BE SEP 2005 Magnetic Recording Medium Technical field of the invention The
present invention relates in general to a magnetic recording 5 nedium and
in particular to a high performance and highly reliable nagngﬁ'c ecor di ng
medi um that exhibits | ow noise and sufficiently high coercive ovlfe hd i s
nounted on a variety of magnetic storage devices such as an external
storage device of a conputer. 10 Background of the invention A magnetic

storage devi carhsnetfe Riecorloh Idiuicor di ng devices that support highly
i nformati onal soCiety In recent years. Wth increase of information to

vast anounts, magnetic recording nedia wused in nmagnetic storage devices
are forced towards hi gher recording 15 density and | ower noi ses. Achieving

hi gh recordi ng density n S. mnimzation of a unit size of inversion of
magnet i zat 'Qfﬁ"{nl\ﬁéﬁizwlanF?g?an@ﬁmlﬁ?Bs m nute magnetic grain size. Lowering
of noises needs reduction of fluctuation of magnetization due to nagnetic
interacti on Héenprasentiinventieudielates to gdrerdliia a mragnetdc recording
magnetic | ayer using a CoCrPt alloy in a conventional medium contains a

great mnmowiédinchhdnn @d@i@?ﬁxﬁﬁlﬁh&?ﬁ%ﬁ@ﬂiﬁﬁi%n@h@gﬁ@ roBablei n
boundary region for achieving noise reduction. As a result, the magnetic
ani sotr opy, §8Ast R teddrding Rfe dRANEEMSL 85xHiBRtslow noise and sufficiently

high coercive force and is mounted on a variety of magnetic storage

devices such as an external storage device of a computer.

10 Background of the invention
A magnetic storage device is one of information recording devices
that support highly informational society in recent years. With
increase of information to vast amounts, magnetic recording media
used in magnetic storage devices are forced towards higher recording
15 density and lower noises. Achieving high recording density needs
minimization of a unit size of inversion of magnetization, which in
turn requires minute magnetic grain size. Lowering of noises needs
reduction of fluctuation of magnetization due to magnetic interaction
between grains in addition to the minute grain size.
20
A magnetic layer using a CoCrPt alloy in a conventional medium
contains a great amount of chromium to segregate enough chromium
towards the grain boundary region for achieving noise reduction. As

a result, the magnetic anisotropy constant Ku of the magnetic grains



O 6 SEP 2005 is lowered, and the thermal stability of the nmedium
deteriorates. On the other hand, if platinumcontent is increased aimng
at enhancenent of this Ku value, the chrom um segregation to Pgesgg%ﬁg
boundary region is hindered, resulting in increase of nmedia nofse’™'’5 us,
there exists a trade-off relation between the thermal stability and the
noi se reduction To address these problens, a variety of proposals have been

made i ncl 'i% 15630 A d itﬂ%st}lf;ér:xggr%]‘l rs‘t%l‘b'ﬂi%g diftife Mﬁ%@?dk@éﬁbra@ﬁ%ﬂ}@%

materials for a noAmagnetic ayer and a see nong

type of L umyhas en .pr ed _havin .50-cal | rapul ar, magnetic
Igser coﬁ%t%%bgﬁﬁgﬂgt@%ﬁ?‘s& gpnéggl%ﬂ lﬁﬁeaﬁgﬂr@ﬁ&g@tnﬁt?i x of an
oxide or a nitride surr di the crystal, grains. In a nmediumhaving. a
granul ar &f¥ ‘éﬁ@,ellt’r@{)%%&gu Yaiyeg Eﬁr@l@@lﬁ&ﬁﬁgrﬁgaﬁm F39 theoghaly
magnet i calbloéi from ;gcgmg_t_her_ by i [I: ue g]‘ tgrel_i;nréégra\slgg)if{llgmr:ﬁnrmg&%t ic
subst ance ndary ilahmn ezatl | az\rorse.

i ndi vi dual grain, vvhigch is 4to 10 nm hIiI;gh recording density is possible
to at %eafthud thoreexists ditraderoff rédlasice betvehanhe thdanadistabilieyvween

the grains is 20 expected to be suppressed by the nonmagnetic matrix
surroundi 921(51 Fﬁﬁth&rs?fédff off anul ar magnetic |ayer inherently allows
addi tion

avoi di ng of ‘quantities of chrom um because the grain boundary
segregation is 2

To address these problems, a variety of proposals have been

made including compositions and structures of a magnetic layer, and

10 materials for a nonmagnetic underlayer and a seed layer. Among
them, a type of medium has been proposed having a so-called
granular magnetic layer consisting of magnetic crystal grains and
nonmagnetic matrix of an oxide or a nitride surrounding the crystal
grains. In a medium having a granular structure, the magnetic

15 grains are nearly perfectly isolated magnetically from each other by
virtue of the intervening nonmagnetic substance. Since the minimum
magnetization unit can be the size of individual grain, which is 4 to
10 nm, high recording density is possible to at least this precise
dimension. Besides, exchange interaction between the grains is

20 expected to be suppressed by the nonmagnetic matrix surrounding

each grain.

The granular magnetic layer inherently allows avoiding addition

of quantities of chromium because the grain boundary segregation is



0O 6 SEP 2005 principally performed by silicon oxide contrary to a
conventional CoCrPt magnetic layer. Since the silicon oxide is conpelled
to precipitate at the grain boundary in the granul ar magneti q § asger ypp% he
grai n boundary segregation is pronoted without |owering the 5 magnetic
ani sotropy constant Ku, which neans conpatibility with noise reduction.
For higher recording density in the future, it is indispensable to nmake

the mg“eyﬁnbﬁi’ﬁﬂﬁﬁﬁaﬁfmd— *bf‘yuSﬂiiéH}? oxiHBIHtrarydEa dhitvé QiendTRgnet i ¢

ani sotropy energy ere magneti c ani sotrdpy constant and V:

ner gy, neSkbRanaEheble BAFEED SURIEIARR Roh G BN hofuBNBR Ty,

requi res additign, of re amount of, platinumto the conpositi of the
magneti c Lpé'%ipl%aﬁ\? t%@ﬁ Sdant %Hnélarb’alrfbéﬁﬁrﬁﬂfﬂ‘éf%‘f SR PEmMAN T 5?‘@5
the grain boundary segregation of chromumin a conventional CoCrPt 15
magneti ¢ Ignpin koundary segregatienss promodednwiithowhdoweringadhe | in
contrast, since silicon oxide easily segregate to the grain boundary

regi ons evenaghepicahysefropyaeongtans Kddedhi dhhenéns wom paeilnditycwitlayer
has the advantage that |arger anount of platinumcan be contained while

0 POk A FOSME AT AU LSS TR .
recordi ng LUl MIAVIRG. B ThAYE HHE mbgndllCiasar PniAEs! PrgaRkRlent @ " 1S
magnetic layer has lower magnetic anisotropy energy KuV, where
Ku: magnetic anisotropy constant and V: activation volume. To
10 prevent lowering of the magnetic anisotropy energy, the magnetic
anisotropy constant Ku must be increased, which requires addition of
more amount of platinum to the composition of the magnetic layer.
Although addition of large amounts of platinum inhibits the grain
boundary segregation of chromium in a conventional CoCrPt
15 magnetic layer and increases noises, in a granular magnetic layer, in
contrast, since silicon oxide easily segregate to the grain boundary
region even if plenty of platinum is added, the granular magnetic
layer has the advantage that larger amount of platinum can be
contained while maintaining isolation of magnetic grains.
20
United States Patent No. 5,679,473, for example, discloses that
low noise is achieved by a granular recording film having a structure

in which each magnetic crystal grain is separated by nonmagnetic

oxide surrounding the grain. The granular recording film in the



oxi de surrounding the grain. The granular recording filmin the 3 ,.0 6 SEP
2Ts reference can be formed by deposition enploying RF sputtering using a
target of CoNiPt with an additive of an oxide such as Si02 . |§pEeh nf
granul ar magnetic film since a nonmagnetic and nonnetal lic phase

physi cal |y separates each magnetic grain, magnetic interaction 5 between
the magnetic grains dimnishes. So the formatlon of zigzag nagnetic domain

wal | is syppsesees chhdbe Forarsd @?adebbéiﬁbhl ompleging RPfsputiReehg weiny t .

| eadi ng to achieving | ow noi se racteristic. Japanese Unexam ned Pat ent

Abpl 1 catl onediet 6FCANIPESyithdn A8dATve dF 21h:ade% %@?%@S@Oﬁdﬁfguch

dep03|t| ng a derlayer w y center cubrc str ure prior

St et ur o BESAHUSE ToAEREH DI Sinet & AR MR RoHcBi o P AC phase

2000- 82210 _di scl pses a magnetic recordl ng nedi um prow ded with. a
nonmagnet Physicalyesr paeategeachomggnetie grajos magnesibintetaatienr
bet ween the magnetic |ayer and the underlayer. Problemto be solved by the

i nvent$ on betweete theomagnuetitigataiasndrhumshed Socthé formedRonrofivargeig c

20 conversion characteristic using a granular nagnetic |ayer, the oxide

such as SiRggapdid H@nﬁ@ﬁ@'v&aﬁhb%ﬂ;ﬁﬁ?éséﬁ& tﬁﬁ'ﬁtefmgég dtha tt'i’ﬁn'fs@ﬁﬁ?lt regiegfl to

be wel | separated in the deposited magnetic fil is also 1nportant to

make the %T%eré?éoﬁdl?lg*ﬁ?ﬂ‘,%hﬂlﬁgaﬂd”'al?ﬁi@‘gﬁ{fﬁ?b’% 1t181se characteristic.

