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1 DESCRIPTION PERPENDICULAR MAGNETIC RECORDING MEDIUM
AND MAGNETIC RECORDING AND REPRODUCING DEVICE
TECHNICAL FIELD [0001] The present invention relates to a
perpendicular magnetic recording medium and a magnetic recording and
reproducing device using the perpendigular magnetic recording medium.
10Priority is claimed on Japanese Patent Application, No. 2007-231841,
filed on September 6, 2007, theldotitdnts dfvhich are incorporated herein
by reference in their entirety. BACKGROUND ART 15[0002] In recent
years, the applicable scope of magnetic recording devices, such as
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device increases,}@% @%@%@Pgﬁ%ﬁ%ﬁ? f?é’@féf@g media used
as

in such magnetic recording devices ramatically improved. In
particular, with the introduction of MR heads and PRML, the surface 20
recording density has further increased. In recent years, GMR heads, and
TECUMR Rhgads;atc. have been further introduced. Due to this, the surface
recording density has continuously increased at the rate of 100% a year.

[000QO3frEhissdhisreguiiecthat the magnetieecordingimedirdiayvedlium and a
higher recording density. In order to achieve this, a high coercive force,
mapigh signaiitosnoidecratidn(Siddratic) 1aind tigh2pradolution anetequiteding
the magnetic recording layer. In order to achieve this, itis 2 necessary to

mepramote the minuteness and magnetic isolation of magnetic crystal grains
in a recording layer which holds information. However, when the grain
diamBteqriyy de eleasddbyaanitigplars amphieticom ddedity Tsthod of igseon
conventional technology, potential energy of magnetization inversion,

SeRkts S S8 PR GBS hvdy AR Aratis PRSI Sl EeAiana iy Stalr
magnetic anisotropy energy (Ku), is also decreased. As a result, there is a

nigEShlem in that the magnetization inversion easily occurs by thermal
relaxation.

BACKGROUND ART

{0002] Inrecent years, the applicable scope of magnetic recording devices, such as magnetic
disk devices, flexible disk devices, and magnetic tape devices, has remarkably increased. As
the importance of such magnetic recording device increases, the recording density of
magnetic recording media used in such magnetic recording devices has dramatically
improved.  In particular, with the mtroduction of MR heads and PRML, the surface
recording density has further increased. In recent years, GMR heads, and TuMR heads, etc.
have been further introduced. Due to this, the surface recording density has continuously
increased at the rate of 160% a year.

[0003] Thus, it is required that the magnetic recording media have a higher recording density.
In order to achieve this, a high coercive force, high signal-to-noise ratio (S/N ratio), and high

resolution are required in the magnetic recording layer. In order to achieve this, it is
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From such problems in the background, a perpendicular magnetic

recording method is expected as a leading technique which can achieve

further higher recording density. 10Dissimilar to the in-plane magnetic

recording method, this method has a characteristic in that the axis of easy

magnetization of magnetic crystal grains is a perpendicular direction

relativte to thets rface o{ the medium. Qecre 'igg(is %gea}%\gl égggrnesy atriglpl's' na
NSNS AR EKE to Which ?ﬁg‘vg’jsnaé?'tlz%lﬁ%rﬁ eas| y aﬁ)gnns. Th the case of ©

Co-based alloys, the axis of y magnetization is an axis (c axis) which
s bngﬁaﬁfeeft‘gh% #c))lf%lgﬁﬁrﬁ%ao the (0001) plane of the hcp structure of

15Ce; Frqr this reason . inprngiple, the.effects of theidemaonalizing figldkding

between recording bits are small in high recording density states, and it

metlRkGSIStalicvnRgRelisN,coRAIIoRE Siable 004 e permendicelalon, which is

magnetic recording medium commonly has an under layer, an
the pHteripesiatedayeiz aimagneticreenidiRgdayet-and apreiectivadayer, energy
which are layered on a 20non-magnetic substrate, in this order. A
(K ubricanddeyasds. oftendayefedhenthes protéctivia tayethd magiditionije inversion
magnetic film, which is called a "soft magnetic backing layer", is often
casifigrmedundéethalmbertayer. The under layer and the intermediate layer
are formed to improve properties of the magnetic recording layer.
Spedificaliictneisé Riyers GsirotgHaiaihmeearaiind hagaetic spystding method
~grains and magnetic isolation properties while orientating the 2_50r3/stals in
is eRRecHAd ghatirarib gy ey g o0 e GrderYy BigRidechigine density.
. density-perpendicular magnetic recording media having excellent . . .
Disamg@rffé@ﬁmsp}?@eégégﬁgwa%ﬂéa%@lﬁ*gﬁé@&?}vﬁ SR g desisiic inthet
o stability. In order to %lecre se nogseé a %ethod IS corgm%l&%/ ﬁﬁ??ﬁiﬂr@c cbricrglative
the B RETE CRYSTAT Graiee i 78Raraing Tay&r are haghetically isorated in
0 th‘xre]efsug‘l Ang o?ftlrgge %%ggrgjln%lqg el 80 %rg %ﬁ r}gﬁ CHQ}%{%:H.O %Qﬂ%%?e&lm% which
magneftic crystzrﬂ grains is decrease while the magnetic crystal grains are
mafRIHAHEE Sy aifdQWeMEnWRRR aise isdacieased DY NSRS ation is
consequently necessary to decrease Ku of the magnetic crystal grains in
an AIEEL IR intaindhermal siakility-¥hen-theimragneticanis ot oRI6 QNS ure of
of the magnetic crystal grains is increased, an anisotropic 10magnetic
Cofield,rsaturation figlskansl Corrcieciorchiare alsgrisreaste d bherelyrdheding
recording field, which is required for the magnetization inversion in writing,
bitdgalsadnenaage tedoririo dsityritabilipdithenkasreedrdingiweac iondewns
deteriorated, and recording and reproducing properties are also
staldecreased.

[0004] The perpendicular magnetic recording mediwm commonly has an under layer, an
intermediate layer, a magnetic recording layer, and a protective layer, which are layered on a
non-magnetic substrate, in this order. A lubricant layer is often layered on the protective
laver. In addition, a magnetic film, which is called a "soft magnetic backing layer”, is often
formed under the under layer. The under layer and the intermediate layer are formed to
improve properties of the magnetic recording layer.  Specifically, these layers control the
diameter of the magnetic crystal grains and magnetic isolation properties while orientating the

crystals in the magnetic recording layer.
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[0006] In order to solve the problems, so called ECC (Exchange Coupled
Composite) media 15have been suggested, in which a layer (auxiliary
recording layer) which contains soft magnetic grains isolated magnetically
is formed on or under a perpendicular magnetic recording layer (main
recording layer) which contains ferromagnetic grains isolated magnetically

[(}Oﬁ%d hICheih %Vger adg & tnrslilcuég’eré% amn? f%%q Ig(?' t(%gé Q}gglargavmc
| { e

e gr es C ac erl 1als

excmf‘%{‘ %ﬁ R0 ¢ '@%%E?f&r% g}&% g0HLE. 20peLp E%an@f% H%&ﬁ&i%%?ﬁty In

layer tontainirig bo agnetic grains an magnetic grams is the

ordPepgndicular directioniwhile haying residual, magnetzation, HOWEekins in a

when the magnetization direction is inverted, magnetic moments do not

recii¥ed allatanca andine magnetc mopnents are tadsiemhindhe, thickhesstc
direction of the layer and inverted incoherently. 25[0007] Specifically, the

intdnsgnetie-memantsdace towasdtheperpahdicwal disgetionindheidstetdSrains
not applied with recording field. While being applied with a recording field,

are magmetiesahoments in the auxiliary recording layer start to magnetically
rotate earlier than the magnetic moments in the main recording layer in
the BE@@medizhdissivlar docoprséhfichalpetpendicutansmgngticecessary to
recording media. Thereby, during magnetization inversion, 5ferromagnetic

decgrain& incfHibermigr e ordivg! @%Mﬁe@é%@é@é@%%ﬁéh@tﬁ@é SRy neticden the
field between soft magnetic grains in the auxiliary recording layer, in

magRRlifi GBI IS ey Gh E&r@ﬁ%@?d%ﬁé%%%@ﬁ%%ﬁ‘?@sﬁ%Wt%FPpm

Therefore, magnetization inyersion easily occurs |n low tic fleI s
ma%‘?ﬁ%ﬁf?&bﬁ&?ﬁét%ﬂﬁ%lﬁaﬁﬁ?ﬂ%% VEomMparad With*éo ve%l
agnetic recordin edl 10 0008] Non-Patent
m%é@&%s‘é@%% Sl hhoad Wi ichitos B s gye==a.
Dul R betV\{z%Je Bt ferr%) He%g% la gys'ﬂ?e%“@%&@rﬁ%%ﬁ ¥h3:r3rdmg and
non- mégnetlc ayyer etween t eferromagneflc layers atent

Iep%ggyi B@n@'ﬁgﬁs-grﬁélﬁ*@&té‘ans on Magnetics, vol. 41, pp. 537
[Non-Patent Document No. 2]S.S.P. Parkin, Phys. Rev. Lett., 67, 3598

odé@%% okatNanfratent é}%&é%@,%wguéﬂ%cﬁl‘l{ﬂsacﬁ@x@ggc&ﬁﬁ&p@&n&klﬁ) media
Rev. Lett., 67, 1602 (1991)

have been suggested, in which a layer {(auxiliary recording layer) which contains soft

magnetic grains isolated magnetically is formed on or under a perpendicular magnetic
recording layer (main recording layer) which contains ferromagnetic grains isolated
magnetically and which have a granular structure (For example, Non-Patent Document No. 1).
The greatest characteristic of the ECC media is that the magnetization direction of the entire
perpendicular magnetic recording layer containing both ferromagnetic grains and soft
magnetic grains is the perpendicular direction while having residual magnetization, however,
when the magnetization direction i8 inverted, magnetic moments do not invert all at once, and
the magnetic moments are twisted in the thickness direction of the layer and inverted
incoherently.

[0007] Specifically, the magnetic moments face toward the perpendicular direction in the
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DISCLOSURE OF THE INVENTION 20 PROBLEMS TO BE SOLVED BY

THE INVENTION [0009] As explained above, in order to exert the

characteristic of the ECC media, it is necessary to control the

magnetization inversion mode, that is, to control the exchange coupling

between the auxiliary recording layer gnd the perpendicular magnetic

recording layer, and the exchange coupling in the auxiliary recgrding .
Stafeg et tﬁﬁ?é%fég%%ﬂﬂ#@é%%haw&élaéamﬁw%&%ﬁh &SRR > magnetic

recarding layer and the perpendicular magnetic 5 recording layer can be |
oSO FICBRIG & TAg T Ry B RORIHAG BRI Do edipenet
molfee laers and adiusting the. (ickness of he insertad laver: lawexr,

e liftss ??o contro e‘éxehange coupling in thé auxiliary recor mgﬁayer

pecdICR TG Auxiliary recording layer i%ﬁ%?é’o%,"c[u iy 3300 MAonSHce sion,

aterial, because the exchange coupling 15 5detéermmed only by the kind

rernSQfimagReticMaterials Ml 0 AGCIRg IO NQBBAIERE magnetic field
Documents Nos. 2 and 3, indirect exchange coupling energy works
betR@IWESER forramagnetic layerskyinseringian extremehsdnivnenHnagnetic
layer between the ferromagnetic layers. This phenomenon is called a
maRiKYfeteragtiomandibaingitecirexelfangaconplingdpihe RKiKMversion easily
interaction is called RKKY interlayer coupling. 10As shown in FIG. 2, the
ocdrKKYlintettayetic Geplingnvaries fibm positiesidipégativedycingreasingh
the thickness of the non-magnetic layer (Spacer Layer). In other words,
contienRIIKémerttiyeiecouplisdcchandaszimadidbrating manner from
ferromagnetic coupling to anti-ferromagnetic coupling. Here,
[0048trdneadtratie EgpiisgtsMisans Bt gisrbrsalignine trsmidaage coupling energy
moments in the ferromagnetic layer parallel, and "anti-ferromagnetic
wWoRB RGeS eRRS SR MBS RO AT MEERlE Iomemtsaadis layer

ferro agfjgetic layer. non-parallel. As shown in FIG 3, the RKKY

betieen COmARNGHS Bi¥fdFent depending on the kind of non-magnetic
material constituting the ins er. FIG. 3 shows a. coupling constant

