1 PERPENDI CULAR MAGNETI C RECORDI NG MEDI UM Thi s application is based upon
“and clains the benefit of priority from 5 Japanese Patent Application
No. 2009-087759, filed on March 31, 2009, and Japanese Patent
Application No. 2010-077948, filed on March 30, 2010, the disclosures of
whi ch are incorporated herein in their entirety by reference. Technical
Field 10 This invention relates to a perpendi cul ar nagnetic recordi ng
medi um adapted to be nounted in a perpendi cul ar magnetic recordi ng HDD

(hard disk drive)pg ' i nformation
recordi ng techni qulzs ave Eleen %@%gﬁyﬁé%m‘gﬁﬁgi{mcrease I n

vol ume of information processing in recent years. Particularly, the
areal recording density of a HDD using the magnetic recording technique

has been i ncr eaphig@pplicationas BHséd UBSR aRA cmﬂgtah.%e@r( fit'3% pRBAityHror Ne

I nformation recordlng capacity exceedi ng 200 een reqdired per 20
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In order to satisfy such a requirement, it is necessary to realize an

i nformat i dapaneseﬁaie“@ﬂﬁnamdryNexZ@miO?\m@(Fﬁu ors Mareth 20, 20MEigker to
achieve the high recording density in a nmagnetic recording medi um f or

use in a disclosurestaf whikiearet incorperated detain in theirgmtirety byaefereiicegy 25 system
has been proposed in recent years. In a perpendicular magnetic recording
medi um for use in the perpendi cul ar magnetic recording system the easy
rragnetiza.&_i ci_gw,a :FS é)f a magnetic recording layer is adjusted so as to be
oriented I'%F 84 on perpendi cular to the surface of a substrate. As 2

conp d with the cOnvE nt| ane netic recordi tem the
per pehti cul ar ﬁg{veg as‘%é?%wg@ﬁf g@ﬁﬂ?@%ﬁecgr‘i’BgE’ﬁqﬁé’H t her mal
adapted to be mounted In a perpendlcular magnetic recording HDD (hard disk

drive) or the like.

Background Art

15 Various information recording techniques have been developed
following the increase in volume of information processing in recent years.
Particularly, the areal recording density of a HDD using the magnetic recording
technique has been increasing at an annual rate of about 100%. Recently, the
information recording capacity exceeding 200GB has been required per

20  2.5-inch magnetic recording medium adapted for use in a MDD or the like. In
order to satisfy such a requirement, it is necessary to realize an information
recording density exceeding 400Gbits/inch?.

In order to achieve the high recording density in 2 magnetic recording

medium for use in a HDD or the like, the perpendicular magnetic recording

25 system has been proposed in recent years. In a perpendicular magnetic
recording medium for use in the perpendicular magnetic recording system, the
easy magnetization axis of a magnetic recording layer is adjusted so as to be

oriented in a direction perpendicular to the surface of a substrate. As



fluctuation phenonenon in which the thermal stability of a recorded
"signal is degraded due to superparamagneti smso that the recorded signal
is lost, and 5 thus is suitable for increasing the recording density. As
t he perpendi cul ar magnetic recording mediumfor use in the perpendicular
magneti c recording system a CoCrPt-Si 02 perpendicular magnetic
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packed) structure, thereby a Vi ng m niaturfzation of the
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that an oxide is used for form ng nonmagneti c grai n boundaries

(nonmagnet i ¢ poAs thenperpehdiealar ragmetic cedbréing Mediamdor Usé i theoposed to
use, for exanmple, one of Si2, G208, TiO 110,, and Ta2(b
(JP- A- 200pepndit@jar nragrietivirecprding systeneas €oCrP-8iarmirpgndieuiai ty of t he
magnetic recording 20 nmedium described above, a magnetic head has al so
shifted fmagnatic raaerding medigadsed TaOikawaaatoaleSEEE Transiddagr MRI.HE:d) and
to a giant_nmagnetoresistive head (GVR head), wherein the flyi nqgj hei ght
of the madPER1878 44003} sRraposarRacarse itexhipisihigh thermabistabiibeanding has
been duced from about 20(nm. t.0 bout By reduci ng the flying
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crystals with a hcp (hexagonal closest packed) structure, thereby achieving both
15 miniaturization of the magnetic grains and an improvement in coercive force Hge.,
It is known that an oxide is used for forming nonmagnetic grain boundaries
(nonmagnetic portions between magnetic grains), and it is proposed to use, for
example, one of S0y, Cr203, TiO, TiO4, and Tax0s5 (JP-A-2006-024346).
Following the increase in recording density of the magnetic recording
20 medium described above, a magnetic head has also shifted from a thin film
head to a magnetoresistive head (MR head) and to a giant magnetoresistive
head (GMR head), wherein the flying height of the magnetic head from a
substrate (magnetic recording medium) has been reduced from about 20(nm) to
about 5(nm). By reducing the flying height (magnetic spacing) of the magnetic
25 head from the magnetic recording medium in this manner, it has been possible
to improve the spacing loss o increase the SNR (signal noise ratio) and thus to
achieve a further increase in recording density.

However, while it has become possible to achieve the further increase



head, this type of magnetic head nounted wth a nmagnetoresistive effect
‘el enent has a problemof causing, as its inherent failure, a head crash
or a thermal asperity failure. 5 Theghead crash is a failure in which a
magneti c head is physically danaged due to its collision with a
projection on the surface of a nmagnetic recording nedium The thernal
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surface sl@al hsgeri ufdlr face roughness, of the magnetic recording
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surface state i.e. the surface roughness, of the magnetic recording medium, the

surface of the magnetic recording medium is required to have extremely

15  high-level smoothness and flatness with respect to a magnetic head mounted

with a magnetoresistive effect element.

Summary of the Invention
Although the magnetic recording medium has been increased in
20 recording density as described above, a further improvement in recording
density is required for the future. As one means for achieving it, a reduction in
fiying height of a magnetic head is effective. However, as described above, as
the flying height of the magnetic head is reduced, the head crash or the thermal
asperity failure tends to occur more easily. Therefore, in order to realize the
25 reduction in flying height of the magnetic head without causing such a failure to
thereby achieve the further increase in recording density, it is necessary to
improve the smoothness and flatness of the magnetic recording medium, i.e. to

reduce the surface roughness of the magnetic recording medium.



medi um the roughness increases follow ng the growth of filns.
"Accordingly, it is understood that the surface roughness of the magnetic
recording mediumis affected by the states of respective boundary
surfaces between |ayers fornmed 5 over a substrate. As a result of

I ntensive studies by the present inventors, it has been found that the

roughness st artgo‘(;yg\éépﬁr@ﬁ@&wﬁ fHAD imﬁe ﬁgﬂ%@%}ﬂ@%@gm r?ﬁ‘é | a soft

magneti c | ayer an honmagnet I c pre-u That is,

it has b ; tin & f. ft
it has begfadififiStheebaghrdiatingrbasss folswi Ltpg%wﬁﬁg l@ﬁﬁ.ﬁ@@@ﬁﬁ@u{, e so

magnetic | ayer and the pre-underlayer | arge),

llayers folsnmilepsond tht the suaskerdughfésd SttAB ThaghetidGBerdingu@Bdiinfise SO
t hat respective boundary surfaces between those | ayers gradually increase
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As one method for solving the above-mentioned problem, it is

15  considered to reduce the thickness of an underlayer (Ru layer with a hcp
structure) formed on the pre-underlayer (under a magnetic recording layer).
However, if the thickness of the underlayer is simply reduced, the crystal
orientation of the magnetic recording layer cannot be sufficiently aligned to
cause a reduction in SNR, Therefore, the underlayer cannot be thoughtlessly

20 reduced in thickness.,

Further, there is a problem that if the roughness of the interface on the
lower side of the magnetic recording layer becomes large, disturbance occurs in
crystal orientation of the magnetic recording layer to impede an improvement in
SNR. Therefore, the state is currently in a dilemma that it is difficult to improve

25 the SNR even if the thickness of the undertayer is reduced 6r increased.

Under these circumstances, it is an object of this invention to provide a

perpendicular magnetic recording medium that can achieve a further increase in

recording density by reducing its surface roughness to achieve a reduction in



flying height of a magnetic head while ensuring an excellent SNR The
"present inventors have nade an intensive analysis for achieving the
above-nmenti oned object and have found §hat there is a correl ation between
an interface state between a soft nagnetic |ayer and a pre-underlayer and
5 el ectromagneti c conversion characteristics such as SNR That is, it has

been fo”'ﬂ?mb'ﬁé‘i to'?a et{c(he%ﬁ%t‘mée ﬁsuﬁn&%ﬂvegtcgﬁﬁt %ggd object, it is
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t hi ckness can be set large if the interface 15 roughness is snall, while
even if tfwnﬂrthéfr.1ra@redermjgmé%thesabmgaenmmdsmmeetc@us necessansty can be
suppressed by reduci ng the |l ayer thickness. In view of this, the present
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magnetic ~25 recording | ayer for recording a signal, an underlayer made

of Ru or mughnessaxsiespgadiveRundssy diefaess bha tlﬁ@qﬂ&ne%sé%ﬂféép@eweayer a
pre-underl ayer nade of a nonnmagnetic crystalline material for

control | i onystallineyiayers including atrnagnetic retbdingidget. aye othexwebrds sibhas magneti c
| ayer provided bel ow the pre-underl ayer,
been considered that the layer thickness can be set large if the interface
15  roughness is small, while even if the interface roughness is large, the surface
roughness can be suppressed by reducing the layer thickness.

