Perpendicular Magnetic Recording Medium And A Method For Manufacturing the Same Technical
field of the invention 5 The present invention relates to a perpendicular magnetic recording medium
mounted on various magnetic recording apparatuses, and to a manufacturing method therefor.
Background of the invention 10 A perpendicular magnetic recording system in which a direction of
recording magnetization is perpendicular to a medium surface is drawing attention as a technology for
achieving high density in magnetic recoding to substitute for a conventional longitudinal magnetic
recording system. 15 A perpendicular magnetic recording medium is mainly composed of a magnetic
recording layer of hard magnetic material, an underlayer for aligning the magnetic recording layer to
an aimed orientation, a protective layer for protecting a surface of the magnetic recording layer, and a
backlining layer of sBiiperghetitamiiegastthi dsacinglylledieme dhed v dtbthnddrestic flux 20
generated by a magnetic head used for recording on the recording layer. The soft magnetic backlining
layer, which can enhance performance oMgamtaeiinghseamated since recording is possible
without a backlining layer. To achieve high recording density in a perpendicular magnetic recording 1
medium, low noise compatible with high thermal stability is essential as in a

Technical field of the invention
5 The present invention relates to a perpendicular magnetic recording
medium mounted on various magnetic recording apparatuses, and to a

manufacturing method therefor.

Background of the invention

10 A perpendicular magnetic recording system in which a direction of
recording magnetization is perpendicular to a medium surface is drawing
attention as a technology for achieving high density in magnetic recoding to

substitute for a conventional longitudinal magnetic recording system.

15 A perpendicular magnetic recording medium is mainly composed of a
magnetic recording layer of hard magnetic material, an underlayer for aligning
the magnetic recording layer to an aimed orientation, a protective layer for
protecting a surface of the magnetic recording layer, and a backlining layer of
soft magnetic material. The backlining layer concentrates magnetic flux

20  generated by a magnetic head used for recording on the recording layer. The
soft magnetic backlining layer, which can enhance performance of a medium,

can be omitted since recording is possible without a backlining layer.

To achieve high recording density in a perpendicular magnetic recording



longitudinal magnetic recording medium. In the field of longitudinal magnetic recording media, various
compositions 5 and structures of the magnetic recording layer and materials for the nonmagnetic
underlayer have been proposed so far. Practically used magnetic recording layers employ an alloy
composed mainly of cobalt and chromium (hereinafter referred to as a CoCr alloy). The chromium
segregates to a grain boundary region and becomes a principal component of the grain boundary
region to 10 obtain magnetically isolated magnetic grains. Another magnetic recording layer is
proposed in which principal component of the grain boundary region has been oxide or nitride. (See
US Patent No. 5,679,473 and Japanese Unexamined Patent Application Publication No.
2001-101651) 15 The above-mentioned magnetic materials in longitudinal magnetic recording media

can also be appliedionpeipemicidaromapgtibtic veitbrbigh thedizalstatotibxasgskgniral/iding an
underlayer that controls crystal orientation to achieve perpendicular magnetic anisotropy. Reduction of
magnetic interat@igitbdingd snagagie tiecrlngisngdirBlem to attain high recording density in 20
perpendicular magnetic recording media, too. An example using a CoCr alloy is disclosed in Japanese
Unexamined Patent Application Publication No. 2002-358615. The magnetic recording layer in the

eference uses CoCIELK. ang e thiomuym soncentaton s mad higher 2.1 the g bourday

5 and structures of the magnetic recording layer and materials for the nonmagnetic
underlayer have been proposed so far. Practically used magnetic recording
layers employ an alloy composed mainly of cobalt and chromium (hereinafter
referred to as a CoCr alloy). The chromium segregates to a grain boundary
region and becomes a principal component of the grain boundary region to

10  obtain magnetically isolated magnetic grains. Another magnetic recording layer
is proposed in which principal component of the grain boundary region has been

oxide or nitride. (See US Patent No. 5,679,473 and Japanese Unexamined

Patent Application Publication No. 2001-101651)

15 The above-mentioned magnetic materials in longitudinal magnetic
recording media can also be applied to perpendicular magnetic recording media
by, for example, providing an underlayer that controls crystal orientation to
achieve perpendicular magnetic anisotropy. Reduction of magnetic interaction
between magnetic grains is a problem to attain high recording density in

20  perpendicular magnetic recording media, too.

An example using a CoCr alloy is disclosed in Japanese Unexamined
Patent Application Publication No. 2002-358615. The magnetic recording layer

in the reference uses CoCrPt-X, and the chromium concentration is made higher



segregation structure. Examples using oxide or nitride as the principal component in the grain 5
boundary region are disclosed in Japanese Unexamined Patent Application Publication No.
2000-306228 and Japanese Unexamined Patent Application Publication No. 2000-3 1 1 329. A
segregation structure is obtained by heat treatment in the references. 10 Problems to be solved by the
invention A magnetic recording layer comprising grain boundary region principally composed of oxide
or nitride can drastically reduces media noise in comparison with a magnetic recording layer that uses
a conventional CoCr alloy with a principal component of chromium in the grain boundary region, as
disclosed in 15 T. Oikawa et al., IEEE Trans. Magn., vol. 38, No. 5 (Sept. 2002), pp. 1976-1978,
"Microstructure and Magnetic Properties of CoPtCr-SiO2 Perpendicular Recording Media".
Perpendicular nagheigraecbedindanetigiaretherentitheropeseldiire \ghachsa obtamingetic recording layer
is constructed with a multiple of function-separated layers to achieve not only reduction of media noise
but also high thépgrsiZatimiIRirgdiRaneously. Japanese Unexamined Patent Application Publication
No. 2002-230735 3 discloses a multi-layered structure of CoCrPt alloy layers containing chromium
and platinum with concentrations different from layer to layer. Japanese

Examples using oxide or nitride as the principal component in the grain
5 boundary region are disclosed in Japanese Unexamined Patent Application
Publication No. 2000-306228 and Japanese Unexamined Patent Application
Publication No. 2000-311329. A segregation structure is obtained by heat

treatment in the references.

10 Problems to be solved by the invention
A magnetic recording layer comprising grain boundary region principally
composed of oxide or nitride can drastically reduces media noise in comparison
with a magnetic recording layer that uses a conventional CoCr alloy with a
principal component of chromium in the grain boundary region, as disclosed in
15 T. Oikawa et al., [EEE Trans. Magn., vol. 38, No. 5 (Sept. 2002), pp. 1976-1978,
“Microstructure and Magnetic Properties of CoPtCr-Si0, Perpendicular

Recording Media”.

Perpendicular magnetic recording media are recently proposed in which a
20 magnetic recording layer is constructed with a multiple of function-separated
layers to achieve not only reduction of media noise but also high thermal

stability simultaneously.

Japanese Unexamined Patent Application Publication No. 2002-230735



Unexamined Patent Application Publication No. 2003-168207 discloses a magnetic recording layer
consisting of lower and upper two magnetic layers. 5 The lower magnetic layer comprises grain
boundary region principally composed of oxide or nitride, and the upper magnetic layer includes a
CoCr alloy for the purpose of enhancement of corrosion resistance. To attain higher recording density
in a perpendicular magnetic recording 10 medium, further reduction of media noise is essential. To
reduce the media noise, a structure of a magnetic recording layer disclosed in Japanese Unexamined
Patent Application Publication No. 2003-168207 is appropriate, in which a magnetic recording layer
consists of upper and lower two magnetic layers and grain boundary region of the lower magnetic
layer is principally 15 composed of oxide or nitride. To achieve high density by virtue of reduction in
media noise andisilosttanaoukiyl ajgiiad sabittyteyofi ki _sPeatlojeltycssrosivnirgsigelmsanaistructure
in Japanese Unexamined Patent Application Publication No. 2003 20 168207 may be appropriate in

which a CoCr afiB{ Blatduaeithieengspéra ieagristersps dront laxpr i leyemelenanass Patent
Application Publication No. 2003-168207 further discloses post heatinﬁﬁthat is conducted after

depositing lowdfagimined Baicnboreicatipnd shbcioNomadPeu ot dling 1958t &0 improve

electromagnetic conversion ch(?rac eristic as well as the corrosion 4 resistance. .
magnetic recording layer consisting of lower and upper two magnetic layers.

5 The lower magnetic layer comprises grain boundary region principally
composed of oxide or nitride, and the upper magnetic layer includes a CoCr

alloy for the purpose of enhancement of corrosion resistance.

To attain higher recording density in a perpendicular magnetic recording
10  medium, further reduction of media noise is essential. To reduce the media
noise, a structure of a magnetic recording layer disclosed in Japanese
Unexamined Patent Application Publication No. 2003-168207 is appropriate, in
which a magnetic recording layer consists of upper and lower two magnetic
layers and grain boundary region of the lower magnetic layer is principally

15 composed of oxide or nitride.

To achieve high density by virtue of reduction in media noise and
simultaneously high reliability by virtue of excellent corrosion resistance, a
structure in Japanese Unexamined Patent Application Publication No. 2003-

20 168207 may be appropriate in which a CoCr alloy is included in the upper
magnetic layer. The Japanese Unexamined Patent Application Publication No.
2003-168207 further discloses post heating that is conducted after depositing
lower and upper two magnetic layers composing a magnetic recording layer, to

improve electromagnetic conversion characteristic as well as the corrosion



For further improvement of the electromagnetic conversion characteristic in the structure of Japanese
Unexamined Patent Application Publication No. 5 2003-168207, magnetic interaction needs to be
decreased in the CoCr alloy layer of the upper magnetic layer composing the magnetic recording
layer. To reduce the magnetic interaction, segregation of chromium to grain boundary region is
desirably more promoted. However, the post heating as disclosed in Japanese Unexamined Patent
Application Publication No. 2003-168207 fails to solve this 10 problem. To improve electromagnetic
conversion characteristic, a structure might be conceived that comprises a first magnetic layer of the
magnetic recording layer of CoCrPt-Si02 disclosed in T. Oikawa et al., IEEE Trans. Magn., vol. 38,
No. 5 15 (Sept. 2002), pp. 1976-1978, "Microstructure and Magnetic Properties of CoPtCr-Si02
Perpendicular Resstding Media" and a second magnetic layer of the CoCrPt alloy film used for the
construction in Japanese Unexamined Patent Application Publication No. 2002-230735. However, no
concrete construction in such type of structure has ever been disclosed. 20 Thus, a perpendicular
magnetic recording medium is never disclosed that satisfies high recording density by virtue, of

improvement in eleck O BYHRIICIBBROEEEISH A RE RIeSHOMERRIICeNENAES O AGRCHEHHancement

of corrosion resistance simultaneausly. 5 . . D
n t?le structure of %pgnese Unexamined Patent Application Publication No.

5 2003-168207, magnetic interaction needs to be decreased in the CoCr alloy layer
of the upper magnetic layer composing the magnetic recording layer. To reduce
the magnetic interaction, segregation of chromium to grain boundary region is
desirably more promoted. However, the post heating as disclosed in Japanese
Unexamined Patent Application Publication No. 2003-168207 fails to solve this

10  problem.

