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1. Field of the Invention
The present invention relates to a perpendicular magnetic recording
medium mounted on a perpendicular magnetic recording type hard disk drive

(HDD) or the like and a method of manufacturing such a medium.

2. Description of the Related Art

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

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

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



conventional in-plane magnetic recording type, the perpendicul ar magnetic
recordi ng type can reduce a thermal fluctuation phenonenon, in which the
thermal stability of recorded signals 4s deteriorated due to the

super par amagnet i sm phenonenon so that the recorded signals are |ost.
Accordingly, the perpendicul ar magnetic recording type is suitable to

I ncrease the recording, density. Use of a CoCrPt-Si02 perpendicul ar
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Patent Document 1)). Size reduction of magnetic grains in a magnetic

recording layer and improvement of the magnetic coercive force (He) are

achieved by forming a granular structure in which non-magnetic grain

boundaries are formed by segregating SiOz between magnetic grains in which

crystals of a hexagonal close-packed (hep) structure of Co have grown

continuously into a columnar shape. It has been known that oxide is used for

non-magnetic. grain boundaries (non-magnetic portions between magnetic

grains). For example, use of one of Si0,, Cr20;, TiO, TiOz, and Ta;,0s has

been proposed (JP-A-2006-024346 (Patent Document 1)).

MeanWhile, important factors to increase the recording density include

improvement of magnetostatic characteristics, such as the magnetic coercive

force (Hc) and the reversed dornain nucleation magnetic field (Hn), and

improvement of electromagnetic characteristics, such as the overwrite

performance (OW performancé), the signal-to-noise ratio (SNR), and the

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



| mprovenent of the SNR is achieved mainly by noise reduction of a
magnetic transition region in a magnetic recording | ayer. Factors
effective in noise reduction includeg nprovenent in crystal orientation
of a magnetic recording |ayer, reduction of the grain dianeter of
magnetic grains, and isolation of negnetic grains. Particularly, in
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states of aces
crystal seed layer (non-magnetic layer) is provided underneath the underlayer

so as to improve the crystal orientation of the underlayer,

The seed layer (non-magnetic layer) has heretofore been formed by a
single layer. Recently, a perpendicular magnetic recording medium having a
seed layer of a double-layer structure has been developed (JP-A-2007-184019
(Patent Document 2)). According to Patent Document 2, a seed layer is
formed of an amorphous alloy containing Cr and a crystal alloy containing Ni as
a principal component. With this seed layer, a perpendicular magnetic
recording medium can maintain a good SNR and can have excellent corrosion

resistance,

SUMMARY

While a magnetic recording medium has been increased in recording
density as described above, further improvement of the recording density has
been demanded. In order to obtain further increase of the recording density of

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



magnetic |layer and a plurality of layers forned on the non-nagnetic

| ayer. Specifically, the inventors have considered that the
crystallinity of the magnetic recordiyig | ayer becones disordered when

t he boundary surfaces are roughened and that the SNR can be inproved by
reduction of the roughness of those boundary surfaces. According to

car ef ul e natl n o ry surfaces of a magnetic recording nmedi um
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rough (the boundary surface has a high roughness), layers to be formed above

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

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

formed above the non-magnetic layer.

It is conceivable that the roughness of the boundary surfaces is reduced

by forming a non-magnetic layer into multiple layers, Nevertheless, the main

function of the non-magnetic layer is to improve the crystal orienfation of an

underlayer formed of Ru.  Although the perpendicular magnetic recording

medium disclosed in Patent Document 2 also has a plurality of non-magnetic

layers (seed layers), the non-magnetic layers are formed of different materials

for the purpose of corrosion resistance. Therefore, those non-magnetic layers

have different atomic distances of crystals, so that continuous growth of crystal

grains is inhibited. Accordingly, it is difficult to achieve further improvement of

the crystal orientation of an underlayer and dramatic improvement of the SNR

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



It is, therefore, an object of the present invention is to provide a

per pendi cul ar magnetic recordi ng nedi um capabl e of inproving the crystal
orientation by reduction of the roughpess of a boundary surface between
a non-magnetic |ayer and a soft magnetic | ayer, of inproving the SNR by
| nprovenent of atom c distance matching between the non-nmagnetic | ayer
and an under| ayer, and of further increasing the recording density. It
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t he magnetiCc recor
inventors' continuous research has revealed that a boundary surface between a
non-magnetic layer and a soft magnetic layer tends to be roughened when a
crystalline material, particularly a crystalline Ni compound, is used for the non-
magnetic layer. The inventors considered use of materials other than
crystalline Ni compound for a non-magnetic layer. However, crystalline Ni
compound is used to prevent corrosion deposition from a soft magnetic layer
and to maintain the magnetic characteristics. Thus, crystalline Ni compound
needs to be used in order to maintain those characteristics.

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

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



| ayer, a non-nmagnetic |ayer forned of a non-nagnetic material below the
under |l ayer to control crystal orientation of the underlayer, a soft
magnetic | ayer provided bel ow the nog-magnetic | ayer, and a substrate on
whi ch the magnetic recording |ayer, the underl ayer, the non-nagnetic

| ayer, and the soft nagnetic |ayer are formed. The non-nmagnetic |ayer
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Ni compound is interposed between the second non-magnetic layer, i.e., a
conventional ¢crystalline hon-magnetic layer, and the soft magnetic layer. Thus,
the soft magnetic layer can be protected by the first non-magnetic layer, and
adverse influence on the soft magnetic layer from the crystalline non-magnetic
layer (second non-magnetic layer) can be eliminated. Therefore, the surface
roughness of the soft magnetic layer can be reduced. Accordingly, the
roughness of the boundary surfaces of the soft magnetic layer and the layers
formed on the soft magnetic layer can be improved. Thus, the crystal
orientation of those layers can be improved. As a result, the SNR can be
improved, and further increase of the recording density can be achieved.

Furthermore, the first non-magnetic layer is formed of Ni compound, and
the second non-magnetic layer is formed of Ni or Ni compound. Thus, both of
the first non-magnetic layer and the second non-magnetic layer contain Ni.

Therefore, the atomic distance of the first non-magnetic layer can be made

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



It is desirable that the aforenentioned first non-magnetic | ayer contains
one or nore elenents selected fromthe group consisting of Ta, Ti, Hf,
Re, Gs, Ir, Mo, Nb, Zr, and V or a cenpound thereof in a range of from
40 atomic %to 60 atomic % Wth this configuration, the N conpound of
the first non- magnetic |ayer can suitably be fornmed into an anorphous
phase. FL:H:"[ her nor e en the first non-magnetic | ayer contains the
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compound cannot sufficiently be formed into an amorphous phase. If the ratio
is higher than 80 atomic %, it is undesirable because the amount of Ni, which is
a base of growth of crystal grains of the second non-magnetic layer formed on
the first non-magnetic layer, unfavorably becomes insufficient.

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

magnetic layer to the underlayer.



crystallized, and the corrosion resistance characteristics and magnetic
characteristics can be maintained. If the ratio is less than 3 atomc %
it is undesirable because the Ni conmgound unfavorably shows a
ferromagnetic property. If the ratiois higher than 8 atomc % it is
undesi rabl e because the orientation of NI is unfavorably deteriorated. A
second typi cal configuration of the perpendicul ar magnetic recording
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and a substrate on which the magnetic recording layer, the underlayer, the non-

magnetic layer, and the soft magnetic layer are formed. The non-magnetic

layer comprises a first non-magnetic layer formed of an amorphous material

above the soft magnetic layer and a second non-magnetic layer formed of a

crystalline material with an fcc structure above the first non-magnetic layer.

The magnetic recording layer is formed of a Co-based alloy that grows into a

columnar shape to form magnetic crystal grains and a plurality of oxides that

forms non-magnetic grain boundaries between the crystal grains.

With the above second configuration, the first non-magnetic layer of an

amorphous material is interposed between the second non-magnetic layer of a

crystalline material, i.¢., a conventional non-magnetic layer, and the soft

magnetic layer. An amorphous material has hardness higher than a crystalline

material. Therefore, the soft magnetic layer can suitably be protected from

impact of formation of the second non-magnetic layer (conventional non-

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



surface between the non-magnetic |ayer and the soft magnetic |layer is
reduced. Consequently, the roughness of boundary surfaces of the soft
magnetic |ayer and the |ayers forned ¢n the soft magnetic |ayer can be

i nproved. Thus, the crystal orientation of those |ayers can be inproved.
As a result, the SNR can be inproved, Furthernore, corrosion deposition
fromthe soft magnetic |layer can be prevented by the second non-nmagnetic
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i ncrease Bé irpovedy sFatthemidrascarfoditre depaeitidn frometbersditmgagratierlayemhi ch
woul d be caused by inprovenent of the crystal orientation due to the

i nt er posi tambe prevdnted by Hie serondagpremiagnetiy layer ofa prystalimesthaterial,
Consequently, the SNRis not |owered even if the crystal orientation is
r emar kabl gnd gpedwragnetic characteristics candeangintainedir Morasyer, when thépr oved,
and further increase of the recording density of the perpendjcul ar
magnet i ¢ SeeddnayMagneticlayanisfermed gl awevstallite matenigi bayieasicey pi cal
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magnetization easy axis of the underlayer can be oriented to the perpendicular
direction. Therefore, noise can be reduced, and the SNR can further be
improved.

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

| result, the SNR can drastically be improved, and further increase of the
recording density of the perpendicular magnetic recording medium can be

achieved.



nore el enments selected fromthe group consisting of 7a, Ti, Hf, Re, OCs,
lr, Mo, Nb, Zr, and V or a conpound thereof. Thus, when the first
non-magneti c | ayer contains one or nggpe el enents selected fromthe group
consisting of Ni, Fe, Co, Cu, Zn, Pd, and Pt or a conpound thereof, the
first non-magnetic |ayer can protect the soft magnetic |ayer nore
effectively, so that the surface roughness of the soft magnetic |ayer

can further béhtheusRcond typicalRBAgUTRKER, I Isdasinadle thahthesafaeamentiongd;
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one or Q’;Q&ﬁéﬁvwh%%r&gh%}nﬁhgﬁ”ht he group consisting of W Cr, M,

Re, Al, un ereof. Thus, when the second

non- magnet i ¢ TRMS! wREM i first AOIEnRgnelE fayer caRBIiHsSorkebembrs efehshits he group
consisting of Ni, Co, Cu, Cr, Y, and Ag or a conpound thereof, the

corr osi ogeleetddsfromaie ghaumedrsisting of NiaRe, OaoDetZr, Pd; lamdarRtiqrd stics of the
second non-nagnetic |ayer can further be inproved. Mreover, when the
second ncompagnd therebf) {ke fisd noaimagretie layerroangreteetthet soft magaetied f rom
the group consisting of W C, M, Re, Al, Cu, and Mh or a conpound

t her eof , lavies mase @ffectivaly, riedhat the susfpase revghnesstadihe soft magnetiedayeet i zed
and crystallized. Particularly, the atom c distance of Wis larger than
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In the second typical configuration, it is desirable that the aforementioned
second non-magnetic layer contains one or more elements selected from the
group consisting of Ni, Co, Cu, Cr, Y, and Ag or a compound thereof and one of
more elements selected from the group consisting of W, Cr, Mo, Re, Al, Cu, and
Mn or a compound thereof.
Thus, when the second non-magnetfic layer contains one br more
elements selected from the group consisting of Ni, Co, Cu, Cr, Y, and Ag or a
compound thereof, the corrosion resistance characteristics and magnetic
characteristics of the second non-magnetic layer can further be improved.
Moreover, when the second non-magnetic layer contains one or more elements
selected from the group consisting of W, Cr, Mo, Re, Al, Cu, and Mn ora
compound thereof, the second non-magnetic layer can suitably be non-
magnetized and crystallized. Particularly, the atomic distance of W is larger
than that of Ni and is closer to that of Ru. Therefore, when the second non-

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



magnetic |ayer to the underlayer. In the second typical configuration, it
Is desirable that the oxides conprise an oxide of an elenent selected
fromthe group consisting of Si, Ti, , Co, Ta, Ru, and Cu. Wth this
configuration, size reduction and isolation of crystal grains of the
magneti c recording |layer can further be pronoted. Particularly, SiO02,
which is an oxide of Si,, can pronote size reduction and isolation of the

magnet i ¢ \GYEl ¢an ke Mmads sigilar tacthe atemi distapse of theroderlayeeaf Ry in the oxi de
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| ayer; and formng a nmagnetic recording | ayer above the u ayer, that

records aCosT4/Rd,-and/ Ch. t Wathfthissdonfiyiriatiah, sige tédiittiah iapa idlafidrecfret hod,

the first non-magnetic |layer is interposed between the soft nagnetic

| ayer andcriybtal gesimndf thermagrgiscattordirgylayer carefurthar bepvembieainal

non- magnetic layer that is formed wwith a bias voltage applied to a

subst r at ePasicataglyt Hi©-f which is an-oxidgef Sic campromote sizeoretedtion ahdut a bi as
vol tage applied to the substrate, the soft magnetic layer is 12 not
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the soft padheiddy the SNR).
| A first typical configuration of a method of manufacturing a perpendicular
magnetic recording medium according to the present invention comprises:
forming a soft magnetic layer on a substrate;
forming a first non-magnetic layer of amorphous Ni compound on the soft
magnetic layer without a bias voltage applied to the substrate;
forming a second non-magnetic layer of crystalline Ni compound on the
first non-magnetic layer with a bias voltage applied to the substrate;
forming an underlayer of Ru or Ru compound on the second non-
magnetic layer; and |
forming a magnetic recording layer above the underlayer, that records a
signal.
With the first typical configuration of the method, the first non-magnetic
layer is interposed between the soft magnetic layer and the second non-
magnetic layer, i.e., a conventional non-magnetic layer that is formed with a
bias voltage applied to a substrate. Since the first non-magnetic layer is

formed without a bias voltage applied to the substrate, the soft magnetic layer is



| ayer and the first non-nmagnetic |ayer does not increase. \Wen the second
non- magnetic | ayer, which corresponds to a conventi onal nonmagnetic

| ayer, is formed on the first non-naggetic | ayer fornmed on the soft
magnetic | ayer, the soft nmagnetic layér is protected by the first

non- magnetic |layer. Therefore, the surface roughness of the soft
magnetic | ayer does not increase even if a bias voltage is applied to

t he subst PAtdamagethgt thedine phiermation of thedirstremmagostic laygnandtheayer .
Furthernore, since,the %ﬁﬁond non- magneti c | ayer can be formed with a
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in the first typical configuiration”of the net rst” non- magnetic
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har dness hi gher than a crystalline nmaterial. refore, the soft magnetic
| ayer canswtadeatoughhesgofthe cbftdndgreticilayercdoesinot inomedadeosven if bitdas
conventional non-magnetic |ayer (second non-nagnetic |ayer) by the hard
fil m f or mealtage iaapphecbtopthesubstisterduting tse dorenatioa dfithes secand nomrneti ¢ | ayer
has hi gh hardness, the_  roughness of the boundary surface between the
first nonmagpeatie layer.aRurthergore, isncedbe secanth npaghrgnedicllayarcandss not
I ncr ease feven i f. a bjas volt %ge s applied to the substrate during the
f or mat i onfogMedathsa biasdvaitage apglird tathesubstraterifds apgsikle te pEevaighness of
t he boundary surf,ace .between,the_ crystalline non 13 . net i ayer and
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non-magnetic layer) is formed with application of a bias voltage, it is possible to
eliminate adverse influence on the soft magnetic layer from the second non-
magnetic layer. Thus, the crystal orientation can be improved. As a result,
the SNR can be improved, and further increase of the recording density can be
achieved.
Furthermore, in the first typical configuration of the method, the first non-
magnetic layer is formed of amorphous Ni compound. An amorphous material
has hardness higher than a crystalline material. Therefore, the soft magnetic
layer can suitably be protected from impact of formation of the conventional
non-magnetic layer (second non-magnetic layer) by the hard film formed of an
amorphous material. Since the first non-magnetic layer has high hardness, the
roughness of the boundary surface between the first non-magnetic layer and
the second non-magnetic Jayer does not increase even if a bias voitage is
applied to the substrate during the formation of the second non-magnetic layer.