A tukeit o S e S T A

INGE: NIRRT ransit ?@gﬁﬂ,gﬁgk‘?‘ﬂﬁz Eé&.?&%ﬁs%@é‘ﬁ@@lﬁ“w

interlayer coupling constant of Ru Rh'is largé. [0011] From

nihesgdacatscllran ke understopd thafwher-the, RKIphjataraction counling

is used and the kind and the thickness of the non-magnetic layer varies,

(1®Xghange coupling between ferromagnetic layers can be easily controlled.
That is, it can be considered that the exchange coupling in the auxiliary
recording layer can be controlled by using a multilayer

DISCLOSURE OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0009] As explained above, in order fo exert the characteristic of the ECC media, itis
necessary to control the magnetization inversion mode, that is, to control the exchange
coupling between the auxiliary recording layer and the perpendicular magnetic recording
layer, and the exchange coupling in the suxiliary recording layer. Among these, the

¢xchange coupling between the auxiliary recording layer and the perpendicular magnetic
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25film having the soft magnetism layer and the extremely thin

non-magnetic layer as the 6 auxiliary layer. [0012] The present invention

is achieved by the above-mentioned considerations, and the object of the

present invention is to provide a perpendicular magnetic recording

medium which has both excellent thermal stability of recording

magnetization and writability, and car’s record and reproduce high
recofams feyy fnformiztiomivyl ket ingsthéna xibagycecbrgingrlayenaapaigcdhyer

controlling the exchange coupling, and a magnetic recording and
betvigshrdgseingcaesidadineing SrORSOL VING ifiERRGBL ENb&@[R0 L8]

order to achieve the object, the present invention provides the following
difficylt S Fomtnbiba R hates eV aa g el i evagding daxssorbimotiznexiliary
reproducing device. (1)A perpendicular magnetic recording medium
l‘ﬁcoﬁﬁ‘aﬁ dFNGT AT Ak o SBIY msRihBYE IRy TEgk besAUS R Fagatngseoupling is

intermediate layer, a perpendicular magnetic recording layer, which
dererfi SIS %ﬁélﬂ?ﬁﬁo 'Wg‘ﬁe%{fb@ﬁtgféﬁ%\}ﬁéf’ein the perpendicular

are dispose

(001G RIS UG IRNCH ISR @tﬁgﬁsén%nse ?Jd%é?ﬁ%%%%gg ayer

and at least one of an auxiliary recordi ayer, the mai

eneré‘%%?ﬁ? @3’!@%@& mﬁg{#l%%?%ﬁ%% ; m%gtri]r?gtignac@tsrggopgﬁﬁhengrlfu)r(rilligryrlgﬁc layer

recording layer is a mu ng three”or more of a soft magn

betwiyehamehdnensnawRlc laygi;which At Javerad altemeiel R0 0% and e

outermost layer to the non-magnetic substrate is the soft magnetic layer.

indir2@ (Rph-pREnengicitlan MaBRaY IERLING WeMiIMNIBLROFINE IR 6L boupling.
wherein the thickness of each non-magnetic layer constituting the auxiliafy

layetisshoarangrsol frieRELR Viin ka1 3yetoidit POHPRAicH om@aN@tiGeative
recording medium according to (1) or (2), wherein the
by increasing the thickness of the non-magnetic layer (Spacer Layer). In other words, the
RKKY interlayer coupling changes in a vibrating manner from ferromagnetic coupling to
anti-ferromagnetic coupling. Here, "ferromagnetic coupling” means energy for aligning the
magnetic moments in the ferromagnetic layer parallel, and "anti-ferromagnetic coupling™
means energy for aligning the magnetic moments in the ferromagnetic layer non-parallel.

As shown in FIG. 3, the RKKY interlayer coupling is different depending on the kind
of non-magnetic material constituting the inserted layer, FIG. 3 shows a coupling constant
(J1) when a non-magnetic layer is inserted between ferromagnetic layers containing Co and a
trapsition metal.  In particular, it is clear that the RKKY interlayer coupling constant of Ru,
Ir, and Rh 1s large.

[0011] From these facts, it can be understood that when the RKKY interaction coupling is
used and the kind and the thickness of the non-magnetic layer varies, exchange coupling
between ferromagnetic layers can be easily controlled.  That is, it can be considered that the

exchange coupling in the auxiliary recording laver can be controlled by using a multilayer

film having the soft magnetism layer and the extremely thin non-magnetic layer as the
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7 (4)A perpendicular magnetic recording medium according to any one of
(1) to (3), wherein the thickness of the soft magnetic layer constituting the
auxiliary layer is 4 nm or less, and the total thickness of the soft magnetic
layer constituting the auxiliary recording layer is half or less the total
thickness of the main recording layer. 5(5)A perpendicular magnetic
recording medium according to any ofie of (1) to (4), wherein the
auxihamny-hmagnetic layer and the soft magnetic layer, which constitute the
auxiliary recording layer, have a granular structure in which a metal crystal
[001g aihlsamdsstmpenided aelEaved-yahneticvexicentsaid botsidanyicancktidehe
_ oxide contains at least one of Si, Ti, Ta, Cr, Al, W, Nb, Mg, Ru, and Y.
objeqiobir peisehtiventieniadhetity ideo ritryrdevignaeoetiding todanynontuof
,cg%}to (5), wherein the total amount of the oxide contained in the auxiliary
which et anth migelisatitrerpshgetiitahroosinmerencogsioy sndrvitabiity, and can
erpendicular magnetic recording medium according to any one of (1) to
recot SN RUTAIVAF RIAGEBRE T B tHE A FECBRdlti yemas- g e
ructure in.which a 15magnetic crystal grain part is surrounded by a_ .
Capaﬁ%n‘irﬁga‘r’i%hh“ &iagﬁ%ﬁﬁ%&ﬁﬁa‘&%s S €3S BRI B AT TR e
devidgcording layer contains at least one of Si, Ti, Ta, Cr, Al, W, Nb, Mg, Ru,
and (8) A perpendicular magnetic recording medium according to any
one of (1) to (7), wherein the total amount of the oxide contained in the
main recording layer is in a range of 20 from 2% by mol to 20% by mol.
MEA8)SApergendicnigrimeaanetigresqrding medium according to any one of
(1) to (8), wherein the average diameter of the magnetic crystal grains in
[001He Maird¢eroiding tayelisde akapas el o s R J ik 10k
perpendicular magnetic recording medium according to any one of (1) to
perp¢8yli QBavhergintthecthickness diutheurdain geensding g nistirpsangaOievice.
from 1 nm to 20 nm, and the 8 total thickness of the perpendicular
(1) maghptivredordinglayet tnckditigghecdiain retoltipgt lryer 1S dft annangic
of from 2 nm to 40 nm.
backing layer, an under layer, an intermediate layer, and a perpendicular magnetic recording

Iayer; which are disposed on a non-magnetic substrate, wherein the perpendicular magnetic
recording layer includes at least one of a main recording layer and at least éne of an auxiliary
recording layer, the main recording layer includes a layer having perpendicular magnetic
anisotropy, the auxiliary recording layer is a multilayer including three or more of a soft
magnetic layer and a non-magnetic layer which are layered alternately, and the outermost
layer to the non-magnetic substrate is the soft magnetic layer.

(2) A perpendicular magnetic recording medium according to (1), wherein the thickness
of each non-magnetic layer constituting the auxiliary layer is in a range of from 0.2 nm to 3
nm.

3) A perpendicular magnetic recording medium according to (1) or (2), wherein the
non-magnetic layer constituting the auxiliary layer contains at least one metal or an alloy of

Ru, Ir, Rh, Re, Cr, Cu, Ta, and W,
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(11) A perpendicular magnetic recording medium according to any one of
(1) to (10), wherein the soft magnetic backing layer has a soft magnetic
non-crystalline structure or a soft 5magnetic fine crystalline structure. (12)
A perpendicular magnetic recording and reproducing device having a
perpendicular magnetic recording medium and a magnetic head for
recording and reproducing informatiofl of a perpendicular magnetic
(4) recosdiagméidiuam nabessindbe fapnendicuat ORGREHC£OCoRdiBYMesiuy
is the perpendicular magnetic recording medium according to any one o
whedi) too 1k 1S EFRRCTS OigidtEIRRESHMNEINYENTIQNMBOL4Er is 4 nm or less
According to the present invention, it is possible to provide a
and Peroed dicclias snathetiofteveruitig imedivmsiihidhghths axdeientaecdidirgyer is
and reproducing properties while maintaining high thermal stability of the
half gpless desicotal tdgivetief deorgingdesmstingdavhigh 15recording density.
BRIEF DESCRIPTION OF THE DRAWINGS [FIG. 1] FIG. 1 shows a
0 crodS RESRHSHET HioHPEREHE ISerpinarsHinm asrrdtn edecrempnrediine (4),
Wheacc%rdin%_to tg%fri;ent inyention. 20[FIG. 2] FIG. 2 shows the B
Felat SIS R BRR e S SaAf ShBlaSHH IS ai rdesonr e hgepxiliary

interlayer coupling disclosed in Non-Patent Document No. 2, and the
recollbie PUCL BoTRe ﬁ%aﬁl??naéa?ﬁ% ¢ Talel” i ﬁeﬁ%%téﬁ%%@ #BRKIyounded by

in ling: varous non- netic layers sh
R R

W, NBIrueture, of1hemagnetic recording and reproducing device 9 according
to the present invention. [FIG. 5] FIG. 5 shows the relationship between

(6) the topalbicknasseithasolipaapeticdayeLand SNRWhe B 8ofto (5),
magnetic layer constituting the auxiliary recording layer is varied in the

wheper enidialitanaagifatic seiiRreingimeriy M eseaing tediienBrRSeNs in a range
invention. 5[FIG. 6] FIG. 6 shows the relationship between the total

of fremickndgsofithe2§dfttmagrietic

b4

{7) A perpendicular magnetic recording medium according to any one of (1) to (6),
wherein at least one layer of the main recording layer has a granular structure in which a
magnetic crystal grain part is surrounded by a non-magnetic oxide grain boundary, and the
oxide contained in the main recording layer contains at least one of Si, Ti, Ta, Cr, Al, W, Nb,
Mg, Ru, and Y.

(8) A perpendicular magnetic recording medium according to any one of (1) to (7),
wherein the total amount of the oxide contained in the main recording Jayer is in a range of
from 2% by mol to 20% by mol.

(9) A perpendicular magnetic recording medium according to any one of (1) to (8),
wherein the average diameter of the magnetic crystal grains in the main recording layer is in a
range of from 3 nm to 12 nm.

(10) A perpendicular magnetic recording medium according to any one of (1) to (9),

wherein the thickness of the main recording layer is in a range of from 1 nm to 20 nm, and the
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layer and resistance to thermal fluctuation when one soft magnetic layer
constituting the auxiliary recording layer is varied in the perpendicular
magnetic recording medium according to the present invention. [FIG. 7]
FIG. 7 shows the relationship between the total thickness of the soft
magnetic 10 layer and SNR when the number of layerings of the soft
magnetic layer constituting the auxiliafy recording layer are varied in the
totajpdiplerdicsf diapagretcikeonding v eeiuriac tareh N tithe MEBSEN! recording
invention. [FIG. 8] FIG. 8 shows the relationship between the total
layethichness\gf tiérsofmagoeticrayer and resistance to thermal fluctuation
when the number of layerings of the soft magnetic 15layer constituting the
(1Dauxitapgrrendicitg tegmeticoamrnddgmibd perpendicw s magmetid (1) to (10),
recording medium according to the present invention. [FIG. 9] FIG. 9
wheeg{p s 96t repemsHs Ry Haalaxn Hae atsefmesgof onenrorsimisignetivdayeror a soft
constituting the auxiliary recording layer and SNR in the perpendicular
magRetio AR CEEsHING e according to the present invention. 20[FIG.