To improve electromagnetic conversion characteristic, a structure might be
conceived that comprises a first magnetic layer of the magnetic recording layer
of CoCrPt-Si0, disclosed in T. Oikawa et al., IEEE Trans. Magn., vol. 38, No. 5
15 (Sept. 2002), pp. 1976-1978, “Microstructure and Magnetic Properties of
CoPtCr-SiO, Perpendicular Recording Media” and a second magnetic layer of
the CoCrPt alloy film used for the construction in Japanese Unexamined Patent
Application Publication No. 2002-230735. However, no concrete construction
in such type of structure has ever been disclosed.
20
Thus, a perpendicular magnetic recording medium is never disclosed that
satisfies high recording density by virtue of improvement in electromagnetic
conversion characteristic and high reliability by virtue of enhancement of

corrosion resistance simultancously.



Therefore, an object of the present invention is to provide a perpendicular magnetic recording medium
and a method therefore that achieve both high recording density and high reliability in a medium
comprising a magnetic recording layer consisting of a plurality of magnetic layers. 5 Means to solve
the problem A perpendicular magnetic recording medium according to the present invention
comprises a nonmagnetic substrate; an underlayer laminated over the substrate; a magnetic
recording layer that consists of a lower magnetic layer 10 formed on the underlayer, the lower
magnetic layer including ferromagnetic grains and nonmagnetic grain boundary region containing
oxide or nitride as a principal component, and an upper magnetic layer formed on the lower magnetic
layer, the upper magnetic layer including ferromagnetic grains and nonmagnetic grain boundary
region in which concdhgteionefancpbientortdhe picscoppomationsisstoighevitaa peepeodifarfamagnetic
component in the ferromagnetic grains; and a covering layer formed on the upper mag_netic layer;

wherein the upgaaZreiinseeatdiagisriivay aithp st drtherstonashasrmahieye strate

having the lower magnetic layer formed. 20 The ferromagnetic grains in the lower magnetic layer
contain cobalt S &CTHASIHNEHMNABAdHE T IBPAFEEIA DRI RS REVAMAGBBLISIy, the

nonmagnetic grain baundary region in the lower, magnetic layer is substantially composed of oxide or
nitride gf at |eg§:[egﬂr?hng ?ayer gonswtmg o(%a pluraﬁﬂyo mglgnetlc ayers. y P

5
Means to solve the problem
A perpendicular magnetic recording medium according to the present

invention comprises a nonmagnetic substrate; an underlayer laminated over the
substrate; a magnetic recording layer that consists of a lower magnetic layer

10  formed on the underlayer, the lower magnetic layer including ferromagnetic
grains and nonmagnetic grain boundary region containing oxide or nitride as a
principal component, and an upper magnetic layer formed on the lower magnetic
layer, the upper magnetic layer including ferromagnetic grains and nonmagnetic
grain boundary region in which concentration of non-ferromagnetic component

15  1s higher than the non-ferromagnetic component in the ferromagnetic grains; and
a covering layer formed on the upper magnetic layer; wherein the upper
magnetic layer is formed after a heat treatment is conducted to the substrate

having the lower magnetic layer formed.

20 The ferromagnetic grains in the lower magnetic layer contain cobalt as a

principal component, and preferably contain platinum.

Advantageously, the nonmagnetic grain boundary region in the lower

magnetic layer is substantially composed of oxide or nitride of at least an



6 element selected from Cr, Al, Ti, Si, Ta, Hf, Zr, Y, and Ce. Advantageously, the ferromagnetic grains
in the upper magnetic layer contain cobalt as a principal component, and at least chromium. 5
Advantageously, the nonmagnetic grain boundary region in each of the upper magnetic layer contains
chromium as one of the non-ferromagnetic components and concentration of the chromium is higher
than concentration of the chromium in the ferromagnetic grains. 10 Advantageously, the lower
magnetic layer includes ferromagnetic grains composed of a CoPtCr alloy and nonmagnetic grain
boundary region containing SiO2; and the upper magnetic layer includes ferromagnetic grains
composed of a CoPtCrB alloy and nonmagnetic grain boundary region in which concentration 15 of
the chromium is higher than the chromium in the ferromagnetic grains. Advantageously, a seed layer
is further providel¢inené aehettedifidendyerAlTHa, sbied tayldf,cén We andpesed of a NiFe alloy or a NiFe
alloy containing 20 at least an additive element selected from B, Si, Nb, and Mo. The seed layer can
also be composed of cobalt or a cobalt alloy containing at least an additive element selected from B,

Si, Nb, Mo, Fe, and Ni. 7 Advantageously, a soft magnetic backlining layer is further provided
Advantageously, the ferromagnétic grains in the upper magnetic layer

contain cobalt as a principal component, and at least chromium.

5
Advantageously, the nonmagnetic grain boundary region in each of the
upper magnetic layer contains chromium as one of the non-ferromagnetic
components and concentration of the chromium is higher than concentration of
the chromium in the ferromagnetic grains.
10

Advantageously, the lower magnetic layer includes ferromagnetic grains
composed of a CoPtCr alloy and nonmagnetic grain boundary region containing
Si0,; and the upper magnetic layer includes ferromagnetic grains composed of a
CoPtCrB alloy and nonmagnetic grain boundary region in which concentration

15 of'the chromium is higher than the chromium in the ferromagnetic grains.

Advantageously, a seed layer is further provided beneath the underlayer.

The seed layer can be composed of a NiFe alloy or a NiFe alloy containing

20 at least an additive element selected from B, Si, Nb, and Mo.

The seed layer can also be composed of cobalt or a cobalt alloy containing

at least an additive element selected from B, Si, Nb, Mo, Fe, and Ni.



between the substrate and the underlayer or between the substrate and the seed layer, 5
Advantageously, the upper magnetic layer has approximately same grain size of the ferromagnetic
grains and same width of the grain boundary region as those of the lower magnetic layer. An aspect of
the present invention is a method for manufacturing a 10 perpendicular magnetic recording medium.
The method comprises a step of preparing a nonmagnetic substrate, a step of depositing an
underlayer over the substrate, a process of depositing the magnetic recording layer on the underlayer,
and a step of depositing a covering layer on the magnetic recording layer. The process of forming the
magnetic recording layer comprises a step of depositing a 15 lower magnetic layer on the underlayer,
the lower magnetic layer including ferromagnetic grains and nonmagnetic grain boundary region
composed of oxide érdviaidageosdy,df sotidnagngtic heskliaing dayad ith&ustisstprevidadng the lower
magnetic layer formed, and a step of depositing an upper magnetic layer on the lower magnetic layer,

the upper magrREVesietis aubst teRafhiyhetdotayesins belavesn Hisririgisiatsbivasgsdegion in

which concentration of non- ferromagnetic component is higher than the non-ferromagnetic component
in the ferromadﬁ¥ﬁ5 grains. By conducting the intermediate heat treatment, the upper magnetic layer
8 grows retaining approximately same grain size of the ferromagnetic grains and

5 Advantageously, the upper magnetic layer has approximately same grain
size of the ferromagnetic grains and same width of the grain boundary region as

those of the lower magnetic layer.

An aspect of the present invention is a method for manufacturing a

10  perpendicular magnetic recording medium. The method comprises a step of
preparing a nonmagnetic substrate, a step of depositing an underlayer over the
substrate, a process of depositing the magnetic recording layer on the underlayer,
and a step of depositing a covering layer on the magnetic recording layer. The
process of forming the magnetic recording layer comprises a step of depositing a

15 lower magnetic layer on the underlayer, the lower magnetic layer including
ferromagnetic grains and nonmagnetic grain boundary region composed of
oxide or nitride, a step of conducting a heat treatment to the substrate having the
lower magnetic layer formed, and a step of depositing an upper magnetic layer
on the lower magnetic layer, the upper magnetic layer including ferromagnetic

20 grains and nonmagnetic grain boundary region in which concentration of non-
ferromagnetic component is higher than the non-ferromagnetic component in the

ferromagnetic grains.

By conducting the intermediate heat treatment, the upper magnetic layer



same width of the grain boundary region as those of the lower magnetic layer. Brief description of
drawings 5 Fig. 1 is a sectional view of a structure of a perpendicular magnetic recording medium
according to first aspect of embodiment of the present invention. Fig. 2 illustrates a surrounding
structure of a lower magnetic layer constructing a magnetic recording layer. 10 Fig. 3 illustrates a
surrounding structure of an upper magnetic layer constructing a magnetic recording layer. Fig. 4 is a
flow chart showing a manufacturing method for a perpendicular 15 magnetic recording medium
according to second aspect of embodiment of the present invention. Fig. 5 is a sectional view showing
a structure of a magnetic recording layer formed by a manufacturing method including an intermediate
heating step. 20 Fig. 6 is a sectional view showing a structure of a magnetic recording layer formed
by a manufactugirjs eetad g imeie he siene Igsaiing ztay. hetsrmpagnetiegrovaimeadt of the
invention Some preferred embodiments of the present invention will be described in the following with
reference to acé8mparidiy o e ggainmumdipaeeire apbnsserk bradewsranasnetic layer.

Brief description of drawings
5 Fig. 1 is a sectional view of a structure of a perpendicular magnetic recording

medium according to first aspect of embodiment of the present invention.

Fig. 2 illustrates a surrounding structure of a lower magnetic layer constructing a
magnetic recording layer.

10
Fig. 3 illustrates a surrounding structure of an upper magnetic layer constructing

a magnetic recording layer.

Fig. 4 is a flow chart showing a manufacturing method for a perpendicular
15 magnetic recording medium according to second aspect of embodiment of the

present invention.

Fig. 5 is a sectional view showing a structure of a magnetic recording layer

formed by a manufacturing method including an intermediate heating step.
20

Fig. 6 is a sectional view showing a structure of a magnetic recording layer

formed by a manufacturing method without an intermediate heating step.



First aspect of embodiment will be described with reference to the Figs. 1, 2, and 3 in the following.
Fig. 1 shows a cross section of an exemplary structure of a perpendicular 10 magnetic recording
medium according to the invention. Referring to Fig. 1, a perpendicular magnetic recording medium 1
comprises a substrate 11 and layers sequentially laminated on the substrate, the layers including an
underlayer 14, a magnetic recording layer 15 that is a 15 lamination of a lower magnetic layer 151 and
an upper magnetic layer 152, a protective layer 16, and a liquid lubricant layer 17. A nonmagnetic
substrate 1 1 can be made of a Ni-P plated aluminum alloy, strengthened glass, or crystallized glass,
each being used in a conventional 20 magnetic recording medium. The underlayer 14 is preferably
composed of a metal or alloy having a hexagonal closest packed (hcp) structure or a metal or alloy
having a face deateraddwibic edjsiimminte e pnefenable metals with the hcp structure includes
Ti, Zr, Ru, Zn, Tc, and Re. The preferable metals with the fcc structure include Cu, Rh, Pd, Ag, Ir, Pt,
An, Ni, and Co. 5 RuSémetpredeand etidysdeoreminiofjtiepcaeataisy mpartivulhbheadesaebidyin
preference, because these metals and alloys scarcely react with oxygen or nitrogen contained in
nonmagnetic gréin fdlewding retiloredergnes e aragmepanying drawings.

