PERPENDI CULAR MAGNETI C RECORDI NG MEDI UM Thi s application is based upon and
clains the benefit of priority fromb5 Japanese Patent Application No.

2009- 087759, filed on March 31, 2009, and Japanese Patent Application No.
2010-077948, filed on March 30, 2010, the disclosures of which are
incorporated herein in their entirety by reference. Technical Field 10This
invention relates to a perpendi cul ar nagnetic recordi ng nmedi um adapted to
be nounted in a perpendi cul ar magnetic recording HDD (hard di sk drive) or
the |ike. Background Art 15Various information recording techni ques have
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Technical Field
10 This invention relates to a perpendicular magnetic recording medium
adapted to be mounted in a perpendicular magnetic recording HDD (hard disk

drive) or the like.

Background Art

15 Various information recording technigues have been developed
following the increase in volume of information processing in recent years.
Particularly, the areal recording density of a HDD using the magnetic recording
technigue has been increasing at an annual rate of about 100%. Recently, the
information recording capacity exceeding 200GB has been required per

20 2.5-inch magnetic recording medium adapted for use in a HDD or the like. In
order to satisfy such a requirement, it is necessary to realize an information
recording density exceeding 400Gbits/inch?.

In order to achieve the high recording density in a magnetic recording

medium for use in a HDD or the like, the perpendicular magnetic recording

25 system has been proposed in recent years. In a perpendicular magnetic
recording medium for use in the perpendicular magnetic recording system, the
easy magnetization axis of a magnetic recording layer is adjusted so as to be

oriented in a direction perpendicular to the surface of a substrate. As



recordi ng nmediumfor use in the perpendi cul ar magnetic recordi ng system

the easy magnetization axis of a magnetic recording |layer is adjusted so as

to be oriented in a direction perpendicular to the surface of a substrate.

As 2 conpared with the conventional inpplane magnetic recordi ng system

t he perpendi cul ar magnetic recording system can suppress a so-called

thermal fluctuation phenonenon in which the thermal stability of a recorded
the rec is

PO R e S A R

o OISR S TS A B P Sl B L
di O T T. 76-1978 (2002

e o T o T PR B Y e e R 202

recording Q%;@%(M §0é & E&&erpbfﬁrﬁ%%fe&%&ﬁaﬁitﬁﬁ rO&5 R8Il & 08B gRRL i C

recordi ng um a nagnetic re ing layer has a grarular structure in

whi ch gonAR@GNRLd GtaBledfon iRPEasiAg ites radtraing APty s segregated are fornmed
bet ween magnetic grains in the formof continuously grown col umar Co

crystals with apzche(feepagtioabr alzpest reactind) matiuue fare ihhies eby achi evi ng
both 15m ni aturization of the magnetic grains and an inprovenent in

coerci ve ferpediculat magsekooysordingtsyateroxa CelrBt-Gs@dpégrentderutarng

nonmagneti c grai n boundaries (nonmagnetic portions between magnetic

grai ns), ampneticireceidipmawdium (see . Poavexelrpl.clEkdndrasts. $fagn, vok. 383, Ti O
Ti 02, and Ta205 (JP-A-2006-024346). Following the increase in recording
density ofl 9 Rel HeywOORY it DEepeRasPetavsgiiexiichioh daemna\atabilty Pignet i ¢ head

has 230 shiliss Lroma (o LAmead 2 GO aidugahead (MR head

magnetic recording medium, a magnetic recording layer has a granular
structure in which nonmagnetic grain boundaries where SiO; is segregated are
formed between magnetic grains in the form of continuously grown columnar Co
crystals with a hep (hexagonal closest packed) structure, thereby achieving both

15  miniaturization of the magnetic grains and an improvement in coercive force He.
It is known that an oxide is used for forming nonmagnetic grain boundaries
(nonmagnetic portions between magnetic grains), and it is proposed to use, for
example, one of Si0;, Cr04, TIO, TiO,, and Ta;05 (JP-A-2006-0243486).

Following the increase in recording density of the magnetic recording

20  medium described above, a magnetic head has also shifted from a thin film
head to a magnetoresistive head (MR head) and to a giant magnetoresistive
head (GMR head), wherein the flying height of the magnetic head from a
substrate (magnetic recording medium) has been reduced from about 20(nm) to
about 5{nm). By reducing the flying height (magnetic spacing) of the magnetic

25 head from the magnetic recording medium in this manner, it has been possible
to improve the spacing loss to increase the SNR (signal noise ratio) and thus to
achieve a further increase in recording density.

However, while it has become possible to achieve the further increase



head (GVR head), wherein the flying height of the magnetic head froma
substrate (magnetic recordi ng nedi un) has been reduced from about 20(nnm) to
about 5(nm). By reducing the flying height (magnetic spacing) of the
magnetic 25 head fromthe magnetic recoyding nmediumin this manner, it has
been possible to inprove the spacing loss to increase the SNR (signal noise
rati o) and thus to achieve a further increase in recording density.

However, while it has becone possibhle to achieve the further increase 3 in
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or concave shape on the surface of the magnetic recordi ng nedi um while
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10 surface of a magnetic recording medium when the magnetic head passes a

minute convex or concave shape on the surface of the magnetic recording
medium while flying over it.  Since either of the failures is caused by the
surface state, i.e. the surface roughness, of the magnetib recording medium, the
surface of the magnetic recording medium is required to have extremely

15 high-level smoothness and flatness with respect to a magnetic head mounted

with a magnetoresistive effect element.

Summary of the Invention
Although the magnetic recording medium has been increased in
20  recording density as described above, a further improvement in recording
density is required for the future. As one means for achieving it, a reduction in
flying height of a magnetic head is effective. However, as described above, as
the flying height of the magnetic head is reduced, the head crash or the thermal
asperity failure tends to occur more easily. Therefore, in order to realize the
25  reduction in flying height of the magnetic head without causing such a failure to
thereby achieve the further increase in recording density, it is necessary to
improve the smoothness and flathess of the magnetic recording medium, i.e. to

reduce the surface roughness of the magnetic recording medium.



Al t hough the magnetic recordi ng nedi um has been increased in 20recording
density as described above, a further inprovenent in recording density is
required for the future. As one nmeans for achieving it, a reduction in
flying height of a magnetic head is efféective. However, as described above,
as the flying height of the magnetic head is reduced, the head crash or the
thermal asperity failure tends to occur nore easily. Therefore, in order to
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roughness of the magnetic recording nediumis affected by the states of

respecsi vepJaowsldrsyragelr fAs esehdt olrtensayesisidiey npthebneeentdngaiiisty,dt e. As a
result of intensive studies by the present inventors, it has been found

t hat the rhasgphemshuddhasthegouginesassa fts dmindreasmirachathe ownfiagestrfizet iveen a
soft magnetic |ayer and a nonmagnetic pre-underl|layer formed thereon. That
is, it hashdiweanecost aegadtic leyer ang e ampaposiitiaieyurdartayeefaseeseen the soft

magnetic | ayer and_the pre-underlayer is rough (roughness is 10l arge),
| ayers forthBEESverl habds, friashresy soripidereniteatsinge dir houngasugHacat e so t hat
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that respective boundary surfaces between those layers gradually increase in
roughness, thereby providing the finally increased surface roughness of a
magnetic recording medium.
As one method for solving the above-mentioned problem, it is
15 considered to reduce the thickness of an underlayer (Ru layer with a hcp
structure) formed on the pre-underiayer {(under a magnetic recording layer).
However, if the thickness of the underlayer is simply reduced, the crystal
orientation of the magnetic recording layer cannot be sufficiently aligned to
cause a reduction in SNR. Therefore, the underlayer cannot be thoughtlessly
20 reduced in thickness.
Further, there is a problem that if the roughness of the interface on the
lower side of the magnetic recording layer becomes large, disturbance occurs in
crystal orientation of the magnetic recording layer to impede an improvement in

SNR. Therefore, the state is currently in a dilemma that it is difficult to improve

25 the SNR even if the thickness of the underlayer is reduced or increased.

Embodiments of this invention provide a perpendicular magnetic recording
medium that can achieve a further increase in recording density by reducing its surface

roughness to achieve a reduction in



15considered to reduce the thickness of an underlayer (Ru layer with a hcp
structure) forned on the pre-underlayer (under a magnetic recording |ayer).
However, if the thickness of the underlayer is sinply reduced, the crystal

orientation of the magnetic recording Ifyer cannot be sufficiently aligned
to cause a reduction in SNR Therefore, the underlayer cannot be

t hought | essl'y 20reduced in thickness. Further, there is a problem
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enbodi ment s of L0& | OG0 folnfedBSeBgEN found that, in order to achieve

t he above-nentrone object; it Is necessary to reduce the surface roughness
of a soft magnetic |ayer and thus the roughness of the boundary surface
(interface roughness) between the soft magnetic |ayer and a nonmagnetic
pre-under| ayer formed thereon. Further, since the roughness
|ncreases as a GLHRERISARANEIBLARGedd EOIQEas b LnldRSiReE8amARIbfler ed ¢ hat
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In view of this, the present inventors have made further studies and found
that, by beenicogsidesed thad thelayer fughmess caebasehlasgs dfthe intgrfece ¢ | ayer and
a pre-underlayer, the total thickness of crystalline |ayers, and the

t hi ckness redgitgestiaismalle Wwhile evenpbihevinierfacsverpbnessds ferory thegwiaaso
predeterm ned ranges,. it is possible to reduce the surface roughness of a
monet | ¢ FOHIESREAER SHPSEESes D Ear Ana e o TRk e, and have
conpleted this inventipon. A rding to an,aspect qof this inveniton,
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controlling a crystal orientation of the un ayer’, ah t nmagnetic

llayer profda@tdpheVayiche bBlctr & Mekeghaticefacording layer to predetermined ranges,

it is possible to reduce the surface roughness of a magnetic recording medium
and to obtain an excellent SNR, and have completed this invention.