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



magnetic recording layer is inproved. Furthernore, since grains of an
anor phous material have no crystal structure, a |layer of an anorphous
material is deposited randomy on t soft magnetic |ayer. Therefore,
fine irregularities of the surface of the soft nmagnetic |ayer that have
been produced by mcrocrystals can be snoot hened by the anorphous first
non-nmagnetic |layer. Thus, the surface roughness of the soft nmagnetic
| ayer andnagneticlaygrandtheayrsiight below theaanapagnetis layer ismedvesds of t

uced, Furthernore, when both of the first
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af orenenti oned first non-nmagnetic |ayer c a conmpound of one

or  nor e of kieneunfscesst the sefl nﬁwm(ibf@,(diftl@atmaﬁw@ﬂféeﬁwrﬁﬂuéﬁd EF?, Ti, Hf, Re,
GCs, Ir, M, Nb, Zr, and V. th this configuration, the Tirst

non- magnenicocrystals canbessmobatheped by thoamarbhousdfirstnammaghetis [ayaase. | n
the first typical configuration of the method, it is desirable that the
af or ementhihosecthessittaca rooghnesgrod the sofhpagnetialayen andithainderdaceonpound of
one or nore elements selected fromthe group consisting of W Cr, M,

Re, Al, @ughness aitne lavenfarmed aroheisgilmaagrstic layer casdemtedusadmagnet i ¢
at o c.di st anEERBBTORtes WHSB B Of s rEH - BTAGRE e Rrer SNGIBAERCATS { hot of
e P aa M Tl e R ] b e TG MBS ol ieh FRBE 1Y e
o st ance oot 058l he s B b WA i s 4neBnbor e
atomic distance of crystals of the second non-magnetic layer. Accordingly, the
crystallinity of the second non-magnetic layer is improved, and hence the
crystallinity and the crystal orientation of the underlayer are also improved.
Consequently, the SNR can further be improved.,
 In the first typical configuration of the method, it is desirable that the
aforementioned first non-magnetic layer contains Ni and a compound of one or
more elements selected from the group consisting of Ta, Ti, Hf, Re, Os, ir, Mo,
Nb, Zr, and V. With this configuration, the first non-magnetic layer can suitably
be formed into an amorphous phase.
In the first typical configuration of the method, it is desirable that the
aforementioned second non-magnetic layer contains Ni and a compound of one
or more elements selected from the group consisting of W, Cr, Mo, Re, Al, Cu,
and Mn. With this configuration, the second non-magnetic layer can suitably
be non-magnetized and crystallized. Particularly, the atomic distance of W is

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



pronote continuous growh of crystal grains fromthe second non-nagnetic
| ayer to the underlayer. In a second typical configuration of the nethod
of manufacturing the perpendicular npgnetic recording nedi um according
to the present invention, the perpendi cular nmagnetic recordi ng nmedi um
conprises a magnetic recording |ayer that records a signal, an

under | ayer forned_o[ Ru or, Ru npound bel ow the magnetic recording
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confi gurqumoqﬁehhgeméppd conprising: formng the soft magnetic'layer
by using a’target of a'material having a Vickers hardness of A (HV);

form ng the fijhe sdt@RdHEIBS donfigaietibn @F tHd WctRid of RERTRERINhGYXRE DY using
a target of a material having a Vickers hardness of B (HV); and form ng

t he secorphrpendiam_gnmdgﬂeti@mordingtrﬂimiiﬁmraicormw;?(tmmmserhtauﬁntm. th a
bi as voltage applied to the substrate; the Vickers hardness of A and the

Vi cker s Hthegeesendidulér magneticieicordinl mMedium comprises atmaghaticBeciding t he
second typical configuration of the nethod, the first non- magnetic |ayer
f ormed orlayérdhabreco aignel, lagyundenayerdotrmed of RurerRineemphtnthdelow han t he
soft magnetic layer. Therefore, the soft magnetic layer is protected by
15 the fthesmagnsiicragerdinglayely asecony sonmmadnalicrlayer fouehata 06t the sof t
ot or mecnapteHc CBRIBE MR et Lo S UoReiagE S EomA LRt T an Rt
Accor di ngclwf%he Lnﬁeﬁ%,hgﬁFﬁ n%-magneﬁc layer formed of a crystalline material
below the second non-magnetic layer, a soft magnetic layer provided below the
first non-magnetic layer, and a substrate on which the magnetic recording layer,
the underlayer, the first and second non-magnetic layers, and the soft magnetic
layer are formed.
The second typical configuration of the method comprising:
forming the soft magnetic layer by using a target of a material having a
Vickers hardness of A (HV);
forming the first non-magnetic layer on the soft magnetic layer by using a
target of a material having a Vickers hardness of B (HV); and
forming the second non-magnetic layer on the first non-magnetic layer
with a bias vbltage applied to the substrate;
the Vickers hardness of A and the Vickers hardness of B being defined
by an inequality of A<B.
With the second typical configuration of the method, the first non-
magnetic layer formed on the soft magnetic layer has a Vickers hardness higher

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



t he boundary surface between the second non-magnetic |ayer and the soft
magnetic |ayer is reduced. Thus, the crystal orientation can be inproved.
As a result, the SNR can be inprovedgsand further increase of the
recording density can be achieved, In the second typical configuration
of the method, it is desirable that the second non-magnetic |layer is
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first non-magnetic layer can be made similar to the atomic distance of crystals

of the second non-magnetic layer. Accordingly, the crystallinity of the second

non-magnetic layer is improved, and the crystallinity and the crystal orientation

of the underlayer are also improved. Consequently, the SNR ¢an further be

improved. Moreover, the atomic distance of W is larger than that of Ni and is

closer to that of Ru. Therefore, when the second non-magnetic layer contains

W, the atomic distance of the Ni compound can be made similar to the atomic

distance of the underlayer of Ru. Accordingly, it is possible to promote

continuous growth of crystal grains from the second non-magnetic layer to the

underiayer.

In the second typical configuration of the method, it is desirable that the

first non-magnetic layer is formed of NiTa or NiTi.  With this configuration, the

soft magnetic layer can suitably be protected from influence of the formation of

the second non-magnetic layer by using the first non-magnetic layer.

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



Therefore, it is possible to suitably protect the soft magnetic layer. In
the second typical configuration of the nmethod, it is desirable that the
Vi ckers hardness of B is not smaller t4gan 800 HV. The Vi ckers hardness of
a soft magnetic layer currently used is equal to or higher than about

700 HY and is lower than 750 HV. Wth the above configuration, since the
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t he thickness of the first non- magnetic layer. A third typical

conf i gur assotmagneticdaysrquenedtly used imequalte or higher thampbout @0 andr di ng

to the present invention conprises a magnetic recording |ayer that
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magnetic layer may not be protected sufficiently. Furthermore, if the thickness
of the first non-magnetic layer is greater than 3 nm, then the first non-magnetic
layer may inhibit transmission of the magnetic flux to the soft magnetic layer
when signals are written in the perpendicular magnetic recording medium.
Therefore, the above range is preferable to the thickness of the first non-
magnetic layer.

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

formed. The perpendicular magnetic recording medium further comprises a



magnetic | ayer. According to the present invention, there is provided a
per pendi cul ar magnetic recordi ng nedi um capabl e of inproving the crystal
orientation by reduction of the rougg?ess of a boundary surface between
a non-magnetic |ayer and a soft magnetic |ayer, of inproving the SNR by
| nprovenent of atom c distance matching between the non-nmagnetic | ayer
and an underl ayer, and of further increasing the recordi ng density.
There is &grgdamoprragneic layenforroed of a onyataliing: maténa) and pitovdded bptwetincul ar
magnetic recordi ng medium BRI EF DESCRIPTION OF THE DRAWNGS Fig. 1 is a
di agr am eXip® &8eAnNsk Rorpmagnetictayguand thenset magpetiplayer fnlpsetectingthet i ¢
recordi ng di um accordi_ng to a nbodi pent. Fi g, Is a taple show ng
variati on Sgﬁ m@ﬁ%&fﬁfé&q%&@%@w?ﬁe%%m QQP"-‘SH&P&?' ithe geconayRON-3A and 3B
show vari ation,of characteristics with respect to the conpositional
ratio of M3NSUC 1YL eding underl ayer. Figs. 4A and 4B show variation of

ST Soocheld B e L et Hpdlir
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show ng Vagd oAb He FARHARES Bf 4 BoliREAPGUrfate batvilieiba ﬁ@h?@etﬁi g. 7is a

graph show ng variation of the Vickers hardness of the f pr ecedi ng
under | ay enaysir ahdresoteriaghetid Rger; ofimsiovingrthe SNR by iprévement b$ htomic
precedi ng underl ayer. 1 Figs. 8A and 8B show variation of the SNRwth
respect t digthrce imatohiry bétnesa thé nbhenfignetic layarcadi argundettayer ed. of

DESCRI PTI ON OF THE PREFERRED EMBODI MENTS Preferred enbodi nents of the
present i fudhariinereasing the renosding ideasitys There is also pravided a method of

manufacturing such a perpendicular magnetic recording medium.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a diagram explanatory of a configuration of a perpendicular
magnetic recording medium according to an embodiment.

Fig. 2 is a table showing variation of characteristics with respect to
materials.

Figs. 3A and 3B show variation of characteristics with respect to the
compositional ratio of a first preceding underiayer.

Figs. 4A and 4B show variation of characteristics with respect to the
compositional ratio of a second preceding underiayer.

Fig. 5 is a table showing variation of characteristics with respect to
materials of a first preceding underlayer and a lower recording layer.

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

Fig. 7 is a graph showing variation of the Vickers hardness of the first
preceding underfayer with respect to the compositional ratio of the first

preceding underlayer.



detail with reference to the acconpanying drawi ngs, The size, materials,
and other specific values described in the follow ng enbodi nents are
nmere exanples for better understandipg the present invention and do not
limt the present invention unless otherw se explained, In the
specification and draw ngs, elenents having substantially the sane
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recording nmediun] Fig. 1 is a diagramexplanatory of a configuration of a
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the present invention are omitted from the illustration.
(First Embodiment)
[Perpendicular magnetic recording medium])
Fig. 1 is a diagram explanatory of a configuration of a perpendicular
magnetic recording medium 100 according to a first embodiment. The
perpendicular magnetic recording medium 100 shown in Fig. 1 has a disk
substrate 110, an adhesive layer 112, a first soft magnetic layer 114a, a spacer
layer 114b, a second soft magnetic layer 114c, a first preceding underlayer 116a
(first non-magnetic Iayer), a second preceding underlayer 116b (second non-
magnetic layer), a first underlayer 118a, a second underlayer 118b, a lower
recording layer 122a, an interposition layer 122b, a first primary recording layer
122¢, a second primary recording layer 122d, a separation layer 124, an
auxiliary recording layer 128, a medium protective layer 128, and a lubricating
layer 130. The first soft magnefic layer 1143, the spacer layer 114b, and the
second soft magnetic layer 114c jointly form a soft magnetic layer 114. The

