Per pendi cul ar Magneti c Recordi ng Medium And A Met hod For Manufacturing the
Sanme Technical field of the invention 5 The present invention relates to a
per pendi cul ar magnetic recording nedium nmounted on vari ous nagnetic
recordi ng apparatuses, and to a manufacturing nethod therefor. Background
of the invention 10 A perpendi cul ar magnetic recording systemin which a
direction of recording nmagnetization is perpendicular to a nmedium surface
is drawing attention as a technology for achieving high density in
magnetic recoding to substitute for a conventional |ongitudinal nmagnetic
recordi ng system 15 A perpendicular magnetic recording nediumis mainly
conposed of a magnetic recording |ayer of hard magnetic material, an
under | ayer for aPé¢mpehdigularidagmeeR ecordaggpMtidngnlsyeA Metizod Bored
orientation, a protective layer for protecting a surface of the magnetic
recording layer, and a backl i niMgntfaearringg thesSdrhe magnetic nmaterial. The
backl i ni ng | ayer concentrates magnetic flux 20 generated by a magnetic head
used for recording on the recording |ayer. The soft nagnetic backlining

| ayer, which can enhance performance of a nedium can be omtted since

recordi ng i sTRessichl BeM dftBEinwenddek! i ning | ayer. To achi eve high recording
density in a perpendicul ar magnetic recording 1 medium |ow noise
conpati bl g with HhabrdRaf FRkenfibfPilhtdsto aDHeepardibhal négnkfic fecording

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



| ongi tudi nal nmagnetic recording nedium In the field of |ongitudinal
magneti c recordi ng nedia, various conpositions 5 and structures of the
magneti c recording |layer and materials for the nonmagnetic underlayer have
been proposed so far. Practically used magnetic recording |ayers enploy an
al l oy conposed mainly of cobalt and chrom um (hereinafter referred to as a
CoCr alloy). The chrom um segregates to a grain boundary region and
becomes a principal conponent of the grain boundary region to 10 obtain
magnetical ly isolated nagnetic grains. Another magnetic recording layer is
proposed in which principal conponent of the grain boundary region has been
oxide or nitride. (See US Patent No. 5,679,473 and Japanese Unexam ned

Pat ent Appl i daedivm, bensinoise ¢esnpakihle xoith high hsmmahgatnibisy iessential asimaed
magnetic materials in |ongitudinal magnetic recording nmedia can also be
appl i ed to pdopgihalinal magnetiheecotdingenedliiomg nedia by, for exanpl e,
provi di ng an underl ayer that controls crystal orientation to achieve

per pendi cul ar magnetic ani sotropy. Reduction of magnetic interaction

bet ween magnetic grains is a problemto attain high recording density in 20

per pendi cul ar magndid fieldasfdodgivgdimabinagnétdorecdrdiagangdia, vEidg conipusiticls oy
is disclosed in Japanese Unexam ned Patent Application Publication No.

2002- 3586%5. ahlstretites of theaagféidrdcaydihg layertang mhafeeihBfoe thegonikhéadtic X
and the chronmium concentration is made higher 2 in the grain boundary
regi on than iyndeAgyé& il dehnropbfid o fapbPaddlicAly&ised 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. Exanples using oxide or nitride as the principal
conponent in the grain 5 boundary region are disclosed in Japanese

Unexam ned Pat ent Application Publication No. 2000-306228 and Japanese
Unexam ned Patent Application Publication No. 2000-311329. A segregation
structure is obtained by heat treatnent in the references. 10 Problens to
be solved by the invention A magnetic recording |ayer conprising grain
boundary region principally conposed of oxide or nitride can drastically
reduces nedia noise in conparison wth a magnetic recording |ayer that
uses a conventional CoCr alloy with a principal conponent of chrom umin
the grain boundary reglon as disclosed in 15 T. G kawa et al., |EEE Trans.
Magn., vol . 38thegraisbogegary region)thamn theoomystabling, graing, obwéninget ur e and
Nhgnetlc Properties of CoPtCr-Si 02 Perpendicular Recording Media".
Perpend|culame@ﬁgaﬁonsnuehmwdlng media are recently proposed in mhlch a 20
magnetic recording layer is constructed with a nmultiple of
function-separated | ayers to achieve not only reduction of nedia noise but
al so high thermal stability simultaneously. Japanese Unexam ned Patent

Appl i cation Publ Egatnpdes iing 3R{e-ci30HEde & thegrimssd cdnipdneht rathergedin

structure of CoCrPt alloy |ayers containing chrom um and platinumwth

concent r ai oudidhifveregidn ddeQitvdlayeRt int RphAYR Undaained 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., IEEE Trans. Magn., vol. 38, No. 5 (Sept. 2002), pp. 1976-1978,
“Microstructure and Magnetic Properties of CoPtCr-SiO, 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



Unexam ned Patent Application Publication No. 2003-168207 discl oses a
magneti c recordi ng | ayer consisting of |ower and upper two magnetic | ayers.
5 The |l ower nmagnetic | ayer conprises grain boundary region principally
conposed of oxide or nitride, and the upper magnetic |ayer includes a CoCr
all oy for the purpose of enhancenent of corrosion resistance. To attain

hi gher recording density in a perpendicular magnetic recording 10 nedi um
further reduction of nmedia noise is essential. To reduce the nedia noise, a
structure of a magnetic recording |ayer disclosed in Japanese Unexam ned
Pat ent Application Publication No. 2003-168207 is appropriate, in which a
magnetic recording | ayer consists of upper and |ower two magnetic |ayers
and grai n bodiideses aggilbhlayeraechsriasuesr Ofgﬁgﬁeﬁﬁ alloyapgersi conpainimg ghadimums
conposed of oxide or nitride. To achieve high density by virtue of

reducti on i nandglaimon sattaconcesimtionsdedershiyfrbinglayeetd kalyet. i Iapabgsevi rt ue of
excel l ent corrosion resistance, a structure in Japanese Unexam ned Patent

Appl i cati on RindxanahédRatsat APPHidaiion PaBHOAicra)Nob200P1168R07 diszldéses whi ch a
CoCr alloy is included in the upper nmagnetic |ayer. The Japanese

Unexam ned Pataptictidppddrdaid RpePubhdisiatd oNlover anaQ%eiiﬁ%Qﬂaq‘ﬂétithj?ers.

di scl oses post heating that I's conducted after depositing ower and upper
two magnesi ¢ TheVeher afigRetit N8yet JoReIRIck GraifRIuAIRS, feRYSH prih@ipall?pr ove

el ectromagnetic conversion characteristic as well "as the corrosion 4
resistance. 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 inprovenent of the el ectromagnetic conversion characteristic
in the structure of Japanese Unexam ned Patent Application Publication No.

5 2003. 168207, magnetic interaction needs to be decreased in the CoCr all oy

| ayer of the upper

To reduce the magnetic interaction, segregation of chromumto grain

boundary region is desirably nore pronoted. However, the post heating as

di scl osed in

Japanese Unexam ned Patent Application Publication No.

2003- 168207 fails to solve this 10 problem To inprove el ectromagnetic
conversion characteristic, a structure mght be conceived that conprises a
first magnetic |ayer of the magnetic recording |ayer of CoCrPt-Si02
rgsistaigawa et al ., | EEE Trans. Magn., vol. 38, No. 5 15 (Sept.
2002), pp. 1976-1978, "M crostructure and Magnetic Properties of

di scl osed in

CoPt Cr- Si 02 Per pendi cul ar

the CoCGrPt alloy filmused for the construction in Japanese Unexam ned
Pat ent  Appl i cat Fenfirtheritmprovemeit. of1be 2l2mnigneHowengersiomclaradedstéc

construction

~in such type of structure has ever been disclosed. 20 Thus,
per pendi cul ann tesystaddterer &t daptinege Krdkamineal Paveart AbEdatsadubhiahtios dd. sfi es

hi gh recording density by virtue of inprovenent in el ectronmagnetic

conversi of cRODAcHES203] mmgaotic tgractiohinebis td e Hycrehsddiia thé Gylrankgniapér of

corrosion resistance sinultaneously. 5

10

15

20

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

problem.