According to an aspect of this inveniton, there is provided a
perpendicular magnetic recording medium having, over a substrate, a magnetic
recording {ayer for recording a signéi, an underlayer made of Ru or a Ru
compound and provided below the magnetic recording layer, a pre-underiayer
made of a nonmagnetic crystalline material for controlling a crystal orientation of

the underlayer, and a soft magnetic layer provided below the pre-underlayer,



6 wherein when a difference between a hi ghest point and a | owest
poi nt of unevenness of an interface between the soft magnetic |ayer and the
preunder| ayer, derived by a cross-sectional TEMinage, is given as an
interface roughness (nm and a di stance between the soft magnetic | ayer and
the magnetic recording layer, excluding the soft magnetic |ayer and the
magnetic recording |layer, is given as SUL- MAG di stance (nn), the

i nterface roughness (nm 0.4(nm and the interface roughness (rim x
t he SUL- MAG di stance (nm 12§nrr2) are satisfied. Hereinafter, the
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(i nterfacelghatyeein el aefidtanobeiveenl tageoftandghdti layer amtgrd ayer. As this
val ue decreases, the snoothness of the boundary between the soft nagnetic

| ayer andmebeeiis eeapndiogllayssr exciddisg dee soft magietisdayer- anchihieonaanetic
configuration, by setting the rough s,.of the boundary between the soft
nmagneti c W%?E*'n%}/ﬂi’eﬁh’é% %aeﬁﬁaﬁé ’&@nc‘?ﬁ%mﬁnterface roughness, to
0.4(nm or les t; @&ﬁ S e magneti c recordi ng nedi um due
to such an int th?é@gﬁé%t?e g%rgggﬂﬁgiigf{@?tf ore, it is possible to achieve

a reductigmdin flying height of a nmagnetic head and thus a further increase
in recording density. Further, since the interface roughness between the

soft magnetic |thgdrtednde renwghness (nae xithy SUL-MAGHlistance {me) FoldfAResses of

t he boundary suffaces, between, the |l ayers formed, oyer, the pre-underlayer are
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magnet i ¢ gation dbfithe luapgeennessohill dengefineeses 4 ayeyhness'dn this divendionenkr om an
upper surface of the soft magnetic layer to a | ower surface of the magnetic

recor di nguges@s ap dndaxapidbe fsubaca rovatiess athide isferiase rpyghngfder | ayer to an

upper surface o[f th nder | aée%%ﬁj, As t.he SUL- di,st ance beco S, smal | er,
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that the surface roughness of the magnetic reCording nediumis ‘reduced.
Ther ef or ehisbyal@eljusiciasgs tthe sdathheseof ihedinesianaheivwden tBELSOMAG di st ance so
t hat the product of these factors satisfies the above-nentioned range, it
i s possi bragmeefic layer and the pre-underlayer increases. In the above-mentioned
configuration, by setting the roughness of the boundary between the soft
magnetic layer and the pre-underlayer, i.e. the interface roughness, to 0.4(nm)
or less, the surface roughness of the magnetic recording medium due to such an
interface state is reduced. Therefore, it is possibie to achieve a reduction in
flying height of a magnetic head and thus a further increase in recording density.
Further, since the interface roughness between the soft magnetic layer and the
pre-underlayer is reduced, the roughnesses of the boundary surfaces between
the layers formed over the pre-underlayer are also reduced and, therefore, itis
possible to improve the crystal orientation of those layers and thus to ensure an
excellent SNR.

The SUL-MAG distance is a distance between the soft magnetic layer



10reduce the surface roughness of the magnetic recordi ng nmedium and thus to
ensure a high SNR According to another aspect of this inveniton, there is
provi ded a perpendi cul ar magnetic recordi ng nedi um havi ng, over a
substrate, a magnetic recording |ayer ffor recording a signal, an auxiliary
recordi ng | ayer provided 15above the nmagnetic recording |ayer and having a
magnetic interaction with the nagnetic recording |ayer, an underlayer made
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roughness a distance fromthe pre-underlayer to the auxiliary

recor di ng sLiF¥Es rotdhieddicithd DRd@NBrew s pid rparanan thetbidie, exhidracy recor di ng
| ayer, is given as a crystalline total thickness (nm, the interface

r oughness rquyhne@s4f ting (ayved férheed overthacadedaghmiessdfced) sxthdteherystal | i ne
total thickness (nm
surface roughness of the magnetic recording medium is reduced. Therefore,
by adjusting the interface roughness and the SUL-MAG distance so that the
product of these factors satisfies the above-mentioned range, it is possible to
10  reduce the surface roughness of the magnetic recording medium and thus to
ensure a high SNR.

According to another aspect of this inveniton, there is provided a
perpendicular magnetic recording medium having, over a substrate, a magnetic
recording layer for recording a signal, an auxiliary recording layer provided

15  above the magnetic recording layer and having a magnetic interaction with the
magnetic recording layer, an underlayer made of Ru or a Ru compound and
provided below the magnetic recording layer for controlling a crystal orientation
of the magnetic recording layer, a pre-underlayer made of a nhonmagnetic
crystalline material for controlling a crystal orientation of the underlayer, and a

20  soft magnetic layer provided below the pre-underiayer,

wherein when a difference between a highest point and a lowest point
of unevenness of an interface between the soft magnetic layer and the
pre-underlayer is given as an interface roughness (nm) and a distance from the
pre-underlayer to the auxiliary recording layer, including the pre-underiayer and

25 the auxiliary recording layer, is given as a crystalline total thickness (nm),

the interface roughness (nm) < 0.4(nm)

and

the interface roughness (nm) x the crystalline total thickness (nm)



8 21(nnR) are satisfied. The interface roughness is as descri bed
above. The crystalline total thickness is a distance fromthe
pre-underlayer to the auxiliary recording |ayer, including these |ayers,
i.e. the total thickness of the pre-underlayer, the underlayer, the
magnetic recording |layer, and the auxiliary recording |layer (distance from
a |l ower surface of the pre-underl ayer fo an upper surface of the auxiliary
recording layer). Specifically, the pre-underlayer, the underlayer, the
magneti c recording layer, and the auxiliary recording |layer are all in the
form of crystal KiZwnedpaieng fil ms and each have a crystal orientation in
whi ch crystal,grains are regularly oriented. Since the crystal grains of

t he respeé&dlisfied| ayers are continuously grown, the interface roughness
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ensuring an excellent SNR' Brief Description of the Draw ngs Fig. 1

is a di agnagnétir resepdiag medjuirhe Therafoteuby asfustingdhpdnigifeot aoughagset i ¢
recordi ng nmedi um accordi hg. to an enb%di g]ent of th]j i nyention;. .
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the crystalline to € roughness ratl o;
the magnetic recording medium and thus to ensure a high SNR.

The pre-underlayer may be made of NiW. This makes it possible to
properly improve the corrosion resistance and the magnetic properties of the
pre-underiayer.

Alternatively, the pre-underlayer may be a layer in which a layer made
of crystalline NiW is formed on a layer made of amorphous NiTa or amorphous
CrTa.

Grains of an amorphous material have no crystal structure. Therefore,

a layer made of the amorphous material is irreqularly formed on the soft



Figs. 3A and 3B show di agrans respectively illustrating changes in surface
roughness of a perpendi cul ar magnetic recordi ng nedi um and in SNR,
according to interface roughness x crystalline total thickness; and

Figs. 4A and 4B show di agrans respectively illustrating changes in surface
roughness of a perpendicul ar nmagnetic recording medi umand in SNR
according to interface roughness x SUL- MAG di stance. Mde for Carrying Qut

t he | nventigmetic layer. Heeabfthe| avcordingrieftae mbdvemsioneat carffigationi hvent i on
will be described in detail with reference to the acconpanyi ng draw ngs.

Si zes, matseposaitde, byledaesri rhiade i merdrphbuy Nizesr, arapchbhousobriahtoon i n t he
enbodi nent are only for illustrative purposes for facilitating

under st andirogthothet hiefacavd tité saftamagraatie laper torihenrsbydedocs ithe sutddss i nventi on
unl ess otherw se specified. In this specification and the draw ngs,
conponent ©Ugvieag o thessadhmiagnelic iaver sagehis tha intniaeen@UesNeEsRt ures are

assi gned the sane synbols to thereby omt duplicate explanatigon and,
further, {Rounsenatqushness)@ripeeyprdomad ondhe seft anagnaticjayel atydheo this

invention is omtted. odi.tent) [ Perpenpdi cul ar, Magnetj c Recor di ng
et un 160 age & Cririgs SO S oSE g Sl (g FAEOR00 BRtnce
per pendi cul 8rhma neti.c recorl[jdi nP rregriegm%w% according to this enbodi nment.
The per pefll ok 9&‘&8&8{‘?&? Bed s eriasl Y200 shown in Fig. 1 conprises a
disk substrate 110, a0 AMESLELAY Y ARPindalbd Sh ROhsRONG! hevieever

' perpendicular magnetic recording medium that can achieve a further increase in

recording density by reducing its surface roughness to achieve a reduction in flying

height of a magnetic head while ensuring an excellent SNR.

Brief Description of the Drawings

Fig. 1is a diagram for explaining the structure of a perpendicular
magnetic recording medium according to an embodiment of this invention,

Figs. 2A and 2B show diagrams respectively illustrating the relationship
between the interface roughness and the SNR and the reiationship between the
crystalfine total thickness and the roughness ratio;

Figs. 3A and 3B show diagrams respectively illustrating changes in
surface roughness of a perpendicular magnetic recording medium and in SNR,
according to interface roughness x crystaliine total thickness; and

Figs. 4A and 4B show diagrams respectively illustrating changes in
surface roughness of a perpendicular magnetic recording medium and in SNR,

according to interface roughness x SUL-MAG distance.

Mode for Carrying Out the invention
‘Hereinbelow, a preferred embodiment of this invention will be described

in detail with reference fo the accompanying drawings. Sizes, materials,



| ayer 114b, a second soft magnetic |ayer 114c, a pre-underlayer 116, a
first 15underl ayer 118a, a second underl ayer 118b, a nonnagnetic granul ar

| ayer 120, a |ower recording |layer 122a, an intervening |layer 122b, a first
mai n recording |ayer 122c, a second makg recording |ayer 122d, a separation
| ayer 124, an auxiliary recording |layer 126, a nedium protective |ayer 128,
and a lubricating layer 130. The first soft nagnetic |ayer 114a, the spacer
| ayer 114b, and the 20second soft magnetic |ayer 114c cooperatively forma
solt maonePreNEayrerEalvavRe 714 S0 SEMRS BTaodimes R SO,
under | ayer,, 118b cooperati,vely.fqrm an, underla 118. The | ower. recording
ayer 1oodushREvE ARBRE HEtabuaE St B Y Tap e Mrar B Ry ey er
122c, and,t, LIYRIN. L r.di . erati ,

magneti c Pﬁ%ﬁ?%?%%"ﬁ%&ﬁ%qﬁﬁgﬁﬁﬁﬁﬁﬂg%%Q%ﬁﬁgéééﬁﬁﬁﬁgﬁteﬂﬁﬁﬁggéééﬂégﬁ e made
of a glas [ lae [YpTalk: AL ) i d glass into
a disk sh%Sgtﬁéc@?&2§$’gé@égagwﬁgﬂgrﬁg? S|QQFQYE?%Eﬁ§§§9§Sﬁ5 soﬁ%n of the

gl ass di skpabRir8@brPasdibhed &id é/aﬂwbﬁh%is RSty ehitdlupfibatehSpimfipndi sk,

use can be nmade of, for exanple, alum nosili‘cate glass, soda-line
gl ass, sodadafurdnosistiftRihefdoassonaditsl at@asogirddtigabited asthis borosil i cate

gl ass, quartz glass, chain silicate glass, glass ceramc such as

crystal | i regngbads pnotted.he | i ke. This glass disk is ground, polished, and
chem cally strengthened in sequence, thereby obtaining the 5snooth
nonmagnet i ¢ di skEslegimante 110 in the formof a chenically strengthened
gl ass di sk. [Perpendicular Magnetic Recording Medium]