In view of this, the present inventors have made further studies and
found that, by setting the interface roughness between a soft magnetic layer
and a pre-underlayer, the total thickness of crystalline layers, and the thickness

20 of crystalline layers below a magnetic recording layer to predetermined ranges,
it is possible to reduce the surface roughness of a magnetic recording medium
and to obtain an excellent SNR, and have completed this invention.

According to an aspect of this inveniton, there is provided a
perpendicular magnetic recording medium having, over a substrate, a magnetic

25 recording layer for recording a signal, an underlayer made of Ru ora Ru
compound and provided below the magnetic recording layer, a pre-underlayer

made of a nonmagnetic crystalline matenal for controlling a crystal arientation of

the underlayer, and a soft magnetic layer provided below the pre-underlayer,



6 wherein when a difference between a highest point and a | owest point
"of unevenness of an interface between the soft nmagnetic |ayer and the
pre-under | ayer, derived by a cross-se@ional TEMinmge, is given as an

i nterface roughness (nn) and a di stance between the soft nagnetic |ayer
and 5 the magnetic recording |ayer, excluding the soft magnetic | ayer and
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t he unevenness will be defined as a "roughness S invention and

used as ainterfatroulhhéss i)l fera dittRAVaER thdgoft MaghEHE RybPHAGNESS.
The interface roughness 1s a value representing the roughness of the 15

boundafy thenmnagheticfecbeding Eyet, lexciuding thegoftmagridayerrzhd the
pre-underlayer. As this value decreases, the snoothness of the boundary
bet ween t Magostic reapnsdinglayer, iagienaasda Sk -MAS distancedpm), i ncreases. In the
above-nentioned confjguration, by setting the roughness of the boundary
bet ween t he sofihe intgface reughagss (AMHSOANMe- underl ayer, i.e. the

i nterface _roughness, to 0.4(nn) 20 or less, the surface roughness of the
magneti c ?B@ordi ng medi um due to such an interface state is reduced.
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used as an index of the surface roughness and the interface roughness.
The interface roughness is a value representing the roughness of the
15  boundary (interface) between the soft magnetic layer and the pre-underlayer.
As this value decreases, the smoothness of the boundary between the soft
magnetic layer and the pre-underlayer increases. In the above-mentioned
configuration, by setting the roughness of the boundary between the soft
magnetic layer and the pre-underlayer, i.e. the interface roughness, to 0.4(nm)
20  or less, the surface roughness of the magnetic recording medium due to such
an interface state is reduced. Therefore, it is possible to achieve a reduction in
flying height of a magnetic head and thus a further increase in recording density.
Further, since the interface roughness between the soft magnetic layer and the
pre-underlayer is reduced, the roughnesses of the boundary surfaces between
25 the layers formed over the pre-underlayer are also reduced and, therefore, it is
possible to improve the crystal orientation of those layers and thus to ensure an
excellent SNR.
The SUL-MAG distance is a distance between the soft magnetic layer



The SUL- MAG di stance is a distance between the soft magnetic layer 7 and
"the magnetic recording |ayer, excluding these |layers, i.e. a distance
froman wupper surface of the soft magnetic layer to a | ower surface of
the magnetic recording |layer (distance froma |ower surface of the
pre-underlayer to an upper surface of the underlayer). As the SUL- MAG
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satisfies the above-nentioned range, it is possible to 10 reduce the

surface rsurfareas theUndérayeegndis the SiHoMAG distarsbialbecomkd smalldérotheensure a
hi gh SNR. According to anot her aspect of this inveniton, there is

provi ded surfascerrpeghhess| of therupderdyer issreduded gndethiecefoteathanimterfacer a
substrate, a magnetic recording |ayer for recording a signal, an

auxi | i ar yrougboess efghe daver fermead ened the undenayer icredugad sbdhatdber di ng | ayer
and having a magnetic interaction with the nmagnetic recording |ayer, an
under | ayefurfaggsoughnessaf the magestip rasading medivdys ranasd) odherddorgagnet i ¢
recording |ayer,.for contyolling a crystal i entation of the magnetic

F ecor di ndPY agisting theriaterfage Feudhniess ad the SUL-MARdistance Sodhatihg I ne

mat eri al f (o) ollin : Lentati.on_of the.underl. r, and a
20 sof . HIGHUEE s iathrS st aae BRpTsBReR gk s BB5BITRL Mnen a
di ffgpen i (o) : aleT )T ness of
an' i rer 18906 4 Sufece| BUGRedt bithe Aret RN I Ind BEKABICER PO

gi ven as uiré'ngqﬁérgﬁﬁq_oughness (nm and a distance fromthe
pre-underlayer to the auxiliary recording |ayer, including the

et o SR g g of vttt sl ot 1o 2,
perpendicular magnetic recording medium having, over a substrate, a magnetic
recording layer for recording a signal, an auxiliary recording layer provided

15 above the magnetic recording layer and having a magnetic interaction with the
magnetic recording layer, an underiayer made of Ru or a Ru compound and
provided below the magnetic recording layer for controlling a crystal orientation
of the magnetic recording layer, a pre-underlayer made of a nonmagnetic
crystalline material for controlling a crystal orientation of the underlayer, and a

20 soft magnetic layer provided below the pre-underlayer,

wherein when a difference between a highest point and a lowest point
of unevenness of an interface between the soft magnetic layer and the
pre-underlayer is given as an interface roughness (nm) and a distance from the
pre-underlayer to the auxiliary recording layer, including the pre-underlayer and

25 the auxiliary recording layer, is given as a crystalline total thickness (nm),

the interface roughness (nm) < 0.4(nm)

and

the interface roughness (nm) x the crystalline total thickness (nm)



and the interface roughness (nm x the crystalline total thickness (nn 8
"< 21 (nm) are satisfied. The interface roughness is as described above.
The crystalline total thickness is aglistance fromthe pre-underl ayer to
the auxiliary recording layer, 5 including these |ayers, i.e. the total

t hi ckness of the pre-underl ayer, the underlayer, the magnetic recording

| ayer, and the g?ﬁbhhfry recording |layer (distance froma |ower surface
of the pre-underlfayer’ to an upper surface of the auxiliary recording

|l ayer). Sggreidtisfigh! v, the pre-underlayer, the underlayer, the magnetic
recording layer, and the auxiliary recording layer are all in the form of

10 crystalline yR@iritéadd follghAGES ig%*'dé%ﬁ&ediaﬁé\)éﬁt#hé)érg%ilfﬁbit%li n which
crystal grains are regularly oriented. Since the crystal grains of the

respect i vehitiness $s a distarmop from wiee! precusdedyer td1thel Aib@ianp fordiHg MRS
gradually increases as the total thickness of these |layers Increases, so

t hat, §i nicluding these layens,d.e: theptotad Shickriesshof therprmenderlayerahdi ng nmedi um

i ncreases. Therefore, by reducing the crystalline 15 total thickness to
an ext ent undéerayeodbe magnetiorecardiagflayer anththecduxiliany recopdiogilayer | ayers, it
IS possible to prevent an increase in surface roughness of the_ nmagnetic
r ecor di ng{digtanemfromya jawvessurfaps ohtherrerungeringen tatasy uppss sudfagapbthe  and
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are continuously grown, the interface roughness gradually increases as the total
thickness of these layers increases, so that, finally, the surface roughness of the
magnetic recording medium increases. Therefore, by reducing the crystalline
15  total thickness to an extent that does not lower the functions of the respective
layers, it is possible to prevent an increase in surface roughness of the
magnetic recording medium. Therefore, by adjusting the interface roughness
and the crystalline total thickness so that the product of these factors satisfies
the above-mentioned range, it is possible to reduce the surface roughness of
20 the magnetic recording medium and thus to ensure a high SNR.
The pre-underlayer may be made of NiW. This makes it possible to
properly improve the corrosion resistance and the magnetic properties of the
pre-underlayer,
Alternatively, the pre-underlayer may be a layer in which a layer made
25  of crystalline NiW is formed on a layer made of amorphous NiTa or amorphous
CrTa.

Grains of an amorphous material have no crystal structure. Therefore,

a layer made of the amorphous material is iregularly formed on the soft



CrTa. Grains of an anorphous material have no crystal structure.

" Therefore, a |layer nade of the anorphous material is irregularly fornmed
on the soft 9 magnetic |layer. Theref@ e, according to the
above-nentioned configuration, it is possible, by the | ayer nade of
anor phous NTa or armrphous CrTa, to smooth the surface of the soft
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t he Draw ngs Fig. is a diagram for explaining the structure of a

per pendi clayar mags oﬁa:g.fsealilrte NwWoit i possitiel touensure theltorgogion sesistabesli ment  of
this invention; Figs. 2A and 2B show di agrans respectively illustrating
the rel at Aoh&e magee%@r@peﬁ@sm{ﬁ@ Pea-ung hess and the SNR and the

rel ati onship b%ween t he stalline total thickness and the roughness
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20 surface roughness,.of a di cul at etic.recordin diumand in
SNR. | accBiPaNRRE [esordiRa pediam toghfanadicyes rmqﬁ%aﬁeoma{gcﬁmness and
L5 A0" BOh gt 95 et E&P@‘%%%E%éfﬁ c LoD AP

SNR. accgf difignklic hEé@WhﬂE%n&ﬁ‘h’ﬁ&‘&ﬁ%ﬁcé‘ﬂeﬁpéﬂwc; di stance.