5  First aspect of embodiment of the invention
First aspect of embodiment will be described with reference to the Figs. 1,

2, and 3 in the following.

Fig. 1 shows a cross section of an exemplary structure of a perpendicular

10 magnetic recording medium according to the invention.

Referring to Fig. 1, a perpendicular magnetic recording medium 1
comprises a substrate 11 and layers sequentially laminated on the substrate, the
layers including an underlayer 14, a magnetic recording layer 15 that is a

15 lamination of a lower magnetic layer 151 and an upper magnetic layer 152, a

protective layer 16, and a liquid lubricant layer 17.

A nonmagnetic substrate 11 can be made of a Ni-P plated aluminum alloy,
strengthened glass, or crystallized glass, each being used in a conventional

20  magnetic recording medium.

The underlayer 14 is preferably composed of a metal or alloy having a
hexagonal closest packed (hcp) structure or a metal or alloy having a face

centered cubic (fcc) structure.

10



layer 151 that is described later, thus, are improbable to disturb crystal orientation of cobalt that is a
principal component of ferromagnetic grains in the 10 lower magnetic layer 151. Thickness of the
underlayer is desired to be a minimum value, while a thickness of 3 rim or more is preferable to
ensure crystal growth of the underlayer itself. Protective layer 16 can be a thin film principally
composed of carbon. 15 Liquid lubricant layer 17 can be composed of perfluoropolyether lubricant.
Advantageously, a seed layer 13 and a soft magnetic backlining layer 12 are further provided as
described below. 20 A seed layer 13 is provided beneath the underlayer 14 to improve orientation of
the underlayer. The seed layer can be composed of a nonmagnetic material or a soft 11 magnetic
material. When a soft magnetic backlining layer 12 is formed beneath the seed layer, a soft magnetic
material is preferablellbeqaedertdemactaial withdiieriscpastiy cts = softlndrgnktj vaBidindng Teyer. 5 The
soft magnetic material for the seed layer 13 can be selected from nickel-based alloys such as NiFe,

NiFeNb, NiFeBaaddqiFébe, pi costis ardhcBisafcpstarairsyiaelwste 4s0cBB, EdsALANI, and

CoFe. These materials for the seed layer take preferably fcc or hcp structure as in the underlayer 14.
Pt, Au, Ni, and Co.

5 Ru, Ir, Pt, Au, and alloys containing these metals, in particular, are used by
preference, because these metals and alloys scarcely react with oxygen or
nitrogen contained in nonmagnetic grain boundary region of a lower magnetic
layer 151 that is described later, thus, are improbable to disturb crystal
orientation of cobalt that is a principal component of ferromagnetic grains in the

10  lower magnetic layer 151. Thickness of the underlayer is desired to be a
minimum value, while a thickness of 3 nm or more is preferable to ensure

crystal growth of the underlayer itself.

Protective layer 16 can be a thin film principally composed of carbon.
15

Liquid lubricant layer 17 can be composed of perfluoropolyether lubricant.

Advantageously, a seed layer 13 and a soft magnetic backlining layer 12
are further provided as described below.
20
A seed layer 13 is provided beneath the underlayer 14 to improve

orientation of the underlayer.

The seed layer can be composed of a nonmagnetic material or a soft

11



The seed layer may consist of plural layers of the above materials, each layer 10 functioning
separately to ensure crystalline lattice consistency or to control grain size. A soft magnetic backlining
layer 12 is preferably provided for controlling magnetic flux generated by a magnetic head and assist
magnetic recording. 15 When a seed layer 13 is provided under an underlayer 14, the soft magnetic
backlining layer 12 is provided under the seed layer 13. The soft magnetic backlining layer 12 can be
made of a material selected from a crystalline alloy such as a NiFe alloy, a Sendust (FeSiAl) alloy, or
a 20 CoFe alloy, a fine crystalline material such as FeTaC, CoTaZr, CoFeNi, and CoNiP, and an
amorphous cobalt alloy such as CoNbZr. An optimum thickness of the backlining layer 12 varies
depending on a structure and characteristics of a magnetic head used for magnetic recording. When
the soft magnetinagackiningttayal id¥banedsofcopanstial bagldsitiogd ayien dthesr fapes] rangath
preferable thickness is in a range of 10 nm to 500 nm considering productivity. In the case of
preliminary depdsnigiedyayietintsohtanagnelg metiedabitiatesakdecbgeposnitie sadteaallayers, the
thickness may be as thick as several microns. 5 Magnetic recording layer Now, a magnetic recording
layer 15 is deschBEdinsRtd¥as a soft magnetic backlining layer.

5 The soft magnetic material for the seed layer 13 can be selected from
nickel-based alloys such as NiFe, NiFeNb, NiFeB, and NiFeCr, and from cobalt
and cobalt-based alloys such as CoB, CoSi, CoNi, and CoFe. These materials
for the seed layer take preferably fcc or hep structure as in the underlayer 14.
The seed layer may consist of plural layers of the above materials, each layer

10  functioning separately to ensure crystalline lattice consistency or to control grain

size.

A soft magnetic backlining layer 12 is preferably provided for controlling
magnetic flux generated by a magnetic head and assist magnetic recording.
15 When a seed layer 13 is provided under an underlayer 14, the soft magnetic

backlining layer 12 is provided under the seed layer 13.

The soft magnetic backlining layer 12 can be made of a material selected
from a crystalline alloy such as a NiFe alloy, a Sendust (FeSiAl) alloy, or a
20  CoFe alloy, a fine crystalline material such as FeTaC, CoTaZr, CoFeNi, and
CoNiP, and an amorphous cobalt alloy such as CoNbZr. An optimum thickness
of the backlining layer 12 varies depending on a structure and characteristics of
a magnetic head used for magnetic recording. When the soft magnetic

backlining layer is formed in sequential depositions with other layers, the

12



A magnetic recording layer 15 is a lamination of plural magnetic layers of 10 different materials: a
lower magnetic layer 151 and an upper magnetic layer 152. The lower magnetic layer 151 shown in
Fig. 2 has a granular structure in which ferromagnetic grains 20 are surrounded by nonmagnetic grain
boundary region 21 of principal component of oxide or nitride. 15 The ferromagnetic grains 20 in the
lower magnetic layer 151 are preferably composed of a principal component of cobalt and at least
platinum. The ferromagnetic grains 20 favorably further contain at least an element 20 selected from
Ta, B, Cr, Nb, Ag, Mo, W, Pd, and Cu for the purpose of grain size control and crystallinity
improvement. Appropriate materials for the nonmagnetic grain boundary 21 of the lower magnetic
layer 151 includes oxides or nitrides of at least one element selected from Cr, Al, Ti, Si, Ta, Hf, Zr, Y,

and Ce. 13 An pmgferambhetkreyersliicastamga of FiyniHass86 mncterasmedighpfedootagtetic
grains 30 are surrounded by nonmagnetic grain boundary region 31 principally composed of
chromium. 5 Thinfdteorasgaéie]rainzasy depositippdrnmlghing ayeraBRragaagtiefarasisateomposed of
a principal component of cobalt, and at least chromium. The ferromagnetic grains 30 favorably further
contain at least el clerotittanetaihesinpers dhe Npkngsswawbers, thitk@s, sevasdition to the

cobalt )
microns.

Magnetic recording layer

Now, a magnetic recording layer 15 is described here in detail.

A magnetic recording layer 15 is a lamination of plural magnetic layers of

10 different materials: a lower magnetic layer 151 and an upper magnetic layer 152.

The lower magnetic layer 151 shown in Fig. 2 has a granular structure in
which ferromagnetic grains 20 are surrounded by nonmagnetic grain boundary
region 21 of principal component of oxide or nitride.

15
The ferromagnetic grains 20 in the lower magnetic layer151 are preferably

composed of a principal component of cobalt and at least platinum.

The ferromagnetic grains 20 favorably further contain at least an element
20 selected from Ta, B, Cr, Nb, Ag, Mo, W, Pd, and Cu for the purpose of grain
size control and crystallinity improvement. Appropriate materials for the
nonmagnetic grain boundary 21 of the lower magnetic layer 151 includes oxides
or nitrides of at least one element selected from Cr, Al, Ti, Si, Ta, Hf, Zr, Y, and

Ce.

13



10 and chromium. The nonmagnetic grain boundary region 31 in the upper magnetic layer 152
contains a non-ferromagnetic component preferably in a concentration higher than a concentration of
the same non-ferromagnetic component in the 15 ferromagnetic grains 30. In particular, the
nonmagnetic grain boundary region 31 contains preferably a non-ferromagnetic component of
chromium and the chromium concentration is higher than a chromium concentration in the
ferromagnetic grains. This condition is called as chromium-rich. 20 The magnetic recording layer 15
having the above-described structure is subjected to heat treatment of the substrate after deposition of
the lower magnetic layer 151 and before deposition of the upper magnetic layer 152. Preferable
conditions of heat treatment of the magnetic recording layer are a temperature higher than 150C that
produces sufficient eactipper atigeetit dayetid 6 2rstoovnangd of. B dess o stuctireonsidadhg
productivity. Second aspect of embodiment of the invention Second aspect of embodiment of the
present inventidetigdeagniée Sreliow 39 rrtesunptmndagsby tuougls BeticETalblbanTiasaegeoparts as
in the first aspect of embodiment are given the same symbols and are not described repeatedly. A
manufacturing &éma%@b@w@ﬂﬁﬁﬁﬂ@frﬁmﬂé&bcording medium 1 described in the first aspect
of embodiment is described here as a second aspect 10 of invention.

5 The ferromagnetic grains 30 in the upper magnetic layer 152 are preferably

composed of a principal component of cobalt, and at least chromium.

The ferromagnetic grains 30 favorably further contain at least one element
selected from Pt, Ta, B, Nb, Ag, Mo, W, Pd, and Cu, in addition to the cobalt

10 and chromium.

The nonmagnetic grain boundary region 31 in the upper magnetic layer 152
contains a non-ferromagnetic component preferably in a concentration higher
than a concentration of the same non-ferromagnetic component in the

15 ferromagnetic grains 30. In particular, the nonmagnetic grain boundary region
31 contains preferably a non-ferromagnetic component of chromium and the
chromium concentration is higher than a chromium concentration in the

ferromagnetic grains. This condition is called as chromium-rich.