10 Fig. 1is a diagram for explaining the structure of a perpendicular
magnetic recording medium 100 according to this embodiment. The
perpendicular magnetic recording medium 100 shown in Fig. 1 comprises a disk
substrate 110, an adhesive layer 112, a first soft magnetic layer 114a, a spacer
layer 114b, a second soft magnetic layer 114c, a pre-underlayer 118, a first

15  underlayer 118a, a second underlayer 118b, a nonmagnetic granular layer 120,
a lower recording layer 122a, an intervening layer 122b, a first main recording
layer 122c, a second main recording layer 122d, a separation layer 124, an
auxiliary recording layer 126, a medium protective layer 128, and a lubricating
layer 130. The first soft magnetic layer 114a, the spacer layer 114b, and the

20  second soft magnetic layer 114¢ cooperatively form a soft magnetic layer 114.
The first underlayer 118a and the second underiayer 118b cooperatively form an
underlayer 118. The lower recording layer 122a, the intervening layer 122b,
the first main recording layer 122c, and the second main recording layer 122d
cooperatively form a magnetic recording layer 122.

25 As the disk substrate 110, use can be made of a glass disk obtained by
molding an amorphous aluminosilicate glass into a disk shape by direct press.

The kind, size, thickness, and so on of the glass disk are not particularly fimited.

As a material of the glass disk, use can be made of, for example,



On the disk substrate 110, the layers fromthe adhesive layer 112 to the
auxiliary recording |layer 126 are formed in sequence by a DC magnetron
sputtering method. The nedium protective |ayer 128 can be fornmed by a CVD
10 nethod. Thereafter, the lubricatingqyayer 130 can be forned by a dip
coating nethod. In terns of high product|V|ty, it is also preferable to use
an in-line type filmformng nethod. Hereinbelow the structures of the
respective | aye be descri be The adhesi ve Iayer 112 is formed in

rs wll
cont act V\naﬂtl‘f“%{‘ﬁ’éﬁ‘ﬁﬁg‘a@%%s?ordéﬁ&“qg 1531 597 ahupBgsijeat PYRSS:112 has a
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| ayer élZsﬁ%t@%oﬁﬁla%teg@dtgk%nbst@te w@modh% foﬂrﬂgf-g' ‘Heasiegamor phous | ayer,
a CoWbased anorphous |ayer, a CWbased anorp ous ayer, a Cr Ta-based

anor phous stréﬁﬁmenéﬂchlésﬂ@b based anorphous | ayer. The adhesive | ayer 112
may be a single |layer made of a 25 single material, but, alternatively,

may be formed byDd e diek soipsteatplidOathet pyefs ﬂr@ﬁeheadﬁ%ive)kaymlﬁ,?.ta tkoW | ayer
or a CWIlayer may be forned on a CrTi |layer. Preferably, the adhesive
| ayer 112 augilior resdrding Wt‘!éﬁimg farmed &r sexjuarnoetiai aDigmegnibondi oxi de,
carbon nonoxi de, nitro or oxygen or is exposed 12 to such a as at its

surface | aputtering metho Thﬂw%mdftrmg}ﬁ@teicavep é@y@r 128 Landeaforaedrby a &1VD
TR e U B G R R B sl
the per pend'tﬁ“' ar Ennpgms of%igh productivity, it is also preferabie to use an in-line type
film forming method. Hereinbelow, the structures of the respective layers will
be described.
The adhesive layer 112 is formed in contact with the disk substrate 110.
15  The adhesive layer 112 has a function of increasing the peel strength between
the soft magnetic layer 114 formed therecon and the disk substrate 110 and a
function of miniaturizing and equalizing crystal grains of the respective layers
formed over the soft magnetic layer 114.  When the disk substrate 110 is made
of amorphous glass, the adhesive layer 112 is preferably an amorphous alloy
20  film for adaptation to the amorphous glass surface.
The adhesive layer 112 can be selected from, for example, a
CrTi-based amorphous layer, a CoW-based amorphous layer, a CrW-based
amorphous layer, a CrTa-based amorphous layer, and a CrNb-based
amorphous layer. The adhesive layer 112 may be a single layer made of a
25  single material, but, alternatively, may be formed by laminating a pfuraiity of
layers. For example, a CoW layer or a CrW layer may be formed on a CrTi

layer. Preferably, the adhesive layer 112 is formed by sputtering a material

containing carbon dioxide, carbon monoxide, nitrogen, or oxygen or is exposed



5recording system By interposing the nonmagnetic spacer |ayer 114b between
the first soft magnetic |ayer 114a and the second soft magnetic |ayer 1ll4c,
the soft magnetic |ayer 114 can be configured to have AFC
(antiferromagnetic exchange coupling).4Wth this configuration

magneti zation directions of the soft magnetic |ayer 114 can be aligned

al ong the nmagnetic path (magnetic 10circuit) wth high accuracy and thus

t he perpendic%gar comg?nen iq t he magneti zation direction is extrenely
reduced, $BSHRRAA 935 FYEE%I'8Y¢0 reduce noi se generated fromthe soft

ﬁ%gle;ké the seduisdbresheinBbRn " 14 i Hyeh Mat ooy o fidher® ©”

R ) . 7 - . 15CoCr FeB
CoreTazr . bRl (Gl GipCedRme vl FRODEIPRER Yo et PR, 1o it er or
the like. recordiné;flag@feinpé F?W&@?L&g@%ﬁire@@n P tHe ﬁ?@@ﬁﬂﬁﬁdr% Q¥ layer and

has a function rotec t magnetic yer 114 and a function of

ori ent§ ngeddidmgiyiiemer BRNAice bRy tHd ﬁ@rﬁﬂn@ﬁneﬁ@@p&%ﬂai@gﬁﬂbib@\%@ﬁ axi s
of a hexagonal cl osest 20packed structure (hcp structure) included in the

under | ayethd figtsofimpaghdtry iapar. 114 arsd theedsioml st imagnetidialybe 1pte-thader | ayer
116, the (111) plane of a face-centered cubic structure (fcc structure) be
par al | el softtrhagmatimiager 1 &-eambe tchefiglirskl teltmveriti @ (Aritlerrdmagpeke under | ayer
116 may have a structure in which such a crystal structure and an anor phous
st ruct ur e esckangeedupling)a Withethisatordiguraiion, ragneadizaherediragiemsiaféhei t can be
selected fromN, Cu, Pt, Pd, Zr, H, Nb, and Ta. Alternativel %: it may be
an al l oy é&8fitreagnetls 'aven!t san be aligned Alang Berpaarsiic Rath (BYFONBHE nor e
additjonal .elements.fromTi, V Mo, and W For exanple, ,jt is possible
o sul §ancicub s Pighgcestegy he s M peincasipuar raRFAGER heke
magnetization direction is extremely reduced, so that it is possible o reduce
noise generated from the soft magnetic layer 114. As the composition of the
first soft magnetic layer 114a and the second soft magnetic layer 114c¢, use can
be made of a cobalt-based alloy such as CoTaZr, a Co-Fe-based alloy such as
15  CoCrFeB or CoFeTaZr, a Ni-Fe-based alloy like a [Ni-Fe/Sn] n multilayer
structure, or the like.
The pre-underlayer 116 is a nonmagnetic alloy layer and has a function
of protecting the soft magnetic layer 114 and a function of orienting, in a disk
perpendicuiar direction, the easy magnetization axis of a hexagonal closest
20 packed structure (hep structure) included in the underlayer 118 formed thereon.
It is preferable that, in the pre-underlayer 116, the (111) plane of a face-centered
cubic structure (fcc structure) be parallel to the main surface of the disk
substrate 110. The pre-underlayer 116 may have a structure in which such a
crystal structure and an amorphous structure are mixed. As a material of the
25 pre-underlayer 116, it can be selected from Ni, Cu, Pt, Pd, Zr, Hf, Nb, and Ta.
Alternatively, it may be an alloy containing such a metal as a main component

and one or more additional elements from Ti, V, Cr, Mo, and W. For example,

it is possible to suitably select NiW, CuW, or CuCr as an alloy having a fcc



13 structure. In this enbodi ment, the interface roughness between
the soft magnetic |layer 114 and the pre-underlayer 116 is adjusted to
0.4(nm or less. Accordingly, the surface roughness of the perpendicul ar
magneti c recordi ng 5nedi um 100 due to {He interface state between the soft
magnetic layer 114 and the pre-underlayer 116 is reduced. Therefore, it is
possible to achieve a reduction in flying height of a magnetic head and
thus a furhhe increase in recording density. Further, since the interface
roughness® EP&E%n the soft magnetic |ayer 10114 and the pre-underlayer 116

is reduced, th d

Formed over t he bS AR velB RN 0L BESRACH SR MG ore,
o ' ks Ui j | d th
to ensuro I el ERE MR Gr e Il B PR e QB ST e by
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Cross-secti ona I mage, neasuring nmagni tudes of unevenness at’

predet Br miefiuRORI0 08 %o tHehifaceaNgtedRitivebAGhé BEf VAR |9fert 118 areasur ed
val ues. However, the interface roughness can be cal cul ated by any ot her

met hod as thepg-asdetaysari16as caduaked. t Maerefogh teis poskiblents acttierd ace (or the
surface). 20The underl ayer 118 has a hcp structure and has a function of
growi ng Ceeduationdh $lywia reighthefm siegoetic headangibusmadnabécinceasedinng | ayer
122 into a granular structure. Therefore, as the crystal orientation of the
under | ayerecorgingsdansifsinced, i.e. as the (0001) plane of crystals of the

under | ayer 118 hecpes 1or g RALALL el ol ghidls (BB 388 olgrlS 19y

10 114 and the pre-underlayer 116 is reduced, the roughnesses of the boundary
surfaces between the layers formed over the pre-underlayer 116 are improved
(reduced) and, therefore, it is possible to improve the crystal orientation of those
layers and thus to ensure an excellent SNR.