Japanese Unexamined Patent Application Publication Nos. H11-
10 213371 and 2000-123445 disclose depositing an underlayer with body
centered cubic structure prior to depositing the magnetic layer that
has a hexagonal closest packed structure. Japanese Unexamined
Patent Application Publication No. 2000-82210 discloses a magnetic
recording medium provided with a nonmagnetic intermediate layer
15 with body centered cubic structure between the magnetic layer and

the underlayer.

Problem to be solved by the invention
In order to accomplish a medium with excellent electromagnetic
20 conversion characteristic using a granular magnetic layer, the oxide
such as SiO2 and the cobalt alloy that are contained in the target
need to be well separated in the deposited magnetic film. It is also
important to make the size of the magnetic grain homogeneous to

reduce noises.



reduce noises. 4 LV S SEP 2005 Wen the platinumcontent in the granular
magnetic layer is increased to cope with further high density recording in
the future, degradation of lattice matching is anticipated dud § SEPnghegase
of an anmount of msfit between a conventional CoCr alloy internediate 5
| ayer and the magnetic | ayer because the lattice constants of the CoCrPt
all oy of the magnetic |ayer increase in proportion only to the platinum

content. | nded¥hepithoiHatiminbeoatbnevadtliny gragnsarusiagetio leheetist he 10

nonmagneti ¢ and nonnetal [ ic grain boundary regi on separates the nagnetic

rains. ed : m 't ' | L.t ed
gsi Ing a ﬁ%"gﬁ a (:fm%t6 hc%%gg@ﬁa c?%tsfelgltg}gg%’(e g%?%gggéi/ﬁ%éﬁl{ %ggﬁgﬁt‘%’c
structure §hat S a iLng of lattice planes dififerent .fromth of the
crystal gsttadiitoR SRR et Brtlipated §8TooiiRsk Hlaf' 1575
the grain size of the gagnetic grains in the eti.c | ayer canpot be
cont rol | e@mpumtﬁft mlﬁﬁ%ﬁwegg Acppyentignal @)g@ﬁ@flﬁw érylt%me ateuch a
nonmagnetic intermedi ate | ayer because of inferior lattice matching

bet weeh t hayer yaidhthgrmiagnétictlayeribecansalithedathicer cansgtamks of g$heal
grains in the magnetic layer. That 20 is, to acconplish further |ow noise

in a mgn@aCrPecdisy of tirdmugnetic laydreidreddel th Préporeion ealy rtel tha nut e

and uniformgrain size of the magnetic crystal grains in the internediate
layer.  platinum content.

Indeed low noise may be achieved by the structure in which the

10 nonmagnetic and nonmetallic grain boundary region separates the
magnetic grains. Nevertheless, if a nonmagnetic intermediate layer
is deposited using a material with hexagonal closest packed or body
centered cubic structure that has a spacing of lattice planes different
from that of the crystal grains in the magnetic layer by a relative

15 proportion over 15 %, the grain size of the magnetic grains in the
magnetic layer cannot be controlled without difficulty by depositing
the magnetic layer on such a nonmagnetic intermediate layer because
of inferior lattice matching between the crystal grains in the
intermediate layer and the crystal grains in the magnetic layer. That

20 1is, to accomplish further low noise in a magnetic recording medium, it
is required to precisely control minute and uniform grain size of the

magnetic crystal grains in the intermediate layer.

The present invention has been made in view of this problem,



The present invention has been made in view of this problem 5 LOB SEP 2t
and an object of the invention is to provide a magnetic recording nedium
wi th | ow noise and high coercive force. By controlling the st rﬂ,lgtﬁpemd
the grain size distribution of a nonmagnetic internediate |ayér, e
structure and the grain size of the crystal 5 grain in a magnetic |ayer
deposited on the internediate |layer are controlled, to achieve | ow noi se.

By controldhd@r bBj éétL SEtHEAnRRAtiOA isHApPotide adhfdghdtitirdeoptiihbe

i nternmedi ate | ayer, the distance between the crystal grains in the

magnetic fi.lpnd : . ] 4 '
cryotal et SEIH fhy oRRlahdhidh ShECEIATICHEE TBY CAMTANHE the .,
in the case of, nmnute ai n size. of ,.1the neti.c crystal grains in the
magneti ¢ REpEFtUEGand, the; ghangsize dishrlaufon ot & iPBmAGRELE udi ed i n
detail the noise reduction by means of grain size control of the granul ar
15 nmagnet ipteapediate layerd theestroictuke rand dbe gram sizerafitbe erysbpdr i s
deposited on a crystalline nonmagnetic internediate |ayer with hexagonal

cl osess parieed ist auniagretistlaybridepdwtedron dhet intieraiedizte Iseyemrgnetic
crystal grains in the magnetic | ayer, each cobalt grain in the magnetic

layer growpngeslledpepdidlgicve 0w 1toisel 2Bl eent¥dllihg thedtrtiethipé i@ dhat €

| ayer, and the oxide in the magnetic |ayér segregates and grows
correspongi t S ' . egy . in
cor I eePONgadn' b B AIBHSof AR OB iRl H5 et CPheuiB AHEE HtsvdeA
the crystal grains in the magnetic film is controlled and the
interaction between the magnetic crystal grains is diminished, which

10 leads to high coercive force even in the case of minute grain size of

the magnetic crystal grains in the magnetic layer.

The inventors of the present invention have studied in detail the

noise reduction by means of grain size control of the granular

15 magnetic layer and found the following fact. When a magnetic layer
is deposited on a crystalline nonmagnetic intermediate layer with
hexagonal closest packed structure, which is the same as that of the
ferromagnetic crystal grains in the magnetic layer, each cobalt grain
in the magnetic layer grows corresponding to the crystalline grain in

20 the intermediate layer, and the oxide in the magnetic layer
segregates and grows corresponding to the amorphous region or a
porous region around the grain boundary of the crystal grain in the
intermediate layer. The grain size of the crystal grains in the

magnetic layer has been demonstrated possible to be controlled by



Internmedi ate |ayer. The grain size of the crystal grains in the nmagnetic
| ayer has been denonstrated possible to be controlled by 6 0 6 SEP 2005

controlling the grain size of the crystal grains of the interngdéestﬁg tg)ayer
on which the magnetic |ayer grows. Thus, excellent magnetic péerto rra?g es
can be achieved. In other words, magnetic crystal grains epitaxially grow
on the crystal grains in the nonmagnetic 5 internedi ate | ayer nade by a

sputteri n%o@%&@ﬂ@ng%@gli'lﬁgﬁ'msgze oftheceripstall ghdifGNthefintepnializggnet i

intermedi ate layer is f by the ragnetic |ayer to control the
crystal ahj g%rii . | Gi a | m an
anor phous léggl n gﬂﬁ]lgyr]?/hg?g%‘l r?q; .\ gﬁigf‘tg?éq%sr"yg%ﬁg’gég@sﬁbﬁﬁg%negg%et I C
| ayer. Thus, .crystal 10 structure of, the netic,layer hayin ranul ar

st T uct ur o REHSHETs FaP b ACRIGHSD, o 5 GRPET HaTdpobRaRREHCT Rt R | sh
t he above object, a rragﬁetic recordi ng medium _according to the present

i nvent i on greapsieqatazialdyirgupwian thereisistal graing imatie manmagnetiq
protective layer, and a lubricant film sequentially |amnated on a

subst rat e infeemerlinét ilayeayaadebyaa spuaterarg shetlodr Asensesaltyghef
ferromagnetic crystal grains with 20 hexagonal cl osest packed structure and

nonmagnet icpy Sl Ali datYof fh ®la gtk Yn@&t e dialt 8 Tagerne foflowed the

ferr omagne'?lyc cr ys1 al g?:a? nfs}.?gThe urzil(geﬂraélt?we%1 éhﬂ%‘%g?j;g ‘él?r%t er e@gcdlﬁi C

structureqy the magnetic layer to control the crystal alignment of the magnetic
layer and, at the same time, to form an amorphous grain boundary
region around the crystal grains in the magnetic layer. Thus, crystal

10  structure of the magnetic layer having granular structure can be

controlled.
Means to solve the problem

15 To accomplish the above object, a magnetic recording medium
according to the present invention comprises a nonmagnetic
underlayer, a magnetic layer, a protective layer, and a lubricant film
sequentially laminated on a substrate. The magnetic layer has a
granular structure consisting of ferromagnetic crystal grains with

20  hexagonal closest packed structure and nonmagnetic grain boundary
region of mainly oxide intervening between the ferromagnetic crystal

grains. The underlayer has body centered cubic structure.

