foungriahat ditme® cROSS B@ QPR 3N tRe RAN RRAPISY BN

magneti ¢ recordi ng medi um whi ch has fine
ratio in an AlSi second underlayer;

FIG. 6 is a graph showing the SNRm and crystal
grain diameter as functions of the Si composition
ratio in an MgSi second underlayer;

FIG. 7 is a graph showing the SNRm and average
crystal grain diameter as functions of the film
thickness of an AlSi second underlayer;

FIG. 8 is a graph showing the SNRm and average
crystal grain diameter as functions of the film
thickness of the AlSi second underlayer; and

FIG. 9 is a sectional view schematically showing
the arrangement of a perpendicular magnetic recording
medium according to an embodiment of the presenf

invention.

DETAILED DESCRIPTION OF THE INVENTION

The present inventors made extensive studies, and

have found that it is possible to obtain a
perpendicular magnetic recording medium which has fine

magnetic crystal grains having a small grain diameter
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magnetic crystal grains having a small grain dianeter
distribution and high crystallinity, produces snal
transition noise, and can perform hi gh-density
recording with a small filmthickness, by formng a
magnetic recording |ayer on a nonmagnetic substrate 5
via at |east three underl ayers, thereby achieving the
present invention. A perpendiculoar 4magneti c recordi ng
medi um of the present invention has an arrangenment in
which first, second, and third underl ayers and a

magnetiist rignaridimgrid H iayrerc oy e £t Boked, | b sdefeHNsmall
nonmagneti c substrate. The first underlayer contains,
as a tr@insitcmmpornete, and ezst pnef @irerreinth -sedrect ©g
fromthe roup consisting of Ag, Ir, N, Pd, Pt, Rh,

Hf , R&comindriwitta,a ZmalMy, fidmd tAlicKite She sectothing a
under | ayer contains crystal grains and a grain

boun §EGi FPSHFBhdiane s R & yranagng el hssubiierate
crystal_qgrai.ns contain or Al as a main_ conponent.

The: G F DTy S o oSS it RRF %Y AETHEving the
Co"p%Q%@%ntZQ.Enﬁlth{d under| ayer contains, as a nain
conmponent, at | east one el enent selected fromthe

group congi Sﬁéf&rgiﬁlarpqnaoﬁ%c}:il%;’%eﬁ?%ﬁ@inrg%rrné%j;rtlfn? of the

mai N conponent “herel n nenti ene

el enpires AV iiRG drite i @‘ﬁesstarfimﬁd&%efrﬁé 4Gy le}i%sh first,

components forming the material. In the presen
i nveskicomd,t hedaldrgniteiind¥r T r Crattd A M FHdS Ofrecording

primarily the second underl ayer can
layer are stacked in order on a nonmagnetic substrate.
The first underlayer contains, as a main
~ component, at least one element.selected from the
group consisting of Ag, Ir, Ni, Pd, Pt, Rh, Hf, Re,
Ru, Ti, Ta, 2Zr, Mg, and Al.

The second underlayer contains crystal grains and
a grain boundary region surrounding. the crystal
grains. The crystal grains contain Mg or Al as a main
component. The grain boundary region contains Si as a
main component.

The third underlayer contains, as a main
component, at least one element selected from the
group consisting of Pt, Pd, Ru, Rh, Co, and Ti.

The main component herein mentioned is an element
or elements having the highest component ratio of
components forming the material.

In the present invention, the alignment of the

crystal grains of primarily the second underlayer can
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10 be inproved by using the first underlayer. Also,
the grain dianeter and grain dianeter distribution of
primarily the perpendi cul ar magnetic recording | ayer
can be determ ned by the crystal grains grown into the
5 shape of a colum and the grain boundary region
surroundi ng the crystal grains of the second
underlayer. In addition, it +s pwssible, by using the
third underlayer, to prevent diffusion of an inpurity
fromthe second underlayer, and transnit the grain 10

di aniteerimgndwald gyrenim dhe oyt alndf@Nfe©f Also, the
primarily the second underlayer to the perpendicul ar

magnettad v ebi@amditey lsaytergrdim theanprtesendi stvigiti oh of

fine uni formmagnetic crystal grains having high

cr ysPaimagitly Gistraiemeti culs thynafgoratiing tdmwording layer
per pendi cul ar magnetic recording |ayer on the third
underday & dﬂff@rrétflé}eél e he gristadn guminge wfovmeinto the
perpendlcul etic recordin Layer can be reduced

wi t hEIEEGed e§s| Yiie A% ha bapdatmiggion

b d d, .20 h t
er pONHES %l%%agn%r IRy TR B dLE s
pr eseniyel L&l on 7 dé%%ﬁﬁ@crup%% %§¥¥61%qé?e¥£%§g the

With reference to the acconpénylng dravi h

a Se%hh@@ﬂhﬂﬂé%ﬂéygyﬂnﬂd‘ﬁyéﬁéﬁﬂ“&Mfghsfg%tJBEan impurity
arrangenent of a perpendi cul ar nagnetic record

medi dmoac aoledistgonal aihRIRdidrgnta ref ﬂrl'b@ls‘?rflets%me grain

Invegag%gter and alignment of the crystal grains of
primarily fhe second underlayer to the perpendicular
magnetic recording layer.

In the present invention, fine uniform magnetic
crystal grains having high crystallinity are obtained
by forming the perpendicular magnetic recording layer
on the third underlayer. Therefore, the transition
noise of the perpendicular magnetic recording layer
can be reduced without decreasing the thermal decay
resistance. Since the noise can be reduced,
high-density perpendicular magnetic recording is
possible.

The present invention will be described in detail
below with reference to the accompanying drawing.

FIG. 1 is a sectional view schematically showing
the arrangement of a perpendicular magnetic recording
medium according to an embodiment of the present

invention.
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- 11 Referring to FIG 1, in a perpendicul ar magnetic
recordi ng nedium 10, a soft magnetic backing | ayer 2,
first underlayer 3, second underlayer 4, third

underl ayer 5, perpendicul ar magnetic recording |ayer

5 6, and protective layer 7 are stacked in order on a
nonmagneti c substrate 1. A lubricating |ayer (not

shown) may al so be formed on~-thelsurface of the
protective |ayer 7 by coating this surface with a

| ubri cant such as perfl uoropol yether by dipping or the

10 like. |RefdwerpresentFiGvent iiom,a thersoidi appnetmagnetic
backing layer is first formed on the nonmagnetic
substiesicrdigichaeding sdit+ avepfet imadranki g dakierg layer 2,
havi ng high perneability is formed, a so-called 15

double-HSy Pt Herysandi c i asonfhgiete ol avssorddi i imsti um
Cor t eI Gk e A Sy Lo Fo PR 5 QR nY Layer
rodt i e o R A Bk IS S rbrrter 5 @
P hor e i ik Dk T Je el ra Ry not

magnethictnheeRiydiangd aerrorkdt drs e of tcé;%%%ﬂec

backi ng | ayer passes a recording magnetic fi from

t he pagretd vkeadyigr theheidAaMAl g eGidQbe NG 125
refluxes the magnetic field to the nmagnetic head. In

thi s lmbmieantt saichofals mrgrdticr Paokidthd s Gdping or the
incr?qig the recordi ng/ reproduction efficiency by
1Ke.

In the present invention, the soft magnetic
backing layer is first formed on the nénmagnetic
substrate. Since the soft magnetic backing layer
having high permeability is formed, a so-called
double-layered perpendicular magnetic recording medium
having a perpendicular magnetic recording layer on a
soft magnetic backing layer is obtained. 1In this
double-layered perpendicular magnetic recording
medium, the soft magnetic backing layer performs a
part of the function of a magnetic head, e.g., a
single-pole head, which magnetizes the perpendicular
magnetic recording layer. That is, the soft magnetic
backing layer passes a recording magnetic field from
the magnetic head in the horizontal direction, and
réfluxes the magnetic field to the magnetic head. 1In
this manner, the soft magnetic backing layer can

increase the recording/reproduction efficiency by
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12 causing the magnetic head to apply a steep and
| arge enough perpendicul ar magnetic field to the
magnetic field recording |ayer. Exanples of a soft
magnetic material used as the 5 soft magnetic backing
| ayer are CoZrNb, CoTaZr, FeCoB, FeCoN, FeTaC, FeTaN,
FeNi, and FeAl Si having high saturation flux densities
and good soft magnetic characteistics. Then, a film
serving as the first underlayer is 10 formed on the
soft magnetic backing layer. The first underlayer is

f or med usd-rionprtey ena gurd tniar iHead e aptsiiala aldgpreitd ofarge
the second underlayer. The first underlayer has a

f unc ENERISF PegmaNdElduley megrartyist dliedld gromerte ofadrivecic
second 15 underlayer to be fornmed on the first
underfF&y&r regeddidwn Jawsitove the per pendi cul ar

aI|gnnentFPf tgf thgg under | ayer and per pendi cul ar
magnetic yerSOhto M Refrifediafie kel sexshps the

nderl e II t.he .perpendi cu| ar alignnment of
g nagng¥|@ ec ﬁéﬁﬁiﬁ% gf@é# EE@PQEQI q%a%ye FeCoB,
thi clrpesy, o%e@g% u%@%%%ay%gﬁl, &% IEIeAl h%%rpreﬁsnt

i nventi on, howevér,.the'f rIa ar

pOSSBQE@erlepEQﬁ§ H@%51Q§%%e@WdH§dyd (ﬂﬂ¥“ﬂ%

the perpendi cul ar magnetic recordi'ng mediume
t he thieckpessichkilkke 25 underl ayer is relatlvely
small. The material used as the main conponent of the

first und@hleayer dedinr alelrwinkasdidle aigiRHdEMBVer is
when the filmthickness of the
formed on the soft magnetic backing layer.

The first underlayer is formed to improve
primarily the crystal alignment of the second
underlayer. The first underlayer has a function of
controlling the crystal alignment of the second
underlayer to be formed on the first underlayer, and
can improve the perpendicular alignment of the third
underlayer and perpendicular magnetic recording layer
to be formed on the second underlayer. Normally, the
perpendicular alignment of a magnetic recording layer
often decreases if the.thickness of the underlayer is
small. 1In the present invention, however, the first
underlayer makes it possible to improve the
perpendicular alignment of the perpendicular magnetic
recording medium even if the thickness of the
underlayer is relatively small. The material used as

the main component of the first underlayer desirably

has high alignment even when the film thickness of the
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13 material is small. In addition, the materi al
desirably strongly bonds to the crystal grains of the
second underl ayer forned i medi ately above the first
underlayer. 5 As a standard for selecting the materi al
formng the first underlayer, heat of formation of
alloys (AH) is used. In one enbodi nent of the

invention, the heat of formatibh of alloys (OH) of

the material as the main conponent of the first

underl ayer and the 10 material as the main conponent

of tmateryistlaligrsaiaisl. oflint heldiaceng urdemayeridis -5
kJ/mol or less. In sone enbodi nent of the invention,

OH i lesd@afd v 300 dodlivo lbonAtsc draditrinel yorithtes Icrgestials of the
grains of ‘the first and second underlayers are
stroﬁ@?@qﬂmﬂﬂﬁfryﬁyquﬁQﬁﬁqd|Hmmﬁ¢kiﬁ§lYHﬂhpWﬁﬂ&hﬁ|ﬂlrst

pOSSIb|e Hp reduce or elimnate a |layer which is
geneP A9 *é4i%%d an initial |ayer and contains a |arge
initial

amount of Isata]t']I &5 cdaerfaecfts fo nedcd'l}aq & Materigh (fogming

crystal growh portion.

| ayer @i \fel%sf&' %d%‘%l%'ye‘?z” ;é%l %tft]rf%kr%%%%‘%l?; erl!laoyesr (AH)

having a relatively smal’l ness

| ar gers thar .- 5 Thd ol embb*aﬁnie@xtteUfa%%eb%ﬂz'e'?&fo%”dsch heat

be unsatisfactory, and this may produce an i1nit

| ayebfi fotrhatdesond wnderlsayemn, %ﬁdtﬁ&ynﬁ%%@j%heas the
i mprovenent of the 25 alignnent insufficient. If OH

i s smalinecompameni0 fk thedIf i rishe undleelfzaes Rerdiine

tends to be too strong, so the size of the crystal

gra|m§tpﬁ1aﬁeas the main component of the crystal grains
of the second underlayer is -5 kJ/mol or less.
In some embodiment of the invention, AH is -50
to -300 kJ/mol. Accordingly, the crystal grains of
the first and second underlayers are strongly bonded
in their interface. This makes it possible to reduce
or eliminate a layer which is generally called an
initial layer and contains a large amount of lattice
defects found in the initial crystal growth portion.
This reduction of the initial layer gives high
alignment to the second underlayer having a relatively
small film thicknessf If AH is larger than -5 kJ/mol,
the interface bonding tends to be unsatisfactory, and
this may produce an initial layer in the second
underlayer,.and may make the improvement of the
alignment insufficient. If AH is smaller

than -300 kJ/mol, the interface bdnding tends to be

too strong, so the size of the crYstal grains in the
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- 14 second underlayer may increase. \Wen the crystal
grains of the second underlayer are nade of Al, for
exanple, the material forming the first underlayer is
suitably an alloy containing, as a 5 mai n conponent,

at | east one el enent selected fromAg, Ir, N, Pd,

Pt, Rh, Hf, Re, Ru, Ti, Ta, Zr, My, and Al. In this

case, the formation thermal energies of A and these
materials are as follows. Ag (-21 kJ/nol), Hf (-150
kdJ/mol), Ir (-113 kJ/nol), 10 N (-96 kJ/nol), Pd

(- 174 siedmngblundeml ayer6anakd /imsieaseRe (-62 kJ/ nmol), Rh
(-124 kJ/mol), Ru (-83 kJ/mol), Ti (-137 kJ/nol), Ta
(-75 kJ/ ndihen zheq ‘oo tal rdiname u\vge(sacm rm1<;erlayer
(A. R__Medema et _al CALPHAD vol . 1,

341 PEFGARGR Bleds, fororAafPlen die f@f@m Esimigg the

t he | ventlon, n aIon cont ai
SRt o

in

conponentt Ay Slone SVerahtl % g\’b@tsléd’yf F&ﬁtﬁlnl% as a
, " Also |n on odi nent . of

the |ﬁVenth%®%%gt ?% %kness 0 qeqstqgﬁﬁnggfgpm Ag,

is 110 2Q,n I 2@t hey ot

|nventr| on, t% t%ltck%ehss%g? trﬂ%r ?%bst dngierl ayér%gé fnd

to 1@anlIhfthh%'Bds@ teiheC ke s tafort e frinfasit energies of

underl ayer is |ess than 1 nm the alignnment of the
firsflunder thgere mateurdisdls sfracter oldowshe alg gnnent

of the second 25 underl ayer often worsens. If the film

t hi cKnm@ss kidgmollar, géif t(réid 2&dimolt)he Idi st-drice KJ/omit)he

nagnetlc head to the soft nagnetic backing |ayer

0 jncr¥isdsd6akd/med), Pd (-174 kJI/mol), Pt (-164 kJ/mol),
Re (-62 kJ/mol), Rh (-124 kJ/mol), Ru (-83 kJ/mol), Ti
(=137 kJ/mol), Ta (-75 kJ/mol), Zr (-169 kJ/molf, and
Mg (-7 kJ/mol) (A. R. Miedema et al., CALPHAD, vol. 1,
No. 4, pp. 341 Pergamon Press, [1977]). 1In one
embodiment of the invention, an alloy containing, as a
main component, at least one element selected from Ti,
Pd, Pt, Zr, Rh, and Hf is used.