The interface roughness is caiculated by specifying a layer fo be

15  subjected to a calculation of roughness in a cross-sectional TEM image,
measuring magnitudes of unevenness at predetermined positions therein, and
deriving the average of the measured values. However, the interface
roughness can be calculated by any other method as long as it can calculate
the roughness of the interface (or the surface).

20 The underlayer 118 has a hcp structure and has a function of growing
Co crystals with a hep structure of the magnetic recording layer 122 into a
granular structure. Therefore, as the crystal orientation of the underlayer 118
is enhanced, i.e. as the (0001) plane of crystals of the underlayer 118 becomes
more parallel to the main surface of the disk substrate 110, it is possible to

25 improve the orientation of the magnetic recording layer 122. A material of the
underlayer 118 is typically Ru, but, alfernatively, can be selected from RuCr and
RuCo. Since Ru takes a hep structure and has a crystal atomic interval close

to that of Co, the magnetic recording layer 122 composed mainly of Co can be



25 inprove the orientation of the magnetic recording |ayer 122. A materi al
of the underlayer 118 is typically Ru, but, alternatively, can be sel ected
from RuCr and RuCo. Since Ru takes a hcp structure and has a crystal atomc
interval close to that of Co, the magneiic recording |ayer 122 conposed
mainly of Co can be 14 well oriented. In the case where the

mat eri al of the underlayer 118 is Ru, the underlayer 118 can have a

t wo- | ayer struct¥r made of Ru by changi ng the gas pressure during
sputterindﬁﬂ@ﬂg%]?gcally, when formng the first underlayer 118a 5on the

I I id h f ' I ned
pressure 1. o 3 MarosabfER e hfidey AR el RS R Belnder | ayer
118Db th ' f ' i h
that for Foramaie 1B Fin Bia hoTapa s ERRnER of M ooRfloint BREked 170
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118a amd top tAkMbwéktiayérsiaBINR 44 leabiie TALIDRRUARredetbpaiRrdl Ng | ayer 122
by the second underlayer 118b. As the gas pressure increases, the nean free
path of sputdserénige. @ lRonpreisens:, dédie easasfoamihg thessddvadfurderiboeni1gb rat e
decreases to nake the filmcoarse, so that it is possible to facilitate
separ at i onghd upiper &tyer isicht, ithengad pRssUBE of/At sl sed hadhres thand that dier fooming
mniaturize the Co crystal grains. A very small anmount of oxygen may
be added the fast ohdereyaritiSel eiye lower laper sideakessetttogolightpiresswes ur t her
facilitate the separatign and mniaturization of the Ru crystal grains and

thus to adhieVekesinnssihla i geprone dhg crystal O'rientatic}n c()af the magnetic

10 recording layer 122 by the first underlayer 118a and to miniaturize magnetic
grains of the magnetic recording layer 122 by the second underlayer 118b.

As the gas pressure increases, the mean free path of sputiering plasma
ions decreases and thus the film forming rate decreases to make the film
coarse, so that it is possible to facilitate separation and miniaturization of Ru

15  crystal grains and thus to miniaturize the Co crystal grains.

Avery small amount of oxygen may be added to Ru of the underlayer
118. This makes it possible to further facilitate the separation and
miniaturization of the Ru crystal grains and thus to achieve further isolation and
miniaturization of the Co crystal grains of the magnetic recording layer 122,

20 Accordingly, in this embodiment, oxygen is contained in the second underlayer,
formed just under the magnetic recording layer 122, of the underlayer 118
having the two-layer structure. That is, the second underlayer is made of RuO.
By this, the above-mentioned advantage can be obtained most effectively.
Oxygen may be added by reactive sputtering, but it is preferable to use a target

25  containing oxygen in sputtering film formation.

The nonmagnetic granular layer 120 is a nonmagnetic layer having a
granular structure. By forming the nonmagnetic granular layer 120 on the hep

crystal structure of the underlayer 118 and by growing a granular layer of the



m niaturization of the Co crystal grains of the magnetic recording |ayer
122. 20Accordingly, in this enbodi nent, oxygen is contained in the second
under| ayer, formed just under the magnetic recording |ayer 122, of the
under | ayer 118 having the two-|ayer st{gicture. That is, the second

underl ayer is made of RuO By this, the above-nentioned advantage can be
obt ai ned nost effectively. Oxygen nay be added by reactive sputtering, but
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the nmegnetdyergnal nFhefcorisodanst the dopedghatia Phaviar lalé? 120kanarveaesi tion
of the nonmagnetic granular |ayer 120 can have a granul ar structure by

segr egat i gearful@ostragnet hessgrlegbing e anniayrstigrabstdreetddomegrdet ween
nonnmagnetic crystal grains nade of a Co-based all oy. In this
enbodi menbpubtigrienbemegeet nanrgagmatlcacrydtaygrain2thade ofed€odfas€dGiiogi 02.
Accordingly, S ?nzth(lsnglqwrtr)%%inrﬁériﬂ? tr?eur?gzglgggr?e)atici Sraii?arrelgfére1d2& Eg nfwgcgemof
CoCr-Si0;. Accordingly, Si0O, (nonmagnetic substance) is segregated to form
10  grain boundaries between Co-based alloy crystal grains (nonmagnetic crystal
grains) so that the nonmagnetic granular layer 120 has a granular structure.
CoCr-Si0; is only one example and may be replaced by another. For example,
CoCrRu-SiO; can be suitably used instead. Further, instead of Ru, use can be
made of Rh {rhodium), Pd {palladium}, Ag (silver), Os {(osmium), Ir (iridium), or
15  Au(gold). The nonmagnetic substance may be any substance aslong as itis
a substance that can form grain boundary portions around magnetic grains so
as to suppress or block the exchange interaction between the magnetic grains
and that may be a nonmagnetic substance which is not solid-soluble 1o cobait
(Co). For example, silicon oxide (SiOx), chromium (Cr), chromium oxide
20  {Crx03), titanium oxide (TiOy), zirconium oxide (ZrO;), and tantalum oxide
(Taz0s) can be given as examples.

In this embodiment, the nonmagnetic granuiar layer 120 is provided on
the underlayer 118 (second underlayer 118b), but not limited thereto. The
perpendicular magnetic recording medium 100 can be fabricated without

25  providing the nonmagnetic granular layer 120.
The magnetic recording layer 122 has a columnar granular structure in

which a nonmagnetic substance is segregated to form grain boundaries around

magnetic grains of a hard magnetic substance selected from a Co-based alloy,



10grai n boundaries between Co-based alloy crystal grains (nonmagnetic
crystal grains) so that the nonmagnetic granular |ayer 120 has a granul ar
structure. CoCr-Si02 is only one exanple and nay be replaced by anot her.
For exanple, CoCrRu-Si02 can be suitably used instead. Further, instead of
Ru, use can be nade of Rh (rhodium, P& (pal ladium, Ag (silver), OCs
(osmum, Ir (iridium, or 15 Au (gold). The nonmagneti c substance nay be
any substance as |on it i.s a substance that can form grain boundary

s, SO it o etttk st
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nonnmagneti ¢ substance is segregated to formgrain boundaries aroun

nmagnet i ¢ geaons niin aet@tithgiageet 22d arbgioanceosplvetsgdrdmatysa@rabmsed
alloy, 16 a Fe-based alloy, and a N -based alloy. By providing the
nonmagnet i(magneatic beains agfdhe 1@0er tdvesdingiayeetli?@agratihas it capossblepot axi al |y
grown continuously fromthe granular structure thereof. In this enbodi ment,
t he nmagnetichiavedpingtHizatipres! thexrystapgiadssofithe mandecewing Biyat arer 122a,
the i néer veni ng. | ayer 122b. the 5first main recording |ayer 122c, and the
second? maithts E’c*@?ﬁf%%”l’%?ém-lzm. Accordingly, small crystal grains of the

e el RF o BB R By P Dok RESflng | aver 1220
CoCrPt-Cr;05-Si0,.  CoCrPt-Cr0s-SiO, forms a granular structure in which
Cr:05 and SiO; (oxides) being nonmagnetic substances are segregated to form
grain boundaries around magnetic grains made of CoCrPt and grown info a

15 columnar shape. These magnetic grains are epitaxially grown continuously
from the granular structure of the nonmagnetic granular layer 120.

The intervening layer 122b is a nonmagnetic thin film. By interposing
the intervening layer 122b between the lower recording layer 122a and the first
main recording layer 122¢, the magnetic continuity therebetween is separated.

20 By setting the thickness of the intervening layer 122b to a predetermined
thickness (0.7nm to 0.9nm), AFC (antiferromagnetic exchange coupling) occurs
between the lower recording layer 122a and the first main recording layer 122¢.
Accordingly, since magnetizations interact with each other between the layers
on the upper and lower sides of the intervening layer 122b so as to mutually fix

25 the magnetization direction, it is possible to reduce the.fiuctuation of the
magnetization axis and thus to reduce noise.

The infervening layer 122b is preferably made of Ru or a Ru compound.

This is because since the atomic interval of Ru is close to that of Co forming the



(magnetic grains) of the |lower recording |layer 122a so that it is possible
to achieve mniaturization of the crystal grains of the main recording

| ayers and 10 thus to inprove the SNR In this enbodi ment, the

| ower recording |layer 122a is made of €pCrPt-0r205-Si 02. CoCrPt-Cr205-Si 02
fornms a granular structure in which Cr205 and Si 02 (oxi des) being
nonnmagneti ¢ substances are segregated to form grain boundaries around

' ' . d f CoCr Pt .and i 5col h Th
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| ayer 122c¢, "Thé& magnéti ¢ cont ween s separa 20By setting

the thi ckﬂgﬁéd%b th%%giit?kiﬁfgr%%ﬂg | ayer 122b to a predeterm ned thickness
. onny,

(0.7nmto antTferromagneti c exchange coupling) occurs between

the | omer recor didigin, #¥8s intdd@naiidiay8e1531 & ndtRirovites othdi B@et ARidikg2C-
Accordingly, since magnetizations interact with each other between tThe

| ayers onidyfe 122pederagislat aweagsétdemtioliotdaithrthe fivetmaig reayeling Rglrso as to
mutual ly fix 25the magnetization direction, it is possible to reduce the

fl uct uat i d22ofardhtbersegnad inzaih irecordxigslagad 2 2d) out anrfbd Eebodineest, The
i ntervening layer 122b is preferably nade of Ru or a Ru conpound. This is
because sbrcaushef beivgiseparated pylthefintRivengiclayse 1220 tthatlower @sofdngi ng t he
17 layer 122a serves as an individual short magnet. Further, by reducing the
10  thickness of the lower recording layer 122a, the aspect ratio of the granular
magnetic grains decreases (in the perpendicular magnetic recording medium
100, the film thickness direction corresponds to the longitudinal direction of the
easy magnetization axis) so that the demagnetization field generated inside the
magnet is intensified. Therefore, although the lower recording layer 122a is
15  hard magnetic, the magnetic moment exhibited outside is so small that it is
difficult for a magnetic head to pick up the magnetic flux. That is, by adjusting
the thickness of the lower recording aner‘TZZa to set its magnetization (strength
of the magnet) so that the magnetic flux hardly reaches the magnetic head
while the lower recording layer 122a has a magnetic interaction with the first
20  main recording layer 122c, it is possible to provide the magnetic recording layer
with small noise while exhibiting a high coercive force.
In this embodiment, the first main recording layer 122¢ is made of
CoCrPt-Si0,-TiO,.  Accordingly, also in the first main recording layer 122¢, a
granular structure is formed in which SiO; and TiO; (composite oxides) being
25 nonmagnetic substances are segregated to form grain boundaries around
magnetic grains made of CoCrPt and grown into a columnar shape.