To improve electromagnetic conversion characteristic, a structure might be
conceived that comprises a first magnetic layer of the magnetic recording layer
of CoCrPt-S10; disclosed in T. Oikawa et al., IEEE Trans. Magn., vol. 38, No. 5
(Sept. 2002), pp. 1976-1978, “Microstructure and Magnetic Properties of
CoPtCr-Si0, 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.

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 simultaneously.

magneti c | ayer conposing the magnetic recording | ayer.

Recordi ng Medi a" and a second nmagnetic | ayer of

a



Therefore, an object of the present invention is to provide a perpendicul ar
magneti c recordi ng nmedium and a nethod therefore that achi eve both high
recording density and high reliability in a nmedium conprising a nagnetic
recording layer consisting of a plurality of magnetic layers. 5 Means to
sol ve the problem A perpendi cul ar nmagnetic recordi ng medi umaccording to
the present invention conprises a nonnagnetic substrate; an underl ayer

| am nat ed over the substrate; a nagnetic recording |ayer that consists of
a lower magnetic layer 10 formed on the underlayer, the | ower magnetic

| ayer including ferromagnetic grains and nonmagneti c grain boundary region
contai ning oxide or nitride_as a_ principal conponent, and an upper
magnetic |ayer foReiedorsnan ebjaconé theprgsentiipventigreis totrevidepaperpertetlac

| ayer including ferromagnetic grains and nonmagnetic grain boundary region
i n whi ch condeagneticirecordingimediwn aodwgmethiod thoreforecthat dchieee boththeght han t he
non-ferronmagneti c conponent in the ferromagnetic grains; and a covering

| ayer fornmed recorthe dgnsey amddrigh irelidbdligr in adnedaim coheprigipes magagtiet i ¢ | ayer
is formed after a heat treatnent is conducted to the substrate having the
| ower magnet irecdrdirgy laker omdistR(g dhepheslitgrofgnegnaticiagens in the | ower
magnetic | ayer contain cobalt as a principal conponent, and preferably
contain pbati num Advantageously, the nonmagnetic grain boundary region in
the lower magnetic |layer is substantially conposed of oxide or nitride of

at | east an 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  is 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 el ement selected fromCr, A, Ti, Si, Ta, H, Zr, Y, and Ce.

Advant ageously, the ferromagnetic grains in the upper magnetic |ayer
contain cobalt as a principal conponent, and at |east chromum 5

Advant ageously, the nonmagnetic grain boundary region in each of the upper
magnetic | ayer contains chrom um as one of the non-ferromagnetic
conponents and concentration of the chromumis higher than concentration
of the chromumin the ferromagnetic grains. 10 Advantageously, the | ower
magneti c | ayer includes ferromagnetic grains conposed of a CoPtCr all oy
and nonmagnetic grain boundary region containing Si02; and the upper
magneti c Iayei inclugggaaﬁéronag etic_grains conposed of a CoPtCrB all oy

and nonmagneC{0eHSe 8 YLl 1St danklic Br.cbratdhCeat i on 15 of the
chromiumis higher than the chromumin the ferromagnetic grains.
Advant ageously, a seed layer is further provided beneath the underl ayer.
The seed | ayer can be conposed of a NiFe alloy or a Ni Fe alloy containing
20 at | east an addivantageendyxrthe feabmagadtic grimBin tie, upger magaehb layEie seed
| ayer can al so be conposed of cobalt or a cobalt alloy containing at |east
an additive ebetamtobal es s edintipainc8npSnentyland b JeaBechranduid. . 7
Advant ageously, a soft nagnetic backlining |layer is further provided
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.



bet ween the substrate and the underl ayer or between the substrate and the
seed layer, 5 Advantageously, the upper nagnetic |ayer has approxi mately
sanme grain size of the ferromagnetic grains and sane width of the grain
boundary region as those of the | ower magnetic |layer. An aspect of the
present invention is a nethod for manufacturing a 10 perpendi cul ar nmagnetic
recordi ng nmedium The nethod conprises a step of preparing a nonmagnetic
substrate, a step of depositing an underlayer over the substrate, a
process of depositing the magnetic recording |ayer on the underlayer, and
a step of depositing a covering |layer on the magnetic recording |ayer. The
process of formng the magnetic recording | ayer conprises a step of
depositing a 15 sivantagegudyj a sofiyeagmetictbaeklinibey lagyeis, futther prowédedragnet i c

| ayer including ferronmagnetic grains and nonmagneti c grain boundary region

conposed of bexween the substratteandahe ueidedbiy@romdbativieed tlee fibatraty aal fenked 0 t he
substrate having the |ower nmagnetic |ayer fornmed, and a step of depositing
an upper negngydre | ayer on the | ower magnetic |ayer, the upper magnetic

| ayer including ferromagnetic 20 grains and nonmagneti c grai n boundary
region in which concentration of non- ferromagnetic conponent is higher
than the non-ferromagnetic conponent in the ferronmagnetic grains. By

conducting the i NRLARHABLEy AR d@% ' Vefehin8
grows retaining approxi r?gt %P%/ﬂ%au eg?%l Eﬁczléﬁfﬁétg%?b@e%%ﬁéé %gﬁﬁélrnai ns
and 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 | ower magnetic
| ayer. Brief description of drawings 5 Fig. 1 is a sectional view of a
structure of a perpendicular magnetic recording mediumaccording to first

aspect of enbodi nent of the present invention. Fig. 2 illustrates a
surroundi ng structure of a | ower magnetic | ayer constructing a magnetic
recording layer. 10 Fig. 3 illustrates a surrounding structure of an upper

magneti c | ayer constructing a nagnetic recording layer. Fig. 4 is a flow
chart showi ng a manufacturing nethod for a perpendicular 15 nagnetic
recordi ng nmedi um according to second aspect of enbodi nent of the present
invention. Fig. 5is a sectional view showing a structure of a magnetic
recordi ng | agsews fetamanlg bpproxmatel v sameigrginnezdofitherfetrodiagnetin graheand di at e
heating step. 20 Fig. 6 is a sectional view showng a structure of a

magnet i ¢ r ecsaniengidikpéthe fraimbouidars regionfachose odthedower maighbidciiayen
internedi ate heating step. 9 Best node for enbodi nent of the invention Sone
preferred enbodi nents of the present invention will be described in the
following with reference to acconpanying drawi ngs. 5 First aspect of

embodi nent  ofBfdfaldsbrpién 08 drawings

5 Fig. 1is 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 enbodinent will be described wth reference to the Figs. 1,
2, and 3 inthe following. Fig. 1 shows a cross section of an exenplary
structure of a perpendicular 10 magnetic recordi ng nedi um according to the
invention. Referring to Fig. 1, a perpendicular magnetic recordi ng nmedium 1
conprises a substrate 11 and | ayers sequentially | am nated on the
substrate, the layers including an underlayer 14, a nmagnetic recording

| ayer 15 that is a 15 |lam nation of a |ower nagnetic |ayer 151 and an upper
magnetic |ayer 152, a protective layer 16, and a liquid |ubricant |ayer

17. A nonmagnetic substrate 11 can be made of a Ni-P plated al um num al |l oy,
strengt hened gl ass, or crystallized glass, each being used in a

convent i onal B8t mugledor embedumentef thedhventiothe under| ayer 14 is preferably
conposed of a netal or alloy having a hexagonal closest packed (hcp)

structure or a nBbale pefatddymbadingnta of deepresanttinvedionmwilt bé desgribed in
structure. 10 The preferable netals with the hcp structure includes Ti, Zr,