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



An anor phous al um nosilicate glass may be formed into a circular plate
by direct pressing, and the resultant glass disk nay be used as the disk
substrate 110. The kind, size, thicknegs, and the |like of the glass
substrate are not specifically limted. Exanples of materials for the
gl ass substrate include alumnosilicate glass, soda |linme glass, soda
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| ayer 128agend®e deposited by a CVD nethod. Then the lubricating layer
130 can be fornmed by a dip coating nethod. It is preferable to use an
i n-1ine deposiAn amorghdusiallminosilivate glesp oayt be formeddhtord oifgutar pliatey, The
conposition of each layer will be described bel ow The adhesive |ayer 112
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has a function of increasing the peel strength of the soft magnetic
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smooth non-magnetic disk substrate 110 formed of a chemically strengthened
glass disk.
Layers from the adhesive layer 112 to the auxiliary recording layer 126
are sequentially deposited on the disk substrate 110 by a DC magnetron
sputtering method. The medium protective layer 128 can be deposited by a
CVD method. Then the lubricating layer 130 can be formed by a dip coating
method. Itis preferable to use an in-line deposition method from the viewpoint
of high productivity. The composition of each layer will be described below.
The adhesive layer 112 is formed in contact with the disk substrate 110.
The adhesive layer 112 has a function of increasing the peel strength of the soft
magnetic layer 114 and the disk substrate 110, which are deposited on the
adhesive layer 112, and a function of reducing the size of crystal grains in each
of the layers deposited on the soft magnetic layer 114 and uniformizing those

crystal grains. In a case where the disk substrate 110 is formed of amorphous

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



a single material. Neverthel ess, the adhesive |layer 112 maybe forned by
stacking a plurality of layers. For exanple, a CoWlayer or a CWIayer
may be formed on a CrTi layer to for20the adhesive |ayer 112. The soft
magnetic |layer 114 is a layer for formng a magnetic path tenporarily at
the tinme of recording in order to pass a magnetic flux through the

recordi ngg g¥% °bﬁf°?’"ﬂsrap§“fy°§farﬁgﬁe gb{?ﬁal‘%@%ordi ng to the

per pendi cu magneti c recor nme soft magnetic |ayer 114 can

be conf i gur ed Fer eXiifle el dcties e B OH AR SABEICBHIN btoried ElTiEY

i nterposing the non- magnetic spacer |ayer 114b St soft
magneti ¢ bagess arhddshousdaydica Covv-pades ahiorpR@nclayer, bay@y-bhidg. Thus, the

magneti zation direction of the soft mnagnetic |ayer 114 can be aligned
al ong t heamegpteiusdaysrf & QrMa-pastd amvrpisous hyenvahth anCeb-BESaH acy.
Therefore, a conponent perpendicular to the magnetization direction

becones eamoeteiug laya! | Thaadbesivaddyer 1M2insay inpluddiecsirgleriayertfoansd bf
magnetic |ayer 114 can be reduced. A cobalt-based alloy such as CoTaZr,

a Co- Fe- bastglamatgrialucNeverthedessr dme adhaxiveepyEr 112may beNoriedibysed al | oy
such as a nultilayer structure of [Ni-Fe/Sn]Jn may be used for the first
soft magniReking aiuralityef layers: nEokexamplesaGoVWdaesor @ Coydayermay The

Dok BTy p G fohm S s amiavar Ak © { BT s no”
inder | ayer 11eHe el FRErER AT 1T AR R aiGr ifBrTng @ mageetc A" ret
br oceh: DOvHIAFETSEtnd 78 dr Sl BacHTBERREK Aot RSTRANR e 1)
sof t magnglkh iﬁ%?gg' ] 1%{;&&@3@;@%@;@5 bBord %'tﬁé?@{%@dﬁ&ﬂ’ar second

pr ecedi ng under I cal provi §ion o I TSt precedi ng

under | ayemadabiic RebVEss mMdlitod e CTHEIsOR ARIRYALHS dyed el 4 axe belcbﬁh?a«%@ tohe soft

magnetic | ayer 114 can elim nate adverse influence on the soft nagnetic
| ayer 1lHave sutiferrc-nyadradticiexehamdeecoupling(AFDS bydsterpbsingethediorg under | ayer

- 116b and

magnetic spacer layer 114b between the first soft magnetic layer 114a-and the
second soft magnetic layer 114c. Thus, the magnetization direction of the soft
magnetic layer 114 can be aligned along the magnetic path (magnetic circuit)
with high accuracy. Therefore, a component perpendicular to the
magnetization direction beacomes extremely small. Accordingly, noise
produced from the soft magnetic layer 114 can be reduced. A cobalt-based
alloy such as CoTaZr, a Co-Fe-based ailoy such as CoCrFeB or CoFeTaZr, or a
Ni-Fe-based alloy such as a multilayer structure of [Ni-Fe/Sn]n may be used for
the first soft magnetic layer 114a and the second soft magnetic layer 114c¢.

The preceding underlayer 116 is formed of a non-magnetic layer, i.e., a
non-magnetic alloy layer. In the present embodiment, the preceding
underlayer 116 includes two non-magnetic layers of the first preceding
underlayer 116a and the second preceding underlayer 116b.

The first preceding underlayer 116a is formed of amorphous Ni

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



can reduce the surface roughness of the soft nmagnetic |ayer 114. Thus,
the roughness of boundary surfaces of nmultiple |layers fornmed on the soft
magnetic |ayer 114 can be inproved, $9 that the crystal orientation of
those | ayers can be inproved. Therefore, inprovenent of the SNR and

I ncrease of the recording density can be achieved. Furthernore, it is
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precedi ng underl ayer 116b has a function of aligning the nagnetization
easy axi s irpproved. héRariers ineprovement RtheINR @ndriacregep of theiggeiding

i ncluded in the un erlﬁ_er 118 forned on the second precedi ng 22

under | ayedensbHCaR PG ag él"?‘!vct ion perpendicular to the disk. It is
preferable for

" uhi oh the ( EYRFEMEGEr fis PsTSianls 1Re e et ceanaie et g8 (foc
T10. Fur ¢ fubies B8 Bhe B pishe eiine 6 seRch® A ol M e °
116b to Ti, Hf, Re, Os, Ir, Mo, Nb, Zr, and V or a compound thereof. In such a case, .
the Ni compound of the first preceding underlayer 116a can suitably be formed
inte an amorphous phase.
In order to ensure formation of an amorphous phase from the Ni
compound of the first preceding underlayer 1163, it is preferable to contain the
aforementioned element(s) or compound thereof in a range of 40 atomic % to
60 atomic %. If the ratio of such element(s) or compound is less than 40
atomic %, then farmation of an amorphous phase from the Ni compound
becomes insufficient.  If the ratio is higher than 60 atomic %, then the amount
of Ni, which is a base of growth of crystal grains of the second preceding
underlayer 116b formed on the first preceding underlayer 116a, unfavorably
becomes insufficient, and it is therefore undesirable.
The second preceding underlayer 116b is formed of crystalline Ni
compound. The second preceding underlayer 116b has a function of aligning
the magnetization easy axis of the hexagonal close-packed structure {(hep

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



further include one or nore elenents selected fromthe group consisting
of W Cr, M, Re, Al, Cu, and Mr or a conpound thereof. In such a case,
the Ni  conpound of the second precedRBg underl ayer 116b can suitably be
crystallized. Particularly, the atom c distance of Wis closer to the
atom c distance of Ru as conpared to the atom c di stance of N .
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promote continuous growth of crystal grains from the second preceding
underlayer 116b to the underlayer 118.
In order to ensure crystallization of the Ni compound of the second
preceding underlayer 116b, it is preferable to contain the aforementioned
element(s) or compound thereof in a range of 3 atomic % to 8 atomnic %. If the
ratio of such element{s) or compound is less than 3 atomic %, then the Ni
compound shows a ferromagnetic property and it is therefore undesirable. If
the ratio is higher than 8 atomic %, then the crystallization of the Ni compound
becomes insufficient so that the corrosion resistance characteristics and
magnetic characteristics are unfavorably deteriorated to a large extent and it is
therefore undesirable.
Furthermore, for atomic distance matching with the underlayer 118, the
second preceding underiayer 116b may be formed by sputtering while a bias is
applied to the disk substrate 110. In this ¢ase, the crystal orientation of the

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



Ni . Therefore, the atom c distance of the first precedi ng underl ayer 116a
can be made simlar to the atom c di stance of the second precedi ng
underlayer 116b. Accordingly, crystabagrains grow continuously fromthe
first preceding wunderlayer 116a to the second precedi ng underl ayer 116D,
resulting in further inprovenent of the crystal orientation. In the
present enbodi nent, the second precedi ng under| ayer 116b is forned of an
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can orient the magnetic recording |ayer 122 containing Co as a princi pal
conponent undertayeavdtbabd thersecoad precedingunderiayehdiéh,trasultingléy fusther 118 is
formed of Ru, a double layer structure of Ru can be formed by changing a
gas pr essimprodementoktihaiarystalagientationspeci fical |y, when the first
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formed of any crystalline material containing Ni. Therefore, the second

preceding underlayer 116b may be formed solely of Ni.

The underlayer 118 has an hcp structure. The underlayer 118 has a
function of allowing Co crystals of an hep structure of the magnetic recording
layer 122 to grow into a granular structure. Therefore, the orientation of the
magnetic recording layer 122 can further be improved as the underlayer 118
has a higher crystal orientation, 1.e., the (0001) surface of the crystals of the
underlayer 118 is more parallel to the principal surface of the disk substrate 110.
A typical material of the underlayer 118 is Ru. Additionally, the material of the
underlayer 118 can be selected from Ru compounds such as RuCr and RuCo.
Ru has an hep structure and also has an atomic distance of crystals that is
close to that of Co. Therefore, Ru can orient the magnetic recording layer 122
containing Co as a principal component in a favorable manner.

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

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



hi gh pressure. Thus, the crystal orientation of the magnetic recording
| ayer 122 can be inproved because of the first underlayer 118a, and the
grain dianeter of nmagnetic grains of sghe magnetic recording |ayer 122
can be reduced because of the second underl ayer 118b. Furthernore, if a
'‘gas pressure is increased, free novenent paths of sputtered plasma ions
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Nevert hel 22 cantbei imppowdtcbedause tof thesfirshundentzyer 4084, zarmd the graiygen during
the sputtering deposition. The magnetic recording |layer 122 has a
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grains) oRyldipsthPyrains can be promoted, and the size of the Co crystal grains can
also be reduced.
Moreover, a small amount of oxygen may be added to Ru of the
underlayer 118. In this case, separation and size reduction of the Ru crystal
grains can further be promoted, resulting in further isolation and size reduction
of the magnetic recording layer 122. Therefore, in the present embodiment,
oxygen is contained in the second underlayer 118b of the underlayer 118, which
is formed right below the magnetic recording layer 122, in other words, the
second underlayer 118b is formed of RuQ. In this case, the aforementioned
advantages can be obtained most effectively. Oxygen may be added by
reactive sputtering. Nevertheless, it is preferable to use a target containing
oxygen during the sputtering deposition.
The magnetic recording layer 122 has a granular column structure in
which non-magnetic substance is segregated around magnetic grains (crystal
grains) of a hard magnetic material selected from among Co-based alloy, Fe-

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



recording |layer 122a. Accordingly, the primary recording |ayer can be
reduced in size, and the SNR can be inproved. In the present enbodi nent,
the | ower recording |ayer 122a enpl oy CoCrPt-Cr206, which segregates
non- magneti ¢ substance of Cr205 (oxide) around magnetic grains of CoCrPt
so as to formgrain boundaries for thereby formng a granular structure
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second primary recording |ayer 122d. However, the first primry

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

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

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

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



recording layer 122c and the second primary recording |layer 122d are
separated from each other by the interposition |ayer 122b. Therefore, the
| ower recording |layer 122a, the firstogrinmary recording |ayer 122c, and
the second primary recording |ayer 122d beconme separate short nagnets.
When the filmthickness of the |ower recording |ayer 122a is reduced,
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enbodi ment, the first primary recording layer 122c enpl oys

CoCr Pt - 81tpweriregording layeml 224 theefirshpiimangiesording layer 422e and tBeo2  and

Ti 02 (conposite oxide) is, se rgg? ed around magnetic grains of CoCrPt so
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CoCr Pt - Si RehbfZatfeniby dxis. S UrHEréfofd Pstréiy demagnetizing field is generated

within the magnet. Thus, although the lower recording layer 122a is formed of

a hard magnetic material, the magnetic field outputted from the lower recording

layer 122a is reduced and is unlikely to be picked up by a magnetic head. In

other words, when a magnetic moment (attraction of the magnet) is set by

adjusting the film thickness of the lower recording layer 122a such that a

magnetic flux is unlikely to reach the magnetic head and that the lower

recording layer 122a has magnetic interaction with respect to the first primary

recording layer 122¢, the magnetic recording layer can exhibit a high magnetic

coercive force with less noise.

In the present embodiment, the first primary recording layer 122¢

employs CoCrPt-8i02-TiO2.  In such a case, non-magnetic substance of SiO;

and TiO2 (composite oxide) is segregated around magnetic grains of CoCrPt so

as to form grain boundaries for thereby forming a granular structure in which the

magnetic grains have grown into a columnar shape in the first primary recording

layer 122¢.



magneti c substance of Si02, Ti02, and Co304 (conposite oxide) is
segregated around magnetic grains of CoCrPt so as to formgrain
boundaries for thereby formng a gra2@lar structure in which the
magnetic grains have grown into a columar shape in the second primary
recording |layer 122d. As described above, the second primary recording
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characteristics are not deterii rated because the magnetic grains are

formed ofprirag reoyrdingayef 922, tTherefoyes tsephiatioh\of dislclyatal Pfa{ﬁé 8hn
orientation of the magnetic grains are inproved so as toll increase the

magnet i ¢ hprommoted fgradumily fitdm) theFinst pementy recoslimg myeh é22atathetseaond
magneti zation (Ms) is inproved, the
primary recording layer 122d.

Furthermore, as described above, the second primary recording layer
122d contains a Co oxide. If SiO; or TiO; is added as oxide, oxygen deficiency
will occur.  Therefore, Si ions or Ti ions are mixed into the magnetic grains so
as to disturb the crystal orientation and to lower the magnetic coercive force
(He). Thus, the contained Co oxide can function as an oxide support for
compensation of the oxygen deficiency. Examples of the Co oxide include
Co3Q4. Nevertheless, CoO may be used as the Co oxide.

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

this case, foreign matter such as Si or Ti is prevented from mixing into the

magnetic grains and thus disturbing the crystallinity of the magnetic grains. At
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B4C3 may al so suitably be used.
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Never t helygg6rdind layer P22f srefdrhblytias a fllm thickness larger than the first primary

recording layer 122¢, In a preferred example, the first primary recording layer
122¢ has a thickness of 2 nm, and the|second primary recording layer 122d has
a thickness of 8 nm.

The aforementioned materials for the lower recording layer 122a, the first
primary recording layer 122¢, and the second primary recording layer 122d are
mere examples. The present invention is not limited to those examples.
Examples of the non-magnetic substance for forming grain boundaries include
oxides such as silicon oxide (SiO,), chromium oxide (CrOy), titanium oxide
(TiO2), zirconium oxide (ZrO3), tantalum oxide (Ta20s), iron oxide (Fe20s), and
boron oxide (B;0s). Furthermore, nitrides such as BN and carbides such as
B4C» may also suitably be used.