In this embodiment, the second main recording fayer 122d is continuous

with the first main recording layer 122¢, but differs from the first main recording



magnetic grains, even if it is interposed in the magnetic recording | ayer
122, the epitaxial growh of the Co crystal grains is hardly inpeded. The
extrenely thin thickness of the intervening | ayer 122b al so contributes to
the difficulty in inpeding the epitaxiag gromh. 5SHerein, if the
intervening | ayer 122b is not provided, the |ower recording |ayer 122a
serves as a magnet continuous with the first main recording |ayer 122c and
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contains Co oxide. There is a fact that the incorporation of SiO; or TiO; as an
oxide causes oxygen deficiency, wherein Si ions or Ti ions are incorporated into
magnetic grains to disturb the crystal orientation so that the coercive force He is
15 lowered. Accordingly, by the incorporation of Co oxide, the Co oxide can
function as an oxygen carrier for making up for the oxygen deficiency. Co0304
is exerﬁptiﬁed as the Co oxide, but CoO may be used instead.
The Co oxide has a larger Gibbs free energy AG than SiO; or TiO; so
that Co ions and oxygen ions tend {o be separated from each other. Therefore,
20  oxygen is preferentially separated from the Co oxide and makes up for oxygen
deficiency generated in SiO; or TiO; so that Si ions or Ti ions can be completed
as an oxide and deposited at the grain boundaries. Accordingly, it is possible
to prevent the incorporation of a foreign substance such as Si or Ti into the
magnetic grains and thus to prevent the disturbance of crystallinity of the
25  magnetic grains otherwise caused by the incorporation thereof. Itis
considered that excess Co ions are incorporated into the magnetic grains.
However, since the magnetic grains are made of the Co alloy, the magnetic

properties thereof are not degraded by the incorporated Co ions. Therefore, it



In this enbodi ment, the second main recording |layer 122d is continuous with
the first main recording |ayer 122c, but differs fromthe first main
recording 18 layer 122c in conposition and thickness. The second nain
recording layer 122d is made of CoCrPt4gi 02- Ti 02- Co304. Accordingly, also
in the second main recording |ayer 122d, a granular structure is formed in
which Si 02, Ti2, and Co304 (conposite oxides) being nonmagneti c substances

S T A A e
oo oy S BRPRI, AL ORI AV 22 GRRLSLAR: T B, 1o

separat i O?néHnettiEEti&r‘i Wiﬁ'é@?@é&? tl?érgﬁ%ﬁl%dﬁéﬂ{g%%gﬁallﬁfei 6\%:\:\1@;]“ recording

| ayer 122c t0 the secon In recording layer rther, as

descri bed ;B feridtids =56 efintPRrbied. ecording | ayer 122d contains Co oxi de.
There is a fact that the incorporation of 5102 or TiO2 as an oxi de causes

oxygens def i ci enepoweneeriting Sb oixielesis Micofpoialéls indd thd PRQNROE Ad@ddingt 0
magnetic grains to disturb the crystal orientation so that the coercive
force Hc isyet3REwreed is Agconldmmitiby thebNRhis redoczdorBitdreforef byOpravididg, t he
Co oxide can function as an oxygen carrier for nmaking up for the oxygen
def i ci encyhe is80min seencdingl layéretRZsinchrpottingkiad €0 dxide @s@lasagbdd used
i nst ead. ~_The Co oxide has a |arger G bbs free energy AG than Si 02
or Ti 2 s@bepwatit sassiye ipabbiyhish qasnaive dpgettc pad sxprlfeid B4 Em each
ot her. The{]ef ore, .20 xygen is preferentiall é se{)@rcgt ﬁ@@f romthe oxi de
and makes S0P’ E%‘k‘?g’éﬂ BELLENE MAN HRGAUHIEGHAY$M while ense&Bighat i
i ons Ti~ d90s .can_he conpl eted as_an.,oxi and .deposi.t.ed at the grain
bounddy i e SNRBE SFEM Iy e LR BleE 22t e MetBRE Wi sfteilfelh "of o
foreign s Sl I, A j Ce: Ik thus to
oLeror S HERRAREe R A e Biodl) b, WO BB A by
layer 122c and, as one suitable example, the first main recording layer 122¢ can
be set to 2(nm) in thickness and the second main recording layer 122d can be
set to 8(nm) in thickness.
15 The above-mentioned substances used in the lower recording fayer
122a, the first main recording layer 122¢, and the second main recording layer
122d are only examples and may be replaced by others. As the nonmagnetic
substance for forming the grain boundaries, oxides such as silicon oxide (SiOx),
chromium (Cr), chromium oxide (CrxOy), titanium oxide (TiO3), zirconium oxide
20 (ZrOy), tantalum oxide {Ta,0s), iron oxide (Fe»03), and boron oxide (B;03) can
be given as examples. Alternatively, a nitride such as BN or a carbide such as
B,Cs can be suitably used.
In this embodiment, use is made of two kinds of nonmagnetic
substances (oxides) in the lower recording layer 122a and the first main
25  recording layer 122c and three kinds of them in the second main recording layer
122d, but not limited thereto. For example, in any or all of the lower recording
layer 122a to the second main recording layer 1224, one kind of nonmagnetic

substance may be used or two or more kinds of nonmagnetic substances may



25magnetic grains otherw se caused by the incorporation thereof. It is
consi dered that excess Co ions are incorporated into the magnetic grains.
However, since the magnetic grains are nmade of the Co alloy, the magnetic
properties thereof are not degraded bypghe incorporated Co ions. Therefore,
it 19 is possible to inprove the crystallinity and the crystal orientation
of the magnetic grains and thus .to enhance the coercive force Hc. Further,
since the saturation
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recording layer 122c and,” as one suitabl e exanple, e first main recording
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| ayer 122d can be set to 8(nm in thickness. 15The above-nenti oned

subst ance& mreésrably mhdeld\BCrPeé&IDEHTI®,.| ayer 122a, the first main recording
| ayer 122c, and the second main recording |ayer 122d are only exanpl es and
may be repl acedThg sephation laget hdd isonnagmapnetis l#yst armidddbetvsan thg t he
grai n boundaries, oxides such as silicon oxide (SiOx), chromum(Cr),
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BACS can eanstlfl'nieti% sslrwyerlrjirstsqa'yer 122b. Thus, ferromagnetic exchange coupling, not
antiferromagnetic exchange coupling, occurs as a magnetic effect between the
magnetic recording layer 122 and the auxiliary recording layer 126.
Accordingly, the magnetic recording layer 122 serves as a pinning layer
15 {magnetization direction fixing layer) for the auxiliary recording layer 126 so that
it is possible to reduce noise caused by the auxiliary recording layer 126 and
thus to improve the SNR.
In this embodiment, the separation layer 124 can be formed by a thin
film containing Ru, a Ru compound, Ru and oxygen, or Ru and an oxide. This
20 also makes it possible to reduce noise caused by the auxiliary recording layer
126. This is considered to be because when forming the separation fayer 124,
oxygen 1o be contained in the separation layer 124 is segregated on the oxides
of the magnetic recording layer 122 and Ru is segregated on the magnetic
grains so that the Co crystal structure of the magnetic recording layer 122 can
25 be inherited to Co of the auxiliary recording layer 126.
As the oxide to be contained in Ru of the separation layer 124, various

oxides can be considered. However, by the use of particularly an oxide of W,

Ti, or Ry, it is possible to improve the electromagnetic conversion



In this enbodi ment, use is nmade of two kinds of nonmagnetic substances
(oxides) in the |ower recording |layer 122a and the first main 25recording

| ayer 122c and three kinds of themin the second main recording | ayer 122d,
but not limted thereto. For exanple, #n any or all of the | ower recording
| ayer 122a to the second main recording |ayer 122d, one kind of nonmagnetic
subst ance nmay be used or two or nore kinds of nonmagnetic substances may
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wher e the [ower reébrdlng %yer second nai n recording |ayer
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i nterveni ofokgyer. DAL, Hwhe dserofdivEgnitis possilclhdo dave doph thegeffeitof
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t he magnetidgitioscd cayagn kagdhe effecheicadditornoikine awide, vdyoh & ings| ayer 126.
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10 {ZrQ,), tantalum oxide (Ta,0s), iron oxide (Fe;03), and boron oxide (B203) can
be given as examples. Alternatively, a nitride such as BN or a carbide such as
B4C; can be suitably used.

The auxiliary recording layer 126 is a magnetic layer magnetically

almost continuous in the in-plane direction of the main surface of the substrate.

15 It is necessary that the auxiliary recording layer 126 be adjacent to or in vicinity
to the magnetic recording layer 122 so as to have a magnetic interaction
therewith. A material of the auxiliary recording layer 126 may be, for example,
CoCrPt, CoCrPtB, or a substance confaining a very small amount of an oxide in
CoCrPtor CoCrPtB.  The auxiliary recording layer 126 has the purpose of

20  adjusting the reversed domain nucleation magnetic field Hn and the coercive
force Hc, thereby achieving an improvement in anti-thermal fluctuation
characteristics, OW characteristics, and SNR. In order to achieve this purpose,
the auxiliary recording layer 126 preferably has high perpendicular magnetic
anisotropy Ku and high saturation magnetization Ms. The auxiliary recording

25 layer 126 is provided above the magnetic recording layer 122 in this
embodiment, but may alternatively be provided below the magnetic recording
layer 122.