Also, in one embodiment of the invention, the
thickness of the first underlayer is 1 to 20 nm. 1In
the other embodiment of the invention, the thickness
of the first underlayer is 5 to 10 nm. If the film
thickness of the first underlayer is less than 1 nm,
the alignment of the first underlayer is
unsatisfactory, so the alignment of the second
underlayer often worsens. If the film thickness 1is

larger than 20 nm, the distance from the magnetic head

to the soft magnetic backing layer increases, and the
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- 15 spacing loss often deteriorates the
recordi ng/ reproduction characteristics of the magnetic
recordi ng medium The use of a film having soft
magnetic characteristics as the first underlayer has 5
the advantage that no spacing |oss is produced. Then,
the second underlayer is fornmed i medi ately above the
first underlayer in order to-carirol the grain

di aneter. The second underlayer is made of two or
nore types of materials, and contains crystal 10

gr ai sealgdviond-cs o ade-ere riedread andtiess tthdict ure or
hexagonal cl osest packed structure, and a grain
bound&CP HodgidsF epradmaidiany ahseses tprdistslosThef sdeomthgnetic
under| ayer .desirably has a small grain dianeter or a
smal FEGPAH T AiRctieln-di e e &f. aTHd lsedwming soft

under | _ayer. .al s desirag#y,has arelatively small_film
A

t hi cRREEE tdia Tiegh HaFhiGniasy thfo TSt amperlfyer has
| f bl y _strongl.y bonds to th
poadit o o AR P R e

under | ayer’I‘heInr} the Féfeeﬁ%‘?{l} dr{&’eeﬂt }%1’ té’];e’%? errg:){a:aj_r!*n:;eoc%%oately

is possible to use at |east one el'enen

M) agBofle atet FQ r¥Ri RincRMGRRH 1&f Jrhf TSI RINYA NSe
and use Si as the grain boundary regi on surroundi ng

t he graiinsdiSimete rt.hegeenilediondl infdmNaldPSts Mude of two
solid solution with each other, the crystal grains and

25 t he goaien typesdarfy maegirdalean anel separAired crystal
relatively easily. In one enbodinent of the

i nve@ER&RS bﬁ@i@grayf@ﬁe—centered cubic structure or

hexagonal closest packed structure, and a grain
boundary ‘region surrounding these grains. The second
underlayer desirably has a Small grain diameter or a
small grain diameter distribution. The second
underlayer also desirably has a relatively small film
thickness and high crystallinity. To this end, the
second underlayer favorably strongly bonds to the
materiallcontained as a main component in the first
underlayer. In the present invention, therefore, it
is possible to use at least one element selected from
Mg and Al as the main component of the crystal grains,
and use Si as the grain boundary region surrounding
the grains. Since these materials form almost no
solid solution with each other, the crystal grains and
the grain boundary region can be separated relatively
easily.

In one embodiment of the invention, the array of
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- 16 the crystal grains in the |ongitudinal direction
of the filmhas two-dinensional regularity. For
exanple, the array of the crystal grains in a section
in the longitudinal direction of the filmhas the
regularity 5 of hexagonal symetry. Al so, the

material formng the grain boundary region is
desirably a material which fornsé substantially no
solid solution with the material as the main

conmponent of the crystal grains. Si can be 10 used as

t he rdien coorgicrierstraofng hirs tie erdraditudi naldditveartidrt of
is also possible to use one or nore types of
conpdtifd< iSge hags tosdwisnensiqriade e wdraniides, &iwk example,

bori des of, e.qg. i, Ti, Al, and My., In one .
enbo%%ﬁeﬁtrr@fy t%rfe F%’?\/é%ﬁbi%}'ﬁ,l tHE vntiéhtd SEStgfont Har the
mat er.

1

50, aPSMEIR T Shect T IR (O A S BRI Ty Taghg ar ity

'secog@l%%q%go qgggﬁéég} content is smaller than 20

at % separat’ on en t'he grains by the grain

boundary iz3 Qf t &hd ReufddGient rnlaj]fr}gé%ect Oafei’}{ ﬁiéo%x@ary

larger than 80 at% the crysta nren

secondgipderilsayiys 19flan dethriteariatie S iR Fodnly ONe
enbodi nent of the invention, the thickness of the

secostbsndertliaydry in® Gol ito s20 ution Wvidke e ediv®nita] as
of the invention, the thickness of the second 25

undeithgy g iins compontdtnmt Ithet e ytdtiadkrgesinss swl lem be

than 0.1 nm it is often difficult to well cover the

enti BEeH BA thee madnt iFosipeesnti ©f dhger ntatari20 .nmIn
addition, it is also possible to use one or more types
of compounds such as oxides, nitrides, carbides, and
borides of, e.g., Si, Ti, Al, and Mg.

In one embodiment of the invention, the content

of the material forming the grain boundary region is
20 to 80 at% with respect to the total composition of
the second underlayer. 1If the content is smaller than
20 at%, separation between the grains by the grain
boundary is often insufficient. If the content is
larger than 80 at%, the crystal alignment of the
second underlayer often deteriorates. Also, in one
embodiment of the invention, the thickness of the
second underlayer is 0.1 to 20 nm. In one embodiment
of the invention, the thickness of the second
underlayer is 1 to 10 nm. If the thickness is smaller

than 0.1 nm, it is often difficult to well cover the

entire film. If the thickness is larger than 20 nm,



17 the distance between the nagnetic head and soft
magneti ¢ backing | ayer increases, and a so-called

" spacing |l oss often deteriorates the
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recordi ng/ reproduction characteristics as the magnetic
5 recording nmedium Furthernore, as the second

underl ayer, it is also possible to use a nultilayered
structure in which two or nereltayers are stacked.
These | ayers have the sane conbi nation of two or nore
types of materials 10 form ng the crystal grains and
gr ai releouhidatran dee Pattweerbuthdanvey i f f e resd 4 composd £4 on
ratios. In this case, the second underlayer is forned
by amlagpetiin beoritiast laydh irerddgest, unoerd ayefca Bred
a layer in contact wwth the third underlayer. In one
enbofRREHMN Dflasfe o 9mdahidwimraties cd ent of Si
formng the grain boundary region is smaller in the

| ayer*S édﬁgga@teprvact%ttw fahestaqhifterdtayes aharhe magnetic
the lLayer j.n contact wth the third underlayer. In

t he §%%€ﬁ'lﬁﬁh§F¥§95W, the alignnment of the crystal

grai ns oft by the influence of the , |

nat eri al f%%r#% ee’graaslzgthebo%%cooeﬁ ?’bcg?%]rﬁy%fe ¥k also
|l ayepofs@rmad @n the fjr : r..J s .equivalent, to

t he F)nist ilal | ayer in at r@ltslteic%gﬁeye% etr‘#uacyteu%e ¥t Ch two

cont et mafret he I fRiddng t Nl '
ret he yEaierniral stfHadng ﬂﬁéégwﬁg%?r\Mﬁﬁ{F;ﬂﬁ%

large in this layer, the 25 alignment of the
secosdmendenbayert ican diRWeY &r nldl*eoﬂ%p%@%ﬁ MRtefals
|

the invention, the thickness of the rst |ayer

f or mMé@roinghéhei sty siwededrayiers iahd).gkain boundary region,
but have different composition ratios. In this case,
the second underlayer is formed by a layer in contact
with the first underlayer, and a layer in contact with
the third underlayer. 1In one embodiment of the
invention, the content of Si forming the grain
boundary region is smaller in the layer in contact
with the first underlayer than in the layer in contact
with the third underlayer. In the second undérlayer,
the alignment of the crystal grains often worsens by
the influence of the material forming the grain
boundary region. The first layer formed on the first
underlayer is equivalent to the initial layer in the
second underlayer. If the content of the material
forming the crystal grains is large in this layer, the
-alignment of the whole second underlayer can improve.
In one embodiment of the invention, the thickness of

the first layer formed on the first underlayer is 0.1
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18 to 2 nm If the thickness is smaller than 0.1 nm

the alignment is often difficult to inprove. |If the
thickness is larger than 2 nm the size of the crystal
grains often increases. 5 In the second underl ayer,

the Si content in the first layer is preferably 5 to

30 at% and nore preferably, 10 to 15 at% If the S
content in the first layer is |Bgef than 30 at% the
difference fromthe Si content in the 10 layer in

contact with the third underl ayer decreases, so the

al i grimer®t rirs. ofiferthdi ffiictkrted0 fisuresided fthdrhe@ .S nm, the
content is smaller than 5 at% the size of the
crystedligpmenis iof tafit emclidiSiesiltAlso, inpraore.  If the
enbodi nent of the invention, the Si content in the 15
secofd I &SS & 3031980 tHaw A MhdS sdoret exfi tihe crystal
| arger than 80 at% the crystal alignnment tends to

det eFéYate CHYeT HE e ‘ent is smaller than 30 at%
the differ fromthe Si content in the first |ayer
tends to c}z’g?c:haeses,ecsoon HES8 5 bt tﬂ%fy Ye COP-ent In the

0111 12Glsle 1YY §r HUG HAIR) 01 N3 407 AP 1o e

per pendi cul ar magnetic Trecording 1ayer cd

~uni f erv@fard SR8l 11 by o Makigag the crystal grain

dianeters in the second underlayer uniformand small
25 The thivfd umdesil ayertdri: fior el o tdte 103t ned 1arger

second underlayer. The third underlayer has a function

of than 30 at%, the difference from the Si content in the
layer in contact with the third underlayer decreases,
so the alignment is often difficult to improve. If
the Si content is smaller than 5 at$%, the size of thé
crystal grains often increases. Also, in one
embodiment of the invention, the Si content in the
second layer is 30 to 80 at%. 1If the Si content is
larger than 80 at%, the crystal alignment tends to
deteriorate. 1If the Si content is smaller than
30 at%, the difference from the Si content in the
first layer tends to decrease, so the alignment may be
difficult to improve.

The crystal grains of the perpendicular magnetic
recording layer can be made uniform and small by
making the crystal grain diameters in the second
underlayer uniform and small.

The third underlayer is formed on the obtained

second underlayer.

The third underlayer has a function of
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19 transmtting the grain dianmeter and alignnent of

the second underlayer to the magnetic recording

| ayer. The third underlayer also has a function of
preventing diffusion of an inmpurity fromthe second
underlayer. 5 It is inportant that the third

under |l ayer have a crystal face by which the magnetic
recording layer can epitaxiall}y9grew. As a naterial

like this, a closest packed face such as a

face- centered cubic lattice or hexagonal 10 cl osest

pack &d astamiditimeg dess e in apipesrtse oaridiea Lingerday esf the

surface. The material formng the third underlayer
preféﬁﬁﬂ sotedilpyest teddie orondti reuhrdiRg Ryer.

3n x%vapese netal s have the advantage that the
cr ys 45 WOAG R Y& et M Hae shdundtiian 16f preventing
thic alla haV|n hi s antag it is
possrébﬁltsolol?ser% ¥“ ygafltqoé%lét MeFMhgre T Fayer .
and K., , CrPtB These naterlals
have the a%gn%%ltt ﬁ:a he rraé]r%ertq Gie g hakrerd
easi ly E%WSf%Q!t onyt

vS e @9 Qllhll)é:h q:heh(f‘r{ggn?eql c{};rucjtnl'ﬁ_ ]_eagler can

under | ayer may al so be given a granu
addlﬁglaﬁxQéQQ@ idw.1 de, and car bi de to t he above
nmetal material. That is, when crystal grains nade of

t he above Metaalmaares isr rawrdedh iy, %.dﬂdﬂébﬂxﬁHEEHd face
regi on made of an oxide, nitride, and 25 car bi de,
graiﬁuﬁbuﬁ@aﬁyf@teucEmmerbeb&mE&c maimuhﬁ,oﬁﬂhbxagonal
division of grains in the magnetic recording |ayer

f or nEd 0§/ stheackiedd stimgetivape desdralpd y appears on the

underlayer surface. The material forming the third
underlayer preferably contains at least one of Pt, Pd,
Ru, Rh, Co, and Ti. These metals have the advantage
that the crystallinity is'high even with a small film
thickness. As an alloy having this advantage, it is
possible to use, e.g., RuCr, alloys containing Rh, Re,
and Hf, CoCr, CoCrPt, and CoCrPtB. These materials
have the advantage that the magnetic recording layer
easily grows epitaxially on them.

The third underlayer may also be given a granular
structure by adding an oxide, nitride, and carbide to
the above metal material. That is, when crystal
grains made of the above metal are surrounded by a
grain boundary region made of an oxide, nitride, and
carbide, the grain boundary structure becomes
distinct, and division of grains in the magnetic

recording layer formed on the third underlayer can be
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20 accelerated. The perpendi cul ar magnetic recording
| ayer is epitaxially grown on the third underlayer. In
this nmanner, the fine uniformcrystal grain dianeter

5 structure obtained in these underlayers can be

i ntroduced to the perpendicul ar magnetic recordi ng

| ayer. The perpendi cul ar magnetic recording |ayer used
in the present invention can-camaih Co and Pt as its
10 mai n conponents. This perpendicul ar magnetic
recording layer may al so be forned by stacking two or
nor e awBgietiatedecor di ng | ayers having different
conmpositions. In addition, heating and cooling _
processes Ty re mreriyl @elrd ommeegh defors et afd eYafét ms
15 formation. As the material fornming the _ .
per p&rditédiarl L yhagieatn o dder divigd ayelgrliayds.  In this
possible to use, e.g., .a CoPt alloy, CoCr all oy,

CoCr PETRS oy PG & s Wi tsym gttt grainpylianeter

CoCrRt-Si Q2 all oy, .CogPtO all oy, and 20 CoCrPt-Ti 02
al | o%rﬁr?%&]fée 8%@&‘\?&9%@&%&)/ Y 3YGFS £an be
CoCr ' I Qy, Cr Pt | ].0y...and _ CoCr.Pt-Ti 02 ,
a||o$kggﬁgﬁﬁéﬁ§§§. e g%ﬁ%ﬁ%ﬁ; %%ﬁaqﬁ%§é%%ﬁuﬁﬁ%ﬁﬁ§%ng
that 1bRercrystal alignnment is high, the magnetic

ani sotropy is large, and the thermal decay 25

resi stancehes giirglandA JRGNC TR WD Y 1ayer used

cont ai ni ng oxygen has a distinct grain boundary

regi am, taedpraschet Herwetitdiohe dahe JBAREIN €o and Pt as its
main components. This perpendicular magnetic
recording layer may also be formed by stacking two or
more magnetic recording layers having different
compositions. 1In addition, heating and cooling
processes may also be performed before and after film
formation.

As the material forming the perpendicular

magnetic recording layer, it is possible to use, e.g.,
a CoPt alloy, CoCr alloy, CoCrPt alloy, CoCrPtB alloy,
CoCrPtTa alloy, CoCrPt-SiO» alloy, CoCrPtQO alloy, and
CoCrPt-TiO2 alloy. In one embodiment of the
invention, a CoCrPt-5i0)p alloy, CoCrPtO alloy, and
CoCrPt~TiOp alloy can be used. These alloys have the
advantages that the crystal alignment is high, the
magnetic anisotropy is large, and the thermal decay
resistance is high. A magnetic recording layer
containing oxygen has a distinct grain boundary

region, and can better divide the magnetic
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interaction. At |east one protective filmcan be

formed on the perpendi cul ar magnetic recordi ng | ayer.
Exanpl es of this protective filmare C, dianond-1like
carbon (DLC), 5 SiNx, SiOx, CNx, and CHx. The soft
magneti ¢ backing layer, first, second, and third
under | ayers, perpendicular nmagnetic recording |ayer,

and

protective filmcan be forned by wvarious film

formati on techni ques, such as sputtering, 10 normally
used in the field of magnetic recording nedia. For
exanplrgenactiomossi ble to use DC nmagnetron
sputtering, RF magnetron sputtering, and vacuum
evapor ati drt Way, atherpraoieoriveris iy pesn de nideiddilen the

are

to 15 be mxed, it is possible to use

si ngPEAPANGECU eyt et usianp r isunpesian t degeatplers of

t he

sinu%ﬁaneous nmulti-target sputtering using targets of

WEREAC dtSe rfildm™s 258 1Qubrdicaansy Jidee cagdiprbe( DLC) ,

form§1ﬁN1Eﬂf)squﬁﬁg&ﬁﬂ%éﬁﬁéhe per pendi cul ar

magnéti &'r Ecordi n

, the surface of the

magnetic rg] 0 . surface of_th
ﬁ\%o ikl ni/aa%ng% %%gﬁa{lﬁ(em WA ity second,

protective

| ubr ize@nt RUEh ARiRarh ) 0 eﬁa&cdﬁéﬁﬁd%%ﬂéﬁ¥é‘

coating, or the like. 25 Fl IS a sectio

ayer, b

VI ew

scheratdotaling 3RQWMY arld@ AHRMAGEH: 18 @n be formed by
per pendi cul ar magnetic recording nediumaccording to

an ewbadionsntf idfn tfhenprtdsenttechniques, such as sputtering,

normally used in the field of magnetic recording
media. For example, it is possible to use DC
magnetron sputtering, RF magnetron sputtering, and
vacuum evaporation.