In the present embodiment, each of the lower recording layer 122a and
the first primary recording layer 122¢ employs two kinds of non-magnetic
substances {oxides), and the second primary recording [ayer 122d employs

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



include Si02 and Ti02 as in this enbodiment. Therefore, if the |ayers
fromthe |ower recording |ayer 122a to the second primary recording

| ayer 122d are forned of only one | aggr unlike the present enbodi nent
(i.e., nointerposition |ayer 122b is provided), then it is preferable
to formthe magnetic recording |ayer of CoCrPt-Si02-1102. The separation
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i mprove t imelu@sFSIOz andlEOpas én this embedimerstenTherdfordi Tt layehefrémtaeat i on
| ayer 124 may be formed of a thin filmincluding Ru, Ru conpound, Ru and
oxygen, olowri regafdinglayer. 12%atth thédisecarahprimaryaecordingimyse122diapsl by t he
auxiliary recording layer 126 can be reduced. \WWen the separation |ayer
124 is fofaregd of eplyeene layer udlikg tha oresent embogiment (i.ay @o interpositicregr egat ed
so that Ru is segregated
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auxiliary recording layer 126. The separation layer 124 is formed with a

thickness larger than that of the interposition layer 122b,  With this
configuration, ferro-magnetic exchange coupling, not antiferro-magnetic
exchange coupling, is produced as magnetic effects between the magnetic
recording layer 122 and the auxiliary recording layer 126. Therefore, the
magnetic recording layer 122 serves as a pinned layer (a fixed magnetic
direction layer) with respect to the auxiliary recording layer 126 so as to reduce
noise caused by the auxiliary recording layer 126 and to improve the SNR.
Furthermore, in the present embodiment, the separation layer 124 may
be formed of a thin film including Ru, Ru compound, Ru and oxygen, or Ru and
oxide. With this configuration, noise caused by the auxiliary recording layer
126 can be reduced. When the separation layer 124 is formed, oxygen
included in the separation layer 124 is segregated on oxide of the magnetic
recording layer 122, so that Ru is segregated on the magnetic grains.
Therefore, Co of the auxiliary recording layer 128 inherits the Co crystal

structure of the magnetic recording layer 122.



Concei vably, this is because oxygen included along with Ru is

di ssociated in the sputters so that the dissociated oxygen exhibits
effects of oxygen addition. In other ggpords, use of W3 can suitably
provi de both effects of oxygen addition and oxi de addition. O her
exanpl es of the oxide include oxides such as silicon oxide (Si ),
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may be generated not only by di scontinuous

The auxiliary recording layer 126 is a magnetic layer that is substantially
magnetically continuous in the in-plane direction of the principal surface of the
substrate. The auxiliary recording layer 126 should be adjacent to or close to
the magnetic recording layer 122 in order to have magnetic interaction with the
magnetic recording layer 122. For example, the auxiliary recording layer 126
may be formed by CoCrPt or CoCrPtB, or by adding a small amount of oxide to
CoCrPt or CoCrPtB. The auxiliary recording layer 126 is provided in order to
adjust the reversed domain nucleation magnetic field (Hn), to adjust the
magnetic coercive force (Hc), and thus to improve the thermal fluctuation
characteristics, the OW performance, and the SNR.  For those purposes, it is
preferable for the auxiliary recording layer 126 to have high perpendicular
magnetic anisotropy (Ku) and saturation magnetization (Ms). In the present
embodiment, the auxiliary recording layer 126 is provided above the magnetic

recording layer 122. Nevertheless, the auxiliary recording layer 126 may be

provided below the magnetic recording layer 122,



crystals, but also by segregated Cr. Furthernore, a snmall anmount of oxide
may be included and segregated. Even if grain boundaries containing
oxide are formed in the auxiliary recggding layer 126, the area of the
grain boundaries of the auxiliary recording |layer 126 is preferably
smal l er than that of the grain boundaries of the magnetic recording

| ayer 122. In ofher words, the oxide content of the grain boundaries of
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necessarily clear. It is conceivable that the auxiliary recording layer 126

exhibits magnetic interaction (exchange coupling) with granular magnetic grains

of the magnetic recording layer 122 so that Hn and He can be adjusted.

Therefore, the resistance to thermal fluctuation and the SNR can be improved.

Furthermore, crystal grains connected to the granular magnetic grains (crystal

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

the granular magnetic grains, Therefore, those crystal grains are subjected to

a large armnount of magnetic flux from thé magnetic head so that flux reversal is

likely to occur. Thus, the overall OW performance is improved.

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

deposit carbon while a vacuum is maintained. The medium protective layer

128 is a protective layer for protecting the perpendicular magnetic recording

medium 100 against impact from the magnetic head. Generally, carbon

deposited by a CVD method is improved in film hardness as compared to

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



affinity. The lubricating |layer 130 serves to prevent danmage or defect of
the nmediumprotective [ayer 128 even if the magnetic head is brought
into contact with a surface of the peppendicul ar magnetic recording

medi um 100. The perpendi cul ar magneti c recordi ng nedi um 100 i s obtai ned
by the above manufacturing process. Sone exanples of the present
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magnetic | ayer The first soft magnetic e second
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t hi ckness of 20 nm The conposition of the precedi ng underlayer 116 (the

first precffiityg Thedsricasieg lzyed 136 eenesns peadintdanizgerdralefsct oftid be
described later. The first underlayer 118a was fornmed of a Ru film

havi ng a nhedidmeprotentivel ayent 28 éwen ifithe Magnetio hphd isbrmiught tdPeontibe second
under |l ayer 118b was formed of a Ru(RuO filmincluding oxygen with a

t hi ckness with a surfageuefitbe perpendicwanrmagneticregordngPmediunudNfg a t ar get

cont ai ni ng oxygen. The | ower recording  layer 122a was formed of
90( 70Co- 10Cr - 20 Pe)relRrndicuinn) mageeticrecarding gegdiun 108isphtainedhy thene

i nterposition |ayer J£22b was forngd of Ru \fvith E\ t hi ckness 33 Qi 0
to 0.5 ri Ufagiutng pRACESs-e cOPMF FXAMBlRS Oftho pregantd an yyll be
90(72Co-1 - }8 -5(SIR)-5(TixR) with a thickness of 12 nmat 3 Pa. The
second prl(&%?@;’q%e%%s\&l ng | ayer 122d was forned of 90(72Co-12Cr-16Pt) -
4.5(Si 2) - 4. 5(5%-]% 304) with a thickness of 12 nmat 3 Pa. The
separation | ayer 91 s formed of RUWOB with a thickness of 0.3 nm The

Layers from the adhesive fayer 112 to the auxiliary recording layer 126

.4 nm

were sequentially formed on the disk substrate 110 under an Ar atmosphere
with an evacuated deposition apparatus by a DC magnstron sputtering method.
The adhesive layer 112 was formed of Cr-50Ti with a thickness of 10 nm. For
the soft magnetic layer 114, the spacer layer 114b was formed with a thickness
of 0.7 nm between the first soft magnetic layer 114a and the second soft
magnetic layer 114c. The first soft magnetic layer 114a and the second soft
magnetic layer 114c were formed of 92(40Fe-60C0)-3Ta-3Zr with a thickness of
20 nm, The composition of the preceding underlayer 118 (the first preceding
underlayer and second preceding underlayer) will be described later. The first
underlayer 118a was formed of a Ru film having a thickness of 10 nm under an
Ar atmosphere at 0.6 Pa, The second underlayer 118b was formed of a
Ru{RuO) film including oxygen with a thickness of 10 nm under an Ar
“atmosphere at 5 Pa by using a target containing oxygen. The lower recording
layer 122a was formed of 90(70Co-10Cr-20Pt)~10(Cr,Q3) with a thickness of

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



auxiliary recording |layer 126 was fornmed of 62Co-18Cr-15Pt-5B with a
thi ckness of 6 rim The nmediumprotective |layer 128 was forned with a

t hi ckness of 4 nm by a CVD met hod usi C2H4 and CN. The lubricating

| ayer 130 was fornmed by a dip coating“nmethod using PFPE. Fig, 2 is a
tabl e showi ng variation of characteristics with respect to materials.
The materials used for the first preceding underlayer 116a, the second
pr ecedi ngoidhdam &y 8.5 rimsbTheficst phinary redording dayeayi@2c Wafoamed efiown i n
Fig. 2. The conpositional ratios of those materials are shown by val ues
added t 099({@Coy RGN tBRY-5($i02 =6 i@nrwith gthicknessafl 12 nmat BRaw B | to 3,
the second preceding underlayer 116b was formed of 97N -3W [|n Exanple
1, the fisegondprseanyiraeerdngdayern t2diwas farmediof Q¢ Gr-126Ri16B8Fa. I n
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Conpar at i ¥30 wasfoine=d By anfib 2oatiny methodusikdePFPEers to the surface
roughness of the soft nagnetic layer 114, i.e., the roughness of the

boundary surf atig. ®ét adahie shewmgfivariatign ef cicaradteristigeewith tdspeatitd he fir st
precedi ng underlayer 116a, neasured with an atomic force m croscope
(AFM) . A mategials. v alhgematerials wsadfor thesfirst peecedingdinderiagen Ti6aetheas rougher.
In Fig. 2, 4650 refers to the crystal orientation of crystal grains

measur ed $8FCRdRIERGHRY HUFW@%t‘IHéG and e fist yndesiayes ?Tﬂ%%fﬁi SHOWdiPpar at us.

This valugyl 3 2ngthmposhional fbs BPfHEsé frdtrisls Ars Bhowh B vaIfEs Added
to the symbols of the elements. Specifically, in Exampies 1 to 3, the second
preceding underlayer 116b was formed of 97Ni-3W. In Example 1, the first
preceding underlayer 116a was formed of 45Ni-55Ta, In Example 2, the first
preceding underlayer 116a was formed of 50Ni-50Ti. In Example 3, the first
preceding underlayer 118a was formed of 45Ni-55Ta, and the first underlayer
118a was formed of 90Ru-10Cr instead of Ru. In Comparative Example 1, the
first preceding underlayer 116a was formed of 45Ni-55Ta, and no second
preceding underiayer 116b was provided. In Comparative Exampie 2, no first
preceding underlayer 116a was provided, and the second preceding underlayer
116b was formed of 97Ni-3W. If a ratio of additives in a Ni compound is equal
to or higher than about 40 atomic %, the Ni compound is formed info an
amorphous phase. Therefore, the first preceding underlayer 116a was
amorphous in Examples 1 to 3 and Comparative Examples 1 and 2.

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

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




representing the magnitude of variation in the orientation of the crystal
grains. A smaller value of LA850 neans that the crystal grains have
better orientation. He represents the,magnetic coercive force, which is
a kind of magnetostatic characteristics. As He of the magnetic recording
| ayer 122 increases, the direction of magnetization is less likely to
reverse in the magnetic recording |ayer 122 so as to inprove the signal
storage pdayesritdard the firstdrecadingundenayer 118@ymeasured withdmatomidi um 100,
Furthernore, He is neeii,ﬁ!c_j sro g%d data with a track w dth, which has
been nar r §HS8 MICEASGORE (AFMc r A lRrgenyalkie of Ragpeansithat thenaoundaryin
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density. Hn represents the reversed domain nucleation magnetic field. The

resistance to a thermal fluctuation phenomenon increases as an absolute value

of Hn becomes larger. The SNR means a signal-to-noise ratio, which is a kind

of electromagnetic characteristics. The SNR represents an intensity ratio of

signals and noise and is important to read and write data accurately at a high

speed even with recording bits having a small area.

As shown in Fig. 2, comparison of Examples and Comparative Examples

reveals that the crystal orientation (A850) of crystal grains was better in all of

Examples as compared to Comparative Examples and that a high SNR could

be obtained in all of Examples. As shown in Examples 1 and 2, the SNR

higher than 18.0 dB, which has been required to increase the recording density,

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

Additionally, it can be seen from Example 3 that Ru compound could also

suitably be used for the first underiayer 118a instead of Ru.

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



t he second precedi ng underl ayer 116b of crystalline Ni conpound, nagnetic
characteristics other than the SNR could be nmaintained to sone extent. In
this case, however, Conparative Exa 2 did not include the first
precedi ng underl ayer 116a having an anor phous phase. Therefore, the
roughness (surface roughness Ra) of the boundary surface increased so as
to deteriorate the crystal orientation of the crystal grains, Thus, an

SNR ( hi ghdpughpgssigudacemughrgss)fihe bavrdary surfpgh couldhediedyced byi t v

coul d not be obtained. As can be n fromthe apbove results, when the
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characteristics when the conpositional 1o of the Tirst preceding

under | ay erchhiddengtits \bitidraHam decONROSIUIELS Mhdiatalned toFddine éxteht.0 IntHiB i s a
graph showi ng the relationship between the conpositional ratio and the

SNR. The naksef howevdr, Getmparative Exaenplé Ardid net inchuale the diestgregedimgler | ayer
116a, the second precedi ng underl ayer 116b, and the first underl ayer
118a and undepayeén 11Gadiaving anamonphaustphaset hdherafereathe roughpes®?. The

expl anation of respective paraneters is omtted to avoid the redundancy.
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Exanpl e 6.
recording medium 100 includes the first preceding underlayer 116a of an

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

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

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



Referring to Fig, 3A, when the Ta content of the first preceding

under | ayer 116a exceeded 35 atomc % (Exanple 4), the surface roughness
of the boundary surface was reduced, 3gnd the crystal orientation was

i mproved. As a result, various kinds of nmagnetic characteristics were

al so inproved. Wen the Ta content was further increased (Exanples 5 and

1), the magnetic chayacterjstics peaked at the Ta content of 55 atomc %
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magnetic characteristics can suitably be maintained by adjusting the Ta content

of the first preceding underlayer 118a within an appropriate range.

Referring to Fig. 3B, it can be seen that the Ta content of the first

preceding underlayer 116a should be in a range of about 40 atomic % to about

60 atomic % in order to meet the conditions of the SNR that is equal to or higher

than 18.0 dB, which has been required to increase the recording density.

When the Ta content was lower than 40 atomic % (Example 4), the first

preceding underlayer 116a was insufficiently formed into an amorphous phase

so that the soft magnetic layer 114 could not satisfactorily be protected from the

second preceding underlayer 116b. Therefore, the roughness (surface

roughness Ra) of the boundary surface was increased, and magnetic

characteristics that have been required to increase the recording density could

not be obtained, Furthermore, when the Ta content was higher than 60

atomic % (Example 6), the amount of Ni contained in the first preceding

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



showi ng variation of characteristics when the conpositional ratio of the
second preceding underl ayer 116b was vari ed based upon Exanple 1 of Fig.
2. Fig. 4B is a graph showing the relgtionship between the conpositional
ratio and the SNR The notation of nmaterials used for the first
precedi ng underl ayer 116a, the second precedi ng underlayer 116b, and the
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Speci fi cal dateribfated.first precedi ng underl ayer 116a was forned of
45Ni -55Ta In Exanples 1, 7, 8, and 9. The second precedi ng underl ayer

116b was for rrssoFigé._fﬂ%hdaB/s*;Haw@?ﬁt@h%fbhafd&é&%c@ﬁﬂtﬁ%&pe‘e{\&EheExarrP' e,
formed of 93Ni-7Win Exanple 8, and fornmed of 91 Ni-9Win anple 9.