20 The magnetic recording layer 15 having the above-described structure is
subjected to heat treatment of the substrate after deposition of the lower
magnetic layer 151 and before deposition of the upper magnetic layer 152.
Preferable conditions of heat treatment of the magnetic recording layer are a

temperature higher than 150°C that produces sufficient effect and a time

14



Manufacturing method Fig. 4 is a flow chart showing an example of manufacturing method of
perpendicular magnetic recording media. In step S 1, layers up to an underlayer 15 14 are
sequentially formed on a nonmagnetic substrate 11. A chemically reinforced glass substrate having a
smooth surface (for example, N-5 glass substrate manufactured by HOYA Corporation) is used for
the nonmagnetic substrate 11. After cleaning, the substrate is put into a 20 sputtering apparatus. A soft
magnetic backlining layer 12 of CoZrNb 150 nm thick is formed using a target of Co88Zr4Nbs under
argon gas pressure of 5 mTorr on the substrate. Subsequently, a seed layer 13 of NiFeSiB 10 nm
thick is formed using a target of a soft magnetic nickel-based alloy Ni84Fel12Si3B1 under argon gas
pressure of 20 mTorr. 15 On the seed layer 13, a ruthenium underlayer 14 with a thickness of 10 nm
is formed usingdurati@ninnthtargaparder segeo aspressusedet B proahuctivitep S2, a lower
magnetic layer 151 consisting a part of a magnetic 5 recording layer 15 is formed. A lower magnetic
layer 151 of CoPtCr-Si02 shown in Fig. 2 having thickness of 8 nm is formed by means of an RF
sputtering method using a target of (Co72PtI8Cr10)93(SiO2)7 under argon gas pressure of 30 mTorr.
10 In step S3, tReUKhsgaetiet anentelthg thegaiier magnetic layer 151 of CoPtCr-SiO2

formed thereon is subjected to heat treatment, which is ) o )
Second aspect of embodiment of the present invention is described below

5 referring to Figs. 4 through 6 and Table 1. The same parts as in the first aspect

of embodiment are given the same symbols and are not described repeatedly.

A manufacturing method for a perpendicular magnetic recording medium 1
described in the first aspect of embodiment is described here as a second aspect

10 of invention.

Manufacturing method
Fig. 4 is a flow chart showing an example of manufacturing method of
perpendicular magnetic recording media. In step S1, layers up to an underlayer

15 14 are sequentially formed on a nonmagnetic substrate 11.

A chemically reinforced glass substrate having a smooth surface (for
example, N-5 glass substrate manufactured by HOY A Corporation) is used for
the nonmagnetic substrate 11. After cleaning, the substrate is put into a
20  sputtering apparatus. A soft magnetic backlining layer 12 of CoZrNb 150 nm
thick is formed using a target of CoggZryNbg under argon gas pressure of 5
mTorr on the substrate. Subsequently, a seed layer 13 of NiFeSiB 10 nm thick
1s formed using a target of a soft magnetic nickel-based alloy NigsFe,S13B;

under argon gas pressure of 20 mTorr.
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refereed to as intermediate heating. The intermediate heating is conducted with a lamp heater in a
heating chamber at a substrate temperature of 200C for 10 sec. 15 In step S4, after the intermediate
heating, an upper magnetic layer 152 consisting a part of the magnetic recording layer 15 is formed.
An upper magnetic layer 152 of CoCrPtB as shown in Fig. 3 having a 20 thickness of 6 nm is formed,
on the heat-treated lower magnetic layer 151 of CoPtCr-Si02, using a target of Co66Cr20Pt10B4
under argon gas pressure of 5 mTorr. In step S5, layers from a protective layer 16 and above are
sequentially 16 formed as a covering layer. A carbon protective layer 16 with a thickness of 3 nm is
deposited by an ion beam deposition method. After that, the substrate is taken out from the 5 vacuum
chamber. Then, a liquid lubricant layer 17 of perfluoropolyether 2 nm thick is formed by dip-coating
method. Thus, a perfantlieWaedriagoetid racuritiagiume dindeddgeprictuadd a thitkecde pdsitomsteps of
the above described layers were conducted by a DC magnetron sputtering method except for
deposition stepssdbtimecidwsimngagmgkienium target under argon gas pressure of 30 mTorr.

In step S2, a lower magnetic layer 151 consisting a part of a magnetic

5 recording layer 15 is formed. A lower magnetic layer 151 of CoPtCr-SiO,
shown in Fig. 2 having thickness of 8 nm is formed by means of an RF

sputtering method using a target of (Co,Pt13Cr0)93(Si0;); under argon gas

pressure of 30 mTorr.

10 In step S3, the nonmagnetic substrate 11 having the lower magnetic layer
151 of CoPtCr-Si0, formed thereon is subjected to heat treatment, which is
refereed to as intermediate heating. The intermediate heating is conducted with
a lamp heater in a heating chamber at a substrate temperature of 200°C for 10
sec.

15

In step S4, after the intermediate heating, an upper magnetic layer 152

consisting a part of the magnetic recording layer 15 is formed.

An upper magnetic layer 152 of CoCrPtB as shown in Fig. 3 having a
20  thickness of 6 nm is formed, on the heat-treated lower magnetic layer 151 of
CoPtCr-SiO,, using a target of CogsCr,oPt;0B4 under argon gas pressure of 5

mTorr.

In step S35, layers from a protective layer 16 and above are sequentially

16



layer 151 and of the protective layer 16. 15 Intermediate heating of a magnetic recording layer The
following describes benefits of the intermediate heating of a magnetic recording layer consisted of the
lower and upper magnetic layers 151 and 152. Distinctive features in structure produced by the
intermediate heating 20 (1) Fig. 5 shows a sectional structure of a magnetic recording layer 15 of
Example of embodiment according to the invention. Intermediate heating is carried out in the Example
of embodiment of the invention. Fig. 6 shows a sectional structure of a magnetic recording layer 15 in
the case without intermediate heating for comparison. 17 Positional relationship between the upper
and lower layers of the magnetic recording layer 15 in Fig. 5 is basically such that every crystalline
grain in the upper magnetic layer 152 positions on a crystalline grain in the lower magnetic layer 151,
and every grainfbomeday arcthectipgdapeagnetic layer 152 positions 5 on grain boundary in the lower
magnetic layer 151. In a magnetic layer with intermediate heating as shown in Fig. 5, the upper
magnetic layer 152 grows directly reflecting the grain size and the grain boundary width in the lower

magnetic layer 151. 10 In contrast, in the case without intermediate heating as shown in Fig. 6, while
the upper magnetic IdyerrPon grales tisttelawsy §fawithza tiekgasmof 3 nms deposited by an

ion beam deposition method. After that, the substrate is taken out from the

5 vacuum chamber.

Then, a liquid lubricant layer 17 of perfluoropolyether 2 nm thick is formed
by dip-coating method. Thus, a perpendicular magnetic recording medium 1 is
produced.

10

The deposition steps of the above described layers were conducted by a DC

magnetron sputtering method except for deposition steps of the lower magnetic

layer 151 and of the protective layer 16.

15 Intermediate heating of a magnetic recording layer
The following describes benefits of the intermediate heating of a magnetic

recording layer consisted of the lower and upper magnetic layers 151 and 152.

Distinctive features in structure produced by the intermediate heating

20 (1) Fig. 5 shows a sectional structure of a magnetic recording layer 15 of
Example of embodiment according to the invention. Intermediate heating is
carried out in the Example of embodiment of the invention. Fig. 6 shows a
sectional structure of a magnetic recording layer 15 in the case without

intermediate heating for comparison.
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boundary width in the vicinity of interface with the lower magnetic layer 151, as the growth proceeds,
the grain boundary width narrows and the grain size 15 enlarges. The ferromagnetic crystalline grain A
in Fig. 6, for example, swells corresponding to shrinkage of the surrounding grain boundary. The
ferromagnetic grain B in Fig. 6 enlarges (doubles) joining with a neighboring 20 grain together. Thus,
in the case without intermediate heating, the mean grain size increases and the mean grain boundary
width decreases. 18 (2) In a magnetic recording layer 15 of the example as shown in Fig. 5, a mean
grain boundary width is in a range of 0.5 to 2.0 nm and a mean grain size is in a range of 4 to 12 nm.
5 The grain size and crystallinity can be determined depending on composition of the magnetic
recording layer 15, additives to the magnetic recording layer 15, deposition process of the magnetic
recording layer 15, aPdsigrairakizéatiod rairh bovetathcstrppturenct larwen deyagerfithe ifidgribeaupper
magnetic layer 152 without intermediate heating as shown in Fig. 6, mean grain boundary width is
smaller and metgegrdingizeds Ergertitgard thbseidalyrivuh sbahvevioytheystalbnaraeimtdiate
heating. In a specific example with intermediate heating, mean grain boundary width = 1.1 nm and
mean grain siz&!EPEBRAGNGHIE Yl SXPRsIE o Rististdlingeiatinghe lower magnetic

layer 151, and every grain boundary in the upper magnetic layer 152 positions

5 on grain boundary in the lower magnetic layer 151.

In a magnetic layer with intermediate heating as shown in Fig. 5, the upper
magnetic layer 152 grows directly reflecting the grain size and the grain
boundary width in the lower magnetic layer 151.

10

In contrast, in the case without intermediate heating as shown in Fig. 6,
while the upper magnetic layer 152 grows reflecting grain size and grain
boundary width in the vicinity of interface with the lower magnetic layer 151, as
the growth proceeds, the grain boundary width narrows and the grain size

15 enlarges.

The ferromagnetic crystalline grain A in Fig. 6, for example, swells
corresponding to shrinkage of the surrounding grain boundary. The
ferromagnetic grain B in Fig. 6 enlarges (doubles) joining with a neighboring

20  grain together.

Thus, in the case without intermediate heating, the mean grain size

increases and the mean grain boundary width decreases.
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15 mean grain boundary width = 0.7 nm and mean grain size = 9.5 nm. In the magnetic recording layer
with the structure shown in Fig. 5, control of grain size and crystallinity can be carried out by selecting
additive element to the ferromagnetic crystalline grains, as described below. 20 In the lower magnetic
layer 151, grain size can be made fine and intergranular magnetic interaction can be reduced by
adding at least an element selected from Ta, B, Nb, Mo, W, and Cr. 19 In the lower magnetic layer
151, crystallinity can be enhanced and crystalline magnetic anisotropy constant Ku can be elevated by
adding at least an element selected from Ag, Pd, and Cu. 5 In the upper magnetic layer 152, grain
size can be made fine and intergranular magnetic interaction can be reduced by adding at least an
element selected from Ta, B, Nb, Mo, and W. In the upper magnetic layer 152, crystallinity can be
enhanced and 18 mbgastiegnsisotropyrdorstaneklicah the erammld by stunivylatliegsd aa wieanent
selected from Ag, Pd, Cu, and Pt. Effects of the intermediate heating (1) An upper magnetic layer 152
in the structure BfaihiiHit Yaristthng iayerange sfdhdvin tgnsnd @ ansancsiadias tel sipper

magnetic layer grows retaining2 the same grain size and grain boundary width as in the lower magnetic
layer 15 1 range of 4 to T2 nm.

5 The grain size and crystallinity can be determined depending on
composition of the magnetic recording layer 15, additives to the magnetic
recording layer 15, deposition process of the magnetic recording layer 15, and

grain size and grain boundary structure of an underlayer 14.