12 10] IEIG. 10 gho s the relationship between the thickness of one '
(1) non MagheEHE e USRI Hhe A R AHEHHITY e R avge perpendicular

magiesistance to thegmal fluctuation in the Epfrgendi_cd.ular magne recording .
medium according to the present nVERGSH. TEIE T RIS M uhiie thwtmation

ofa %Hﬂﬁﬁﬁﬁrt}ﬁ%’&% PQSO%%L{H&%}Q?\%Q&{ ther;%?%)ﬁwl%r arren%gr%iqu drlc;](éording

ayer and SNR in the perpendicular magnetic rec g medium accordi

medi@rthe 5 ere%@f{&imﬁl}ﬂ%e&@rﬁéb%iﬁ&ln'fé&m%%éé%?waffa@ﬁa?%!ﬁbg%gﬁm o (1)

between the amount of the oxide in the main recording

the perpendicular magnetic recording medium according to the present

invention. 5 EXPLANATION OF REFERENCE SYMBOLS [0016]
EFFECTS OF THE PRESENT INVENTION

[0014] According 1o the present invention, it is possible to provide a perpendicular magnetic
recording medium which has excellent recording and reproducing properties while
maintaining high thermal stability of the perpendicular magnetic recording layer, and high

recording density.

BRIEF DESCRIPTION OF THE DRAWINGS

[FIG. 1]  FIG. 1 shows a cross-sectional view of the perpendicular magnetic recording
medium according to the present invention.

[FIG. 2]  FIG. 2 shows the relatienshiﬁ between a saturation field, which is an index of the
RKKY interlayer coupling disclosed in Non-Patent Document No. 2, and the thickness of the
non-magnetic layer.

[FiG. 3]  FIG. 3 shows the RKKY interlayer coupling constant J; when various
non-magnetic layers shown in Non-Patent Document No. 2 are used,

[FIG. 4]  FIG. 4 shows the structure of the magnetic recording and reproducing device
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1 non-magnetic substrate2soft magnetic backing layer 3 under
layerdintermediate layer 5 perpendicular magnetic recording layer 6
protective layer100perpendicular magnetic recording medium 10 101
medium driving portion102magnetic head

g

according to the present invention.

[FIG. 5]  FIG. 5 shows the relationship between the total thickness of the soft magnetic
layer and SNR when one soft magnetic layer constituting the auxiliary recording layer is
varied in the perpendicular magnetic recording medium according to the present mvention.
[FIG. 6]  FIG. 6 shows the relationship between the total thickness of the soft magnetic
layer and resistance to thermal fluctuation when one soft magnetic layer constituting the
auxiliary recording layer is varied in the perpendicular magnetic recording medium according
to the present invention.

[FIG.7]  FIG. 7 shows the relationship between the total thickness of the soft magnetic
layer and SNR when the number of layerings of the sofi magnetic layer constituting the
auxiliary recording layer are varied in the perpendicular magnetic recording medium
according to the present invention.

[FIG. 8]  FIG. 8 shows the relationship between the total thickness of the soft magnetic
layer and resistance to thermal fluctuation when the number of layerings of the soft magnetic
layer constituting the auxiliary recording layer are varied in the perpendicular magnetic
recording medium according to the present invention.

{FIG. 9] FIG. 9 shows the relationship between the thickness of one non-magnetic layer
constituting the auxiliary recording layer and SNR in the perpendicular magnetic recording
medium according to the present invention.

[FIG. 10}  FIG. 10 shows the relationship between the thickness of one non-magnetic layer
constituting the auxiliary recording layer and resistance to thermal fluctuation in the
perpendicular magnetic recording medium according to the present invention.

[FIG. 11} FIG. 11 shows the relationship between the amount of the oxide in the auxiliary

recording layer and SNR in the perpendicular magnetic recording medium according to the

present invention,
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103 head driving portion104recording and reproduction signal system
BEST MODE FOR CARRYING OUT THE INVENTION [0017] Below, the
present invention is explained in detail. 15FIG. 1 shows a cross-sectional
view of one example of the perpendicular magnetic recording medium
according to the present invention. As shown in FIG 1, the perpendicular
magnetic recording medium 10 is a dé)rpendicular medium which has a

[FIGsaftimagtielie Sackingdayencsap betlesdayes srandat intermediaiadayan
4 which constitute a orientation control layer for controlling the orientation

recoghmefliyedispSE®. theteqripeadpeipendinddr magdetici2@ieeodingdaygen the
(this may be abbreviated as "magnetic recording layer”) 5, and a
presyromEi®tayer 6, on a non-magnetic substrate 1. The perpendicular
magnetic recording layer 5 has a main recording layer in which the axis of
easy magnetization (c-axis) is orientated perpendicularly to the
non-magnetic substrate 1, and an auxiliary recording layer having soft
EXP%%EM%H&%%@%E%@%@W&& may be the intermediate layer
-the auxiliary 25recording layer-the main recording layer; or the
[OOI%Itefmencﬁ’lﬁ“t‘é‘%/gg}%ﬁlc4§ﬂ£’§tf‘?%§in reco?dinbogTWE?ﬁrg@"gH}éﬂf&?ﬁfrecording

layey. [gg&%]llgelow, each layer in the perpen lJCtlélJ?r gﬁrlagnetlc recording

will be exp ined. First, the non-magnelﬁfb SUbsiad™is explained.

Exagnpk%%%g}j&lﬁg%gé%g@gp&g}ﬂp%r%%} used in the perpendicular

magne

6 protective layer 100 perpendicular magnetic recording medium
101 medium driving portion 102 magnetic head

103 head driving portion 104 recording and reproduction signal system

BEST MODE FOR CARRYING OUT THE INVENTION
[0017] Below, the present invention is explained in detail.

FiG. 1 shows a cross-sectional view of one example of the perpendicular magnetic
recording medium according to the present invention.  As shown in FIG. 1, the perpendicular
magnetic recording medium 10 is a perpendicular medium which has a soft magnetic backing
layer 2, an under layer 3 and an intermediate layer 4 which constitite a orientation control
layer for controlling the orientation of a film disposed thereonto, a perpendicular magnetic
recording layer (this may be abbreviated as "magnetic recording layer") 5, and a protective
layer 6, on a non-magnetic substrate 1. The perpendicular magnetic recording layer 5 has a
main recording layer in which the axis of easy magnetization (c-axis) is orientated
perpendicularly to the non-magnetic substrate 1, and an auxiliary recording laver having sofl
magnetic properties.  The layering order may be the intermediate layer 4-the auxiliary

recording layer-the main recording layer; or the intermediate layer 4-the main recording
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5recording medium of the present invention include any non-magnetic
substrates, such as a substrate made of an aluminum alloy, such as an
Al-Mg alloy containing Al as a main component, a substrate made of
common glass, aluminosilicate-based glass, amorphous glass, silicon,
titanium, ceramics, sapphire, or quartz, and a substrate made of resin.
Among these, an Al alloy substrate, élcrystallized glass substrate, and an
layeatinosphids glassdsub sirate are often 10used. When a glass substrate is
used, a substrate having an Ra less than 1A, such as a minor-polished
[001§lag3ebuhstreitd aisphe fbeghipcisiell ¥y hepibe Ceotemhis JOWbiUMERIRY
be added in the glass substrate. [0019] In general, at first, the substrate is
cledfiest tischaniearigntiie prodastibrsstepisiotdnagnetic discs. In the
present invention, it is preferable that the substrate be cleaned and
15dhsEford thyaangrmnttystdsiraln thsadenbeintmtathdsionaghetic
layers. The cleaning in the present invention includes not only an aqueous
record g Bt Al o St reRntic laplide ARy oR-BEERTSS stvstsike. obghes a
cub sutbstr ei notb%%gicularl limited. [0020] Next, the soft magnetic backing
Mgt BRLEHSedUGE Barkhig Mg dloy squtaRpaifbes 20w

backing layer 2 intraduces a recording field from the magnetic head and
R e e R G S
silict I AIAYALUERERIOB ANE! & (UfIng th&f%%?ﬁ%&%‘q@%&g@h‘%mg these,

perpendicular magnetic recording medium. xamples of the

an AMARAICARRILIENG e PRckIng|ANEL & Inglude ﬂﬁ?ﬁﬂ&!@ yir}b_lis?faqu@?g often

soft magnetic properties, such as a FeCo-based alloy, a CoZrNb-base

usedallayhangd 925G tade hased alloy-Mhen.the Surface.Loughness (Ra) of

the soft magnetic backing layer 2 12 is small, the floating height of the
mirrenaghidtid basd tanthecdBgirasatiyanddhiswilews Lutaenbignar recardingy be
density. Therefore, it is preferable that the material constituting the soft
adderhmghetibibackisigatayer 2 be made of an amorphous material or a material
containing fine crystals. 5A backing layer having an AFC, in which a
001 Rbnihisgrratictiirstilheradti ot Rig)estecdsinbdrietiimte: tvodsoftomsigneti€
layers, can also be used as the backing layer in the present invention.
magﬁ%é ot thigkhe SESEth & BariGRg Ay SFfeRe e hetribe swbstons o diearted and

. 120 rur?, and depends on the balance between the recording and
drie %%8 uﬂﬁ’d“&rgﬁe‘ﬁ?’é}&aﬁ{i”@% ﬁ%‘ﬁ@%@s"f adhesion of layers. The cleaning in

the present invention includes not only an agqueous cleaning but also etching
(reverse-sputtering).  In addition, the size of the substrate is not particularly limited.

[0020] Next, the soft magnetic backing layer (this may be abbreviated as "backing layer" 2
is explained.

The backing layer 2 introduces a recording field from the magnretic head and applies
effectively the perpendicular component of the recording field to the magnetic recorcing layer
5, during the recording of signals in the perpendicular magnetic recording medium.

[0021] Examples of the material constituting the backing fayer 2 include materials having
so-called soft magnetic properties, such as a FeCo-based alloy, a CoZrNb-based alloy, and a

CoTaZr-based alloy. When the surface roughness (Ra) of the soft magnetic backing layer 2
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10[0022] When the soft magnetic backing layer 2 contains fine crystals or
has an amorphous structure, there is a case in which Ra remarkably
increases depending on the material used or film foiming conditions.
In this case, it is possible to decrease Ra and improve crystalline
properties of the magnetic recording layer 5 by forming a non-magnetic
amorphous layer between the backink15layer 2 and the under layer 3.
is snpa0 28} Nexfinthkeimider tayen3:amd Headntermedialo. lYekd RIS € further
formed on the backing layer 2, are explained. In the present invention,
highanrovieditaidensiontrol layehrwhichreontrak that orientatian obthermagnetisos
recording layer 5, is formed on the backing layer 2. The orientation control
magpefiayackiag llmal kyersicifemphmalthyersiatertheoundentaiperainaipdine
intermediate layer 4 from the substrate side. Examples of the material
crysi¥ethe under layer 3 include Ta, and metals or alloys having an fcc
structure having (111) plane orientation, such as Ni, Ni-Nb, Ni-Ta, Ni-V,
Ni-W Dakies [ ooy ang iy AhErdn wshichslasompmehainfibomadaiiqu. et.
.. th '(?termediat layer 4 include Ru, 13 Re, and alloys thereof, which
s IMRAVE BN St RS el o A AgR e at Bt hiaypeiaserpRghe present
intermediate layer 4 is formed in order to control the orientation of the

invention. . . .
magnetic recording layer 5. Therefore, any materials can be used as long

R B O SNSRI (I, ana

it does not have an hcp structur esent invention, when

depdi BAAiL r@g&sgérw@xa;,mg&fmg%%ép&%&%{g;g%@a al Qﬁgﬁﬁﬁome&

recording layer 5, has a granular structure, it is pre le that

[oo2ytenmediale JaehARAUCHRRUNENSE SUTRACE QHRAING] Y RFIERSING 98 hous

pressure in making the intermediate layer 4. However, there is a case in
strucwhnickhtihe ieky siadlineriientaliemofidha interanediate lavai-bistietprieraieded or

by increasing the gas pressure, and the surface roughness 10becomes
film foortargeoithipsoblem can be solved by balancing the orientation and
unevenness at the surface by optimizing the gas pressure in making the
interibéistedaly s previslepadaingth &intedriegiate laysrilimatoreptagies of the
foiined with low gas pressures, and another layer formed with high gas
maglbqtégmg}ng layer 5 by forming a non-magnetic amorphous layer between the backing
layer 2 and the under layer 3,
[0023] Next, the under layer 3 and the intermediate layer 4, which are formed on the
backing layer 2, are explained.