Ru, Zn, Te, thelRevingheithrefeesialelte amebmbanwngmamgscc structure incl ude
Cu, Rh, Pd, Ag, Ir, Pt, Au, Ni, and Co. 5 Ru, Ir, Pt, Au, and alloys

containing these netals, in particular, are used by pref erence, because
these netals and all oys scarcely react with oxygen or nitrogen contained

i n nonnmagyet ifreghdpdtt B LRMRAIMERGS PheGhvéntidiver magneti c

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 thatisa

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 1s 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



| ayer 151 that is described later, thus, are inprobable to disturb crystal
orientation of cobalt that is a principal conponent of ferromagnetic grains
in the 10 |l ower nagnetic |ayer 151. Thickness of the underlayer is desired
to be a mnimmvalue, while a thickness of 3 nmor nore is preferable to
ensure crystal growth of the underlayer itself. 15 20 Protective |ayer 16
can be a thin filmprincipally conposed of carbon. Liquid |ubricant |ayer
17 can be conposed of perfluoropol yether |ubricant. Advantageously, a seed
| ayer 13 and a soft nmagnetic backlining |ayer 12 are further provided as
descri bed below. A seed layer 13 is provided beneath the underlayer 14 to

i nprove orientation of the underlayer. The seed | ayer can be conposed of a
nonmagnet i ¢ nmat eThepreferablsnfetald Wwithatireidpestraherel iatludeda@n 2, Rof, Znydgnet i c
backlining layer 12 is formed beneath the seed |ayer, a soft nagnetic
material is pnéfRa. dbhephdeabikemetds wattethiedtc sfrutatd prfudCl) RhaBd aA gkt
magneti c backlining layer. 5 The soft magnetic material for the seed | ayer
13 can be selpgcAgdNi ra Cai ckel - based al l oys such as N Fe, N FeNo, N FeB,
and Ni FeCr, and fromcobalt and cobalt-based alloys such as CoB, CoSi,
CoNi, and CoFe. These materials for the seed | ayer take preferably fcc or
hcp structure as in the underlayer 14.

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
nifrogen 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 | ayer may consist of plural |ayers of the above materials, each

| ayer 10 functioning separately to ensure crystalline |attice consistency
or to control grain size. A soft nmagnetic backlining |ayer 12 is
preferably provided for controlling magnetic flux generated by a nagnetic
head and assi st magnetic recording. 15 Wien a seed | ayer 13 is provided
under an underl ayer 14, the soft magnetic backlining |layer 12 is provided
under the seed |l ayer 13. The soft magnetic backlining |layer 12 can be nade
of a material selected froma crystalline alloy such as a NiFe alloy, a
Sendust (FeSi Al) alloy, or a 20 CoFe alloy, a fine crystalline materi al
such as FeTaC, CoTaZr, CoFeNi, and CoNi P, and an anorphous cobalt all oy

such as CoNbZnagniticaphtentn Whenkdsss maghetib®abldédihp nhyeg 12a dormed Yafdatls
depending on a structure and characteristics of a nmagnetic head used for

magneti ¢ recaligidgl laybga sofiemaghétinBangidl Gs pagilabi Bitahsy fe matekarmed in
sequential depositions with other layers, the 12 preferable thickness is in

a range of 1GuAdHd pRfly A5aGRRsd ﬁét[@b@él&ﬂiﬁ&%‘ la{eky. I n the case of
prelimnary deposition %y pl ati nggon a nonnmeg ea\ts/zec substrate before

deposition of other layers, the thickness may be as thick as several
mcrons. 5 Magnetic recording |ayer Now, a magnetic recording layer 15 is

describedshere i fipd&bAithagnetic 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 lamnation of plural magnetic |ayers of
10 different materials: a |l ower magnetic |layer 151 and an upper nagnetic

| ayer 152. The | ower magnetic |ayer 151 shown in Fig. 2 has a granul ar
structure in which ferromagnetic grains 20 are surrounded by nonmagnetic
grain boundary region 21 of principal conponent of oxide or nitride. 15
The ferromagnetic grains 20 in the | ower nagnetic |ayerl 51 are preferably
conposed of a principal conponent of cobalt and at |east platinum The
ferromagnetic grains 20 favorably further contain at |east an elenent 20
selected fromTa, B, C, Nb, Ag, Mo, W Pd, and Cu for the purpose of grain
size control and crystallinity inprovenent. Appropriate materials for the
nonmagnet i ¢ greferabbe thidaness 24104 rdnye ¢foMEnmnegid na doayrlerihg brodedtivigs
oxides or nitrides of at |east one elenent selected fromCr, A, Ti, Si,

Ta, Hf, Zr, Yatlncaseaf ptelidindtppizpositionesy slatiay &h all’icﬁnﬁah;glmici subktrgte 3 has a
structure in which ferromagnetic grains 30 are surrounded by nonmagnetic

grai n boundabgfdre Wepbsitidh clothét 183 rsytHeAHRRS8sE Ry BRIRThith asevbRl
ferromagnetic grains 30 in the upper magnetic |ayer 152 are preferably

conposed of &@iprddaci pal conponent of cobalt, and at |east chrom um The
ferromagnetic grains 30 favorably further contain at | east one el enent

selected §gromPt, Ta, B, No, Ag, Mo, W Pd, and Cu, in addition to the

cobal t

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 layerl51 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 materiais 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, Ty, Si, Ta, Hf, Zr, Y, and

Ce.
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10 and chrom um The nonnmagnetic grain boundary region 31 in the upper
magnetic |ayer 152 contains a non-ferromagnetic conponent preferably in a
concentration higher than a concentration of the sane non-ferromagnetic
conponent in the 15 ferronmagnetic grains 30. In particular, the nonmagnetic
grain boundary region 31 contains preferably a non-ferromagnetic conponent
of chrom um and the chrom um concentration is higher than a chrom um
concentration in the ferromagnetic grains. This condition is called as
chromumrich. 20 The magnetic recording |ayer 15 having the
above-descri bed structure is subjected to heat treatnment of the substrate
after deposition of the lower nagnetic |ayer 151 and before deposition of

t he upper nmagnet Am uppee maigndtic 1&yezfisRadhosvic inBligl Bdns agftnicaat ih vddthrent of
the magnetic recording |ayer are a tenperature higher than 150C t hat

produces suf fergbmiapnerid eeiingB0l ate §urfGunbeddy Béhmasndlict fifin BogRIaey rdgiegc to
10 mn considering productivity. Second aspect of enbodi nent of the

i nvention Segqn B cothpssdaosk ¢clBimief. t he present invention is described
below 5 referring to Figs. 4 through 6 and Table 1. The same parts as in

the first aspect of enbodi nent are given the sane synbols and are not
descri bed repeatedly. A manufacturing nethod for a perpendicul ar magnetic

recor di ngsmedi umpf, fé’ﬁ—éﬁﬁgﬁas pgﬂnﬁsh%%iﬂt I%ﬁ%&%ic?%@ﬁﬁ% préferably

descrlbed here as secon
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



Manuf acturing nethod Fig. 4 is a flow chart show ng an exanpl e of

manuf acturing nmet hod of perpendicular nagnetic recording nedia. In step S
1, layers up to an underlayer 15 14 are sequentially forned on a
nonmagneti c substrate 11. A chemically reinforced glass substrate having a
snooth surface (for exanple, N5 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 nagnetic backlining
| ayer 12 of CoZrNb 150 nm thick is forned using a target of Co88Zr4Nb8
under argon gas pressure of 5 niforr on the substrate. Subsequently, a seed
| ayer 13 of NiFeSIiB 10 nmthick is forned using a target of a soft

magneti ¢ ni ckieratiasicthelranye OF B4Ee iR 8) A cdmﬂﬁrmgrlg@@uaaﬁtypressure_ of 20
mlorr. 15 On the seed layer 13, a rutheniumunderlayer 14 with a thickness

of 10 nm is fornmed using a rutheniumtarget under argon gas pressure of
30 mforr. In step S2, a |lower magnetic |layer 151 consisting a part of a

magnetic 5 rS%%@ﬁd’ia%iQedt%Y%hb%ﬁi&%nﬁ@Fﬂﬁ%%vﬁlﬂ r magnetic |ayer 151 of
CoPt Cr-Si 02 shown in Fig. 2 having thickness of 8 nmis formed by nmeans of

an RF sputteri ”Se%$9§)69%hggrpﬁoqgﬁ@ﬁtogﬁfé% ﬁ%@ﬁﬁ{}g@ﬁ' SIS setitRd %gwer

i
argon gas pressure O nonnagneti c substrate

11 havi ngst h(?ﬁ%g‘lﬁﬁé ¢ %ﬂtﬁr‘%ﬁ‘(ﬁ a?&s.%b%‘ 1. O2BE Chine'pates Qi FRGaSR%' S

subj ected™to rea
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 ofinvention.