Also, when two or more types of materials are to
be mixed, it is possible to use single-target
sputtering using a composite target or simultaneous
multi-target sputtering using targets of the
individual materials.

A lubricating layer can be formed on the surface
of the perpendicular magnetic recording medium, e.g.,
the surface of the magnetic recording layer or the
surface of the protective layer, by coating the
surface with a lubricant such as perfluoroether by
dipping, spin coating, or the like.

FIG. 2 is a sectional view schematically showing
the arrangement of a perpendicular magnetic recording

medium according to an embodiment of the present
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- 22 invention. A perpendicular magnetic recording
medi um 20 shown in FIG 2 has the sanme arrangenent as
shown in FIG 1 except that a bias application |ayer

8 such as 5 a longitudinal hard magnetic filmor
antiferromagnetic layer is formed between a soft

magneti ¢ backing |layer 2 and nonnmagnetic substrate 1.

The soft magnetic backing | ayer22 readily forms a _
magneti c domein, and spike noise is produced fromthis

10 magnetic domain. The formation of the domain wall

can hevenevemt.ed by applying a bias nmagnetic field to

the soft magnetic backing layer 2 formed on the bias

appl i cat i én Hexjpandd iyl aapplagmeg o negretding inddhidm 20

one direction along the radial direction of the bias
15 aﬁﬁIOWélatlinorEIlGay%r bgs |the $aales @ posidslentt aprehwent in
easy farmation of |arge magnetic donmains by flnekg

di sp&rSirng EXCERET SV oy éﬁkﬁi%@%ﬁl%td?fhﬁrﬂyb%t grich as
| ayer, stacked .structure. Exanpl.es of the Dbias .
ap)rgl chto?lgﬁttlu%}&aln_&iagﬂ glagnfﬁjﬁsef(ﬁi”h quécr{fld%str_;omagnetlc
appl i i-on Al r Pt, CPtB, . a,

o B Cats PonE. BeoradE = CSETplRE i MARK Hg layes
CoCr Bt Eﬁwanogﬁ%g‘ne@%t sub¥RtQre QOCPLO CoPt - S102,

and CoCrPtO Si OZ. The bias application |ayer can be

R R b LV

pr eseagneitdeedbmain, i nds spake Blog k0 1¥S@rRitbed from this
magnetic domain. The formation of the domain wall can
be prevented by applying a bias magnetic field to the
soft magnetic backing layer 2 formed on the bias
application layer 8 by applying a magnetic field in
one direction along the radial direction of the bias
application layer 8. It is also possible to prevent
easy formation of large magnetic domains by finely
dispersing anisotropy by giving the bias application
layer 8 a stacked structure.

Examples of the bias épplication layer material
used in the bias application layer 8 are CoCrPt,
CoCrPtB, CoCrPtTa, CoCrPtC, CoCrPtCuB, CoCrRuB,
CoCrPtWC, CoCrPtWB, CoCrPtTaNd, CoSm, CoPt, CoPtO,
CoCrPt0O, CoPt-SiOy, aﬁd CoCrPt0O-Si0s5.

The bias application layer can be formed by a
film formation method such as sputtering.

As the nonmagnetic substrate used in the present

invention, it is possible to use, e.g.,



10

15

20

25

- 23 alumnosilicate glass, chem cal reinforced

gl ass, an Al -based alloy substrate such as an Al My
substrate, and nonnagnetic substrates havi ng hi gher
heat-resi stant tenperatures such as a crystallized 5

gl ass substrate, Si substrate, C substrate, Ti
substrate, surface-oxidized Si substrate, ceramcs,

and plastic. The sanme effect-ca3 be-expected even

when the surface of any of these nonmagnetic

substrates is plated wth an NiP alloy or the Iike.

10 Fledurgniosid jmarttd aillas sx pihedeitqienspemd e digWss, an
showi_ng an exanpl e of a magnetic

r ecoPdig/Seshraddiret isorp dppsaraatsushofast e legeubstrate,
invention. As shown in FIG 3, a perpendicular

magnéticc nf@”%%%@%% Ry isly tHaheresent

|nve%t%%n tan Iar box hou5|ng 31 havi

open uppeFe€ﬁ§ an&n (ﬁmﬂrxﬂﬁéﬁihﬁﬁd
scregqgs%oshggtr@%%§|@g_%}ggxfﬁ plurall yt%%.%;;ems to

| os en “uppér “en “Housi®

hOUSb%%s%kaﬁ%us%%f%a%%LE%ﬂ%H%%ba%1”%%@%&&atere%%&%%& s,

medi um 32 according to the esent” i nventior
spi néhel PRLerRiZ3 aghd @%h%'%&f@%%n%akoﬁe %%%@%yéd“%ven

and rotating the perpendicular nagnetic

medi wired2 the sagifeidec dfeady34 whiheh e eAREYNE 1%”0'
reproduces magnetic signals with respect to the

magnétbstretersdiing piadiednwd2h anhede actvat o 3meanhiicle .
has a suspension having a distal end on which the

FIG. 3 is a partially exploded perspective view
showing an example of a magnetic
recording/reproduction apparatus of the present
invention.

.As shown in FIG. 3, a perpendicular magnetic
recording apparatus 30 of the present invention has a
rectangular box housing 31 having an open upper end,
and a top cover (not shown) which is screwed to the
housing 31 by a plurality of screws to close the open
upper end of the housing.

The housing 31 houses a perpendicular magnetic
recording medium 32 according to the present
invention, a spindle motor 33 as a driving means for
supporting and rotating the perpendicular magnetic
recording medium 32, a magnetic head 34 which records
and reproduces magnetic signals with respect to the

magnetic recording medium 32, a head actuator 35 which

has a suspension having a distal end on which the
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- 24 magnetic head 32 is nmounted, and supports the
magnetic head 34 so that it can freely nove with

respect to the perpendicular magnetic recording

medium 32, a rotating shaft 36 which rotatably

supports the head actuator 5 35, a voice coil motor 37
which rotates and positions the head actuator 35 via

the rotating shaft 36, and a head anplifier circuit

38. The present invention will be described in nore

detail below by way of its exanples. 10 Exanple 1 A
nonmaguyetsita cs Uiestar B2e irndewft el glass Sigisdfad ehd Glaghetic
2.5-inch magnetic di sk was prepared. This nonmagnetic
substeate as pltdedd ditn canv dnaehy ofrarseri travierpect to the
vacuum degree of 1 x 10-5 Pa. The 15 substrate .

t enpEFEPENE Lidd T &egasdd Q@ ¢ eZB0T 1 ngn dhedd umheigheta arptating

sputterin s perforned in an Ar anbient at a gas
pfessﬁﬁétgﬁvég.w ek rgtedab livh & Whkaigh dhiec hasstaciuator

was osed t.g a target, a 500 Wwere di scharged,

to t getérggﬁcfocoig %5Fﬁga%%0%ﬁ$4%ﬂ§ﬂﬁq§eqzﬂﬂﬂ %§§%¥l°ns
backi [ | ayer... this. Cr .layer, - nm

Ui oF olr B SPGrPsodgms: M BT e FSed At 2 dnd 2
appl heatl amp1liayer 3%+t kg obtai ned CoCr Pt

ferromagnetic layer, a 150-nmthick CoZrNbo soft

magneti ¢ lraekipi@ deadteri it if RBA:1 be described in more
detail below by way of its examples.
Example 1

A nonmagnetic substrate made of a glass substrate
for a 2.5-inch magnetic disk was prepared.

This nonmagnetic substrate was placed in a vacuunm
chamber having a vacuum degree of 1 x 1072 Pa. The
substrate temperature was increased to 250°C, and DC
magnetron sputtering was performed in an Ar ambient at
a gas pressure of 0.6 Pa.

First, the nonmagnetic substrate was opposed to a
target, and DC 500 W were discharged to the target to
form a 40-nm thick Cr layer as a backing nonmagnetic
layer.

On this Cr layer, a 25-nm thick CoCrPt
ferromagnetic layer was formed as a bias application
layer.

On the obtained CoCrPt ferromagnetic layer, a

150-nm thick CoZrNb soft magnetic backing layer was

formed.



- 25 After that, the tenperature was decreased to

room tenperature, and 500 Wwere discharged to a Ti
target to forma 10-nmthick Ti first underlayer on
the CoZrNb soft magnetic backing layer. 5 Then, DC

. 500 Wwere discharged to an Al-Si conposite target to

10

15

20

25

form on the first underlayer, a 10-nmthick A'S

| ayer having a conposition ratizb of- Al -45at%5i in the
filmas a second underlayer. The conposition in the
filmcan be checked by, 10 e.g., an energy dispersive
X-ray spectfitalr atradty,zaethe USdniig: ria iU B SHE S Sd e 8 0€d 1) room
m croscope (TEM EDX), inductively coupled

pl asFer@erate ren $idod 0dp dic tweo=c ajiys qHaGRreAES)a 0IT iNBSsrget
spectronetry (ICP-M5). An Ru target was then used to

f or mt® £oramet Rilclm thirk {MHi rfd ngidewideydaver tdre the

second _underl gyer. In addition, a _conposite target of
( Co- @grtr(;}gt -SO%%aF@(@nF-tgﬁolbﬁﬁk@WYﬁrepar ed to forma

15-nmt hi CoRt Cr- Si er pendi cul ar ghetic ,
recor di ng%{ﬁgfér %gn 50&8"2#{)?3%4306 q‘ﬂfé’r .aanOAl'Sdl
Fi nal.l Xy gk ective.fil S r .
Aftefot ggéégsgkgtg%oﬁgw%%% 't e Epﬁngn]“&eun&%fy%yer, a

Cont houausky £ HEdT 1.4Re, YacuUY Sharlien s descrled o

above was taken out into the at here, .
thi chlpestiasiopel yakhen1hased dl Wrdesat ingiddilapaeas

formed by di pping, thereby obtaining a perpendicul ar

magnet i ¢ IMaeoicdimp® siediotmMin the film can be checked by,
€.g., an energy dispersive X-ray spectral analyzer
using a transmission electron microscope (TEM-EDX),
inductively coupled plasma-atomic emission.
spectroscopy (ICP-AES), or mass spectrometry (ICP-MS).

An Ru target was then used to form a 15-nm thick
Ru third underlayer on the second underlayer.

In addition, a composite target of (Co-l16at%Pt-
10at%Cr)-8mol%Si0y was prepared to form a 15-nm thick
CoPtCr-5i0p perpendicular magnetic recording layer on
the Ru third underlayer.

Finally, a 7-nm thick C protective film was
formed. |

After the substrate on which the films were
contihuously formed in the vacuum chamber as described
above was taken out into the atmosphere, a 1.5-nm
thick perfluoro?olyether—based lubricating film was
formed by dipping, thereby obtaining a perpendicular

magnetic recording medium.
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- 26 FIG 4 is a schematic sectional view show ng the
arrangenent of the obtained perpendi cul ar nmagnetic
recordi ng medium As shown in FIG 4, a perpendicul ar
magnetic 5 recording nedium 40 has a structure in
which a C nonmagnetic |ayer 19, CoCrPt ferromagnetic
| ayer 18, CoZrNb soft magnetic backing | ayer 12, Ti
first underlayer 13, Al -Si secofd underlayer 14, Ru
third wunderlayer 15, CoPtCr-Si 02 perpendicul ar
magneti c 10 recording |ayer 16, C protective film 17,

| ubricati rRIG. ayeirs (naicishent)c afeesesenty @y Yshowing the
stacked on a nonmagnetic substrate 1. First,

nmeas yraangemandr @ partfeoraiet iored hpe rpeerdiendiatiireignetic
magnetic recording | ayer of the obtained 15

per péfrdicediag «c recording nedium by using a
transm ssion el ectron mcroscope (TEM, thereby .
checki ng t'tfe FrAi™h it dnkt erd «di S RS MATGITE G diy@nettic
grains in t.he secand d.third underlayers and in the
per p&RFCETAY Hﬁfﬁéjtn} ?br &5 & g augrere ?ﬁ’el“@‘rléh; aé(?r

di a i stribytion i.n e | ay was eval uat

Che TSt i doait: & FrrY BonomaE e Hies e
at ”@%@'rmp%@ﬁn%ag%fetﬁ@%a%rfgo 1’&t2ye%08b200c}ri Frste
arbitrary imge containing at I'eas 00 “dr ai'ns "was

| cadeddas lagRge 125 inf-@yinaldmd MrRied 16HRULeN - rNihird
i mage information was processed to extract the

cont andg raf yiehe 15, Ndiofitduals 10,y HedlpeGidaidis.a t IR 1 ¢
checki ng the nunber
recording layer 16, C protective film 17, lubricating
layer (not shown) are sequentially stacked on a
nonmagnetic substrate 1.

First, measurements were performed on the
perpendicular magnetic recording layer of the obtained
perpendicular magnetic recording medium by using a
transmission electron microscope (TEM), thereby
checking the grain diameter distributions of crystal
grains in the second and third underlayers and in the
perpendicular magnetic recording layer. The grain
diameter distribution in each layer was evaluated by
the following procedure.

First, from planar TEM images at magnifications
of x500,000 to x2,000,000, an arbitrary image
containing at least 100 grains was.loaded as ilmage
information into a computer. This image information
was processed to extract the contours of the

individual crystal grains, thereby checking the number
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- 27 of pixels in a portion surrounded by each
contour. The nunber of pixels was converted into an
area by dividing it by the nunber of pixels per unit
area, thereby obtaining an area occupi ed by each
crystal 5 grain. Then, a dianmeter when each crystal
grain was regarded as a circle was calcul ated as a
crystal grain dianmeter fromthe? area of the crysta
grain, and the average value and standard deviation
of the crystal grain dianeters were calculated. Also,
a gr &ifn pikeourdarsy pregiiem havimmraiddimkness dorahaik,
1to 2 nm was observed between the crystal grains.
The aVer agebernodr Pgrails diast amow eaft eche rirgy stralarea by

oLal B ticulaled By ta g Ll graln boundary
coch S0, SRR R LS, iderlopers andne L,
CLyebl el TS S BUS Shcr oy DAL
G g ienl bl an.vss 20 9.5 AL 555 T e

of theageystakrgmaithe hRebher %%%ong%%%ltEE%%ﬁp and the
underl ayers was 10% or | ess. Then, a“plana i mage

| oadedeirae theueoEpd! 8 andd riN@eyARR IFRNRET 33 2hQMT 41
was processed to perform 25 two-dinensional fast

Four gerinr disheteasi erret balehy ageal. uanilrg,t he grain
periodicity of the grain array in the second and
t hi r BoURdakyayesscanbaviegper pendikoelsar of about 1 to 2 nm

was observed between the crystal grains. The average
inter-grain distance of the crystal grains was
calculated by taking this grain boundary region
thickness into consideration.