Brief Description of the Drawings
Fig. 1 is a diagram for explaining the structure of a perpendicular
15  magnetic recording medium according to an embodiment of this invention;

Figs. 2A and 2B show diagrams respectively illustrating the relationship
between the interface roughness and the SNR and the relationship between the
crystalline total thickness and the roughness ratio,

Figs. 3A and 3B show diagrams respectively illustrating changes in

20 surface roughness of a perpendicular magnetic recording medium and in SNR,
according to interface roughness x crystalline total thickness; and

Figs. 4A and 4B show diagrams respectively illustrating changes in
surface roughness of a perpendicular magnetic recording medium and in SNR,
according to interface roughness x SUL-MAG distance.

25
Mode for Carrying Out the Invention
Hereinbelow, a preferred embodiment of this invention will be described

in detail with reference to the accompanying drawings. Sizes, materials,



Mode for Carrying Qut the Invention Hereinbel ow, a preferred enbodi ment

"of this invention will be described in detail wth reference to the
acconpanyi ng drawi ngs. Sizes, materiall8, 10 specific nunerical values,
and so on shown in the enbodiment are only for illustrative purposes for

facilitating understanding of the invention and are not intended to
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and the draw ngs, conponents havi ng ‘substantr a ®€tions and
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expl anation and, further, ustration o

directly mntdmfeettotlimit thisSinvermticelin 1885 btheRlisb lspaeifiédMDRCHERIYekificatio
[ Per pendi cul ar Magnetic Recording Medium 10 Fig. 1 is a di agram?or

expl ai ni ngnd tee dtawitgs) cempbnantsdravicl ubstantiall rBENGIME furktiohgiarg medi um
100 according to this enbodi ment. The perpendicul ar nmagnetic recording

nmedi urf 108tredtures are assigned thesame symbalsiostherebylomit duplichid®explanatiresi ve
layer 112, a first soft magnetic |ayer 114a, a spacer |ayer 114b, a
second sofihd,faghen lliusiratjan oficomponents thatiiscrotidirgetly telsteddo thisst 15
under | ayer 118a,. a second underl ayer 118b, a nonmagnetic granul ar | ayer
120, a | oxeptioneisAroittag. | ayer 122a, an intervening layer 122b, a first
mai n recordi nge(# agé/qu_ 1260, a second mai n recording |layer 122d, a
separation | aye-mEagim auxiliary recording |layer 126, a medi um

mmgnet i ¢ | ayer PPAEiAt Paptella ESaaRo MENT e 20" second sof t
i rot inder | aydrdet b SREFanCe g e LA RO hesictian v ci y form
T2, "t Rpietc febor g ieaih 100 icBhdiy (PR B e TR i T ecor di ng
layer 122gerpeAgiealar mMagiietic Fedorning TREdIeR 100 StWilin'Rig! #¢8mpH3és a disk
substrate 110, an adhesive layer 112, a first soft magnetic layer 114a, a spacer
layer 114b, a second soft magnetic layer 114c, a pre-underlayer 116, a first
15  underlayer 118a, a second underlayer 118b, a nonmagnetic granular layer 120,
a lower recording layer 122a, an intervening layer 122b, a first main recording
layer 122¢, a second main recording layer 122d, a separation layer 124, an
auxiliary recording layer 126, a medium protective layer 128, and a lubricating
layer 130. The first soft magnetic layer 114a, the spacer layer 114b, and the
20 second soft magnetic layer 114c cooperatively form a soft magnetic layer 114,
The first underlayer 118a and the second underiayer 118b cooperatively form an
underlayer 118, The lower recording layer 122a, the intervening layer 122b,
the first main recording layer 122¢, and the second main recording layer 122d
cooperatively form a magnetic recording layer 122.
25 As the disk substrate 110, use can be made of a glass disk obtained by
molding an amorphous aluminosilicate glass into a disk shape by direct press.
The kind, size, thickness, and so on of the glass disk are not particularly limited.

As a material of the glass disk, use can be made of, for example,



25 As the disk substrate 110, use can be nmade of a gl ass di sk obtained by
" nmol di ng an anor phous alum nosilicate glass into a di sk shape by direct
press. The kind, size, thickness, antl so on of the glass disk are not
particularly limted. As a material of the glass disk, use can be nade
of, for exanple, 11 alumnosilicate glass, soda-linme glass, soda

al uni nosi élhﬁﬁﬁﬁlﬂ!a?égliaﬂs,aédaﬁ-lgl}ﬁgggagﬁi ég+§aa£|8n%c?s?|&até°§|rg§§i licate glass,

quartz gl ass, al n cate ass ceramc s 'as crystallized

gl ass, orafRfindBdfSsiliddte glads2Bérodilickte! glasy, agaﬁﬁ g:a%gl emﬁ%mc%@g@m cal l'y

strengthened I n sequencé, thereby obtalni'n 500 non netic disk

subst r at egladd céranibeublv bE\chistallizddegthss dr the fkd e MHid gA_E diﬁk%%r&liﬁd? On
the di sk substrate 110, the |ayers fromthe adhesive |layer 1I2 to the

auxi | i ar ypolished damdjchamieallyl &fersgthedad intsstquenssabenrdg obyaifing@hergnet ron
sputtering method. The nmedium protective layer 128 can be forned by a CVD
10 netthodsmblbrramimagnetic luiski substrate: 11inithg ésrmisa chemipallfor ned by a dip
coating nethod. In terns of high productivity, it is also preferable to
use an i nstrengdhengskglass disks or mi ng met hod. Her ei nbel ow, the structures of
t he respecti veaéa¥er§_ will Dbe described. The adhesive |ayer 112 is
fornmed in cont dé® igk sHasteate K18 thstlayars frompthe adhesive lavdreti2te thayer 112
has a function of increasi t he peel  strength pet n the soft magnetic
layer 1140t eoardPa dven 16 ats e 1B, AeORPare.bY a0 RPGNStORGt | on of
mniaturizi -an |2 LysSt Fal Ns_ 0 he respective_| rs
f or med o@uﬁﬂagg%ﬁﬁgﬁagﬁ%%]ﬁ@%l'@@?&?g{ﬁg 'W%rn{%¢1‘éarbf’gigmt?¥ at@ 10 is
nmade f ho , ' i , .
e 5P SRttt WBRUIT e 9 B e bELETBROHA, .
The adheshytdday &4 tekhé FMyPsroasbRl/er s 4l A th-litd tlpePased
anor phous | ayer, a CoW bg’;bedﬁfarmr pho'uslsl aggr,réfgfag baseg%n arlmr ﬁous
layer, a finfaringatiethdd’ PRersinbalpel theadtficurss bPtHereepective layers will
be described.
The adhesive layer 112 is formed in contact with the disk substrate 110,
15 The adhesive layer 112 has a function of increasing the peel strength between
the soft magnetic layer 114 formed thereon and the disk substrate 110 and a
function of miniaturizing and equalizing crystal grains of the respective layers
formed over the soft magnetic layer 114, When the disk substrate 110 is made
of amomphous glass, the adhesive layer 112 is preferably an amorphous alloy
20 film for adaptation to the amorphous glass surface.
The adhesive layer 112 can be selected from, for example, a
CrTi-based amorphous layer, a CoW-based amorphous fayer, a CrW-based
amorphous layer, a CrTa-based amorphous layer, and a CrNb-based
amorphous layer. The adhesive layer 112 may be a single layer made of a
25 single material, but, alternatively, may be formed by laminating a p.lurality of
layers. For example, a CoW layer or a CrW layer may be formed on a CrTi
layer. Preferably, the adhesive layer 112 is formed by sputtering a material

containing carbon dioxide, carbon monoxide, nitrogen, or oxygen or is exposed



anor phous | ayer. The adhesive |layer 112 may be a single | ayer nmade of a
"25 single material, but, alternatively, may be forned by |am nating a
plurality of layers. For exanple, a @WIlayer or a OWlayer nmay be
formed on a CTi layer. Preferably, the adhesive |layer 112 is fornmed by
sputtering a material containing carbon dioxide, carbon nonoxide,

i t , i d 12 t h t it f | .
The sof ¢ IRgeld 955 abits SUMEEAYEr | aver that temporarily forms a magnetic
th duri ' ] tic flux. t h h th
P cor dimg L ayor Th6 s8R pladineiE ef 914 75 AP Hiat ferhbabryJohBR & hapsstt” "
o . . L ) |
Tiah b wBah g BT S badding HeinBRRLACNENG ARRTRIIBHIGe SPaCCT | &1
t i . . Le 1 d t
R hre EbRling lelr i & pordehdlo Mg alictitn Irhe palidndidflarfafifBle 91 od (0
nmagnets z atdcerdifg 6psteid N Byohtdrpssing He noeaG dtie dp%ﬁé{] la}dd 114 o&tRedhi gned

al ong the nmagnetic path (nmagnetic 10 circuit) w't I gh accuracy and thus
t he per pethai first soft magpeticsiayen 114aend thegseebhd abft onaghietie ¢ayepr1146, thut remel y
reduced, so that it is possible to reduce noise generated fromthe soft
magnet i ¢ $efyaagbetic lager 1 e cambp sonfiguad 46 have AFC (astifesromagnetinet i ¢ | ayer
114a and the second soft magnetic | ayer 114c, use can_ be nmade of a