Advantageously, a magnetic recording medium of the invention



Advant ageousl y, a magnetic recordi ng nmediumof the invention 7 D 6 SEP 2005
further conprises a nonnagnetic internediate |ayer with hexagonal cl osest
packed structure di sposed between the nagnetic |ayer and the r!{/j%gb @r.
The internediate | ayer is conposed of a nonmagnetic netal maifil oﬁ% sed
of one or nore elenment selected froma group 5 consisting of Ru, Os, and
Re, wherein a degree of msmatching A= 1 di - d2 1 /di is at nost 10 %

pref er abl Bfuﬁrﬂhéf'%o‘iﬁgﬁﬁsefs@rﬂ(ﬁlﬁa{’%%&?t&é ggt%%m%@tga}%yéﬁwﬁﬁm

| attice planes of crystal grains i Int ghetic layer a 21is

e er e stesidhy RoeRe At aligbPeabeiBien i HifeoRfid v ARROR  §

grain size o not s ler than 8. nm_is at nost 10 % qf crystal grains
i ncl uded iqp&%lﬂélﬁeﬁ“t ef Redmdesmediatelayer i 59%9‘8!3%4\9%&% PERIBASHREIG ai n

size is at nost 1.4 nm Here, every "standard deviation" in the present 15
appl i cat i anetkomantlyi composeduef eneoorr more kde mentaselecteadi frore.a group
Advant ageously, the substrate is not subjected to intentional heating

esin Subarrate ot o1 "doner B 1 en of o A nae TR gure T e s eehomat it
cross-sectipnad; Y5 e flostM G¥8"Br&f¥ally in the range from 2.5 % to 7.0 %,
where d; is a spacing of lattice planes of crystal grains included in the
magnetic layer and d2 is a spacing of lattice planes of crystal grains
included in the nonmagnetic intermediate layer.
10
Advantageously, a proportion of crystal grains with grain size of
not smaller than 8 nm is at most 10 % of crystal grains included in
the intermediate layer and a standard deviation of the grain size is at

most 1.4 nm. Here, every “standard deviation” in the present

15 application document is the square root of the unbiased variance.

Advantageously, the substrate is not subjected to intentional

heating prior to steps of depositing the layers.
20 The substrate is preferably a resin substrate.
Brief description of drawings

Figure 1 is a schematic cross-sectional view of an example of



06 SEP 2016 enbodi ment of a magnetic recordi ng nmedium according to the
present invention. Figure 2 is a planar TEM i nmage of a nagnetic |ayer of
the magnetic 5 recording nedium of Exanple 4. Figure 3 is a gr o SEROMEg
the grain size distribution of the nonmagnetic internediate |ayer and a
magnetic | ayer of the magnetic recording nediumof Exanple 4. 10 Figure 4
is a cross sectional TEMimge of the nonmagnetic internediate |ayer and a

magneti c leaboddi drittofMaameid te tie a@cdirding madditime facesadbhg té tHo presene S
is a graph showing the grain size distribution of the nonnagnetic
i nt er medi qhgehiis/(ﬁ{_ and a magnetic |layer of the magnetic recording nmedium
of Exanpl e b. pects of enbodi nents of the invention 20 Aspects of
enbodi ments of the present invention will be described with reference to
t he acconpanying drawi ngs. Exanple 1 Figure 1 is a drawing illustrating an

exanpl e of_.construyction of .6 SEP 2005 magneti ¢ recording medi um
accor di nnglgwrﬁ@ AP &Eﬂanaﬁmdmagséé@ ARAgNef1q iaev%pé&'h@nnbag%@pr ate
1 are an underl ayer 2,

5 recording medium of Example 4.

Figure 3 is a graph showing the grain size distribution of the
nonmagnetic intermediate layer and a magnetic layer of the magnetic
recording medium of Example 4.

10
Figure 4 is a cross sectional TEM image of the nonmagnetic
intermediate layer and a magnetic layer of the magnetic recording

medium of Example 4.

15 Figure 5 is a graph showing the grain size distribution of the
nonmagnetic intermediate layer and a magnetic layer of the magnetic

recording medium of Example 5.

Aspects of embodiments of the invention
20 Aspects of embodiments of the present invention will be

described with reference to the accompanying drawings.

Example 1

Figure 1 is a drawing illustrating an example of construction of a



nonmagnetic internmediate layer 3, a magnetic |ayer 4, a protective |ayer
5 and a lubricant film®6. 5 The substrate 1 in this exanple is a 3.5 inch
di ameter disk of polyolefin resin with a smooth surface. Afted &ISERNINS,
the substrate was introduced into a sputtering apparatus and an underl ayer
2 wwth body centered cubic structure was deposited by nmeans of a DC 10
sputtering nethod. A nonmagnetic internediate |ayer 3 having the thickness

of 20 nmm/agﬂetumdcordiﬂ@medﬂnhﬁaecofdhyg tbeHeCpgeseheinvgntismod at
the deposition rate of 2.3 nnisec under the discharge argon gas 15 pressure

of 30 niro Seq@ﬁﬁﬁlw Téhﬁneﬁ:e@lr éﬁl’e\ ubsreaesicake Lﬂldéﬁé 8¢ 2 hjckness of

10 nmwas fornmed by “neans of RF sputtering net usi ng a t'arget of

pr essur ipé#&i@%?ﬁ%ﬁéjv?‘iﬂ%&ﬁ@adelé%?@?ﬁ?3 a?&%%#@&&%&%?%r@m&?@vﬁav. g
t he thick ess qub a tEe 20 I ted substrate was taken out fromthe
vacuum ch %@I" fapda 1y mqag}q par atus. Then, a liquid |ubricant was

applied to forma lubricant film®6 having thi ckness of 1.5 nm. The
conposdbtions of the nonmagnetic internediate layer 3 were Ti-30 at%Cr,
Co-35 at% Cr, ©Os, Re, and Ru. Heating of the substrate 1 before depositing
the 10 V 6 SERROBabstigteddirathis examplevds an8t5 ¢éxehwiedneter disk of

polyolefin resin with a smooth surface. After cleaning, the substrate
was introduced into a sputtering apparatus and an underlayer 2 with
body centered cubic structure was deposited by means of a DC

10 sputtering method.

A nonmagnetic intermediate layer 3 having the thickness of 20
nm was formed on the underlayer 2 by the DC sputtering method at
the deposition rate of 2.3 nm/sec under the discharge argon gas

15 pressure of 30 mTorr. Subsequently, a granular magnetic layer 4
having thickness of 10 nm was formed by means of an RF sputtering
method using a target of Co76Cri2Pti12 added by 10 mol % of SiOs
under the discharge argon gas pressure of 15 mTorr. After depositing
a carbon protective layer 5 having the thickness of 8 nm, the

20 laminated substrate was taken out from the vacuum chamber of the
sputtering apparatus. Then, a liquid lubricant was applied to form a
lubricant film 6 having thickness of 1.5 nm. The compositions of the
nonmagnetic intermediate layer 3 were Ti-30 at% Cr, Co-35 at% Cr,

Os, Re, and Ru. Heating of the substrate 1 before depositing the

10



The thus produced magnetic recording nedia were subjected to

tester.

Si gnal

density of 270 kFC
1 10 i nternedi at emagneti c | ayergrai ngrai ndegree of

| ayer conp
(Ge) (nm (

Sonme of the test

AR TR 6T S TN TR0

eval uated at a |linear
results are shown in Table 1. Table

eri al devi ati on
19.04.8 10at %6 2 Resane as

recor

measur enent s
I ncl udi ng coercive force He using a vibrating sanple 5 magnet oneter VSM and
readi ng and recording performance using a GWR head on a spinni gg
to noise ratio SNR was

gtﬁ%s

I ng

above3, 60070. 218.86.9 Ti 70Cr 3osanme as above2, 800110. 416. 214. 4 Co65Cr 35sane

as above3, 30090. 314. 12. 8 RuC072Cr 12Pt 16- 3, 85060.221.23.9 10at¥%si 2 Resane
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as above3, 9102@i 2%8.
Co65Cr 35sane adlbBig eea pagnetl¢reaey

10

76.0
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HYg 70¢

1REEA 6
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measurements including coercive force Hc using a vibrating sample

magnetometer VSM and reading and recording performance using a

GMR head on a spinning stand tester. Signal to noise ratio SNR was

evaluated at a linear recording density of 270 kFCI. Some of the test

results are shown in Table 1.