In the present invention, an orientation control layer, which controls the orientation
of the magnetic recording layer 5, is formed on the backing layer 2. The orientation control
layer has plural layers. The plural layers are the under layer 3 and the intermediate layer 4
from the substrate side.

Examples of the material for the under layer 3 include Ta, and metals or alloys
having an fee structure having (111) plane orientation, such as Ni, Ni-Nb, Ni-Ta, Ni-V, Ni-W,
and Pt.

[0024] In general, examples of the material constituting the intermediate layer 4 include Ru,
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[0026] Next, the perpendicular magnetic recording layer 5 is explained.

The perpendicular 15magnetic recording layer 5 includes the main

recording layer and the auxiliary recording layer. In layers forming the

perpendicular magnetic recording layer 5, the main recording layer is a

layer in which signals are actually recorded, in the literature. In the present

invention, the main recording layer m&y be a single layer or a multiple 20
Re, layealharingrw) lehenshardnerpeptdsiefershieithal dklraghonerRYeling layer 5.

constituting the main recording layer have a granular structure containing
Thedntoxiddiandferrd mdgnetitiarystat grains-of @ alleyaanainng-GorRsa

main component. [0027] Examples of the ferromagnetic crystal grains
recojiihlare preférabifocontgineddindremagnetid sedardingliayend doclidehe

. CoCr, CoCrPt, CoPt, CoCrB, CoPtB, CoCrPtRu, CoCrRu, 25 CoCrPtRuB,
oricgaMR ol heoPRUBICARP ToerRuB: S hen itAlbthewXide whiotp isructure,
referably contained in the magnetic recording layer 5, an oxide

[00 e S FOA ST GRESE Bher tramein KEwiNH ey YPoichaerd Vit the

used. [10028%}} is preferable that the thickness of the main recording layer
PRI a6t Froi e 5 S0 nPRS TREANEF AU GHaRn iamTeteibletiet the
. __ferromagnetic crystal is preferably in a 5 rapge of from 3 nm to 12 nm. The
m"‘“"’%‘&‘é%%%gag’é%%% s él%“g‘é%“ﬁéﬂ?ﬁy%% E*r%iaeélgﬁd%fgﬁ%m BfisgEsn making

the 1@9@&&&@%@@@6%%%’\%%%@%efgnarga%grdilr&%ga}/ 1renc]ra stgJ II%S?Ilqu!l?al‘gign of the

ayer. However, it is possiblé that a second magnetic recording layer

intefQIAREL QRO @E%{em?raﬂéﬁtﬁp%&%g%g%’é %lg}sgp &[re‘,"’ﬁlﬁ%s s%%ﬁ!c%@ggghness

in "magnetic recording layer™above, and thereby the 10magnetic

becd@ORdNGLRYEr0an ReRc-mWiiple. layerd by Iﬁl@@féf?@%&l@%ﬁ HAb AN enness

an oxide of the second magnetic recording layer can be selected from the
at thfesrofaaginetisimaiadale andihe oxidasissachimthediFrslemaangfis 4 or separating

recording layer. Moreover, the second magnetic recording layer may not
the ipontaidiar bvictet Wheridhe fairdecotding layerissaraaulipladayer, iher formed
total thickness thereof is 15preferably in a range of from 2 nm to 40 nm.
with high gas pressures.
{0026] Next, the perpendicular magnetic recording layer 5 is expiained.. The perpendicular
magnetic recording layer 5 includes the main recording layer and the auxiliary recording
layer.

In layers forming the perpendicular magnetic recording layer 3, the main recording
layer is a layer in which signals are actually recorded, in the literature.

In the present invention, the main recording layer may be a single layer or a multiple
layer having two layers or more. It is preferable that at least one layer constituting the main
recording layer have a granular structure containing an oxide and ferromagnetic crystal grains
of an alioy containing Co as a main component.

[0027] Examples of the ferromagnetic erystal grains which are preferably contained in the

magnetic recording layer 5 include CoCr, CoCrPt, CoPt, CoCtR, CoPtB, CoCrPtRu, CoCrRu,

CoCrPtRuB3, CoPtRu, CoPtRuRB, and CoCrRuB.



10

15

20

25

[0030] The main magnetic recording layer in the present invention can be
formed by sputtering using a material constituting each layer as a target.
[0031] As a ferromagnetic alloy material used as a target for the main
recording layer, it is preferable that it essentially contain Co, and more
preferably contains Cr in addition to Co. 20Examples of the ferromagnetic
alloy include Co-based alloys, such &éCoCr, CoCrPt, CoCrPtRu,
CoCkPiB; CoQrRtRiBs GrefertB-dorCatPiRlB G aairRBrXing, land 5, an
CoCrPtRuB-X-Y. Moreover, X and Y denote the oxide which is explained
oxidglsoveifogs2]emong dapersicondtitutihghthpévize Raiculdieag hetised.
recording layer 5 in the present invention, the auxiliary recording layer is a
[0028) et imeHcaddps thairibertigmess afidhe 2oivereioting theentsimevonging from 1
layer while the perpendicular magnetic recording layer 5 is 15 applied
nm 19,44 Bec iRy LT00 BN R O bras ERTIRAREDR CTREA dsirgFgrably in a
reCﬁrdin layer ig%a multiple layer including three or more layers in which a

rangs S1 B At fay P Bt D Bty " EE e afting planar

TEI\?%%”%QC layer containing an oxide grain boundary are alternately layered.
i |sgpr'eferable that the non-magnetic layer and the soft magnetic layer,

roo2whichy farm. the; %HI%U@%J %?ﬁﬁqj&%lléﬂ%e#ﬁg%’ %_Qstg"%‘%%"%%tf%g% " However, it is

containing crystal grain boundaries o r sa

possNRRg @@é@ﬁl@ﬁ'%%eﬁc ricspmpes of thenandmagnelic gxdednside S

Ti, Ta, Cr, Al, W, Mg, Ru, and Y. These oxides can be used aloné or

recotdig@mabinakinih 10IBRH A layaltal-arntQiing e exchiaRge.aaurlingy the

depending on situations can be formed between the main recording layer
magatttt theoadixi dayerecarsingrayasicThgeaxchange coupling -controlling layer

may be made of a non-magnetic material, but a magnetic material is

preférgityrosg! it heexchand encoupling in:the@udkiliagpaecerchintdayerer can be

including plural layers can be 15controlled by forming the exchange
selecged By tho itroiimgiaiie myitrel andettiwermidhy thirinomhmaghetigiayerdsording

inserted between soft magnetic layers, that is, when the structure of a soft
tayerm abyetie kty Bl s magieta g SoRTmayeticaen mssideted, an

y
inditect . . . .
%en the main recording layer is a multiple layer, the total thickness thereof is

preferably in a range of from 2 nm to 40 nm.
[0030] The main magnetic recording layer in the present invention can be formed by
sputtering using a material constituting each layer as a target.
[0031] As a ferromagnetic alloy material used as a target for the main recording layer, it is
preferable that it essentially contain Co, and more preferably contains Cr in addition to Co.
Examples of the ferromagnetic alloy include Co-based alloys, such as CoCr, CoCrPt,
CoCrPtRu, CoCrPtB, CoCrPtRuB, CoCrPtB-X, CoCrPiRuB-X, CoCrPtB-X-Y, and
CoCrPtRuB-X-Y. Moreover, X and Y denote the oxide which is explained above.
[0032] Among layers constituting the perpendicular magnetic recording layer 5 in the

present invention, the auxiliary recording layer is a layer which assists the magnetization

inversion in the main recording layer while the perpendicular magnetic recording layer 5 is
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exchange coupling occurs between upper and lower soft magnetic layers.
The indirect exchange coupling can be easily controlled by adjusting the
thickness of the non-magnetic 20layer, and a number of repetitions of the
structure of a soft magnetic layer/ a non-magnetic layer/ a soft magnetic
layer. [0035] In contrast, when the auxiliary ecording layer has a structure
such as a single soft magnetic layer, lahd two layers of a non-magnetic
appliayevitia softontigpdtitilayer, the exchange coupling in the auxiliary
recording layer cannot be controlled, because the exchange coupling
[00325virithe depenidimgoipthehkingk dfanyatertaticonistituting thetgoftinagneticing
layer. That is, when 16 the auxiliary recording layer includes two layers,
threqige Mere sgAdtcRigh risononitsetie thbetweenithe sofomikgnetichayets:y, and a
Therefore, similarly to the auxiliary recording layer being a single layer, it
soft AL fo IR theEdearigdesuiningre [iosBlhidqratdrable that
the pon-magnetic layer constituting the auxiliary recording layer 5include
at 1LY B FREBH DE SaYPERG, i RADRISCCRR Erepgiviassndvhich form
and.more Bltgfer b{jxr least one metal or one allqy of Ru, Ir, and Rh.
Xili

e ROUS T \WREI the SUban{A e BBTRING AT IR RS e aPAth SrispyRetrdarics of

(IPUSESy LIS refe able that the thickness of each non-magnetic layer be in
e sér{gngego?#om %.%Oﬁr%n%mf%crﬁ?(&ﬁien the thickness is less than 0.2 nm, it

Is diffigy Ratain, yiformit - ire-10pon-magnetic layer. Due
to this, a%%e@%c:ﬁ#gr%g%@gﬂ&p}lﬁg %%ﬁgglt(?raggs V%S%é%réf\%vé%% lﬁ% }1(1/? &y and .