cobal t - bag¥haRgeSpuUBling. aWiththisgonfiguralionemegsetizationdljrestiens akthes CoCr FeB

o CoFeTeg i o T eSbbE b ngh e roenabio B E. o1 1oy
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Prator 2 BokdTonelted DSorh NG ot 1L SO DnphESO B,
surface ofirst b6ft fHaghetic layer 114a and the second soft magnetic layer 114¢, use can
be made of a cobalt-based alloy such as CoTaZr, a Co-Fe-based alloy such as
15  CoCrFeB or CoFeTaZr, a Ni-Fe-based alloy like a [Ni-Fe/Sn] n multilayer
structure, or the like.
The pre-underiayer 116 is a nonmagnetic alloy layer and has a function
of protecting the soft magnetic layer 114 and a function of orienting, in a disk
perpendicular direction, the easy magnetization axis of a hexagonal closest
20 packed structure (hcp structure) included in the underlayer 118 formed thereon.
It is preferable that, in the pre-underlayer 116, the (111) plane of a face-centered
cubic structure (fce structure) be parallel to the main surface of the disk
substrate 110. The pre-underiayer 116 may have a structure in which such a
crystal structure and an amorphous structure are mixed. As a material of the
25 pre-underlayer 116, it can be selected from Ni, Cu, Pt, Pd, Zr, Hf, Nb, and Ta.
Alternatively, it may be an alloy containing such a metal as a main component

and one or more additional elements from Ti, V, Cr, Mo, and W, For example,

it is possible to suitably select NiW, CuW, or CuCr as an alloy having a fcc



substrate 110. The pre-underlayer 116 may have a structure in which such
"a crystal structure and an anorphous structure are mxed. As a materi al
of the 25 pre-underlayer 116, it can pg selected fromN, Cu, Pt, Pd, Zr,
Hf, Nb, and Ta. Alternatively, it nmay be an alloy containing such a
metal as a main conponent and one or nore additional elenments fromTi,
vV, O, M ar}d W For exanple, it is possible to suitably select NW
CuW or Cﬁfer'cﬂge'an alloy having a fcc 13 structure. In this enbodinent,

EE% ;Eé% | ayer THERERENPeE e @?%T%%L%Ugﬁﬁéﬁé@*ﬁ’éﬁéﬁéfiﬁbﬁfg mﬂ§00
ue to t nEYPRTEE Andin Ot GRIRRNE 11 RiedRRe I QATTROMESE, 1 T2 and the

pr e- under haysrainghP thessirefbaCatghrdiR' ¢Fithé PerpendickiRadidtR rkCordfly eve a
reduction in flyi'ng height of "a magnetic head and thus a furthér increase

in regor Micdiurnl00idug.to v intefacesstaecbdtiveen meeédfamfhemtyv@smbehween t he
soft magnetic layer 10 114 and the pre-underlayer 116 is reduced, the

r oughnesste me-under/bpemntid iy reduseldac §heleforse itris possibleyteashiesered over the
pre-underlayer 116 are inproved (reduced) and, therefore, it is possible
t o i npr oveeduktion infyting heightoft aumagnetit head sad thusya fgthemdnarease ino ensure an
excellent SNR. The interface roughness is cal culated by specifying a

| ayer to Kesording dapsibeted to a cal cul ati on of roughness in a
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magneti c regodel) Afd! MéPaforel 2 it BbSsiBle to improve the crystal orientation of those
layers and thus to ensure an excellent SNR.
The interface roughness is calculated by specifying a layer to be
15  subjected to a calculation of roughness in a cross-sectional TEM image,
measuring magnitudes of unevenness at predetermined positions therein, and
deriving the average of the measured values. However, the interface
roughness can be calculated by any other method as long as it can calculate
the roughness of the interface (or the surface).
20 The underlayer 118 has a hep structure and has a function of growing
Co crystals with a hep structure of the magnetic recording layer 122 into a
granular structure. Therefore, as the crystal orientation of the underlayer 118
is enhanced, i.e. as the (0001) plane of crystals of the underlayer 118 becomes
more parallel to the main surface of the disk substrate 110, it is possible to
25 improve the orientation of the magnetic recording layer 122. A material of the
underlayer 118 is typically Ru, but, alternatively, can be selected from RuCr and

RuCo. Since Ru takes a hcp structure and has a crystal atomic interval close

to that of Co, the magnetic recording layer 122 composed mainly of Co can be



granul ar structure. Therefore, as the crystal orientation of the

“underl ayer 118 is enhanced, i.e. as the (0001) plane of crystals of the
under| ayer 118 beconmes nore parallel14o0 the main surface of the disk
substrate 110, it is possible to 25 inprove the orientation of the
magnetic recording layer 122. A material of the underlayer 118 is
typically Oﬁngeﬁ_alternatively, can be selected from RuCr and RuCo.
Since Ru takes a hcp structure and has a crystal atomc interval close

to that of 00, ke lEagegiiefe tREMattrYol MKtndbRAyCOMRASRY, IRE Nl v of Oo can

be 14 well oriented. In the case where the nmateri al he” under | ayer

118 i s Ruundiértayernd@chayave dlikodagel i Ride edd VR b?tdh‘dﬁélﬂpf%héﬁ% of Ru
by changing the gas pressure during sputtering. SpecCifically, when

form ng tpeesburesduringdsputteyiag. 1$pecificaly, when farming thayfirst shdiglaybh¢18ms
pressure of Ar is set to a predetermned pressure, i.e. a |low pressure,
whi | e Swhean the lowey layes sides thedgampreskangcof Arigbet tora ptedeteypimed ayer si de,
the gas pressure of Ar is set higher than that for formng the first
under | ayePressgee, be. @ kv pragssure, nde wheneforming.the second andergyeprid8bur e.

This makes it possible to i@rove t he cr?/st,al orientation of the magnetic
10 recor dPAEhe rigyer gide. e 9as peassyrriefAris set highar thaw that fer fanming i ze

ndor | ayciPfEaindeeyRE IECOT IecloWBE BhRE Pl bb. oot oo RATPRSENSpat h of
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separaf i opcapfingidYert 95 'bgﬁﬁé firkt ﬂhdgﬂa)&zgﬁﬁé %hﬁ:to gﬁiﬂiiamﬁ'iz%rmaém to

m niaturize € cryst gral ns. anou of oxXygen may be
added to Gy ofithg i R¥&drdingIyer MB25hyiheSSecbhd RABEH&AE T18b! urt her
facili tatéjét he separdtion and #\'%aturi ngﬁ on of the crystal grains

and thus to achhet gay praesureSntrabses) thé theal frdeipathi afapuLREnR pfaBmaCo.
crystal grains of the nagnetic recording |ayer 122. 20 Accordingly, in
thi s enmbodnswetreasey @ed thes therfilmi fordingratddecressasttoundles trayfim
coarse, so that it is possible to facilitate separation and miniaturization of Ru
15  crystal grains and thus to miniaturize the Co crystal grains.
A very small amount of oxygen may be added to Ru of the underlayer
118. This makes it possible to further facilitate the separation and
miniaturization of the Ru crystal grains and thus to achieve further isolation and
miniaturization of the Co crystal grains of the magnetic recording layer 122.
20  Accordingly, in this embodiment, oxygen is contained in the second underlayer,
formed just under the magnetic recording layer 122, of the underlayer 118
having the two-layer structure, That is, the second underlayer is made of RuO.
By this, the above-mentioned advantage can be obtained most effectively.
Oxygen may be added by reactive sputtering, but it is preferable to use a target
25 containing oxygen in sputtering film formation.
The nonmagnetic granular layer 120 is a nonmagnetic layer having a

granular structure, By forming the nonmagnetic granular layer 120 on the hcp

crystal structure of the underlayer 118 and by growing a granular layer of the



formed just under the magnetic recording | ayer 122, of the underlayer 118
" having the two-layer structure. That is, the second underl ayer is nade of
RuO. By this, the above-nentioned adgygntage can be obtai ned nost
effectively. Oxygen may be added by reactive sputtering, but it is
preferable to use a target 25 containing oxygen in sputtering film
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boundar i egraredatstmnichoe bygegtagatiog esnarimagreticsubatancefto foroglairsed al | oy.
In this enbodi nent, the nonmagnetic granular layer 120 is nmade of
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made of Rh (rhodium), Pd (palladium), Ag {(silver), Os (asmium), Ir (iridium), or

15 Au(gold). The nonmagnetic substance may be any substance as long as it is
a substance that can form grain boundary portions around magnetic grains so
as to suppress or block the exchange interaction between the magnetic grains
and that may be a nonmagnetic substance which is not solid-soluble to cobalt
(Co). For example, silicon oxide (SiOx), chromium (Cr), chromium oxide

20 {Crz03), titanium oxide (TiOy), zirconium oxide (ZrO;), and tantalum oxide
(Taz0s) can be given as examples.

In this embodiment, the nonmagnetic granular layer 120 is provided on
the underlayer 118 (second underlayer 118b), but not limited thereto. The
perpendicular magnetic recording medium 100 can be fabricated without

25 providing the nonmagnetic granular layer 120.