Referring ¢cm|ﬁ'nsjtionfh@\_ratim@fnheisecn\fﬁd:pl‘dcedtngandéﬁl@glemm FigQxisNdtable
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the second As shown in Fig. 44, the compositional ratio of Ni and W of the second

preceding underlayer 116b was varied based on Example 1, Specifically, the

first preceding underlayer 116a was formed of 45Ni-55Ta in Examples 1, 7, 8,

and 9. The second preceding underlayer 116b was formed of 97Ni-3W in

Example 1, formed of 95Ni-5W in Example 7, formed of 93Ni-7W in Example 8,

and formed of 31Ni-8W in Example 9,

Referring to Fig. 4A, when the W content of the second preceding

underlayer 116b was increased from 3 atomic % (Example 1), the magnetic

characteristics were gradually deteriorated (Examples 7 and 8). When the W

content exceeded 9 atomic %, the SNR did not meet a desired value (equal to

or higher than 18.0 dB).

Referring to Fig. 4B, if can be seen that the upper limit of the W content

of the second preceding underlayer 116b is about 8 atomic % in order to meet

the conditions of the SNR that is equal to or higher than 18.0 dB, which has

been required to increase the recording density. Therefore, the W content of

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



precedi ng underl ayer 116b is fornmed into an anorphous phase, so that it
iIs difficult to maintain the nagnetic characteristics as descri bed
above. As described above, according tg the present enbodi nent, the
crystal orientation is inproved by réducing the roughness of the
boundary surface between the precedi ng underlayer 116 (the first
precedi ng underlayer 116a) and the soft magnetic |layer 114 (the first
sof t magneabaut Batemicl ta)abouhd admrici %.  Within thisi range, the atomig distencet oni ¢
di stance matching of the preceding underlayer 116 (the second precedi ng
under | ayermatebing ofthe speontharecedipgrundedaygn Higbrandsthe firetaindeyleyer, 183) .
Accordingly, the recording density can further be increased. (Second
Enbodi mant'¥ IMBLoved wer 6?@‘9 \$ apravethat If thepi ermiest is lpwerdbanet ween a
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(Hc)). Therefore, characteristics are considerab eriorated if no

bi as vol tage | pe@sdoriBEd abeea aicoediNg thidl preabhtaimBadimeht, ke cHRtd|age is
required during the formation of the non-magnetic |ayer. The i'nventors

have cont igrientstion is tmpioved dydetasing denmudbness of thedsgundangsuwfdory er
bet ween a non-magnetic |ayer and a soft nagnetic |ayer 3 formed bel ow

t he non- mbpheeen theaprecediog yndetlayer 116 thefirsbprecedipgatriderlaggeti6a) Bned
I nventors have considered that this |layer can elim nate adverse influence
on the softhe safjmagneticdgyer i dthetfiret agoetia layer Hl4a). afible S&NR ienar kabl y
i mprove the crystal orientation. The inventors produced a_perpendi cul ar
magnet i ¢ SQRNEGRY FRIPVIRGANe atamig distarce matahingef thadrecadingit ed t he SNR
of underlayer 116 {the second preceding underlayer 116b) and the underlayer 118
(the first underlayer 118a). Accordingly, the recording density can further be
increased.
(Second Embodiment)
The inventors have found that a boundary surface between a non-
magnetic layer and a soft magnetic layer tends to be roughened if a bias
voltage is applied to a substrate when the non-magnetic layer is formed on the
soft magnetic layer (on sputtering). Therefore, the invehtors considered
forming a non-magnetic layer without application of a bias voltage. However,
application of a bias voltage during the formation of the non-magnetic layer is
performed for improvement of magnetostatic characteristics (particularly the
magnetic coercive force (Hc)). Therefore, characteristics are considerably
deteriorated if no bias voltage is applied. Accordingly, application of a bias
voltage is required during the formation of the non-magnetic layer.
The inventors have continuously studied and have considered

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



t he perpendi cul ar magnetic recordi ng medium The SNR of the perpendicul ar
magneti c recordi ng nmedi um produced by using the above techni que was

i nproved along with inprovenment of thegcrystal orientation, However, the
SNR decreased after the crystal orientation reached a certain level. As
a result of careful exam nation of the perpendi cul ar magnetic recording
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thought t ha here is a limt to inprovenen using the
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found tha crystal orient atlon can be inproved by reducing the size

of cryst althgpeipendizilar magrgtietrecordimganddiom.! ayer along with the above
techni que and that the crystal grains of the magnetic recording |ayer
are accordi ngl yheraNRrwf ¢k perpendicotar awegnetic recording rmediutvaprodbeeddiR can
drastically be inproved. In the present enbodinment, there will be

descri bed usiigtthe above teghmiquenwasrmpreved alangewith improvement of thearystabl | i ne
material having an fcc StrUCth This relates to the fact that the
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larger along with improvement of the crystal orientation and that the SNR

decreases due to increase of noise in a magnetic transition region after the
crystal grains reach a certain level of size.

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

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

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



The first precedi ng underlayer 116a has a function of protecting the soft
magnetic |ayer 114 fromthe sputtering deposition of the second preceding
under | ayer 116b. Specifically, an anor4thous nmaterial has hardness higher
than a crystalline material. Therefore, when the first preceding

underl ayer 116a that is formed of an anorphous material is provided

bet ween tﬁ§$§§ﬁ§a$s precedi ng underl ayer 116b and the soft magnetic |ayer
114, the sO gnetic layer 114 can suitably be protected fromi npact

Cnder | ayer 11600Hon FaY Aiel AR thet R SBAeRy bEHBHiohS AR5 1 10
Accor di ngl gl M nSGrebtdr Ide®ION)| DR ddiRriBed beldfPITHid & thDHRE thel4 can be
elimnated at the tTnme of ﬁ!e #ormation OP the secon(} precedi ng

under | ayerreddfdantaRplanadosur f ace roughness of the soft magnetic |ayer
114 can be reduced. Thus, the roughness of boundary surfaces of multiple

layers forned dmetfirst retédingwnabisydraen id fotmednoflam ambfphotd mdteHa, the
crystal orientation of those |ayers can be inproved. As a result,

i npr ovenerfthedirst precéiRgamderiagereti$a hds 4 functies of protectihgrtbitspftcan be
achieved. In the present enbodi nent, the first preceding underlayer 116a
i s pref eraagneticdayardl 14ffram éha sputtaringadeposition of dheeseeuhd preceding gr oup
consisting of N, Fe, Co, Cu, Zn, Pd, and Pt or a conpound thereof. In
such a cas@deriayer 11iBbst Speeifiealivngn amrrphoysematersy haahapinassdighere sof t
magnetic |layer 114 nore  eff ec%i vely, so that the surface roughness of
t he soft ﬁ’ﬁ%}hétqust?ui%maﬁﬂﬁlca hereferenwhep dhe fitgl pEapeding undarlayee, it is
preferable,for the firs r ecedi under l.ayer 116a. .10, 41 urther include
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non-magnetic layer (second preceding underiayer 116b) by the hard film (the

first preceding underlayer 116a). Accordingly, adverse influence on the soft

magnetic layer 114 can be eliminated at the time of the formation of the second

preceding underlayer 116b, and the surface roughness of the soft magnetic

layer 114 can be reduced. Thus, the roughness of boundary surfaces of

multiple layers formed on the soft magnetic layer 114 can be improved. Thus,

the crystal orientation of those layers can be improved. As a result,

improvement of the SNR and increase of the recording density can be

achieved.

In the present embodiment, the first preceding underlayer 116a is

preferably formed of one or more elements selected from the group consisting

of Ni, Fe, Co, Cu, Zn, Pd, and Pt or a compound thereof. In such a case, the

first preceding underlayer 116a can protect the soft magnetic layer 114 more

effectively, so that the surface roughness of the soft magnetic layer 114 can

further be reduced.

Furthermore, it is preferable for the first preceding underlayer 116a to



el ement (s) or conpound thereof in a range of 40 atomc %to 60 atomc %
If the ratio of such elenent(s) or conpound is |less than 40 atomc % it
i s wundesirabl e because formation of anor phous phase becones
insufficient. If the ratio is higher an 60 atomc to, it is

undesi rabl e because the ambunt of N, Fe, Co, Cu, Zn, Pd, or Pt, which
Is a base of growth of crystal grains of the second precedlng underlayer
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second precedi ng underlayer 116b to have an fcc structure. In such

case, cryshelraty of auchadletmeat(gnorecdmpaindlis dedtathan d0aatomid%s fitrigict ur e gr ow
on the (111) surface of the fcc structure of the second preceding

under | ayerundesBabledecatse farmationgf ahiaredrpbousphgselécomnés insafficieatr | ayer
118 can be oriented to the perpendicul ar direction. Accordingly, noise
can be redfithegatiaigihigher theRR &tnn*rua%.h@s usdesirahle begausethe@amayntadr f ace

of the face-centered cug%g sF'gruct fcc structure) of the second
precedi ng Ninber EayeH, 4n.8ed,i8 i whie d‘bﬁ asep ﬁé?‘&th‘glcqﬁiaitgfél%rqfﬁ@ pal

f f the disk bst 1 ,n th t .enb th
Second pr SESANAGrarasitg dystet 1ok osmen e, GHRERHIGY LOHENSFrror o

or 5 compold: PREYRERY beferibe MBBREM " 1 Corrosion Tesi stance |
ﬁ Eg;ﬁ‘fgsg'r Stl'lcgrg@(%béoﬁg rp{%lﬁ%%ﬁn&%ﬁ?g%ﬁ # fohfieQlof LGystaff@Nd Preceding
material. The second preceding underlayer 116b has a function of preventing
corrosion deposition from the soft magnetic layer 114 and a function of
maintaining good magnetic characteristics. Furthermore, the second
preceding underlayer 116b also has a function of aligning the magnetization
easy axis of the hexagonal close-packed structure (hep structure) included in
the underlayer 118 formed on the second preceding underiayer 116b with a
direction perpendicular to the disk. Therefore, it is preferable for the crystalline
material of the second preceding underlayer 116b to have an fcc structure.  In
such a case, crystal grains of the underlayer 118 having an hcp structure grow
on the (111) surface of the fec structure of the second preceding underlayer
116b, so that the magnetization easy axis of the underlayer 118 can be oriented
to the perpendicular direction. Accordingly, noise can be reduced, and the
SNR can further be improved. The (111) surface of the face-centered cubic
structure (fcc structure) of the second preceding underlayer 116b is preferably

in parallel to the principal surface of the disk substrate 110.



Furthernore, it is preferable for the second precedi ng underlayer 116b to
further include one or nore elenents selected fromthe group consisting
of W Cr, M, Re, A, Cu, and M or @2conpound thereof. In such a case,

t he second preceding underlayer 116b can suitably be non-nmagnetized and
crystallized. Particularly, the atom c distance of Wis closer to the
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in arange of 3 atomc %to 8 atomic % If the ratio of such el enent(s)
or conpound i sFudksrmdranit & prefarabledor the sesond pesdading andertayes d16bhéo second
precedi ng_under| ayer 116b shows a ferromagnetic property. If the ratio is
hi gher t hitherincdaong or more elenriys salectedfeern dhe araup eonsistinglaf Wt i on of
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roughened even'if a bias is applied during the formation of the second

pr ecedi ngundeitnlenylé6b tiflbe rhadé bienilar ¢s the atemio distarite, of tthe undenweter c
recording layer 122 (the | ower
118 of Ru in the case where Ni is used for the second preceding underiayer
116b. Accordingly, it is possible to promote continuous growth of crystal grains
from the second preceding underlayer 116b to the underiayer 118.

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

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

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



recording layer 122a) is formed of Co-based alloy that grows into a
columar shape and forns crystal grains (magnetic grains) and a
plurality of oxides (conposite oxidelathat form non-magnetic grain
boundari es between the crystal grains. Wth this configuration,
characteristics of a plurality of oxides can be obtained. Therefore,
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achi eved. The oxides preferably include an oxide of an el enent selected
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crystal grains of the magnetic recording layer 122 (particulariy the lower
recording layer 122a), which would be caused by improvement of the crystal
orientation due to the interposition of the first preceding underlayer 1162, is
prevented. Consequently, the SNR is not lowered even if the crystal
orientation is remarkably improved. As a result, the SNR can drastically be
improved, and further increase of the recording Jdensity of the perpendicular
magnetic recording medium 100 can be achieved.
The oxides preferably include an oxide of an element selected from the
group consisting of Si, Ti, Cr, Co, Ta, Ru, and Cu. In such a case, it is possible
to further promote size reduction and isolation of the crystal grains of the lower
recording layer 122a. Particularly, SiO;, which is an oxide of Si, can promote
size reduction and isolation of the magnetic grains most effectively.
Furthermare, TiOa, which is an oxide of Ti, has a property of improving the
electromagnetic characteristics (particularly the SNR). Thus, it is most

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



around magnetic grains of CoCrPt, which is a Co-based alloy, so as to .
form grain boundaries, and the nagnetic grains grew into a col umar |
shape to form a granular structure. 4f&xanples) There will be described |
Exanpl es of the present invention and Conparative Exanples. Parts of

Exanpl es and Conparative Exanples in the second enbodinent that are not

d ib bel d dwth th iti , ith th
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Exanpl e 21 n Conparattive Exanple 21, ho first prece erl ayer

116a was gHoovd Aednetiv gradifeof OpCrPY atiphds RIS H-BueEd alada sowIoffered of the
same material as the Exanple 21. In Conparative Exanple 22, no first

pr ecedi ngraindenindpres, Hiditheasagnaticigieids grew intbe ¢calwanar siapelioforml ayer
122a was formed of 95(72Co-10Cr-18Pt)-5(S102). In Conparative Exanple
23, the fdgranularstreatiurey under | ayer 116a was formed of 50Cr-50Ta, and the
| ower recording |ayer 122a was fornmed of the sane material as the

Conpar ati ve EXBX#NBIESY. | n Conparative Exanple 24, the first preceding 45

under| ayer 116a was,forned of i - 50Ta, .and the | ower recording |ayer
1555 ve  of iBgTo il b deserbeadt RS QLA RICeI VSR A prpl @ 25”1

Cinder | ay SO TRRBOVE E3aFRIRRe o Pt GARRES ani Chriser e BXREIFS IR 8 < 1o
the crysi@bor bRitodirh&m thht A7 fdt ¥ak&libdd BRIBW vire produced with the same

composition, with the same film thickness, or under the same deposition

conditions as in the first embodiment.

