DESCRIPTION PERPENDICULAR MAGNETIC RECORDING MEDIUM
Technical Field [0001] The present invention relates to a perpendicular
magnetic recording medium mounted on a perpendicular magnetic
recording type HDD (hard disk drive) or the like. Background Art [0002]
Various information recording techniques have been developed along with
recent increase of capacity in information processing. Particularly, the
areal recording density of HDDs using a magnetic recording technique
has continued to increase at an %ﬁn%&aﬂg'@ﬁ@f\hbout 100 %. Recently, a
2.5-inch perpendicular magnetic recording medium used for an HDD or
the like has been required to have an information storage capacity
greater thanPESAFERPRCUEKRIVAGAIET [0 FRE IR BI NER TARD iU 9!
necessary to achieve an information recording density greater than 250
Gbit/inch2. [0003] In recent years, perpendicular magnetic recording

edia of perpendicular magnetic recording type have been proposed in
g‘%&g%aéf ?fqﬁe a higher recording density of a magnetic recording
medium T@@m r an HDD or the like. In a perpendicular magnetic
recording type, an axis of easy magnetization in a magnetic recording
layer is aliiaegedssn b e hikoor ietadeksito a geegotodipeiremdignétictoezording
surface of a substrate. The perpendicular 1 magnetic recordin&éﬁge IS
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Background Art

[0002]

Various information recording techniques have been developed along
with recent increase of capacity in information processing. Particularly, the
areal recording density of HDDs using a magnetic recording technique has
continued to increase at an annual rate of about 100 %. Recently, a 2.5-inch
perpendicular magnetic recording medium used for an HDD or the like has been
required to have an information storage capacity greater than 160 GB per disk.
In order to meet such a demand, it is necessary to achieve an information
recording density greater than 250 Gbit/inch?.

[0003]

In recent years, perpendicular magnetic recording media of
perpendicular magnetic recording type have been proposed in order to achieve
a higher recording density of a magnetic recording medium used for an HDD or
the like. In a perpendicular magnetic recording type, an axis of easy
magnetization in a magnetic recording layer is arranged so as to be oriented in

a direction perpendicular to a surface of a substrate. The perpendicular
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longitudinal magnetic recording type. [0004] As a magnetic recording
medium of perpendicular magnetic recording type, a CoCrPt-SiO2
perpendicular magnetic recording medium has been proposed because it
exhibits high thermal stability and excellent recording characteristics (see
Non-patent Document 1). A granular structure in which non-magnetic
grain boundary portions are formed between magnetic grains that have
grown continuously in a columnar shape is formed in a magnetic recording
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non- gnetic grain boun on-magnetic porti

IaGInedie I atagh chierrexerapig.tiprye has been proposed to use one of
Si02, Cr203, TiO, TiO2, and Ta205 (Patent Document 1). [0005]

Furthermi®@04l size-reduction promoting layer having a non-magnetic

granular structure (also referred to as an onset layer in spome cases) in .
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ocument 2). The size- reduction promoting layer is deposited on a Ru
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magnetic coercive force Hc. The coupling of the crystal 2 grains also
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magnetic coercive force Hc. It has been known that an oxide is used for non-
magnetic grain boundaries (non-magnetic portions between magnetic grains).
For example, there has been proposed to use one of SiO,, Cro03, TiO, TiO,,
and Ta,Os (Patent Document 1).

[0005]

Furthermore, a size-reduction promoting layer having a non-magnetic
granular structure (also referred to as an onset layer in some cases) in which
SiO, is segregated at grain boundaries of a non-magnetic metal of CoCr may be
provided below a magnetic recording layer (Patent Document 2). The size-
reduction promoting layer is deposited on a Ru underlayer, which is a
continuous crystal that is not isolated. Therefore, when a granular layer is to
be formed on a Ru layer, segregation is not necessarily completed at an initial
stage. The crystal orientation of bases of the granular columns is disordered,
and the bases of the granular columns spread laterally such that they are
coupled to each other. The disorder of the crystal orientation causes decrease

of the SNR or the magnetic coercive force Hc. The coupling of the crystal
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promoting layer allows the bases of the granular portions to be formed of
non- magnetic substance and thus serves to promote segregation and
isolation of the granular portions (magnetic grains) in the magnetic
recording layer even if the bases of granular portions have been coupled
to each other. Non-patent Document 1: T. Oikawa et al., IEEE Trans.
Magn, vol. 38, 1976-1978 (2002) Patent Document 1: JP-A-2006-024346
Patent Document 2: JP-A-2006-268972 Disclosure of Invention
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improvement in crystal orientation of the magnetic recording layer,

t&FGeiomD{2002)rain diameter of magnetic grains, and isolation of the
magnetichrains. Specifically, for increasir%the recording density of a

medium, TAeHE SRV BaMifork 28 -2996r08d84 6he grain diameter of
magnetiorgc{pé'ﬁmgg&m%{ozmﬂinﬁe@b%g ggayon state in which

individual magnetic grains are magnetically decoupled. [0007] 3
Furthermore, improvement of the magnetic coercive force He is

Disclosure of Invention
Problem(s) to be Solved by the Invention

[0006]

Magnetic recording media have been increased in recording density as
described above. Further improvement in recording density has been
demanded. Important elements for a higher recording density include various
factors such as improvement of the magnetic coercive force Hc, the overwrite
performance, improvement of the SNR (Signal-Noise Ratio), and reduction of
the track width. Improvement of the SNR, which is important among others, is
achieved mainly by noise reduction of a magnetic transition region in a
magnetic recording layer. Noise reduction requires improvement in crystal
orientation of the magnetic recording layer, reduction of the grain diameter of
magnetic grains, and isolation of the magnetic grains. Specifically, for
increasing the recording density of a medium, it is desired to uniformize and
reduce the grain diameter of magnetic grains and also to maintain a segregation
state in which individual magnetic grains are magnetically decoupled.

[0007]



achieved by optimization of the materials or the crystal orientation of a
magnetic layer and an underlayer, the film arrangement, and the like.
Improvement of the SNR is achieved mainly by noise reduction of a
magnetic transition region in a magnetic recording layer. In order to
improve both of the magnetic coercive force He and the SNR, it is
desirable to uniformize and reduce the grain diameter of magnetic grains
and also to maintain a segregation state in which individual magnetic
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density. [0009] Furthermore, in the aforementioned CoCrPt-Si02
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Si02 allowad oxide to be segregated at grain boundaries without
inhibitingepitaxial growth of CoPt. Therefore, the SNR (Signal-Noise

Ratio) camberimimiteyaddyysadedipg itiensice | @f magnetic wedrdingdayer,
promoting isolation between the magnetic grains. [0010] Various .
peatidas!yor HeffdPRacd pearrasichipemaaneiisrnesardiag layer, is suitable

because it has a high magnetic coercive force (Hc) and can reduce a reversed
domain nucleation magnetic field (Hn) to be a small value less than zero so as
to improve resistance to heat fluctuation and to have a high SNR. If an
element such as Cr is contained in the perpendicular magnetic recording layer,
Cr can be segregated at grain boundary portions of magnetic grains.
Therefore, magnetic grains can be isolated such that the exchange interaction
is blocked. Thus, the Co-based perpendicular magnetic recording layer is
conducive to increase of the recording density.

[0009]

Furthermore, in the aforementioned CoCrPt-SiO. perpendicular
magnetic recording medium, addition of an oxide such as SiO, allows the oxide
to be segregated at grain boundaries without inhibiting epitaxial growth of CoPt.
Therefore, the SNR (Signal-Noise Ratio) can be improved by reducing the size
of magnetic grains and promoting isolation between the magnetic grains.

[0010]

Various materials for oxides have been examined. Furthermore,

4



provision of two or more magnetic recording layers has been studied to
simultaneously achieve high magnetic coercive force He and SNR,
overwrite performance, and the like. [0011] Reduction in size of magnetic
grains and isolation of magnetic grains are influenced by the thickness of
an oxide in the horizontal direction (longitudinal direction) that has been
segregated at grain boundaries. If the amount of oxide is increased, the
SNR is improved at a high recording density. If the amount of oxide is
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ptaRAdEdaitethdlxamount of oxide that can be contained has a
limitation. Thus, limits are put on reduction in size and improvement of

isolation.[fDHI3] An object of the present invention is to provide a
perpendicular magnetic recording medium capahle of further increasing a .
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conversion characteristics (the SNR in particular). Means to Solve the
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magnetic grains, the inventors have examined oxides that form grain
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anisotropy is deteriorated, resulting in problems of degradation in thermal
stability and increase of noise. In other words, while it is effective to contain an
oxide at grain boundaries, the amount of oxide that can be contained has a
limitation. Thus, limits are put on reduction in size and improvement of
isolation.

[0012]

An object of the present invention is to provide a perpendicular
magnetic recording medium capable of further increasing a recording density by
increasing magnetostatic characteristics (the magnetic coercive force Hc in

particular) and increasing electromagnetic conversion characteristics (the SNR

in particular).

Means to Solve the Problem(s)

[0013]

For the purpose of size reduction and isolation of magnetic grains, the
inventors have examined oxides that form grain boundaries. The inventors
have attracted attention to the fact that effects of an oxide differ depending not

only upon the amount of the oxide, but also upon the kind of the oxide. The
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inventors have diligently studied effects depending upon the kind of an
oxide and have found that SiO2 tends to promote size reduction of
magnetic grains and that TiO2 tends to improve electromagnetic
conversion characteristics (the SNR in particular). [0014] Thus, different
kinds of oxides have different characteristics. An appropriate oxide can
be selected for desired performance. However, those characteristics have
both advantages and disadvantages. Any oxide does not necessarily

imeRigerRG dioentheSHe eTTRGSOPRRGRG HBRICD2{INfHES an oxide
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plurality of oxides. [0016] Conventionally, a Ru underlayer has been

phRideeaicprbving the crystal orientation of magnetic grains in a
magneti;:I % ding layer. Furthermore, a size-reduction promoting layer
has bee Q)

of.

Swl]ded for eliminating influence of crystal growth at an initial
stage. Alpf esAaRHRAIRBICHiGERTRNS dint RpitRralaEwisa A
columnar shape from hcp crystals of Ru. [0017] In contrast thereto, the
appoionia teawe det ot dub attdadiea to thoke Setd thatfovmeam oey stél @ransr, those
grow through a plurality of layers inclugg}?r%g a size- reductionegromoting
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when an [@gope) layer is deposited with a combination of new materials

after movement to a next chamber, then isolation and size reduction
The inventors have examined whether to simultaneously exhibit

characteristics of a plurality of oxides and have found that those characteristics
can be obtained without cancellation by properly using a plurality of oxides.

[0016]

Conventionally, a Ru underlayer has been provided for improving the
crystal orientation of magnetic grains in a magnetic recording layer.
Furthermore, a size-reduction promoting layer has been provided for eliminating
influence of crystal growth at an initial stage. All of these assume that Co
crystal grains epitaxially grow in a columnar shape from hcp crystals of Ru.

[0017]

In contrast thereto, the inventors have attracted attention to the fact
that, when crystal grains grow through a plurality of layers including a size-
reduction promoting layer, a first magnetic recording layer, and a second
magnetic recording layer, they do not necessarily grow in a one-to-one
relationship on the interfaces. Specifically, for example, if one column rises on
two columns when an upper layer is deposited with a combination of new

materials after movement to a next chamber, then isolation and size reduction
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6 of crystal grains become insufficient even though a granular structure
has satisfactorily been formed in a lower layer. [0018] Therefore, the
inventors have found that crystal grains can grow in a one-to-one
relationship with continuous growth of grain boundaries in addition to
continuous growth of the crystal grains. Meanwhile, appropriate kinds of
oxides that meet required functions should be selected for the
size-reduction promoting layer, the first magnetic recording layer, and the

QLEDIA BB LARRTIRIAG AP RUGERGA FEgERIRRHEiLTe has
ES%?%%HHPX%%}?% elpHel c?\%Wéert_Eid(;;éf’;uns can further be promoted if

grain boundariés can be made continuous even though different oxides
are used[gopdgpus have completed the present invention. [0019] Atypical
configuration of a perpendicular magnetic recording medium according to

the presehtérotaigothie yrRmyshavefonagisat esxsialiorrinfeaamgrow in a
having a magnetic recording layer with a granulay structure in which "
B Tt AT B M5 IR LT Bh S S PRl addition
QRBRIAGOSYR ML GRIERNRAISH IS COMBIRaRSdidbriate kinds of
characterized that the grain bounjgfry portions contain g% ur(%il)irt?oef klirr]ldsé °
ofioisidisaf0026] redthrdu:faboiensostiiguich bers el ésedskib b eostiatardaiction
perpendicular magnetic recording medium that can have characteristics
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magnetic grains can further be promoted if grain boundaries can be made
continuous even though different oxides are used and thus have completed the
present invention.