The magnetic recording layer 122 has a columnar granular structure in

which a nonmagnetic substance is segregated to form grain boundaries around

magnetic grains of a hard magnetic substance selected from a Co-based alloy,



20 (Cr2a), titaniumoxide (Ti2), zirconiumoxide (ZrQ2), and tantal um
"oxide (Ta206) can be given as exanples. In this enbodi nent, the
nonmagneti c granul ar |ayer 120 is protgéded on the underlayer 118 (second
under| ayer 118b), but not limted thereto. The perpendicul ar nagnetic
recordi ng nmedi um 100 can be fabricated w thout 25 providing the

ol umar gt 8oy 4 ?’e”‘%%se@‘%;ﬂeﬂag%mfﬁiﬂegﬁQfﬂn'esa%ﬁiceslrééwg‘?sda
ragnet ¢ Saee] By Tegs Mdanafe pifts Ean 26 BB AT S o Sollay Horfihie! |,

and a Ni -QmﬂhreﬁtduewreEher@épvilﬁtmgemb%dnﬁé}&?ﬂ%bﬁn&i@@%fdinq Ia?lé?f 120,
Yy r

t hese nagnetic grains can be epitaxially grown continuous m t he

granul ar $22 gotrprises ther lewkr rédordihg say@rrheqanmatimewmﬂ?&vet 1226, qRer di ng
| ayer 122 conprises the |ower recording |layer 122a, thé intervening

| ayer 922first triain Gedording lawer 1 22eandlihesecond maiR Pecording layer 122dond mai n
recording |ayer 122d. Accordingly, small crystal grains of the first
mai n r ecoAdeardingly emall zpystairgtaink ef theefirshichairaretording iajend 22agnd ti®2d are
grown continuously from crystal zgrai ns (nagnetic grains) of the | ower
r ecor di ngS§epErmaiprgcaigingayer 123daiearown| continuoushnfromecnistal geains zat i on
of the crystal grains, of the main recordin ayers and 10 thus to
i mpr ove t%%amﬂ Qrﬁ'"ﬁhPéth&%%% reeptding layer g@éﬂ ¢ thasditys pgssiplede 122a i s
made of Cr Pt - Cr.206- Sl (2. CrPt-Cr206-9102 forns a,granul ar structure
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CoCr and “gr own col umar shape. These magnhetic grains are
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the |l ower recording |layer 122a and the firs

Crz0s and SiO; (oxides) being nonmagnetic substances are segregated to form
grain boundaries around magnetic grains made of CoCrPt and grown into a

15 columnar shape. These magnetic grains are epitaxially grown continuously
from the granular structure of the nonmagnetic granular layer 120.

The intervening layer 122b is a nonmagnetic thin film, By interposing
the intervening layer 122b between the lower recording layer 122a and the first
main recording layer 122¢, the magnetic continuity therebetween is separated.

20 By setting the thickness of the intervening layer 122b to a predetermined
thickness (0.7nm to 0.9nm), AFC (antiferromagnetic exchange coupling) occurs
between the lower recording layer 122a and the first main recording layer 122c.
Accordingly, since magnetizations interact with each other between the layers
on the upper and lower sides of the intervening layer 122b so as to mutually fix

25 the magnetization direction, It is possible to reduce the fluctuation of the
magnetization axis and thus to reduce noise.

The intervening layer 122b is preferably made of Ru or a Ru compound.

This is because since the atomic interval of Ru is ¢lose to that of Co forming the



mai n recording | ayer 122c, the magnetic continuity therebetween is

" separated. 20 By setting the thickness of the intervening |ayer 122b to a
predeterm ned thickness (0.7nmto 0.9pm, AFC (antiferromagnetic
exchange coupling) occurs between the |lower recording |ayer 122a and the
first main recording |ayer 122c. Accordingly, since magnetizations
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of Ruis close to tha t magneti c gral even if it
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serves asPBfRUSRHf\Peinghseraiaied bydhadnterveninglayer 132h: dhailowes reerrding
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magnet is intensified. Therefore, although the lower recording layer 122a is

15 hard magnetic, the magnetic moment exhibited outside is so small that it is
difficult for a magnetic head to pick up the magnetic flux. That is, by adjusting
the thickness of the lower recording Iayer'122a to set its magnetization (strength
of the magnet) so that the magnetic flux hardly reaches the magnetic head
while the lower recording layer 122a has a magnetic interaction with the first

20  main recording layer 122c¢, it is possible to provide the magnetic recording layer
with small noise while exhibiting a high coercive force.

In this embodiment, the first main recording layer 122¢ is made of
CoCrPt-Si02-TiO,.  Accordingly, also in the first main recording layer 122¢, a
granular structure is formed in which SiO; and TiOz (composite oxides) being

25 nonmagnetic substances are segregated to form grain boundaries around
magnetic grains made of CoCrPt and grown into é columnar shape.

In this embodiment, the second main recording layer 122d is continuous

with the first main recording layer 122¢, but differs from the first main recording



of the magnet) so that the magnetic flux hardly reaches the nmagnetic head
"while the lower recording |ayer 122a has a magnetic interaction wth the
first 20 main recording |ayer 122c, i4gis possible to provide the
magnetic recording layer wth small noise while exhibiting a high
coercive force. In this enbodinment, the first main recording |ayer 122c
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(conposi t mtesicdkmndreshagenonnmagneti ¢ subst ances are segregated 5 to form
grai n boundari es around nmagnetic grains nmade of CoCrPt and grown into a
col umar shape. Ag\deseribed abayeaindhis, embodimest, dnd secorshmain regosdiogpnd mai n
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Co3t4 oxide causes oxygen deficiency, wherein Si ions or Ti ions are incorporated into
magnetic grains to disturb the crystal orientation so that the coercive force He is
15 lowered. Accordingly, by the incorporation of Co oxide, the Co oxide can
function as an oxygen carrier for making up for the oxygen deficiency. €030,
is exemplified as the Co oxide, but CoO may be used instead.
The Co oxide has a larger Gibbs free energy AG than SiO; or TiO; so
that Co ions and oxygen ions tend to be separated from each other. Therefore,
20 oxygen is preferentially separated from the Co oxide and makes up for oxygen
deficiency generated in SiO; or TiO; so that Si ions or Ti ions ¢an be completed
as an oxide and deposited at the grain boundaries. Accordingly, it is possible
to prevent the incorporation of a foreign substance such as Si or Tiinto the
magnetic grains and thus to prevent the disturbance of crystallinity of the
25 magnetic grains otherwise caused by the incorporation thereof. Itis
considered that excess Co ions are incorporated into the magnetic grains.

However, since the magnetic grains are made of the Co alloy, the magnetic

properties thereof are not degraded by the incorporated Co ions. Therefore, it



Is exenplified as the Co oxide, but CoO may be used instead. The Co oxide
"has a larger G bbs free energy AGthan Si@2 or TiQ2 so that Co ions and
oxygen ions tend to be separated from&ach other. Therefore, 20 oxygen
is preferentially separated fromthe Co oxide and makes up for oxygen
deficiency generated in SIC2 or TiQ2 so that Si ions or Ti ions can be
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ions are incorporated into the nagnetic grains. However, since the

magnet i ¢ gharacteristics araddsoimprbeed’o al | oy, the magnetic properties
t hereof are not degraded by the incorporated Co ions. Therefore, it 19

i s podsi bl e to Howewereif theeCo oxideds incorporateddntcibemagnietic retoriigt i on of
the magnetic grains and thus to enhance the coercive force He. Further,
si nce t helayer 142 thers is axgokblemethat the SNRiis redypedy eThetdfarec by pravidingvant age
that the overwite characteristics are also inproved. 5 However, if the
Co oxi de the firsidaaipseaending layer 132¢ ineerperatingmecee oxidg ag dgasribed2, there is
a problemthat .the SNR is duced. Therefore, by providing the first
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mai n recordi ayer 122c can to 2(n I n thickness t he
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be set to 2(nm) in thickness and the second main recording layer 122d can be
set to 8(nm) in thickness.

15 The above-mentioned substances used in the lower recording layer
122a, the first main recording layer 122¢, and the second main recording layer
122d are only examples and may be replaced by others, As the nonmagnetic
substance for forming the grain boundaries, oxides such as silicon oxide (SiOx),
chromium {Cr), chromium oxide (CrxQy), titanium oxide (TiO), zirconium oxide

20 (2rQ,), tantalum oxide (TazOs), iron oxide {Fe20a), and boron oxide (B203) can
be given as examples. Alternatively, a nitride such as BN or a carbide such as
B4Ci can be suitably used.

In this embodiment, use is made of two kinds of nonmagnetic
substances (oxides) in the lower recording layer 122a and the first main

25 recording layer 122¢ and three kinds of them in the sacond main recording layer
122d, but not limited thereto. For example, in any or all of the lower recording
layer 122a to the second main recording layer 122d, one kind of honmagnetic

substance may be used or two or more kinds of nonmagnetic substances may



122a, the first main recording | ayer 122c, and the second main recording
" layer 122d are only exanples and may be replaced by others, As the
nonmagneti ¢ substance for form ng th@ograin boundaries, oxides such as
silicon oxide (SiOx), chromium (Cr), chrom um oxide (CrxOy), titanium
oxide (TiQ@2), zirconiumoxide 20 (ZrQ2), tantal um oxide (Ta205), iron
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antiferromagnetic exchange coupling, occurs™as a magn :
the nagnahtiferroprgheticexdmange colling boclrs #4% imdgheYic effeef Sithaehaner 126.