10 In the upper magnetic layer 152 without intermediate heating as shown in
Fig. 6, mean grain boundary width is smaller and mean grain size is larger than
those described above for the case with intermediate heating. In a specific
example with intermediate heating, mean grain boundary width = 1.1 nm and
mean grain size = 7.3 nm, while in an example without intermediate heating,

15 mean grain boundary width = 0.7 nm and mean grain size = 9.5 nm.

In the magnetic recording layer with the structure shown in Fig. 5, control
of grain size and crystallinity can be carried out by selecting additive element to
the ferromagnetic crystalline grains, as described below.

20

In the lower magnetic layer 151, grain size can be made fine and

intergranular magnetic interaction can be reduced by adding at least an element

selected from Ta, B, Nb, Mo, W, and Cr.
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and facilitate favorable chromium segregation. As a result, SNR enhances according to the following
reasoning. 20 Since the same grain size and grain boundary width are maintained, the magnetic
grains physically separate each other, so that intergranular magnetic interaction reduces, which
decreases magnetic cluster size (described later), which in turn, decreases width of a transition region
between bits, which means reduction in bit transition noise. 20 Because of favorable chromium
segregation, [1] cobalt proportion in ferromagnetic grains increases, which increases magnetic flux
density in each crystalline grain, which increases output signal. The favorable chromium segregation,
on the other hand, causes [2] small cobalt proportion in 5 nonmagnetic grain boundary region, which
reduces magnetic interaction, which in turn, decreases maanetic cluster size, which reduces bit

transition noise. In th& Ahsgloatier ratagetts IMYEr ihxhe HISHERhYA BrpaBCcrdaRA) grain

independently makes inversion of .magnetization, it is anfgﬁal st te‘#: 10 \ggg’?ﬁg.ma\%’ggiqc

interaction exist& BERvHBR HREGCHTATFAURRY FRRLA SHAGHE fredale Hét fhe grains.

Consequently, several grains, or e form a magnetjzation inversion unit. Such a group of the grains
SErREHL I Be b SEhE

is called a mag%%t?cec S1Re 'flr‘iagnetic cluster reduces noises and raises
SNR. 15

5 In the upper magnetic layer 152, grain size can be made fine and
intergranular magnetic interaction can be reduced by adding at least an element

selected from Ta, B, Nb, Mo, and W.

In the upper magnetic layer 152, crystallinity can be enhanced and
10 magnetic anisotropy constant Ku can be elevated by adding at least an element

selected from Ag, Pd, Cu, and Pt.

Effects of the intermediate heating

(1) An upper magnetic layer 152 in the structure of a magnetic recording layer
15 15 shown in Fig. 5 has a benefit that the upper magnetic layer grows retaining

the same grain size and grain boundary width as in the lower magnetic layer 151

and facilitate favorable chromium segregation. As a result, SNR enhances

according to the following reasoning.

20 Since the same grain size and grain boundary width are maintained, the
magnetic grains physically separate each other, so that intergranular magnetic
interaction reduces, which decreases magnetic cluster size (described later),
which in turn, decreases width of a transition region between bits, which means

reduction in bit transition noise.
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In contrast, a magnetic recording layer in the structure shown in Fig. 6, in a case in which intermediate
heating is not conducted, but post heating after deposition of the upper magnetic layer 152 is
conducted for example, as in the case of Comparative Example 4 in Table 1, grain sizes of the lower
magnetic 20 layer 151 may be made uniform in some degree and chromium segregation in the upper
magnetic layer 152 may occur. But, they can occur to a limited extent. Because a course of growing
process of the upper magnetic layer 152 is similar to the case with no heating, as Comparative
Example 3 in Table 1, 21 distance between the grains is small and thus, a size of magnetic clusters
increases, resulting in degradation in SNR. As such, by conducting the intermediate heating as in the
Examples of 5 embodiment of the invention, a magnetic cluster size as a whole in the magnetic

recording layer 15 is BEEHEEG O TaSrabke R RN i seSisaatRolLh SrRRlt@IoRRE R Elits of the
intermediate heating described above are summarjzed in the followin ~1§la%i¥d]subjecting he lower
magnetic layer @I&@ﬁﬁ@?ﬁﬁ%%ﬁé‘é‘ffﬁ@?%ew AR SPas e dedit Y REYin sizes

d iform. In ,this stage, in si d in.bound idth remain al t
Cnchanged. 16 S AH LS A7 Mgt aeh LR oA L6 A SHa e SIS wihout
heating, the grain Size ISIEBEHAHEE A baWday| Wiih 48R Fdportion in

5 nonmagnetic grain boundary region, which reduces magnetic interaction, which

in turn, decreases magnetic cluster size, which reduces bit transition noise.

In the magnetic recording layer in the structure shown in Fig. 5, if every
grain independently makes inversion of magnetization, it is an ideal state in
10  which no magnetic interaction exists between the grains. In actual, however,
magnetic interaction acts between the grains. Consequently, several grains or
more form a magnetization inversion unit. Such a group of the grains is called a
magnetic cluster. Reduction of a size of the magnetic cluster reduces noises and
raises SNR.
15
In contrast, a magnetic recording layer in the structure shown in Fig. 6, in a
case in which intermediate heating is not conducted, but post heating after
deposition of the upper magnetic layer 152 is conducted for example, as in the
case of Comparative Example 4 in Table 1, grain sizes of the lower magnetic
20 layer 151 may be made uniform in some degree and chromium segregation in

the upper magnetic layer 152 may occur. But, they can occur to a limited extent.

Because a course of growing process of the upper magnetic layer 152 is

similar to the case with no heating, as Comparative Example 3 in Table 1,
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in the upper magnetic layer with increase of film thickness of the upper magnetic layer. 20 In contrast,
when the upper magnetic layer 152 is formed after intermediate heating according to the invention,
the increase in grain size and the decrease in grain boundary width are suppressed and the upper
magnetic layer 152 grows following the grain size and the grain boundary width of the lower magnetic
layer 151. 22 c) In an upper magnetic layer 152 formed after intermediate heating, chromium
segregation to the nonmagnetic grain boundary region 31 is promoted as shown in Fig. 3 and the
nonmagnetic grain boundary region 31 becomes more chromium-rich than the ferromagnetic
crystalline grain 30. Consequently, a 5 layer of a CoCr alloy, a CoCrPt alloy, or a CoCrPtB alloy is
allowed to be employed for ferromagnetic grains of the upper magnetic layer 152. d) A surface of an
upper magneticdiffanasbeimsethtimgsainsdintaredhand thupiitizeatnirgnets ¢lasterpost heated
surface of a conventional magnetic . 10 recording layer. (3) In summary, the intermediate heating: [1]
makes grain siZE$IgRT6T M tng R degtadationsilisYRin sizes in the upper magnetic layer 152, 15
[3] promotes chromium segregation in the upper magnetic layer 152, [4] allows employing a CoCr
alloy, a CoCrPt alloy, or a CoCrPtB alloy in the

As such, by conducting the intermediate heating as in the Examples of
5 embodiment of the invention, a magnetic cluster size as a whole in the magnetic

recording layer 15 is decreased; this enables low noise and improved SNR.

(2) The benefits of the intermediate heating described above are summarized in
the following.

10 a) By subjecting the lower magnetic layer 151 to intermediate heating,
deviation in grain sizes is decreased and the grain sizes are made uniform. In
this stage, mean grain size and mean grain boundary width remain almost

unchanged.

15 b) Ifan upper magnetic layer 152 is formed on the lower magnetic layer 151
without heating, the grain size increases and the grain boundary width decreases
in the upper magnetic layer with increase of film thickness of the upper

magnetic layer.

20 In contrast, when the upper magnetic layer 152 is formed after intermediate
heating according to the invention, the increase in grain size and the decrease in
grain boundary width are suppressed and the upper magnetic layer 152 grows
following the grain size and the grain boundary width of the lower magnetic

layer 151.
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upper magnetic layer 152, and [5] improves flatness of the surface of the upper magnetic layer 152. 20
The effects [1], [2], and [3] lead to enhancement of output signal and reduction of noises
simultaneously, which means improvement in SNR of an evaluation of electromagnetic conversion
characteristics, achieving high recording density. 23 Recording density is determined by
characterizing BER (bit error rate). A high BER means read out at the recording density impossible. A
threshold value of a BER depends on a signal processing circuit. For example, a certain signal
processing circuit correctly reads out data at a BER = 10-5 or less, while another 5 circuit only permits
a BER = 10-' or less. The BER is generally improved with increase of SNR. Therefore, enhancement
in SNR can be employed as an index for improvement of recording density in the present invention,
too. For exampl®), Hhahvbpeemagnaticlaxas Padosmgdiclenineimprioknheatisep elramnsHa to
one- and- a- half orders of magnitude, and an enhancement in SNR by 2 dB is 10 eqiival nt to

improvement ofSBEIRESHIND R Y HOBRAFET igHRBANAHY SO A SrRFp Bt atethabave
increases covera .WiS1 r%]é% FErotective layer 16, Wf:)ri%(j?h reduces cobal.}élpreci itation by ICP
cha_racterizatiorf,n_ Hac erﬂﬁ%&&%&&% §'i ﬂyﬁ?@f@ﬁ) h RS can be 15
achieved. Evalugon, of & Re R dIC YR RN G el e ¥ Min 30. Consequently, a

5 layer of a CoCr alloy, a CoCrPt alloy, or a CoCrPtB alloy is allowed to be

employed for ferromagnetic grains of the upper magnetic layer 152.

d) A surface of an upper magnetic layer 152 after the intermediate heating
exhibits better flatness than a post heated surface of a conventional magnetic

10  recording layer.

(3) In summary, the intermediate heating:
[1] makes grain sizes uniform,
[2] suppresses increase in grain sizes in the upper magnetic layer 152,
15 [3] promotes chromium segregation in the upper magnetic layer 152,
[4] allows employing a CoCr alloy, a CoCrPt alloy, or a CoCrPtB alloy in the
upper magnetic layer 152, and

[5] improves flatness of the surface of the upper magnetic layer 152.

20 The effects [1], [2], and [3] lead to enhancement of output signal and
reduction of noises simultaneously, which means improvement in SNR of an
evaluation of electromagnetic conversion characteristics, achieving high

recording density.
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Table 1 shows evaluation result of the example (Example of invention) manufactured by a method of
the invention as well as evaluation results for 20 comparative examples. Items of evaluation are
conditions of thickness and heating, SNR, which is an evaluation of electromagnetic conversion
characteristics, and ICP analysis of cobalt precipitation. 24 Table 1 Structure of magnetic recording
layer Electro and magnetic ICP heating process character- evaluation istics Thickness of Thickness
of Amount of lower Co iOy CoCrPtB SNR cobalt lower Intermediate upper magnetic Post heating at
367 kFCI magnetic heating layer (dB) precipitation layer (nm) (ng/cm) (nm) Ex 8 Done 6 None 15.06
0.074 CEx 1 8 None 0 None 13.42 0.625 CEx 2 14 None 0 None 13.56 0.684
Recording density is determined by characterizing BER (bit error rate). A
high BER means read out at the recording density impossible. A threshold value
of a BER depends on a signal processing circuit. For example, a certain signal
processing circuit correctly reads out data at a BER = 10-> or less, while another
5  circuit only permits a BER = 10-° or less. The BER is generally improved with
increase of SNR. Therefore, enhancement in SNR can be employed as an index
for improvement of recording density in the present invention, too. For example,
an enhancement in SNR by 1 dB is equivalent to improvement of BER of one to

one- and- a- half orders of magnitude, and an enhancement in SNR by 2 dB is

10  equivalent to improvement of BER of two to three orders of magnitude.