[0019]

A typical configuration of a perpendicular magnetic recording medium
according to the present invention is a perpendicular magnetic recording
medium having a magnetic recording layer with a granular structure in which
non-magnetic grain boundary portions are formed between magnetic grains that
have grown continuously in a columnar shape. It is characterized that the
grain boundary portions contain a plurality of kinds of oxides.

[0020]

With the above configuration, it is possible to obtain a perpendicular
magnetic recording medium that can have characteristics of a plurality of
oxides, can reduce noise by further size reduction and isolation of magnetic
grains in a magnetic recording layer, and can increase the recording density by
improvement of the SNR.

[0021]

The plurality of kinds of oxides may include both of SiO, and TiO..
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The plurality of kinds of oxides may include both of SiO2 and Ti02. 7
SiO2 has characteristics of promoting size reduction and isolation of
magnetic grains, and TiO2 has characteristics of improving
electromagnetic conversion characteristics (the SNR in particular). Those
oxides are segregated in a composite manner at the grain boundaries of
the magnetic recording layer. Thus, advantages of both oxides can be
attained. [0022] The content of all of the plurality of kinds of oxides is

piSrhaseirAGisisiey AbRIaMAting sizeeRycionanshiggiation of magnetic
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recording layers having a granular structure are provided, a plurality of
eiapasisxmesmeaRbiegirimbaundpErs pbtheimggnsationeasrdingdayer.
f the magnetic recording layers., Furthermore, two or more of the
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of kinds %ggges. [0024] Another typical configuration of the

perpendicular magnetic recording medium according to the present
inventionTe garfeErdEalhoihgnmEticaligcot ding srefdivniddwaid myeittahdy & a
first magnetic recording layer and a second ma(%netic recording layer on a
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granular’structure 1n which non-magnetic grain boundary portions are
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columnar shape. The grain boundary portions of the first magnetic
recordind0023]

When a plurality of magnetic recording layers having a granular
structure are provided, a plurality of kinds of oxides may be contained at grain
boundary portions of at least one of the magnetic recording layers.
Furthermore, two or more of the plurality of magnetic recording layers or all of
them may contain a plurality of kinds of oxides.

[0024]

Another typical configuration of the perpendicular magnetic recording
medium according to the present invention is a perpendicular magnetic
recording medium having at least a first magnetic recording layer and a second
magnetic recording layer on a substrate in an order named. The first magnetic
recording layer and the second magnetic recording layer are a ferromagnetic
layer having a granular structure in which non-magnetic grain boundary portions
are formed between magnetic grains that have grown continuously in a
columnar shape. The grain boundary portions of the first magnetic recording
layer and the second magnetic recording layer contain a plurality of kinds of

oxides.



layer and the second magnetic recording layer contain a plurality of kinds
of oxides. 8 [0025] With the above configuration, it is possible to obtain a
perpendicular magnetic recording medium that can have characteristics of
a plurality of oxides, can increase magnetostatic characteristics (the
magnetic coercive force He in particular) by further size reduction and
isolation of magnetic grains in a magnetic recording layer, and can
increase the recording density by improvement of electromagnetic
conversidB®@Rracteristics (the SNR in particular). [0026] Preferably, A <

B where feaest Al Lo e AHAY CNIRAL Btes POARBG Hcuar

the first magnetic recording mol%, an content
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recording layer is defined by B mol%. This configuration can improve the
OWemsrtaiinasteasainaanetosialced aragiesisticd éifteymagoetideaataive force

igh SNR. [0027] The content of all of the plurality .of kinds of oxides . .
S RRoH ) b Ry R (EUD Ry e et BrPRBlrains in a
FREGHUNG la¥sidmBRifsRniNCAH Age 10N REMIHG derbR ey Within
the aforementioned range, advantages can be more than those of‘each
syieyverds DO tledectrumiagde ixidesy §06i28)] clhheapterattgsoftkimGNGT in
oxides can be selected from among SiO2, TiO2, Cr02, Cr203, ZrO2, and
RABEE e oxides may be a substance that can form

[0026]

Preferably, A < B where the content of all of the plurality of kinds of
oxides contained in the first magnetic recording layer is defined by A mol%, and
the content of all of the plurality of kinds of oxides contained in the second
magnetic recording layer is defined by B mol%. This configuration can
improve the OW performance with maintaining the magnetic coercive force Hc
and a high SNR.

[0027]

The content of all of the plurality of kinds of oxides contained in the first
magnetic recording layer or the second magnetic recording layer is preferably in
a range of from 6 mol% to 12 mol%. Within the aforementioned range,
advantages can be more than those of each single oxide of the contained
oxides.

[0028]

The plurality of kinds of oxides can be selected from among SiO,, TiO,,
CrO,, Cr03, ZrO,, and Ta20s. The oxides may be a substance that can form
grain boundary portions around magnetic grains so as to suppress or block the
exchange interaction between the magnetic grains. Particularly, it is preferable

to contain both SiO, and TiO,. For the first magnetic recording layer, it is

9



grain boundary portions around magnetic grains so as to suppress or
block the exchange interaction between the magnetic grains. Particularly,
it is preferable to contain both SiO2 and TiO2. For the first magnetic
recording layer, it is 9 preferable to use one of combinations including
Cr203+Si02, Cr203+TiO2, and Si02+TiO2. SiO2 has characteristics of
promoting size reduction and isolation of magnetic grains, and TiO2 has
characteristics of improving electromagnetic  conversion characteristics

preiesRiie; topis R Rns HaRsERIBRlRNS ARSIieine JatdihSiQariseidne 1102, and
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recording layer is in a range of from 5 mol% to 8 mol%, and A< B where
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He tends to'decrease when the content of all oxides in the first magnetic

recordind0a8@8 is excessively large or is excessively small. Within the
aforementioned range, a higih magnetic coercive force He can be
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the present invention has at least: a size-reduction

contained in the first magnetic recording layer is defined by A mol%, and the
content of all of the plurality of kinds of oxides contained in the second magnetic
recording layer is defined by B mol%.

[0030]

The magnetic coercive force Hc tends to decrease when the content of
all oxides in the first magnetic recording layer is excessively large or is
excessively small. Within the aforementioned range, a high magnetic coercive
force Hc can be obtained. Within the aforementioned range, the magnetic
coercive force Hc has the maximum value when the content of all oxides in the
second magnetic recording layer is 10 mol%.

[0031]

Still another typical configuration of a perpendicular magnetic recording
medium according to the present invention has at least: a size-reduction
promoting layer having a granular structure in which grain boundary portions
containing a first oxide are formed between non-magnetic grains that have

grown continuously in a columnar shape and reducing a size of magnetic grains

of a magnetic recording layer; a first magnetic recording layer having a granular
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promoting layer having a granular structure in which grain boundary
portions containing a first oxide are formed between non-magnetic grains
that have grown continuously in a columnar shape and reducing a size of
magnetic grains of a magnetic recording layer; a first magnetic recording
layer having a granular 10 structure in which grain boundary portions
containing the first oxide and a second oxide are formed between
magnetic grains that have grown continuously in a columnar shaUJ)e; and a

SEHEHESAGHARE @@rdRy RSy RATIRG SR SLARAIIRE RriRRiand a
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magnetic grains that have grown continuou In a columnar shape, on a
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magnetic grains in the second magnetic recording layer as a primary
recordind0a@3a] can further be promoted. Accordingly, electromagnetic
conversion characteristics (the SNR in particular) can be increased. [0033]

The first SXitb1BP (RSB BKEE Aay e Rt RYFPafBREISRSLIN the
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at can form grain ry portions arou

sugptERS thelilaskmtigneriehareeditig lagbenihe wikein tbetmegnefiaigrains.
[0034] Particularly, the first oxide may be SiO2, and the second oxide
Benparies on each interface can be enhanced. Therefore, not only crystal
grains, but also grain boundaries can grow continuously, so that segregation
and isolation of magnetic grains in the second magnetic recording layer as a
primary recording layer can further be promoted. Accordingly, electromagnetic
conversion characteristics (the SNR in particular) can be increased.

[0033]

The first oxide or the second oxide may be selected from among SiO,,
TiOg, CrO,, Cr03, ZrO,, and Tax0s. The oxides may be a substance that can
form grain boundary portions around magnetic grains so as to suppress or block
the exchange interaction between the magnetic grains.

[0034]

Particularly, the first oxide may be SiO,, and the second oxide may be
TiO.. ltis preferable to use SiO, for the size-reduction promoting layer

because SiO, promotes size reduction. It is preferable to use TiO- for the

second magnetic recording layer because a high SNR can be obtained.

Effect(s) of the Invention
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TiO2. It is preferable to use SiO2 for the size-reduction promoting layer
because SiO2 promotes size reduction. It is preferable to use TiO2 for the
second magnetic recording layer because a high SNR can be obtained.
Effect(s) of the Invention 11 [0035] According to a perpendicular magnetic
recording medium of the present invention, the recording density can
further be increased by increasing magnetostatic characteristics (the
magnetic coercive force He in particular) and increasing electromagnetic
conversidB&Rracteristics (the SNR in particular). Brief Description of
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perpendicular magnetic're INng medium accor

graberimeriniiog., 2his rdBdingdEIBtiNeANfeNABIIR M eRASERNBPMEPEasing
of the perpendicular magnetic recording medium according to the first
erapoainsatic EraracicsigiiepliteRsnac) edrtoastiveHeree dicdmmgttiaular) and

ratio of an gxide or a composite oxide and an SNR in arg(ﬂ and .
R Ra A e AR oS b RGP AR U SRR heparticular).
magnetic coercive force He in a case where the content of a composite
oxide was varied as a whole. Fig. 5 is a table showing evaluation results
Bfibé&tdharipatinrof deractgsstics of CoCrPt-Ti02 (single oxide) and
CoCrPt-SiO2-TiO2 (composite oxide). Fig. 6 is a diagram showing an
example Wpé’ﬁ]arrangement of a perpendicular magnetic recording

o S SRS RSP S
magnetic recording medium according to a first embodiment.

Fig. 2 is a diagram showing an example of an arrangement of the
perpendicular magnetic recording medium according to the first embodiment.

Fig. 3 is a graph showing relationship between a mixture ratio of an
oxide or a composite oxide and an SNR in Example and Comparative
Examples.

Fig. 4 is a table showing the SNR and the magnetic coercive force Hc
in a case where the content of a composite oxide was varied as a whole.

Fig. 5 is a table showing evaluation results of heat fluctuation
characteristics of CoCrPt-TiO; (single oxide) and CoCrPt-SiO.-TiO, (composite
oxide).

Fig. 6 is a diagram showing an example of an arrangement of a
perpendicular magnetic recording medium according to a second embodiment.

Fig. 7 is a graph showing relationship between the magnetic coercive
force Hc and the SNR in Example and Comparative Examples.

Fig. 8 is a table showing the magnetic coercive force Hc and the SNR

in cases where the total amounts of oxides contained in first and second

magnetic recording layers 122b were varied.
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force He and the SNR in Example and Comparative Examples. Fig. 8 is a
table showing the magnetic coercive force He and the SNR in cases
where the total amounts of oxides contained in first and second magnetic
recording layers 122b were varied. 12 Fig. 9 is a graph showing the
magnetic coercive force He in cases where the total amount of oxides
contained in the first magnetic recording layer was varied while the
amount of oxides in the second magnetic recording layer was fixed at 10

mol%. FiEQ@i&aﬁtSb@@@ﬁS\%@% %mﬁgﬂ?é'ﬁw%&?@cf@é?&\}é%?é‘@ses
\Wﬁergqﬂéq§.t8Y§Fﬁ6p‘ﬁtp§f E%Ha‘é‘é‘%%m%ﬁééﬂﬁf i@?gﬁ’@?'ﬂ%}f;gétic recording layer

non-magnetic substance was varie 1ag owing an

WHBNARIDE NN ethis o 5170 o s el the lewedndl ferageeiad pesitvdlimg layer
layer. Fig. 12 is a diagram showing an example of an arrangement of a
yesbxestatatthiaglifetic recording medium according to a third

bodiment. .Fig. 13 is a table showi iti fa .
Cize red ool DrBAGAR A BV Ed  aTeFaS BCRHAUE Sy Brciffaree He,
SRAQRE B\RHIRIE P@%@%@%@@Eﬁ@&%r%%@iﬁeﬁ\fﬁr%ffﬁﬁbﬁé‘%ic
mol%-notation to the atom ic%-notation. Fig. 14 is a graph showing the

SNRtfiBpwitisreapedt to the content of an oxide (mol%). Fig. 15is a
diagram showing the SNR [dB] with respect to the contents and the ratio

of X2_and: g 14 iﬁ@f_ﬁ@g’f?dﬁ_ RWBEOAM A RNE ML 1’6‘@@5%%@5_‘9”9“0
%@'ymggtﬁlgxgmgqgﬂgég%rpﬁg@%e,y r_the SNR, and the summarized
evaluation | e

a case where the composition of non- magnetic substance
was varigtlg. 12 is a diagram showing an example of an arrangement of a

perpendicular magnetic recording medium according to a third embodiment.