Accordi ngly, the magnetic recording |ayer 122 serves as a pinning |ayer
magnetic recording layer 122 and the auxiliary recording layer 126.
Accordingly, the magnetic recording layer 122 serves as a pinning layer
15 {magnetization direction fixing layer) for the auxiliary recording layer 126 so that
it is possible to reduce noise caused by the auxiliary recording layer 126 and
thus to improve the SNR.
In this embodiment, the separation layer 124 can be formed by a thin
film containing Ru, a Ru compound, Ru and oxygen, or Ru and an oxide. This
20 also makes it possible to reduce noise caused by the auxiliary recording layer
126. This is considered to be because when forming the separation layer 124,
oxygen to be contained in the separation layer 124 is segregated on the oxides
of the magnetic recording layer 122 and Ru is segregated on the magnetic
grains so that the Co crystal structure of the magnetic recording layer 122 can
25 be inherited to Co of the auxiliary recording layer 126.
As the oxide to be contained in Ru of the separation layer 124, various

oxides can be considered. However, by the use of particularly an oxide of W,

Ti, or Ruy, it is possible to improve the electromagnetic conversion



15 (nmagneti zation direction fixing layer) for the auxiliary recording

" layer 126 so that it is possible to reduce noise caused by the auxiliary
recording layer 126 and thus to inprB¥e the SNR In this enbodi nent, the
separation |layer 124 can be formed by a thin filmcontaining Ru, a Ru
conpound, Ru and oxygen, or Ru and an oxide. This 20 also nmakes it
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The auxiliary recording layer 126 is a magnetic layer magnetically
almost continuous in the in-plane diraction of the main surface of the substrate.
15  Itis necessary that the auxiliary recording layer 126 be adjacent to or in vicinity
to the magnetic recording layer 122 so as to have a magnetic interaction
therewith. A material of the auxiliary recording layer 126 may be, for example,
CoCrPt, CoCrPtB, or a substance containing a very small amount of an oxide in
CoCrPt or CoCrPtB. The auxiliary recording layer 126 has the purpose of
20  adjusting the reversed domain nucleation magnetic field Hn and the coercive
force Hc, thereby achieving an impravement in anti-thermal fluctuation
characteristics, OW characteristics, and SNR. In order to achieve this purpose,
the auxiliary recording layer 126 preferably has high perpendicular magnetic
anisotropy Ku and high saturation magnetization Ms. The auxiliary recording
25 layer 126 is provided above the magnetic recording layer 122 in this
embodiment, but may alternatively be provided below the magnetic recording
layer 122.

Aterm of "magnetically continuous” means that the magnetism



al nost continuous in the in-plane direction of the nmain surface of the

" substrate. 15 It is necessary that the auxiliary recording |ayer 126 be
adjacent to or in vicinity to the magzgtic recording |layer 122 so as to
have a magnetic interaction therewith. A material of the auxiliary
recording |ayer 126 may be, for exanple, CoCrPt, CoCrPtB, or a substance

containing a.very small pount of an oxjde in CoCrPt or CoCrPtB. The
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continuous" neans to include the case where the auxiliary recording

| ayer 126 bosndariesecoritaiging thegnide ark dormudasiarthe dukiliant recording lagey 126, t hat
t he magneti sm may be di sconti nuous due to grain boundaries of crystal
gr ai ns or theharea ofdhe grain oundarasia paeferabdy smallsr (thepcartent of tha exide is
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He and thus to improve the anti-thermal fluctuation characteristics and the SNR.
15  Further, it is considered that since the area of the crystal grains (c¢rystal grains
having a magnetic interaction) connected to the granular magnetic grains is
greater than cross section of the granular magnetic grains, magnetization
reversal tends to occur due to reception of much magnetic flux from a magnetic
head, thereby improving the OW characteristics of the whole.
20 In this embadiment, when the difference between the highest point and
the lowest point of unevenness of the interface between the soft magnetic layer
114 and the pre-underlayer 116 is given as an interface roughness (nm),
adjustment is carried out to satisfy interface roughness (nm) x crystalline total
thickness (nm) € 21. This makes it possible to reduce the surface roughness
25 of the perpendicular magnetic recording medium 10Q and thus to ensure a high
SNR without lowering the functions of the crystalline layers, i.e. the

pre-underlayer 116, the underlayer 118, the nonmagnetic granular layer 120, the

magnetic recording layer 122, and the auxiliary recording layer 126.



grains of the magnetic recording layer 122 so that it is possible to
“adjust Hn and He and thus to inprove the anti-thermal fluctuation
characteristics and the SNR. 15 Furth28, it is considered that since the
area of the crystal grains (crystal grains having a nmagnetic

I nteraction) connected to the granular magnetic grains is greater than
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'S given t?'lse silrfsalélé-rlc\)/ﬁgGhness of the perpendicular magnetic recording medium 100
15 caused by the thickness of the layers present between the soft magnetic layer
114 and the magnetic recording layer 122, and thus to ensure a high SNR.
if a layer other than the pre-underlayer 116 and the underlayer 118 is
present between the soft magnetic layer 114 and the magnetic recording layer
122, the thickness of such a layer is naturally included in the SUL-MAG
20 distance. Further, if one of the pre-underlayer 116 and the underlayer 118 is
not provided, it is needless to say that the SUL-MAG distance becomes equal to
the thickness of the other of the layers 116 and 118,
In this embodiment, since the nonmagnetic granular layer 120 is
provided between the soft magnetic layer 114 and the magnetic recording layer
25 122, the thickness of the nonmagnetic granular layer 120 is included in the
SUL-MAG distance, However, if the nonmagnetic granular layer 120 is not
provided, the thickness thereof is not included in the SUL-MAG distance.

The medium protective layer 128 can be formed by film formation of



di stance (nm, these factors are adjusted so as to satisfy interface

"roughness (nm) x SUL-VAG distance (nm) 5 12(nnm). This nakes it possible
to reduce the surface roughness of tRd4 perpendi cul ar nagnetic recording
medi um 100 15 caused by the thickness of the |ayers present between the
soft magnetic layer 114 and the magnetic recording |ayer 122, and thus
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medium 100, it is possible to prevent damage or breakage of the medium

protective layer 128.

15 By the above-mentioned manufacturing processes, the perpendicular
magnetic recording medium 100 can be obtained. Next, an Example of this
embodiment will be described.

(Example)
Using an evacuated film forming apparatus, the layers from the

20 adhesive layer 112 to the auxiliary recording layer 126 were formed in sequence
on the disk substrate 110 in an Ar atmosphere by a DC magnetron sputtering
method. The composition of the adhesive layer 112 was CrTi. In the soft
magnetic layer 114, the composition of the first soft magnetic layer 114a and the
second soft magnetic layer 114c was CofFeTaZr and the composition of the

25 spacer layer 114b was Ru. The composition of the pre-underlayer 116 was
NiW. As the first underlayer 118a, a Ru film was formed in an Ar atmosphere

at a predetermined pressure (low pressure: e.g. 0.6Pa to 0.7Pa). As the

second underlayer 118b, a Ru (RuO) film containing oxygen was formed, using



affinity. By the function of this lubricating [ayer 130, even if the

" magnetic head 1is brought into contact with the surface of the

per pendi cul ar magnetic recording nedpgm 100, it is possible to prevent
damage or breakage of the nmedium protective |ayer 128. 15 By the
above-nmenti oned manufacturing processes, the perpendicular nagnetic

recordi ng diuym 100 .can be obtained, Next, an Exanple qof this
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layer 814kxampldsuof okitescanti®hcp caRtavstrubterdorcuomRttBDRSibiagas NW As
the first underlayer 118a, a Ru filmwas formed in an Ar atnosphere at a

pr edet er nifareiedor ddelnternégning layes $22tewas formedl 6fFRu.t oinGh&@ Rest.mals t he
second underl ayer 118b, a Ru (RuO) film containing oxygen was forned,
usi ng 25 recardingdayerdi2eai grairgbaundaenpoitionacortairaSi@sandeTi© s a pressure
(high pressure: e.g. 4.5Pa to 7Pa) higher than the predeterm ned
pressur e, EXAEPEsSHIcoMposite oxides @ phusality ¢f kinds of pxidesbhand ayep crystalas
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CoCr Pt - Si GRCHRLBINRTIC, XS] wad forf8d S eFRE depRration feyer 4bA Wds¥bfhed of
RuWQ;. The composition of the auxiliary recording layer 126 was CoCrPtB.
The medium protective Iaye'r 128 was formed using C;H4 and CN by the CVD
15 method. The lubricating layer 130 was formed using PFPE by the dip coating
method.
Hereinbelow, the correlation between respective factors, i.e. the
interface roughness between the soft magnetic layer 114 and the
pre-underlayer 116, interface roughness x SUL-MAG distance, and interface
20 roughness x crystalline total thickness, and the surface roughness of the
perpendicular magnetic recording medium 100 and the SNR will be described
with reference to the drawings. A straight line or a curve in the drawings is an
approximate curve with respect to plotted measured data.
Figs. 2A and 2B show diagrams respectively illustrating the relationship
25 between the interface roughness and the SNR and the relationship between the
crystalline total thickness and the roughness ratio. Fig. 2A is a diagram
illustrating changes in SNR according to the interface roughness between the