ThesMei Y 8P BEBADNBHE RYLEoniBikAEAS, when it exceeds 2 nm, the
distance between the upper and lower soft magnetic layers is too large,

[003apd anyegikeciaxeNange coMing eauRio R Hen (00381 AS.aINadnaliG: formed
metal material of the soft magnetic layer, which constitutes the 15
betwaenihiamaecordingrgyercystalingmiateialsr siugh3s:COTH ckehda@Bsoupling
NiFe, and CoFe, can be used. In addition, amorphous materials which are
-conapiiaiadelyby raaid rrgnSid By Al hilynEi etoaintalthetcrysialiine matetials
can also be used. [0039] When the auxiliary recording layer contains
prefegplipyusef magnetic layers, it is preferable that the thickness of each soft

magnetic layer be 4 nm or less. When the thickness
¢ exchange coupling in the auxiliary recording layer inciuding plural layers can be

controlled by forming the exchange coupling-controlling layer. When an extremely thin
non-magnetic layer is inserted between soft magnetic layers, that is, when the structure of a
soft magnetic layer/ a non-magnetic layer/ a soft magnetic layer is selected, an indirect
exchange coupling occurs between upper and lower soft magnetic layers.  The indirect
exchange coupling can be easily controlled by adjusting the thickness of the non-magnetic
layer, and a number of repetitions of the structure of a soft magnetic layer/ a non-magnetic
layer/ a soft magnetic layer. |

{00351 In contrast, when the auxiliary recording layer has 2 structure such as a single soft
magnetic layer, and two layers of a non-magnetic layer/ a soft magnetic layer, the exchange
coupling in the auxiliary recording laver cannot be controlled, because the exchange coupling

varies depending on the kind of material constituting the soft magnetic layer. That is, when
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20exceeds 4 nm, the main component of the residual magnetization is an
in-plane direction, and thereby the signal intensity of the perpendicular
magnetic recording medium may decrease. [0040] In addition, when the
auxiliary recording layer is a multiple layer, it is preferable that the total
thickness of the soft magnetic layers be half or less the total thickness of
the main recording layer. This is becdfise when the total thickness of the
the sofflimggoeticiay errexcerds drhalfdhe ttaldhickpess.ahtbeiMaiNinserted
recording layer, the main component of the residual 17 magnetization is
betverriniplank dispetioniaaad. thehelyrdhe siginatinteasituainhe PRrRRRAGNRF being
magnetic recording medium may decrease. [0041] In general, these layers
a singdq lbeep o duiceh by e DG maghétr e dputteingpfirecess or RF sputtering
process. It is also possible to use an RF bias, a DC bias, a pulse DC, a
[00300IsE Dersisrablarhajsks MrogescandNg gastitutinEtbesputidaingagasling layer
. _pressure is determined in every layer so that each layer has optimum
inclyde BbltRst ORfoREREPT a1 aPeriefiRe Jadbrdisie. iISigEnataliyndnila radgeoot
from about 0.1 to about 30 Pa. The sputtering pressure is determined
prefﬁré‘g%n%ﬁ‘?ﬁ%r‘?%?ﬁ“é’]‘f%"rﬁiﬁr?@é’ﬁ%%ﬁé‘dIi‘h ayer. 10[0042] Next, the
Ive d%}/er 6,is ex&!ained. ’\1’};‘/ ?ﬁf&)rotective layer 6 protects the

otecti !
(00 ol iPa d%urﬁglgaéy GEORS R IRt FreNWEy e ReRd i e filris

Lanbe.ysgd e protective layer 6. However, a carbon film is used in

pre many Sases.ail e ﬁ% % %?&%neoé] %rf/a I}sept)llft & i%%%%%ée%g,gg %ﬁg@@a g\ygl to 2 nm.

wWheReibogl £lgs6lagma S ¥R Melhedinas RSN HSEAINMAnY Gaseq N .
recent yearss.s,& rﬁagnetron 15 [I)Iasmé11CVD me%%lodr}su% é)(gnf)lgég%ﬁre. ﬁ%mm

nonHigkREsI Althe DIRIRLINE IAYRIDdSdR-aJaPgG Bh I A diDs 1R AR W vween the

preferably a range of from 2 nm to 6 nm and more preferably a range of

uppérami 2o @ f MepQRA3) MextIthe Mmagnelicracerdiganghepoducing
device using the perpendicular magnetic recording medium is explained.

betvw2Qk G- dpphowel dnecexampleofibaveaginetic regerdiicaniieRIRILEIAG:
device using the perpendicular magnetic recording medium. The magnetic

coupliep Fatipaintiagproducing device shown in FIG. 4 includes the magnetic
recording medium 100 having the structure shown in FIG. 1, a medium

(003 givityy pBmIIONTEH Fetierebiog/ihe 10i megttdaseonding mesioned 06,
a magnetic head 102 for recording infmmation to the magnetic recording

xilay SERT IO B rEprSiBmFTematioh of the MiabndteTetataingd Core, can
be uggg.di%g]ajaggio%,ha?n?grpﬁgus materials which are obtained by adding Si, B, Al, Zr, Nb, C,
etc. into the crystalline materials can also be used.

[0039] When the auxiliary recording layer contains plural soft magnetic layers, it is
preferable that the thickness of each soft magnetic layer be 4 nm or less.  When the thickness
exceeds 4 nm, the main component of the residual magnetization is an in-plane direction, and
thereby the signal intensity of the perpendicular magnetic recording medium may decrease.
[0040} In addition, when the auxiliary recording layer is a multiple layer, it is preferable that
the total thickness of the soft magnetic layers be haif or less the total thickness of the main

recording layer.  This is because when the total thickness of the soft magnetic layers exceeds

half the total thickness of the main recording layer, the main component of the residual
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driving portion 103 for moving the magnetic head 102 relatively to the
magnetic recording medium 100, and a signal processing system 104 for
recording and reproducing [0044] The signal processing system 104
processes data inputted from outside to produce a signal, and sends the
signal to the magnetic head 102, or processes the signal reproduced by
5the magnetic head 102 to produce ddta, and sends the data outside.

magfRf4&forsdhe magnetitbedeh 1021 vsadin thesmagnetiasecordiRenendicular
reproducing device according to the present invention, any magnetic head
magyuticheinslitaiieforhighyréaordiag density, such as a magnetic head
including not only a MR (Magneto Resistance) element which uses
[0044 hisotespieah el resistahc oeffects AMRY, butzalkima GMRislementss or RF
using 10giant magnetic resistance effects (GMR), a TUMR element using
SPUliERINE IREF Stfedt i isTapsEE B teHs EXANIPLES: D(bR46) BéisvidGhe pulse DC
present invention is explained in detail referring to examples. 15[0047]
bias Egiﬁ?ﬁbl A gas. ang Y &m chamber, in which a glass substrate for a HD
S evacuated to 1, Oé<?l 0 Pa or less in advance. The soft

m(’:tgn:tléj BASHSFIaYAFI WAl PrEvtBedn srersimst a1y FaskHrgr has

thick f 50 b th tte Next,
o AR AU AR SR a%% iy e””%e%aﬁ*&ya%% fom
abodhickness,af S0 in-An. AL AR sg %\g' mecPd%ggSLL %gfa%

Then, the intermediate layer 4 wa uce y layerin ving a

perf(;hms@gqurpgg&mgpegr atmosphere havmg a gas pressure of 0.6 Pa,
and further layering Ru having a thickness of 10 run by increasing the gas

[004pressere da HoRaiThrpepandisidacmagnetic recording medium 5 was
produced by layering a main 25recording layer and an auxiliary recording
lay€eThin phiscotistelanealn Aroaionosiphesaihavwniagas R to contact with the

magnetic head. A SiQ; film can be used as the protective layer 6. However, a carbon film

is used in many cases. The film is formed by a sputtering process, a plasma CVD method,
cte. The plasma CVD method has been used in many cases in recent years. A magnetron
plasma CVD method is also possible. The thickness of the protective layer 6 is in a range of
from 1 nm to 10 nm, preferably a range of from 2 nm to 6 nm, and more preferably a range of
from 2 nm to 4 nm.

{0043} Next, the magnetic recording and reproducing device using the perpendicular

magnetic recording medium is explained.

FIG. 4 shows one example of the magnetic recording and reproducing device using
the perpendicular magnetic recording medium. The magnetic recording and reproducing
device shown in FIG. 4 includes the magnetic recording medium 100 having the structure
shown in FIG. 1, a medium driving portion 101 for rotary driving the magnetic recording

medium 100, a magnetic head 102 for recording information to the magnetic recording

medium 100 or reproducing information of the magnetic recording medium 100, a head
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pressure of 2 Pa. The main recording layer was made of
90(Col2Crl8Pt)-10(Si02), and had a thickness of 10 nm Moreover, the
numbers "90"and "10" in the chemical formula denote a molar ratio of
Col2CrI8Pt, and Si02, respectively. The numbers "12" and "18" denote
that Cr is contained 5 at 12% by mot, and Pt is contained at 18% by mol.
That is, "Col2CrI8Pt" means that it cohains 12% by mol of Cr, 18% by mol
drividgiosind resiehiahs O iemabatiehihis tolisiised BeWlaonetic rg—&?ding
auxiliary recording layer was produced by alternately layering NiFe-10Si02
medthickb@ssidla 2ipm) praddRing 0iRA(thickness Ritprdvisadangdinally
layering NiFe-8Si02 10to a thickness of 1.2 nm. Then, a carbon film
[004ths Tayeteohbsrthesprategsivenfiltd Gransses patfl insopalyeshes (REPE)produce 2
_lubricant was coated to a thickness of 15 A. Thereby, the
signpbgserigheds drerriggrleticre sorgtinderhealiiobthisesansple wasapragudectd by
15[0048i§Exam le 1-2 The perpendicular magnetic recording medium
the ypagnetic Pﬁpﬁ@%&@%ﬂﬁ@é@i e ieadh Ereideiieasidethat of Example
Ooﬂlg_]/l’%cept that Ir-10Si02 was used as the material of the non-magnetic
[0043f e PilthdaassisiensehHing I dremsemaic e phmnandasperincnmdevice
magnetic recording medium in this example was produced in a manner
kAl e A e ;

oo ica o TRAESY BV Be 8t e ARG5S e b s g recording

den B SR R D AR RGBS B0, D5 AR SRS Y lemen:

Comparative Exam arative perpe armag

whi lec . | | i 1 (& ! § de-e ent usin
hidRGRH NG MR, I3 1k cQpae é\é?ﬁé%;@%%\%ﬁ RrOEHER' 1'%1{;‘ t using

: g
manner identical to that of Example I-I, at the thickness
giant magnetic resistance effects (GMR), a TuMR element using the tunnel effect, etc. can be

used.

EXAMPLES
[0046] Below, the present invention is explained in detail referring to examples.
[0047] Example i-1

A vacuum chambez, in which a glass substrate for a HD was set, was evacuated to 1.0
x 107 Pa or less in advance,

The soft magnetic backing layer 2 was produced on the substrate by layering
CoNbZe having a thickness of 50 nm by the sputtering process. Next, the under layer 3 was
produced by layering NiFe having an fce structure in thickness of 5 nm in an Ar atmosphere
having a gas pressure of 0.6 Pa.  Then, the intermediate layer 4 was produced by layering Ru
having a thickness of 10 nm in an Ar atmosphere having a gas pressure of 0.6 Pa, and further
layering Ru having a thickness of 10 nm by increasing the gas pressure to 10 Pa.

The perpendicular magnetic recording medium 5 was produced by layering a main

recording layer and an auxiliary recording layer in this order in an Ar atmosphere having a gas



10

i5

20

25

of the main recording layer was 10 mu, and the auxiliary recording layer
was not produced. Comparative Example 1-2 A comparative
perpendicular magnetic recording medium in this comparative example
was produced in a manner identical to that of Example 1-1, except that a
simple layer made of NiFe-10SiO2having a thickness of 3.6 nm was used
as the auxiliary recording layer. Compdrative Example 1-3 A
pressomphiative Terpendicubardigdnaticveceising medium at 1Rig)-10(Si0,), and had
comparative example was produced in a manner identical to that of
a thisksaymdé 10 brexcept that a multiple 10layer, which was obtained by
layering alternately a layer made of NiFe-105i02 (thickness: 1.2 nm) and a
layeMeratiEesf Tonrosie thiekdés8” Greinnahwice) fandfinaknadayaolar ratio of
made of NiFe-10S102 (thickness: 1.2 urn), was used as the auxiliary
Colladflingudysh meraeniorets lajbe matkest 38" 10803 Wesete that Cr is contained

romagnetic layer. [0049] Recording and reproducing properties of the
at 1%%%%8&%» BRfEHa R R ahER e isr@ebrdiﬁgaFﬁéd‘i(éC\Aré?gi 4| uBgap that it

using.g read-and:-write analyzer 1632, and Spin Stand S1701MP, which
com D) U5, O ITbEh AT B AL HALAL, R SRRSO s e s
ium, the value of the signal-noise ratio (SNR) (moreover, S is an

JReriy
o outpwat the linear recording density of 119 kfci and N is a rms (root mean

squafe, 2 diff i f ter [ ifferentiation Gircuit ..
o D AR et
thi RN ONSMHEERIGPSIE aluaied hared 58 NiFe-8Si
( output ratio ?decrease rattil()?,%gﬂv%ggfgéiw kfci s?gr%f 6%?0%%%?%%%?8 NiFe-85i0,
to a eMewaiting B 2@ kfci signal to a 119 kfci signal.  [0050] As resistance

to thermal fluctuation of the medium, a ratio of V 1000/V0O between the

25repraducedtaut filits of abOétdd ek signploadierd 800 seeands-Famropolyether

recording a 100 kfci signal 21 once at 70C and the reproduced outputs of
(PFI¥) bobkfeinsignatjastdifter trecoreingfal 300 kfci signal once at 70C. [0051]

Static magnetic properties in the perpendicular direction of the medium

werd ReraRYatbe yreKiesvimenranirig theoidéng medium of this example was

produced.
[0048] Example 1-2

The perpendicular magnetic recording medium in this example was produced in a
manner identical to that of Example 1-1, except that Ir-108i0, was used as the material of the
non-magnetic layer in the auxiliary recording layer.