Consequently, each of the second and third
underlayers and the perpendicular magnetic recording
layer was formed by crystal grains having an average
grain diameter of about 4 nm, and the standard
deviation of the grain diameter distribution was
0.5 nm or less. The difference between the average
inter-grain distances of the crystal grains in thé
second and third underlayers was #10% or less.

Then, a planar TEM image loaded into the computer
in the same manner as above was processed to perform
two-dimensional fast Fourier transformation, thereby
evaluating the periodicity of the grain array in the

second and third underlayers and the perpendicular
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28 magnetic recording layer. An untransforned rea

space inmage of each of the second and third

under| ayers and the perpendi cul ar nagnetic recording

| ayer obviously had the regularity of hexagona

symetry. In 5 addition, four distinct peaks were
observed in a transforned spectral inage. This
denonstrates that the grai mr-ar2&y -has two-di nensi ona
regularity, and, fromthe arrangenent of the peaks,

the grain array has hexagonal symetry. 10 Also, a

| ocaagirérfernt reoreshitratlizgre di stAn buttirems fiarntdie real space
second under| ayer was checked by TEM EDX

Consédiiet 19f, gachnef pdssiasiaonc agehftirimda wideudtayrers and

inclyding crystal grains mainly containing Al and a
graiﬁgﬁbgﬁﬂﬁ¥¥KFéﬁﬁ@H'RQQﬂ%F%RNﬁQQQﬂQﬁ?gﬁ agier Ppviously
surr [ each .crystal grain. Wien X-ray diffraction
neasgggﬂgh% ﬁ§§3&5ﬁ§§ﬁw§5ghﬁﬁqﬂﬂ§ SoMretider | dyer ,

an Al :11),.pe : erved._,VWen | ocki ng curve
msasSﬁg#éc%%on\ﬂa?%u\gﬁﬁlggﬁégtoﬁetamss T §é{<,lnt e

hal f tWaglslF c@fhneldh@ 2% tReak 1Was e I j2ddidd ’tg\rg{%%e that

X-ray diffraction™ nmeasurenert was perforne

per pendi guban aragRehae eedie sidanen. 2 .S
(00.2) peak was oggerved. When Igéking Cug&%@&@%y% %%d’

neas remenhewas rapefetente @ for hichip® a®80r PheSifd2 i0&13)ay has
peak, the 25 half-wi dth of the peak was 5, i'ndicating

t hat hewagopedpeydimedirar. magnetic recording | ayer had
high crystallinity.

Also, a local element concentration distribution
in the second underlayer was checked by TEM-EDX.
Consequently, it was possible to confirm a structure
including crystal grains mainly containing Al and a
grain boundary region mainly containing Si and
surrounding each crystal grain.

When X-ray diffraction measurement was performed
on the second underlayer, an Al (111) peak was
observed. When locking curve measurement was
performed on this Al (111) peak, the half-width of the
peak was 7°. In addition, when X-ray diffraction
measurement was performed on the perpendicular
magnetic recording layer, a CoCrPt-Si0y (00.2) peak
was observed. When locking curve measurement was
performed on this CoCrPt-SiO» (00.2) peak, the
half-width of the peak was 5°, indicating that the
perpendicular magnetic recording layer had high

crystallinity.
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29 A magnetic field of 1,185 A/m (15,000 Ce) was
applied outward in the radial direction of the
circular substrate of the obtained perpendicul ar
magnetic recordi ng medi um by using a magnetizing 5
devi ce having an el ectromagnet, thereby magneti zi ng
the ferromagnetic | ayer of the bias application |ayer

.in the longitudinal radial dirextion. The

recording/ reproduction characteristics of the

magneti zed perpendi cul ar magneti c recordi ng nedi um 10
wer e eval Gatedhrimt itsifige IReagk Wi 185 Anah yzes, d682oa@ndyas
Spi nstand S1701MP manuf actured by GUZI K Techni cal

Ent egpildes ofutieed).i® AheAs aaliradc alii regdtriepr adudtieon
head, a head usi n single magnetic pole as a

r ecoFc’Hrr‘Fg’_:j1 6T tslu&*?gcefﬁd'—et R rrdgn etidradsiest v estdiontl ars
15 a_re r duction el.ement and having a recording track
wi dt 280155 TRcatd S ét}ﬁddd%fbthymmt%@ wagnetgrzing

i ahra SR linshat edelt oo “@Eﬁ'&eﬁf At aqRiar 1 2ing
t t.ne radi.a
3??2%?‘?25%% et tl@‘%f et S S Laver

(repredugti q%n%ll%%ﬂln%qt &%fdlél %Htr%@tll%% a | inear

recordi ng density of 119 kFCI, Nm value ‘of rns [root

mean squarelk’ %c&@lkﬁq%ﬁo&%tqaﬁcﬂﬂa@égﬂﬂso{lcaz%f the

the attenuation value at a | owfrequency output of
kFCl magnan izedeyeabetde cuherala gdecdy: &%%dﬂdﬂﬂ§3méﬁ¥%m

as high as -0.005 dB/ decade.
were evaluated by using Read-Write Analyzer 1632 and
Spinstand S1701MP manufactured by GUZIK Technical
Enterprises of the U.S.A. BAs a recoding/reproduction
head, a head using a single magnetic pole as a
recording portion and the magnetoresistance effect as
a reproduction element and having a recording track
width of 0.25 pm and a reproduction track width of
0.15 pum was used. Also, the measurement was performed
at a disk rotational speed of 4,200 rpm in a fixed
position 22.2 mm from the center in the radial
direction.

Consequently, the medium had a high SNRm
(reproduction signal output S: output at a linear
recording density of 119 kFCI, Nm: value of rms [root
mean square] at 716 kFCI) of 27.5 dB. 1In addition,
the attenuation value at a low-frequency output of
50 kFCI as an index of the thermal decay resistance

was as high as -0.005 dB/decade.
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- 30 Conparative Exanple 1 As a conparative

per pendi cul ar magnetic recording nedium a

per pendi cul ar magneti c recordi ng nedium was obtai ned
followi ng the same procedures as for the 5

per pendi cul ar magneti c recordi ng nedi um of Exanple 1
except that no first underlayer was formed. The

obt ai ned per pendi cul ar magneti 3@ ecordi ng nedi um has

the sane arrangenent as the perpendi cular nagnetic
recordi ng nmedi um shown in FIG 4 except that 10 no
firstCompderltdayer Hxarfodrendd. . X-ray diffraction

neasur enent was perforned on the second underl ayer,

but no Al ASlBElcCopwaicalds e glesgrarsti.culfeen mégratic recording
diffraction neasurenent was perfornmed 15 on the

per pBRELETY aP REFRENCE Cud@sr aagg eltdFerecaprddoar Peddiuop was

00. 2 eak s .Qbserved. Wen | ocking curve

Enaas aﬁéﬁéﬁﬁ%&g%@wwﬁg@%ﬁw LresEPres @8 foon.the
eak | f-w dth of the peak was 15. Al so,. TEM
hoasbeehentd il As bleRs igs T A HE Y, Begi b tag b e 1

thir@x%ﬁg%{kﬂﬁ%rﬁpa? rEQeuH%%gggyéﬁmﬁﬁ Faggnet i

recordi ng |layer o e obtain erpendi cular

magnet i ¢ MRGOHAA ndRMigd B drdI&R% :C R & Ne H@iihg

di anmeter distributions of the crystal grains.

Conseguenhl Yiast Reeseaned aard nllined tuREekhay @t il ar
25 perpendi cul ar magnetic recording |ayer had grain

di ametgnediist riebotriding akdiQnt ehd@nnmn Wien uhexcept that
recordi ng/ reproducti on characteristics
no first underlayer is formed.

X-ray diffraction measurement was performed on
the second underlayer, but no Al (111) peak was
observed.

When X-ray diffraction measurement was performed
on the perpendicular magnetic recording layer, a
CoCrPt-5i0, (00.2) peak was observed. When locking
curve measurement was performed on this CoCrPt-S5iOj
(00.2) peak, the half-width of the peak was 15°.

Also, TEM-measurements were performed on the
second and third underlayers and the perpendicular
magnetic recording layer of the obtained perpendicular
magnetic recording medium, thereby checking the grain
diameter distributions of the crystal grains.
Consequently, the second and third underlayers and the
perpendicular magnetic recording layer had grain

diameter distributions of 10 to 30 nm.

When the recording/reproduction characteristics
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31 were evaluated in the same manner as in Exanple 1,

the SNRmwas 12.8 dB. Furthernore, the attenuation

value at a |l owfrequency output of 50 kFCL was -0.25

dB/ decade. 5 Accordingly, the crystal grains of the

second and third underlayers and the perpendicul ar
magnetic recording |ayer were finer, the grain

diameters were nore uniform &aid the crystallinity

were higher in the nmediumof the present invention of
Exanple 1 in which 10 the Ti first underl ayer was

f or neé reharalmatteel inomhentsiaaeamamdizu@sofi "Congaidld 1§ the
Exanmple 1 in which no first underlayer was formed. In

addi N8m, welse 12r.8cdiBdi nglirepeatheats, ot heh artdeneritstone s

of the_nmedium of the present invention of Exanple 1

wer e VadH&r Adr 2t ¢ OV5 frREFENSlY ©OhE PeGn N Si0okdICLnedi um

of Conparatiye anple 1. Conparative Exanple 2 As a
conngEtrsezéePB C@G€ar magnetic recording medi um

a perpendi,cul ar,.magneti ¢ recordi ng nmedi um was ., 20

obt ai ned foITCGG NS e © §h§rﬁF% FrEE s For-hehgecond and
perp L.gu iC c [ [ f. Ex le .l
Cccont f at o ALV ELFg P B RS B TR e R B

thiCKeéer@M%rl@%e&h%e§%c@Eﬁe&@d%%%aﬁﬁégngﬁa%gkgkge%ere

per pendi cul ar magnetic recording 5 m has the
SanEmaEéang&ﬁBﬁh,a%nﬁhQh@ebﬁgﬁ@bQQH@ﬁty”@@&%thﬁgher in the

recordi ng nmedi um shown in Fl 4 except for the
secomddindepifayée. present invention of Example 1 in which
the Ti first underlayer was formed than in the
conventional medium of Comparative Example 1 in which
no first underlayer was formed. In addition, the
recording/reproduction characteristics of fhe medium
of the present invention of Example 1 were superior to
those of the conventional medium of Comparative
Example 1.
Comparative Example 2
As a comparative perpendicular magnetic recording
medium, a perpendicular magnetic recording medium was
obtained following the same procedures as for the
perpendicular magnetic recording medium of Example 1
except that an Al target was used to form a 10-nm
thick Al layer as the second underlayer.
The obtained perpendicular magnetic recording
medium has the same arrangement as the perpendicular
magnetic recording medium shown in FIG. 4 except for

the second underlayer.
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32 Wen X-ray diffraction neasurenent was perfornmed

on the perpendi cul ar magnetic recording | ayer, a
CoCrPt-Si 02 (00.2) peak was observed. Wen | ocking
curve neasurenment was performed on this CoCrPt-Si 02 5
(00.2) peak, the half-width of the peak was 12. Al so,
TEM neasurenents were perfornmed on the second and
third underlayers and the perpeui cul ar magnetic
recordi ng |ayer of the obtained perpendi cul ar nmagnetic
recordi ng nmedi um thereby checking the grain 10

di anet er dihetr iXoutayorsi fiffr diel cor yedaadugRims .was performed
Consequently, the second and third underlayers and the
per peRditEE Berpegadciud arepadientg d aypen tidthograiyer, a

di amet er distributions of 15 to 30 nm Wen the
recoFGFﬁﬁFréﬁp@dd@plgﬁ Elsakasesr iobsiegyedt5 Weree locking
evaluated in_the sane manner as in Exanple 1, the

SNRM-WaY €1 T8 SHESTER Lt HESREE; fotrﬁ@datot“eﬁ@&tsl @rﬁ?C\rﬁtué‘lOz
t g t. of. kECL

aey 3egg\é\2 Reek aths I§7plilfhg'lg sedl t&lealpﬁ§kof"atshézo
second ang 520 glng%ﬁﬁg%ﬁ%%@%%rsv%ﬂ% %Qﬁgp%%g%ﬂdlc% &

magnetic recor ayer were finer

di anBtebadWBhE tAREE URLEenHY 2R shike QLY L3ty 14y
was higher in the nmediumof the present AVENti on o

Exanpbgnétin whteRdiAly- $by%@5o@sQﬂea%bkﬁﬁn%%c%QQpendlcular
underl ayer than in the 25 conventional nedi um of

ConpasghetécExanpkaifgi medhuah tAeredy dpedkasdt hde grain

second underlayer. In addition, the

recodﬁﬁmgtﬁépdgducnbohloharaftEhesbmgstaﬂ ghains.
Consequently, the second and third underlayers and the
perpendicular magnetic recording layer had grain
diameter distributions of 15 to 30 nm.

When the recording/reproduction characteristics
were evaluated in the same manner as in Example 1, the
SNRm was 11.8 dB. Furthermore, the attenuation

~value at a low-frequency output of 50 kFCL
was -0.15 dB/decade.

Accordingly, the crystal grains of the second and
third underlayers and the perpendicular magnetic
recording layer were finer, the grain diameters wefe
more uniform, and the crystallinity was higher in the
medium of the present invention of Example 1 in which
Al-5i was used as the second underlayer than in the
conventional medium of Comparative Example 2 in which

Al was used as the second underlayer. In addition,

the recording/reproduction characteristics of the
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33 nediumof the present invention of Exanple 1 were
superior to those of the conventional nedi um of
Conparative Exanple 2. Exanple 2 5 Al-x at%si targets
(0O at%5 x <_ 90 at% having various conposition
rati os were prepared as second underl ayers.
Per pendi cul ar magnetic recordi ng nedia were
manuf actured foll owi ng the san83rocedures as in 10
Exanpl e 1 except that the Al-x at%si conposite targets
havi ng vari ous conposition ratios were used instead of
t he medgumcodpsdiet @resegst inveertdoy vwir Exasipy ec hangirzg
the conposition ratio. The obtained perpendicul ar
wagnéPP@rﬂééoFelﬁ@OSfSOﬁe&hé Fave enlié osade mediangerfent
etic recordi ng medi um shown

as er pendi c n
in F EPg&rsiéaﬁt%ﬁamp th second underl ayers. Grain

di a asurenents and recording/reproduction
cha?gcshpggt?c evaluatlons mere 20 perforned on the

second ang ;thir.d.und nd . th per gendi
magneti ¢ gec%r %qlg e f thgtob%éﬁnedggaFqus%aVlng

perp@BQh@HEanHBQBQEEBnr§§9F8%nger%§g IIOQ%ngﬁc%%d

same procedures as in

secounddapdat/bBired underlayers 25 and the perpendlcular

magnetic recording |layers had grain dianeter

dlstrlbutPem@enﬂléuﬂarlaa@ﬁbtébsQecbh@1n§t@%@abdwere

devi ati ons of the grain dianeter
manufactured following the same procedures as in
Example 1 except that the Al-x at%Si composite targets
having various composition ratios were used instead of
the Al-Si composite target, thereby variously changing
the composition ratio.

The obtained perpendicular magnetic recording
media have the same arrangement as the perpendicular
magnetic recording medium shown in FIG. 4 except for
the second underlayers.

Grain diameter measurements and
recording/reproduction characteristic evaluations were
performed on the second and third underlayers and the
perpendicular magnetic recording layers of the
obtained various perpendicular magnetic recording
media following the same procedures as in Example 1.