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 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 1s formed using a target of CoggZrsNbg 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 NigsFe,Si3B,

under argon gas pressure of 20 mTorr.

15



refereed to as internedi ate heating. The intermedi ate heating is conducted
with a lanp heater in a heating chanber at a substrate tenperature of 200C
for 10 sec. 15 In step S4, after the internedi ate heating, an upper
magnetic | ayer 152 consisting a part of the magnetic recording |ayer 15 is
formed. An upper magnetic |ayer 152 of CoCrPtB as shown in Fig. 3 having a
20 thickness of 6 urnis forned, on the heat-treated | ower magnetic |ayer
151 of CoPtCr-Si 2, using a target of Co66Cr20Pt| oB4 under argon gas
pressure of 5 mforr. In step S5, layers froma protective |ayer 16 and
above are sequentially 16 formed as a covering |ayer. A carbon protective

|l ayer 16 with a thickness of 3 nmis deposited by an ion beam deposition

met hod. After th@n thtReed et 13} £ ruthehkeandetlafordd Wik aGhickavssolitnker .
Then, a liquid lubricant |ayer 17 of perfluoropolyether 2 nmthick is

formed by dlisnfd‘rﬁwdmﬂngirﬁ&hﬂféniumtﬂ@geeu@@mﬁgsn‘gﬁé ?fesmrlﬁtaocmrr%ﬁgr di ng
medium 1 is produced. 10 The deposition steps of the above descri bed

| ayers were conducted by a DC nmagnetron sputtering nmethod except for
deposition steps of the | ower magnetic

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 (Co7,Pt;5Cry0)e3(Si0,)7 under argon gas

pressure of 30 mTorr.

10 In step S3, the nonmagnetic substrate 11 having the lower magnetic layer
151 of CoPtCr-SiO, 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-S10,, using a target of CogCraoPtioB4 under argon gas pressure of 5

mTorr.

In step S5, layers from a protective layer 16 and above are sequentially

16



| ayer 151 and of the protective |layer 16. 15 Internedi ate heating of a
magneti c recording |ayer The foll ow ng descri bes benefits of the
internedi ate heating of a magnetic recording |ayer consisted of the | ower
and upper magnetic layers 151 and 152. Distinctive features in structure
produced by the internediate heating 20 (1) Fig. 5 shows a sectional
structure of a magnetic recording |ayer 15 of Exanple of enbodi nent
according to the invention. Internmediate heating is carried out in the
Exanpl e of enbodi rent of the invention. Fig. 6 shows a sectional structure
of a magnetic recording layer 15 in the case w thout internedi ate heating
for conparison. 17 Positional relationship between the upper and | ower

| ayers of théomnghes acovernpialieng | ayer 15 in Fig. 5 is basically such that
every crystalline grain in the upper magnetic |ayer 152 positions on a
crystalline grain in the |ower magnetic |ayer 151, and every grain
boundary in the upper nmagnetic |ayer 152 positions 5 on grain boundary in

the |ower magnet \CcdrBy€prdredtive Riyer W@gﬂfﬁ h‘fhllcﬁﬂé‘srs o3 Al IQH@EBQEBdaS}earbeat' ng
as shown in Fig. 5, the upper nmagnetic |ayer 152 grovvs directly reflecting

the grain sizg, gesntd 09& ’lnethiBH“ & tHafifle bihdiAfe |sA4REY HHQHSHtgﬁ' ayer

151. 10 In contrast, case without I'nternedi ate heating as own in
Fig. 6, whi lvﬁcﬁlnﬁclﬁgﬁﬂfer,”agnet' c layer 152 grows reflecting grain size and

grain
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 | ower magnetic |ayer
151, as the growth proceeds, the grain boundary wi dth narrows and the
grain size 15 enlarges. The ferromagnetic crystalline grain Ain Fig. 6,
for exanple, swells corresponding to shrinkage of the surrounding grain
boundary. The ferromagnetic grain Bin Fig. 6 enlarges (doubles) joining
with a neighboring 20 grain together. Thus, in the case w thout

i nternedi ate heating, the mean grain size increases and the mean grain
boundary wi dth decreases. 18 (2) In a magnetic recording |ayer 15 of the
exanple as shown in Fig. 5, a nean grain boundary width is in a range of
0.5to 2.0 nmand a nean grain size is in a range of 4 to 12 nm 5 The

grain size and cPysitiahhl reldtjonship bewden eheuppe daelendi lgyepsof tempaghdtion of
the magnetic recording |ayer 15, additives to the nmagnetic recording |ayer

15, depositi egcqrdngelyent s hPidIB0e dakallg gackl g elvé\xéeff dallieraipiaihe si ze
and grain boundargiggt ?ucture of an under?ayer 14. 1 Irr){ t he upper magnetic

| ayer 152 wi Tugjault rﬂaghstlﬁ@miieagsz hRitiond oRSa EHAMINiAS grdit th tHe I0WREMAbRtE

boundary width is sraller "and nmean grain siZe is larger than those

d “bed ab ; : . : : >
xanpl o wi {h i o ek e co e Boddll ey B A aRAReC Ll IO g
nmean graig Sioﬁ%rﬁiﬁb@hﬂ?iﬁyM'.{ﬂeelowﬂér?ﬁhg(?fé?imhj‘?erv‘ﬁtlhom i nt ernedi ate heating,

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.

18



15 nmean grain boundary width = 0.7 nmand nean grain size = 9.5 rim 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
elenment to the ferromagnetic crystalline grains, as described below. 20 In
the | ower magnetic |ayer 151, grain size can be nmade fine and

i ntergranul ar magnetic interaction can be reduced by adding at | east an

el enent selected fromTa, B, Nbo, Mo, W and C. 19 In the | ower magnetic

| ayer 151, crystallinity can be enhanced and crystalline nmagnetic

ani sotropy constant Ku can be el evated by adding at |east an el enent
selected fromAg, Pd, and Cu. 5 In the upper magnetic |layer 152, grain size

can be made f2ndnandagrsticeregording dayend§rufithe ekainpicad shwwe AnFige St sduemd by
adding at |east an elenent selected fromTa, B, Nb, Mo, and W In the

upper magnet iggaihdyRihdib2width\is imh lrhlid of 6.8MoPe0 aRhand 8 thedndsral siB@heini £
ani sotropy constant Ku can be el evated by adding at | east an el enent

sel ected fromufh oflto C2nnand Pt. Effects of the internediate heating (1)
An upper magnetic layer 152 in the structure of a magnetic recording |ayer
15 15 shown in Fig. 5 has a benefit that the upper magnetic |ayer grows
retaining the sanme grain size and grain boundary width as in the | ower