Example 1-3

The perpendicular magnetic recording medium in this example was produced in a
meanner identical to that of Example 1-1, except that Rh-10Si0, was used as the material of
the non-magnetic layer in the auxiliary recording layer.

Comparative Example 1-1

A comparative perpendicular magnetic recording medium in this comparative

example was produced in a manner identical to that of Example 1-1, except that the thickness
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5[0052] The crystal structure and crystal orientation plane of the main
recording layer and the auxiliary recording layer were confirmed by the
0-20 method using an X-ray diffractometer using Cu-ka rays as a radiation
source. [0053] The fine structure of the main recording layer and the
auxiliary recording layer was analyzed using a cross-sectional TEM. In
addition, the average crystal grain digtheter in the 10main recording layer

of thendadheauxdiisgryasecorsing layesmiascalgiliatedausidghplanar wiEMdmpaghsed.
As a result of the XRD evaluation, it was confirmed that magnetic crystal
graifeimpthetivealixampbrdilg layer of all perpendicular magnetic recording
media have an hcp structure, and are orientated to the (0001) plane.
15[0b5aTRREddRIBYHPIWAS Al soaeoafinneg tiiat atieduxili aryhiecordingative
layers in the perpendicular magnetic recording medium produced in

EWEB%M%}MU&W%%%\W%@Mréétpfzﬁaﬁ@m@siv&eﬁé@@ém@hédir@pie

1 the %cp _0001%§Iane or the fcc (111) plane. [0055] As a result of the ‘

YL YENT sD eI atiBRREA4LIETHReE d - tiaThatA fe ot dmdliayeienqrding

all perpendicular magnetic recording media had a granular structure in

lay’“ﬁtﬂ/'\/hich the 20periphery of the magnetic crystal grains was surrounded by

the o %?{MJeg;(on The average grain diameter of the magnetic crystal
grains%\%s 7.86an.mrlp p?n%ddition, it was also confirmed that the auxiliary

recoxdipg: layenin b RalPRRdicHIAE MAagnetic reCaring; MediuLID, iive

Example 1-1, and Comparative Examples 1-2 and 1-3 had a granular

exarffldGHESIBAVEIE AT heRRARNENIRLING MABF ERYSAIOTRINSWAS that a multiple
25surrounded by the boundary region, similar to the main recording layer.

layel RehRUeragetginind B2 idiamatenefthelnagnetia siysahgraingnes (h nks: 1.2
[0056] As a result of the cross-sectional TEM observation, it was
nm) eodfiraed thatcarfa me i OrySiatigrain ihdhenuxiiar g cording layer-gienoes
on one magnetic crystal grain in the main recording layer, and the metal
NiFgrhsigPgtdinknass alctystal eaticecdnd grewepitaxiatyrdr00572t Thdoreover, a
coercive force I-le, and the squareness ratio RS, which were obtained by
layeyrpadeficGaddRite wropderesaersicpeisendicular magnetic recording

medium, are shown in Table 1. )
[0049]  Recording and reproducing properties of the produced perpendicular magnetic

recording media were evaluated using a read-and-write analyzer 1632, and Spin Stand
51701MP, which are marketed by U.S. GUZIK Technical Enterprises.

As SNR of the medium, the value of the signal-noise ratio (SNR) (moreover, S is an
output at the linear recording density of 119 kfei and N is a rms (root mean sguare)) of a
differential waveform after passing a differentiation circuit value at a linear recording density
of 716 kfci) was evaluated.

Medium overwrite properties were evaluated based on a reproduced output ratio
(decrease ratio, OW) of 119 kfci signal before and after overwriting a 250 kfci signal to a 119
kfci signal.

[0050] As resistance to thermal fluctuation of the medium, a ratio of V,g90/V between the

reproduced outputs of 2100 kfci signal after 1,000 seconds from recording a 100 kfci signal
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[0058] [Table 1] Sample He (0Oe) RS Example 1-1 3583 1.0 Example 1-2
3622 1.0 Example 1-3 3691 1.0 Comparative Example 1-1 4673 1.0
Comparative Example 1-2

21
once at 70°C and the reproduced outputs of a 100 kfci signal just after recording a 100 kfci

signal once at 70°C.

[0051] Static magnetic properties in the perpendicular direction of the medium were
evaluated by a Kerr measuring device.

[0052] The crystal structure and crystal orientation piane of the main recording layer and the
auxiliary recording layer were confirmed by the 8-20 method using an X-ray diffractometer
using Cu-ko rays as a radiation source.

[0053] The fine structure of the main recording layer and the auxiliary recording layer was
analyzed using a cross-sectional TEM. In addition, the average crystal grain diameter in the
main recording layer and the auxiliary recording layer was calculated using planar TEM
images.

As aresult of the XRD evaluation, it was confirmed that magnetic crystal grains in
the main recording layer of all perpendicular magnetic recording media have an hep structure,
and are orientated to the (0001) plane.

[0054] In addition, it was also confirmed that all auxiliary recording layers in the
perpendicular magnetic recording medivm produced in Example 1-1 and Comparative
Examples 1-2 and 1-3 were orientated to the hep (0001) plane or the fee (111) plane.

[0055]  As aresult of the planar TEM observation, it was confirmed that the main recording
tayer in all perpendicular magnetic recording media had a granular structure in which the
periphery of the magnetic crystal grains was surrounded by the boundary region. The
average grain diameter of the magnetic crystal grains was 7.8 nm.

In addition, it was also confirmed that the auxiliary recording layer in the
perpendicular magnetic recording medium in Example 1-1, and Comparative Examples 1-2
and 1-3 had a granular structure in which the periphery of the metal crystal grains was

surrounded by the boundary region, similar to the main recording layer. The average grain



3871 0.85 Comparative Example 1-3 3248 0.78 10Compared with the

perpendicular magnetic recording medium in Comparative Example 1-1,

He of the perpendicular magnetic recording medium in Examples 1-1 to

1-3 and Comparative Examples 1-2 and 1-3 decreases In addition, RS in

Examples 1-1 to 1-3 and Comparative Example 1-1 is 1, but RS in

Comparative Examples 1-2 and 1-3 is“deteriorated to less than 1. In the
dianpéependiculagrriagneticrecondingsMaditm in Comparative 15Example

1-3, since the auxiliary recording layer is a ferromagnetic film, properties
[00581e (orsEs{0060)cTHesoverivitel frobbries-@WNntHevahl Ryrdinthéiehat one metal

resistance to thermal fluctuation ViOOONO, which were obtained by the
crys@lafiaimsghe fiephepeitresdngtaviseependic vy TrIgRBticTetdrging in the main

medium, are shown in Table 2. 23 [0061] [Table 2] Sample OW (dB) SNR
recaﬁ§¥ A0S the metal crystal grain had a crystal lattice and grew epitaxially.

[0057] The coercive force He, and the squareness ratio RS, which were obtained by the

static magnetic properties of the perpendicular magnetic recording medium, are shown in

Table 1.

[0058] [Table 1]

Sample He (Oe) RS
Exampie 1-1 3583 1.0
Example 1-2 3622 1.0
Example 1-3 3691 1.0
Comparative Example 1-1 4673 1.0
Comparative Example 1.2 3871 0.85
Comparative Example 1-3 3248 0.78

[0059]

Compared with the perpendicular magnetic recording medium in Comparative
Example 1-1, He of the perpendicular magnetic recording medium in Examples 1-1 to 1-3,
and Comparative Examples 1-2 and 1-3 decreases. In addition, RS in Examples I-1 to 1-3
and Comparative Exampie 1-1 is 1, but RS in Comparative Examples 1-2 and 1-3 is
deteriorated to less than 1. In the perpendicular magnetic recording medium in Comparative
Example 1-3, since the auxiliary recording layer is a ferromagnetic fitm, properties are worse.
[0060] Thé overwrite properties OW, the SNR, and the resistance to thermal fluctuation
Vigoo/Vo, which were obtained by the static magnetic properties of the perpendicular magnetic

recording medium, are shown in Table 2.
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Example 1-1 45.0 18.5 0.9996 Example 1-2 43.8 18.3 0.9994 Example
1-344.9 18.4 0.9993 Comparative Example 1-1 36.7 17.0 0.9995
Comparative Example 1-2 42.2

23
[0661] [Table 2]
Sample OW (dB) SNR(AB) | Viee/Vo
Example 1-1 45.0 18.5 0.9996
Example 1-2 43.8 18.3 0.9994
Example 1-3 449 18.4 0.9993
Comparative Example 1-1 36.7 17.0 0.9995
Comparative Example 1-2 42.2 158 0.5920
Comparative Example 1-3 453 15.2 0.5587

[0062] Compared with Comparative Example 1-1, OW in Example 1-1, and Comparative
Examples 1-2, and 1-3 is improved. It can be presumed that this improvement is obtained by
forming the auxiliary recording layer, and the coercive force is decreased.

In addition, the resistance to thermal fluctuation in Comparative Example 1-] is
substantially equal to that in Examples 1-1 to 1-3. However, the resistance to thermal
fluctuation in Comparative Examples 1-2 and 1-3 is decreased. It can be presumed that this
decrease of resistance to thermal fluctuation is caused by deterioration of the squareness ratio,

Regarding SNR, Example 1-1 displays the highest grade, and that of Examples 1-2
and 1-3 display the second highest grade. It can be presumed that such a high SNR ig
obtained by influences due to the RKKY interlayer coupling strength which is caused between
NiFe~108i0; layers,

[0063] Next, the perpendicular magnetic recording medium, in which the thickness of one
soft magnetic layer in the auxiliary recording layer and the number of layers of the soft
magnetic layer vary, were produced in the following manner.

Exampie 2

After the intermediate layer was layered in the same manner as Example 1-1, 2 main
recording layer was produced by layering 90(Co12Cri8Pt)-10(Si04) to a thickness of 10 nm.
An auxiliary recording layer was produced by layering alternately NiFe-108i0, (thickness: X
nm) and Ru-10510; (thickness: 0.6 nm) at Y times, and finally NiFe-~108i0; to a thickness of

X nm was layered.
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15.8 0.5920 Comparative Example 1-3 45.3 15.2 0.5587 [0062]
Compared with Comparative Example 1-1, OW in Example 1-1, and
Comparative Examples 1-2, and 1-3 is improved. It can be presumed that
this improvement is obtained by 5forming the auxiliary recording layer,
and the coercive force is decreased. In addition, the resistance to
thermal fluctuation in Comparative E%ﬁmple 1-1 is substantially equal to

thatTheRxainpies ditetnbSwdoneuersdhad esistantadoatheakiyuatiobrthe
Comparative Examples 1-2 and 1-3 is decreased. It can be presumed that

protadiyeleeredodiof sosistamertastisamal dlictuation is caused by
deterioration of the squareness ratio. 10Regarding SNR, Example 1-1
displays ‘thechighbatigrkarss ahiN ihet P amptesied mrurdngedi§fias them to 4
second hg@?est grade, It can be presumed that such a high SNR is

M. opty hHisdAtadg et e Ravsdv ey Esupling Strehdareover, the

hi h IS caus etween,NiFe-10Si02 Iayers [0063] Next, the
total ARl rﬁa? ﬁ@ﬁ&%@?’&mgmﬁw WHRFORCRE ekeesor SieX-

t ma i auxnlar recording layer and the number of
{006%15 ers of t erog Lr%%#% AEP WWe%“ﬁF%@ﬁ%%?jt TRABRHSIGWIRY ratos in
the 1@%@5‘1&%%@5@ gf all Aﬂ%r y(’:]u zlnrr]tne}xgme lat%clg fF ! Wrggdllg ered | Ipl th?tructurc

same mann S Exam%?trap , a main ecor ing EIRWELS pro

and mg{mgggg@@@fgaﬁ&&owuoa to a thlckness of 10 nm.

f0065] In addition, it was also confirmed that all auxiliary recording layers in the
perpendicular magnetic recording media produced were orientated to the hep (0001) plane or
the fec (111) plane.