Table 1
intermediate magnetic layer ain grain degree of
layer ghetic 1ay Hc 8T size SNR aegree o
. composition size _ mismatching
material deviation
(Oe) | (nm) (*) (dB) (%)
Ru C{’S;?;fglf 8122' 3,500 | 6 0.2 19.0 4.8
Re same as above | 3,600 7 0.2 18.8 6.9
Ti70Cr30o same as above | 2,800 11 0.4 16.2 14.4
Coe5Cr3s same as above | 3,300 9 0.3 14.1 2.8
Ru 010(7);(3%1: g; 3,850 | 6 0.2 21.2 3.9
Re same as above | 3,910 7 0.2 20.7 6.0
Ti70Crso same as above 3,050 12 0.4 16.8 13.3
Coe5Crs3s same as above | 3,550 9 0.3 14.7 3.7
Ru C{’gzg;gfg’;' 4210 | 6 0.2 | 234 2.7
Re same as above | 4,350 7 0.2 23.1 4.8
Ti70Crso same as above | 3,340 11 0.4 17.3 12.1
Cog5Crss same as above | 3,820 10 0.3 15.5 4.8

(*) standard deviation of grain size divided by mean value of the grain size

11




10at %61 2 Resanme as above4, 35070. 223. 14. 8 Ti 70Cr 3osane as

above3, 340110. 417. 312. 1 Co65Cr 35sane as above3, 820100. 315.54.8 (*) standard
devi ation of grain size divided by mean val ue of the grain sizel51SKP QUBEP
2005 In the case of the internediate |ayer material of TiCr alloy, the
degree of msmatching is larger than 12 % Consequently, epitaxial growth
of the magnetic layer fromthe internediate layer is inhibited, and the
grain size andni tlse d¢ageadf the intéhmedigtetlayeraneteaial ofrBer alksy,athe
result, the performances He and SNR are inferior to the case of the

| ntermedi gy sf nefsrhatERINAT f}?ggéﬁ%iarﬁ ¢ @(ﬁléé{‘%ﬁe‘éng?éie EAKIHD AS

for the case of the I nternedi er of CoCr alloy, t si ze of

t he magnet | r al 1S 1l e: | §I .

the mater O CHE S e b Ee bR o R TS R RRER LB PR TPt St
t he degree O‘L Rismat.chin IS r{aﬁlséer. than the case of .tt'fe I nt er nedi at e
layer of ARMERLURIBIN FHEhALM 1tAICwIAtaQn I the magretic [ayer age -t han
the cases of the ruthenium internediate |ayer_and the rheniuminternediate
| ayer. 51t Ama resnlt, tbeperfozmancestc mndiSNRdaradneroarto thewaseceht | y

I nproved 15 with a nonmagnetic internediate | ayer nmade of Re, Os, or Ru,
wher ei n a thegirtterofedistmlayénof Aathetiium dhd théi intiey naéd it 1dype Pof
preferably in the range from2.5 %to 7.0 % where di is a spacing of

rhenium. As for the case of the intermediate layer of CoCr alloy, the

grain size of the magnetic crystal grains is large because the
deposition process for the material accompanies difficulty in

10 generating fine grains, although the degree of mismatching is smaller
than the case of the intermediate layer of ruthenium or rhenium. As
a result, the SNR is inferior much than the cases of the ruthenium
intermediate layer and the rhenium intermediate layer. It has been
demonstrated that the Hc and the SNR are significantly improved

15 with a nonmagnetic intermediate layer made of Re, Os, or Ru,
wherein a degree of mismatching A=|d; - d2|/d1 is at most 10 %,
preferably in the range from 2.5 % to 7.0 %, where d is a spacing of
lattice planes of crystal grains included in the magnetic layer 4 and do
1s a spacing of lattice planes of crystal grains included in the

20 nonmagnetic intermediate layer 3.
Example 2
In this example, an underlayer was deposited by a sputtering

method for controlling the grain size of the crystal grains in the

12



| attice planes of crystal grains included in the magnetic |ayer 4 and d2

Is a spacing of lattice planes of crystal grains included in the 20
nonmagnetic internmediate |ayer 3. Exanple 2 In this exanple, anJ®ndERI2&er
was deposited by a sputtering nmethod for controlling the grain size of the
crystal grains in the 12 D 6 SEP 2005 nonnagnetic internediate | ayer shown
in Figure 1. A nonnagnetic internediate |ayer was deposited on the

under | ayemoniimagrettac iinatefmedinlie layeersteoiat en [FRigerrenhs Aimonerhgmetic
rutheniumin this exanple. Lamnation of the internediate |ayer was

executed ghtéPRddiate 109eeswhkUepaéitsd dn themiaderiifer. THeMmegterii€or

i
ot her conditions are tZe sane as those described in Exanple 1. Ruthenium

120 5SS S8, ey AL lef i MU Bkt O RABARLS

| ayer 20 nmt ;

the deposition rate of.,2. 3. nmi sec,under the discharging argo as pressure
of 70 nrolaripabianf sheoarinediate Taket v skechied REHIRAEe Mayer by
TEM reveal ed a porous structure including columar crystals perpendicul ar
to thed sudepasisionurates 1. lThe/secuamndr2.orps/ape. wehe athem eomdiigpngrare

wi t hout abnormal 15 growth in which the crystal grains expand in the course

of the gr¢hehsamieoas ¢haspl des@ibed iredxampleal. growth | ayer” was not
observed around the interface between the underlayer and the internediate

| ayer.
Ruthenium was used for the material of the intermediate layer.

The intermediate layer 20 nm thick was deposited by means of a DC

10  sputtering method at the deposition rate of 2.3 nm/sec under the
discharging argon gas pressure of 70 mTorr. Observation of the cross
section of the intermediate layer by TEM revealed a porous structure
including columnar crystals perpendicular to the substrate surface.
The columnar crystals were confirmed grown without abnormal

15 growth in which the crystal grains expand in the course of the growth,
for example. So-called “initial growth layer” was not observed around
the interface between the underlayer and the intermediate layer.
Grain size was determined by planar observation by the TEM. The
mean grain size was about 6 nm. The distribution of the grain sizes

20 was a normal distribution, and the standard deviation was 1.8 nm.
For the purpose of making the grain size in an intermediate layer
smaller, an intermediate layer 20 nm thick was formed at the

depositing rate of 1.1 nm/sec under discharging argon gas pressure of

13



Gain size was determ ned by planar observation by the TEM The nean grain
size was about 6 nm The distribution of the grain sizes 20 vvasg ggjg@%
distribution, and the standard deviation was 1.8 nm For the pu Eose

maki ng the grain size in an internediate layer snmaller, an internediate

| ayer 20 nmthick was fornmed at the depositing rate of 1.1 nnfsec under

di schargi ng argon gas pressure of 13 D 6 SEP 2005 70 mlorr. QCbservation of

the cross EeaiTorr.ofObseryativnobf sheedtrossHewttimdioftthd tkas dhtdihedTEM

shgvved a porous st-r ucture including columar crystals perpendicular to the
Zbnor &Zf © IR laigﬁﬁ?eﬁﬁhﬁﬁgﬁ%%ﬁm@ﬁ% . ndtﬁ%ﬁéeﬁ%f?%%‘f&? he

A
et weon %Luﬁ#&%fpg%%‘snee? ﬁ%ﬁ‘rifﬁ AR G U R, g™

determ ned pl anar observati on the, TEMto gi a grain size of  about
5 nm TheCQE‘émm%ﬁﬁﬁéﬁ %]ISWI@é'egQ gr@/&@éﬁ"ﬂm EBOH%@ gHWV brﬂn and
the standard deviation was 1.4 nm Dependence of crystal alignnent on the
deposi % i owhutlethaxrystaligrding éxpahdnn the spudsefofathe grostdl.y s about
the crystal structure of the internediate |ayers that were deposited

fixing th@niﬁabgﬁrdwmm yOF Reds vArobservisbarouimbthatinterfa@iBetweed 0 an

i ntense peak of rutheni'um (002) at around 20= 18 , weak peaks of

rut heni umg,0Q) dapFhyest Ao tHe (hRnfddidte4aFe?? Grain¥iZeadas 19
determined by planar observation by the TEM to give a grain size of
about 5 nm. The distribution of the grain sizes was a normal

10  distribution, and the standard deviation was 1.4 nm.

Dependence of crystal alignment on the deposition rate was
studied by in-plane X-ray diffraction analysis about the crystal
structure of the intermediate layers that were deposited fixing the

15 conditions other than the deposition rate. In addition to an intense
peak of ruthenium (002) at around 20= 18" , weak peaks of
ruthenium (100) and ruthenium (101) at around 20 = 17° and 26 = 19°,
respectively, were observed. Analyzing this result together with the
above-described TEM observation, it was indicated that the

20 ruthenium c-axis was predominantly aligned in-plane. It has been
confirmed that the control of the grain size and its distribution is
possible while preserving the crystal alignment by controlling the

deposition rate.