Fig. 5 is a table showing variation of characteristics with respect to the
materials of the first preceding underlayer 116a and the lower recording layer
122a. In Example 21 of Fig. 5, the first preceding underlayer 116a was formed
of 50Cr-50Ta, and the lower recording layer 122a was formed of 95(72Co-10Cr-
18P1)-2.5(8i02)-2.5(Ti0z). In Example 22, the first preceding underiayer 116a
was formed of 50Ni-50Ta, and the lower recording layer 122a was formed of the
same material as the Example 21. In Comparative Example 21, no first
preceding underlayer 116a was provided, and the lower recording layer 1 _22a
was formed of the same material as the Example 21. In Comparative Example
22, no first preceding underlayer 116a was provided, and the lower recording
layer 122a was formed of 95(72C0-10Cr-18Pt)-5(Si0z). In Comparative
Example 23, the first preceding underlayer 116a was formed of S0Cr-50Ta, and
the lower recording layer 122a was formed of the same material as the

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



t he underl ayer 118 neasured by a rocking curve nmethod using an X-ray
diffraction apparatus (XRD). This value is an orientation variance (c
axi s dispersion angle) representing tf4e magnitude of variation in the
orientation of the crystal grains. A smaller value of A0O50 neans that
the crystal grains have better orientation. He represents the nagnetic
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accur at el | edyeven with recording bits having a small area.
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the first precedi ng underlayer 116a between the soft magnetic |ayer 114

and t he giiffractiompapgardtusgXRd)er Mhjsevaldd Baraeriemtafiornvpiaelt-axigl 22 can
elimnate adverse influence on the soft magnetic layer 114 at the tine
of the fordispersion@ngle)representing ihedoagnitugenfvariatigrein theatsieatadionanf al so

i mprove the crystal _ orientation of the soft magnetic | ayer 114 and the
| ayer for @ costaligeainss A smalaevalie 0h BP0 mepnsiBat the arystalgrains haveer | ayer
118. It can _be seen.that, the SNR can thus_.be inpraved. As can he, 6 seen
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Ther ef or e,
crystal grains are smaller and have been reduced in size, The SNR represents

an intensity ratio of signals and noise and is important to read and write data
accurately at a high speed even with recording bits having a small area.

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

As can be seen from comparison of Example 21 and Comparative



can be seen that, when grain boundaries of the nmagnetic recording |ayer
122 (particularly the lower recording | ayer 122a) are fornmed by a
plurality of oxides, characteristicsgf a plurality of oxides can be
obtained. It can be seen that size reduction and isolation of the
crystal grains (magnetic grains) of the magnetic recording |ayer 122 can
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bet ween the second soft nagnetic |ayer 114c (the sof etic layer

114) and twes forned &f DoSrPUSIQY, (Ouiesdratied Exdmbles(2andp8); edinageforsiar | ayer
116) . Accordingly, the crystal orientation of the layer forned on the

sof t magnedandd seear thal, Aviesngrain bourndavied of the magnetic mcotding layeann2
boundaries of the |lower recording |layer 122a (the nmagnetic recording

| ayer 122)paticulady fieellower seqirdingl laysr 122a) araifesmeddya giunglity of skides,
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crystal orientation is remarkably improved due to the interposition of the first
preceding underlayer 116a. Thus, it can be seen that the SNR can drastically
be improved.
As described above, according to the present embaodiment, the first
preceding underlayer 116a is provided between the second soft magnetic layer
114c¢ (the soft magnetic layer 114) and the second preceding underlayer 116b
(the preceding underlayer 116). Accordingly, the crystal orientation of the layer
formed on the soft magnetic layer 114 can be improved. Furthermore, the
grain boundaries of the lower recording layer 122a (the magnetic recording
layer 122) are formed by a plurality of oxides. Accordingly, size increase of
crystal grains (magnetic grains) due to improvement of the crystal orientation
can be prevented so that the SNR can drastically be improved. Consequently,
the recording density of the perpendicular magnetic recording medium 100 can
further be increased.
In the present embodiment, the second preceding underlayer 116b is

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



magnetic | ayer and a soft magnetic |ayer tends to be roughened if a bias
voltage is applied to a substrate when the non-nagnetic |ayer is forned
on the soft magnetic |ayer (on sputtedng). Therefore, the inventors
considered formng a non-magnetic |ayer w thout application of a bias
vol tage. However, application of a bias voltage during the formation of
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| ayer. TheHlSBvrﬁéS?gé%@?%og%@\glgtdfwousl y studied and have found that, when

a layer is’in ose n a non-magnetic |ayer and a soft magnetic
| ayer forned t(?hp,_\;v cm.ﬂgﬁgagnet ic layer under certain conditions,
adverse influence on the soft magnetic |ayer fromthe non-magnetic |ayer

can be el ini nattRdnvditbR Kde faRd s dundafy Sirfice Eﬁguggﬁ ahdril

application of a bias voltage. Thus, the iInventors found the

sol ution fraaghdtie lajerehdod ebft eranetic Idyee talide 8 e ronRen&Eh.bigs f i 1 St _
non- magneti c | ayer of anorphous NI conpound is fornmed on a soft magnetic

| ayer wi t holtage isappieddd taesybstrpte when the aon-mdgmietiatlayer & foened dn the
non- magneti c | ayer of crystalline Ni conmpound is formed on the first
non- nagnetsioft agratiolayer én Isputerng) adbetefpre, the inventors eonsiderade. An
under | ayer. of L Ru or Ru coppound i s forned on the second non-nagnetic
|l ayer. ~AToHBiAGA Ron-ERAgNal: pYeRyERoutAPRlicalinteha bias yeliage. sHPWEWRd above
por ti ons (ARETCag i B2¢ vae iy The GRERGA otbp Zon HPRSruBYE | bed
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Speci fi calAddtordifglg aphoatsn 8B4 BiasadloltBgs ishqdies during the formation of the
non-magnetic layer.
The inventors have continuously studied and have found that, when a
layer is interposed between a non-magnetic layer and a soft magnetic layer
formed below the non-magnetic layer under certain conditions, adverse
influence on the soft magnetic layer from the non-magnetic layer can be
eliminated while the non-magnetic layer is formed with application of a bias
voltage. Thus. the inventors have found the solution for the above problems.
In the present embodiment, a first non-magnetic layer of amorphous Ni
compound is formed on a soft magnetic layer without a hias voltage applied to a
substrate. A second non-magnetic layer of crystalline Ni compound is formed
on the first non-magnetic layer with a bias voltage applied to the substrate. An
underlayer of Ru or Ru compound is formed on the second non-magnetic layer.
A magnetic recording layer for recording signals is formed above the underlayer.
Portions that differ from the first embodiment or portions that should be

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



hi gher than a crystalline material. Therefore, when the first preceding
under |l ayer 116a that is formed of an anorphous material is provided
between the second preceding underlayg 116b and the soft magnetic |ayer
114, the soft nmagnetic |ayer 114 can suitably be protected from i npact
of formation of the second preceding underlayer 116b by the hard film
(the first_pre ec{i n under | ayer 116a) even if the second preceding

under | ayerrea% r{tqélaé’égﬂ?rd non- magnetic layer) is forned with
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achi eved. Furthernore, since grains of an anorphous material have no
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surface between the soft nmagnetic |ayer 114 the tfirst preceding
eliminated at the time of the formation of the second preceding underiayer 116b,
and the surface roughness of the soft magnetic layer 114 can be reduced (the
surface roughness of the soft magnetic layer 114 does not increase). Thus,
the roughness of boundary surfaces of the muitiple layers formed on the soft
magnetic layer 114 can be improved (reduced) so that the crystal orientation of
those layers can be improved. Therefore, improvement of the SNR and
increase of the recording density can be achieved.

Furthermore, since grains of an amorphous material have na crystal
structure, grains of the amorphous material are deposited randomly on the soft
magnetic layer 114. Therefore, fine irregularities of a surface of the soft
magnetic layer 114 that have been produced by microcrystals can be
smoothened by the amorphous first non-magnetic layer 116a. Thus, the
surface roughness of the soft magnetic layer 114 and the interface roughness of

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

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



underl ayer 116a does not increase. Furthernore, it is preferable for the
first preceding underlayer 116a to further include one or nore el enents
selected fromthe group consisting of 4@, Ti, Hf, Re, Gs, Ir, M, Nb,
Zr, and V or a conpound thereof. In such a case, the first preceding
under| ayer 116a can suitably be forned into an anDrphous phase. I n order
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pr ecedi ng wndtelalyer ¢16dd6ds hetinerebsact i on of preventi ng corrosion
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direction.” Accor |ng noi se can be re can further be
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the ratio of such element(s) or compound is less than 40 atomic %, itis
undesirable because formation of an amorphous phase becomes insufficient.
If the ratio is higher than 60 atomic %, it is undesirable because the amount of
Ni, which is a base of growth of crystal grains of the second preceding
underlayer 116b formed on the first preceding underlayer 116a, unfavorably
becomes insufficient.

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

material of the second preceding underlayer 116b to have an fcc structure. In



structure (fcc structure) of the second precedi ng underlayer 116b is
preferably in parallel to the principal surface of the disk substrate
110. In the present enbodi ment, the seognd precedi ng underlayer 116b is
formed while a bias voltage is applied to the disk substrate 110. Wth
this configuration, atom c distance matching of the second preceding

under| ayer _116b and the underl ayer 118 can_ pe conducted, and the crystal
ori ent at i orP4Sr @ ¢3RS EH@%’I 9ER/BY Oﬁ ”989@?1&6%‘@@9 amhep FUSRITG IGEW ar
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can sui t abliry paraliablo-the gnietipabsurface aftlys diskisubstiate Pl ti cul arly, the
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embodiment, since the first preceding underlayer 116a is provided between the

soft magnetic layer 114 and the second preceding underlayer 116b as described
above, the surface roughness of the soft magnetic layer 114 does not increase
even if a bias voltage is applied to the substrate during the formation of the
second preceding underlayer 116b.

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

118b. Accordingly, it is possible to promote continuous growth of crystal grains



or conpound is less than 3 atomc % it is undesirable because the second
precedi ng underl ayer 116b shows a ferromagnetic property. If the ratio is
hi gher than 8 atomic % it is undesiral@le because the crystallization of
the second precedi ng underl ayer 116b becones insufficient so that the
corrosion resistance characteristics and magnetic characteristics are
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conposi t i oRreagiding undertayae 1160 shews afersemagortiapreeerty.nelf thavatigdposi ti on
1163 v PPREIA S slaqEshT S uiperRbleREcause e Baailigalnmer Neyer 116b
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vol tage was set AgtdeBefibed B S B predbnesmbbdiireait,tdih of the first

preceding underlayer 116a and the second preceding underlayer 116b is formed

of Ni compound. Therefore, the atomic distance of the crystals of the first

preceding underlayer 116a can be made similar to the atomic distance of the

crystals of the second preceding underléyer 116b. Accordingly, the crystallinity

of the second preceding underlayer 116b is improved, and hence the

crystallinity and the ¢rystal orientation of the underlayer 118 are also improved.

Consequenily, the SNR can further be improved.

(Examples)
There will be described Examples of the present invention and

Comparative Examples. Parts of Examples and Comparative Examples in the

third embodiment that are not described below were produced with the same

composition, with the same film thickness, or under the same deposition

conditions as in the first embodiment. The first preceding underiayer 116a was

formed of 50Ni-50Ta, and the second preceding underlayer 116b was formed of

95Ni-5W.

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



formation of the first preceding underlayer 116a and was varied during
the formation of the second priecedi ng underlayer 116b. In Fig. 6B,
Series 2 shows variation of the SNR i case where the bias voltage was
set at a constant value of O V duringithe formation of the first

precedi ng underl ayer 116a. Series 3 shows variation of the SNRin a case
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when the bi'as tage applied:to t : uring the
formation @ireddiing UnGériayer a¢84 (Seridsntier IRy BB dHAR VatationGreRe E‘)NF( o be

preci se, the absolute value of | the bias voltage was i ncrease

Concei vabl yasehihers alitasvolagelveassdttat cerginadonstdnt valuesauridgamged during
the formation of the first prededing underlayer 116a so as to cause

det eri or at fermationtdfdhe figst pagcedingundeariayar Memand washviasied \durihg giee was
applied to the disk substrate 110 during the formation. Thus, it can be
seen that ferationsf the seeandheregadiagiungerlayerc6bholn Bigo6B; Seresi2wi t hout
application of a hias vol .t:o the disk substrate 110. Wen the second

precedi ng &hewswayataom@éwte Riinafage where thepiasiveitage wasises abaas

| t : t i r,st di.ng I 1 t hat d f d
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roughness of the soft magnetic |ayer 114was prevent e |ncr§a§si ng
as the sof yngBgariri1a6al agefied 44hvas \arialies bethelBNRNA of ddsatwhidredrdi ng

underl ayer 116a, The roughness of the boundary surface between the
precedi ng bixderditage waklsetate cor;'tstant value of -500 V during the formation of the
first preceding underlayer 11:6a.

As shown in Fig. 6A, fthe SNR was considerably lowered when the bias
voltage applied to the disk sybstrate 110 during the formation of the first
preceding underlayer 116a vivas increased (to be precise, the absolute value of
the bias voltage was increasfed). Conceivably, this is because the soft
magnetic layer was damageid during the formation of the first preceding
underlayer 116a so as to cat:lse deterioration of the crystal orientation when the
bias voltage was applied to tlhe disk substrate 110 during the formation. Thus,
it can be seen that the first péreceding underlayer 116a should be formed without
application of a bias voltage_ito the disk substrate 110.