soft magnetic layer 114 and the pre-underlayer 116 and Fig. 2B is a diagram



10 122d, grain boundary portions contain Si 2, M2, and Co3»4 as exanpl es
“of conposite oxides (a plurality of kinds of oxides) and a hcp crystal
structure of CoCrPt-Si Q2-Ti O2-Co304 28s fornmed. The separation | ayer 124
was formed of RuWO3. The conposition of the auxiliary recording |ayer
126 was CoCrPtB. The nedium protective |ayer 128 was forned usi ng C2H4
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drawi ngs. A straight line or a curve in the drawings is an approximte

curve i t roughapes between thetseft magraticdalyet it 4. and the préAindedayzs 19Bow
di agrans respectively illustrating the relationship 25 between the
i nt er f ace(heseigaites hidNaluevdll brreteredita @asraraughnessirptio’dt ween t he

crystalline total fhickness _and the roughness ratio. Fig. 2A is a diagram
illustrating chgﬁéégwnr'ﬂ m%&ﬁgwﬁgi%eawé asfherintedace sRMENNESS bet ween
the soft net.j

s R il L A A R
reanet | ¢ G0 bl 0 A0 AR RO, LIBHERIEORMTL SR o b,y
01 0 HBTBHE LEp 11 SRR Brcinac o PR AR SPRTOLREs EPORC
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Wil be referred to as a "roughness ratio"). shown ©'n Fig: 2A the SNR
decr easesingedseeso thattheasrgstaborsntation is Rkstuwen. t Thefdbre, igpaifebleayer 114

and the pre-underlayer 116 increases.
that the interface roughness between the soft magnetic layer 114 and the
pre-underlayer 116 be as low as possible. It is seen that if this value is set to
15  0.4(nm) or less, an extremely high SNR can be ensured.

From Fig. 2B, it is seen that the crystalline total thickness affects the
roughness from the interface between the soft magnetic layer 114 and the
pre-underiayer 116 to the surface of the medium. The roughness ratio
represents an increase in roughness as its value increases. Referring to Fig.

20 2B, since the roughness ratio increases in proportion to an increase in
crystalline total thickness, it can be understood that if the crystalline total
thickness is large, the roughnesses of the respective interfaces from the
pre-underiayer 116 to the surface of the medium increase correspondingly.
Therefore, the crystalline total thickness is preferably minimized as long as the

25 functions of the respective layers are not degraded, and is preferably set to
60(nm) or less,

Figs. 3A and 3B show diagrams respectively illustrating changes in

surface roughness of the perpendicular magnetic recording medium 100 and in



This is considered to be because if the interface roughness between the
" soft 10 magnetic layer 114 and the pre-underlayer 116 is high, the
roughnesses of the boundary surfacegppetween the |ayers forned over the
soft magnetic layer 114 increase so that the crystal orientation is

di sturbed. Therefore, it is preferable that the interface roughness

e possi orR, pocdREIEINErac Fuahhted §irinifiind s Piskiay) g @E ?Zs'ﬁ .
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t hi ckness is large, the roughnesses of the respective interfaces fromthe

pr e- under | ayer Akldescdbethabsve, fitthe cofstalliee totali thicknesy isdamgecthier espondi ngl y.
Therefore, the crystalline total thickness is preferably mnimzed as

| ong as tihigrfase reughniesads iprraased te inseeasevbelrayghnessrof thwmedagnaded, and
is preferably set. ta 6_0&3an) or less. Figs. 3A and 3B show di agrans
respect i &IKICE| Whilg i $he ingeriacergaghness is smadlcevenil henerystaliinettate

per pendi cul ar magneti c,recordi n dium 100 and in 27 SNR, according to
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d th e medi um

i nterface roughness 1s increased to I ncrease e roughness of t
evaluated by multiplying the interface roughness and the crystalline total

thickness together.

15 As also described above, in order to achieve a further reduction in flying
height of a magnetic head, the surface roughness of the perpendicular magnetic
recording medium 100 is preferably set to 1{nm) or less. Referring to Fig. 3A,
when interface roughness x crystalline total thickness becomes 21 or less, the
surface roughness of the perpendicular magnetic recording medium 100

20 becomes 1(nm) or less. Therefore, if the interface roughness and the
crystalline total thickness satisfy the relation formula of "interface roughness x
crystalline total thickness < 21", the surface roughness of the perpendicular
magnetic recording medium 100 is reduced and thus the further reduction in
flying height of the magnetic head is enabled.

25 Referring to Fig. 3B, it is seen that if interface roughness x crystalline
total thickness is set to 21 or less, a high SNR of about 18.8dB or more can be
ensured. Therefore, by setting interface roughness x crystalline total thickness

to 21 or less, the further reduction in flying height of the magnetic head due to



surface, while if the interface roughness is small, even if the
crystalline total thickness is |large, the roughness of the nedi um
surface is | ow and, conversely, 10 if2g8he interface roughness is |arge,
even if the crystalline total thickness is thin, the roughness of the
medi um surface beconmes |arge. Accordingly, in Fig. 3A, in order to take
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preferably set to 1 ess. Referring to when |ntgerface

r oughnessdansityyaftieé pepentdiRuRr idygrietio eecorbinganegiuml160, | ess, the surface
roughness of the perpendicular magnetic recordi ng nmedi um 100 20 becones

1(nm) ®r | ess. Higer4A ang 4Bi showhdiagranes fespectvalgitiosisatirgchdnyes isrystal | i ne
total thickness satisfy the relation formula of "interface roughness x
cryst al | i sisface: rughnesskofdbe perpEndiculartagneticrecondingynedisin 660 ahd in
perpendi cul ar magnetic recordi ng nmedi um 100 is reduced_and thus the
further rebiffc@resrding torinterfage reydiness SWle-MAg distancare dtigi 4A bl ed. 25
Referring t

Fi B, it i h i f i
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achi eved @aserfiRaqbl 3oL MAG (‘iina?uE@.r’ the high SNR can be ensured,

so that it I's posstble to achieve a further increase in recording
density of the Ty 8BDAVAG distafBe Reth Gotab hidkeBs of Md cijithiffe 1Aydri 9s. 4A

and 4B show di agrans respectively illustrating changeS in surface
r oughnesslochtedibegw theemaignetiarecarding layer N22.0r Hithegrougtingss dDtheand i n
interface, on the substrate side, of the magnetic recording layer 122 is large, the

15  magnetic recording layer 122 is affected thereby so that the crystal orientation is
degraded in the magnetic recording layer 122, Accordingly, by multiplying
together the interface roughness between the soft magnetic layer 114 and the
pre-underlayer 116 and the SUL-MAG distance, the influence exerted on the
magnetic recording layer 122 is evaluated.

20 As described above, the surface roughness of the perpéndicular
magnetic recording medium 100 required for the further reduction in flying
height of the magnetic head is 1(nm) or less. Referring to Fig. 4A, when
interface roughness x SUL-MAG distance becomes 12(nm} or less, the surface
roughness of the perpendicular magnetic recording medium 100 becomes

25 1(nm) orless. Therefore, if the interface roughness and the SUL-MAG
distance satisfy the relation formula of "interface roughness x SUL-MAG

distance = 12", the surface roughness of the perpendicular magnetic recording

medium 100 is reduced and thus the further reduction in flying height of the



SNR, according to interface roughness x SUL- MAG distance. Fig. 4Ais a
diagramillustrating changes in surface roughness of the perpendicul ar
magneti ¢ recordi ng medi um 100 accordi29 to interface roughness x SUL- MAG
10 distance and Fig. 4B is a diagramillustrating changes in SNR
according to interface roughness x SUL- MAG di stance. The SUL- MAG

di st ance } | ess of the crystalline layers |ocated bel ow
t he rragnem%ghrgg%lgg tr'ic'gé eti";lééir? 122. |If the roughness of the interface, on
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reduct i onofithefeypengiculr magnetic reperdingymediutn ABBd is 1(nn) or |ess.
Referring to Fig. 4A, .,when interface r hnes SUL- MAG di st ance
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is enabled. Referifing to Fig. 46, 1t Is seen that 1f I nterface” roughness

X SUL- NAG\ei?ht‘Séfédﬁﬁ\%ghéticﬁﬁéad and thuera fueher jrrétise!in Rl By Rshsapsur ed.
Therefore, the high  SNR can be ensured while achieving the further

reduct i onFurthdr sihce thecintdMacefrotidtendssbatweén thesftimagnetidiayer 114 angossi bl e
to extrenely inprove the recording density
the pre-underlayer 116 is reduced, the roughnesses of the boundary surfaces
between the layers formed over the pre-underlayer 116 are also reduced and,
15 therefore, it is possible to improve the crystal orientation of those layers and
thus to ensure an excellent SNR,

In this embodiment, the pre-underlayer 116 is formed on the soft
magnetic layer 114, but not limited thereto. A layer may be interposed
between the soft magnetic layer 114 and the pre-underlayer 116. The layer to

20 be interposed is preferably a layer, for example, that is formed without applying
a bias voltage to the disk substrate 110 during film formation. Accordingly, it is
possible to reduce an impact on the soft magnetic layer 114 during formation of
the pre-underlayer 116. Therefore, it becomes possible to prevent an increase
in surface roughness of the soft magnetic layer 114 and thus to reduce the

25 interface roughness (boundary roughness) of the layer formed on the soft
magnetic layer 114.