[0066] As aresult of the planar TEM observation, it was confirmed that the main recording
fayer in all perpendicular magnetic recording media had a granular structure in which the
periphery of the magnetic crystal grains was surrounded by the boundary region. The
average grain diameter of the magnetic crystal grains was 7.8 nm,

In addition, it was also confirmed that, similar to the main recording layer, the
auxiliary recording layer in the perpendicular magnetic recording media had a granular
structure in which the periphery of the metal crystal grains was surrounded by the boundary
region. The average grain diameter of the magnetic crystal grains was 7.5 nm.

[0067] As aresult of the cross-sectional TEM observation, it was confirmed that one metal
crystal grain in the auxiliary recording layer grew on one magnetic crystal grain in the main
recording layer, and the metal crystal grain had a crystal lattice and grew epitaxially.

{0068] FIGs. 5 and 6 show the relationship between SNR or Vigoe/Vg, and the total thickness
of the soft magnetic layer, 3X (=2xX + X), when the layering time, Y, of the soft magnetic

layer in the auxiliary recording layer was set to 2, and the thickness, X, of one of the soft
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20 An auxiliary recording layer was produced by layering alternately
NiFe-105i02 (thickness: X nm) and Ru-105i02 (thickness: 0.6 nm) at Y
times, and finally NiFe-105i02 to a thickness of X nm was layered. 24
Then, the protective layer was produced and the lubricant agent was
coated on the protective layer, in the same manner as Example 1-1. "K,
which is the thickness of NiFe-lOSiO%,Swas varied in a range of from 0 nm
magtetd Terwhithl is) thentayeriigtime Awas varied in a range of from 0 to 8.
Moreover, the 5total thickness of the soft magnetic layers in the auxiliary
recdtdirdetaybrtiaR X sxenarka] 0064} vAd ankbigh efsiheXRD envatudtion,
it was confirmed that magnetic crystal grains in the main recording layer of
fluctyftisarisendriaiashingratie eicoeding et X radanthcle $thuotufd, and nm) in
orientated to the (0001) plane. [0065] In addition, it was also confirmed
the thialthiripsriiahbrerdtdnsgnalel®mshe 10 perpendicular magnetic
a (0001) plane or the

006r§c%[fing media produced were orientated to the he )

(006l §14% praes ﬁgeéfsﬁhﬂéeaa?egmwﬂ%eﬁ%ﬁw@ ol SimabReiiip dhickness

-..confirmed that the main recording layer in all perpendigular magnetic

o G LA W & bran i SR I AR e e e P

magfRAOTEHE cialQrrINR W RUiRUNARd Y e hoRndanrisaian. (RS B
average grain diameter SF emggné)ﬁ’c crystdl grains was 7.8 nm i

uxiRAYTHQR a5 2ISe.canfiimep fhat, Sipiartotheamain recording layer, the

auxiliary recording layer in the perpendicular magnetic recording media

hadiga; geanyaESTURIY el bioh the:ReERReRRiReMetaL ¢oystalanains

was surrounded by the boundary region. The average grain diameter of
flucttheisnagmaticryatal grains wWasoh2 mn 20[0067 Asa resulhqh e iotal
cross-sectional TEM observation, it was confirmed that one metal crystal
thiclgrainoiitlih scdilitigmytietording layer grew on one magnetic crystal grain in
the ain recording layer, and the metal crystal grain had a crystal lattice
[0078hdlpeed apitasialtyu[60883 Fli@sthstani:t tleondhbivkiatisnstiip betweanetic
SNR or V wooNo, and the total thickness of the soft magnetic layer, 3X
layer iptar asdfiaptisacadnaiasionls Baeorvlest thetsisinerigridie main recording layer, it

is possible to obtain excellent recording and reproducing properties while maintaining high
resistance to thermal fluctuation.
[0071] Then, the perpendicular magnetic recording media, in which the thickness of one

non-magnetic layer in the auxiliary recording layer was varied, were produced in the

following manner,
Example 3

After the intermediate layer was layered in the same manner as Example 1-1, a main

- recording layer was produced by layering 90(Co12Cr18Pt)-10(Si0;) to a thickness of 10 nm.

An auxiliary recording layer was produced by alternately layering NiFe-10Si0; (thickness:
1.2 nm) and Ru-10S:0; (thickness: Z nm) twice, and finally NiFe-10S8i0; to a thickness of 1.2
nm was layered.

Then, the protective layer was produced and the lubricant agent was coated on the
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25layer in the auxiliary recording layer was set to 2, and the thickness. X,
of one of the soft 25 magnetic layer varied in a range of 0 nm to 4 nm.

It is clear that SNR is remarkably improved and high resistance to thermal
fluctuation is maintained in a range of from 1.2 nm (X = 0.4 nm) to 4.8 nm
(X = 1.6 nm) in the total thickness of the soft magnetic layers. 5[0069]
EIGs. 7 and 8 show the relationship Bétween SNR or V1000No, and the

provotbkthigknest obihe: softhrepgnBlisdayen.- Y+ 1 (=yx1), when the thickness,
X, of one of the soft magnetic layer was set to 1 nm, and the layering time,

Y, oMbeseft tagriekisdayer indhrataiiary wacominyiny empasMasied mato 4
range of from O to 8. It is clear that SNR is remarkably improved

nm. and high resistance to thermal 10fluctuation is maintained in a range of
from 2 nm (Y = 1) to 5 nm (Y = 4) in the total thickness of the soft

(00T aghetiectayers o 0B Baskdtom.theses esultmdtiti el emmtvar whetltgesins in
total thickness of the soft magnetic layer in the auxiliary recording layer is

the Ijaip FHopsdi et A rdsaearanpd qranTreRTdrTgaaing imiedisdusiisie ep structure,
obtain excellent recording and reproducing properties while maintaining

and pis queEiefiochd A Mfictuation. [0071] Then, the perpendicular

maglnet'%recm @gg aedia, iﬁ which the thickness of one non-magnetic

naddit SeoTfing ISy drAh Al YRHEAT TEre RsoiiEed iR e

1o, 1
layer in the adxiliary tecordr

quligggin er. le_3 20After the inteiiiediate layer.was | i
P O e ARG R e Sl O R U Rep O L pfin o
the 0¥ (@81 A0(Co12Crl 8PY)-10(Si02) to a thickness of 10 nm. An auxiliary

recording layer was produced by alternately layering NiFe-10Si02
[0073nicknesssuls mnimy ﬁ@ﬁa?@ﬂh@@%ﬂ&lﬁrl? s S iGEand fingl %cording

NiEe-10Si02 to a thickness of 1.2 nm was layered. 25Then, the protective
layeldyall waparoducednapaetherdubrieant-agent WasSoaled @mhBe in which the
periphery of the magnetic crystal grains was surrounded by the boundary region. The
average grain diameter of the magnetic crystal grains was 7.8 nm.

In addition, it was also confirmed that, similar to the main recording layer, the
auxiliary recording layer in perpendicular magnetic recording media had a granular structure
in which the periphery of the metal crystal grains was surrounded by the boundary region.
The average grain diameter of the magnetic crystal grains was 7.5 nm,

As a result of the cross-sectional TEM observation, it was confirmed that one metal
erystal grain in the auxiliary recording layer grew on one magnetic crystal grain in the main
recording layer, and the metal crystal grain had a crystal lattice and grew epitaxially.

[0074] FIGs. 9 and 10 show the relationship between SNR or Vige0/Vs, and the thickness of
one non-mnagnetic layer, Z, when the thickness of one non-magnetic layer Z in the auxiliary
recording layer was varied in a range of from 0 to 4 nm.

It is clear that SNR is remarkably improved and high resistance to thermal

fluctuation is maintained when 7 is in & range of from 0.2 nm to 2 nm. When 7 exceeds 2
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26 protective layer, in the same manner as Example 1-1. Moreover, the
thickness, "Z", of Ru-10Si02 was varied in a range of from O nm to 4 RM.
[0072] As a result of the XRD evaluation, it was confirmed that magnetic
crystal grains in 5the main recording layer of all perpendicular magnetic
recording media had an hcp structure, and were orientated to the (0001)
plane. In addition, it was also corfirmed that all auxiliary recording

nm, BYRISNIR thel perpendiculaisnagnelic FeGREdingmedianpradycad WeIRR and
orientated to the hcp (0001) plane or the Ice (1 1 1) plane. 10[0073] As a

Vinob€éuit ofikel planasc M nhsesvationeit ivascContipmert thaéthe Maifuxiliary
recording layer in all perpendicular magnetic recording media had a
recoyfaguiaesisuotuiegn whidhkike pedphesy oftimmagnetic wryktal grains
was surrounded by the boundary region. The average grain diameter of
[007He PrigAendiasistetdiaitisswisighwhanthe ditidmeis whthalsomeoafinmtiedayer in
that, similar to the main recording layer, the 15auxiliary recording layer in
the ayiliany frqaeing Agifate Feesrams e e haam grantlalt stroeteifde fowhiah
he periphery of the metal crystal grains was surrounded by the boundar
exceﬁ&’@ﬁ LR OB R BT H G RFBEEE SF Hhel By At by S ki aRSsHS thagnals
et As a result of the cross-sectional TEM observation, it was
uciuati?n. . " .
confirmed that one metal crystal grain in the auxiliary recording layer grew

(0077 %@&H‘%'}%&{g@ﬁa&i@%@m&m&& R0 ‘faprld"&%[fgg’%ﬁ %ﬁ‘%éggt%?ﬂd the

crystal grain a crystal lattice and grew epi aiiéily.

kind % howithe elatianshinReiween SNR.Q1 VP20 YR AN iQi%ki&%%%yager

one non-magnetic layer, Z, when the thickriess of one non-magnetic
wereZvHiHIE RLXIBAENLQLORHIRG AQYRKk Was vakigd in a range of from O to 4 nm. It

is clear that SNR is remarkably improved and high resistance to thermal

Example 4 ‘

After the intermediate layer was layered in the same manner as Example 1-1, a main
recording layer was produced by layering 90(Co12Cr18Pt)-a($105) to a thickness of 10 nm.
An auxiliary recording layer was produced by layering alternately NiFe-bSiO, (thickness: 1.2
nm) and Ru-bSi0, (thickness: 0.6 nm) twice, ané finally NiFe-bSi(; to a thickness of 1.2 nm
was layered.

Then, the protective layer was produced and the lubricant agent was coated on the
protective layer, in the same manner as Example 1-1.

Moreover, the content "a" of the oxide in the main recording layer, and the content
"b" of the oxide in the auxiliary recording layer were varied in a range of from 0% by mol to
30% by mol.  In addition, the perpendicular magnetic recording media, in which TiO, TiO,,
WOs3, and CraO3 were used as the grain region material in the main recording layer and the
auxiliary recording layer, instead of Si0,, were also prepared.