When the second préceding underiayer 116b was formed, with
application of a bias voltagei on the first preceding underlayer 116a that had
been formed without applicajtion of a bias voltage, as shown in Fig. 6B, the SNR
was improved in each of Sei'ies as the applied bias voltage was increased.

Conceivably, this is because;, when a bias voltage was applied during the

i
|
I
1



the soft magnetic |layer 114 was reduced, so that the crystal orientation
was inproved. Furthernore, in each of Series in Fig. 68, the SNR was

i nproved nost  significantly froma bi &y voltage of 0 V (i.e., no bias
voltage) to a bias voltage of -200 V during the formation of the second
precedi ng underl ayer 11 6b. Therefore, in order to maintain excellent
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the magni t yelggiifesk i i g@ﬁﬂ%ﬁ* 28face lg&We%mﬁé’ Pré&dﬂ{gggré%éé%yggﬁﬂén g’é&l gyer

high SNR, it 7s highly ective to rormthe first
116a wi t hottie 6% rizignetiy Rlyeraes aaRIreagdcdd sbRatdhs *éry%&%l%r{e@wioia%s when
S

Series 3 and Series 4 were conpared, the SNR of Series was I ghtly
hi gher thaimphaedof Series 4. Therefore, it can be seen that a bias
vol tage should be set as | ow as -possible if the bias voltage needs to be
applied to the &ugkemndre! ireachidfGatiesiingig. 68, oz SAR was irhptdvedirhostt
preceding underlayer 116a. As described above, according to the present
enbodi ment Signifigantly §om abiasawltage oh8 &/ (igy.d10 hias yoltage)de rachias noltage ebf t
magnetic | r., 114 wi thout application of a hias voltage to the disk
substrate %‘?’V ingithe "Hl?ﬂpﬁéﬂmﬁ sefrend preceding yedenaveri1doy) i ni nat e
adverse influence on the soft mgnetjc . .layer 114 from .fhe secon
o eced: ng. GAGH PRy BT e 17 PAnAReRlint iidiintl hrartahssics R towaty 54 o
bias volta | . SUY . ness. of
the. soft - MEROR) 2 18 BcwBiGRliah hibahsc sdctfdno e IE Jub R0 e
roughness t netic
| ayer 114 ggﬁly%%%?@%é%gﬁ%rdgll(eér@égé%iﬂ% eag ifﬁgnét%e?@gr e, while
the precedisggond preceding underiayer 116b.
Moreover, referring to Fig. 6B, the SNR of Series 2 was higher than that

of Series 3 or 4, irrespective of application of a bias voltage during the formation

of the secaond preceding underlayer 116b and the magnitude of the bias voltage.

Therefore, in order ta maintain a high SNR, it is highly effective to form the first

preceding underlayer 116a without any bias voltage applied {o the disk

substrate 110. When Series 3 and Series 4 were compared, the SNR of Series

3 was slightly higher than that of Series 4. Therefore, it can be seen that a

bias voltage should be set as low as possible if the bias voltage needs to be

applied to the disk substrate 110 during the formation of the first preceding

underlayer 116a.

As described above, according to the present embodiment, the first

preceding underlayer 116a is formed on the soft magnetic layer 114 without

application of a bias voltage to the disk substrate 110. With this configuration,

it is possible to eliminate adverse influence on the soft magnetic fayer 114 from

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



under | ayer 116 (the second precedi ng underlayer 116b) is forned with
application of a bias voltage, the crystal orientation and the SNR can be
i nproved. Thus, further increase of thgsrecording density can be
achieved. (Fourth Enbodi nent) The Inventors have found that a boundary
surface between a second non-magnetic |ayer and a soft nagnetic |ayer

Lhe.secondd RER.RIGHSE? i ciﬁkﬁﬁsgr%t%'ahﬁﬁe%ﬁiﬁﬁ Lg feé Rughaereof a»}g“?
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magneti c | ayer 1's pertorne or 1 nprovement of “nmaghetost a
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Therefore, characieristics are considerably deteriora
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required during the formati on of the second non-nagnetic layer. The

i nvent or s dpplicatiomof abiassiojftage tHe etystalcbrisatatiohanddhe [SNR cahde a | ayer is

I nt erposed between a second non-magnetic |ayer and a soft magnetic | ayer

formed belimproves. s dbwsdfuniter ingeasts of thayetordingelensity tan beahisvedons,

adverse influence on the soft magnetic |layer fromthe second non-nmagnetic

| ayer can be el(FpuriaEsbagdimest)t he second non- magnetic |ayer is forned

with applicatign of a bias vfol tg?ﬁ. Thus,, the inventors have found the
oHad that
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forming a second non-magnetic layer without application of a bias voltage.

However, application of a bias voltage during the formation of the second non-

magnetic layer is performed for improvement of magnetostatic characteristics

{(particularly the magnetic coercive force (He)). Therefore, characteristics are

considerably deteriorated if no bias voltage is applied. Accordingly, application

of a bias voltage is required during the formation of the second non-magnetic

layer.

The inventors have continuocusly studied and have found that, when a

layer is interposed between a second non-magnetic layer and a soft magnetic

layer formed beiow the second non-magnetic layer under certain conditions,

adverse infiuence on the soft magnetic layer from the second non-magnetic

layer can be eliminated while the second non-magnetic layer is formed with

application of a bias voltage. Thus, the inventors have found the solution for

the above problems.

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

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



In the present enbodi ment, the soft magnetic |ayer 114, particularly the
second soft magnetic layer 114c, is fornmed by using a target of a
material having a Vickers hardness of 58 (HV). The detail of the Vickers
hardness will be described later. The first preceding underlayer 116a is
formed of Ni or Ni conpound for protecting the soft magnetic |ayer 114.

In the presenindfRtslriRais noRfrithaTh soRTREG % WHEE BXST 1ohheg | for med

by using a target a materi aving a 1 (HV). The
Vi cker s haFdigsis thal difer irbf ﬁétf@ét'éﬁbéﬁimbggo?%?{igﬁé tRShoGlBd'9 the soft

magnetic | ayer 114 and the Vickers hardne e nmaterial of the

target for ekplaifistidnigneater detail Wil be GeleribefBslbay € Thikli§do 3fft ®igt  such that
A< B. Wth this configuration, the first preceding underlayer 116a has a

Vi ckers haedurelast bkglapatighan that of the soft nmagnetic |ayer 114,
Therefore, the first preceding underlayer 116a can have a function of
protecting the Hothe pragenttambodicnget, tha soft magnetic layentld d particderdpshd i on of
the second preceding under|ayer 116b. Specifically, when the first
precedi ng SAeRNd sgitmapnetc layer 114c, i farmedibyusing Rdarget of awmatedalc | ayer
114 is proyided between the secon recedi ng ., underlayer 116b and the
soft magnef'f¥NG&, Fﬂgrf%araﬁ%sss‘?ff& Mbngﬁ\e@qqﬂ‘i@“hfl\ﬁck@s hardnasstvall bey t he
first precgdiﬁgﬂ> ur]d%rl ayer 116a even if the second preceding underlayer
11 6b is f8F Eiﬁi? Fapplication of a bias voltage as in the prior art.
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mul tiple | ayers on the soft magnetic | ayer 114 is | nproVve

reduced) sVidkess hardaess ysBAHV).0r Thatidkemhadinbbo 68) dfakie msateaal dfehe
i mproved. Therefore, inprovenent of the SNR and further increase of the
recor di ng thrget foy fareningtheesrfi magnetic layer 114 and the Vickers hardness (B) of

the material of the target for forming the first preceding underlayer 116a are set

such that A < B.

With this configuration, the first preceding underlayer 116a has a Vickers
hardness higher than that of the soft magnetic layer 114, Therefore, the first
preceding underlayer 116a can have a function of protecting the soft magnetic
layer 114 from the sputtering deposition of the second preceding underlayer
116b. Specifically, when the first preceding underlayer 116a that is harder than
the soft magnetic layer 114 is provided between the second preceding
underlayer 116b and the soft magnetic layer 114, the soft magnetic layer 114 is
protacted by the first preceding underlayer 116a even if the second preceding
underlayer 116b is formed with application of a bias voltage as in the prior art.
Therefore, it is possible to eliminate adverse influence on the soft magnetic
layer 114 from the second preceding underlayer 116b. Thus, the surface

roughness of the soft magnetic layer 114 is reduced. [n other words, the

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



The Vickers hardness (B) of the first preceding underlayer 116a is
preferably at |east 800 HV. This is because the Vickers hardness of a
soft magnetic layer 114 currently useggis equal to or higher than about
700 HY and is lower than 750 HV. |If the Vickers hardness of the first
precedi ng underl ayer 116a exceeds that value, the first preceding
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i ncreased. I n order to ensure that the Vickers

precedi ng SNRdgnd further inkPeadesofithe hedoriingricnBry cah beRhRREH, magnetic | ayer
114, it is preferable for the first preceding underlayer 116a to contain

Ta in a range oThelWicketmardnéss (B)aH thae arst précediig inddiayec 9184 gur at i on,
the soft magnetic |layer 114 can suitably be protected by using the first
precedi ng prefisrably\atiledst 880 H\r t This ischesausa¢hé Maketsharkiness obé sbfte fir st
precedi ng under| ayer 116a is preferably in a range of 1 nmto 3 nm |If
t he t hi ckn®agnetic laner 114 surrentiycusgidis equabt@rqrmr%hmab@unmesl—lvm | nm
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configuration, it is possiblle to prevent rros ~deposition fromthe
sof t magnefuritel mekideMommd Bpetificdllyaihe firftepretBding LnBela\iraabans stics.

The second precedi ng underl ayer 116b has a functrion of "aligning the
magnet i zat preferablyyfoaned obNiTahuer Nigk agwsath alcase; thadKekkrs hardness of the
first preceding underlayer 116a can suitably be increased.
In order to ensure that the Vickers hardness of the first preceding
underlayer 116a is higher than that of the soft magnetic layer 114, it is
preferable for the first preceding underiayer 116a to contain Ta in a range of 40
atomic % to 85 atomic %. With this configuration, the soft magnetic layer 114
can suitably be protected by using the first preceding underiayer 116a.
Furthermore, the film thickness of the first preceding underiayer 116a is
preferably in a range of 1 nm to 3 nm. If the thickness of the first preceding
underlayer 116a is less than 1 nm, then the first preceding underlayer 116a may
be unable to satisfactorily protect the soft magnetic layer 114. If the thickness
of the first preceding underlayer 116a is greater than 3 nm, then the first
preceding underlayer 116a may inhibit transmission of the magnetic fiux to the
soft magnetic layer 114 when signals are writfen in the perpendicular magnetic
recording medium 100.

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



structure (hcp structure) included in the underlayer 118 fornmed on the
second preceding underlayer 116b with a direction perpendicular to the
disk. It is preferable for the second gy ecedi ng underlayer 116b to have
a structure in which the (111) surface of the face-centered cubic
structure (fcc structure) is in parallel to the principal surface of the
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116b can betroetlee fdp stascturepincheicdtinnhes udista/pee @18 fornital smdRy danomg 118 of
Ru. Accordingly, it is possible to pronpote continuous growh of crystal

grai ns fropredesirgpundetayerdt8h with adirkstibaperpdntiidulactotthe diskdettl igyer 118.
Furthernore, for atom c distance matching with the underl ayer 118, the
second pr epeeferaple faidhe agesndp@oeding undeflayercet! 6byto hawve tacstrunduretinl e a bi as
is applied to the disk substrate 110. In this case, the crystal

ori ent at i owhigh thed 11 ravstace pé the fegeenteredicupicatagturat(foctsructurgkis in
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precedi ng .
preferably formed of NiIW. Here, the atomic distance of W is closer to the
atomic distance of Ru as compared to the atomic distance of Ni. Therefore,
when the second preceding underlayer 116b contains W, the atomic distance of
the Ni compound of the second preceding underlayer 116b can be made similar
to the atomic distance of the underlayer 118 of Ru. Accordingly, it is possible
to promote continuous growth of crystal grains from the second preceding
underlayer 116b to the underlayer 118.

Furthermore, for atomic distance matching with the underlayer 118, the
second preceding underlayer 116b may be formed by sputtering while a bias is
applied to the disk substrate 110. In this case, the crystal orientation of the
underlayer 118 can be improved. At that time, provision of the first preceding
underlayer 116a below the second preceding underiayer 116b prevents the
surface layer of the soft magnetic layer 114 from being roughened even if a bias
is applied during the formation of the second preceding underlayer 116b.

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



under| ayer 116a to the second precedi ng underl ayer 116b, resulting in
further inprovenent of the crystal orientation, In the present

enbodi nent, the first preceding underl gger 116a is preferably formed of
Ni Ta or NN Ti, and the second precedi ng underl ayer 116b is preferably
formed of NN W However, the present invention is not limted to those
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precedi ng undenayeydn 63 16 theasstonpraesding undsGsed i1n6b WedarihgYefurfhkéb maybe
formed of alloy that contains the aforenentioned netal as™a principal

conponent anprozementohthei ongstelnmiemtatioor, e  addi tive el ements of Ti, V, Cr,
M, and W Fig. 7 is a graph showing variation of the Vickers hardness of
the first prechuihggpraserdramniyasdiment shefitsh presegding undertayer tthgpissi t i onal
ratio. The first recedi ng_under| ayer 116a was formed of NiTa. A
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under | ayer fokdRd of any material that can prevent corrosion deposition from the soft

magnetic layer 114 and can maintain the magnetic characteristics. Therefore,

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

may be formed of a material selected from among Ni, Cu, Pt, Pd, Zr, Hf, Nb,

and Ta. Furthermore, the first preceding underlayer 116a and the second

preceding underiayer 116b may be formed of alloy that contains the

aforementioned metal as a principal component and also contains one or more

additive elements of Ti, V, Cr, Mo, and W,

Fig. 7 is a graph showing variation of the Vickers hardness of the first

preceding underlayer 116a with respect to the compaositional ratio. The first

preceding underlayer 116a was formed of NiTa. A specimen was produced by

a quenched ribbon method (melt-spun method). The Vickers hardness was

measured by pressing an indentator into the specimen under a test load of 25 g.

The Vickers hardness shown in Fig. 7 was defined by an average of 10

measurements.