Fig. 13 is a table showing the compositions of a size-reduction
promoting layer, a first magnetic recording layer, and a second magnetic
recording layer that have been converted from the mol%-notation to the
atomic%-notation.

Fig. 14 is a graph showing the SNR [dB] with respect to the content of
an oxide (mol%).

Fig. 15 is a diagram showing the SNR [dB] with respect to the contents
and the ratio of X2 and Y2 in the first magnetic recording layer.

Fig. 16 is a table showing the magnetic coercive force Hc, the SNR,
and the summarized evaluation in a case where the composition of non-

magnetic substance was varied.

Description of Reference Numerals
[0037]
100, 102, 104, 106 -*- perpendicular magnetic recording medium
110 --- disk substrate
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Description of Reference Numerals [0037] 100, 102, 104, 106
perpendicular magnetic recording medium 110 disk substrate 13 112
adhesive layer 114 soft magnetic layer 114a first soft magnetic layer
114b spacer layer 114c second soft magnetic layer 116 orientation
control layer 118 underlayer 118a first underlayer 118b second
underlayer 120 size-reduction promoting layer 122 magnetic recording
layer 122a first magnetic recording layer 122b second magnetic
recording! /& R9BERRIRXR recording layer formed of a single layer

124 auxiii?&y_r_eggﬁ%%@gﬁ# rmedium protective layer 128
est e for

lubricating layer arrying Out the Invention [0038] [First

embodimentbA. fifgs esoposiaenitief laysethod of manufacturing a
perpendicular magnetic recording medium according to the present

invention Wibe deseehdayer

114c -+ second soft magnetic layer

116 --- orientation control layer

118 --- underlayer

118a - first underlayer

118b - second underlayer

120 -+ size-reduction promoting layer
122 -+ magnetic recording layer

122a - first magnetic recording layer
122b --- second magnetic recording layer
123 -~ magnetic recording layer formed of a single layer
124 --- auxiliary recording layer

126 -~ medium protective layer

128 -+ lubricating layer

Best Mode for Carrying Out the Invention

[0038]

[First embodiment]

A first embodiment of a method of manufacturing a perpendicular
magnetic recording medium according to the present invention will be described
below. The size, materials, and other specific values described in the following
embodiments are mere examples for better understanding the present invention
and do not limit the present invention unless otherwise explained.

[0039]
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below. The size, materials, and other specific values described in the
following embodiments are mere examples for better understanding the
present invention and do not limit the present invention unless otherwise
explained. [0039] 14 Fig. 1 is a diagram explanatory of an arrangement of
a perpendicular magnetic recording medium 100 according to the
embodiment. The perpendicular magnetic recording medium 100 shown
in Fig. 1 has a disk substrate 110, an adhesive layer 112, a first soft

magneticTigyer 12 H130ERACRKPIRJAAYAY, AREBRAYBR M QY AR REAANICUlar
@#gyg}g@e?ﬁfﬁé@@‘rﬁ%m%ﬁ Iﬁra]c]c%ro%fg% Ypd %@éﬁ ﬁgﬁ‘t. a ggeond

size-reduction promotmg layer a first magnetic
pRepEHERIANE MRt $86ORIINY a0BelifTaTD FhewWRYeFlZ2bhaR a disk

auxiliary recording layer 124, a medium protective layer 126, and a

aunsteatag! Eycan adhepwailaysoft tRagrist sefemaonglihiaypadéfmyppacer
14b, h d sof iq | 4c jointly forr f i

B T R e A R SR e

IOHIY o Y PRV ddSnd DRAIERTAONAIIS, 12 EinedaY b Bfmoting

and the second magnetic recording layer 122b jointly form a magnetic

e didQ, layestl22giedid0asrdesytdeadt hekay,caseoatidgrtaghetic recording
Eerpendicular magnetic recording medium 100 illustrated in the present

olfABnR"bRHANISE/ RSN SR br MRS MePERiarite dpEA26. and
éolﬁﬁrﬁ:gﬁrﬁgg%?(ﬁ?‘ ??Qe) f‘@%‘?ﬂé‘ﬁ%‘ %;a@eﬁ%% r'n%?n 91 heth §B%é'é?‘ia er

magnetic g Tayer 122a and the etic recording laye

122 eitnéna agastiel siordinghieleald?, theccemppsbenmddfisnagnetic layer
segregated at non-magnetic grain boundaries. [0041] A glass disk into

Wich ARafiistpinsieslananihciaisatthriseeonstwederlayer 118b jointly form an

underlayer 118. The first magnetic recording layer 122a and the second
magnetic recording layer 122b jointly form a magnetic recording layer 122.

[0040]

As described below, according to the perpendicular magnetic recording
medium 100 illustrated in the present embodiment, because a plurality of kinds
of oxides (hereinafter referred to as a composite oxide) are contained in either
one or both of the first magnetic recording layer 122a and the second magnetic
recording layer 122b of the magnetic recording layer 122, the composite oxide
is segregated at non-magnetic grain boundaries.

[0041]

A glass disk into which an amorphous aluminosilicate glass is formed
by direct pressing may be used as the disk substrate 110. The kind, size,
thickness, and the like of the glass substrate are not specifically limited.
Examples of materials for the glass substrate include aluminosilicate glass,
soda lime glass, soda aluminosilicate glass, aluminoborosilicate glass,

borosilicate glass, quartz glass, chain silicate glass, and glass ceramic such as
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by direct pressing may be used as the disk substrate 110. The kind, size,
thickness, and the like of the glass substrate are not specifically limited.
Examples of materials for the glass substrate include aluminosilicate
glass, soda lime glass, soda aluminosilicate glass, aluminoborosilicate
glass, borosilicate glass, quartz glass, chain silicate glass, and glass
ceramic such as 15 crystallized glass. This glass disk is sequentially

subjected to grinding, polishing, and chemical strengthening so as to
%Wﬂ@zéﬁ&faﬁﬁag ngg'ﬂ@ SiesstAIhidR sapueatiRhOTY 19 erEdiRgly

: : 4 .
R e AR R e ol oo
gldRssiasetidie by aoRfceagRetiumRRINSsRshaEdRsH Sheseidium
protective layer 126 can be deposited by a CVD method. Then the

lubricatin@ @& 128 can be formed by a dip coating method. It is

preferable to use an in-line deposition met from the.viewpoint of high

DrocuctY T EOh S AR ER e AT By Ll By ecoraing dyer 124
JiRGEARN dRYBSHEl R dRE ISR E sdentdO0D3by T adheRiMEtron

layer 112 is an amorphous underlayer and is formed in contact with the

sizktsuibstraetidd. Theadiedive lagaiedt\ZzHager iR han bk idepesdiad by a

the?ﬁgeel strength of the soft maglnetic layer 114 deB‘;sited onthe )
Gat srthader Thea haHeRIISRING B¥RE RGOS AMEIRM BY AediRARAtINg

fg&lﬁi OftSE/IRreNANS 18 i&‘&%ﬂfiﬁhﬁa'é%%gﬁ RS IS RO R ANES MEwpoint

yer 112 and'uniformizing the crystal grains. In a case where the disk

stiaRjrage ddutifvifprmedeot amosshiausdlasshil iy orefieted e éhednithe
adhesive layer 112 of an amorphous alloy film so as to conform to a
giafadacie g fachdayes Wikds Jeeadiped below.

[0043]

The adhesive layer 112 is an amorphous underlayer and 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 deposited on the
adhesive layer 112 and the disk substrate 110 and a function of reducing the
size of crystal grains in each of the layers deposited on the adhesive layer 112
and uniformizing the 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 so as to conform to a surface of the amorphous glass.

[0044]

For example, the adhesive layer 112 can be selected from among a
CrTi-based amorphous layer, a CoW-based amorphous layer, a CrW-based
amorphous layer, a CrTa-based amorphous layer, and a CrNb-based
amorphous layer. Among others, the CoW-based alloy film is preferable
because it forms an amorphous metal film containing microcrystals. The

adhesive layer 112 may include a single layer formed of a single material.
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For example, the adhesive layer 112 can be selected from among a
CrTi-based amorphous layer, a CoW-based amorphous layer, a
CrW-based amorphous layer, a CrTa-based amorphous layer, and a
CrNb-based amorphous layer. Among others, the CoW-based alloy film is
preferable because it forms an amorphous metal film containing
microcrystals. The adhesive layer 112 may include a single layer formed
of a single material. 16 Nevertheless, the adhesive layer 112 may be

Nﬁﬁ%&@iﬁ%&hﬁ@@*ﬁ%dwr i he.lermed By saakiage plusaity o
%%\é’éayqf DR fpme §‘Z" 3&5 oY 1B (fé?fﬂ Gl PIRIEIFER 2 CrTi

erlall arbon carbon monoxide, nitrogen, or oxygen

RIyéhe aﬂl%eéré@el@tﬂé 13 3putterexprarABUNEI0BINaYsrBbiaiadkisivarbon

layer 112 to a gas including carbon dioxide, carbon monoxide, nitrogen,

BI0nR)iEe. [0DAGET BE exforRERche agbesive iayem E? fr loenprEe a surface
ﬁ at tem ranly féof}e time of reco d|n rdert ass a

R e R A hes R e A TG Ao SR ki e gaon

RSB ding R @ﬁr%@rgggy gy magnetic recording method. The soft

magnetic layer 114 can be conflgured to have AFC (antiferro-magnetic
exchang¢0fekijling) with interposing the non- magnetic spacer layer 114b
between the first soft magnetic Ia)lljer 114a and the second soft magnetic

Iayer 114ENG1R68 MRAMBIIRILLIOH R S IRIPBIRR LI FRgRaHHath
%ﬁﬂ#ﬂﬁrﬁi ﬂﬁ?ﬂrﬁl%?r‘é‘@o ﬁ’i'&%%ﬁht&"p%%%eéhﬁﬁ He WUR fESLgh the

acc racy erore, a componen perpendl artot agnetlzatlon

eierpigyhagenasexéipemedicenaaltiretomtiacghpropigaonredpegstiiamulae

soft magnetic layer 114 can be reduced. A cobalt-based alloy such as
mayagtcd evercnpasethatby JishsestovTir=is, l@yarNiiﬁec@amcgnbgured to

h mul r str re of [Ni-Fe/Sn]n for fir f
eulSe ﬁ%& alf‘ll’[til r% r%talé%tgtlg 8x£h5n8/esc urgp ﬁ‘& wit |n eropotgll(ralgltﬁtesr?otn-

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 becomes 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 alloy such as CoCrFeB, 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.