magnetic kayer 1%fie 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 chrom um segregation. As a result, SNR enhances
according to the follow ng reasoning. 20 Since the sane grain size and
grain boundary width are nmintained, the magnetic grains physically
separate each other, so that intergranular magnetic interaction reduces,
whi ch decreases magnetic cluster size (described later), which in turn,
decreases wwdth of a transition region between bits, which neans reduction
in bit transition noise. 20 Because of favorable chrom um segregation, [1]
cobalt proportion in ferromagnetic grains increases, which increases
magnetic flux density in each crystalline grain, which increases out put
signal. The favorable chrom um segregation, on the other hand, causes [2]
smal | cobal t pr ohottei lower madgnedio g etsiic coysailiintig ean deyenhegisandivhi ch
reduces magnetic interaction, which in turn, decreases magnetic cluster

si ze, which cegtaltine bdgretiensidot@pynt@nsemt K &dttebéramatddq)ar&lzﬁﬁglhﬂmktayer
in the structure shown 1n Fig. 5, if every grain independently nakes

i nversion of ARGAARENZRIEAE fioin AS, A, he@ay. state in 10 which no nmagnetic
interaction exists between the grains. In actual, however, nagnetic

interaction acts between the grains. Consequently, several grains or nore
forma magnetization inversion unit. Such a group of the grains is called a

magneti c ¢l uster j A 15| f (87 ra.neduces
o s ang S ﬂ%ﬂ,@eﬂﬁhgﬂeu@ 18Ver8 59 ghdlfi STRADEBEmEhY $nkand
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 tumn, 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 showm in Fig. 6,
in a case in which internediate heating is not conducted, but post heating
after deposition of the upper magnetic layer 152 is conducted for exanple,
as in the case of Conparative Exanple 4 in Table 1, grain sizes of the

| ower magnetic 20 | ayer 151 may be nade uniformin sone degree and chrom um
segregation in the upper nmagnetic |ayer 152 may occur. But, they can occur
to alimted extent. Because a course of grow ng process of the upper
magnetic layer 152 is simlar to the case with no heating, as Conparative
Exanple 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 conduct Begaiseefl faterabisitiabenibapddgiegAlon, 1] Bebaxprapoetowin 5

enbodi ment of the invention, a magnetic cluster size as a whole in the
magnetic r etfeawm@gnéﬁo/ Braidpirctedies eRiRRdhcrelids AGRKIRSITHP deiditysin el

i nproved SNR. (2) The benefits of the internedi ate heating descri bed above

are sumar i egdtAllink RRafiOWHAU HbreabAs BhipRY sl CTht BBl ASiRANet i C

| ayer 151 to internedi ate heating, deviatioh in grain sizes Is decreased

4 th . . , , , A . q
moan grain boCRRrC O fre anet ARl Eauodt (2) MealcRAR prOBoR R " ey

gi L8, Los ;! X - aver. 1 i t hout
Egg? ien:g,c F ﬁg%é}%lal %nl;:ﬁgg?ali ncr élg@emtsl i‘aéﬁcf"E q’he! hlgir% g?‘%&dggtﬂﬁfvrcélc\]fl\né %{ %C\Mé)tgé EAg

ges
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 filmthickness of the upper
magnetic layer. 20 In contrast, when the upper magnetic |ayer 152 is forned
after internmediate 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 followng the grain size and the grain
boundary width of the | ower nmagnetic layer 151. 22 c¢) In an upper nagnetic
| ayer 152 forned after internedi ate heating, chrom um segregation to the
nonmagneti c grain boundary region 31 is pronoted as shown in Fig. 3 and

t he nonmagnetic grain boundary region 31 becones nore chromumrich than
the ferromagnetic crystalline grain 30. Consequently, a 5 layer of a CoCr

al l oy, a CoCgRitaridel itweeh tite SRS isBnal] &Yd tHusah ke hagheic danemyed for
ferromagnetic grains of the upper nagnetic |ayer 152. A surface of an

upper nagnet iiﬁ:cr[ggéégrre§§ﬁi1%fﬁl%eg?£@dddﬁtiﬁI‘Mi_ ate heating exhibits better
fl atness than a post heated surface of a conventional magnetic 10
recording layer. (3) In summary, the internediate heating: [l ] makes
grain sizes uniform [2] suppresses increase in grain sizes in the upper

magnetic | ayer 1R2, t.es. k: [ 8] [ e w{per
magnetic |ayer 1%%,Sufli’jso)g?%’%@s&@%ptﬁgﬁgﬁga%o@&%q%%, ﬂlgﬂ%o%a P oy, or a
CoCr PtB akl oy iy if€nt 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) Ifanupper 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] inproves flatness of the surface of the
upper magnetic |ayer 152. 20 The effects [1], [2], and [3] lead to
enhancenent of output signal and reduction of noises sinultaneously, which
means i nprovenent in SNR of an evaluation of electromagnetic conversion
characteristics, achieving high recording density. 23 Recording density is
determ ned by characterizing BER (bit error rate). A high BER neans read
out at the recording density inpossible. A threshold value of a BER
depends on a signal processing circuit. For exanple, a certain signal
processing circuit correctly reads out data at a BER = 10-5 or less, while
another 5 circuit only permts a BER = 10 6 or less. The BER is generally

i nproved withk) Inengawe mdgnaie. ladrer 3y forgedeifter inemasdiateh&t gt alrobium
enpl oyed as an index for i1nprovenent of recording density in the present

invention, t @@greg@tﬁoxet@mel fonmaghedizhaRrermid kﬂr@%ﬂﬁh BY id peéinb&deR shynent
a

to inmprovenent of BER of one to one- and- a- orders of magni tude, and

an- enhanceneqy Figh 3SHA it rorfifhdibGramboHdER rddloh TPLRAEHREIMGE BER of two

to three orders of magnitude. The etfects [4] a [ 5] 1 ndicated above

i ncreases COVRrAgRnHdR thig m@f&%&ﬁﬁ%ﬂe@icﬁ%llﬁng%ﬁgﬂfghtﬁgg‘?@%gﬂgf’é't

precipitation by I'CP characterizatio nce to

corrosi ons TRELEHPLew o0} Qﬁ%}:r,gil {%g@rniéﬂd%lﬁor# Ly atﬁoéﬁ’tﬁczmo%y 810w ae on of a

per pendi cul ar “magnetic rec
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 exanple (Exanple of invention)

manuf actured by a nethod of the invention as well as evaluation results for
20 conparative exanples. Itenms of evaluation are conditions of thickness
and heating, SNR, which is an evaluation of electromagnetic conversion
characteristics, and I CP analysis of cobalt precipitation. 24 Table I
Structure of magnetic recording |ayer Electro- andmagneticlCP heating
processcharacter-evaluation istics Thickness of Thi ckness of Amount of
CoPtCr-Si 02 |owerlnternedi ateCoCrPt B SNRcobalt magneti cheati ngupper
magnet i cPost heatingat 367 kFCl |ayerlayer(dB)precipitation 2 (nm (ng/cm
(nm) Ex8Done6bNonel5. 060. 074 CEx 18NoneONonel3. 420. 625

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.