14




respectively, were observed. Analyzing this result together with the
above-descri bed TEM observation, it was indicated that the 20 rutheni um
c-axis was predonminantly aligned in-plane. It has been confirml¢ Shatyjshe
control of the grain size and its distribution is possible while
preserving the crystal alignnment by controlling the deposition rate. 14 0
6 SEP 2005 Exanple 3 In this exanple, an underl ayer was deposited by a
sputteri ngixdgjdled3for controlling the grain size of the crystal grains in
the nonmagnetic internediate |ayer shown in Figure 1. A nonmagnetic 5

I nt er medi at e kavy8l: Si rl . th I.tions
are the sane g@ @ﬁggﬁg@g? @gﬁgﬂwgﬁs:ﬂy %S ‘%ﬁ%ﬁ%ﬁﬁ?y\ﬁaﬁ’%@eﬁﬁﬁﬁ t he
mat eri al of the nmagnetic i nternmedi.ate |ayer. Intermediate.layers having
Var i oue ¢ Mnekheddo GatTollipgthe gTayn sigad (ie sTrRtalaraiy iy thet nod at

t he deposition rate of 2.3 nnfsec 1o under the dischar ir}g argon gas .
pressure sormpagnatic imbermeadinte dayeirtshowmir Kigurea Naomexgnetdcr i bed
in Exanpl e 1. Planar TEM observations were nmade on a relatively thin

i nt er nedi ahtetmeeliatld lagetrhivalk ated|on ithel unﬂbirlldi%/éﬂt dhedthee 15 | ayer
50 nmthick. The grain sizes of the two internediate layers were

det er m nedoByi{iBRECa AOINESESRAGS A HYLd assJﬁMe®ﬁ$@£éme 10 RAtKenitt
mean grain sizes of 6 nmand 8 nm respectively. The
was used for the material of the nonmagnetic intermediate layer.
Intermediate layers having various thicknesses were deposited by
means of a DC sputtering method at the deposition rate of 2.3 nm/sec

10 under the discharging argon gas pressure of 70 mTorr. The other

conditions are the same as those described in Example 1.

Planar TEM observations were made on a relatively thin

intermediate layer 10 nm thick and a relatively thick intermediate

15 layer 50 nm thick. The grain sizes of the two intermediate layers
were determined by image analysis based on the TEM observation, to
give the mean grain sizes of 6 nm and 8 nm, respectively. The
distribution of the grain sizes was a normal distribution, and the
values of the standard deviation were 1.4 nm and 2.2 nm, respectively.

20 Observation of the cross section of each of these intermediate layers
by the TEM revealed columnar structure in the both films. An initial
growth layer was not observed around the interface between the

underlayer and the intermediate layer.
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di stribution of the grain sizes was a normal distribution, and the values
of the standard deviation were 1.4 nmand 2.2 nm respectlvely 20
Qoservation of the cross section of each of these internedi ate |b§&EP 205
the TEM reveal ed col umar structure in the both filnms. An initial growh

| ayer was not observed around the interface between the wunderlayer and the
i nternmedi ate layer. 15 0 6 SEP 2005 Further in this exanple, an underl ayer

was deposit ed FyrtherSHYthes b&%rﬂ?l@ognfl%d ge%%@# W49 deDosderl Btgséze of the

crystal grains in the nonmagnetic |nterrre ayer shown 1n Figure 1. A

vas usea FOREREDTE BBhipd BEF(colft rﬂ?ﬁﬁ%e@i B e ST e Pl e e s

havi ng the fixed thlckness of 20 nﬁ el‘ pqgsi t ed, by .neans, of, the DC
sputteri nénrﬁh%B@IHpa% él‘éﬂ)@%‘?lfm@ 1afet @Y GV R Hdgusgel- the

di schargi ng argon gas pressure of 49 niforr, which is 0.7 tines

above- nenticomac gite ¥ anteeme da taitayer Wfasvﬁhepbsnedloﬁ themandeméayornirorr .
The other conditions were the sane as those described in Exanple 1. Pl anar

TEM obser Rajtleenivas wrteusadifor thu gndeeaialtcftthd thesrmddaate a @rs The

grain sizes were determ ned by inmage 15 anal ysis based on t he

b t t t |
Tho.di ot r thoeT Mete 1A TR O Bhe fiRed GlickRsarab ] |on&%2ﬁg the

values of 4 h%s%eaci' %%rr SR 39 DC sputtering method at the deposition

rate of 2.3 nm/sec under the discharging argon gas pressure of 49
mTorr, which i1s 0.7 times above-mentioned 70 mTorr and 84 mTorr,
10 which is 1.2 times the 70 mTorr. The other conditions were the same

as those described in Example 1.

Planar TEM observation was made on the thus deposited

intermediate layers. The grain sizes were determined by image

15 analysis based on the TEM observation, to give the mean grain sizes
of 8 nm and 5 nm, respectively. The distribution of the grain sizes
was a normal distribution, and the values of the standard deviation
were 2.4 nm and 1.9 nm, respectively. Observation of the cross
section of each of these intermediate layers by the TEM revealed

20 columnar structure in the both films. An initial growth layer was not
observed around the interface between the underlayer and the

intermediate layer.
Crystal alignment of these intermediate layers was analyzed by
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were 2.4 nmand 1.9 nm respectively. Cbservation of the cross section of
each of these internediate |ayers by the TEMreveal ed 20 col ummar structure
in the both films. An initial growh |ayer was not observed agf n&aﬁ%

i nterface between the underlayer and the internediate |ayer.

al i gnment of these internediate | ayers was anal yzed by 16 D 6 SEP 2005
nmeans of an in- pI ane X-ray diffraction nethod and TEM observation, and the

predom nant in- ne aI| of r ut.heni u Xi rtified.
A though: Sheas iz it b RS se AadiercsBomabiad ane 1M, 6B ruafighrent
bet ween the differeng dep05|t|on conditions, a thick 5 internedi ate |ayer

caused | apgét the anedlominans isrplane adn&nm%m'z@fdh@ rltlthqeamm:@ amsevas and
crystal gromh. It was confirmed that when the argon gas pressure was | ow,
t he grai ncertifidat.y Alehoaghbsigredicarmiediffeyshet wasimst vbserved aw tlecause

the grain size was large and the filmwas dense. 10 As descri bed above, it

has been g téﬁgﬁ‘i'néﬁﬂtbettweélﬁ%m éiﬁ'@reﬁf d‘é:}%s‘ifﬂbﬁ éﬂ)n&iﬁbﬂsaﬁdthlck

structure of the ndnmagnetic internediate |ayef can be controlléd by the

i L St e PP SRR A O 1
Iniermedi gl e Laver, s U nner than S o st able deppeitints gy
argon gas pressure was low, the grain boundary region between the
crystal grains was narrow because the grain size was large and the
film was dense.
10
As described above, it has been demonstrated that the grain size
of the crystal grain and structure of the nonmagnetic intermediate
layer can be controlled by the thickness of the intermediate layer and
the argon gas pressure during the deposition process of the
15 intermediate layer. When the thickness of the intermediate layer is
thinner than 5 nm, stable deposition is difficult because of the
construction of the deposition apparatus. When thicker than 100 nm,
the manufacturing process is imposed by a restriction of requirement
for a long deposition time.
20
Example 4
In this example, a magnetic recording medium was produced by

depositing a magnetic layer of a cobalt alloy on a nonmagnetic

intermediate layer deposited under the conditions described for the

17



construction of the deposition apparatus. Wen thicker than 100 nm the
manuf acturing process is inposed by a restriction of requirenent for a

| ong deposition tinme. 20 Exanple 4 In this exanple, a nmagnetic {§COERI NG
medi um was produced by depositing a nagnetic |ayer of a cobalt alloy on a
nonmagnetic internediate | ayer deposited under the conditions described
for the 17 V 6 SEP 2005 Exanple 2. Nanely, rutheniumfor a nonmagnetic

i nt er medi Jg?ni[ leé qqﬁm 'ﬁftﬁ’@ﬁlﬂﬁpﬂﬁ" é%ﬁﬁ}é%eﬁnﬁgﬁé}w@? of 2;3

nm sec un | Schar g€ ’argon gas pressure o

i ntermedi gt ed_layer .gf.anul ar magnetii ¢ Layer 10 .nm thick deposi t ed
by neans oY Sh ZEnan (iEk WasTLeRBaad o tAY depenitin Yal QY shpSRet
containing 10 np] % .of  Si2 wunder a discharge ajé;on gas ressure of 15
mTorr. Af t@rderghadisghargeargon gasn peessare &fof0 snToagr: fParthishe

| am nated substrate was taken out fromthe vacuum chanber. Then, liquid

| ubri cant intarmepdliated tlayetre at grakudas naghebid bayer 160 hm thack whascant
film Thus, a magnetic recording nmedium having the structure as shown in

Figures 1 depaitstd $80menis ofale Refiutterias methedndsiied firgdt 60 these

deposition Steps. Figure 2 is a picture of the structure of the magnetic

Layer of CtgeClrl il otitaAhifg THMBI%Cof S50, UlelHUMBRANES a¥gob 228"
pressure of 15 mTorr. After laminating a carbon protective layer 8
nm thick, the laminated substrate was taken out from the vacuum
chamber. Then, liquid lubricant was applied to the thickness of 1.5

10 nm to form a lubricant film. Thus, a magnetic recording medium

having the structure as shown in Figure 1 was produced. Substrate

heating was not conducted prior to these deposition steps.