[0046]

The orientation control layer 116 is a non-magnetic alloy layer. The
orientation control layer 116 has a function of protecting the soft magnetic layer
114 and a function of orienting an axis of easy magnetization of a hexagonal
close-packed structure (hcp structure) contained in the underlayer 118, which is

deposited on the orientation control layer 116, toward a direction perpendicular
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magnetic layer 114a and the second soft magnetic layer 114c. [0046] The
orientation control layer 116 is a non-magnetic alloy layer. The orientation
control layer 116 has a function of protecting the soft magnetic layer 114
and a function of orienting an axis of easy magnetization of a hexagonal
close-packed structure (hcp structure) contained in the underlayer 118,
which is deposited on the orientation control layer 116, toward a direction
erpendicular 17 to the disk. It is preferable to arrange the orientation

Hifofligler 118 BIRIGrabie {Re2(1aN9 R PR OEIBRIRIECTACONERk YN LIRS UCh

T S e
suiptalgdcDo T e iriyiaiioncreatiliry sirubtore\@cb e RiGesd spatAliel to

those crystal structures and amorphous substance. A material of the
heentinmipat sotface i tihagige sidistirie ftdth arhbagren@iiorgadrarfayer

Hf, .Nb, apd Ta. Furthermore, the orientation control layer may he an allo
LS B AR B B oA DAl O on e Subetance.
Addiienal slemedgitdiion cntfol M@y sy MeF craARis N ok Wi, Cu,
or CuCr may suitably be selected for'the fcc structure, and Ta may
BtitadlyAneHseMutatdorahe bodistmctues th@0diénthimonrcterteyidagdBrhag be an
an hcp structure. The underlayer 118 has a function of allowing Co

Bl ARTIRINEG RIS ACTELAME RIHRICAIAER! ARY eREQLMAYUP
Qé%r{‘{igﬁ% %@Fﬂ@@\groﬁtﬁ‘fcﬂy‘ fa T@E_rf?/f8f%mt&“i’/\f?r'%&?‘%ﬁfa?/@wgsg};ﬁ, or

recording layer 122 can further be’imptoved as the un

Cigbenttysialtaigniaiiosldctedier (BROEL sirirtaref tiviCTyS\®dy isuibebly be
underlayer 118 is more parallel to the principal surface of the disk
selesieddanihe ReprRigetiaterial of the underlayer is Ru. Additionally, the

material ?6(5'197]

The underlayer 118 has an hcp structure. The underlayer 118 has a
function of allowing Co crystals of the magnetic recording layer 122 having an
hcp structure to grow into a granular structure. Therefore, the orientation of
the magnetic recording layer 122 can further be improved as the underlayer 18
has a higher crystal orientation, i.e., the (0001) surface of the crystals in the
underlayer 118 is more parallel to the principal surface of the disk substrate 110.
A typical material of the underlayer is Ru. Additionally, the material of the
underlayer can be selected from RuCr and RuCo. Ru has an hcp structure
and also has lattice intervals of crystals that are close to those of Co.
Therefore, Ru can favorably orient a magnetic recording layer containing Co as
a principal component.

[0048]

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.

Specifically, when the second underlayer 118b on an upper side of the
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underlayer can be selected from RuCr and RuCo. Ru has an hcp structure
and also has lattice intervals of crystals that are close to those of Co.
Therefore, Ru can favorably orient a magnetic recording layer containing
Co as a principal component. [0048] 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. Specifically, when the second
underlayer 118b on an upper side of the 18 underlayer 118 is to be

%m%@@rgb@dl%géﬁﬁefef Reth arRfR PSS HE &f I@é ipighRnerssthasita be
&?@@'%thﬂﬁ‘? {PtAIRgsHaN B i‘tgrjeg@rgf‘lﬁw@éﬂ’%@'nd‘?1 o ‘?}é."llﬂf?gf")ég{e of the
ed, spu

. If a' gas pressure is Increas ree movement patns o tere

pHerayens gee sherigasdrdsiriascinardepesitinBd AR i awer pathsof
that the crystal orientation can be improved. Furthermore, a high pressure

sodiiesedasmadpnteass shonaned. SihbereferengeerasiiooiRig s lowered,
| in_size than that of Co, th tal latti R be b t

A B P RpIaL o 8 R ER b B RS Foch B Pressure

AR NETR! O pfRIpEaPTARR &0 HRrdlandaySraNdHIERes IRy is larger in

improved. [0049] The size-reduction promoting layér 120 is a

siap-thagribtt gfr &oyltre lapestarl letzizesf dtiucionberbnootyg Gyse 1@ thieasrystal
a function of segregating a magnetic granular layer at an initial growth

Hige Q&b AUSHHIFHIRR R R ghereyiarulal T o gRiStal orientation
#PH@&'?}%@%}%B?YQW}%F}M}C&&JY@ esmfé;y R {nd allowing a granular

ayer o rst magnetic recording layer to grow thereon. The
size-redyggargpromoting layer 120 can be formed so as to have a

granular structure by segregating non-magnetic substance between non-
magneticldi9 sty ramiecip T proazelingl @y esridPntray rpamegnstisraanular

layer. The size-reduction promoting layer 120 has a function of segregating a
magnetic granular layer at an initial growth stage (starting) by forming a non-
magnetic granular layer on the underlayer 118 having an hcp crystal structure
and allowing a granular layer of the first magnetic recording layer 122a to grow
thereon. The size-reduction promoting layer 120 can be formed so as to have
a granular structure by segregating non-magnetic substance between non-
magnetic crystal grains of Co-based alloy for forming grain boundaries.
Particularly, CoCr-SiO, and CoCrRu-SiO; can suitably be used. Furthermore,
Rh (rhodium), Pd (palladium), Ag (silver), Os (osmium), Ir (iridium), or Au (gold)
may be used instead of Ru. The non-magnetic substance is a substance that
can form grain boundary portions around magnetic grains so as to suppress or
block the exchange interaction between the magnetic grains and is a non-
magnetic substance that is not dissolved into cobalt (Co) in a solid state.
Examples of the non-magnetic substance include silicon oxide (SiOx),
chromium (Cr), chromium oxide (CrQy), titanium oxide (TiOy), zirconium oxide

(ZrO2), and tantalum oxide (Ta20s).
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Particularly, CoCr-SiO2 and CoCrRu-SiO2 can suitably be used.
Furthermore, Rh (rhodium), Pd (palladium), Ag (silver), Os (osmium), Ir
(iridium), or Au (gold) may be used instead of Ru. The non-magnetic
substance is a substance that can form grain boundary portions around
magnetic grains so as to suppress or block the exchange interaction
between the magnetic grains and is a non- magnetic substance that is not
dissolved into cobalt (Co) in a solid state. Examples of the non-magnetic
substancfiR¥ide silicon oxide (SiOx), chromium (Cr), chromium oxide

(Cr02), i 05 O R e 102 AP e

(Ta205). he magnetic recording layer agranu
WolieMm i GH-ueHYRIc/HlIE Bt anteMAgBgisyseS animis sryertestaraiota hard

magnetic grains of a hard magnetic material selected from among

magnaliinats #Heplesterdioy) ampPRg baseasabeliay.dsadased gllay and Ni-

oundaries. Provisiop of the size-reduction promating layer 120 allows .
SRl RS AR C Lou R BT alr Rm B ot G Smliaicton
SIBHRBIRNS Si26-HRdW-I HbRIIYALRE @éﬁé@eﬁi‘f‘&iﬁ?@gﬁ%ﬁw continuously
recording layer may be formed of a single layer. However, in the present
Eorbatergnan uher stageietie ofcbedsizplagducitormenhafting fEger m2gnefitie
recording layer 122a and the second magnetic recording layer 122b,

Wﬁ%e_r‘ii&\f@%‘?ﬁ@%ﬁ)fﬁﬁ PoRYBRIAMEM rﬂfﬁj%m%%éé}é.e"rhé'ﬁ’r‘éﬁer’f%[g Heifee
e B

uitably use, as -mag stance, xide su

fEdAticTietbrBridBiage Fe2093 aadnitisle semidas Edhetica seshitityIagBras22b,
B4C3. [0051] Furthermore, in the present embodiment, two or more
whichagve eiffetgaarositanseantd Bleoihisksiessaanndmia bisienagretic
Percbocr)g?n%f Itgf{])(/—:'eﬁr% £2a and the second magnetic recording layer 122b can
suitably use, as the non-magnetic substance, an oxide such as SiO,, Cr,0Os3,
TiO,, B2O3, or FexOg, a nitride such as BN, or a carbide such as B4Cs.

[0051]

Furthermore, in the present embodiment, two or more non-magnetic
substances are used in a composite manner in either one or both of the first
magnetic recording layer 122a and the second magnetic recording layer 122b.
At that time, types of the non-magnetic substances to be included are not
limited. Particularly, it is preferable to include SiO, and TiO,. Instead of or in
addition to any of those, CroO3 can suitably be used. For example, the first
magnetic recording layer 122a may contain Cr,O3 and SiO, as a composite
oxide (a plurality of kinds of oxides) at grain boundary portions, thereby forming
an hcp crystal structure of CoCrPt-Cr.03-SiO,..  For example, the second
magnetic recording layer 122b may contain SiO, and TiO, as a composite oxide

at grain boundary portions, thereby forming an hcp crystal structure of CoCrPt-

SiO-TiOo.
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magnetic recording layer 122a and the second magnetic recording layer
122b. At that time, types of the non-magnetic substances to be included
are not limited. Particularly, it is preferable to include SiO2 and TiO2.
Instead of or in addition to any of those, Cr203 can suitably be used. For
example, the first magnetic recording layer 122a may contain Cr203 and
SiO2 as a composite oxide (a plurality of kinds of oxides) at grain
boundary portions, thereby forming an hcp crystal structure of

CoCrPt- é%lSiOZ For example, the second magnetic recording layer

portions. LB ey oG e AT AT AL R B ARt
R ERY 1y aerlisdyinecargiag Uamestditiscoda sy o weataynétally

magnetic recording layer 122 having a granular structure so as to be
P 0z 1) adnﬂmjudmm dirfeatinodmiapdieéetion (ales rrandououslayer).

inuQus Ia The auxili recor 4 is not nec sar
R e AR R A iRl Fowever, the
HORNIRHG SAS Ry RIS 9 41BFB9iBc B BRSIRSHBROBEUC Bolt 40 domain
improvément of heat fluctuation resistance characteristics, and
maplestonemgihtbiec disddatite jpepforaarerd of Additibocto atighrésisdance
recording, to the magnetic recordin H% layer 122 and noise reduction. [0053]

ofil acialiahF fe cORiIPIRYSMEnt atéﬁ%&vsmaﬁﬁ]ear&%ﬂ@?e"ih?efd'tmto
B e R G BB T 8 Pedction.

anisotroy &3] high saturation magnetization MS. The CGC structure can
be formed of a magnetic recording layer having a granular structure, a
coupling EhatARsIHISY TaeRIding saen Tidd arayoroiRe frimesipsasttgle layer

an 8hmaé5yﬁ%\% gtC@E Sucture (Coupled Granular Continuous), which forms a

thin film (continuous layer) that exhibits high perpendicular magnetic anisotropy
and high saturation magnetization MS. The CGC structure can be formed of a
magnetic recording layer having a granular structure, a coupling control layer
including a thin film of non-magnetic substance such as Pd or Pt, and an
exchange energy control layer of an alternate stacked layer in which thin films
of CoB and Pd are stacked.

[0054]

The medium protective layer 126 can be formed by depositing carbon
by a CVD method while a vacuum is maintained. The medium protective layer
126 is a protective layer for protecting the perpendicular magnetic recording
layer against impact from a 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 layer 126 can protect
the perpendicular magnetic recording layer more effectively against impact from

a magnetic head.
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exchange energy control layer of an alternate stacked layer in which thin
films of CoB and Pd are stacked. [0054] The medium protective layer
126 can be formed by depositing carbon by a CVD method while a
vacuum is maintained. The medium protective layer 126 is a protective
layer for protecting the perpendicular magnetic recording layer against
impact from a magnetic head. Generally, carbon deposited by a CVD
method is improved in film hardness as compared to carbon deposited by
a sputter[@&%&thod. Therefore, the medium protective layer 126 can

. . ey o
Dot I DR e & PR S opolysthen)
6q ki oA PHtR (PePfiREaRMyL el by & dip et o Magtiag chain and

PFPE has a molecular structure of a long chain and is coupled to N

isteaERdde INaems eneansedians srotee tvediyer arategitreHryrerat@@tyith high
The |ubricating layer 128 serves (o prevent damage or defect of t

FHlidim ST U8 £ m Rl Tl RadRENE R e R Bratg ipet of the
FRENR ?@8%&%“%%%_‘5@ SRIRGNSIFABhBIRONESS f§‘_E>%Q‘J§Ht MediEshtact
100. [0056] The perpendicular magnetic recording medium I00 is
wittamedrgcihef divepe mandiadiurima gnetiesecong! rdfectidzme skOf the

present invention will be described below with reference to some
exampleioé)rﬁﬂ:omparative examples. [0057] [Evaluation] Layers from

the adhesixg layer bR 4P Ay KL R LR e8I R0 is obtained by the

above manufacturing process. The effectiveness of the present invention will
be described below with reference to some examples and comparative
examples.