A term of "magnetically continuous" means that the magnetism



In this enbodi ment, the separation |ayer 124 can be fornmed by a thin film
containing Ru, a Ru conpound, Ru and oxygen, or Ru and an oxide. This

20al so nakes it possible to reduce noi se caused by the auxiliary recording
| ayer 126. This is considered to be because when form ng the separation

| ayer 124, oxygen to be contained in the separation |layer 124 is segregated
on the oxides of the magnetic recordi | ayer 122 and Ru is segregated on
the magnetic grains so that the Co crystal structure of the magnetic
recording |layer 122 can 25be inherited to Co of the auxiliary recording

| ayer 126continues. Aﬂérmdjrfe“attmbsltecdm)inbeuﬁoneamﬁe:dinicmdmhefcashewlrmpammion

| ayer 124, various oxides can be considered. However use
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such as B#€3ramnbdmdeuiesatblitlye owgmetic recording layer 122. The function and

operation of the auxiliary recording layer 126 are not necessarily clear, but itis

considered that the auxiliary recording layer 126 has a magnetic interaction

{performs exchange coupling) with the granular magnetic grains of the magnstic

recording layer 122 so that it is possible to adjust Hn and He and thus to improve

the anti-thermal fluctuation characteristics and the SNR. Further, it is considered

that since the area of the crystal grains (crystal grains having a magnetic

interaction) connected to the granular magnetic grains is greater than cross

section of the granular magnetic grains, magnetization reversal tends to occur

due to reception of much magnetic flux from a magnetic head, thereby improving

the OW characteristics of the whole.

in this embodiment, when the difference between the highest point and

the lowest point of unevenness of the interface between the soft magnetic layer

114 and the pre-underlayer 116 is given as an interface roughness (nmj),

adjustment is carried out to satisfy interface roughness (nm) x crystalline fotal

thickness (nm) = 21 (hm?). This makes it possible to reduce the surface

roughness of the perpendicular magnetic recording medium 100 and thus to

ensure a high SNR without lowering the functions of the crystalline layers, i.e.

the pre-underiayer 116, the underlayer 118, the nonmagnetic granular layer 120,

the magnetic recording layer 122, and the auxiliary recording layer 126.



The auxiliary recording |layer 126 is a magnetic |ayer magnetically al nost
continuous in the in-plane direction of the main surface of the substrate.
151t is necessary that the auxiliary recording |ayer 126 be adjacent to or
invicinity to the magnetic recording |ayer 122 so as to have a nagnetic
interaction therewith. A material of the auxiliary recording |layer 126 may
be, for exanple, CoCrPt, CoCrPtB, or a®3ubst ance cont aj ni ng a very small
anount of an oxide in CoCrPt or CoCrPtB. The auxiliary recording |ayer 126
has t he purpose of 20adjusting the reversed donmain nucl eati on magnetic
field Hn and t hif teeeresungedayiesd 1Bds fdriraxdelby tvee lryerd, hg. an anmgpbyesrent i n
anti-thermal fluctuation characteristics, ONcharacteristics, and SNR In
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In this embodiment, since the nonmagnetic granular layer 120 is
provided between the soft magnetic layer 114 and the magnetic recording layer
122, the thickness of the nonmagnetic granular layer 120 is included in the SUL-
MAG distance. However, if the nonmagnetic granular layer 120 is not
provided, the thickness thereof is not included in the SUL-MAG distance.

The medium protective layer 128 can be formed by film formation of



23 If the pre-underlayer 116 is formed by two | ayers, i.e. an

anor phous | ayer on the disk substrate 110 side and a crystalline | ayer

di sposed thereon, the pre-underlayer 116 on the disk substrate 110 side is
not added to the crystalline total thigkness. This is because the roughness
of the lower side interface is increased when a coating filmis
crystalline, while the roughness of the lower side interface is rather
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| ayer other than the pre-underlayer 116 and the underlayer 118 is present
bet ween t frepadifronrdgaendgnetiayend114 and the magnetic recordi ng |ayer 122,

the thickness of such a layer is naturally included in the SUL- MAG
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The nedi um protective |layer 128 can be for by filmformation o
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| ayer 128 is a layer for protecting the perpendi cular magnetic recording
medi um 10@rdtectnealmyenpa8t of a magnetic head. Since, in general, carbon
formed into a filmby the CVD nethod is inproved in film har dness as
S5conpty ed wi t h Bydhe apovaenapicnedrmaguiastuing, priocesses s poipendicytarot ect t he
per pendi cul ar magnetic recordi n% medi um 100 nore effectively against the
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formed of PFPE. (perf| ther) by the dip coating nmethod. PFPE has a
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(Example)

Using an evacuated film forming apparatus, the layers from the

20 adhesive layer 112 to the auxiliary recording layer 126 were formed in sequence
on the disk substrate 110 in an Ar atmosphere by a DC magnetron sputtelring
method. The composition of the adhesive layer 112 was CrTi. In the soft
magnetic layer 114, the composition of the first soft magnetic layer 114a and the
second soft magnetic layer 114c was CofeTaZr and the composition of the

25  spacer layer 114b was Ru. The composition of the pre-underlayer 116 was
NiW. As the first underlayer 118a, a Ru film was formed in an Ar atmosphere
at a predetermined pressure (low pressure: e.g. 0.6Pato 0.7Pa). As the

second underlayer 118b, a Ru (RuO) film containing oxygen was formed, using



10bonded to N atonms on the surface of the nedium protective |layer 128 with
high affinity. By the function of this lubricating |ayer 130, even if the

magneti c head is brought into contact with the surface of the perpendicul ar
magnetic recording medium 100, it is pggsible to prevent damage or breakage
of the medium protective |ayer 128. 15By the above-nenti oned manufacturing
processes, the perpendi cul ar magnetic recordi ng medi um 100 can be obtai ned.
Next, an Exanpl.e of this enbodinment will be descri bed. 8Ex | e) Using an
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recording laver 122¢, grain boundary portions contain SiO, and TiO; as
examples of composite oxides (a plurality of kinds of oxides) and a hcp crystal
structure of CoCrPt-Si0,-TiO, was formed. In the second main recording layer
10 122d, grain boundary portions contain SiO;, TiO,, and Co;0; as examples of
composite oxides (a plurality of kinds of oxides) and a hcp crystal structure of
CoCrPt-Si0,-Ti0-Co304 was formed. The separation layer 124 was formed of
RuWO;. The composition of the auxiliary recording layer 126 was CoCrPtB.
The medium protective layer 128 was formed using C;H, and CN by the CVD
15 method. The lubricating layer 130 was formed using PFPE by the dip coating
method.

Hereinbelow, the correlation between respective factors, i.e. the
interface roughness between the soft magnetic layer 114 and the
pre-underlayer 116, interface roughness x SUL-MAG distance, and interface

20  roughness x crystalline total thickness, and the surface roughness of the
perpendicular magnetic recording medium 100 and the SNR will be described
with reference to the drawings. A straight line or a curve in the drawings is an
approximate curve with respect to plotted measured data.

| Figs. 2A and 2B show diagrams respectively illustrating the relationship

25  between the interface roughness and the SNR and the relationship between the
crystalline total thickness and the roughness ratio. Fig. 2Ais a diagram
illustrating changes in SNR according to the interface roughness between the

soft magnetic layer 114 and the pre-underlayer 116 and Fig. 2B is a diagram



25 a target containing oxygen, in an Ar atnosphere at a pressure (high
pressure: e.g. 4.5Pa to 7Pa) higher than the predeterm ned pressure. The
conposition of the nonmagnetic granular |ayer 120 was nonmagnetic
CoCr-Si02. In the |lower recording | ayepgl22a, grain boundary portions
contain Cr205 and Si02 as 5 exanpl es of oxides and a hcp crystal structure
of CoCrPt-Cr205-Si 02 was forned. The intervening |ayer 122b was forned of
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t hi ckness, and the surface roughness of the perpendi cul ar nmagnetic

r ecor di ng PeB¥ReminEDEChmEgNBEC SNRI i #landdhadsetindedavet H & ieceasgge to t he
drawi ngs. _A straight line or a curye in the drawings i s an approxi mate
curve witH h?%@ﬁ@@g'c{%e%F%P?é’@Cﬁ‘é%%ﬁﬂ'é% w&@%}a@e FRYEINSS R gt oneeal agr ans
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that the interface roughness between the soft magnetic layer 114 and the
pre-underiayer 116 be as low as possible. It is seen that if this value is set fo
15  0.4(nm) or less, an extremely high SNR can be ensured.

From Fig. 2B, it is seen that the crystalline total thickness affects the
roughness from the interface between the soft magnetic layer 114 and the
pre-underlayer 116 to the surface of the medium. The roughness ratio
represents an increase in roughness as its value increases. Referring to Fig.

20 2B, since the roughness ratio increases in proportion to an increase in
crystalline total thickness, it can be understood that if the crystalline total
thickness is large, the roughnesses of the respective interfaces from the
pre-underlayer 116 to the surface of the medium increase correspondingly.
Therefore, the crystalline total thickness is preferably minimized as long as the

25  functions of the respective layers are not degraded, and is preferably set to
60(nm) or less.

Figs. 3A and 3B show diagrams respectively illustrating changes in

surface roughness of the perpendicular magnetic recording medium 100 and in



26 illustrating changes in roughness ratio of the perpendicul ar nagnetic
recordi ng medi um 100 according to the crystalline total thickness. In Fig.
2B, the ordinate axis represents a val ue obtained by dividing the surface
roughness of the nedi um (perpendi cul ar magnetic recordi ng nedi um 100) by
the interface 5roughness between the sgft nmagnetic |ayer 114 and the
pre-underlayer 116 (hereinafter, this Value will be referred to as a
"roughness ratio"). As shown in Fig. 2A, the SNR decreases as the
i nterface roughness between the soft nmagnetic |ayer 114 and the

pr e- under SRR acdddingorietsEse rdhgisndss (consi dysallinedots thielcmssdnint). t he

I nterface roughness between the soft 10nmagnetic |ayer 114 and the

pr e- under Figydf 13 agliagram gustrating shrngasdasesfage reugnMRsldhe surfaces

bet ween the | r.s..formed. o - he I.Ce: e i so t hat
he.or yst B PSPt G Teis RS dPERE PR P bR IR R ST tne
interf aceﬁrfnﬁ’}lg@ﬂ%?céiliﬁéttd@%idﬁhésfs? i) aﬁ@'F‘ﬁ;?.'SB Is?y 8lagidrft um@lrahh% _
pre-underl ayer 116 be as |ow as possible. 1t is seen that if this value is
set to 156hat(gms)in @NR essording Exinteefasieyrohgighe SNRnepn chystadimeuiobal. From Fi g.
2B, it is seen that the crystalline total thickness affects the roughness
fromthe {higkdepataMbet ween the soft nagnetic |ayer 114 and the

pre- under | ayer A48 Lg.JdeSuid 4R B IRALHMaHRES foughnggs ratio

represents an i I'n"Toughness "as 1ts val ue i ncr eas erring to

Fi 9. 202Bnterfateqoligind U8hRGessé@id PictéiEceReaduhAnddsOehkindgdilM an i ncrease
in crystalline total thickness, it can be understood that if the

cryst al | i swefacet ahile i toknetssfacs rougryesstibhsmatlughere § $les cofstailine todglpect i ve
interfaces, fromthe pre-underlayer 116 tg t he gurface of the nedi um

i ncrease "E‘iﬁkf‘ﬁ'é%&"af e ropgkingpd pEthe Mediun) sHHRsS [FdowWAN, CORYRRAYSY i s
preferabl t%e%@@cé?gu@%és%qg lzﬂ‘@e}g@en if the crystalline total thickness is thin, the

roughness of the medium surface becomes large. Accordingly, in Fig. 3A, in
order to take into account mutual influences of these factors, the medium is
evaluated by muitiplying the interface roughness and the crystalline fotal
thickness together.