Consequently, the second and third underlayers
and the perpendicular magnetic recording layers had

grain diameter distributions of 4 to 10 nm. Also, the

standard deviations of the grain diameter
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34 distributions were 0.5 to 1.5 nm indicating good
results. Furthernore, planar TEMinmges | oaded into a
conmputer in the sane manner as in Exanple 1 were
processed to perform two-di nensional fast Fourier 5
transformation, thereby evaluating the periodicity of
the grain array in the second and third underl ayers
and the perpendi cul ar magnet+c 34&cording | ayers. As a
consequence, four distinct peaks were observed. This
denonstrates that the grain array has two-di nensi ona
10 r elguitariiut, i caved wefrreor tthe carlr i geve nitndif o 4 thien p epdesd
this grain array has hexagonal symretry. In addition,

| ocalFeslvdifent dorrddmnmsteon rdiastan BIEM dmsades tlheaded into a
second under| gyers were checked by using TEM EDX

Cons EQUENMTSF, 11t GRES SSRGS MR Qo o riv e v tigre

15 includin rystal grains majnly containing Al and a
grai & bound rO§ troeéﬁeorrf%ﬁér} %W'M%%W@f Fourier
surr [ rystal_grain. FIG. 5 is a graph,, |,
shovmeﬁgg‘ts% r%%lctgtoi%d nzcﬁll%ﬁ et Y He i t%Eeo Q4 G-ty of

rati Qh@n%r\gwﬁma%‘}%gfq & 4 rﬁ%cﬁ)trflaor}ﬁ'g:i gcnrgﬁ{eaﬁ%et eaeyseirs

conposition ratio crystal grain In

Al - X agild%®8ihes @ n diRIEH rA%RIFre tA S W 01 J apyr 1S as a
the SNRm when the Si  conposition ratio was at% (0

_< Xceons@@uendequivarl bl st3An e psentie AN S EMEIALE  This
grain dianeter when the Si conposition ratio was x at%

(0 5demons3@rtehs thladwt hien grlaGn Zrrshemddhawo-dimensional

conposition ratio of
regularity, and, from the arrangement of the peaks,
‘this grain array has hexagonal symmetry. In addition,
local element concentration distributions in the
second underlayers were checked by using TEM-EDX.
Consequently, it was possible to confirm a structure
including crystal grains mainly containing Al and a
grain boundary region mainly containing Si and
surrounding each crystal grain.

FIG. 5 is a graph showing the relationship
between the Si composition ratio and SNRm and the
relationship between the Si composition ratio and
crystal grain diameter, in the Al-x at%Si second
underlayers.

A curve 101 represents the SNRm when the Si
composition ratio was X at% (0 £ x £ 90). A cuive 111
represents the average grain diameter when the Si
composition ratio was x at% (0 < x £ 90).

As shown in FIG. 5, when the composition ratio of
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- 35 Si formng the grain boundary region of the
second underlayer was 20 to 80 at% the average grain
di aneter of the second underlayer was small, and as a
consequence the SNRm was high. 5 Also, the attenuation
values at a | owfrequency output of 50 kFCl were as
high as -0.005 to -0.05 dB/decade. Exanple 3 My-x
at¥si targets (0 at%5 x < 90 3¢ %9- having 10 various
conposition rati os were prepared. Perpendicul ar
magneti c recordi ng nmedi a were manufactured follow ng

t he Sdmgopmdeedwhes gas iinn boorad e re@ereRis thal ddheng

My-x at %G conposite targets having various
conposideirdr yeat ivas \REr ecused attst ek efvell dehey TSI
conposite target, thereby variously changing the
conpédiefederr &tfi dhef stelvwnsie cowie nlagerd ayer snBid, and as a
obt ai ned per pendi cul ar nagnetic recording nedia have

t he S8RECEMNCASGerbSt SARN Waspédgéndi cul ar nagnetic
recordi ng di um shown in FIG 4 except for. 20 the

mat eri al s 24587 c SRS Sitticonatdroy adiiash e tséc dmy-frequency

under s. G-ai n_di_amet er _nmeasur enent
recoPgsﬁg%rggrgguéFg&nwgﬁgrgét 98t BS é&a%@gtions wer e
perfopmed @8 Hho secaad and third underlayers and the
25 perpendi cul'ar magnetic recording |ayers of the

obt agggdpvar ious perpendi cul ar nmagneti c recordi ng
medi a foFIomﬁng the sane procedures as in Exanple 1.

Mg-x at%Si targets (0 at% < x < 90 at$%) having
various composition ratios were prepared.

Perpendicular magnetic recording media were
manufactured following the same procedures as in
Example 1 except that the Mg-x at$Si composite targets
having various composition ratios were used instead of
the Mg-Si composite target, thereby variously changing
the composition ratio of the second underlayer.

The obtained perpendicular magnetic recording
media have the same arrangement as the perpendicular
magnetic recording medium shown in FIG. 4 except for
the materials and composition ratios of the second
underlayers.,

Grain diameter measurements and
recording/reproduction characteristic evaluations were
performed on the second and third underlayers and the
perpendicular magnetic recording layers of the
obtained various perpendicular magnetic recording

media following the same procedures as in Example 1.
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36 Consequently, the second and third underlayers and
the perpendi cul ar magnetic recording |ayers had grain
di ameter distributions of 4 to 10 nm Al so, the
standard devi ations of the grain dianeter 5

di stributions were 0.5 to 2.0 nm indicating good
results. Furthernore, planar TEMinmges |oaded into a
conmputer in the sane manner -as 3¢ Exanple 1 were
processed to perform two-di nensional fast Fourier
transformati on, thereby evaluating the periodicity of

10 t kengeajuenarligy the tsheosecemd and ddivrdamnds/drayenyl the
and the perpendi cul ar magnetic recording |ayers. As a

consegureeceicidar diaghiendic peaiosdiere lalysersyéthd Hiad n
denmonstrates that the grain array has two-di nensiona

r equbdgiey e rand s tirddmtiioa sarfardgdiredt0 o .t hé lseak$hels
this %rain rray .has hexagonal symmetry. In addition,

| ocalP ePgRERt JETHeEAONSt i%6n thdi sitailpudicaetias t he

second underl ayers were checke by usi,ng  TEM EDX

Cons 84 &AL ,tliolnsv\ﬁ§rﬁo§si%bl%é° 2o 0 b i eim dpod

i ncl ydi rystal_.grai mai_nl_y 20 t.ai_ni ng nd .a
gr ai %@ STt y@é&?‘gﬁh@%iem ;5’&%1&& Ty r}é}‘aﬁesa&cl\ﬁé%daedd into

surrgupding +@ach (Crygt aly @r iR fm%%ni%'@%%qgle 1 were

di ffraction neasurenent was perforned on each secon

undepl-ayeksedn tM pe@@ ot RERK MA2nQRSENY s t Wi rier

| ocki ng curve neasurenent was 25 performed on this M
(00. 2rapedkrriahd ohal feheirdtly efvaltiae iRk heaped-ioNi®dty of

when X-ray diffracti on neasurenent was
the grain array in the second and third underlayers
and the perpendicular magnetic recording layers. As a
consequence, four distinct peaks were observed. This
demonstrates that the grain array has two-dimensional
regularity, and, from the arrangement of the peaks,
this grain array has hexagonal symmetry.

In addition, local element concentration
distributions in the second underlayers were checked
by using TEM-EDX. Consequently, it was possible to
confirm a structure including crystal grains mainly
containing Mg and a grain boundary region mainly
containing Si and surrounding each crystal grain.

When X-ray diffraction measurement was performed
on each second underlayer, an Mg (00.2) peak was
observed. When locking curve measurement was
performed on this Mg (00.2) peak, the half-width of
the peak was 8°.

Also, when X-ray diffraction measurement was
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- 37 perfornmed on each perpendi cul ar nmagnetic
recording layer, a CoCrPt-Si 02 (00.2) peak was
observed. Wen | ocking curve neasurenment was

performed on this CoCrPt-Si 02 (00.2) peak, the

hal f-wi dth of the peak 5 was 5. FIG 6 is a graph
showi ng the relationship between the Si conposition
ratio and SNRrn and the relatidhship between the S
conposition ratio and crystal grain dianeter, in the
My-x at %6i second 10 underlayers. A curve 121

r epr esehsIENe OSNRACHN @& rivkadSicu leanpesintstdr rraidoa diasy
X at% (0 <_ x < 90). A curve 131 represents the

aver &§¥egr aPn COCERErSLOrhdA 0t Re Siea ke omsosibtsicayedat i dhen
was X at% (0 < x < 90). 15 As shown in FIG 6, when
the CBRESERt FYRVRalREsHFerSNts yasi B rfRangdaion this
bounda regi.qn of _t second  underl ayer was 20 to 80
e o CBREeE e B Rg 0rarn Bertmetar DR Liny Gbons the peak
undeﬁggygs was small, and as a consequence the SNRm
was high. Furthernore, the 20 attenuation values at a

| owfrequ ut; U f 0 kEC. e _a [ .
07006 tor 16 08 8 dednas™ ot hArd st o

t ar gpetwaenprapased ampds3@e8Ad ra¥AdeLhdy 8@NRm and the
Per pendi cul ar magnetic recording nedia 25 were

nmanutathttedshapl beitngehheéhsage RLAGEEYLESNAT AN o and
Exanpl e 1 except that the Al -Si conposite target was
used¢rybeatogpesnt ddameatirg iin the Mgl Wa%si second
underlayers.
A curve 121 represents the SNRm when the Si
composition ratio was x at% (0 < x € 90). A curve 131

represents the average grain diameter when the Si

composition ratio was X at% (0 £ x £ 90).

As shown in FIG. 6, when the composition ratio of

Si forming the grain boundary region of the second
underlayer was 20 to 80 at%, the average grain
diameter of the second underlayer was small, and as a
consequence the SNRm was high. Furthermore, the
attenuation values at a low-frequency output of.
50 kFCI were as high as -0.006 to -0.04 dB/decade.
Example 4

Al-Si composite target was prepared as a second
underlayer. Perpendicular magnetic recording media
were manufactured following the same procedures as in
Example 1 except that the Al-Si composite target was

used, the composition ratio in the film was



10

15

20

25

38 Al-45at%si, and the filmthickness was variously
changed. The obtai ned perpendi cul ar magneti c recordi ng
nmedi a have the same arrangenent as the perpendicul ar
5 magnetic recordi ng nedium shown in FIG 4 except for
the filmthicknesses of the second underlayers. Gain
di anet er neasurenents and recording/reproduction
characteristic evaluations weresg perforned on the
second and third underl ayers and the 10 perpendi cul ar
magnetic recording |ayers of the obtained various

per p@ddidGaltars ivagmet ither €dandiung ckmedisa wae lvawirg S1ke
same procedures as in Exanple 1. Consequently, the
secosttaaged-hi rd underl ayers and the perpendicul ar
magnet i c recordlng | ayers had grain 15 di aneter
di st ri but T8 drtagnesl remrendiasdan magresttdrndaretording
deV|at|0ns of th grain dianeter distributions were
&34 anhe vien %@a§@ﬁ§ GéanIcESHtt 85 Hher permenslicular
plan rgEEMlbna es loaded into a _conputer in the sane

manner 2as i EXavpiCe P W@Péuﬂosﬁp&@e§§eaiﬁb JefrGERt for
t wo- %@emgh%lc%te BQurigr ! %gsf AT Ig%n &ft %%rste%

eval uati ng € perio |C|ty 0

second ang Lhiy Qillé%%relra%%r ién%%%ntt@e Ry pendi cul ar

magneti c recording | ayers. consequence, four

dlSttﬁ@brﬁ@ﬁ@$r@@&%d@@%@bﬁe@ha¥ﬁb%e%§s@%@p%§%ﬁ%%%§ons were
that the grain array has two-di nensional regularity,

and, perdorhee anr ahgeseabndl ahlde tpeakis undetlsy@rdi Rind the

array has hexagonal symmetry. In addition,
perpendicular magnetic recording layers of the
obtained various pefpendicular magnetic recording
media following the same procedures as in Example 1.
Consequently, the second and third underlayers and the
perpendicular magnetic recording layers had grain
diameter distributions of 5 to 10 nm. Also, the
standard deviations of the grain diameter
distributions were 0.5 to 1 nm, indicating good
results. Furthermore, planar TEM images loaded into a
computer in the same manner as in Example 1 were
proceséed to perform two-dimensional fast Fourier
transformation, thereby evaluating the periodicity of
the.grain array in the second and third underlayers
and the perpendicular magnetic recording layers. As a
consequence, four distinct peaks were observed. This
demonstrates that the grain array has two-dimensional
regularity, and, from the arrangement of the peaks,

this grain array has hexagonal symmetry. In addition,
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39 local elenent concentration distributions in the
second underl ayers were checked by usi ng TEM EDX
Consequently, it was possible to confirma structure
including crystal grains mainly containing Al and a 5
grain boundary region mainly containing Si and
surroundi ng each crystal grain. FIGS. 7 and 8 are
graphs each showing the relatizhshtp between the film
t hi ckness and SNRm and the relationship between the
filmthickness and 10 average crystal grain dianeter,

i n t BOCAl- Silegerdndonmederagjiens diFtGibhtios gmphe
when the filmthickness was changed fromO to 50 nm

FI G S§CP§da Ugdesn aseas W ret ledefded thi claiess TEMG®Xaf
Oto2nminFIG 7 in 15 nore detail. |In each of

FI GSCO7S5AHeRE Ly /e ditv @24 Passibdsetos canfd reNRmaktaIsture
t he QEE u%hicknesstggs X nm (0 < x < 30). A curve
151 FepreSants THE tavePage "Sr Yl Yoraint 2 igiidveddr and a
when fi [ m (0 <_.x.20 §.30).. As
showﬁE?EnFFégbhgrgﬁggéioﬁﬁiﬁﬁphg AR P HISk és§%¥ﬁ

t he seeendnynder r a1 .20 nm the average
crystal grain gi?%%?efwg%tgﬁegg%ééﬁd under | ayer was

smal |, and'1as.a 70%%16%%&%63%%%'\'%&%5 é%%ui*}i'r?g:’ceheme

filmthickness of the second underlayer was
favorabhyibnshibObriweAhS@het IFQ 1at AN NRR WA YWBRmAtang

a | owfrequency out put of 50 kFCl were as
the relationship between the film thickness and
average crystal grain diameter, in the Al-Si second
underlayers.

FIG. 7 is a graph when the film thicknéss was
changed from 0 to 50 nm. FIG. 8 is a graph showing
the film thickness range of 0 to 2 nm in FIG. 7 in
more detail.

In each of FIGS. 7 and 8, a curve 141 represents
the SNRm when the film thickness was x nm (0 < x <
30). A curve 151 represents the average crystal grain
diameter when the film thickness was x nm (0 £ x
< 30).

As shown in FIGS. 7 and 8, when the film
thickness of the second underlayer was 0.1 to 20 nm,
the average crystal grain diameter of the second
underlayer was small, and as a consequence the SNRm
was high. The film thickness of the second underlayer
was more favorably 1 to 10 nm. Also, the attenuation

values at a low-frequency output of 50 kFCI were as
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40 high as -0.005 to -0.01 dB/decade. Exanple 5 A Pd

target was prepared as a first underlayer. A

per pendi cul ar magnetic recording nediumwas 5

manuf actured follow ng the sane procedures as in
Exanpl e 1 except that this Pd target was used instead
of the Ti target. The obtai ned perpendi cul ar nmagnetic
recording nedium has the sae @rrangenent as the

per pendi cul ar 10 magnetic recordi ng nmedi um shown in
FIG 4 except for the first underlayer. TEM

obsehvaghi as a0d Oi0fage poQCassiBYgewride . performed on

the second and third underl ayers and the _

per péxdimpdlea’® magnetic recording | ayer of the obtained
15 perpendi cul ar magnetic recordi ng nmedi um thereby

checking #hédgitaingedi amst @regiagtad kst isorf iofstcryrsteatlayer .
grains in each |ayer. Cbnsequently, the second and

thl ré Bﬁ&é’FPS‘&@Péaénalaﬂﬁ@%@r FERGITEINar Mesget iwe s

recordin re.made of crystal grains having 20
gr ai A€ 8i§ﬁ§?é dm& glPHl?gnﬁpeaﬁ6m€h€r§F§ﬁ&éﬁ§ as in

dﬁyggkkﬁglgf tQQC%r%In ghaﬁ E%gg%y%%%éP tuﬁng%%d &nstead

thi ckpegg 04 a@gg to 2 nmwas observed between the
crystal g?alﬁs %eéddltlon a planar TEMimge 25

| oaded ln@@eao%Qﬁﬁ%%@rﬂe&p%ﬁ%fﬁ%ﬂ%ﬂ“ﬂyEie5¥E'ﬂéc rding

Exanple 1 was processed to performtwo- dlnen5|oné

f ast medduimehatr anef ganet beRanbBREARY a8V ahdaetpehi® cular
magnetic recording medium shown in FIG. 4 except for
the first underlayer.