[0057]

[Evaluation]

Layers from the adhesive layer 112 to the auxiliary recording layer 124
were sequentially formed on the disk substrate 110 under an Ar atmosphere
with an evacuated deposition apparatus by a DC magnetron sputtering method.
The adhesive layer 112 was formed of CrTi. The first soft magnetic layer 114a
and the second soft magnetic layer 114c of the soft magnetic layer 114 were
formed of CoCrFeB, and the spacer layer 114b was formed of Ru. The
orientation control layer 116 was formed of a NiW alloy having an fcc structure.
In the underlayer 118, Ru was deposited under high-pressure Ar for the first
underlayer 118a, and Ru was deposited under low-pressure Ar for the second
underlayer 118b. The size-reduction promoting layer 120 was formed of non-
magnetic CoCr-SiO,. The magnetic recording layer 122 was formed with the
following configurations of Examples and Comparative Examples. The

auxiliary recording layer 124 was formed of CoCrPtB. The medium protective
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were sequentially formed on the disk substrate 110 under an Ar
atmosphere with an evacuated deposition apparatus by a DC magnetron
sputtering method. The adhesive layer 112 was formed of CrTi. The first
soft magnetic layer 114a and the second soft magnetic layer 11 4c of the
soft magnetic layer 114 were formed of CoCrFeB, and the spacer layer
114b was formed of Ru. The orientation control layer 116 was formed of a
NiW all?% having an fcc structure. In the underlayer 118, Ru was

b it WRRISERRHLBAoW 56 75 CelderRBE (YN A& MR gRetiIRgRuUThe
' r low-pr re - Ar for t rl -
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CoCr-SiqpobBe magnetic recording layer 122 was formed with the

following configurations of Examples and Comparative Examples. The

auxiliary Fgordin@ ldiggramshawfiograeccs oy PR MaEangament of the

tectiye 22 layer 126 was deposited with yse of C2H4 and CN by, a CVD
LB B (TR0 PP TAEIRL YT AL RRBP OGBS a dip

SRBBWIMSTHOodAd QIR -FAdS & WBQ@%@WB‘%&?B@H in the

arrangement of the perpendicular magnetic recording medium 1
secondimyagrbicfirst oedibg dayent 226 sif dinen preBent2 iteograiariiovasi doymed
portions of CoCrPt in the second magnetic recording layer 122b of the
ptesermpRsitRipnidsr nsv eingsiCsral el Posite oxide including Si02

and Ti02 dggg ] Fig. 3 is a graph showing relationship between a mixture
ratio of aL oxide or a composite oxide and an SNR in Example and

Comparaftiie Fsaimgrigsh lshovantpteldficrssBigscehesan hmalgeeratio of an

embodiment, the first magnetic recording layer 122a contained Cr203 as

aNdxideaaampestiecordenaghatiSnRBar xpmple epghnranaidvsio2
EQgI‘;‘lnp ezs.as A ‘E’xrg%oﬁiet% 8Xei1%e etscribed in the above embodiment, the first
magnetic recording layer 122a contained Cr,O3; as an oxide, and the second
magnetic recording layer 122b contained SiO; and TiO, as a composite oxide at
3 mol% and 5 mol%, respectively. In Comparative Example 10, the second
magnetic recording layer 122b contained SiO; as an oxide. In Comparative
Example 11, the second magnetic recording layer 122b contained TiO, as an
oxide. Since data of Example 10 have a small number of plotted points, they
were extrapolated from slopes of lines of Comparative Examples 10 and 11,
which are respectively shown by broken lines, on the assumption that Example
10 has a similar tendency to Comparative Examples 10 and 11.

[0060]

As can be seen from Fig. 3, Comparative Example 11 (TiO,) had a
better result of the SNR than Comparative Example 10 (SiO,). A difference
between SiO, and TiO, has been known in that TiO, produces larger magnetic
grains. Generally, the SNR becomes worse if magnetic grains become larger.

However, it is conceivable that the case of TiO» exhibited a better SNR than
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3 mol% and 5 mol%, respectively. In Comparative Example 10, the
second magnetic recording layer 122b contained SiO2 as an oxide. In
Comparative Example 11, the second magnetic recording layer 122b
contained TiO2 as an oxide. Since data of Example 10 have a small
number of plotted points, they were extrapolated from slopes of lines of
Comparative Examples 10 and 11, which are respectively shown by
broken lines, on the assumption that Exagg)le 10 has a similar tendency

®i@pesauaRiendanmey voitgipnizationeomagrelic s fireRsdsdhs,
@@wﬁgtgﬁ@gm e 11 (TiO2) had a better result of the SNR than
X

omparative Example 10 (SiO2). A difference between SiO2 and TiO2
has beerjtpeyin in that TiO2 produces larger magnetic grains. Generally,
the SNR becomes worse if magnetic grains become larger. However, it is

conceivabkamalent0d:sia» ATMO PRSI BiRXidetatta DRItHas B dithe SNR
ecayse tendency of uniformization gf magnetic grains exceeds the .
R S OR AL A I008E B 10 b LTI RrD Bty
Br3teasasHbIgtighe RT i@?@f%%WH&%%é@H?%%%%ﬂrﬂa’ngét& grains,
conceivable that SiO2 effectively provided isolation, that TiO2 effectively
aridhatddtie (i &i0f arad)h@die gpainbutmadtohiatfrotveat SO dnel IINDR

contributed to improvement of the SNR. [0062] Referring to Fig. 3, when
the contd06@he composite oxide was in a range of from 6 mol% to 12

o AR SRR SN B S ER n
vihgie Biefrepnte mholth® camneBiteaeXidRveds, slibiroihaietReentiensidn
range, characteristics were better than characteristics

characteristics were better than those of Comparative Example 11.

Specifically, it can be seen that, when the content of the composite oxide was
within the aforementioned range, characteristics were better than characteristics
of each one of the oxides forming the composite oxide. Thus, the
aforementioned range is a preferable range for the content of the composite
oxide.

[0063]

Fig. 4 is a table showing the SNR and the magnetic coercive force Hc
in a case where the content of the composite oxide was varied as a whole.
Here, the contents of SiO, and TiO, were the same. (For example, when the
total amount was 10 mol%, the content of each of SiO, and TiO, was 5 mol%.)
The content of the composite oxide in Examples and Comparative Examples
were 3 mol% in Comparative Example 12, 6 mol% to 12 mol% in Examples 11
to 15, and 13 mol% to 15 mol% in Comparative Examples 13 to 15.

[0064]

As can be seen from Fig. 4, when the total amount of the composite

oxide was increased, the SNR increased and had the maximum value at 10
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of each one of the oxides forming the composite oxide. Thus, the
aforementioned range is a preferable range for the content of the
composite oxide. [0063] Fig. 4 is a table showing the SNR and the
magnetic coercive force He in a case where the content of the composite
oxide was varied as a whole. Here, the contents of SiO2 and TiO2 were
the same. (For example, when the total amount was 10 mol%, the
content of each of SiO2 and TiO2 was 5 mol%.) The content of the

Etosile! KB hiet AmeY i BErRPEIRASEERNAD WSS e e insiaased,

j , ol9 00 | | .15,
A R et dadhale AR kit -
seenfresnddacyd, Whaeihthiotatammoimichesrapingitexied deawascreased,
increased, the SNR increased and had the maximum value at 10 24

helmagneds aaetote sofeeieraredormgdiad thieduawisvormalue at 10 mol%.
increased, SNR gradually decreased. The magnetic coercive force He
R SO ARP G SR a1E SXa S BRI B b PpEAeetins

Wag e BeRhIEIINRORRIA CAF NG dagg increased and had the

maximum value at 10 mol%. WHhen the total amount of the composite

oxide waf)fiBfijer increased, the magnetic coercive force gradually
decreased. [0065] Meanwhile, as a required value of the parameter, the

magneticVIEGEHReIAS A iBIWRE (B ue of 1B RBOIBel Tomargetic
KRS G SRR Bfrcee
goracd e ded sagyhsinenon Aceeicknglyinl ecarl b aetochatite eeience.
should not be less than 6 mol%
Therefore, Comparative Examples 12 to 15 do not meet the requirement.
Accordingly, it can be seen that the content should not be less than 6 mol%
(Example 11) or should not be more than 12 mol% (Example 15). If the SNRis
high within limited ranges of the magnetic coercive force Hc and the OW
performance, an HDD having a high recording density can be produced. Thus,
it can be seen that the total amount of oxides that meets the above
requirements is in a range of from 6 mol% to 12 mol%.

[0066]

Fig. 5 shows evaluation results of heat fluctuation characteristics of
CoCrPt-TiO2 (single oxide) and CoCrPt-SiO,-TiO, (composite oxide).
Generally, heat fluctuation characteristics are important factors to improve the
SNR. The heat fluctuation characteristics can be represented by the index of
KuV/KT where Ku is a magnetic anisotropy energy specific to a material, V is a
volume of magnetic grains, K is the Boltzmann constant, and T is a
temperature. In the experiments of Fig. 5, CoCrPt-TiO, and CoCrPt-SiO,-TiO»

had substantially the same composition and therefore theoretically had the

same values of Ku for magnetic grains. The two magnetic layers did not have
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(Example 11) or should not be more than 12 mol% (Example 15). If the
SNR is high within limited ranges of the magnetic coercive force He and
the OW performance, an HDD having a high recording density can be
produced. Thus, it can be seen that the total amount of oxides that meets
the above requirements is in a range of from 6 mol% to 12 mol%. [0066]
Fig. 5 shows evaluation results of heat fluctuation characteristics of

CoCrPt-TiO2 (single oxide) and CoCrPt-SiO2-TiO2 (composite oxide).
@%@F%W%HI%&@&%H Ve ActensirRtarelifpisitape akts Adhmprece!

fﬁgg)sfdyﬁpgﬁﬁ&lﬁ%g%%}ﬁ{@ﬂg&\%ﬁﬁ%eriﬁlil’f% ARLHARREDKIGLY Fiferefore,

ere Ku is a magnétic anisotropy energy specific to a

migtesateiviote YoH M ofifftrgned ©BIAINGKK dbe BeddDARBRIARIANH
and T is a temperature. In the experiments of Fig. 5, CoCrPt-TiO2 and

CHTR-Si029Neic gerinsitartiasg tie/sane somposiion isnlatiosrésse
theoretically had the same values of Ky,for magpetic.grains. The tw .
FR Ao ) 0 ARaBEG RS, bR WE e R G612 that, since
SQUBHBY TS ARIBREE] LEH BiHRR) L% Oh- MEGREIRSEBEMRSEIFPHE first
temperature, and T was the same value. Therefore, it is conceivable that
thagiéacaeros afikg\ayer W22 dse dheat rbulcictadio mncivataoiersticeaghdte first
grains (decrease of V) due to magnetic isolation (size r.eductiorc%of the
magnetie RaMding Brer lrradvarR iERredse amlo dnervedbmiiie

oxide wa 62 ined as non-magnetic substance in the first magnetic
recordingﬁ?aye 122a, the heat fluctuation characteristics of the first

magneticTies cliolbe: leiictRZ Meied BREPNEIR S h asd B évpevediittedNiRsuch a
[0067] The above embodiment and examples have been described in

BINar thahitee MaonRlimmastnereing fayaer hyriwed ayersdnelyeisg the
#ﬂ%l“rﬂ'aﬁ‘ tcghec recording layer and the second magnetic recording layer or by a
single layer. Nevertheless, in a case where the magnetic recording layer is
formed by three or more layers, the advantages of the present invention can be
obtained in the same manner as described above if a plurality of kinds of oxides
are contained in at least one magnetic recording layer.

[0068]

[Second embodiment]

A second embodiment of a perpendicular magnetic recording medium
according to the present invention will be described. Fig. 6 is a diagram
showing an example of an arrangement of a perpendicular magnetic recording
medium 102 according to the second embodiment. Parts that are redundant in
the explanation of the first embodiment are denoted by the same reference
numerals, and explanation thereof is omitted herein.