Figure 2 is a picture of the structure of the magnetic layer of the
15 thus obtained magnetic recording medium taken by planar TEM.
The magnetic layer has been certified having a granular structure
consisting of the magnetic crystal grains and the region of
nonmagnetic phase surrounding the grains. The observation of a
lattice image of the grain boundary region under a high resolution
20 condition has revealed that the cobalt alloy grain was crystalline and
the grain boundary region was amorphous. The mean distance
between the crystal grains was 1.1 nm and its standard deviation was
2.0 nm. Grain size measurement resulted in the mean grain size of

4.9 nm.
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The magnetic |ayer has been certified having a granular structure
consisting of the magnetic crystal grains and the region of nonnagnetlc
phase surrounding the grains. The observation of a lattice |n3@§ P biie
grai n boundary region under a high resolution 20 condition has r veal

that the cobalt alloy grain was crystalline and the grain boundary region
was anor phous. The nean di stance between the crystal grains was 1.1 nm and

mean o ai n i SaEere g T%%Mﬁ&%“?@%&?%%ﬁrﬁﬁif SRGtbERIO o thp [ he
| h f the
Iayéf”aﬁé'?lﬁt Ry dhEe P Elided 1 b““"ﬁé?f}%@%@%ﬁ&%“'Eh?md' itfe

exanple. The d strl buti on of he gr ai n Si magnet | ayer, shovved
two peaksT8E0 m&meﬁwgy af ﬂi is pxample. éﬁh%(ﬂﬁ @ufm)mq @raingize

defined by the standard deviation divided by the mean grain size was 0.4.
Figure 4 in thephagmetioflaster showedéwto peaks atharcandethe gridim siabsaifned
by the TEM observation. Continuation of the crystal lattice 10 was observed

bet ween t hgni 4@ 'SR atles| deelatiod ddfeneddethe dtatdard A ihbRre dividdd

grains in the magnetic layer was shown epitaxially growing fromthe

|nterface Eﬂemgahn%s i gifé gvé$pg4. The crystalline phase of the cobalt

al | oy and he anor ase of grai n boundary region were different
in the growth rrechanlsm of the

Figure 4 is a picture of the cross section of the magnetic film
obtained by the TEM observation. Continuation of the crystal lattice
10 was observed between the intermediate layer and the magnetic layer,
and the crystal grains in the magnetic layer was shown epitaxially
growing from the interface with the intermediate layer. The
crystalline phase of the cobalt alloy and the amorphous phase of the
grain boundary region were different in the growth mechanism of the
15 magnetic film and had the different respective metallographic
structure. An in-plane X-ray diffraction showed an intense peak of
cobalt (002) at around 20 = 19°. Considering the result of X-ray
diffraction by a 8-26 method together with the result of the TEM
observation, predominant alignment of cobalt (100) was known.
20
Magnetic properties of this magnetic layer were measured by a
vibrating sample magnetometer (VSM). Coercive force was 2.9 kOe,
and indices of squareness of an M-H hysteresis loop: the squareness

ratio S and the coercivity squareness ratio S* were both 0.8. Thus,
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15 magnetic filmand had the different respective netall ographic
structure. An in-plane X-ray diffraction showed an i ntense peak of cobalt
(002) at around 20 = 19. Considering the result of X-ray diffyggc tp%&gy a
0-20 nethod together with the result of the TEM observation, predom nant
alignment of cobalt (100) was known. 20 Magnetic properties of this
magnetic | ayer were neasured by a vibrating sanple magnetoneter (VSM.

coercive IRotPriRonétit $CForRIAcbBNLES HlerPAMEASEMIRN B hysteresi s
reness r an

| oop: the“squa tio the coercivity squareness ratio S* were
both 0.8. _Thus, .19 D ER. 200 0 net § erfor o havey. b .
deronst r atbaterys o RSt SRRY feoR LR bEePChe A0l e kS Pr dp
from redu%Hgo.n in the interactions between nagneti.c c.rys%al grains in the
magnet i c viteragblions between m%geaa&@w@@@mﬁelrgt rmagnetdei sm of
the 5 magnetic layer is different fromthe previous one due to the

f or mat i onlayperi tlee medvegneniis pyrosl ucasb begamgser thg growsbhanpechanism: of the
exanpl e, an underl ayer was deposited by a sputtering 10 nmethod for

controfl i Maphetit bayerigdifferbhe feonstthle prévivud onkhkue torRofieimation

internedi ate | ayer shown in Figure 1. An internediate |ayer was deposited

h ' : ial of th '
nt er medi S ETE OPITHEREHE BHART HOTBRARY RgiGR: o1l @l of [he nonmaonetic

ayer er nedli

Example 5
In this example, an underlayer was deposited by a sputtering
10 method for controlling the grain size of the crystal grains in the
nonmagnetic intermediate layer shown in Figure 1. An intermediate
layer was deposited on the underlayer. Ruthenium was used for a
material of the nonmagnetic intermediate layer. Intermediate layers
having various thicknesses were deposited by means of a DC
15 sputtering method at the deposition rate of 1.1 nm/sec under the
discharge argon gas pressure of 70 mTorr. Magnetic recording
medium were produced under the deposition and other conditions
that were the same as those described for the Example 1. Substrate
heating prior to the deposition processes was not conducted.
20
The thus obtained magnetic layer was observed by the planar
TEM. A granular structure of the magnetic layer was confirmed in
which crystal grains were surrounded by a nonmagnetic phase region.

The observation of a lattice image under a high resolution condition

20



havi ng vari ous thicknesses were deposited by neans of a DC 15 sputtering
nmet hod at the deposition rate of 1.1 nm sec under the discharge argon gas
pressure of 70 mflorr. Magnetic recording nediumwere produceg ugﬁ@rgghe
deposition and other conditions that were the sane as those gs ig for
the Exanple 1. Substrate heating prior to the deposition processes was nhot
conducted. 20 The thus obtai ned nagnetic | ayer was observed by the pl anar

TEM A 97 i fevSAIdiPLHRE thlo E56IBANGY Gri At nifin wol LivRAliife AREC"

crystal gralns were surroun y a no ase regi
observati of a lattice imge.under a _high,resol ghion condj.tion 20 V 6 SEP
2005 has togerdn PRl BEEIAH Eas RrloPpLoh’ o e distaler ' ne and

t he grai n boundary, regi on s anor phous.. The nmean di st ance etween the
crystal gb§¢ﬁée%¥h@.@y@ﬁa &raing wagnbé amyenditostandard devwatian ayas
size nmeasurenent resulted in the mean grain size of 5 4.0 nm Figure 5is a
graph il | ds4mani. nGrisia sizei mesisaeratnenti tasiilbeddn the mearhgnainrsize of
nonmagnetic internmedi ate |ayer and the nmagnetic layer in the magnetic
recor dis ng4n@gimm of this exanple. The distribution of 1o the grain size in
t he magnetic | ayer showed a peak at around the grain size of 6 nm and its
devi ati on defined by the standard deviation divided by the nean grain size
was 0. 2.

Figure 5 is a graph illustrating the grain size distribution of the
‘ruthenium nonmagnetic intermediate layer and the magnetic layer in
the magnetic recording medium of this example. The distribution of
10 the grain size in the magnetic layer showed a peak at around the
grain size of 6 nm, and its deviation defined by the standard

deviation divided by the mean grain size was 0.2.

The cross sectional structure of this film was observed by the

15 TEM. Continuation of the lattice was observed between the
intermediate layer and the magnetic layer, and the crystal grains in
the magnetic layer was shown epitaxially growing from the interface
with the intermediate layer. The crystalline phase and the grain
boundary phase in the magnetic layer were different in the growth

20 mechanism and had the different respective metallographic structure.
An in-plane X-ray diffraction showed an intense peak of cobalt (002)
at around 20 = 19°. Considering the result of X-ray diffraction by a
0 - 20 method together with the result of the TEM observation,

predominant alignment of cobalt (100) was known.
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The cross sectional structure of this filmwas observed by the 15 TEM
Continuation of the lattice was observed between the internediate | ayer and
the magnetic layer, and the crystal grains in the magnetic Iaﬂ/5rsﬁﬁa 00% hown
epitaxially growing fromthe interface wth the internediate |ayer. The
crystalline phase and the grain boundary phase in the magnetic |ayer were
different in the growth 20 nechani smand had the different respective

met al | ogr aphi Mﬁ%%%i@b@opefﬁés%ﬂ)tﬁfbergﬁﬁ%géti@ TdyeiCiviedd SidRra biyiiense

peak of cobalt (002) at around 20 =1 nsidering the result of X-ray

diffracti - t hih :

observati yls,m'pﬁé}g%nc}lo égﬁﬁaﬂ%&ﬁ n&gfsl gfa"j; éeggéﬂ g hﬁ%§§i}g¥%8¥w}%ﬁ%§ Ssep
20D5 Magnet.i rnties of .this netic | ayer wer.e asyred by the. VSM
The coor cob e MERT tStersiclbonntie et BRHD S anande Cleraiiitin
hysteresis | oop: the squay eness ratio S and the coercivi tﬁ squar eness
ratio St Semaremessanatio 3T weep&c?iand\0.8rwespeetively et huspexcellent

per formances were denonstrated. Such squareness of the hysteresis |oop has

been rgsulnhagnetic peefonaaneed, wererdd imonstrated. dbathidyuareness oiieher ai n
size, and on the other hand, fromreduction of the interactions between

magnet i ¢ ggbabsil RidpP hased A Aesil08d, ?ﬁiﬂge B&féd}iﬁﬁ@]ﬁfﬁéﬂi‘%hetﬁ&ﬂfaqm h

mechani sm 6f the magnetic layer 10 is different fromthe previous one due

to the exiggtERG:fin Y1 BhRin ROMNCRRY AT othet Radd! AURY At SAiBHET

of the interactions between magnetic crystal grains, the reduction
being produced because the growth mechanism of the magnetic layer
10 1is different from the previous one due to the existence of the grain

boundary region of the intermediate layer.