TEM observation and image processing were
performed on the second and third underlayers and the
perpendicular magnetic recording layer of the obtained
perpendicular magnetic recording medium, thereby
checking the grain diameter distribution of crystal
grains in each layer. Consequently, the second and
third underlayers and the perpendicular magnetic
recording layer were made of crystal grains having
grain diameters of 5 to 7 nm, and the standard
deviation of the grain diameter distribution was
0.9 nm or less. Also, a grain boundary region having
a thickness of about 1 to 2 nm was observed Eetween
the crystal grains. 1In addition, a planar TEM image
loaded into a computer in the same manner as in
Example 1 was processed to perform two-dimensional

fast Fourier transformation, thereby evaluating the
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- 41 periodicity of the grain array in the second and
third wunderlayers and the perpendi cul ar magnetic
recording |ayer. As a consequence, four distinct _
peaks were observed. This denonstrates that the grain
array has 5 two-di nensional regularity, and, fromthe
arrangenent of the peaks, this grain array has

hexagonal symretry. Then, a | otkal -el enent

concentration distribution in the second underl| ayer

was checked by using TEM EDX. Consequently, it was
possiteird odd addnf iofimtanes tgneditruraer rah0 immddhedigegarrdysdral third
grains mainly containing Al and a grain boundary

r egi SR IREILANE reomnal rihey FSirpemdl isurlrsoumdigng teiac lrecording
crystal grain. Wien X-ray diffraction neasurenent was
per f oPHEd -on A5hé SEEGRRYaNTSer Ifaper digt imcH reBkspewice
was o%§erved. M@gp 15, |1 ocki ng curve mneasurenment was

per f SPREd 'S -t hitd 1A demansty YR TS 9kdth agfray has
t he K 7.. Als en.X-ray dj ffraction
neasgsgngﬁﬁéﬁgééﬁgﬁf%Fﬁgga&ﬁtpheaﬁ%*pé%ﬁ?%dﬁ%ﬁ arrangement
oSS SRR e B, 2000, 13 OB Bl P ey
per f or med o, hiss 1€2G@1Ple13nd4 Q,Q:r?c)erﬁer%hzic;rh%j] tribution
hal f-width of the peak was 5, i.e., the crystallinity

was HinghheWser ohkie uheleaidived’ iR @eeided by using TEM-EDX.
characteristics were evaluated in the sane manner as

i n Exanpeguénttllye i25 wENRpowsad b2 2. 4 odBonffurdrher i@r@cture
the attenuation value at a |owfrequency output of 50
kFCl 1n&dudd ngi gifvasalo goeingBhdgcdge containing Al and a

grain boundary region mainly containing Si and
surrounding each crystal grain. When X-ray
diffraction measurement was performed on the second
underlayer, an Al (111) peak was observed. When
locking curve measurement was performed on this Al
(111) peak, the half-width of the peak was 7°.

Also, when X-ray diffraction measurement was
performed on the perpendicular maénetic recording
layer, a CoCrPt-Si0p (00.2) peak was observed. When
locking curve measurement was performed on this
CoCrPt-Si0y (00.2) peak, the half-width of the peak
was 5% i.e., the crystallinity was high.

When the recording/reproduction characteristics
were evaluated in the same manner as in Example 1, the
SNRm was 27.4 dB. Furthermore, the attenuation value
at a low-frequency output of 50 KFCI was as high
as -0.007 dB/decade.
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42 Simlarly, Ag, Ir, N, Pt, Rh, H, Re, Ru, Ta,

Zr, My, and Al targets were prepared as first

under| ayers, and various perpendi cul ar magnetic
recordi ng medi a were manufactured fol | owi ng the same 5
procedures as in Exanple 1 except that these various
targets were used instead of the Pd target. Gain

di amet er observation of the-seddnd -~ underl ayer by TEM
and recordi ng/ reproduction characteristic evaluation
were performed on each 10 obtai ned perpendicul ar
magnet i ¢ 1Séodda@iniy ,médi, urhn, n Nit, h@tsamd ,mmerrRas Ad) Ta,
Exanple 1. The results are shown in Table 1 bel ow
Tabl ér1 Mprsenpyédagergesisn veNRmpreBpred as first
under| gyerdi ameter (nm) Ag923.5 1r923.3 N 724.0
Re728N{CRBTSI#, TABY4 VA rP@T37 P rPESEL O IRT6 RB.gRet ic

Hf52§égording media were manufactured following the same

pbrocedures as in Example 1 except that these various
targets were used instead of the Pd target.

Grain diameter observation of the second
underlayer by TEM and recording/reproduction
characteristic evaluation were performed on each
obtained perpendicular magnetic recording medium in
the same manner as in Example 1. The results are

shown in Table 1 below.

Table 1
First Average grain | SNRm (dB)
underlayer diameter (nm)
Ag 9 23.5
Ir 9 23.3
Ni 7 24.0
Re 7 23.1
Ru 8 22.7
Ta 8 24.2
Pd 5 27.4
Pt 6 27.0
Rh 6 25.2
Hf 5 25.0
Ti 5 25.4
Zr 7 25.1
Mg 7 23.8
Al 5 23.4

Table 1 shows that when at least one element

selected from Ag, Ir, Ni, Pt, Pd, Rh, Hf, Re, Ru, Ta,
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Ti 525.4 Zr725.1 My723.8 Al 523.4 Table 1 shows that

when at | east one elenent 15 selected fromAg, Ir, N,
Pt, Pd, Rh, Hf, Re, Ru, Ta, - 43 Zr, My, and Al was
used as the material forming the first underlayer,

t he average grain dianeter of the obtained second
underl ayer was 5 to 9 nm and the SNRm was as high as
22.7 to 27.4 dB. These results 4d%re- 5 much better than
those of the nmedia of Conparative Exanples 1 and 2.
Table 1 al so shows that better results were obtained
when Zat, Mgastnondlelwersents eselasctubi@d tratrarfial fodmiflg the
Rh, Zr, and Hf was used as the main conmponent 10 of

t he filrst underlayer, [theaddieriags, dred rstddmamter of the
deviation of the grain dianeter distribution was 1.1
nm PREIAEEEINGSGENE Unsedley e rENagplSe te £5 N/ Prndartde SNRm
was prepared.as a fi.rs nder| gyer, and an M- 30at %5
tar gg'tasv\ﬁf g‘rl E‘afae?d ngga%geggng WBnderingpér regults were
er hewl.ar i ¢,.recordi ng medium .
Tano ACr e Fh FaaG PRe S s Sedi g&aicsorqpﬁrat;ve
Exa cep hat the Pt target was used instea

20 gp&t%ﬁél% tqatraéltgt?'and the My-30at %6 target was

used instredd e0fi heAlshdiwst I8! better results were
obtained when at least one element selected from Ti,
Pd, Pt, Rh, Zr, and Hf was used as the main component
of the first underlayer.

In addition, the standard deviation of the grain
diameter distribution was 1.1 nm, indicating good
results.

Example 6

A Pt target was prepared as a first underlayer,
and an Mg-30at%Si target was prepared as a second
underlayer. A perpendicular magnetic recording medium
was manufactured following the same procedures as in
Example 1 except that the Pt target was used instead
of the Ti target, and the Mg-30at%Si target was used
instead of the Al-Si target.

The obtained perpendicular magnetic recording
medium has the same arrangement as the perpendicular
magnetic recording medium shown in FIG. 4 except for
the first and second underlayers.

TEM observation and image processing were

performed on the second and third underlayers and the
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The obt ai ned perpendi cul ar magnetic recording mnedi um

has the sane arrangenent as the perpendicul ar

magneti ¢ recordi ng medi um shown in FIG 4 except for

25 the first and second underl ayers. TEM observation

and i mage processing were performed on the second and
third underlayers and the 44 perpendi cul ar nmagnetic
recordi ng | ayer of the obtainedd4 pefpendi cul ar

magnetic recordi ng medium thereby checking the grain

di ameter distribution of crystal grains in each

| ay ePeroemsHquday yadret isecmubahichd tdyear of the obtained
under | ayers and the perpendi cul ar magnetic recording

| ay ePOFCR erdel aoF magnstalc gredarstinay ined i aitthereby
dianmeters of 5 to 8 nm and the standard deviation of

t he é’&‘ﬁcﬁ‘ld’igaﬁé’teergrcﬁlé"t ARG TGF St by Qfeserystal

Also,r%i rai.n boundary regi on havin 10 a .t hickness
of aliout H‘rﬂ\ﬁé?hoafér%d BRI STHE Yor Yt Sqfidiichand

I n adgistion, I TEM i e _Jloaded into a .
conp%?é%qﬁ¥t éﬂégﬁgﬁhﬁﬁ%LﬁﬁggHﬁqugé%ﬁﬂ%§?LW&§9etlc
pr oceeeRd ol P Al QMR RN Sty Fayrd -
transform lt t?gr ggy eval ua?q ng t%hé Spt{ea?ﬁ ogd%cﬁéye%%vmg

the graiim arikaptdrd ke SLeNE and thid dhdinde]Byel s
and t he perpendi cul ar nmagnetic recording layer. As a

consegwerdcdonf afr thiestdradin pHakE N 11 Ahsenmetn TS

denonstrates that the grain array has two-di nensiona

regulaRi ny ogndesisr.omAlise arr angeneodtanfy theyipraksving

this grain array has hexagonal symetry. Then, a

| ocaP &hdrinescomdemboatti @n ndi stasi mitsemved between the
crystal grains. In addition, a planar TEM image
loaded into a computer in the same manner as in
Example 1 was processed to perform two-dimensional
fast Fourier transform, thereby evaluating the
periodicity of the grain array in the second and third
underlayers.and the perpendicular magnetic recording
layer. As a consequence, four distinct peaks were
observed. This demonstrates that the grain array has
two-dimensional regularity, and, from the arrangement
of the peaks, this grain array has hexagonal symmetry.

Then, a local element concentration distribution

in the second underlayer was checked by using TEM-EDX.
Consequently, it was possible to confirm a structure
including crystal grains mainly containing Mg and a
grain boundary region mainly containing Si and

surrounding each crystal grain.

When X-ray diffraction measurement was performed
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in the second underl ayer was checked by using TEM EDX
Consequently, it was possible to confirma structure

i ncluding crystal grains mainly containing My and a 25
grain boundary region mainly containing Si and
surroundi ng each crystal grain. Wen X-ray diffraction
nmeasurenent was perforned - 45 on the second
under | ayer, an My (00.2) peak wis -observed. Wen

| ocki ng curve neasurenent was perfornmed on this My
(00.2) peak, the half-width of the peak was 7. 5

Al soonwidre Xecaynddiunfdeadisiyer , meas Me @, 2dapeak was
perforned on the perpendi cul ar magnetic recording

| ayePPs&IrEscr-pt Worm Logking Mwa@g@m&éﬁ: wAfen

| ocki ng curve nmeasuyrenment was perfornmed on this

CoCr BEXEREB ™)t ieakly (100 -#dl Pomikdt Frhst hadd pegkt oot
was i.e._,. the crystallinity was high. Wen the
reco?gﬁngﬁﬁépwgﬁugtron characteristics were eval uated

in the Sa@ﬁjﬁ?”@ﬁ%ﬁﬁﬁjfayagx f%éﬁ%%ﬂ?%%ggﬁggﬂgﬁkzggg

dB. Furthernore e attenuation

| ow peaduenen oul pul e p0rlfiCh S (A ALAR 12 Afaing

-0.01 dB/decade. Simfarly,
Re, Rdyeld, a SocrMi-sand Alool.2n0els a8 RiRANRY 2S when

first ‘underlayers, and“various perpendicular magnetic
r ecofdichd nge diva vae @ akiitdineeiruies beldrowrel the Sane

20 procedures as in Exanple 1 except that these
vari 69€rPtalSdgeps (Wer.&)uped ki, nsheathadff -wHeltht dfargget .peak
was 5% 1i.e., the crystallinity was high.

When the recording/reproduction characteristics
were evaluated in the same manner as in Example 1, the
SNRm was 25.6 dB. Furthermore, the attenuation value
at a low-frequency output of 50 kFCI was as high
as -0.01 dB/decade.

Similarly, Ag, Ir, Ni, Pd, Rh, Hf, Re, Ru, Ta,
Zr, Mg, and Al targets weré prepared as first
underlayers, and various perpendicular magnetic
recording media were manufactured following the same
procedures as in Example 1 except that these various
targets were used instead of the Pt target.

Grain diameter observation of the second
underlayer by TEM and recording/reproduction
characteristic evaluation were performed on each
obtained perpendicular magnetic recording medium in
the same manner as in Example 1. The results are

shown in Table 2 below.
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G ain dianeter observation of the second underlayer
by TEM and recordi ng/ reproduction characteristic
eval uati on were performed on each 25 obtai ned

per pendi cul ar magnetic recording nediumin the sanme
manner as in Exanple 1. The results are shown in
Table 2 below. 46 Table 2 First Average grain SNRm
(dB) underl ayerdi aneter (nm-AgoR1l.2 1r822.3 N 823.2
Re824. 6 Ru724.7 Ta625.2 Pd625.6 Pt526.0 Rh724.2

Hf 623. 0 Ti 525.2 Zr821.7 My625.6_Al 822. 3 Table 2 shows

that when at_least one elenedfPl8elected fromAg, lr,

Ni ,

Pt, Pd,| Rh, #HfrstRe, RuavExage grain | SNRm (dB)
underlayer diameter (nm)
Ag 3 21.2
Ir 8 22.3
Ni 8 23.2
Re 8 24.6
Ru 7 24.7
Ta 6 25.2
Pd 6 25.6
Pt 5 26.0
Rh 7 24.2
HE 6 23.0
Ti 5 25.2
Zr 8 21.7
Mg 6 25.6
Al 8 22.3

Table 2 shows that when at least one element
selected from Ag, Ir, Ni, Pt, Pd, Rh, Hf, Re, Ru, Ta,
Zr, Mg, and Al was used as the material forming the
first underlayer, the average grain diameter of the
obtained second underlayer was 5 to 9 nm, and the SNRm
was as high as 21.2 to 26.0 dB. These results were
much better than those of the media of Comparative
Examples 1 and 2.