[0069]

In the first embodiment, the grain boundary portions of the second

magnetic recording layer 122b are formed of a composite oxide including SiO»
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first magnetic recording layer and the second magnetic recording layer or
by a single layer. Nevertheless, in a case where the magnetic recording
layer is formed by three or more layers, the advantages of the present
invention can be obtained in the same manner as described above if a
plurality of kinds of oxides are contained in at least one magnetic
recording layer. [0068] [Second embodiment] A second embodiment of a
perpendicular magnetic recording medium according to the present

i winBBR/RLs R TRRL G RGP Hh RRKSING SPASREHpRHBBRNCeS
QFéaﬂ‘%é*gﬁrHtﬁéﬁwQSE%%W&EE%WQE@EE@ °6PE‘&h’%?%Lér‘Pir%??r1?ﬁnetic

according to Secon imen at are redundantin the

exdyadiatonadithedisst einbedisssn@adfinie ddaotimgaaje rafepencerypes of

numerals, and explanation thereof is omitted herein. [0069] In the first
Hamsdrmagneiic gubsieograde/ pooussissasetnetduntad. mBgriaidarly, it is
recording layer 122b are form f a composite, oxide including SjO02 26
EFET O I R 5-al e B et GRSE0 ohe ReAPRgHdgarose, or:0:
SHRIanss BELerd INFRrcaRapRsits REMMSl inRjHIcaRB ahINgine22a
first magnetic recording layer 122a and the second magnetic recording
taggrildRbe TYRE: @nth8iterasnagoaticosilestambe s phealtp dbkendstof oxides)
limited. Particularly, it is preferable to include SiO2 and TiO2. Instead of

8t ialnauRdanBSERT ISR tehy JOITRIY BE SR CSia SiMplera fRErPt:

Icyecord | L '
e o S R R Rt P e ook may
iheltrly 01 ngdEniOsp sy Jahiio e et CaGRInGAPISIQTMons, thereby
example, the second magnetic recording layer 122b may include SiO2

noamberasnsiaktsustive of fralarBomidar)iPortions, thereby
[0070]

Fig. 6 illustrates that Cr.O3 and SiO, are contained in the grain
boundary portions of the first magnetic recording layer 122a and that SiO, and
TiO; are contained in the grain boundary portions of the second magnetic
recording layer 122b. However, materials for oxides are not necessarily limited
to those examples. The oxides can be selected from among SiO,, TiO,, CrO,,
Cr203, ZrO5, and Taz0s.

[0071]

Furthermore, when the content of all kinds of oxides contained in the
first magnetic recording layer 122a is defined by A mol% and the content of all
kinds of oxides contained in the second magnetic recording layer 122b is
defined by B mol%, then A < B.

[0072]

With this configuration, a granular column structure can be formed
even if a film has a small thickness. Specifically, when Co crystals epitaxially

grow continuously from a granular structure of the size-reduction promoting
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forming an hcp crystal structure of CoCrPt-SiO2-TiO2. [0070] Fig. 6
illustrates that Cr203 and SiO2 are contained in the grain boundary
portions of the first magnetic recording layer 122a and that SiO2 and
TiO2 are contained in the grain boundary portions of the second magnetic
recording layer 122b. However, materials for oxides are not necessarily
limited to those examples. The oxides can be selected from among SiO2,
TiO2, Cr02, Cr203, ZrO2, and Tazh()%%d[OO?l] Furthermore, when the
ifleh2Br 6AINMASLF AU EHRAIFRRAHY tRE TRFSISRAGHBECFSEasTetic

g Tl 228, MR TN RS A R S Sy ta
gralte Hhenafgebin [BrR7Ristiitigihisic eadotdniiryagTandlar Eienarystal grains

structure can be formed even if a film has a small thickness. Specifically,

ofHbR crrongEIswstioanprgiogaperindablyd soatijraausly swaetihe crystal
of the size-reduction promoting 27 layer 120, columnar structures ca .
G, BT e TS S RaL VLl 1) BF BIOLe vt cauction can
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magnetic recording layer 122a. Fine crystal grains of the second
pragasticecardido (pisgrer X22o gliogl gdnghusoryshalforenteioryatad igrpnosement
of the first magnetic recording layer 122a. Therefore, size reduction can

BE%F@%TW&%E@S@H ﬁ&er@(%rﬁiﬁ_@%y@i? WMH‘ W%W@é’i\i@@ess is
& PSIAGY Eﬁg%ﬂlﬁgﬂ‘?n{gn, Cgﬁ&ﬁ)@gly, high crystal orientation and

Improvement of size re e obtained even at a stage at which
the film thggkrggss is small, so that the SNR can be improved.

Furthermore, since the total amount of oxides in the second magnetic
recording layer 122b is larger than that in the first magnetic recording layer
122a, the size of crystal grains of an hcp crystal structure containing Co are
smaller in the second magnetic recording layer 122b. Therefore, the second
magnetic recording layer 122b exhibits high overwrite performance, and the first
magnetic recording layer 122a exhibits a high magnetic coercive force.
Accordingly, even if a magnetic coercive force is increased in the first magnetic
recording layer 122a to such a degree that a magnetic head is difficult to write,
magnetic transition is initiated on the second magnetic recording layer 122b as
a front layer by the writing field of the magnetic head. This magnetic transition
induces magnetic transition on the first magnetic recording layer 122a, which
becomes writable. When no magnetic field is applied from the magnetic head,
a high magnetic coercive force is exhibited by large magnetic grains of the first
magnetic recording layer 122a. Therefore, the first magnetic recording layer
122a can be made thinner. To sum up, the overwrite performance (O/W) can
be improved while a high magnetic coercive force (Hc) is maintained to such a

degree that the magnetic coercive force exerts no influence on heat fluctuation
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[0073] Furthermore, since the total amount of oxides in the second
magnetic recording layer 122b is larger than that in the first magnetic
recording layer 122a, the size of crystal grains of an hcp crystal structure
containing Co are smaller in the second magnetic recording layer 122b.
Therefore, the second magnetic recording layer 122b exhibits high
overwrite performance, and the first magnetic recording layer 122a
exhibits a high magnetic coercive force. Accordingly, even if a magnetic

ERstARCTorcd TS iPeRINR the MROARIEHEROTFHREaYR 1Agerie made

degree that a magnetic head is difficult to write, magnetic
ransition is initiated on the second magnetic recording layer 122b as a
front layeipby4ipe writing field of the magnetic head. This magnetic
transition induces magnetic transition on the first magnetic recording layer
122a, whithabsdianks writable. When no magnetic field is applied from

the magnetic bead, a high magnetic coercive force is exhibited by |large .
magnetd et of BER o T ULe LR FLE BRI o)L 380 Frembr e
Rl dMAg AR RESIN S I BXRImbAe A T BABRAaBIENGM hREUMAERFple 20
overwrite performance (O/W) can be improved while a high magnetic
asatesaribmden(the) abmarieshedtmsiroe s, degfestthaghetinagoetaing layer
coercive force exerts no influence on heat fluctuation 28 resistance. This
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doinparimeRcastdRamibedd3teeanye fissCunirdimestEtemiists 20, the

magnetic recording layer 122 contained SiO2 and TiO2 as a composite
(B6OEcHIB RYSINYV R JoERBRER, asingle layer containing TiO2 as an oxide at 9

mol%. In Comparative Example 21, the recording layer was formed of a single
layer containing TiO2 as an oxide at 10 mol%. In Comparative Example 22, the
magnetic layer was formed of two layers as with Example 20, the first magnetic
recording layer 122 contained TiO, at 9 mol%, and the second magnetic
recording layer 122b contained TiO, at 10 mol%.

[0075]

In Comparative Examples, Hc and SN were measured with varying the
film thickness of the magnetic recording layer from 8 nm to 11 nm by 1 nm. In
Example 20, the first magnetic recording layer 122a had a film thickness of 5
nm, and the second magnetic recording layer 122b had a film thickness of 10
nm.

[0076]

As can be seen from Fig. 7, the magnetic coercive force Hc showed a
tendency to increase as the film thickness was increased in all of Comparative
Examples 20 to 22. It is conceivable that, when the film thickness of the

magnetic recording layer 122 was increased, the length of magnetic grains that
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the second magnetic recording layer 122b contained SiO2 and TiO2 as a
composite oxide at 5 mol%, respectively. In Comparative Example 20, the
recording layer was formed of a single layer containing TiO2 as an oxide
at 9 mol%. In Comparative Example 21, the recording layer was formed
of a single layer containing Ti02 as an oxide at 10 mol%. In Comparative
Example 22, the magnetic layer was formed of two layers as with
Example 20, the first magnetic recording layer 122 contained TiO2 at 9

Rfslogr Qe e SeeRiiNirighiatiee (BcHraRRASPRS SD PEHMR RS TREPGHZING

ol%, In,Co ive I ‘ﬁﬁ;nﬂ asured
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had a film thickness of 5 nm, and the second magnetic recording layer _
mIeved asfihe thidkHieknsissovaminoersedKdhe bassehdrsirggezording

he magnetic coercive force He , showed a tendency ta incregse as t
e o Ra LA G B GFechpalan® EXARRIA S ID2SYF was
IMPROREY 8P lianiag dnscllan eI sw RinG @ atast B REMAY W magnetic
layer 122 was increased, the length of magnetic grains that 29 had grown

fietlol aveoturadacst apengavéasathsovasnenteofuite andgmeiin ebzimiy diéhce Hc.
As a result, the magnetic coercive force He was improved. Furthermore,
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improved @ Ay] initial stage because side-writing caused by a leakage

magnetic field were reduced along with improvement of the magnetic
coercive fare@mparative Example 21, the magnetic coercive force Hc was lower

than that of Comparative Example 20, but the SNR was improved. It is
conceivable that the size of magnetic grains was reduced by increase of the
amount of oxides to thereby decrease the magnetic coercive force Hc, be
progressed isolation and improve the SNR.

[0078]

In Comparative Example 22, the magnetic coercive force Hc was
slightly improved as compared to Comparative Example 21, but the SNR was
greatly improved. In Comparative Example 22, the first magnetic recording
layer 122a had high crystal orientation because it contained less oxide. The
size of magnetic grains in the second magnetic recording layer 122b became so
small as to achieve size reduction and isolation because the second magnetic
recording layer 122b contained much oxide. It is conceivable that the SNR
was improved from this viewpoint.

[0079]

Example 20 using a composite oxide had a magnetic coercive force Hc

at the same level as Comparative Example 22. The SNR was further improved
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However, the magnetic coercive force He was excessively increased
thereafter, so that the overwrite performance was deteriorated so as to
decrease the SNR. [0077] In Comparative Example 21, the magnetic
coercive force He was lower than that of Comparative Example 20, but
the SNR was improved. It is conceivable that the size of magnetic grains
was reduced by increase of the amount of oxides to thereby decrease the
magnetic coercive force Hc, be progressed isolation and im%ove the

ONRa[6 889k onfdaretlea el Ib3 S e SRARRIRM dBRIIRN BRcktha TIO:
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was greatly improve xamp , the Tirst

mRgoesmeauring $WRr 122a had high crystal orientation because it
contained less oxide. The size of magnetic grains in the second magnetic

recordind #88] 122b became so small as to achieve size reduction and
isolation pecayse the second magnetic,.recording Jayer 122b contain
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coercive force He at the same level as Comparative Example 22. The
StitRaralsduritieryi poriives, 8ddpadsitye tiegbdain tisarantaigiibkedhtte plurality
Si02 served for isolation and that TiO2 served for increase in size of
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existelve force He in particular) are increased. Thus, it is possible to obtain a
perpendicular magnetic recording medium capable of further increasing a
recording density.

[0081]

Fig. 8 is a table showing the magnetic coercive force Hc and the SNR
in cases where the total amounts of oxides contained in the first and second
magnetic recording layers 122b were varied. Here, the contents of SiO, and
TiO, were the same. (For example, when the total amount was 10 mol%, the
content of each of SiO, and TiO, was 5 mol%.) When the content of all kinds
of oxides contained in the first magnetic recording layer 122a is defined by A
mol% and the content of all kinds of oxides contained in the second magnetic
recording layer 122b is defined by B mol%, Examples 21 to 23 show cases
where A < B and Comparative Examples 23 to 28 show cases where A > B.

[0082]

As can be seen from Fig. 8, when comparisons are made between
examples in which compositional ratios were reversed, i.e., between Example
21 (6 : 10) and Comparative Example 24 (10 : 6) and between Example 22 (6 :

12) and Comparative Example 26 (12 : 6), the magnetic coercive force Hc and

31



at grain boundary portions, it is possible to obtain characteristics of the
plurality of oxides. Therefore, electromagnetic conversion characteristics
(an SNR in particular) can be increased while magnetostatic
characteristics (magnetic coercive force He in particular) are increased.
Thus, it is possible to obtain a perpendicular magnetic recording medium
capable of further increasing a recording density. [0081] Fig. 8 is a table
showing the magnetic coercive force He and the SNR in cases where the

teePARONRIS HYYheada thaeased Wheke i<t Bnd second magnetic

recordinqé@é%ér]s 122b were varied. Here, the contents of SiO2 and Ti02
were the same. (For example, when the total amount was 10 mol%, the
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comparisons are made between examples in which compositional ratios
were rev§dféd]i.e., between Example 21 (6 : 10) and Comparative

Example 24 (10 : 6) and between Example 22 (6 12) and Comparative
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comparison Is ma etween Exam omparative
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and a lower SNR. Thus, there is a region where the aforementioned

layer 122b was fixed at 10 mol%. Referring to Fig. 9, there is an optimum
value for the amount of oxides in the first magnetic recording layer 122a. The
optimum value is 6 mol%. If Hc = 4000, a preferable range is from 5 mol% to 8
mol%. In other words, good results are not necessarily obtained if A< B. An
excellent SNR and magnetic coercive force Hc can be obtained when Ais in a
range of from 5 mol% to 8 mol% and A < B.