Example 6
Table 2 summarizes the evaluation results for the recording
15 performances of the magnetic disk using the magnetic film having the
magnetic characteristics shown in Example 4 and Example 5. The
recording performances were measured by a spinning stand tester
equipped with a GMR head, and the reproduced output of an isolated
read back pulse was evaluated at the linear recording density of 160

20 kFCI.
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Exanple 6 Table 2 summarizes the evaluation results for the recording 15
performances of the magnetic disk using the magnetic filn1haV|ng the
magneti c characteristics shown in Exanple 4 and Exanple 5. The bghk NY
performances were neasured by a spinning stand tester equippe mnth a GWR
head, and the reproduced output of an isolated read back pul se was

eval uated at the linear recording density of 160 20 kFClI. 22 0 6 SEP 2005
Table 2 samghogerwite TAA (*) noise SNR (dB) (mV) (V) (dB) Exanple

446. 40. 9881. 815. 6 Exanpl e 543.70.9453.019.0 (*) track average anplitude 5
The magnetic recordi ng medi um of Exanple 5 exhibited reduction in noises
by 35 % and i nprovenent in SNR by 16 % as conpared with the nmagnetic

recordi ng n@#} plef ExarithvAite AP hRANCGHN tihe rfé ds of thgngRain |size
of : :

?Rgl xgins et E rrgggf;gl(léfme t he (E)n%ort ifon e cryst a(d%)al ng in
Example 4 46.4 0.98 81.8 15.6
Example 5 43.7 0.94 53.0 19.0

(*) track average amplitude

5 The magnetic recording medium of Example 5 exhibited
reduction in noises by 35 % and improvement in SNR by 16 % as
compared with the magnetic recording medium of Example 4. As
shown in the results of the grain size analysis of the magnetic layer,
the proportion of the crystal grains in the nonmagnetic intermediate

10 layer having the grain size exceeding 8 nm was controlled from 40 %,
which is the data of Example 4 shown in Fig. 3, to 10 %, which is the
data of Example 5 shown in Fig. 5, and as a result, the proportion of
crystal grains in the magnetic layer having the grain size below 4 nm
was reduced from 15 % to 5 %, and the deviation, which is the

15 standard deviation divided by the mean grain size, was controlled to
be 0.2. Through these effects, the remarkable reduction of noises and
improvement of SNR have been achieved. The magnetic layer of
Example 5 was laminated on the intermediate layer having the
standard deviation of the gra}in size of 1.4 nm. Thus, it has been

20 demonstrated that the standard deviation of grain sizes of an

intermediate layer is preferably 1.4 nm or smaller.
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10 layer having the grain size exceeding 8 nmwas controlled from40 %
which is the data of Exanple 4 shown in Fig. 3, to 10 % which is the data
of Exanple 5 shown in Fig. 5, and as a result, the proportion &8 Skt y¥bal
grains in the nagnetic |ayer having the grain size below 4 nm was reduced
from15 %to 5 % and the deviation, which is the 15 standard devi ati on
divided by the nean grain size, was controlled to be 0.2. Through these

effects, the r I LGt égﬁ%&f j ve
been achi eved&?’ﬁgg@gﬁl@e‘%ﬁgyﬁg@ ngilrﬁ amf%@t%@pg%ﬁé;g?%%?g}lﬁﬁg 2

I nt er medi . I i t vi.atl f L0 .Sl of 1.4
nm Thus, %&%lhgéégge@%&'eﬂi%gﬁ g?ﬂgi&ﬁgfo Fﬁé@?‘%‘%&?&’g‘%&%ﬁ%@m grain
sizes of an internediate |ayer is preferab 1.4 nmor.smaller. 23 D 6,SEP
2005 A cr FEORVINg Qint -%cmﬁgﬁomeanéehm@%a@afm of, he gaaingize apdi n
size of larger than 8 nmacts to_separate the magnetic_grain row ng on
the cryst ats dexiatioandf bhadmystabgrashsdan the magnetit kayendandtgrefreamts i on
of the crystal grains in the nmagnetic |ayer, and prevents 5 control of the

grai n houedatyokeftheagioim bountmesekregativi of theh@etahedlement anthe

Accordingly, when the proportion of the crystal grains in the internediate

over TERMERCILEL oAU RGN o ISRt SOl Wrbtal e
one o RIS ARy IR bt Wk AL LTRL O o B
decreased to within 10 %, the proportion of the crystal grains in the
magnetic layer that have one to one correspondence to a crystal grain
10 in the intermediate layer increases. That is attributed to the above-
mentioned reduction in noises and improvement in the SNR. Such
crystal growth promotes precise lattice matching to improve lattice
matching at the interface between the magnetic layer and the
intermediate layer, and also promotes the segregation structure by
15 the aid of the columnar porous structure in the intermediate layer.

Hence, excellent electromagnetic conversion characteristics can be

achieved.

Advantageous Effect of the invention

20 An magnetic recording medium according to the present
invention is provided with a nonmagnetic intermediate layer with
hexagonal closest packed structure mainly composed of at least one
element selected from Ru, Os, and Re between a magnetic layer and

an underlayer, wherein a degree of mismatching A=|d: - dz2|/d1 is at
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mentioned reduction in noises and inprovenent in the SNR Such crystal
grow h pronotes precise lattice matching to inprove lattice natching at
the interface between the magnetic |ayer and the internediate ngs[p 2aRd
al so pronotes the segregation structure by 15 the aid of the columar
porous structure in the internediate |ayer. Hence, excellent

el ectromagneti c conversion characteristics can be achieved. Advantageous

Ef fect of gt venty@fesab iﬁﬂﬂf@ﬁrhﬁgeeﬁ‘?ﬁﬁim% WReh T A6C b RE dy dstde

present invention'i's provided wth a nonmagnetic internediate [ayer with

hexagonal _cl| t L I | gnent
ol oot ed FRaNTRR ofFRIERE BLANGE SrErtRAl SratRIAth mknetRt lafitand 47
wherein a.degree of m .chi A= l,di - d2 | /di.is,at.24 0 6,SEP 2095
Tst 10 oGS A sbarag Y IATHGe Wass of Grystal spaknisin ThE inieranadate o
spacing of lattice planes of crystal grains in the magnetic |ayer and d2

i s a spacilagenf Bamirtee pfdhas fenturgdrstirugturas ai magretistmecosdinge

| ayer. By virtue of this featured structure, a magnetic recording 5 nmedium

exhi bi 5 i ngnedilueedxhobitngaret weed Insse s magh etxicellayer higmetie and
el ectromagneti c conversion characteristics can be provided. In addition,

by cont 1 oljelrfigrihia$ ¥ ShA'ekecied btie dedAliohlclHaPAdteristicEearRBRet | C

| ayer, the interaction between the nagnetic
provided.

In addition, by controlling the distance between the crystal
10 grains in the magnetic layer, the interaction between the magnetic
crystal grains can be decreased. Since even in the case of minimized
grain size in the magnetic layer, sufficiently high coercive force is
held at the room temperature, stable high density recording can be
accomplished with little effect of thermal disturbance.