{0077] As aresult of the XRD evaluation, it was confirmed that magnetic crystal grains in

the main recording layer of all perpendicular magnetic recording media had an hep structure,
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25fluctuation is maintained when Z is in a range of from 0.2 nm to 2 nm.
When Z exceeds 2 27 urn, both SNR and YIOOONo decrease It can be
presumed that the decrease of SNR and ViOOONo is caused because the
distance between the soft magnetic layers in the auxiliary recording layer
is too large, and RICKY interlayer coupling does not work. [0075] Based
on these results, it is clear that when the thickness of the non-magnetic

Iaqjyser in 5the auxilia%recording layer is in a range of from 0.2 nm to 2 nm,
gpik s SBR S shiathel¥eritAgEording and reproducing properties

while T%?EH@HB?Q resistangs, o sharmal flugtuaiion, [0 78] Nextile layers in the

perpendicular magnetic recording media, in which the composition and the
paneafithéaoxidescantamediing thednapodoordinglayeranddheatxkiliacy (0001)
recording layer 10 were varied, were produced in the following manner.
EssRpiduicc (L NRENARE intermediate layer was layered in the same

(AL AS FXRMAe fid AMAINOGOIHRGaNEE WRSROLNEEHRY IAYETIE main
90(Col2Crl8P0-a(Si02) to a thickness of 10 nm. An auxiliary recording

rayediwaspeoducellitly day Erimppadter hatbly MNiFelh SioR: (thickneds: L the periphery
15nm) and Ru-bSi02 (thickness: 0.6 nd'n%ei\?/vyice, nd finally NiFe-bSi02 to a
FhHERAREIEH] DI WHLISYERET OISR he HYCRBI SR8 was

produggd anddhedubricans agantwasiceatedathe RLeteativellaverd r%m;ch bis

the same manner as Example 1-1. Moreover, the content "a" of the oxide
Arvtheomaimdecgramiptayertanditheloontént20itBicof tHetoxidgdhcdystal grains are
auxiliary recording layer were varied in a range of from 0% by mol to 30%
P .q?{e%‘ﬂmﬁé’%f}lﬂ?{@rﬁerﬁ%?f&licular magnetic recording media, in which

[Hi29 102 WO3naRd 208 Mk pandas Ahe SIRINRIIQAMaIBIBhiBHNG, of SiO,
main recording layer and the auxiliary recording layer, instead of SiO2,

iwehe alst preputied. lay007¥]sasta IdsuhdibheXRDiebalobien; invibe auxiliary
confi me that magnetic.cr §tal grafu%rs 1'2 %é%main recording layer of all
rﬁ%?ﬁéﬁ%l%ﬁ'l%ﬁ‘?%ﬁ ﬁgﬁgcl Eording media ﬁad an hcp structure,

It is clear that SNR is remarkably improved when the content of Si0O,is in a
range of from 2% by mol to 20% by mol. Similar to Si0O,, the remarkable improvement
of SNR was obtained in the perpendicular magnetic recording medium using TiO, TiOs,
and Cr;0s.

[0080] FIG. 12 shows the relationship between a and SNR, when the content, b, of Si0;
in the auxiliary recording layer was set to 10, and the content, a, of Si0, in the main
recording layer was varied in a range of from 0 to 30.

It is clear that SNR 1s remarkably improved when the content of SiO; is in a
range of from 2% by mol to 20% by mol. Similar to SiO,, the remarkable improvement
of SNR was obtained in the perpendicular magnetic recording medium using TiO, TiO,,
and Cr,0s.

[0081] Based on these results, it is clear that when the content of the oxides in the
auxiliary recording layer and the main recording layer 1s in a range of from 2% by mol

1o 20% by mol, it is possible to obtain excellent recording and reproducing properties

while maintaining high



28 and were orientated to the (0001) plane. In addition, it was also
confirmed that all auxiliary recording layers in the perpendicular magnetic
recording media produced were orientated to the hcp (0001) plane or the
fcc (111) plane. 5[0078] As a result of the planar TEM observation, it was
confirmed that the main recording layer, in which a is 2 or more, had a
granular structure in which the peripiéty of the magnetic crystal grains
resisi@ssSrTayaded ythghoundary region In addition, it was also
confirmed that the auxiliary recording layer, in which b is 2 or more, had a
granular structure in which the periphery of the metal crystal grains are
10surrounded by the boundary region. [0079] FIG. 11 shows the
INDigtiRiAshipihé tiedblbIaivd SNR, when the content, a, of Si02 in the main
recording layer was set to 10, and the content, b, of Si02 in the auxiliary
[00&&Hcotdingdiagde Waiesdediineatrange iohirontlo to B0vitis:cleartdatiSNRagnetic
is remarkably improved when the content of Si02 is in a 15 range of from
recopingiNRISIToI0o% BRRSInGimiE e sinl b idmafikabhsipepiovsmertoftic
SNR was obtained in the perpendicular magnetic recording medium using
recoyd 2 159 ahier st e phEsoTie 299 SREWEIRE FErRssith i haidesruading
Ciem&nd SNR, when the content, b, of Si02 in the auxiliary recording layer was
*$€t to 10, and the content, a, of Si02 in the main 20recording layer was
varied in a range of from 0 to 30. It is clear that SNR is remarkably
improved when the content of Si02 is in a range of from 2% by mol to 20%
by mol. Similar to Si02, the remarkable improvement of SNR was obtained
in the perpendicular magnetic recording medium using TiO, Ti02, and
Cr203. 25[0081] Based on these results, it is clear that when the content
of the oxides in the auxiliary recording layer and the main recording layer
is in a range of from 2% by mol to 20% by mol, it is possible to obtain
excellent recording and reproducing properties while maintaining high 29
resistance to thermal fluctuation. INDUSTRIAL APPLICABILITY
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[0082] According to the present invention, it is possible to provide a
perpendicular magnetic 5 recording medium which can maintain high

thermal stability of the perpendicular magnetic recording layer, and has MOSLLF

excellent recording and reproducing properties, and high recording

density. C S 1.1.P 30 CLAIMS 1.A pesgendicular magnetic recording
medium including at least a soft magnetic backing layer, an under layer,

an intermediate layer, and a perpendicular magnetic recording layer,

which are disposed on a non-magnelié&ibstrate, Swherein the

1perpe dicular i‘[1r.1a§gd[i1etic rectordin Ig er includes afl ast ane o%‘ a main ’
recordinBTAYEH SR al ekt S of an alitiary recorditigTayer, & Othg@eieHe
PRI facoiding Javer inludes adavenhaving-perRendicuiaineaghelitonetic

anisotropy, the auxiliary recording layer is a multilayer including three
retaniing Givarsefhitbrmaghgtictddyer andranmomehagnleticalayer which are
layered alternately, and the outermost layer to the non-magnetic substrate
is the SSHTHAGHEAR RSAICHIR PamsHA R ME e dTESrsiAL FAYdRORP! @
RS0 SN duhsteindneor iakAesS ol saehnondpagnetic layer
constituting the“auxiliary layer is in'a range of"15 from 0.2 hm'to 2 nm. 3A
perpengicylan ragetic rseordingimnediyaraceondipademainat naecdin
the non-magnetic layer constituting the auxiliary layer contains at least
apreimegtal or an alloy of Ru, Ir, Rh, Re, Cr, Cu, Ta, W and Ti. 4.A
PP e e PR oS 2SI o Al P o
magnetic layer and a non-magnetic layer which are layered alternately, and the

outermost layer to the non-magnetic substrate is the soft magnetic layer.

2. A perpendicular magnetic recording medium according to claim 1, wherein the
thickness of each non-magnetic layer constituting the auxiliary layer is in a range of
from 0.2 nm to 2 nm.

3. A perpendicular magnetic recording medium according to claim 1, wherein the
non-magnetic layer constituting the auxiliary layer contains at least one metal or an

alloy of Ru, Ir, Rh, Re, Cz, Cu, Ta, W and Ti.

4. A perpendicular magnetic recording medium according to claim 1, wherein the
thickness of the soft magnetic layer constituting the auxiliary layer is 4 nm or less, and
the total thickness of the soft magnetic layer constituting the auxiliary recording layer is

half or less the total thickness of the main recording layer.

5. A perpendicular magnetic recording medium according to claim 1, wherein the
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thickness of the soft magnetic layer constituting the auxiliary layer is 4 nm
or less, and the total thickness of the soft magnetic layer constituting the

auxiliary recording layer is half or less the total thickness of the main MCSLLP

recording layer. MCSLLP 31 non-magnetic layer and the soft magnetic
layer, which constitute the auxiliary recording layer, have a granular
structure in which a metal crystal graihlpart is surrounded by a
non-REIIBAGNSIE Mt Ao IAPMIAARGANIHRE AXIdeRUIRINSAlACARIORE R ayer,
Si, Ti, Ta, Cr, Al, W, Nb, Mg, Ru, and Y. S 6.A perpendicular magnetic
haveregoadingrmaditins acedicing-towslaifsil wheiekrthetetahamOuntofdnthagmetic
oxide contained in the auxiliary recording layer is in a range of from 2% by
oxidmgizio BOdsdayymot] 10 DhdeerpenidicalacanagaedSietioringrmmeadtmG, Mg, Ru,
according to claim 1, wherein at least one layer of the main recording
and Jayer has a granular structure in which a magnetic crystal grain part is
surrounded by a non-magnetic oxide grain boundary, and the oxide
contained in the main recording layer contains at least one of Si, Ti, Ta,
Cr, Al, W, Nb, Mg, Ru, and 158.A perpendicular magnetic recording
b meditRSRERGIIG THEIEIN T WREEIRAHE T rar aiiBRIe Shae loxidarein the total
____contained in the main recording layer is in a range of from 2% by mol to
PO RERBICC G BESGRNCUT RS RN PECBN Phaditst ASdoring by
mol 19 %@mgl_mvghereir_l the 20a\_/e_rage diameter of the magnetic crystal grains
In the main recording layer is in a range of from 3 nmto 12 nm. 10. A
perpendicular magnetic recording medium according to claim 1, wherein
the thickness of the main recording layer is in a range of from 1 nm to 20

7. nm,@@Qrﬁ&%&ﬁ@hﬁé@ﬁ&ﬁ@ﬁ%&faﬁH%&%H?&%%&H%H@ﬁg’E?&i&r?,c\%%l%% at least

layer including the main recording layer is
one layer of the main recording layer has a granular structure in which a magnetic crystal

grain part is surrounded by a non-magnetic oxide grain boundary, and the oxide contained in

the main recording layer contains at least one of Si, Ti, Ta, Cr, Al, W, Nb, Mg, Ru, and Y.

8. A perpendicular magnetic recording medium according to claim 1, wherein the total
amount of the oxide contained in the main recording layer is in a range of from 2% by mol to

20% by mol.

9. A perpendicular magnetic recording medium according to claim 1, wherein the
average diameter of the magnetic crystal grains in the main recording layer is in a range of

from 3 nm to 12 nm.

10. A perpendicular magnetic recording medium according to claim 1, wherein the
thickness of the main recording layer is in a range of from 1 nm to 20 nm, and the total

thickness of the perpendicular magnetic recording layer including the main recording layer is
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MCSLLP 32 in a range of from 2 nm to 40 nm. 11. A perpendicular
magnetic recording medium according to claim 1, wherein the soft
magnetic backing layer has a soft magnetic non-crystalline structure or a
soft magnetic fine 5crystalline structure. 12. A perpendicular magnetic
recording and reproducing device having a perpendicular magnetic
recording medium and a magnetic he& for recording and reproducing

in a migrmatianof apespengicular magnetic recording medium, wherein the
perpendicular magnetic recording 10 medium is the perpendicular
magnetic recording medium according to claim 1.

MCSLLP

11. A perpendicular magnetic recording medium according to claim 1, wherein the soft
magnetic backing layer has a soft magnetic non-crystalline structure or a soft magnetic fine

crystalline structure.

12. A perpendicular magnetic recording and reproducing device having a perpendicular
magnetic recording medium and a magnetic head for recording and reproducing information
of a perpendicular magnetic recording medium, wherein the perpendicular magnetic recording

medium is the perpendicular magnetic recording medium according to claim 1.