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



formed of Nl and Ta is higher than that of the soft magnetic |ayer 114,
i.e., the Vickers hardness is at |east 800 HV, the Ta content should be
in a range of 40 atomc %to 85 atom ﬁg% Figs. 8A and 8B show vari ation
of the SNRwith respect to the film thickness of the first preceding
under| ayer 116a. Fig, 8A is a table show ng the conpositions and the SNR
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first precgfticBding underlayer 116b contained 95 atomic % Ni and 5 atomic % W.

As shown in Fig, 8A, Example 41 employed a perpendicular magnetic
recording medium 100 including a first preceding underlayer 118a formed of
45Ni-55Ta with a Vickers hardness of 950 HV and a second preceding
underlayer 116b having a film thickness of 7.2 nm. Comparative Example 41
employed a perpendicular magnetic recording medium 100 including a first
preceding underlayer 116a formed of 97Ni-3W with a Vickers hardness of 160
HV and a second preceding underlayer 116b having a film thickness of 4.3 nm,
Comparative Example 42 employed a 'perpendicular magnetic recording
medium 100 including a first preceding underlayer 118a formed of 90Ni-10Ta
with a Vickers hardness of 250 HV and a second preceding underlayer 116b
having a film thickness of 5.8 nm.

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

higher SNR could be obtained in Example 41 as compared to Comparative



under| ayer 116a fornmed by using such a target is interposed between the
soft magnetic |layer 114 and the second precedi ng underlayer 116b. In
such a case, the soft magnetic |ayer Xkt can be protected fromthe
sputtering deposition of the second precedi ng underl ayer 116b, and
adverse influence on the soft magnetic layer 114 fromthe second

pr ecedi ng erI a be el |m ated. The efore t he surface
roughness ggf‘ r]‘?a@net Sy QW TQ O,tlys 8” fheVickers: oughness
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ori ent atlorabnfaftnaﬂﬂa&ré uRirst Ta) 8PS Mckdh n%?attggt%cg}%ﬁyﬁg ‘e " Oved- s

descri bed above, accor resen enpo

precedi ng. uegddiy Bhd tkﬁ,@rﬁ@e Q%taé@hrtaamwgefhm fecdlfigtker s

har dness hi gher han ness of a target r form ng
the soft magwetiager 11@adormdd by %sﬁn@%ﬂcﬂ%ﬁta@g‘ett@ﬁmté:‘%ke%@ﬂ@éérﬁhbw 114.

In this case, the surface roughness of the soft rmagnetic layer 114 is

prevent ed fmagneticdagsrsi1dandithe sgcond preéceding urderialet MBEs edardchaecedi ng
under | ayer 116b. The roughness of the boundary surface between the
second pr ecasenthesoffanagnatic layssi! ldnzan beeprodédted fagntha sputteying 114 is
reduced. Therefore, the crystal orientation of the |ayers forned on the
sof t rragnetﬁ‘leﬁoﬁlél%ﬁflhﬂsﬁ@nﬂrﬁﬁeeﬁﬁﬂm U@Wé%@éﬂﬁbyand seinfleencs onhe SNR
and further increase f t he recordjing den can be achieved. Although
preferred &IR#P {t ?ﬂﬂi’%%&g F‘a $uaderiayes 16 &an kBove

hot 11 ?éfeﬁ‘ﬁﬁnqttﬁeé Qﬁa ittt ‘” U g e Rorf Bt BVeSiifiea” o
W thin the eiiad sfd ?’h%%ibbéﬁ% ﬂ%@ﬁﬁ%%ﬁ% e RfRE T Kb
the.scope Sk‘rfﬁﬁ%ﬁ*“?ﬁi%éﬁ?t'a e B b LT Rgule, DhpRpSadetih, v 1 1
the crystal orientation of those layers is improved, so that the SNR is improved.
As described above, according to the present embodiment, the first
preceding underlayer 118a formed by using a target having a Vickers hardness
higher than the Vickers hardness of a target used for forming the soft magnetic
layer 114 is provided on the soft magnetic layer 114. In this case, the surface
roughness of the soft magnetic layer 114 is prevented from increasing during
the formation of the second preceding underlayer 116b. The roughness of the
boundary surface between the second preceding underlayer 116b and the soft
magnetic layer 114 is reduced. Therefore, the crystal orientation of the layers
formed on the soft magnetic layer 114 is improved. Consequently,
improvement of the SNR and further increase of the recording density can be
achieved.
Although preferred examples of the present invention have been
described above with reference to the accompanying drawings, the present
invention is not limited to those examples. It would be apparent to those

skilled in the art that many modifications and variations may be made therein



The present invention is applicable to a perpendi cul ar magnetic
recordi ng nedi um nount ed on a perpendi cul ar magnetic recording type hard
di sk drive (HDD) or the like and to a ggethod of manufacturing such a
medium 62 WHAT IS CLAIMED I'S: 1. A perpendi cul ar magnetic recording
medi um conprising a nagnetic recording | ayer that records a signal, an
underlayer farned of npoynd bel ow t he nmagneti c recordlng

I aéer I ﬁ%‘ﬂ“ﬂﬁ%ﬁ?‘??? ?fatDSrPrTWeBF'Dn seciied- 'ﬂﬁ'@?‘l@lﬁi S.relt 8howld bse| ?W t he
mmgnet | & 1WABrSBPH RatROA b BRLTR A deibions REyRnThe Rike of B it e on

whi ch the t. ording | ayer, the underlayer the non- magnetic
| ayer, dﬂ?%gﬁlhﬁ?ﬁﬁﬁgnetic | ayer are forned, the non-nagnetic |ayer
conpri5|ng a first non-magnetic |ayer forned above the soft magnetic
| ayer and a second non-nmagnetic |ayer formed above the first

non- magnet|h,8ustAdEApplicaBilify St non-nmagnetic |ayer being formed of
anorphousthuconpdﬂ%ﬁ g%d t he second non-nmagnetic | ayer being forned of

crystalline N THe gresghfihvémtpn lylapﬁﬁéHWWa pérpehtfculsr Aaghkticl| ar magnetic
recording mediumas recited in claiml1, wherein the first non-magnetic
| ayer contratoslingmediuniricuntedor atpersendiciladmagnetic tdvording typecioardi st i ng
of Ta, Ti, H, Re, GCs, Ir, Mo, No, Zr, and V or a conpound thereof in a
range of fdishdrve a-tIIBB) or thet likeamdtoaninetiuad &f mahefaptaripgrstich @ mediveynet i ¢
recording mediumas recited in claiml, wherein the second non-nmagnetic
| ayer contains one or nore elenents selected fromthe group consisting
of W C, M, Re, Al, Cu, and Mh or a conpound thereof in a range of
from3 atomc %to 8 atomc % 4. A perpendicul ar magnetic recording
medi um conprising a magnetic recording |layer that records a signal, an
under |l ayer formed of Ru or Ru conpound bel ow the magnetic recording

| ayer, a non-nagnetic |ayer to control



crystal orientation of the underlayer, a soft magnetic |ayer provided
bel ow the non-magnetic |ayer, and a substrate on which the nagnetic
recording |layer, the 63 underlayer, tig® non-magnetic |ayer, and the soft
magnetic | ayer are forned, the non-nagnetic |ayer conprising a first

non- magnetic |layer formed of an anorphous material above the soft
magnetic | ayer, and a second non- magnetic |layer fornmed of a crystalline
material with an fcc structure above the first non-magnetic |ayer, the

magnetic r e | QMFE ing formed of a Co-based alloy that grows
into a col Sﬁnﬂgr Igﬁcape oD?s(;'rm magnetic crystal grains and a plurality of

oxi des that for ] eflc PErEIERR ; &

grains. 5. The ggrgg%bﬁgﬁ?ﬁgwaﬁgg eHE]c(:: recg@girﬁgdlrar@tdl u é&éﬁ?@ﬁ%@ﬁfn
claima4, vbesrding lapér thaf Glcofdta BREBE BhGrldRY8 H B8 | r nore

el enents sel ecte f?%m t he groupgggnsi sti r?gwo¥e%@ﬁhgg§$§g@%9, Zn, Pd,
and Pt or azoopuuodrbkidvtheniagneticirezoeding layerca RbEIRARIRLS Syee teiendd &M t he

group consisting of Ta, Ti, H, Re, Gs, Ir, Mo, Nbo, Zr, and V or a
conpound t laeneremageetiad material befoiv the underiayeretd contret orystal grisrtitiomodis
recited in claim4, wherein the second non-nmagnetic |ayer contains: one
or nore el deHpderiavesc eeft magnetinlaygr piayidashelewithg non-magnatis, layar, Cr,
Y, and Ag or a c ound thereof, and one or nore elenents selected from
the group @HASA %%Q@?%Pn wml@r &el\m?gn%& regprding laygh dhavHnderiayes dhe oend
et ol et RS S e o AF L e e daPpdoc um 2s recited i
Lot e 95 ouP, uReRah At colristas P oBRmiherB eRoriis rono
conpri si Ngahb0é M GoffnRhbtic BYBPAAE al BEBhd ABnnadiistic’18{ & formed above

the first non-magnetic layer,

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

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

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

4, Aperpendicular magnetic recording medium comprising a magnetic
recording layer that records a signal, an underlayer formed of Ru or Ru
compound below the magnetic recording layer, a non-magnetic layer to control
crystal orientation of the underlayer, a soft magnetic layer provided below the

non-magnetic layer, and a substrate on which the magnetic recording layer, the



formng a first non-magnetic |ayer of anorphous N conpound on the soft
magnetic | ayer without a bias voltage applied to the substrate; 64
form ng a second non-nagnetic | ayer of G?rystal line Ni conmpound on the
first non-nmagnetic |ayer with a bias vol'tage applied to the substrate;
form ng an underlayer of Ru or Ru conmpound on the second non- magnetic
| ayer; and faqr 'neq_ magneti c recordi ng | ayer above the underlayer, that
records a @BSH‘%N%E RENelilayer, ?‘Bgiﬂﬁ%ﬁoﬁt magngtiedayer arefasingd; he fir st
non- magnetic | gyer contains, Nl _and a co fou d of one or nore el enents

y A st

sel ected from t HF "OR-GIASNEHR Lver coPEsing nomymagigtic fayer formaghol N,
Zr, d V. . ' | | aj.m. 8, wh in th d
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conpri si ngﬁ%t%ﬁﬂﬁé?ﬁe&cﬂﬁ?ér&hng | ayer that records a signal, an
or

under | ayer forned o conpound bel ow the magnetic recording

layer, a seconthewaghegheicordihg)syer beingeermeéd of 8 Ub-bReEwPAlicy thatyst al | i ne
material below the underlayer to control crystal orientation of the

under | ayer grawd inte t columnareghpeito foray magheticrerysta geains yad al glurditynet er i al
bel ow t he second non-magnetic |ayer, a soft magnetic |ayer provided

bel ow t he bkides thatforms nenimagdrefic grainmsuadateshbeimeea the crysitaligrains,
magneti c recording_| ayer, the underlayer, the first and second.

non- magnet i c | ayer $hepepandiculyimagpgfitsecerding medine as seeied, intlaim 4et hod
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Cu, Zn, Pd, and Pt or a compound thereof, and

one or more elements selected from the group consisting of Ta, Ti, Hf,
Re, Os, Ir, Mo, Nb, Zr, and \ or a compound thereof.

6. The perpendicular magnetic recording medium as recited in claim 4,
wherein the second non-magnetic [ayer contains:

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

one or more elements selected from the group consisting of W, Cr, Mo,
Re, Al, Cu, and Mn or a compound thereof,

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

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

forming a soft magnetic layer on a substrate;

forming a first non-magnetic layer of amorphous Ni compound on the soft

magnetic layer without a bias voltage applied to the substrate;



form ng the second non-nmagnetic |ayer on the first non-magnetic |ayer
with a bias voltage applied to the substrate; 65 the Vickers hardness of
A and the Vickers hardness of 8 being ggfined by an inequality of A<B.
12. The method as recited in claim1ll, wherein the second non- magnetic

| ayer is formed of NW 13. The rrethod as recited in claim1l, wherein

the first non- netic | ayer is for?efﬂygf lf\li Ta or NITi. 14. The net hod
as recited in ci® Fﬁgliasseg\?fﬁf%‘i"ﬁ"?gﬁé £ At cyetaliine i campoynshomthgnet i ¢

I IS i f. f 4 %to 8 ic % 15. Th t hod
recited hﬁ@?aﬁﬁa’?ﬁsn‘%nﬁgés&w h2bGRbiAe APl SubRIRR: nor “siml 1o
h 800 HV. 1 he fi
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rim 17, hBGOfHyek!Ad magneti c recordi ng medi um conprising a magnetic
recordi ng Ia?er t hat 'records a signal, an underlayer formed of Ru or Ru

conpound bel ow fohﬂuf@iﬂﬁﬁfgnétm %rﬁhg%ﬁé%bve%éﬁﬁm PQhﬂﬁ‘éESﬁds“a | ayer
er

formed of a non-magnetic crystalline material below the un l'ayer to
control csigatlal orientation of the underlayer, a soft magnetic |ayer
provi ded bel ow the second non-nmagnetic |ayer, and a substrate on which
t he magnetic regor Uhenmetihad as redited uumldmnl&ay\éveremhbe fiest ood-magmetizgnet i ¢
| ayers, and the soft magnetic |ayer are forned, the perpendi cul ar

magnet i ¢ rleyer enmaingd¥iiang 3 mmn@und;@fme of mgreelemants seleateddtorothe | ayer

formed of a crystalline and vi ded _bet ween the second
non- mgnetgr@upﬁéﬁ'sﬂﬂﬂqﬁgﬁoﬁl 5‘1 gﬁb,erqnd Yrotecting the soft

magneticlayer_Lo tterln eposi t.i nof t he second
non- magnetic | @ n?'henﬁ'n sr cited in claﬁn% Wherein the Secon non-magnetic

layer contains Ni and a compound of one or more elements selected from the
group consisting of W, Cr, Mo, Re, Al, Cu, and Mn.

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

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

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

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

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

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

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

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

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

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

17. A perpendicular magnetic recording medium comprising a magnetic
recording layer that records a signal, an underlayer formed of Ru or Ru
compound below the magnetic recording layer, a second non-magnetic layer
formed of a non-magnetic crystalline material below the underlayer fo control
crystal orientation of the underlayer, a soft magnetic layer provided below the
second non-magnetic layer, and a substrate on which the magnetic recording
layer, the underlayer, the second non-magnetic layers, and the soft magnetic
layer are formed,

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

layer.