The effects [4] and [5] indicated above increases coverage with the
protective layer 16, which reduces cobalt precipitation by ICP characterization,
which means high resistance to corrosion. Therefore, high reliability can be

15 achieved.

Evaluation of a perpendicular magnetic recording medium
Table 1 shows evaluation result of the example (Example of invention)
manufactured by a method of the invention as well as evaluation results for

20 comparative examples.

[tems of evaluation are conditions of thickness and heating, SNR, which is
an evaluation of electromagnetic conversion characteristics, and ICP analysis of

cobalt precipitation.

24



CEx 3 8 None 6 None 12.80 0.216 CEx 4 8 None 6 Done 13.93 0.213 Ex: Example of invention CEXx:
Comparative Example 5 In evaluation of the Example of embodiment of the invention, comparison
was made with Comparative Examples | through 4 produced as follows. Comparative Example 1 10 A
perpendicular magnetic recording medium 1 of Comparative Example | was produced in the same
manner as in the Example of invention except that heating after deposition of a lower magnetic layer
of CoPtCr-SiO2 was not conducted and the upper magnetic layer CoCrPtB as in Example of invention
was not deposited. 15 25 Comparative Example 2 A perpendicular magnetic recording medium 1 of
Comparative Example 2 was produced in the same manner as in Comparative Example | except that
a thickness of the lower magnetic layer of CoPtCr-Si02 was 14 nm. 5 Comparative Example 3 A

perpendicular n;%éﬂétic recording medium 1 of Comparative Example 3
‘ . . Electro-
Structure of mag:zgc recording layer magnetic ICP
. character- evaluation
heating process e
istics
g:)l;)ctlél;e_;s; ((;f Thickness of Amount of
ower | n termediat CoCrPtB SNR cobalt
ower, ermedia € upper magnetic Post heating at 367 kFCI
magnetic heating TN
I layer (dB) precipitation
ayer (nm) (ng/cm2)
(nm)
Ex 8 Done 6 None 15.06 0.074
CEx 1 8 None 0 None 13.42 0.625
CEx 2 14 None 0 None 13.56 0.684
CEx 3 8 None 6 None 12.80 0.216
CEx 4 8 None 6 Done 13.93 0.213

Ex: Example of invention

CEx: Comparative Example

In evaluation of the Example of embodiment of the invention, comparison

was made with Comparative Examples 1 through 4 produced as follows.

Comparative Example 1

10 A perpendicular magnetic recording medium 1 of Comparative Example 1
was produced in the same manner as in the Example of invention except that
heating after deposition of a lower magnetic layer of CoPtCr-SiO, was not
conducted and the upper magnetic layer CoCrPtB as in Example of invention
was not deposited.

15
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was produced in the same manner as in the Example of invention except that no heating was
conducted after deposition of the lower magnetic layer of CoPtCr- 10 SiO2. Comparative Example 4 A
perpendicular magnetic recording medium 1 of Comparative Example 4 was produced in the same
manner as in Example of invention except that no 15 intermediate heating was conducted after
deposition of the lower magnetic layer 151 of CoPtCr-Si02, and post heating was conducted after an
upper magnetic layer of CoCrPtB was laminated. Conditions for the post heating were 200C and 10
sec, which were the 20 same as the heating after deposition of the lower magnetic layer 151 of
CoPtCr- Si02 and before deposition of the upper magnetic layer 152 of CoCrPtB conducted in
Example of invention. The thus produced five types of perpendicular magnetic recording media 26
were characteri%ﬁ%@@é‘&ﬁcﬁﬁéﬁﬂﬂﬁ@conversion characteristic in view of recording density and ICP

analysis of amount of cobalt precipitation from the magnetic yecordin er in view of corrgsiQn
resistance. 5 For evahBREFBRGELAFIRReg it TESRUSHLOAE %iﬂf@@ﬂﬂ%& %?@é@ﬁi%& by a

inning stand test ipped with a2 GMR head. M t of t of cobalt precipitati
carried out by AR} BULERTIE e FIGH (BABETAAIE dr X POARRINF ORI S el Apefature of

thickness of the lower magnetic layer of CoPtCr-SiO, was 14 nm.

5
Comparative Example 3
A perpendicular magnetic recording medium 1 of Comparative Example 3
was produced in the same manner as in the Example of invention except that no
heating was conducted after deposition of the lower magnetic layer of CoPtCr-
10 SiO,.

Comparative Example 4
A perpendicular magnetic recording medium 1 of Comparative Example 4
was produced in the same manner as in Example of invention except that no
15 intermediate heating was conducted after deposition of the lower magnetic layer
151 of CoPtCr-SiQO,, and post heating was conducted after an upper magnetic

layer of CoCrPtB was laminated.

Conditions for the post heating were 200°C and 10 sec, which were the
20  same as the heating after deposition of the lower magnetic layer 151 of CoPtCr-
Si0, and before deposition of the upper magnetic layer 152 of CoCrPtB

conducted in Example of invention.

The thus produced five types of perpendicular magnetic recording media
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10 85C and relative humidity of 80 % for 96 hr, then shaking the sample in 50 ml of pure water for 3
min to extract the solved out cobalt, and measuring the concentration by means of ICP emission
spectroscopic analysis. Though Table 1 gives the SNR values at a linear recording density of 367 15
kKFCI as an example, it has been confirmed that order of superiority does not change at other linear
recording densities. First, a comparison is made between Comparative Example 1 and Comparative
Example 3. No heating was conducted in both Comparative 20 Examples 1 and 3. Comparative
Example | resulted in SNR=13.42 dB and an amount of cobalt precipitation=0.625 ng/cm2, and in
Comparative Example 3, SNR=12.80 dB and an amount of cobalt precipitation=0.216 ng/cm2. 27
Comparative Example 3 suppressed the amount of cobalt precipitation to about one third, though
exhibiting lowe"BNRIMIG G eiBzcalsbin el eeliarignetin dieakss skubahaspstasitio iy ksknafkably
suppressed 5 by laminating the upper magnetic layer 152 of CQCrPtB that comprises the grain
boundary regioﬁeﬁf@mg|9@&ﬁps@§tsbl§fl’cﬁ%ﬁﬁ%%@i&@@t&%@@%&&@@%&a&mfmﬁmr
magnetic layer 151 of CoPtCr- SiO2 that comprises the grain boundary region 21 mainly composed of
an oxide Si02. I@aﬂgﬁ}&/éﬁ’?ﬂ@é%%%%ﬁeﬁﬂé‘a‘fé?‘ﬁﬁg SNEOSINIE AR Comparative Example 3

because intergranular magnetic interaction is relatively larger in the upper

5 For evaluation of electromagnetic conversion characteristic, SNR was

measured by a spinning stand tester equipped with a GMR head.

Measurement of amount of cobalt precipitation was carried out by placing a
sample in a high temperature and humidity environment of a temperature of
10 85°C and relative humidity of 80 % for 96 hr, then shaking the sample in 50 ml
of pure water for 3 min to extract the solved out cobalt, and measuring the

concentration by means of ICP emission spectroscopic analysis.

Though Table 1 gives the SNR values at a linear recording density of 367
15 kFCI as an example, it has been confirmed that order of superiority does not

change at other linear recording densities.

First, a comparison is made between Comparative Example 1 and
Comparative Example 3. No heating was conducted in both Comparative
20 Examples 1 and 3. Comparative Example 1 resulted in SNR=13.42 dB and an
amount of cobalt precipitation=0.625 ng/cm’,
and in Comparative Example 3, SNR=12.80 dB and an amount of cobalt

precipitation=0.216 ng/cm”.
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magnetic layer 152 of CoCrPtB. Total thickness of the magnetic recording layers 15 in Comparative 15
Examples 1 and 3 are different: 8 nm in Comparative Example 1 and 14 run in Comparative Example
3. To confirm the difference in SNR and difference in cobalt precipitation is not simply due to an effect
of difference in film thickness, Example 2 was 20 prepared having a thickness 14 nm of a lower
magnetic layer 151 of CoPtCr- SiO2. The Comparative Example 2 resulted in SNR=13.56 dB and an
amount of cobalt precipitation=0.684 ng/cm2. No heating was conducted in Comparative 28 Example
2. Comparing the Comparative Example 2 with Comparative Example 1, SNR improved by about 0.1
dB and cobalt precipitation increased by 0.06 5 ng/cm2. Whereas, comparing with Comparative
Example 3, cobalt precipitation increased to about 3 times as large value though SNR improved by
0.8 dB. This tendendydsnipguiviterixaniy e drapppsadsethecem@uot phenivelt Breerplesionated 3. Thus,
the degradation of SNR and the improvement in cobalt 10 precipitation by laminating an upper

magnetic layer aBpusfoaedired heoush IexubHaglencndR by 8icdPtcr- Sio2 are certainly not

simply due to an effect of film thickness. Next, a comparison is made between Comparative Examples
3 and 4.

As this comparison indicates, cobalt precipitation is remarkably suppressed
5 by laminating the upper magnetic layer 152 of CoCrPtB that comprises the grain
boundary region 31 mainly composed of chromium and precipitates less cobalt
than the lower magnetic layer 151 of CoPtCr- SiO, that comprises the grain

boundary region 21 mainly composed of an oxide SiO,.

10 However, noises are greater and SNR are worse in Comparative Example 3
because intergranular magnetic interaction is relatively larger in the upper

magnetic layer 152 of CoCrPtB.

Total thickness of the magnetic recording layers 15 in Comparative
15 Examples 1 and 3 are different: 8 nm in Comparative Example 1 and 14 nm in

Comparative Example 3.

To confirm the difference in SNR and difference in cobalt precipitation is
not simply due to an effect of difference in film thickness, Example 2 was
20 prepared having a thickness 14 nm of a lower magnetic layer 151 of CoPtCr-
SiO;.