As also described above, in order to achieve a further reduction in flying
height of a magnetic head, the surface roughness of the perpendicular magnetic
recording medium 100 is preferably set to 1(nm) or less. Referring o Fig. 3A,
when interface roughness(nm) x crystalline total thickness (nm) becomes 21
(nm?) or less, the surface roughness of the perpendicular magnetic recording
medium 100 becomes 1(nm) or less. Therefore, if the interface roughness and
the crystalline total thickness satisfy the relation formula of "interface roughness
(nm) x crystalline total thickness (nm) = 21 (nm?)", the surface roughness of the
perpendicular magnetic recording medium 100 is reduced and thus the further
reduction in flying height of the magnetic head is enabled.

Referring fo Fig. 3B, it is seen that if interface roughness (nm) x
crystalline total thickness (nm) is set to 21 (nm?) or less, a high SNR of about
18.8dB or more can be ensured. Therefore, by setting interface roughness
(nm) x crystalline total thickness (nm) to 21 (nm?) or less, the further reduction

in flying height of the magnetic head due to



25functions of the respective |layers are not degraded, and is preferably
set to 60(nn) or |ess. Figs. 3A and 3B show di agrans respectively
illustrating changes in surface roughness of the perpendi cul ar magnetic
recordi ng medium 100 and in 27 SNR, according to interface roughness (nm
x crystalline total thickness (nm). Fig, 3Ais a diagramillustrating
changes in surface roughness of the p endi cul ar nmagnetic recordi ng nedi um
100 according to interface roughness (nm x crystalline total thickness
(nm and Fig. 3Bis a diagramillustrating changes in SNR according to

i nt er f acetheoeghnissin $urfaoe ougbbesd ohtbetperpéndibulek neametiompcording As
descri bed above, if the crystalline total thickness is |arge, the interface

roughnessmeéj’qfﬁépgé‘s?@cpq GCh‘ﬁE‘?%%é’eﬁﬁ'ébﬁ’%ﬁ@ﬁ\‘%§§dofﬂ“’@"ﬁé thediaihoMNG f ace,
while if c%hrgb%an % e%?%g tﬁ g ﬁ?o%gl ”%Jzﬂlevgya%rthért gz%a%eXﬁ &lorglﬂg,tm al

t hi ckness medrum sur

conver sel yendify éfhﬁe'p@?@érfcﬁ@@afﬁl@@ﬁé@éﬁed&dih%rrﬁédsuﬂ%/q?@(}lf the crystalline
total thickness is thin, the roughness of e medi um surface becones | arge.
Accordingly, inFigsgéAInd 4B sbowetagremsakepéectivelallustratingehargesiinf | uences  of
these factors, the nediumis evaluated by nmultiplying the interface
roughnessSlﬂ’fﬁ?@trﬁégﬁﬁ*% %Ith?rf@ﬂ?%?dé‘l’m?rhﬁ“@ﬁﬁ@%% "Q%’@é'@ﬁé’f‘ed“m 100 and Iny) so

descr | bedeRRoUE ol iflcaaB0b RSty S0 ARsuciiancE R Lhy! B, her ght

of a rragn% e e surtace oug e per pen etic
recor di ng4Aeslh Wadkah Fli§sﬂ9étﬁfg€élﬁdﬂg)ésﬁﬁtsuﬁﬁcé("6hr@htﬁss| $i3Re pBﬁ:feﬁfdéumr to Fig.
3A, when interface roughness(nm x crystalline total thickness (nm becones
21 (nnR) muaghemgedorréngmmécacm THugtnoeding dé inthdape rougtdiessl(am) xegdiet i ¢
recordi ng rredlumloo b ,1 N or. less, Therefore, if t interface

r oughnessMﬁﬁl @F%"Q?rm %’@ f(’@{%la ‘{*ﬁ@r@l?hé%@ Ughpg §F‘9“9?Femr€'ﬁ§tl on fornul a

of 'nteré&%%.ngttamaﬁafé?gaegme;‘s%gﬁ@ﬁ'chpm {plalydlpekaase (nm 21 (nne) -

t he surface T oughnes rragne Icre i ng medi um 100 is
reduced and t hushd BeJLEMING 8FstdrR@us the tothinthidkyesd oh tHedbiyseflinehaysmgnet i ¢

head i s enabl ed. Referring to Fig. 3B, it is seen that if interface
r oughnesslo¢aig)l belaw fise atddnedictrecetinghiagémbsd (Hrﬂie reughutess of Hie ( an) or

| ess, a high SNR of about 18.8 nore can bhe red ef or by
setting [HEICRCEN (s SHOREALS Bl of e HaBari] Eordn e 2R St (o 21

(nn2) or @E‘@ﬁenéﬂ% cyﬁ%hf;ferrﬁﬁli' Eﬁ@&eb@h% by 8 ¢ S @tcr {taf &%r@%ﬂs‘ ¢ head

due to e re n-n SUI’ ace roug rpen rragnetlc

recor di ngdggedtomin e ®agnbec estdirging tayas 1(2@50wa@¢”&>¢39\/@ midtiplyingt her, the
hi gh SNR can be ensured, so that it is possible to achieve a further

i ncrease toueﬂaféln@urrtgrfammughn@ﬁs bebver henghftmagnetiadayer ild 4ransidhei ng

di 100. 4B show d t | | ustrat
Changes | Frestderiaver a1 angdbe SO B Geiaies dhf Tt Rerer R g ng edi um
100 and |aa§ﬁ@m P&%?&,Hg érolqznik"ervéﬁl%?ea oughness (nm) x SUL- MAG di st ance

(nm. Fi a diagramillustrating changes in surface roughness of the

per pendi cul ar negdesdribodestond, i s@tidenolgBnass of thegerbendiclkirf ace
roughness (nm) x SULMAG distance (nm and Fig. 4B is a diagramillustrating

changes i magnBtiaeoordinggnedumiQG remdreddaginecisisthengductisulin fRGadi st ance
(nm. height of the magnetic head is 1(nm) or less. Referring to Fig. 4A, when
interface roughness (nm) x SUL-MAG distance (nm) becomes 12(nm?) or less,
the surface roughness of the perpendicular magnetic recording medium 100
becomes 1(nm) or less. Therefore, if the interface roughness (nm) and the
SUL-MAG distance (nm) satisfy the relation formula of "interface roughness
(nm) x SUL-MAG distance (nm) < 12 (nm?)", the surface roughness of the
perpendicular magnetic recording medium 100 is reduced and thus the further

reduction in flying height of the



The SUL- MAG di stance is the total thickness of the crystalline |ayers

| ocat ed bel ow the nagnetic recording |layer 122. If the roughness of the
interface, on the substrate side, of the magnetic recording |ayer 122 is

| arge, the magnetic recording |ayer 122gis affected thereby so that the
crystal orientation is degraded in the magnetic recording |ayer 122.
Accordingly, by multiplying together the interface roughness between the
soft nmagnetic Itayee{?gg{m an he pre-underlayer 116 and t he SUL- MAG

di st ance, "PAIGUGHIRAGEENEREY ed on the magnetic recording |ayer 122 is

eval uat ed. [ , 2. S f e

per pendi cul ar ng{éerﬁ%’ﬁ?’gqrge%g%r%‘ﬂtg%bns%%?‘l}%giﬁggﬁ %@%%fcfoe%%ﬁ %EQ? h%ughhﬁ%%er
reducti on 4; i i I e IeSq 1( I Referring
to Fig. 4 1!&%%%!3%@?}32% h?%sdéhhﬁgss fn%ﬁﬁs‘%&ﬁ d?g%rae‘gcscrg, ?%Snsngﬁecomss
12(nne) orsNRan HdenSiel afe RuEIRs thedlithBErRIBBA% AYha haFHNgthe

recordi ng nmedi um 100 becones 1(nm or |less. Therefore, if the interface
roughngss nfagetianbadn o bt MG abisii@re extteikiySalprsle tHeh@cordiag densitypr mul a
of "interface roughness (nm x SUL-MAG distance (nm 12 (nnR)", the surface
roughness ofthd perpeedjperst mageeticmegoating meeitwndioty nedi um 100 is reduced and
thus the further reduction in flying height of the 29 magnetic head is
enabl ed. AsREfseribed gbowe RigrordiBg to this snwemgiont hag possiblatienmhpore
roughness x SUL- MAG di stance is set to 12 or less, a high SNR can be
ensured. Thepeffaeerouahschs g trenrerpgndiselasmagratiofecreing Aes\imdg 00he furt her

e o Wy b o BRI b i Bk iR ©
i di 100. As d ib , di t hi

ot 09 e dniEav 116 « AcsordBoBoE R REShIE 18 BEnieBE aeauEtet Ty g
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Accor di nglRyeipkl sicP@RShitlBickGoagh & dwkBAYRE isBh ﬂ\%%ﬁé&%i 15??mﬁ49£ﬁd of a

magneti c head and thus a further™increase in recordi ensity. Further,

si nce t he thdpry-lAgErI4\R2ANBES Fedifice B i&u@hﬁ@ééeﬁ@gﬂh@ﬁcﬁzddééﬁéurlé{fbsand the
pre-underlayer 116 is reduced, the roughnesses of the boundary surfaces

bet ween t hetwssretre hoenseidrmedovehtheppe-umdiatdyey d16 b6 alwoeredlised saduced and,
15t herefore, it is possible to inprove the crystal orientation of those

| ayer $5 antharhimset ib iscopessilple do ropopiel tbatcn@BIR. orientation of thosailayessiaodi nent, t he
pre-underl ayer 116 is forned on the soft magnetic |ayer 114, but not
limted tHeietooensare apeexcel§ntdNRnat er posed between the soft magnetic |ayer