Example 7

An Al-Si composite target was prepared, and a
perpendicular magnetic recording medium was
manufactured following the same procedures as in
Example 1 except that DC 500 W were discharged to this

target to form, on a Ti first underlayer, a first AlSi
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Zr, My, and Al was used as the material formng the 5

first underlayer, the average grain dianeter of the

obt ai ned second underlayer was 5 to 9 nm and the SNRm

was as high as 21.2 to 26.0 dB. These results were

much better than those of the nedia of Conparative

Exanples 1 and 2. 10 Exanple 7 An Al -Si conposite

target was prepared, and a -perdfendi cul ar magnetic

recordi ng medium was manufactured foll ow ng the sane

procedures as in Exanple 1 except that DC 500 Wwere

di sciadgedatvd nighias chhploarigetont o aftdromofola INatfigistin the

under | ayer, a first AISi 47 film having a conposition

r at | 6147 ANd]@atfd@m ithickeess lof dndia fainidn tim direesmme
nm and, in the sane nmanner as for the second

undePPQ?SF SF ER&mpie £eped soclewlayes ifs xanpded tlo DC

o f t AS film
22&%@5 SHEPF| FUSPRRG=A Conpbs HAB8SRatich ST, on the

her 28y “Tof i o 4 Lt o S FRel Lo R FePer oy

orm ng a“stack avyer of

_secoeem §|1tflblnrr§a@§ot %% %qaqrs%tf%qd%' B £130% & P

is a schematic sectional view show n arrang Jenen
of tBﬁl@RhébEegfpgbp%&Q'%%%%%b@ag%%%h%g %e%Q%@HEE layer of
medi um As shown in FIG 9, this per pendi cul ar

magnehkec fiesar dindg seedndmrnas trhersane talel aRGRNt as
shown in FIG 4 except that a second 15 underl ayer 22
madeuppeoflagefri.rst Al -10at¥%si film 21
FIG. 9 is a schematic sectional view showing the
arrangement of the obtained perpendicular magnetic
recording medium. As shown in FIG. 9, this
perpendicular magnetic recording medium has the same
arrangement as shown in FIG. 4 except that a second
underlayer 22 made up of a first Al-10at$%$Si film 21
and second Al-45at%Si film 13 is formed between a Ti
first underlayer 13 and Ru third underlayer 15.
Grain diameter distribution measurement was
performed on the obtained perpendicular magnetic
recording medium in the same manner as in Example 1.
Consequently, each of the second and third
underlayers and the perpendicular magnetic recording
layer was made of crystal grains having a grain
diameter of about 5 nm, and the standard deviation of

the grain diameter distribution was 0.6 nm or less.

In addition, a planar TEM image loaded into a computer

in the same manner as in Example 1 was processed to
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and second Al -45at%si film13 is fornmed between a Ti
first underlayer 13 and Ru third underlayer 15. Gain

di aneter distribution nmeasurenent was perfornmed on

t he obt ai ned perpendi cul ar magnetic 20 recording
mediumin the sane manner as in Exanple 1.

Consequently, each of the second and third

under| ayers and the perpendiculédx rmagnetic recording

| ayer was made of crystal grains having a grain

di ameter of about 5 nm and the standard devi ati on of

25 t perdoainn tdicanemensdiosiarli Hatsitoronad e@. & ramsFo rin2SS.on,
In addition, a planar TEM i mage | oaded into a conputer
in theesahy REAAEATAST fhExPepliedlcidy pfodcdesertatio array
48 perform two-di nensional fast Fourier

t r ansfoFR&t BEFONC ReFe b ieFarnderdg vers pad édiecity of
the grain grra in the second and third underl ayers

and PREPER Fﬁ@ﬁ&?gWﬁgpeﬁéﬁnéﬁperﬁéear&@H&rkay@ﬁ.aAs a

S CORBROUBIER L oty 1 BLLICL OB L RPSRLNR T s

denonstrates tThat "the gr

regubahbh¥crafds Lhad the %Eg?ﬂg%gﬁg %%stQ%oQ%gﬁaai%onal

this grain array has hexag ry. A'so,

el engautareent r ahtion reboat EhRULea n LBl c
underlg;er mag checked by usinngElr\}LgE%)eén[E %%et%% %%%ks’

Consegtengkyini brway passhbkagbsatorkm@kaystructure
including crystal grains mainly containing Al and a

grai n bouAdaoy wregdiooalmeiliientoribaickintdadiicandistribution
surroundi ng each crystal grain. Then, the 15

r ecotBi hger eproddctindrréharacesi sheckedeby esdhngallEM-EDX .

Consequently, it was possible to confirm a structure
including crystal gfains mainly containing Al and a
grain boundary region mainly containing Si and
surrounding each crystai grain. Then, the
recording/reproduction characteristics were evaluated,
and it was found that the SNRm was 27.6 dB, indicating
good characteristics. Furthermore, the attenuation
value at a low-frequency output of 50 kFCI was as high
as -0.007 dB/decade.

Also, even when the film thickness of the
Al-10at%Si film was changed from 0.1 to 2 nm,
equivalent characteristics were obtained.

Example 8

Al-xat%Si composite targets (1 at% < x < 50 at%)
having various composition ratios were prepared.

Perpendicular magnetic recording media were

manufactured following the same procedures as in
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and it was found that the SNRmwas 27.6 dB, indicating
good characteristics. Furthernore, the attenuation
value at a | owfrequency output of 50 kFCI was as high
as -0.007 dB/decade. 20 Al so, even when the film

t hi ckness of the Al -10at%si filmwas changed fromO.1
to 2 nm equival ent characteristics were obtained.

Exanpl e 8 Al -xat%si conposite taggets (1 at% <_ x <_

50 at% 25 having various conposition ratios were
prepared. Perpendi cul ar magnetic recording nedia were
nmanufExempled 7 @xdaapthg Hate tamnlprosedir esorgfod itéd Sk argets
Exanpl e 7 except that the Al -xat%5i conposite targets

wer e Wgged used dromfbnmm ek Hiiakstf iAlsSi Xlidinsf iHand ngaving
various conposition ratios on first underlayers, and

Al - 4FEEHSUS SPEP sitfdrarr atd ashers deiorat wmdisd laperr pf and

5 EX I Mere forned as second AISi filnms. The
obt a%ﬁg’é%ﬁérfﬁéngiaé’lﬂra‘% St ¢ dd6r danpndradidetiarer of

t he l.ayer arrangenment as the er.pendi cul ar
:rﬁgné%ir;‘cﬁlprlgggr a'ieﬁ&t %d:l“lﬁﬂt ﬁg@?qﬁﬁlﬁsaw rr;or .
e conpo . -

t he sag ?é]t#ng?ﬁ%gr{legjs ge;krép%hedllc%lhgarrai%agnaeltajﬁetreercérdlng
di st hieblital QR VEERS QFRAL ryyér'é?%%ﬁ&é&%ﬁ?&ﬁ@ﬁﬁ%!'on

characteristic evaluation were perfornmed on

secopd rpeddikiund rUun@emleaner seatddifg T AemPendell @]
magneti c recordi ng |ayer of each

FIG. 9 except for the composition ratios in the first
AlSi films.

In the same manner as in Example 1, grain
diameter distribution measurement and
recording/reproduction characteristic evaluation were
performed on the second and third underlayers and the
perpendicular magnetic recording layer of each
obtained perpendicular magnetic recording medium.

Consequently, each of the second and third
underlayers and the perpendicular magnetic recording
layer was made of crystal grains having a grain
diameter of about 5 nm. In addition, a planar TEM
image loaded into a computer in the same manner as in
Example 1 was processed to perform two-dimensional
fast Fourier transformation, thereby evaluating the
periodicity of the grain array in the second and third
underlayers and the perpendicular magnetic recording
layer. As a consequence, four distinct peaks were

observed. This demonstrates that the grain array has
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obt ai ned per pendi cul ar magnetic recordi ng nmedi um
Consequently, each of the second and third underl ayers
and the perpendi cul ar magnetic recording |ayer was

made of crystal grains having a grain 20 dianeter of

about 5 nm In addition, a planar TEM i nage | oaded

into a conputer in the sane manner as in Exanple 1

was processed to performtwe- diggensi onal fast Fourier
transformation, thereby evaluating the periodicity of
the grain array in the second and third 25 underl ayers
and the-pemperdioadllaregadnetity,r atal, difigm lthyemr Asigement
consequence, four distinct peaks were observed. This
denonst theepephst theé sggaian naprayyhassshexagonal symmetry.
two-di mensional regularity, and, fromthe arrangenent

of t AéSPeaRs 1ohils edeain tacoayehas alidragSHalt rgyweary in

Al so, a _local elenent concentration distribution in
eacheéé@oﬁécﬁﬁéePpgﬁé#aM§§ @ﬁéo@@&c$¢du§Wh@S#em.@@% EPX.
Consequent | 033|ble nfi structure

e SaPRg Rt SR alas ReFRLPLEoRBacg TR St T CtuTe

gral gﬂgqg yc%%%%%gt§§5qh%.%%Q¥§gn %%t%lﬁyH% Al and a

surroun gra n

dlffgésahoaoﬁﬁaé%ke a%&%gng%guq%lh sie%9Q9 10

underl ayer of eac alne per ghetic

r ecoedwauﬁaqh@rneahhe&%tghs%rr\éll&g afpAln, ( X1 peak.
When | ocki ng curve neasurenent was perforned on‘this

Al (dit¥rpeakont heakalremendt aef pheparld was thd &dzond

when the Si conposition ratio was 5 to 30 at% (Al : 70

15 tgngérae¥er ofeeachhebehbfieer gk rpguddviuign egnetic
recording medium, thereby observing an Al (111) peak.
When locking curve measurement was performed on this
Al (111) peak, the half-width of the peak was 4° to 5°
when the Si composition ratio was 5 to 30 at$ (Al: 70
to 95 at%), i.e., the effect of improving the
crystallinity was found.

Table 3 below shows the composition ratio in the

film, the half-width of a locking curve in Al (111)

representing the crystal alignment, and the SNRm.
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crystallinity was found. Table 3 bel ow shows the
conposition ratio in the film the half-width of a

| ocking curve in Al (111) representing the crystal
alignment, and the SNRm - 51 Table 3 Si content Al
(111) locking (at% of first curve half-w dth SNRm
(dB) Al -Si filmdegrees) 1926.5 3827.2 5527.5 10428.6
15428. 3 20527.8 30527.5 40827. £150927.3 Table 3 shows
that the SNRm and crystal alignnent inproved when the

Si conposition ratio formng tﬂgi grai n boundary
region of the first Al-Si fiFAPwES S to 5 30 at% (the

Al conposilti &l ratiterwas [7A1t @195) al&¢kingnENRM €(dB)
destrabl v (42ah° o A% [ e-Gh FQPOSLLLRY ratio vey
85 to 90 at%.
Al-Si film (degrees)
9 26.5
8 27.2
5 5 27.5
10 4 28.6
15 4 28.3
20 5 27.8
30 5 27.5
40 8 27.4
50 9 27.3

Table 3 shows that the SNRm and crystal alignment
improved when the Si composition ratio forming the
grain boundary region of the first Al-Si film was 5 to
30 at% (the Al composition ratio was 70 to 95 at$%),
and more desirably, 10 to 15 at% (the Al composition
ratio was 85 to 90 at%).

The attenuation values at a low-frequency output
of 50 kFCI were as high as -0.006 to -0.012 dB/decade.
Example 9

Al-x(y)at%Si composite targets (1 at% < x(y) <
80 at%) having various composition ratios were
prepared.

Perpendicular magnetic recording media were
manufactured following the same procedures as in
Example 7 except that the Al-xat%Si composite targets
(1 at% £ x £ 80 at%) were used to form l-nm thick

first Al1Si films having various composition ratios as
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The attenuation values at a | owfrequency output of

50 kFCI were as high as -0.006 to -0.012 dB/ decade.

10 Exanple 9 Al-x(y)at¥%si conposite targets (1 at% <_

x(y) <_ 80 at% having various conposition ratios

were prepared. Perpendi cul ar magnetic recordi ng nedia
were 15 manufactured follow ng the sane procedures as

in Exanple 7 except that the A2-xat %5 conposite

targets (1 at% S x <_ 80 at% were used to form 1-nm

thick first AISI filnms having various conposition

rati 6sras B2Sif fidtmsA Shdf thes Alagdathke iAcoppatstBie targets
conposite targets (1 at%<_y 5 80 at% were used to

f orm(i0ahin Ehyck 88eabhll wese fiskdsthafpny Larhoutshick
conposition_ratios_as second AISI filns. 5 The ,

obt aPREAPePpendifedmar haddREt Variessr GORGOSHEdca Fakdos as
the sane |l a r,artTn enment as the perpendicul ar
nagn@?F@nPeégﬁaiﬁé ngiun1shown in FIG 9 except for

the composition.ratiaos in the.first _and second Al S,
films, 107 PRECRRE RERREN SR EXRWIFIE Gramming
dlanﬁ SEadhébé'gHE'gﬁmgeggy%§”§QEa@H@ment as, the

recordi ng/ reproduction c acteristi'c eval uation were

per f geppdn@ichngrspagndcand LRLEA 1 HRARELAYE $HaRG tihe
per pendi cul ar magnetic recording | ayer of each of the

15dpbtaLnedeM@éb@U$o@etﬂ@n@bﬁpb@ﬁtﬁ@ﬁnQbEQO%GQQF@h@gfirst
" IZﬁd second AlSi films.

In the same manner as in Example 1, grain
diameter distribution measurement and
recording/reproduction characteristic evaluation were
performed .on the second and third underlayers and the
perpendicular magnetic recording layer of each of the
obtained various perpendicular magnetic recording
media.

Consequently, the second and third underlayers
and the perpendicular magnetic recording layer were
made of crystal grains having grain diameters of 5 to
7 nm. In addition, a planar TEM image loaded into a
computer in the same manner as in Example 1 was
processed to perform two-dimensional fast Fourier
transformation, thereby evaluating the periodicity of
the grain array in the second and third underlayers
and the perpendicular magnetic recording layer. As a
consequence, four distinct peaks were observed. This

demonstrates that the grain array has two-dimensional
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Consequently, the second and third underlayers and

t he perpendi cul ar magnetic recording | ayer were nade

of crystal grains having grain dianeters of 5to 20 7

nm In addition, a planar TEMinmage | oaded into a
conputer in the sane manner as in Exanple 1 was
processed to performtwo-di nensional fast Fourier
transformati on, thereby evaluatizng-t he periodicity of
the grain array in the second and third underl ayers 25
and the perpendi cul ar magnetic recording |layer. As a
consegyanaeitf/puandi stiraat theaksreagemehnseb¥edheThes ks,
denonstrates that the grain array has two-di nensi ona

53 tbgsal grety, aandy haenmhtReganedngegmeetrgf. the

peaks, this grain array has hexagonal symetry. Al so,

a local ePRément acdncent edeinentdiconciebpdiragi oni gliggetibution
second underl ayer was checked by using 5 TEM EDX
ConséRuBathyserpngadngesdrbrE 18scEREFKRFaLYsHsd80ur e

i ncluding_crystal grains_mainly containi, Al and a

gr ai ﬁgﬂagﬁéar yCPES%SHeﬁﬁilbﬂ'ylEoH?ﬁi HPﬁélE&e &Rgconfirm a
surr di each crystal grain, Tabl.e 4 bel ow shows .
Che SSRBSSHFEoR FAFT G EnCERE St HEARES, A TaRH R0 TaRning
eachpef e fi - [l sent b = YBey 4
and Phebaoand ALY PPnHe Ve aReR: BauRd v KorfarightPhi

54  Mah' sOM-Ounkh QY BaCRONMWMELR- LORin. Table 4 below
shows the composition ratio in the film and the SNRm
of each of the first AlSi films represented by
Al-xat%Si and the second AlSi films represented by

Al-y at%si.
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As shown in Table 4, the characteristics improved
when the Si content in the first AlSi film was smaller
than that in the second AlSi film.

Also, the SNRm improved when the composition
ratio of Si forming the crystal grains of the second
Alsi film'was 30 to 80 at% (the Al composition ratio
was 20 to 70 at%).

Example 10

An Rh target was prepared as a third underlayer,
and a perpendicular magnetic recording medium was
manufactured following the same procedures as in
Example 1 except that a 15-nm thick Rh third
underlayer was formed.

The obtained perpendicular magnetic recording
medium has the same layer arrangement as that of the
perpendicular magnetic recording medium shown in
FIG. 4 except for the third underlayer. Grain
diameter observation of the perpendicular magnetic
recording layer by TEM and recording/reproduction
characteristic evaluation were performed on the
obtained perpendicular magnetic recording medium. The
results are shown in Table 5.