15

20
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crystal grains can be decreased. Since even in the case of mnimzed grain
size in the magnetic layer, sufficiently high coercive force is held at
the roomtenperature, stable high density recording can be acco%i shed

with little effect of thermal disturbance. 15 20 25 D 6 SEP 2005 f SERs2085
A magnetic recordi ng nmedi um conpri sing: substrate; 5 a nonmagnetic
under | ayer; nonnmagneti c i nternedi ate | ayer having columar crystals, with

an initialClgigayg h area not being observed around an interface between the

nonmagneti ¢ underlayer and the nonmagnetic internmediate |ayer; 10 a

magnetic | ayer; protective layer; and Ilubricant film wherein the

magnetic | ayer has a granular structure conprising ferronmagnetic crystal

grains wth a,hexagon cl osgst aciﬁed stgruct ure and a nonmagnetic grain
n

|
boundary regi Shz @S%‘W%Q ng ORRPIE2NE he crystal grains, and

t he underlayer has a body-centered cubic lattice structure, and the
nonmagneti c arﬁjébSHWéﬁ} t he nonmagnetic internedi ate | ayer, the magnetic
aver 5 a nonmagnetic underlayer;

a nonmagnetic intermediate layer having columnar crystals, with
an initial growth area not being observed around an interface
between the nonmagnetic underlayer and the nonmagnetic
intermediate layer;

10 a magnetic layer;

a protective layer; and

a lubricant film, wherein the magnetic layer has a granular
structure comprising ferromagnetic crystal grains with a hexagonal
closest packed structure and a nonmagnetic grain boundary region of

15 an oxide intervening between the crystal grains, and the underlayer
has a body-centered cubic lattice structure, and the nonmagnetic
underlayer, the nonmagnetic intermediate layer, the magnetic layer,
the protective layer, and the lubricant film are sequentially
laminated on the substrate.

20
2. A magnetic recording medium, comprising:

a substrate;

a nonmagnetic underlayer;

a magnetic layer;
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the protective layer, and the lubricant filmare sequentially |amnated on
the substrate. 20 2. A nagnetic recordi ng nmedium conprising: substrat e;
nonmagneti ¢ underl ayer; magnetic layer; 26 a protective |layegp 8P 6
lubricant film wherein the nmagnetic |ayer has a granular structure
conprising ferromagnetic crystal grains with a hexagonal closest packed
structure and a nonmagnetic grain boundary region of 5 an oxide intervening
bet ween the chystdtecti feyegnd the underlayer has a body-centered cubic

| attice structure, and the nonmagnetic underlayer, the magnetic |ayer, the

protective | ayer I | N [ ] d on the
Clbstrate: and biabanh AT, WhEAH the aBiibae SHERF 101 4 SRRSO oo,
10 packed structure disposed between the magnetjc | ayer d the
indor | ayePLr VST AARYBETEE (ATLI MARA eI Gy LA b &FAGHS HibinadHoxRgonAb: a
conprising. Ru, Os, and/or Re, wherein a degree of msmatching A= 1 di - d2
| /dl is glosesdtpacked simucture and a ppamagnetic guain boundary regienyft al
grains in the nmagnetic layer and d2 is a 15 spacing of lattice planes of
crystad gna osideithterveriergrbeitatezn sliercrystal grains, and the underlayer

has a body-centered cubic lattice structure, and the nonmagnetic

underlayer, the magnetic layer, the protective layer, and the

lubricant film are sequentially laminated on the substrate; and

a nonmagnetic intermediate layer with a hexagonal closest
10 packed structure disposed between the magnetic layer and the

underlayer, the nonmagnetic intermediate layer being a nonmagnetic

metal comprising Ru, Os, and/or Re, wherein a degree of

mismatching A=|d; - dz2|/d; is at most 10 %, where di is a spacing of

lattice planes of crystal grains in the magnetic layer and dz is a

15  spacing of lattice planes of crystal grains in the intermediate layer.

3. The magnetic recording medium as recited in claim 2, wherein a
proportion of crystal grains with respect to a grain size of equal to or
greater than 8 nm is at most 10 % of crystal grains in the

20 intermediate layer and a standard deviation of said grain size is at

most 1.4 nm.

4. The magnetic recording medium as recited in claim 2, wherein

the substrate is not subjected to an intentional heating prior to
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3. The magnetic recording nmediumas recited in claim2, wherein a
proportion of crystal grains with respect to a grain size of equal to or
greater than 8 nmis at nost 10 % of crystal grains in the 20 irbt%rE i.at e
| ayer and a standard deviation of said grain size is at nost ~f.4 nm

The magnetic recording nediumas recited in claim2, wherein the substrate
is not subjected to an intentional heating prior to 27 0 6 SEP 2U

deposi ti nﬂe{d@)‘%iﬁ fBe 13ver§€ nmagnetic recording mediumas recited in claim
2, wherein the substrat eerS a resin substrate. 5 6. The nagnetic recording

mediumas recited in claim3, wherein the substrate is not subjected to an
international heating prior to depositing the layers. 10 7. The magnetic
recording_nmediumas recited in ¢glaim3,. wherein the substrate is a resin
subst r at e9- 8. T%?e%@ﬁ@ﬁ%ﬁ%@ﬂﬂ%n@&@&l@rﬁ%&"eﬁﬁ@a]éblc 18| i TeiAer ei n
the degree of mismatching Ais in a range from2.5%to 7.0% 15 9. The
magnet i ¢ themubstyatedsuanrasin suibisédate. cl aim 1, wherein the ferromagnetic
crystal grains conprise 12 at%to 20 at% of platinum
5
6. The magnetic recording medium as recited in claim 3, wherein
the substrate is not subjected to an international heating prior to

depositing the layers.

10 7. The magnetic recording medium as recited in claim 3, wherein

the substrate is a resin substrate.

8. The magnetic recording medium as recited in claim 3, wherein
the degree of mismatching A is in a range from 2.5% to 7.0%.

15
9. The magnetic recording medium as recited in claim 1, wherein
the ferromagnetic crystal grains comprise 12 at% to 20 at% of

platinum.

20 10. The magnetic recording medium as recited in claim 1, wherein
the substrate is not subjected to an international heating prior to

depositing the layers.
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20 10. The magnetic recording nediumas recited in claim1, wherein the
substrate is not subjected to an international heating prior to depositing
the layers. 28 0 S SEP 20 11. The nmgneti c recording nediuntasng F

claim 10, wherein the substrate is a resin substrate. 12. The gnetic
recording nediumas recited in claiml1, wherein 5 the substrate is a resin
substrate. 13. A nmagnetic recording nedium conprising: a substrate; a

nonmagnet ild . ufiss haggnebayvieralibgdmadinirar g6 revited 1ratclana 1(10ws}termhur e,
a nonnmagneti c |nterned|ate | ayer haV|ng a hexagonal cl osest packed

structuregha Jiasselite isay ks ﬁ\gég_anul ar structure including
a

ferromagnetic crystal grains wt exagonal cl osest packed 15 structure
and a nonmagnetic grain boundary region of an oxide intervening between the
crystal grains; a protective layer; and a lubricant film wherein the
nonnagneti rlayer, the no gnetig 20 internediate Ia e he nmagnetic
| ayer, ﬁp @(f&m gnﬁtvetecoot nghmediygp; aaxecre raﬁiea i €18nd

respecti vely sequentially |am nated
5 the substrate is a resin substrate.

13. A magnetic recording medium, comprising:
a substrate;
a nonmagnetic underlayer having a body-centered cubic lattice
10  structure;
a nonmagnetic intermediate layer having a hexagonal closest
packed structure;
a magnetic layer having a granular structure including
ferromagnetic crystal grains with a hexagonal closest packed
15  structure and a nonmagnetic grain boundary region of an oxide
intervening between the crystal grains;
a protective layer; and
a lubricant film,
wherein the nonmagnetic underlayer, the nonmagnetic
20 intermediate layer, the magnetic layer, the protective layer, and the
lubricant film are contiguous and respectively sequentially laminated

on the substrate.
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on the substrate. 29 0 6 SEP 2005 14. A nmagnetic recordi ng nmedi um
conprising: a nonmagnetic underlayer having a body-centered cubic lattice
structure; a nonnmagnetic internediate |ayer having columar crystals, with
5 an initial gromh area not being observed around an interfacd b [&EPwesgh

t he nonmagneti c underl ayer and the nonmagnetic internediate |ayer; and a
magneti c Ia er having a granular structure including ferromagnetic crystal
grains wi tl aAnm@gnﬁth mw@angommmwompmstmge and a nonmagnetic
grai n boundary region of an oxide intervening between the crystal grains;
wherei n t he namegheagnetivdanidertayer keviopmadiedy eernteredradhiat attaeer ,
and the magnetic layer are positioned sequentially. 15 15. The nagnetic
recordi nggppgLtipaas recited in claim14, wherein a crystal lattice

conti nues between the nonmagnetic internediate |layer and the nagnetic

layer. 20 30 , honmagnetic intermediate layer having columnar crystals, with

5 an initial growth area not being observed around an interface
between the nonmagnetic underlayer and the nonmagnetic
intermediate layer; and

a magnetic layer having a granular structure including
ferromagnetic crystal grains with a hexagonal closest packed
10 structure and a nonmagnetic grain boundary region of an oxide
intervening between the crystal grains;
wherein the nonmagnetic underlayer, the nonmagnetic

intermediate layer, and the magnetic layer are positioned

sequentially.

15
15. The magnetic recording medium as recited in claim 14, wherein a
crystal lattice continues between the nonmagnetic intermediate layer
and the magnetic layer.

20
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