[0085]

Fig. 10 is a table showing the SNR, the magnetic coercive force Hc,
and the overwrite performance when the composition of non-magnetic
substance was varied. The total amounts of the non-magnetic substance were
equally 10 mol%. In Fig. 10, only oxides are shown for easy understanding.

[0086]

In Example 24, the first magnetic recording layer 122a contained Cr,O3
as an oxide, and the second magnetic recording layer 122b contained SiO, and
TiO, as a composite oxide (a plurality of kinds of oxides), thereby forming an
hcp crystal structure of CoCrPt-SiO»-TiO,.  In Example 25, the first magnetic

recording layer 122a contained CroO3 and SiO, as a composite oxide, thereby
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relationship is not established. [0084] Fig. 9 is a graph showing the
magnetic coercive force He in cases where the total amount of oxides
contained in the first magnetic recording layer 122a was varied while the
amount of oxides in the second magnetic recording layer 122b was fixed
at 10 mol%. Referring to Fig. 9, there is an optimum value for the amount
of oxides in the first magnetic recording layer 122a. The optimum value is
6 mol%. If He ? 4000, a preferable ra%gée is from 5 mol% to 8 mol%. In
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first magnetic recording layer 122a contained Cr203 and SiO2 as a
eYidPosite oxide, thereby 32 forming an hep crystal structure of

CoCrPt-fg‘;éé SiO2, and the second magnetic recording layer 122b
contained SiO2 and TiO2 as a composite oxide. In Example 26, the first
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oxide, and the second magnetic recording layer 122b contained

recording layer was formed of a single layer. Fig. 11 is a diagram showing an
arrangement in which a magnetic recording layer is formed of a single layer. In
a perpendicular magnetic recording medium 104 shown in Fig. 11, a magnetic
recording layer 123 of a single layer is formed on the size-reduction promoting
layer 120. As with the aforementioned second magnetic recording layer 122b,
non-magnetic substance is segregated around magnetic substance in the
magnetic recording layer 123 so as to form grain boundaries, and magnetic
grains form a granular column structure. Comparative Example 29 used a
composite oxide of SiO, and TiO, as oxides of the magnetic recording layer
123. Comparative Example 30 used a composite oxide of YiO3 (yttrium oxide)
and TiO, as oxides of the magnetic recording layer 123.

[0088]

As shown in Fig. 10, in the examples where the second magnetic
recording layer 122b as a primary recording layer or the magnetic recording
layer 123 of a single layer contained a composite oxide of SiO, and TiO,, the
SNR, the magnetic coercive force Hc, and the OW performance met the

requirements. However, Hc did not meet the requirements in Comparative
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SiO2 and TiO2 as a composite oxide. In Example 27, the first magnetic
recording layer 122a contained Cr203 and TiO2 as a composite oxide,
and the second magnetic recording layer 122b contained SiO2 and TiO2
as a composite oxide. [0087] Furthermore, in Comparative Examples 29
and 30, the magnetic recording layer was formed of a single layer. Fig. 11
is a diagram showing an arrangement in which a magnetic recording
layer is formed_of a single layer. In a perpendicular magnetic recording

1) sHARFRIPMIt 13 SHilARImGiEo AR Aty IR)PagaiICSHhRfRNce in
. 101, e . AR
D A B R I AR S T st 2

suhfianie i segieaatpdpoxidybmagnetic substance in the magnetic
recording layer 123 so as to form grain boundaries, and magnetic grains

form a gri®l88} column structure. Comparative Example 29 used a
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8] As shown In Fig. 10, in the examples where the second magnetic

phoaiiin oflayagi@ikbras @ ging Eayaes; @sliconpzeeditch@ ongoarative Example
recording layer 123 of a single layer contained a composite oxide of SiO2
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requwements In Compa ative xXamp retore, It IS suitable to
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composite oxide of SiO2 and TiO2, not just a composite of a plurality of
ONfes. Therefore, it is possible to further increase the recording density.
Although the reasons for improvement by both SiO, and TiO, are uncertain, it is
conceivable that size reduction by SiO, and uniformization of magnetic grains
by TiO, effectively cooperate with each other.

[0090]

Moreover, among the configurations having a plurality of magnetic
recording layers, the SNR was much improved in the case where the first
magnetic recording layer 122a also contained a composite oxide as non-
magnetic substance, which is preferable. Although the reasons for this
improvement are uncertain, it is conceivable that the growth of magnetic grains
is suppressed by use of a composite oxide.

[0091]

[Third embodiment]

A third embodiment of a perpendicular magnetic recording medium
according to the present invention will be described. Fig. 12 is a diagram
showing an example of an arrangement of a perpendicular magnetic recording

medium 106 according to the third embodiment. Parts that are redundant in
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[0089] Furthermore, the SNR and the magnetic coercive force He were
improved in Examples 24 to 26, which had a multilayer structure including
a plurality of magnetic recording layers, as compared to Comparative
Example 29, which had the magnetic recording layer 123 of a single
layer. The track width can be reduced by improvement of the magnetic
coercive force Hc. Additionally, the recording bit length can be shortened
by improvement of the  SNR. Therefore, it is possible to further increase
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each othggol§¥90] Moreover, among the configurations having a plurality
of magnetic recording layers, the SNR was much improved in the case
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oxide.as nan-= magnetic substance, which is preferable. Althouygh the
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[0091] [Third embodiment] A third embodiment of a perpendicular

magnetid08€&iding medium according to the present invention will be
described. Figﬁ 12 is a diagram showing an example of an arran%ement of
I
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Explanaiwodhererid emitempesaw oxide (first oxide and second oxide) so as
to form an hcp crystal structure. As an example of the compositional ratio,
SiO, and TiO, were contained at 5 mol%, respectively so that the compositional
ratio was (CoCrPt) 90 mol% : (SiO2) 5 mol% : (TiO2) 5 mol%. The film
thickness of the first magnetic recording layer 122a was 5 nm. Cr, which is a
non-magnetic substance, and the composite oxide were segregated around Co,
which is a magnetic substance, so as to form grain boundaries. Magnetic
grains formed a granular column structure. The magnetic grains epitaxially
grew continuously from the granular structure of the size-reduction promoting
layer.

[0094]

The second magnetic recording layer 122b contained TiO, as a second
oxide at 10 mol% to form an hcp crystal structure. As an example, the
compositional ratio was (CoCrPt) 90 mol% : (TiO2) 10 mol%. The film
thickness of the second magnetic recording layer 122b was 10 nm. In the
second magnetic recording layer 122b, magnetic grains also formed a granular

structure.

[0095]
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[0092] In the present embodiment, the size-reduction promoting layer 120
contained SiO2 as a first oxide. As an example, the composition was non-
magnetic, and the compositional ratio was (CoCr) 88 mol% : (Si02) 12
mol%. [0093] The first magnetic recording layer 122a contains a plurality
of kinds of oxides (hereinafter referred to as a composite oxide).
Specifically, SiO2 and TiO2 were contained as a composite oxide (first
oxide and second oxide) so as to form an hcp crystal structure. As an

example BPBIIEBHp HARiIEARIRABIHIOBRD IS SiDAMSHCISRIARY fyer 1222
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mol%. The film thickness of the second magnetic recording layer 122b
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to any of those, CroO3 can suitably be used. For example, the size-reduction
promoting layer 120 may contain Cr.O3 as an oxide at grain boundary portions,
the first magnetic recording layer 122a may contain Cr.O3; and SiO, as a
composite oxide (a plurality of kinds of oxides) at grain boundary portions, and
the second magnetic recording layer 22b may contain SiO..

[0096]

Fig. 13 is a table showing the compositions of the size-reduction
promoting layer, the first magnetic recording layer, and the second magnetic
recording layer that have been converted from the mol%-notation to the
atomic%-notation. Referring to Fig. 13, when the composition of the size-
reduction promoting layer 120 is CoCrXjy, the composition of the second
magnetic recording layer 122b is CoCrPtY4, and the composition of the first
magnetic recording layer 122a is CoCrPt(X>+Y>), then there are relationships
that X1 > Xo and Y > Y.

[0097]

[Evaluation]

Fig. 14 is a graph showing the SNR [dB] with respect to the content of

an oxide (mol%). Referring to Fig. 14, with regard to the content of TiO, as an
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is CoCrPt(X+Y) where the composition of the size-reduction promoting
layer 120 is CoCrX (where X is a first oxide), and the composition of the
second magnetic recording layer 122b is CoCrPtY (where Y is a second
oxide). Furthermore, two or more non-magnetic substances may also be
used in a composite manner for the second magnetic recording layer
122b so that the composition of the second magnetic recording layer
122b is CoCrPt(Y+a). At that time, types of non-ma%]netic substances to
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used. For examplég, the size-re ion prom ayer 120 may ¢

CHSIRS lalarideBig et dendanananynss floerdissiioBgnsti2 mol%. In
recording layer 122a may contain Cr203 and SiO2 as a composite oxide
{aiprixanple; Midsass bRic¥yat grain boundary portions, and the second
magneticmﬁc{9 rding layer 22b may contain SiO2. [0096] Fig. 13 is a table
showing mpositions of the size-reduction promoting layer, the first

magneticrigCqrisliay|ayssr AncshsiRgAnE BRENGIE WPFQ%}%:@XSWH@EontentS

have been converted from the mol%-notation to the atomic%-notation.
&eddahrencpto FiH XE3(tidhsartteeccadepasiinoth efsize -seshigibolugtiomoting layer
promotingYIayer 120 is CoCrX1, the composition of the second malgnetic
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oxasghevdntaite EYERrEsBlovb trespsel txibe satdent)ahaExaKigte 40 was 6
(mol%). Referring to Fig. 14, with regard to the content of TiO2 as an 36
mol%, the total oxide amount in Example 41 was 10 mol%, and the total oxide
amount in Example 42 was 12 mol%. Comparative Example 40 used CoCrPt-
Cro0g3, in which CroO3 was included as a single oxide.

[0099]

Referring to Fig. 15, in Examples 40 to 42, the SNR was the highest in
the cases where the oxides X2 and Y2 were contained in the same amount.
Thus, it can be seen that it is preferable to maintain a ratio of about 1 : 1 when
two oxides are used in a composite manner.

[0100]

Referring to Examples 40 to 42, the SNR was the highest in Example
41 where the total oxide amount was 10 mol%. However, the SNR decreased
as compared to Comparative Example when X2 was 3 mol% or less and 7
mol% or more. Thus, it is preferable to maintain the total oxide amount at 10
mol%, to adjust X2 such that 3 mol% < X2 < 7 mol%, and accordingly to adjust
Y2 such that 7 mol% > Y2 > 3 mol%.

[0101]

As described above, since both of oxides (X and Y) contained in the
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oxide in the second magnetic recording layer 122b, the SNR is the highest
at 10 mol%. Therefore, the amount of the oxide (Y1) in the second
magnetic recording layer 122b is preferably in a range of from 8 mol% to
12 mol%. In this example, Y1 was 10 mol%. [0098] Fig. 15 is a diagram
showing the SNR [dB] with respect to the contents and the ratio of X2
(the same oxide as in the size-reduction promoting layer 120) and Y2 (the
same oxide as in the second magnetic recording layer 122b) in the first
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Referring to Examples 40 to 42, the SNR was the highest in Example 4
elbeto thagoédicosaey arsionnt veaaclOrisid®o (the\B&lR intpar8blRadecasdse d
as compared to Comparative Example when X2 was 3 mol% or less and 7
IRN68%RMore. Thus, it is preferable to maintain the total oxide amount at
10 moIO/T (3 just X2 such that 3 mol% < X2 < 7 mol%, and accordingly
to adjust 92 such that 7 mol% > Y2 > 3 mol%. [0101] As described

above, sipgeheitimefedire X FoehNty asirRRIosGirbiiges (the first oxide and the
second oxide) are contained at grain boundary portions of the first magnetic
recording layer 122a, it is possible to simultaneously obtain characteristics of a
plurality of oxides. Therefore, electromagnetic conversion characteristics (the
SNR in particular) can be increased while magnetostatic characteristics (the
magnetic coercive force Hc in particular) are increased. Thus, it is possible to
obtain a perpendicular magnetic recording medium 106 capable of further
increasing the recording density.