Similarly, Pt, Pd, Ti, and Co-40at%Cr targets
were prepared as third underlayers, and various
perpendicular magnetic recording media were
manufactured following the same procedures as in

Example 1 except that the targets made of these
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Of-1 O- +-J Uo\lomE ~1 r 1r-1 GC5r1 HC1 4-4
4- a) rI A EH - 55 As shown in Table 4, the
characteristics inmproved when the Si content in the
first AAISI filmwas smaller than that in the second
AlSI film Also, the SNRmi nproved when the
conposition 5 ratio of Si formng the crystal grains
of the second AISi filmwas 30&0-80 at% (the Al
conposition ratio was 20 to 70 at% . Exanple 10 An Rh
target was prepared as a third underlayer, 10 and a
per pgadiousamamegietlisc weeeorgieng imsdiead wds the Rh target.
manuf actured foll owi ng the same procedures as in
ExanfFein eitgepgterhalsgristamnt kifcEhrh pefpegdicular
under | ayer was fornmed. The obtai ned per pendi cul ar
nagn@?gﬁeFéEoF&Fﬁgdlfg HedeEmPad Hhéndame | ayer

arran as, that of the er pendi_cul ar n%%qetic

reCOf%%ﬁé@h&&/ﬁﬁpgﬁgw%tﬁﬁn characterlstic e uation were

perfprmed on each obtained perpendicular magnetic
recording medium.

The average grain diameters of the perpendicular
magnetic recording layers were as small as 5 to 6 nm,
and the standard deviation of the grain diameter
distribution was 0.6 nm. Also, the values of SNRm
were as high as 27.0 to 27.4 dB.

The values of the average grain diameter and SNRm

are shown in Table 5 below.

Table 5
Third Average grain | SNRm (dB)

underlayer diameter (nm)

Rh 5 27.4

Pt 6 27.0

Pd 6 27.2

Ti 5 27.0
Co-40 at %Cr 5 27.1

Table 5 shows that when at least one element
selected from Pt, Pd, Ti, Rh, and Co was used as the
material forming the third underlayer, the crystal
grain diameters in the third underlayer and
perpendicular magnetic recording layer decreased, and
the SNRm improved.

The attenuation values at a low-frequency output

of 50 kFCI were as high as -0.005 to -0.12 dB.



10

15

20

25

FIG 4 except for the third underlayer. Gain

di anmet er observation of the perpendi cul ar magnetic
recordi ng | ayer by TEM and recordi ng/reproduction 20
characteristic evaluation were perforned on the
obt ai ned per pendi cul ar magnetic recordi ng nmedium The
results are shown in Table 5. Simlarly, Pt, Pd, Ti,
and Co-40at%r targets were prsgpared as third

under| ayers, and various 25 perpendi cul ar nagnetic
recording nedia were manufactured follow ng the sane
proceédampieadlin Exanple 1 except that the targets
made of these - 56 various materials were used

i nst ead of pkerRndigudetr. ma@naitd odireestuslirghgwdiam of the
of the perpendicular magnetic recording |ayer by TEM
and Pre&srdi AgreefioduresSorPERANgE: &oildovWd ney AlhgatSade
were 5 perfornmed on each obtained perpendicul ar

magnBEPECIREEST BFnd MEARBR CTHe SXERkE NGitaidf toT @ soft
0 aTEASi8r oL LB BREPTARC Ity STORE! SEC S, anc
GeV! 59, Bhcbe 9L3L0 & AIRLRRAR, 03! LR Wagrging

to Ziagﬁgg-aEHeavﬁE%%%cQﬁthQa§%%r@%%éyfgﬂ%éﬁ‘Wﬁﬂﬁﬂﬁt

and SN are shown in Table 5°below. Table 5 Third

Aver ag@e@hiaighthe temperature to room temperature, by using
a Co-18at%Cr-16at%Pt-1at%B target instead of the
CoPtCr-SiOp perpendicular magnetic recording layer,
and setting the thickness of this CoCrPtB
perpendicular magnetic recording layer to 15 nm.

The obtained perpendicular magnetic recording
medium has the same arrangement as the perpendicular
magnetic recording medium shown in FIG. 4 except for
the perpendicular magnetic recording layer.

Recording/reproduction characteristic evaluation
was performed on the obtained perpendicular magnetic
recording medium in the same manner as in Example 1.
As a consequence, the SNRm was 26.7 dB, indicating
good characteristics.

Additional advantages and modifications will
readily occur to those skilled in the art. - Therefore,
the invention in its broader aspects is not limited to
the specific details and representative embodiments
shown and described herein. Accordingly, various

modifications may be made without departing from the



SNRm (dB) underl ayerdi aneter (nn) Rh527.4 Pt627.0
Pd627.2 Ti527.0 Co-40 at % r527.1 15 Table 5 shows

that when at |east one elenent selected fromPt, Pd,
Ti, Rh, and Co was used as the material formng the
third underl ayer, the crystal grain dianeters in the
third underlayer and perpendi cul ar magnetic recording

| ayer decreased, and 20 the SNEBm i-nmproved. The
attenuation values at a | owfrequency output of 50
kFCl were as high as -0.005 to -0.12 dB. 57 Exanple

11 Aspeérpéndircskapemadgnehiec geeeerndi ngverdivem cbntlket as
present invention was obtained follow ng the sane

pr ocdgfitesdabyi thExappeadedexdeptst had ahedr gavdfelents.
magneti ¢ backing | ayer was fornmed, first, second, and
third underl ayers, a perpendi cul ar nmagnetic recording
| ayer, and a protective |ayer were fornmed w thout

| owering the tenperature to roomtenperature, by using
a Co-18at %Cr-16at %t -1 at %8 target instead of the 10
CoPt Cr- Si 02 perpendi cul ar magnetic recording | ayer,
and setting the thickness of this CoCrPtB

per pendi cul ar magnetic recording |ayer to 15 nm



The obt ai ned perpendi cul ar magnetic recording mnedi um
has the sane arrangenent as the perpendicular 15
magneti ¢ recordi ng medi um shown in FIG 4 except for

t he perpendi cul ar magnetic recording | ayer.

Recor di ng/ reproduction characteristic evaluation was
perfornmed on the obtained perpendi cul ar nagnetic
recordi ng nmediumin the same ne¥her- as in Exanple 1.
20 As a consequence, the SNRm was 26.7 dB, indicating
good characteristics. Additional advantages and

nodi fications will re@dhTyIScCLhIMBDt hése skilled in

the art. Therefore, the invention in its broader
aspects i 4 -noft FEFPESdICH 12T MRENGTEE fiaCFstiaig dagigm

represent ati,ve enbodi nents shown and descri bed
her eFRM™PA¢ESPEi'ngl y, various nodifications nmay be

made wi t hqut gF artEQ% fr gp]th o 58 spirit or scope
of the geﬁepﬁ entive" §§5€p ‘as defined by the

appended | @f%&a%dte*}qg SIS e Whihddetic

CLAI VED | er pen cular nmag netlc recor

”Ed|HGbSEQEEE|Sbﬁ@ cBnRanmragRet i %uﬁéhka%%mﬁédéﬂﬂ r $ie
under | ayer formed on the nonmagnetic substrate, and

cont akBkAgonas ed ef@nft ceneeredt fram theasireRe RIrBting

sel ected fromthe group consisting of Ag, Ir, N, Pd,

Pt, Bii, AHf,, IRe, NRy, P8i,, Pta, RA,, H¥Y, Regan®Ruhl Ti, Ta, Zr, Mg,
and Al;

a second underlayer formed on and in contact with
the first underlayer, and containing crystal grains
which contain one of Mg and Al as a main component,
and a grain boundary region which contains Si as a
main component and surrounds the crystal grains;

a third underlayef formed on the second
underlayer, and containing, as a main component, at
least one element selected from the group consisting
of Pt, Pd, Ru, Rh, Co, and Ti; and

a perpendicular magnetic recording layer formed
on the third underlayer.

2. A medium according to claim 1, wherein the
second underlayer contains crystal grains containing
Al as a main component, and a grain boundary region
containing Si as a main component and surrounding the
crystal grains.

3. A medium according to claim 1, wherein a

content of Si in the second underlayer is 20 to
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10 a second underlayer formed on and in contact with
the first underl ayer, and containing crystal grains

whi ch contain one of Mg and Al as a mai n conponent,

and a grain boundary region which contains Si as a
mai n conponent and surrounds the crystal grains; 15 a
third underlayer fornmed on the second underlayer, and
contai ning, as a main conporentg0 at- | east one el enent
selected fromthe group consisting of Pt, Pd, Ru, Rh,
Co, and Ti; and a perpendi cul ar magnetic recording

| ayeBOf eted 20 on the third underlayer. 2. A nmedi um
according to claim1, wherein the second underl ayer
cont ai ns drystfamegiaimsceomdding iy Alaias la mdigrein in the
conponent, and a _grain boundary region containing S
as aSREPRICYRPEEERYSEnd 28URFENdICRg Cis tads Iaidisa|in @

grains. 3. A.nmediumaccqrding to claim1, wherein a
dont SAPILE UG TR (e CCEatRd Sntn SEPTHS BHa BT F6S
at %

4. medi um according to claim1l, wherein in the
secoﬁ&gﬁnaéﬁggyer, an array of crystal grains in a

l'ongi t udi Bal di k\%ﬁi&éﬁp acd él%ect%n%lﬁlgfall,iw\ﬁqﬁ% %he

regularity. 5. 'umaccordi'ng to ¢ erein
the sé%%ﬁ@duﬁaéﬁﬂb§ﬁ%fhB%SaafﬁuhﬂkhﬁbQKﬁﬁﬁﬁcﬁﬁ Q.11 dep

20 nm A medi um according to any one of claim1,
20 nm.

6. A medium according to any one of claim 1,
wherein the.secoﬁd underlayer has a film thickness of
1l to 10 nm.

7. A medium according to claim 1, wherein the
first underlayer contains, as a main component, at
least one element selected from the group consisting
of Ag, Ir, Ni, Pd, Pt, Rh, Hf, Re, Ru, Ti, Ta, and Zr.

8. A medium according to claim 1, wherein the
first underlayer contains, as a main component, at
least one element selected from the group consisting
of Ti, Pd, Pt, Zr, Rh, and Hf.

9. A medium according to claim 1, wherein the
second underlayer comprises two layers containing the
same element combination and having different
composition ratios.

10. A medium according to claim 9, wherein the
second underlayer contains Si, and an Si content in a
layer in contact with the first underlayer is smaller

than an Si content in a layer in contact with the
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10 wherein the second underl ayer has a fil mthickness

of 1to 10 nm 7. A nediumaccording to claim1,

wherein the first underlayer contains, as a nain
conponent, at |east one elenment selected fromthe

group consisting 15 of Ag, Ir, N, Pd, Pt, Rh, H , Re,
Ru, Ti, Ta, and Zr. 8. A nediumaccording to claim1,
wherein the first underlayer cdnta ns, as a nain
conponent, at |east one elenment selected fromthe

group consisting of Ti, Pd, Pt, Zr, Rh, and H . 20 9.

A nmedhimdacooledilagetra cl aim 1, wherein the second

under| ayer conprises two |ayers containing the sane

el ement cdnibi nd imsdiamd dwodndgndi fferdmin conpdsindion in
ratios. 10. A nedium_according to claim9, wherein the
25 s&bEn@eGRder vaper legmttai B 1, candent Sin o ilf

a layer in cgogntact with the first underlayer is .
snal CoRtaChai idh Shecditaéht Undes Yexkfdr 4 cditt & akitn
the 61 third uynder|ayer. 11.. A mediumaccarding to. .
claim9, wifer eiLAw g l%ea%ceocr&%d‘qjﬁcooer I‘Taaylé?ol]a(n erein in
cont [ I ryd tagl, wi.t f r.st ;
cnder Ty Sr oo ez agiily 3%, 5, otts B sng dpwes io

cl ai @ohtacthgriein die  difeSecRRG1URAST liayern ddasSiats.

content in the layer in contact w'th the first
under | ayerid.s 0 il aidbordB.ndA 1t LML 0rHd ¥k 10 in

claim9, wherein in the second underlayer, a |layer in
cont atte weldonicheinderlayer, a layer in contact with the
first underlayer has a film thickness of 0.1 to 2 nm.

14. A medium according to claim 9, wherein in
the second underlayer, an Si content in a layer in
contact with the third underlayer is 30 to 80 at%.

15. A medium according to claim 1, wherein a
difference between an average inter-grain distance of
crystal grains of the third underlayer and an average
inter-grain distance of the crystal grains of the
second underlayer is not more than 10%.

16. A medium according to claim 1, wherein
the magnetic recording layer contains magnetic
crystal grains containing a CoPt alloy as a main
component.

17. A medium according to claim 16, wherein in
the magnetic recording layer, an array of magnetic
crystal grains in a longitudinal direction of the
magnetic recording layer has regularity.

18. A medium according to claim 1, further
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10 first underlayer has a filmthickness of 0.1 to 2
nm 14. A nedium according to claim9, wherein in the
second underl ayer, an Si content in a layer in

contact with the third underlayer is 30 to 80 at% 15.
A medi um according to claim1l1l, wherein a 15 difference
bet ween an average inter-grain distance of crystal
grains of the third underl ayer é&nd -an aver age
inter-grain distance of the crystal grains of the
second underlayer is not nore than 10% 16. A nedi um
accocdmpgitongl ai spit whgneichc BAckhegmiguyetld between the
recordi ng |layer contains magnetic crystal grains

cont apnnagnatEoPsuallkoptas aadméiinstcomgemeatyert7. A
nedlun1accord|ng to claim16, wherein_in the ma netlc
recor di ng 1PayeP, mgR 1afy é‘fc@ﬁdﬁ‘ﬁ’@n&q @lazgl drry SHTh

grains in.,a Iong i tudi nal dlrﬁct on FEE&%%FIC
recoFafﬂﬁélPéi?Sr hREOFEGGIYFi ;‘?YefsonAt d cor di ng
to claim fu ther 62 conprising a soft magnetic
back|ﬁ80F gayﬁéén the nonnmagnetic substrate and

first undep aygy nabe AITEUUPACEILUNG 40 A Mefoaratus

further conprising a protective laye e nmag

5 reegrdi-Agihgyer. 20. A magnetic
recordi ng/ reproducti on apparatus conprising: a

per pendi cul gk rfRGRAICGUA alre GRIGhatd Jreddyndiay MEdidim having
nonmagneti ¢ substrate,

a nonmagnetic substrate,

a first underlayer formed on the nonmagnetic
substrate, and containing, as a main component, at
least one element selected from the group consisting
of Ag, Ir, Ni, Pd, Pt, Rh, Hf, Re, Ru, Ti, Ta, Zr, Mg,
and Al,

a second underlayer formed on and in contact with
the first underlayer, and containing crystal grains
which contain one of Mg and Al as a main component,
and a grain boundary region which contains Si as a
main component and surrounds the crystal grains,

a third underlayer formed on the second
underlayer, and containing, as a main component, at
least one element selected from the group consisting
of Pt, Pd, Ru, Rh, Co, and Ti, and

a perpendicular magnetic recording layer formed
on the third underlayer; and

a recording/reproduction head.

21. An apparatus according to claim 20, wherein



10 a first underl ayer fornmed on the nonmagnetic
substrate, and containing, as a main conponent, at

| east one el enent selected fromthe group consisting
of Ag, Ir, N, Pd, Pt, Rh, H, Re, Ru, Ti, Ta, Zr, M,
and Al, 15 a second underl ayer forned on and in
contact with the first underlayer, and contai ning
crystal grains which contaih @3 of My and Al as a
mai n conponent, and a grain boundary region which
contains Si as a nmain conponent and surrounds the
crystak gegnesic2@eaotrhiing /uegeodayen ohotheed ds heingle
second underlayer, and containing, as a main
conpbrént heatd. | east one el enent selected fromthe
group consisting of Pt, Pd, Ru, Rh, Co, and Ti, and a
per pendi cul ar magnetic recording |ayer fornmed 25 on
the third underl ayer; and a recording/reproduction
head. 21. An apparatus according to claim20, wherein
63 the magnetic recordi ng/reproduction head is a

si ngl e pol e head.