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

cobalt precipitation.
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CEx 214NoneONonel3. 560. 684 CEx 38None6Nonel2. 800. 216 CEXx
48None6Donel3. 930. 213 Ex: Exanple of invention CEx: Conparative Exanple 5
In eval uati on of the Exanple of enbodi nent of the invention, conparison
was nmade with Conparative Exanples 1 through 4 produced as foll ows.
Conparative Exanple 1 10 A perpendi cul ar magnetic recording nedium| of
Conparative Exanple 1 was produced in the sanme manner as in the Exanpl e of
i nvention except that heating after deposition of a | ower nmagnetic | ayer
of CoPtCr-Si 02 was not conducted and the upper magnetic |ayer CoCrPtB as
I n Exanpl e of invention was not deposited. 15 25 Conparative Exanple 2 A
per pendi cul ar magnetic recording nmedium 1l of Conparative Exanple 2 was
produced in fIableshne manner as in Conparative Exanple 1 except that a

t hi ckness of the | ower nmagnetic |ayer of CoPtCr-Si 02 was 14 nm 5
Conpar ati ve Exanple 3

. . Electro-
Structure of mag:zl':::c recording layer magnetic ICP
. character- evaluation
heating process PN
istics
g:ll]ctl({:nrtisssi Sf Thickness of Amount of
lower i Intermediate CoCrPB SNR cobalt
. . upper magnetic Post heating at 367 kFCI
magnetic heating P
1 layer (dB) precipitation
ayer (nm) (ng/em’)
(nm)
Ex 8 Done 6 None 15.06 0.074
CEx1 8 None 1] None 13.42 0.625
CEx2 14 None 0 None 13.56 0.684
CEx3 8 None 6 None 12.80 0.216
CEx4 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-Si0O; was not
conducted and the upper magnetic layer CoCrPtB as in Example of invention

was not deposited.

15
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A perpendi cul ar magnetic recording nmedium1 of Conparative Exanple 3 was
produced in the sanme manner as in the Exanple of invention except that no
heati ng was conducted after deposition of the | ower magnetic | ayer of
CoPtCr- 10 Si 2. Conparative Exanple 4 A perpendi cul ar magnetic recording
medi um 1 of Conparative Exanple 4 was produced in the sane manner as in
Exanpl e of invention except that no 15 internedi ate heati ng was conducted
after deposition of the |lower magnetic |layer 151 of CoPtCr-Si 2, and post
heati ng was conducted after an upper magnetic |ayer of CoCrPtB was

| am nated. Conditions for the post heating were 200C and 10 sec, which were
the 20 sane as the heating after deposition of the |ower magnetic |ayer 151
of CoPt Cr- Stgﬁmﬁﬂgﬁb@ﬁmaﬁmMggosition of the upper magnetic |ayer 152 of
CoCrPtB conducted in Exanple of invention. The thus produced five types of

per pendi cul ar magRRirh&ndiBEIRAF tHApSelTB FedbrdfgREGivEh ATFL Shp&@HVEExample 2

el ectromagneti c conversion characteristic1n view of recording density and

| CP anal ysi Sﬁsfpﬁﬁ@ﬁ% mfthsgmbtm&wriaegﬁg)d'r,ﬁghvrgfwmaﬁapl gslig&'tctha@&ordi ng

| ayer in view of corrosion resistance. uatiron-o romagnetic

conversion c ISt ) ‘?@Nﬁ : {59@? - SPL AR tand tester
equi pped w t hﬁﬁgﬁgﬁdh%%?o asurenent -6 Hg%lggr_g%@gg’%glltaq@'eci pitation was
carried oyt by placing a
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 Si0,.

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-Si0,, 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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sanple in a high tenperature and hum dity environnment of a tenperature of
10 85C and relative humdity of 80 %for 96 hr, then shaking the sanple in
50 M of pure water for 3 mn to extract the solved out cobalt, and
measuring the concentration by nmeans of | CP em ssion spectroscopic

anal ysis. Though Table 1 gives the SNR values at a |linear recording density
of 367 15 KkFCI as an exanple, it has been confirned that order of
superiority does not change at other linear recording densities. First, a
conparison is nade between Conparative Exanple 1 and Conparative Exanple
3. No heating was conducted in both Conparative 20 Exanples 1 and 3.
Conparative Exanple 1 resulted in SNR=13.42 dB and an ampunt of cobalt

preci pi t ati onede 6RArab@HizeR by désirdmaSiiadatveysofEshamat dtic el 080 dB and
an anmount of cobalt preci pltatl on=0.21 6 ng/cne. 27 Conparative Exanple 3

suppressed t P&oﬁ@ﬁ%ﬂen@ftg%ﬁﬁqm éﬁfeﬂ’fﬂuﬁ’ bf afnlofRt éPcoE?Hl’Pp&‘ecﬁﬁﬁtﬁ)ﬂ'ﬂ(ﬁn tﬁélough

exhi biting | ower SNR by hi s conparison indicates, cobal

preci pi t ati op,de$iefi€ MBS JraRlaY] oA ﬂ deng the upper rragnetl C
| ayer 152 of C(%CFI%B hat gé’g r?lges ecogl}lr-%y% %‘ry region 31 mainly

conposed of chrom um and precipitates |ess cobalt than the | ower magnetic
| ayer 151 of CoPtCr- Si Q2 that conprises the grain boundary region 21

ity cogposed ol AMORIEoPLFtromh Bt RYERersidR HERacRl il SRIE(ENT SR

are worse’in
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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because intergranul ar magnetic interaction is relatively larger in the
upper nmagnetic |ayer 152 of CoCrPtB. Total thickness of the nagnetic
recording layers 15 in Conparative 15 Exanples 1 and 3 are different: 8 nm
in Conparative Exanple 1 and 14 nmin Conparative Exanple 3. To confirm
the difference in SNR and difference in cobalt precipitation is not sinply
due to an effect of difference in filmthickness, Exanple 2 was 20 prepared
having a thickness 14 nmof a | ower magnetic |layer 151 of CoPtCr- Si Q2. The
Conparative Exanple 2 resulted in SNR=13.56 dB and an anmount of cobalt
preci pitation=0.684 ng/cn2. No heating was conducted in Conparative 28
Exanpl e 2. Conparing the Conparative Exanple 2 with Conparative Exanple 1,

SNR i nproved by @bfipardtive E;Bmﬁﬁﬂ: T obygresdedetit Rhiotink ©F cobalt pAgsitdionGo06 5
ng/ cn2. Whereas, conparing with Conparative Exanple 3, cobalt precipitation

i ncreased t 0aBS@Sne3hidd Bfoudh afiBRingAbWRr SRRGY 03H'@p. mpr oved by 0.8 dB.
This tendency is equivalent To the cOnpari son bétween Conparative Exanples

1 and 3. Thus, the degradation of SNR and the inprovenent in cobalt 10
precipitation by |lam nating an upper magnetic |ayer 152 of CoCrPtB on the

| ower magnetic | : . el 1 al ol ' 0 an
i foct of film t%gﬁlﬁécgiqﬂnsgﬁ%gcateﬁ O6bAH FrebffitaBiol iy rdRhriGbPSppIMSed
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-
Si0,.

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
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Next, a conparison is nade between Conparative Exanples 3 and 4. 15
Conparative Exanple 4 resulted in SNR= 13.93 dB and an anount of cobalt
preci pitation=0.213 ng/cnR. Post heating was conducted in the Conparative
Exanpl e 4. Conparative Exanple 4, which was heated after deposition of the
upper magnetic layer 152 of CoCrPtB, inproved SNR by 1.1 dB, while
difference in anount of cobalt precipitation is 0.003 ng/cnR2 and 20
substantially equivalent. The inprovenent in SNR indicates that the post
heati ng pronotes chrom um segregation to the grain boundary region in the
CoCrPtB |l ayer and reduces intergranular magnetic interaction. The
substantially equi val ent cobalt 29 precipitation indicates that the heating
does not chamyangplaRity of the protective |ayer 16 and thus, does not
alter cobalt precipitation. Finally, a conparison is nmade between the
Exanpl e of invention and 5 Conparative Exanple 4. The Exanpl e of invention
resulted in SNR=15.06 dB and an anount of cobalt precipitation=0.074

ng/ cn2. An int er@ﬁﬁiﬁ%ﬁhfl@t@&ﬁfaﬂﬁﬁ%eme@%i ,Cc{?@p%ﬁﬂ%hﬁﬁ jd pvention.