114 and the pre- erlayer 116. The |layer to
P inutr?'\?s em%%diment, the pre-underlayer 116 is formed on the soft

magnetic layer 114, but not limited thereto. A layer may be interposed
between the soft magnetic layer 114 and the pre-underlayer 116. The layer to
20  be interposed is preferably a layer, for example, that is formed without applying
a bias voltage to the disk substrate 110 during film formation. Accordingly, it is
possible to reduce an impact on the soft magnetic layer 114 during formation of
the pre-underlayer 116. Therefore, it becomes possible to prevent an increase
in surface roughness of the soft magnetic layer 114 and thus to reduce the
25  interface roughness (boundary roughness) of the layer formed on the soft
magnetic layer 114.
As another example of a layer to be interposed between the soft

magnetic layer 114 and the pre-underiayer 118, a layer made of an amorphous



20 be interposed is preferably a layer, for exanple, that is formed w thout
applying a bias voltage to the di sk substrate 110 during filmformation.
Accordingly, it is possible to reduce an inpact on the soft magnetic |ayer
114 during formation of the pre-underlgyer 116. Therefore, it becones
possible to prevent an increase in surface roughness of the soft magnetic

| ayer 114 and thus to reduce the 25interface roughness (boundary roughness)
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surface Oggft %@%ﬁc 1HREEY th@b’eﬁig rbdificd thd %}é’ rdRiness bhfheSaur ace

roughness sof t” bmagnet 1 ¢ yer 114 an us tthe interface roughness

(boundary niiHEReaar ol ditethua)pe iheraes r&@ﬂﬂé@s%@é&nd&gfﬁ@&éﬁﬁhé@z@f 114.

Further, since an anorphous coating filmhas a higher hardness than a
crystal | i fige kyat farondd dmithe $ofbeegmesic esitbie Farther satdeyarpaoiogstiodshe sof t
magnetic |ayer 114 froman inpact during formation of the pre-underlayer
116 by t heoaBmg 6im hbe a trgeer nardecs$ tharea tOmbadlineh coatingatiler,itdbecofmes ef ore, it
is possible to achieve a further reduction in interface roughness between
the soft pagsibla o Juilpbly arofecitlae sal naanatiadayarayiériramen impact dupgg descri bed
above, by interposing the above-nentioned | ayer between the soft nmagnetic

| ayer 114f%fmﬁtl°ﬁé3fﬁhgpﬁﬁr&é‘ﬂﬁﬁﬁﬁé‘?r Peby the yse lobsilayer made Sthe 15t he
surf a‘? (? ' %u hrBI?ncSJSs %catérri]a : S?Lgrqu%r,]?ttiis %olsgyeertolalc igvneda Qﬁﬁertrg ué:t?c;[neiw ace
interface roughness between the soft magnetic layer 114 and the
pre-underlayer 1186.
As described above, by interposing the above-mentioned layer between
the soft magnetic layer 114 and the pre-underlayer 1186, it is possible to reduce
15  the surface roughness of the soft magnetic layer 114 and thus the interface
roughness (boundary roughness) of the layer formed on the soft magnetic layer
114. Therefore, it is possible to increase the SUL-MAG distance and the
crystalline total thickness.
While the preferred embodiment of this invention has been described
20  with reference to the accompanying drawings, it is needless to say that this
invention is not limited thereto. It is apparent that a person skilled in the art
can think of various changes and modifications in the category described in
claims and it is understood that those also naturally belong to the technical
scope of this invention.
25
industrial Applicability
This invention can be used as a perpendicular magnetic recording

medium adapted to be mounted in a perpendicular magnetic recording HDD or



roughness (boundary roughness) of the |ayer forned on the soft magnetic

| ayer 114. Therefore, it is possible to increase the SUL- MAG di stance and
the crystalline total thickness. Wiile the preferred enbodi nent of this

i nvention has been described 20 with peference to the acconpanying
drawings, it is needless to say that this invention is not limted thereto.
It is apparent that a person skilled in the art can think of various
changes and difications in the category described in clains and it is
understoo&h?ﬂg?'those al so naturally belong to the technical scope of this
invention. 25 Industrial Applicability This invention can be used
as a perpendi cul ar magnetic recordi ng nedi um adapted to be nounted in a
per pendi cul ar magnetic recordi ng HOD or 32 CLAI Ms: 1. A

per pendi cul ar magnetic recordi ng nmedi um conprising, over a substrate, a
magneti c recording |layer for recording a signal, an underlayer made of Ru
or a Ru conpound and provided bel ow said nagnetic recording |ayer, a
pre-underl ayer made of a nonmagnetic crystalline material for controlling a
crystal orientation of said underlayer, and a soft magnetic |ayer provided
bel ow sai d pre-underl ayer, wherein when a difference between a

hi ghest point and a | owest point of unevenness of an interface between said
soft magnetic |ayer and said preunderlayer, derived by a cross-sectional
TEMimage, is given as an interface roughness (nn) and a di stance between
said soft magnetic |ayer and said nmagnetic recording |ayer, excluding said
soft magnetic |ayer and said nmagnetic recording layer, is given as a

SUL- MAG di st ance (nm),



said interface roughness (nn 0.4 (nm and said interface roughness (nn) x
sai d SUL- MAG di stance (nm 12 (nnR) are satisfied. 2. A

per pendi cul ar magnetic recordi ng nmedi um conprising, over a substrate, a
magneti c recording |layer for recording a signal, an auxiliary recording

| ayer provided above said magnetic recording |layer and having a nagnetic
interaction with said nagnetic recordiﬁ% | ayer, an underl ayer nade of Ru or
a Ru conmpound and provi ded bel ow said nmagnetic recording |ayer for
controlling a crystal orientation of said magnetic recording | ayer, a
preunder| ayer made of a nonmagnetic crystalline material for controlling a
crystal orientation of said underlayer, and a soft magnetic |ayer provided
bel ow sai €ipdsSunder | ayer, wherein when a difference between a hi ghest
point and a | owest point 33 of unevenness of an interface between said
soft magnetic | dyef PafRerstisapmagnabs regpedinpdnedlivEnceerEsing ne & fface

h L : _under | : . i
recordi ngS e S ek aSEdrT LRSI P SRR Qudflavafy  ccor ti ng
layer, i Sp@dealt RS oPa R &smbbiimeah@pabvidsd 6kRAS Saill MAgnatRi dchitigy f ace
roughness (nmO0.4(nm and said interface roughness (ni x said crystalline
total thilkkyeesspleampdalbyver mitle air 2 neatmiaghetd crystalline mat&iaiToe per pendi cul ar

magneti c recordi ng medi um according.to claim1 or Z wherein said
pr e- under FARENINGA pRYFERIATIENaljon of said undgrlaysicaptpsofdnaanatic lkehet i ¢

w T ayer RO EEH oA PeskiBosi At a1 The "N Wi s Tormed on & Layer made
of anor phous Ni JRe@in AARAHRNGHErRACEDetween a highest point and a lowest point of

unevenness of an interface between said soft magnetic layer and said pre-
underiayer, derived by a cross-sectional TEM image, is given as an interface
roughness (nm) and a distance between said soft magnetic layer and said
magnetic recording layer, excluding said soft magnetic layer and said magnetic
recording layer, is given as a SUL-MAG distance (nm),

said interface roughness (nm) = 0.4 (nm)
and

said interface roughness (nm) x said SUL-MAG distance (nm) = 12

(nm?) are satisfied.

2. A perpendicular magnetic recording medium comprising, over a
substrate, a magnetic recording layer for recording a signal, an auxiliary
recording layer provided above said magnetic recording layer and having a
magnetic interaction with said magnetic recording layer, an underlayer made of
Ru or a Ru compound and provided below said magnetic recording layer for
controlling a crystal orientation of said magnetic recording layer, a pre-
underlayer made of a nonmagnetic crystailine material for controlling a crystal
orientation of said underlayer, and a soft magnetic layer provided below said
pre-underiayer,

wherein when a difference between a highest point and a lowest point



34 PERPENDI CULAR MAGNETI C RECORDI NG MEDI UM Abstract of the Disclosure

In a perpendi cul ar magnetic recordi ng nmedi um havi ng, over a substrate, a
magneti c recording | ayer, an underlayer nade of Ru or a Ru conmpound and
provi ded bel ow the magnetic recording | ayer, a pre-underlayer nade of a
nonmagnetic crystalline material, and a soft magnetic |ayer provided bel ow
the pre-underlayer, when the differenc between the highest point and the

| owest poi nt of unevenness of the interface between the soft nmagnetic |ayer
and the pre-underlayer, derived by a cross-sectional TEMinage, is given as

an i nt er f gamhdvRHBBES 86 ah Nitkrfads bbheedH siianes rAggMeRNal/beas®bhidmenet i c
| ayer and the magnetic recording | ayer, excluding the soft magnetic |ayer

and t he nmglestdyer isegivediasgn iateeface roughness Gun parsUa-distenck fpansaid( nn) ,
i nterface roughne n 0.4(n and interface r hne SUL- MAG di st ance
I(nn.) 12 (prﬁnégdquiggq%pi%%iag @glquilrl)g tayer, inclu I#ggsaidsgrez(undehayer 'S

and said auxiliary recording layer, is given as a crystalline total thickness (nm}),
said interface roughness (nm) = 0.4(nm)
and
said interface roughness (nm) x said crystalline total thickness (nm)
<21 ( nm?) are
satisfied.
3. The perpendicular magnetic recording medium according to claim 1
or 2, wherein said pre-underlayer is made of NiW.
4. The perpendicular magnetic recording medium according to claim 1
or 2, wherein said pre-underlayer is a layer in which a layer made of crystaliine

NiW is formed on a layer made of amorphous NiTa or amorphous CrTa.



34

PERPENDICULAR MAGNETIC RECORDING MEDIUM

Abstract of the Disclosure

In a perpendicular magnetic recording medium having, over a substrate,
a magnetic recording layer, an underlayer made of Ru or a Ru compound and
provided below the magnetic recording layer, a pre-underlayer made of a
nonmagnetic crystalline material, and a soft magnetic layer provided below the
pre-underlayer, when the difference between the highest point and the lowest
point of unevenness of the interface between the soft magnetic layer and the
pre-underlayer, derived by a cross-sectional TEM image, is given as an
interface roughness (nm) and the distance between the soft magnetic layer and
the magnetic recording layer, excluding the soft magnetic layer and the
magnetic recording layer, is given as a SUL-MAG distance (nm), interface
roughness (nm) < 0.4(nm) and interface roughness x SUL-MAG distance (nm)

< 12 ( nm?) are satisfied.

FIGURE 1