[0103]

Fig. 16 is a table showing the magnetic coercive force Hc, the SNR,
and the summarized evaluation in a case where the composition of non-
magnetic substance was varied. For easy understanding, only oxides are
listed in Fig. 16. SiO. is abbreviated to as Si, TiO, as Ti, and Cr.O3 as Cr. In
the following description, X represents an oxide contained in the size-reduction
promoting layer 120 (CoCrX where X is a first oxide), and Y represents an oxide
contained in the second magnetic recording layer 122b (CoCrPt(Y+a) where Y
is a second oxide and a is a third oxide). The composition of the first magnetic

recording layer 122a was CoCrPt(X+Y) in Examples. The composition of the
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37 size-reduction promoting layer 120 and the second magnetic recording
layer 122b are added to the first magnetic recording layer 122a, the
affinity between grain boundaries on each interface can be enhanced.
Therefore, not only crystal grains, but also grain boundaries can grow
continuously, so that segregation and isolation of magnetic grains in the
second magnetic recording layer as a primary recording layer can further
be promoted. Accordingly, electromagnetic conversion characteristics
{itisé BREDRTID SRR Pe! Fraid et BaRYY HistHdmBieosnasative
E%ﬁlple f kinds of oxides (the first oxide and the second oxide) are
contained at grain boundary portions of the first magnetic recording layer
122a, it iga@sgible to simultaneously obtain characteristics of a plurality
of oxides. Therefore, electromagnetic conversion characteristics (the

SNR in phrtanRle darinsiuideeasLda\asil¥ Al Hithstsit charas@igtsincluded

magnetic goercive force He in particular) are increased. Thus,.it is
BB S et e A LGV RN RG Sl 105 Aarmple 44
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table showing the magnetic coercive force Hc, the SNR, and the
alsoinatimetey@diatiail ith ee edagerheaadimtv oipbsi tivat shagneticagoetding
substance was varied. For easy understanding, only oxides are listed in
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& reprasextsranSigde scgntained in the second magnetic recording layer
122b (CoCrPt(Y+a) where Y is a second oxide and a is a third oxide).

The compdE¥dn of the first magnetic
Comparative Example 41 included CroO3 as X and SiO, as Y.

However, the first magnetic recording layer 122a was formed of SiO,+TiO, and
thus did not include X. Comparative Example 42 included SiO, as X and SiO,
or TiOz as Y. However, the first magnetic recording layer 122a is formed of
Cro03 and thus did not include X or Y. Comparative Example 43 included SiO»
as Xand TiOz as Y. However, the first magnetic recording layer 122a did not
include X orY. Comparative Example 44 included Ta,Os as X and TiO; as Y.
However, the first magnetic recording layer 122a did not include X or Y.

[0106]

As can be seen from Fig. 16, the magnetic coercive force Hc and the
SNR met the desired requirements in Examples 43 to 46 where the component
of the first magnetic recording layer 122a was CoCrPt(X+Y). In contrast
thereto, both of Hc and SNR were lowered in Comparative Examples 41 to 44.
Particularly, the SNR did not meet the requirements. Therefore, it is suitable
for the first magnetic recording layer 122a to contain, as hon-magnetic

substance in the magnetic recording layer, a composite oxide including both of
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recording layer 122a was CoCrPt(X+Y) in Examples. The composition of
the 38 first magnetic recording layer 122a did not satisfy this rule in
Comparative Examples. [0104] Example 43 included Cr203 as X and
SiO2 as Y Example 44 included SiO2 as X and SiO2 as Y, so that all
three layers contained SiO2. Example 44 included TiO2 as a for the
second magnetic recording layer 122b. Example 45 also included SiO2 in
all three layers, and both of the first magnetic recording  layer 122a and

rossChanfaghetitiARardin R perer SSPUCHRIAPIINSIN AxerTie apd the
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&ides.as X and SiO2 as Y However, the first magnetic recording layer

122a was formed of SiO2+TiO2 and thus did not include X. Comparative
Example[82@ftluded SiO2 as X and SiO2 or TiO2 as Y. However, the

first magnetic recording layer 122a is formed of Cr203 and. thus did not
include 0TSRRI A RO TG o b WL PR adne
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Comparative Example 44 included Ta205 as X and TiO2 as Y Howevet,
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can be seen from Fig. 16, the mag;etic coercive force He and the SNR
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T T
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zlégg%?ngly, segregation and isolation of magnetic grains in the second
magnetic recording layer as a primary recording layer can further be promoted.

[0108]

With the aforementioned configuration, both of the magnetic coercive
force Hc and the SNR can be improved. The track width can be reduced by
improvement of the magnetic coercive force Hc. Additionally, the recording bit
length can be shortened by improvement of the SNR. Therefore, it is possible
to further increase the recording density.

[0109]

Although the preferred examples of the present invention have been
described with reference to the accompanying drawings, the present invention
is not limited to those examples as a matter of course. It would be apparent to
those skilled in the art that various changes and modifications may be made
therein without departing from the spirit and scope of the claims. It should be

understood that those changes and modifications are included in the scope of

the present invention.
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for the first magnetic recording layer 122a to contain, as non-magnetic
substance in the magnetic recording layer, a composite oxide including
both of 39 oxides (X and Y) contained in the size-reduction promoting
layer 120 and the second magnetic recording layer 122b, not just a
composite of a plurality of oxides. [0107] As described above, since both
of oxides (X and Y) contained in the size-reduction promoting layer 20
and the second magnetic recording layer 22b are added to the first
Nl ns.’-.-’s ARG Wyer 22a, the affinity between grain boundaries on
each int grcan be enhanced. Therefore, not only crystal grains, but
also grai bou daries can grow continuously, so that segregation and
isolation Thréiss moatRaitforeRPEHpicER! th22 e fiditigaPmagnetic
promoted. Accordingly, segregation and isolation of magnetic grains in
fRecsditgh i enitnane vateidingl ARspasdguirn anpesediclegeagiagcae HDD or
{Hqthgr be promoted. [0108] With the aforementioned configuration, both

agnetlc coercive force He and the SNR can be improved. The
track width can be reduced by improvement of the magnetic coercive
force Hc. Additionally, the recording bit length can be shortened by
improvement of the SNR. Therefore, it is possible to further increase the
recording density. [0109] Although the preferred examples of the present
invention have been described with reference to the accompanying
drawings, the present invention is not limited to those examples as a
matter of course. It would be apparent to those skilled in the art that
various changes and modifications may be made therein without
departing from the spirit and scope of the claims. It should be
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understood that those changes and modifications are included in the
scope of the present invention. 40 Industrial Applicability [0110] The
present invention is applicable to a perpendicular magnetic recording
medium mounted on a perpendicular magnetic recording type HDD or the
like. 41 CLAIMS 1. A perpendicular magnetic recording medium having a
magnetic recording layer with a granular structure in which non-magnetic
grain boundary portions are formed between magnetic grains that have
grown continuously in a columnar sﬁ&ﬁé, erein the grain boundary
portions contain a plurality of kinds of oxides. 2. The perpendicular
magnetic recording medium according to claim 1, wherein the plurality of

kinds of axidgseifdudrsiRetmag il a8cofdizg Sddiarneragngielidhgnetic
magnetic recording medium according to claim 1, wherein a content of all
efaped slgriangron itha Qorvxidest i shuser dmyd ehfiren -6 agostie @ Zimisendary

PR AT GRS arTS LIV RA DY ously n a

SHIGHH S, sﬂ%é‘,t least one of the magnetic recording layers contains a
plurality of kinds of oxides at the grain boundary portions. 5. A
perpendiatiarematire ticaiedoodimganysuiuiio hs ciogt ainl easiuaditgt of kinds of

oxides.

2. The perpendicular magnetic recording medium according to claim 1,
wherein the plurality of kinds of oxides includes both of SiO, and TiO,.

3. The perpendicular magnetic recording medium according to claim 1,
wherein a content of all of the plurality of kinds of oxides is in a range of from 6
mol% to 12 mol%.

4. The perpendicular magnetic recording medium according to claim 1,
including a plurality of the magnetic recording layers with a granular structure,
and

at least one of the magnetic recording layers contains a plurality of
kinds of oxides at the grain boundary portions.

5. A perpendicular magnetic recording medium having at least a first
magnetic recording layer and a second magnetic recording layer on a substrate
in an order named,

wherein the first magnetic recording layer and the second magnetic
recording layer are a ferromagnetic layer having a granular structure in which
non-magnetic grain boundary portions are formed between magnetic grains that
have grown continuously in a columnar shape, and

the grain boundary portions of the first magnetic recording layer and

the second magnetic recording layer contain a plurality of kinds of oxides.
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magnetic recording layer and a second magnetic recording layer on a
substrate in an order named, wherein the first magnetic recording layer
and the second magnetic recording layer are a ferromagnetic layer
having a granular structure in which non-magnetic grain boundary
portions are formed between magnetic grains that have grown
continuously in a columnar shape, and the grain boundary portions of the
first magnetic recording layer and the second magnetic recording layer

contain a%pILRRIRFHPRIHSURLTAEECHS BCAdipaiMERHERIaFFREGRE IO claim S,

recording,\;r]] p%'macg)rding to claim 5, wherein A < B where a content of
all of the plurality of kinds of oxides contained in the first magnetic

recordinglpges i cehired Syl o1alée. Morgontanteldloxidee ebmalinedfin the

kinds of oxides contained in the second magnetic recording layer is
tisfimeaaneicrreter dnar ey pleip datirectl yriagiaitie, @edrding medium

according to claim 5, wherein the plurality of kinds of pxides are selected

from amch6 S 3] LB By FHog ST g opanes e
pecoRRicHpImeaRsliGRe g RRdiHByasPErdRpIe Claim 5, wherein

a content of all of the plurality of kinds of oxides contained in the first
magnetic/retoedtegpayeidslar aaggeiofréconding otéddiord edésdargitdc&im 5,
where the content of all of the Elurality of kinds of oxides contained in the

YagiRAgInGR!rERBRIRIGIANE QS GARERES 30100186, oM 2RISR Glall G2
el Hstagliiios conianed i e second magrele
recordin@negkuse b aldeasignetic recording medium according to claim 5,
wherein a content of all of the plurality of kinds of oxides contained in the first
magnetic recording layer is in a range of from 5 mol% to 8 mol%, and

A<B

where the content of all of the plurality of kinds of oxides contained in
the first magnetic recording layer is defined by A mol%, and

a content of all of the plurality of kinds of oxides contained in the
second magnetic recording layer is defined by B mol%.

9. A perpendicular magnetic recording medium having at least:

a size-reduction promoting layer, for reducing a size of magnetic grains
of a magnetic recording layer, having a granular structure in which grain
boundary portions containing a first oxide are formed between non-magnetic
grains that have grown continuously in a columnar shape;

a first magnetic recording layer having a granular structure in which
grain boundary portions containing the first oxide and a second oxide are
formed between magnetic grains that have grown continuously in a columnar
shape; and

a second magnetic recording layer having a granular structure in which
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a size-reduction promoting layer, for reducing a size of magnetic grains of
a magnetic recording layer, having a granular structure in which grain
boundary portions containing a first oxide are formed between
non-magnetic grains that have grown continuously in a columnar shape;
a first magnetic recording layer having a granular structure in which grain
boundary portions containing the first oxide and a second oxide are
formed between magnetic grains that have grown continuously in a

GEHMRRHNGRRHRORIRNG SEBEHAI RthEIfetRGRIE iR A78r AR Retween
B e R A R e, e BT Rl

continuoslyaiR gheaiid naasheRrRr eamegbstrate in an order named. 10.
The perpendicular magnetic recording medium according to claim 9,

wherein the: fr8e efRABANOR! ahddHelISsEaICHRGRATIORACIOMIR] to claim
e e e e e Sea ey . TiOo,
Cr02, CradQ3rKEQergBdl@daPnfdnetic recording medium according to claim

9, wherein the first oxide or the second oxide is selected from among SiOx,

TiOg, CFOQ, Cr203, ZFOQ, and T3.205.
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