The Exarrplfe of inve IS subjected to Internedia f eat 1 ng twe’endt he
10 i . T, of .

sepons o FEUSHRIORABE O IR G RSP 0
Bampl o 4 | i abea e ot DTRRE Sl O ble FRERBRE s ptebBIROGT on”

to a very small YAIMS Rout 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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0.074 nglcn2, which is about one third of that in Conparative Exanple 4. 15
This internedi ate heating between the deposition steps of the | ower
magnetic | ayer 151 of CoPtCr- Si Q2 and the upper magnetic |ayer 152 of
CoCrPtB is precedent heating to deposition of the upper magnetic |ayer of
CoCrPtB. It has been denonstrated that the precedent heating nore pronotes
20 chrom um segregation and at the sane tinme, nore suppresses cobalt
precipitation than the post heating. As described so far, a nagnetic
recording layer 15 of the Exanple of invention is a |amnation consisting
of | ower and upper magnetic |layers 151 and 30 152, wherein the | ower
magnetic | ayer 151 conprises ferromagnetic grains 20 surrounded by
nonmagnet i ¢ gravipitdttumisidioateeidiadthe?eapinicntvep abt yhatwppaddy of theopdotetoe
nitride, and the upper magnetic |ayer 152 conprises ferronagnetic grains

30 surroundetayey 16emdaBnstddesHodatcPostidepecigation. 31 principally 5
conposed of chromum As a result, a perpendicul ar magnetic recording

medi um manuf actured by a nmethod conprising a process to heat the
nonmagnetic substrate 11 with a deposited |ower nmagnetic |ayer before a

step of form NOFRAILYPRED Bi6h i$ aﬁ¥%ret\ﬁ&ﬁpﬂ1@iﬂ3&gfn etdﬁxgj{félﬁﬁiﬁ

achi eves hi gher SNR type of nagnetic recording nmediumwth post

achi . . !
Fecor i ng’ meqCpve Exkp TP e Ehanle bF fiyeffiEn reiedtn RE15 06 dB
preci pi tation,fLem:,Retebbiit 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

30



recording layer 15 in conparison with a type of magnetic recordi ng nmedi um
W t hout post heating (as Conparative Exanple 1 through 3). Therefore, a

per pendi cul ar magnetic recording nmediumis provided that achieves high 15
recording density by virtue of inprovenent in electronmagnetic conversion
characteristic and sinultaneously high reliability by virtue of inprovenent
In corrosion resistance. Advantageous Effect of the invention 20 To sol ve
t he above problem a perpendi cul ar magnetic recordi ng nedium of the

i nvention conprises a magnetic recording layer that is a | am nation of
magnetic | ayers conposed of different materials. A |lower magnetic |ayer
conprises ferromagnetic crystalline grains surrounded by nonmagnetic grain

boundary regil6D, wherds ik WdtiagictRNager 51 orhptisks fRAGnEbnetic YpHAas 20
magnetic | ayer conprises ferromagnetic crystalline grains surrounded by

nonmagneti c %ﬁb&lwﬁbﬂmﬁlgﬁéﬂﬂgm%ﬁﬁmg‘ioh o pAhEipaIY Bbmposéat | N9

process, i nternedi eating, is inserted after the process of depositing

the | ower TagARid G fifR sRBdEBHOECLRRARL RGBS SPLOABRIS! Hifiindfifrioper S

magnetic layer. By virtue of the inte eat 1 ng process,

L e L R
R et e R R N W e et
corrosion regl &fi§Rantractured 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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10 al so enhanced. Therefore, high recording density and high reliability
are sinultaneously achieved in a perpendi cul ar magnetic recordi ng nmedi um
of the invention. 15 20 32 Cains 1. A perpendicular magnetic recordi ng
medi um conprising: a nonmagnetic substrate; an underlayer |am nated over
the substrate; 5 a magnetic recording |ayer that consists of a |ower
magnetic | ayer forned on the underlayer, the | ower nagnetic | ayer

i ncluding ferromagnetic grains and nonmagnetic grain boundary region
containing oxide or nitride as a principal conponent, and an upper nagnetic
| ayer fornmed on the | ower nmagnetic |ayer, the upper 10 nagnetic | ayer

i ncludi ng ferromagnetic grains and non-nmagnetic grain boundary region in
whi ch concentnaippenmagnenoidyer compgizes faranaposiendrystallmegfraing suaroundbé
non-f erronmagneti c conponent in the ferromagnetic grains; and a covering

| ayer for medbgmonneagneiie gramdinindary fapesn compbsidmahily wfebromhgnetd ¢ | ayer
is formed after a heat treatnent is conducted to the 15 substrate having

%2 e L%mﬁgcg?g?ﬁﬁﬁ%pmé%’ ihehiediateheatiify, RefizeAed afttRthe FOB&IS ¢f depositidgng
gtoclaiml,
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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wherein the ferromagnetic grains in the | ower magnetic | ayer contain cobalt
as a principal conponent, and at |east platinum 20 3. The perpendicul ar
magneti c recordi ng medi umaccording to claiml or claim2, wherein the
nonmagneti c grain boundary region in the | ower nagnetic |ayer is
substantially conposed of oxide or nitride of at |east an elenent sel ected
fromC, A, Ti, Si, Ta, H, Zr, Y, and Ce. 33 4. The perpendi cul ar
magneti ¢ recordi ng medi um according to any one of clains 1 through 3,
wherein the ferromagnetic grains in the upper nagnetic |ayer contain
cobalt as a principal conponent, and at |east chromum 5 5. The

per pendi cul ar magnetic recording nmedi um according to any one of clains 1

t hrough 4, wBsgigisn t he nonmagnetic grain boundary region in each of the
upper magnetic |ayer contains chrom um as one of the non-ferronmagnetic

conponents and CODCQ@E@:ﬂidHﬂ"bu}ﬁr ﬁlﬁ?ﬂ@tﬁf fdtording smédidRecorhpasingoncent rat i on
of the chromumin the ferromagnetfic grains. 10 6. The perpendi cul ar

magnetic recordi pgonRdbHefi@sa@kag to any one of claims 1 through 5,
wherein the | ower magneti c | ayer i'ncludes ferromagnetic grains

substantially co{mRR %{l_f;& onmagneti c grain boundary
regi on 15 substanti a?‘qu% y “conpose cp? %%gﬁu gate,

5 a magnetic recording layer that consists of

a lower magnetic layer 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

10 magnetic layer including ferromagnetic grains and nonmagnetic grain boundary

region in which concentration of non-ferromagnetic component is 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

15  substrate having the lower magnetic layer formed.

2. The perpendicular magnetic recording medium according to claim 1,
wherein the ferromagnetic grains in the lower magnetic layer contain cobalt as a
principal component, and at least platinum.

20
3. The perpendicular magnetic recording medium according to claim 1
or claim 2, wherein the nonmagnetic grain boundary region in the lower
magnetic layer is substantially composed of oxide or nitride of at least an

element selected from Cr, Al Ti, Si, Ta, Hf, Zr, Y, and Ce.