As another example of a layer to be interposed between the soft

magnetic layer 114 and the pre-underlayer 116, a layer made of an amorphous



of the perpendicul ar magnetic recordi ng nmedi um 100. As descri bed above,
according to this invention, it is possible to inprove the surface
roughness of the perpendicul ar nagnet30c recordi ng nmedi um 100 caused by
the interface roughness between the soft nagnetic |ayer 114 and the 10
pre-underl ayer 116. Accordingly, it is possible to achieve a reduction in

flying *}ﬁ%@%l @{préfe etéﬁcgﬁ?ﬂnépﬁtehteikﬁnfﬁ%@pwgthéri.I%%ggqﬁggfkggh t he

recordi ng density. urf'’her, “si°nce ace roug
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roughnesses of the boundary surface et ween t ayers nmed over the

pr e- underdofbagrietie |ayer A4S 0 Thersered itad fosslible 16 8RIoE the durfdce d198éi bl e to
i nprove the crystal orientation of those |layers and thus to ensure an

excel | entsoBMRagnetictlayer dttodhereby reduve the euface rdughmesd dfthessdfor med on
the soft nmagnetic |ayer 114, but not limted thereto. A |layer may be

i nt er Pos duagnediciayer tdarsthus thegintarfacelrayghness4banndar eoygreassylef | ayer
116. The | ayer to 20 be interposed is preferablﬁ a |layer, for exanple,
that is ftoefryeriarmeduan themofti magneticiayer 14 t fyetheo sirce afi amomhessr ate 110
during fil m,formai‘i on. |, cc%di ngly, it is li;ossi ble to reduce an i npact
on the s&Patingfepas a) I@Qﬁ?rthﬂ'@ archystaling goating fim: ithacomeser | ayer
116. Therefo it .becone ssible to preven i ncrease, ,in surface

" oughnes POSPDEHE LIBBY RiBieet e sot/Brodat BV {1dHioma ERackdpfing 25

I nterfac 0 I d on the soft
magnet i c%@@%&mﬁzﬁe &Ee"gﬁ‘gﬁ]%ﬁ r gﬁﬂgﬁigg?géf ﬁ’%ﬁa\‘&{rﬁg%%gf er posed

bet WqQn 'diforBAbis mERARA! | Phardiit, # KhAIbIE Padibve R At Elud bR | aver
made of an ahor phous material I's preferabl'e. Since grains of the

amor phousntaFhé rétighneys bBveenbb abft riddndticUaer 1Bardaner nade of the
anor phous material  is irregularly formed on the soft magnetic |ayer 114.

Ther ef or @redundefaysrsiaebl e to snooth the surface of the soft magnetic
| ayer 114 to thereby reduce the surface roughness of the soft
As described above, by interposing the above-mentioned layer between
the soft magnetic layer 114 and the pre-underlayer 116, it is possible to reduce
15 the surface roughness of the soft magnetic layer 114 and thus the interface
roughness (boundary roughness) of the layer formed on the soft magnetic layer
114, Therefore, it is possible to increase the SUL-MAG distance and the
crystaliine total thickness.
While the preferred embodiment of this invention has been described
20  with reference to the accompanying drawings, it is needless to say that this
invention is not limited thereto. 1t is apparent that a person skilled in the art
can think of various changes and modifications in the category described in
claims and it is understood that those also naturally belong to the technical
scope of this invention.
25
Industrial Applicability

This invention can be used as a perpendicular magnetic recording

medium adapted to be mounted in a perpendicular magnetic recording HDD or



5 magnetic layer 114 and thus the interface roughness (boundary
roughness) of the layer forned on the soft magnetic |ayer 114. Further,
since an anorphous coating film has 3 hi gher hardness than a crystalline
coating film it becones possible to suitably protect the soft magnetic
| ayer 114 froman inpact during formation of the pre-underlayer 116 by
t he use eqﬂg | ayer nade of the 10 anorphous material. Therefore, it is
possi ble 10 'achieve a further reduction in interface roughness between
the soft magnetic |ayer 114 and the pre-underlayer 116. As descri bed
above, by interposing the above-nentioned | ayer between the soft
magnetic | ayer 114 and the pre-underlayer 116, it is possible to reduce
15 the surface roughness of the soft nmgnetic |ayer 114 and thus the

i nterface roughness (boundary roughness) of the layer formed on the soft
magnetic |layer 114. Therefore, it is possible to increase the SUL- MAG
di stance and the «crystalline total thickness. Wile the preferred
enbodi nent of this invention has been described 20 with reference to the
acconpanying drawings, it is needless to say that this invention is not
limted thereto. It is apparent that a person skilled in the art can

t hi nk of various changes and nodifications in the category described in
claims and it is understood that those also naturally belong to the
technical scope of this invention. 25 Industrial Applicability This

i nvention can be used as a perpendi cul ar magnetic recording nedium
adapted to be nounted in a perpendicul ar magnetic recording HDD or 31
the like. 32 WHAT IS CLAIMED | S:



1. A perpendicul ar magnetic recordi ng nmedi um conprising, over a
" substrate, a magnetic recording layer for recording a signal, an
underl ayer 5 made of Ru or a Ru conpaund and provi ded bel ow sai d
magneti c recording |ayer, a pre-underlayer made of a nonmagnetic
crystalline material for controlling a crystal orientation of said
under |l ayer, and a soft magnetic |ayer provided below said
pre-under| ayer, wherein when a difference between a highest point and a
| owest pappiaT 1804 MESY&Nness of an interface between said soft magnetic
| ayer an sald pre-underl ayer, derived by a cross-sectional TEM i nage,

s given as anq. | NigdbafdictiamgRES: @amdqiﬁ%ﬂ]e%i&h%g@gﬁ@eb\?@@. sai d soft

magnetic | ayer and magnetic recor ayer, ng said soft

magnet i ¢ suby@ateas tnatietic ra@saRigi | ' i G a SUL- MAG
di stance (nm, 15 sig?-ld Iicrqterfa?eﬁsr’%rggﬁ{\%ggwr(‘én%%na&%(ghrgér&gﬁg sai d

i nt er bacenadeighRe o5 a(Rutompsand!addprdvifedibeibwat faghetic reébdeding are
satisfied. 2. A perpendicular magnetic recordi ng nmedi um conpri Sing, over

a 20 sullayerca pre-andeartpyet madeaf @ nbnmyadretiercrfstalline matetiaifora si gnal , an
auxiliary recording |ayer provided above said magnetic recording |ayer
and havi ggniollinggrasystal erientatinnt of saidiindertayed andgnsoft mageetic iyag | ayer, an
under | ayer de, of Ry or a Ru compound and provi ded bel ow said magnetic
recor di n@"l"ﬁ?@%‘fb?ﬁw s3i¢ pra-underiayen crystal orientation of said magnetic
mator il for cohert WG 2 dRERReE RevLA rlaned PO 354 8 IoNBSHASNGr . and a
501 ATOBEBAASE o 5P BaH LB ber e B P P a0 8 £, oren 2
of an i nies {,AAEAYl siNeadyh SREE-sERGSIR TRM M¥Sde, WGveRTaE an
interface roughness (nm) and a distance between said soft magnetic layer and
said magnetic recording layer, excluding said soft magnetic layer and said
magnetic recording layer, is given as a SUL-MAG distance {nm),
15 said interface roughness (nm) s 0.4(nm)
and
said interface roughness (nm) x said SUL-MAG distance (nm) = 12(nm)
are satisfied.
2. Aperpendicular magnetic recording medium comprising, over a
20 substrate, a magnetic recording layer for recording a signal, an auxiliary
recording layer provided above said magnetic recording layer and having a
magnetic interaction with said magnetic recording layer, an underlayer made of
Ru or a Ru compound and provided below said magnetic recording layer for
controlling a crystal orientation of said magnetic recording layer, a
25 pre-underiayer made of a nonmagnetic crystalline material for controlling a
crystal orientation of said underlayer, and a soft magnetic layer provided below
said pre-underlayer,

wherein when a difference between a highest point and a lowest point



pre-underlayer is given as an interface roughness (nm and a distance
~from said pre-underlayer to said auxiliary recording |ayer, including
said pre-underlayer and said auxiliagy recording layer, is given as a
crystalline total 5 thickness (nm, said interface roughness (nm 5
0.4(nm and said interface roughness (nm x said crystalline total

thi ckness qf venﬁegs%f‘é’ﬁ i é’éee?eﬁ%laﬁfsiaﬁsofm\%ﬁn&icoﬁygg{.‘%& %%ﬁ'gar magneti ¢

recordi ng medi um according to claim1 er el - under | ayer
i s made opre\WdetlayéhR %%@ﬁh‘iﬁtbﬁécé’?&!@lﬁh% ARY 2% ccor di ng
to clai m? or 2, yv\/ner%i n said pre-under ayesr trf@)a gg’és;ﬁi n lfﬁch a layer
made of csaidtprélunderiayer tdisiidi suxiliRiyTRsEofding 1dyRY,ahcl08ifg safd anor phous Ni Ta
or anor phous CrTa.

pre-underlayer and said auxiliary recording layer, is given as a crystalline total

5 thickness (nm),
said interface roughness (nm) s 0.4(nm)
and
said interface roughness (nm) x said crystalline total thickness (nm)
£ 21(nm)
10  are satisfied.
3. The perpendicular magnetic recording medium according to claim 1
or 2, wherein said pre-underlayer is made of NiW,
4, The perpendicular magnetic recording medium according to claim 1
or 2, wherein said pre-underlayer is a layer in which a layer made of crystalline

15 NiWis formed on a layer made of amorphous NiTa or amorphous CrTa.