The Comparative Example 2 resulted in SNR=13.56 dB and an amount of

cobalt precipitation=0.684 ng/cm®. No heating was conducted in Comparative

28



15 Comparative Example 4 resulted in SNR=13.93 dB and an amount of cobalt precipitation=0.213
ng/cm2. Post heating was conducted in the Comparative Example 4. Comparative Example 4, which
was heated after deposition of the upper magnetic layer 152 of CoCrPtB, improved SNR by 1.1 dB,
while difference in amount of cobalt precipitation is 0.003 ng/cm2 and 20 substantially equivalent. The
improvement in SNR indicates that the post heating promotes chromium segregation to the grain
boundary region in the CoCrPtB layer and reduces intergranular magnetic interaction. The
substantially equivalent cobalt 29 precipitation indicates that the heating does not change quality of
the protective layer 16 and thus, does not alter cobalt precipitation. Finally, a comparison is made
between the Example of invention and 5 Comparative Example 4. The Example of invention resulted in
SNR=15.06 dB Easwmieatnount of cobalt precipitation=0.074 ng/cm2. An intermediate heating was
conducted in the Example of invention. The Example of invention is subjected to intermediate heating
between the 10 steps of depositing the lower magnetic layer 151 of CoPtCr- Si02 and depositing the

ic | 52 of CoCrP th h E fi ion,
comparing i CompATOE AN BB S SRR By 11 B S S SeEBA O Chbatt
precipitation to g ery MRS 85auPEA WM LN [7EpHLRRR lraLas | Rymparative

Example 4.
5 ng/cm’. Whereas, comparing with Comparative Example 3, cobalt precipitation

increased to about 3 times as large value though SNR improved by 0.8 dB.

This tendency is equivalent to the comparison between Comparative
Examples 1 and 3. Thus, the degradation of SNR and the improvement in cobalt
10  precipitation by laminating an upper magnetic layer 152 of CoCrPtB on the
lower magnetic layer 151 of CoPtCr- SiO, are certainly not simply due to an

effect of film thickness.

Next, a comparison is made between Comparative Examples 3 and 4.

15 Comparative Example 4 resulted in SNR=13.93 dB and an amount of
cobalt precipitation=0.213 ng/cm”. Post heating was conducted in the
Comparative Example 4. Comparative Example 4, which was heated after
deposition of the upper magnetic layer 152 of CoCrPtB, improved SNR by 1.1
dB, while difference in amount of cobalt precipitation is 0.003 ng/cm® and

20 substantially equivalent.

The improvement in SNR indicates that the post heating promotes
chromium segregation to the grain boundary region in the CoCrPtB layer and

reduces intergranular magnetic interaction. The substantially equivalent cobalt
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15 This intermediate heating between the deposition steps of the lower magnetic layer 151 of CoPtCr-
SiO2 and the upper magnetic layer 152 of CoCrPtB is precedent heating to deposition of the upper
magnetic layer of CoCrPtB. It has been demonstrated that the precedent heating more promotes 20
chromium segregation and at the same time, more suppresses cobalt precipitation than the post
heating. As described so far, a magnetic recording layer 15 of the Example of invention is a lamination
consisting of lower and upper magnetic layers 151 and 30 152, wherein the lower magnetic layer 151
comprises ferromagnetic grains 20 surrounded by nonmagnetic grain boundary region 21 principally
composed of oxide or nitride, and the upper magnetic layer 152 comprises ferromagnetic grains 30
surrounded by nonmagnetic grain boundary region 31 principally 5 composed of chromium. As a
result, a perperfieGiaiAtihElicates Hhah thediratinmdnesael mnpgadnetiy @ Ere s avsrocess
to heat the nonmagnetic substrate 11 with g deposited lower, magnetic layer before a step of forming
an upper magn ﬁéefé)l/éragétgs}‘ﬂﬁa&%s(ﬂé’ﬁ LpPalRECEPHAY SNR than a type of magnetic

recording medium with post heating (as 10 Comparative Example 4). At the same time, a magnetic
recording medium of the invention drastically suppresses cobalt precipitation from a magnetic

recording layer 15 inﬁ%lg“)}elx’rigggr\ﬁvli)tgnas%p & (r)rflaragl %%&%é%ct%@@ga%%ﬁ%ug% invention and
5 Comparative Example 4. The Example of invention resulted in SNR=15.06 dB

and an amount of cobalt precipitation=0.074 ng/cm”. An intermediate heating

was conducted in the Example of invention.

The Example of invention is subjected to intermediate heating between the
10 steps of depositing the lower magnetic layer 151 of CoPtCr-SiO; and depositing
the upper magnetic layer 152 of CoCrPtB. By virtue of the intermediate heating,
the Example of invention, comparing with Comparative Example 4, improved
SNR by 1.1 dB and suppressed the cobalt precipitation to a very small value of
0.074 ng/cm’, which is about one third of that in Comparative Example 4.
15
This intermediate heating between the deposition steps of the lower
magnetic layer 151 of CoPtCr- SiO, and the upper magnetic layer 152 of
CoCrPtB is precedent heating to deposition of the upper magnetic layer of
CoCrPtB. It has been demonstrated that the precedent heating more promotes
20 chromium segregation and at the same time, more suppresses cobalt

precipitation than the post heating.

As described so far, a magnetic recording layer 15 of the Example of

invention is a lamination consisting of lower and upper magnetic layers 151 and
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without post heating (as Comparative Example 1 through 3). Therefore, a perpendicular magnetic
recording medium is provided that achieves high 15 recording density by virtue of improvement in
electromagnetic conversion characteristic and simultaneously high reliability by virtue of improvement
in corrosion resistance. Advantageous Effect of the invention 20 To solve the above problem, a
perpendicular magnetic recording medium of the invention comprises a magnetic recording layer that
is a lamination of magnetic layers composed of different materials. A lower magnetic layer comprises
ferromagnetic crystalline grains surrounded by nonmagnetic grain boundary region composed mainly
of oxide or nitride and 31 an upper magnetic layer comprises ferromagnetic crystalline grains

surrounded by nonmagnetic %raln boundary region co éosed malnly of chromium. A heating
process, intermééfat® heindhes FPI‘é’@Ft@éﬁgﬁéFlﬂw]@b%é scoraRYsRHiRgraRaBRGEICBERERIayer and

before the process of d iting the upper 5 magnetic | yer By virtue of the intermediate hea
process, chromﬁh‘ﬁfog@g%% YIRS SR l?]%‘t‘lE alef ?5%1%1@6%5??:&}'0?8@“% ﬁrlson

lyers. As a rest R I AnELE d3h RSO RN AL s't'ﬁ%‘%{ﬂ%‘%ﬁ“ﬁﬂ%%%’%@%%é’%ﬁ’e?ﬁgms?m”?lfme,
corrosion resistance 8,3 Qi ?-}%%S&‘Q&"B%er?oﬁr%%rger{%’{% DM BSAHANG PR SR stgbility are
5 composed of chromium. As a result, a perpendicular magnetic recording
medium manufactured by a method comprising a process to heat the
nonmagnetic substrate 11 with a deposited lower magnetic layer before a step of
forming an upper magnetic layer according to the invention achieves higher
SNR than a type of magnetic recording medium with post heating (as
10 Comparative Example 4). At the same time, a magnetic recording medium of
the invention drastically suppresses cobalt precipitation from a magnetic
recording layer 15 in comparison with a type of magnetic recording medium
without post heating (as Comparative Example 1 through 3). Therefore, a
perpendicular magnetic recording medium is provided that achieves high
15 recording density by virtue of improvement in electromagnetic conversion

characteristic and simultaneously high reliability by virtue of improvement in

corrosion resistance.

Advantageous Effect of the invention

20 To solve the above problem, a perpendicular magnetic recording medium
of the invention comprises a magnetic recording layer that is a lamination of
magnetic layers composed of different materials.
A lower magnetic layer comprises ferromagnetic crystalline grains surrounded

by nonmagnetic grain boundary region composed mainly of oxide or nitride and
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simultaneously achieved in a perpendicular magnetic recording medium of the invention. 15 20 32
Claims 1. A perpendicular magnetic recording medium comprising: a nonmagnetic substrate; 5 an
intermediate layer laminated over the substrate; a magnetic recording layer comprising a first
magnetic layer formed on the intermediate layer, the first magnetic layer including ferromagnetic
grains and nonmagnetic grain boundary region containing oxide and/or nitride, and 10 a second
magnetic layer formed on the first magnetic layer, the second magnetic layer including ferromagnetic
grains and nonmagnetic grain boundary region lacking oxide and nitride; and a protective layer formed
on the second magnetic layer, wherein the mean grain size of the first and second magnetic layers is
the same and 15 the mean width of the grain boundary region in the first and second magnetic layers
is the same. 2. THERRSHEMBEGHES Faxghedmuisseitey pBarRaticetysialine gsamssummededhe

ferromagnetic gtgains in the first magnetic layer contain cobalt . .
y nonmagnetic grain boundary region composed mainly of chromium. A

heating process, intermediate heating, is inserted after the process of depositing
the lower magnetic layer and before the process of depositing the upper
5 magnetic layer. By virtue of the intermediate heating process, chromium

segregation in the upper magnetic layer is remarkably promoted in comparison
with a post heating process conducted after complete deposition of both lower
and upper magnetic layers. As a result, electromagnetic conversion
characteristic is further improved and at the same time, corrosion resistance is

10 also enhanced. Therefore, high recording density and high reliability are
simultaneously achieved in a perpendicular magnetic recording medium of the

invention.

15

20
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20 as a principal component, and platinum or chromium, and the nonmagnetic grain boundary region
in the first magnetic layer is substantially composed of oxide and/or nitride of at least an element
selected from Cr, Co, Al, Ti, Si, Ta, Hf, Zr, Y and Ce. 25 3. The perpendicular magnetic recording
medium according to claim 33 2, wherein the ferromagnetic grains in the first magnetic layer further
contain at lgagtiaRselement selected from Ni, Ta, B, Nb, Ag, Mo, W, Pd, and Cu. 5 4. The
perpendicular magnetic recording medium according to claim 1, wherein a concentration of each of
non-ferromagnetic components in the nonmagnetic grain boundary region in the second magnetic
layer is higher than a concentration of the same non-ferromagnetic component in the ferromagnetic

grains in thg second mq ' M‘f&uer_ISmT @@f@@@%;}dﬁg]ﬁgé@f%@gﬂﬁgig@ﬁ lum according to
ma

claim 1, wherein the ferromagnetic grains in‘the secon ghetic layer contain a COCr alloy as a

principal compongrﬂoﬁmagﬂ%qﬁ{ gﬁﬁg%f@t selected from Pt, Ta, B, Nb, Ag, Mo, W, Pd, and Cu; and
the nonmagnetic grain 15 boundary region contains at least chromium in a concentration that is higher

than a§oncentragﬂqﬁ{éq%amq%mqﬁqﬁg?e@%Wgté(ﬁ&rﬁjg&'&n the second magnetic layer.

a magnetic recording layer comprising
a first magnetic layer formed on the intermediate layer, the first
magnetic layer including ferromagnetic grains and nonmagnetic grain
boundary region containing oxide and/or nitride, and
10 a second magnetic layer formed on the first magnetic layer, the second
magnetic layer including ferromagnetic grains and nonmagnetic grain
boundary region lacking oxide and nitride; and
a protective layer formed on the second magnetic layer, wherein
the mean grain size of the first and second magnetic layers is the same and
15 the mean width of the grain boundary region in the first and second

magnetic layers is the same.

2. The perpendicular magnetic recording medium according to claim
1, wherein the ferromagnetic grains in the first magnetic layer contain cobalt
20 as a principal component, and platinum or chromium, and the nonmagnetic
grain boundary region in the first magnetic layer is substantially composed
of oxide and/or nitride of at least an element selected from Cr, Co, Al, Ti,

Si, Ta, Hf, Zr, Y and Ce.