33



t he upper magnetic |ayer includes ferromagnetic grains substantially
conposed of a CoPtCrB all oy and nonmagnetic grain boundary region in which
concentration of the chromiumis higher than the chromumin the
ferromagnetic grains. 20 7. The perpendi cul ar nmagnetic recordi ng nedi um
according to any one of clains 1 through 6 further conprising a seed |ayer
beneath the underlayer. 34 8. The perpendi cul ar magnetic recordi ng nedi um
according to claim7, wherein the seed |ayer is conposed of a N Fe alloy
or a NiFe alloy containing at |east an additive el ement selected from B,
Si, Nb, and Mb. 5 9. The perpendi cul ar magnetic recordi ng nedi um accordi ng
to claim7, wherein the seed |layer is conposed of cobalt or a cobalt alloy

containing ay. | east TipapehdicvBireh&Ritic reedbiiehelifinaBeording ManMne Fe,
and Ni. 10. The perpendi cul ar magnetic recordi ng nedi um accordi ng ‘to any

one 10 of clygi t 1 - [ Kkl inin
ofcBm4 1Ltk 3 BwheveiM e &ﬁ‘ﬂ?ﬁ%ﬁeire'ﬂg %?‘.al%@r&% d%?;?%ﬁ‘ér rﬁa%}lﬁ:g'ré g

| ayer between the substrate and the underla endi C

magneti c T eC oyl bantiR LUBAIRGS B pindthdl CoffBOnBRE andlat filall Brofnilibt Ough 9

further conpri'sing a so magn ac ing’layer etween t he
substrate and the seed | ayer. 12. The perpendi cul ar magnetic recording
medi um according to any one of clains 1 through 11, wherein the upper

magnet i c kay%f has SR Béjpgﬁal%h}'ar magnetic recording medium according to any one

of claims 1 through 4, wherein 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
6. The perpendicular magnetic recording medium according to any one
of claims 1 through 5, wherein
the lower magnetic layer includes ferromagnetic grains substantially
composed of a CoPtCr alloy and nonmagnetic grain boundary region
15  substantially composed of SiO,; and
the upper magnetic layer includes ferromagnetic grains substantially
composed of a CoPtCrB alloy and nonmagnetic grain boundary region in which
concentration of the chromium is higher than the chromium in the ferromagnetic
grains.
20
7. The perpendicular magnetic recording medium according to any one

of claims 1 through 6 further comprising a seed layer beneath the underlayer.
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sanme grain size of the ferromagnetic grains and sanme width of the grain 20
boundary region as those of the |lower magnetic layer. 13. A nethod for
manuf acturi ng a perpendi cul ar magnetic recording nedium conprising steps
of preparing a nonmagnetic substrate; 35 depositing an underl| ayer over the
substrate; depositing a |l ower magnetic |ayer on the underlayer, the |ower
magnetic |ayer including ferromagnetic grains and nonnmagnetic grain
boundary region conposed of oxide or nitride; 5 conducting a heat
treatment to the substrate having the | ower magnetic |ayer forned,;
depositing an upper magnetic |layer on the | ower magnetic |ayer, the upper
magnetic | ayer including ferromagnetic grains and nonmagnetic grain
boundary re@ion in Tie pérpendicelirmadgmeticabcodng metdammanesiding wglaieT i S
hi gher than 10 the non-ferromagneti c conponent in the ferronmagnetic grains;

and deposi t wlgrainahy eeedlpyepisatorppodedeofipNiFe abenet & NiFauHby cbﬁtalfﬁhg at
nmet hod for manufacturing a perpendi cul ar magneti c recordi ng nedi um

accor di ng towdsamﬁmd&nvwwérﬁems%@edtéummm 'NBR&iEMe: | ayer, the
ferromagnetic grains contain cobalt as a princi pal conponent, and at | east

pl ati num and the nonmagnetic grain boundary region is substantially
conposed of oxide or nitride of at |east an el enent

5 0. The perpendicular magnetic recording medium according to claim 7,
wherein the seed layer is composed of cobalt or a cobalt alloy containing at least

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

10. The perpendicular magnetic recording medium according to any one
10 of claims 1 through 6 further comprising a soft magnetic backlining layer

between the substrate and the underlayer.

11. The perpendicular magnetic recording medium according to any one
of claims 7 through 9 further comprising a soft magnetic backlining layer

15  between the substrate and the seed layer.

12, The perpendicular magnetic recording medium according to any one
of claims 1 through 11, wherein the upper magnetic layer has approximately
same grain size of the ferromagnetic grains and same width of the grain

20 boundary region as those of the lower magnetic layer.

13. A method for manufacturing a perpendicular magnetic recording
medium comprising steps of:

preparing a nonmagnetic substrate;
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selected fromCr, A, Ti, Si, Ta, H, Zr, Y, and Ce; and in the upper
magnetic |ayer, the ferromagnetic grains contain cobalt as a 20 principa
conponent, and at |east chrom um and the nonnmagnetic grain boundary
regi on contains chromum as one of the non-ferromagnetic conponents and
concentration of the chromumis higher than concentration of the chrom um
in the ferromagnetic grains. 36 15. The nethod for manufacturing a

per pendi cul ar magnetic recording nediumaccording to clains 13 or 14
further conprising a step of formng a seed |ayer right before the step of
depositing the underlayer. 5 16. The nethod for manufacturing a

per pendi cul ar magnetic recording nedium according to claim15, wherein the

seed |ayer is codgnsfithgdn andérfffer dvePiheOfubatrbiele al l oy containing at | east
an additive elenent selected fromB, Si, Nb, and Mb, or the seed |ayer is

conposed of co baﬂlépdéith% & g?ﬁéﬁN%ﬁéngYc I@g@% 8h hd'@ndlayeB ARk lé‘ﬂeﬁﬂﬁgidlét?’cgr

el ement selected from and Ni. 10°17. The neth

manuf act uri “Qaf%r ?‘S‘{lﬁﬁ@gi ferloflagiRaR %Hliﬁ@ ahd g@ﬂ#ﬂggneﬁ@ Qiﬁﬁ‘b@tﬁﬁﬁﬁéﬂ%g%@g

clainms 13 or conprising-a ep mng~a so

backlining | ay onJBfoitdQeorstﬁﬁ'RieOf depositing the underlayer. 15 18. The
met hod for manufacturi ng a perpendi cul ar magnetic recording nedium

cccor 0oyt o, ! b i LARGE ROBLLTAR BT ERS ol Mol o0
layer formed;
depositing an upper magnetic layer on the lower magnetic layer, the upper
magnetic layer including ferromagnetic grains and nonmagnetic grain boundary
region in which concentration of non-ferromagnetic component is higher than
10  the non-ferromagnetic component in the ferromagnetic grains; and

depositing a covering layer on the upper magnetic layer.

14. The method for manufacturing a perpendicular magnetic recording
medium according to claim 13, wherein

15 in the lower magnetic layer, the ferromagnetic grains contain cobalt as a
principal component, and at least platinum, and the nonmagnetic grain boundary
region is substantially composed of oxide or nitride of at least an element
selected from Cr, Al, Ti, Si, Ta, Hf, Zr, Y, and Ce; and

in the upper magnetic layer, the ferromagnetic grains contain cobalt as a

20 prncipal component, and at least chromium, and the nonmagnetic grain
boundary region 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.
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19. The method for manufacturing a perpendi cul ar magnetic recording 20
medi um according to any one of clains 13 through 18 wherein the step of
depositing the upper nmagnetic |layer is conducted such that the upper
magnetic |ayer grows retaining approxinmately sane grain size of the
ferromagnetic grains and sane width of the grain boundary region as those
of the | ower magnetic |ayer. 37

15. The method for manufacturing a perpendicular magnetic recording
medium according to claims 13 or 14 further comprising a step of forming a

seed layer right before the step of depositing the underlayer.

5 16. The method for manufacturing a perpendicular magnetic recording
medium according to claim 15, wherein the seed layer is composed of a NiFe
alloy or a NiFe alloy containing at least an additive element selected from B, Si,
Nb, and Mo, or the seed layer is composed of cobalt or a cobalt alloy containing

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

10
17. The method for manufacturing a perpendicular magnetic recording
medium according to claims 13 or 14 further comprising a step of forming a soft
magnetic backlining layer before the step of depositing the underlayer.

15 18 The method for manufacturing a perpendicular magnetic recording

medium according to claims 15 or 16 further comprising a step of forming a soft

magnetic backlining layer before the step of depositing the underlayer.

19. The method for manufacturing a perpendicular magnetic recording

20 medium according to any one of claims 13 through 18 wherein the step of
depositing the upper magnetic layer is conducted such that the upper magnetic
layer grows retaining approximately same grain size of the ferromagnetic grains
and same width of the grain boundary region as those of the lower magnetic

layer.
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