25 3. The perpendicular magnetic recording medium according to claim
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6. The perpendicular magnetic recording medium according to claim 20 1, wherein the intermediate
layer is composed of an element having a hexagonal closest packed (hcp) structure selected from Ti,
Re, Ru, Os, Zr, Zn, and Tc, or an alloy having the hcp structure containing at least an element
selected from Ti, Re, Ru, Os, Zr, Zn, and Tc. 25 7. The perpendicular magnetic recording medium

according tg clpe 3l RIPIBBIRITE R A TS SRAPRREIRIRE RISEIRIRMNg @ face

centered cubic (fcc) structure selected from Cu, Rh, Pd, Ag, Ir, Pt, Au, Ni, and Co, or an alloy having

the foc Struglye SANIAING PhiPRR AT SR EAIFRA oM, BN, Ag, I3, i, Migand Co. 5

8. The perpendicular magnetic recording medium according to claim 1 furthef comprising a seed layer
beneath the jpiegmediate layer. 9. The perpendicular magnetic recording medium according to claim
10 8, wherein the seed layer is composed of either (i) a NiFe alloy or (ii) a NiFe alloy containing at
least an additive element selected from B, Si, Nb, and Mo. 10. The perpendicular magnetic recording
medium according to claim 15 8, wherein the seed layer is composed of either (i) cobalt or (ii) a cobalt

alloy gpntajing at leagian Aqeite RIAMF TeRRdRd KB Rk MeMAnTa@8tdlg to claim

1, wherein a concentration of each of non-ferromagnetic components in the
nonmagnetic grain boundary region in the second magnetic layer is higher
than a concentration of the same non-ferromagnetic component in the
ferromagnetic grains in the second magnetic layer.

10
5. The perpendicular magnetic recording medium according to claim
1, wherein the ferromagnetic grains in the second magnetic layer contain a
CoCr alloy as a principal component; and at least an element selected from
Pt, Ta, B, Nb, Ag, Mo, W, Pd, and Cu; and the nonmagnetic grain

15 boundary region contains at least chromium in a concentration that is
higher than a concentration of chromium contained in the ferromagnetic

grains in the second magnetic layer.

6. The perpendicular magnetic recording medium according to claim

20 1, wherein the intermediate layer 1s composed of an element having a
hexagonal closest packed (hcp) structure selected from Ti, Re, Ru, Os, Zr,
Zn, and Tc, or an alloy having the hcp structure containing at least an

element selected from Ti, Re, Ru, Os, Zr, Zn, and Tc.

25 7. The perpendicular magnetic recording medium according to claim
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11. The perpendicular magnetic recording medium according to claim 8, 20 further comprising a soft
magnetic backlining layer between the substrate and the seed layer. 12. The perpendicular magnetic
recording medium according to claim 11, further comprising an underlayer deposited on the substrate
and a magnetic 25 domain control layer deposited on the underlayer. 35 13. The perpendicular

magnetic rep,owmreaﬁoﬁﬁ@i@ﬁ@?fﬁ@@i&%@ﬂad%hrlisf%?ﬁpr@@ew@%%%aﬁgﬁsmg@k@@@ layer

between the substrate and the intermediate layer. 5 14. The perpendicular magnetic recording

medium aceqigiagdg el HRcEtareRrBRagan RRserEXE REPaHeA) e Prbaliaiagnd a

magnetic domain control layer deposited on the underlayer. 15. The perpendicular magnetic récording

medium aceid\eadostaih Al WAGIRR the ReCSirhmaecsiRyRi 1A AAMRAS shaliapdrpatment

of the substrate having the first'magnetic layer formed thereon. 16. A method for manutracturing a

perpendicu?élg&gaeﬂ%fﬁceﬁgj%@P@umgpmpﬁ’ng&w{eaﬂ@@g-nonmagnetic substrate without

preheating process; depositing an intermediate’layér on’the $ubstrate; depositing a first magnetic
layer oy the intermediate layer by a sputtering method, the first magnetic layer comprising
ferromagnetic grains

8. The perpendicular magnetic recording medium according to claim

1 further comprising a seed layer beneath the intermediate layer.

9. The perpendicular magnetic recording medium according to claim
10 8, wherein the seed layer is composed of either (i) a NiFe alloy or (ii) a NiFe
alloy containing at least an additive element selected from B, Si, Nb, and

Mo.

10. The perpendicular magnetic recording medium according to claim
15 8, wherein the seed layer is composed of either (i) cobalt or (ii) a cobalt alloy
containing at least an additive element selected from B, Si, Nb, Mo, Fe, and

Ni.

11. The perpendicular magnetic recording medium according to claim 8,
20 further comprising a soft magnetic backlining layer between the substrate

and the seed layer.

12. The perpendicular magnetic recording medium according to claim 11,
further comprising an underlayer deposited on the substrate and a magnetic

25 domain control layer deposited on the underlayer.
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and nonmagnetic grain boundary region including oxide and/or nitride 20 depositing a second
magnetic layer on the first magnetic layer by a sputtering method, the second magnetic layer including
ferromagnetic grains and nonmagnetic grain boundary region lacking oxide and nitride, wherein the
mean grain size of the first and second magnetic layers is the same and the mean width of the grain

boundary regjon in therfjgat gepg%ia?@ﬁwm?ggﬁéﬁ@y@éafafﬁg %ﬁ%&hﬂﬁ%@@oqaﬁlﬁgtéagcfa@fﬁtecﬂve

layer on the second magnetic layer; wherein a "gas pressure during deposition of the first magnetic

layer is 10 'I‘Tﬂﬁ?ﬂ{ef"@é?neﬁtﬁféﬁgaa? ﬁ?@ﬁ%?ﬂ%ﬁ'&%%‘i@ﬁiiﬁ% ‘TB&?{ %?éi%@e’i’f"’%’é%&ﬂ@?ﬁt@ 15

mTorr or less. 517. Them r manufacturing a perpendicufar magnetic recording medium

according t%ﬁ@fﬁé?n{@ﬁtfﬁr(ﬁﬁ%of' ing heating the substrate after depositing the second magnetic
layer in a deposifion apparatus. 10 18. The method for manufacturing a perpendicular magnetic

recording medium according to claim 17, further comprising fast cooling the substrate in the deposition
apparatus after heating. 15 19. The method for manufacturing a perpendicular magnetic

5 14 The perpendicular magnetic recording medium according to claim
13, further comprising an underlayer deposited on the substrate and a

magnetic domain control layer deposited on the underlayer.

15. The perpendicular magnetic recording medium according to claim
10 1, wherein the second magnetic layer is formed after a heat treatment of the

substrate having the first magnetic layer formed thereon.

16. A method for manufacturing a perpendicular magnetic recording
medium comprising;:
15 preparing a nonmagnetic substrate without preheating process;
depositing an intermediate layer on the substrate;
depositing a first magnetic layer on the intermediate layer by a
sputtering method, the first magnetic layer comprising ferromagnetic grains
and nonmagnetic grain boundary region including oxide and/or nitride
20 depositing a second magnetic layer on the first magnetic layer by a
sputtering method, the second magnetic layer including ferromagnetic
grains and nonmagnetic grain boundary region lacking oxide and nitride,
wherein the mean grain size of the first and second magnetic layers is the
same and the mean width of the grain boundary region in the first and

25 second magnetic layers is the same; and
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recording medium according to claim 16, further comprising depositing a seed layer on the substrate
without heating process before depositing the intermediate layer. 20 20. The method for
manufacturing a perpendicular magnetic recording medium according to claim 16, further comprising
depositing an underlayer on the substrate, depositing a magnetic domain control layer on the

underlayer, and deprsitiifi@ st StegtisiclagerivingHevesntienmeseaid dperaiv hertnl layer. 25

37 21. A method for manufacturing a perpendicular magnetic medium comprising: preparing a

nonmagnetig,SYHRIERIE WA hprEepRiIE PIPEE Hhic TRROSHAGRAHBIRINAdEJAYET OFr tbe Substrate;

5 depositing a first magnetic layer on the intermediate layer by a sputtering method, the first magnetic

layer includingferraf@dengis praissuRN e RANB RIS QN PP SBCFHomMagHat it P¥g and/or
nitride; heating the substrate having the first magnetic layer formed thereon; depositing a second
magnetic laysrigthe pieagnetic layer by a 10 sputtering method, the second magnetic layer
including ferromagnetic grains and nonmagnetic grain boundary region lacking oxide and nitride,
whereig the mean grain size of the first and second magnetic layers is the

17. The method for manufacturing a perpendicular magnetic
recording medium according to claim 16, further comprising heating the
substrate after depositing the second magnetic layer in a deposition
apparatus.

10
18. The method for manufacturing a perpendicular magnetic
recording medium according to claim 17, further comprising fast cooling the

substrate in the deposition apparatus after heating.

15 19 The method for manufacturing a perpendicular magnetic
recording medium according to claim 16, further comprising depositing a
seed layer on the substrate without heating process before depositing the

intermediate layer.

20 20. The method for manufacturing a perpendicular magnetic
recording medium according to claim 16, further comprising depositing an
underlayer on the substrate, depositing a magnetic domain control layer on
the underlayer, and depositing a soft magnetic backlining layer on the
magnetic domain control layer.

25
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same and the mean width of the grain boundary region in the first and second magnetic layers is the
same; and 15 depositing a protective layer on the second magnetic layer. 22. The method for
manufacturing a perpendicular magnetic recording medium according to claim 21, further comprising
depositing a seed layer right before deposing the intermediate layer. 20 23. The method for
manufacturing a perpendigeiadaageticarrapicingined perpesidingde ArighehdrbaiGaMPrising
depositing an underlayer on the substrate, depositing a magnetic domain control layer on the
underlayer,@}ﬁﬁﬁe%g{ng a soft magnetic backlining layer on the 25 magnetic domain control layer.

38
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15
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25

preparing a nonmagnetic substrate without preheating process;

depositing an intermediate layer on the substrate;

depositing a first magnetic layer on the intermediate layer by a
sputtering method, the first magnetic layer including ferromagnetic grains
and nonmagnetic grain boundary region containing oxide and/or nitride;

heating the substrate having the first magnetic layer formed thereon;

depositing a second magnetic layer on the first magnetic layer by a
sputtering method, the second magnetic layer including ferromagnetic
grains and nonmagnetic grain boundary region lacking oxide and nitride,
wherein the mean grain size of the first and second magnetic layers is the
same and the mean width of the grain boundary region in the first and
second magnetic layers is the same; and

depositing a protective layer on the second magnetic layer.

22. The method for manufacturing a perpendicular magnetic recording
medium according to claim 21, further comprising depositing a seed layer

right before deposing the intermediate layer.

23. The method for manufacturing a perpendicular magnetic
recording medium according to claim 21, further comprising depositing an
underlayer on the substrate, depositing a magnetic domain control layer on
the underlayer, and depositing a soft magnetic backlining layer on the

magnetic domain control layer.
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