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- 1 TITLE OF THE | NVENTI ON PERPENDI CULAR MAGNETI C
DI SK APPARATUS BACKGROUND OF THE | NVENTI ON One

e ' “mmthe present invention relates 5 to a
ma “\MW\\ appar atus adopting a perpendi cul ar
magnet | ¢ gecordi ng system Recently, downsizing and
increase 1 n density of recording nedia have been

advanced in the field of hardldi sk drives used for

'mmﬂ\“ﬂposes. However, 10 the | ongitudinal
“\ am“ ystemthat is widely adopted at present

as,-fn@k obl em t hat tTHETYE dabiHE tINVENT I@gnet i zat i on
reversal due to thermal fluctuation increases as the
r ec BERBEY DIENSARy MAGNIHdE MIPK ABRRARANTNIS, the

| ongi tudi nal recording systemhas come 15 to its
limt in conpatibPPFKgRQéNRe@ﬁ FEENLHVEEd IONecor di ng

stability and increase in density. To solve the above
probl em &”L?é’r?[ﬁ“tqﬂtar"f RIS oM TR Rt ERfates

has  been_devel qped, .f or racti-cal lication. In the
per 5End1 SEERF tht STk BB reeitg Lyt Bsrpdhdiular

TBgRELIAALI00S AYAGENG A gne  another with

magnet’i zation transiti orf I nt erposed therebetween are-

coupl ed impam@nt i RRSAd € 18 | B e re Ve T Sdensity of
structure, recordlng nmedi a adopting the perpendi cular

MagReldos Jiee0 didig FVSiLBaY & dBrdxdd GRENdhe thid1d of

demagneti zing fields decrease as the recording

densiatryd lod cdirely iviegh u sl idrusraanuRipidses. However,
the longitudinal recording system that is widely
adopted at present has a problem that the probability
of magnetization reversal due to thermal fluctuation
increases as the recording density is made high.
Therefore, the longitudinal recording system has come
to its limit in compatibility between maintained
recording stability and increase in density.

To solve the above problem, a perpendicular
mggnetic recording system has been developed for
practical application. 1In the perpendicular magnetic
recording system, magnetizations adjacent to one
another with magnetization transition interposed
therebetween are coupled in an antiparallel alignment.
By this structure, recording media adopting the
perpendicular magnetic recording system have a
property that demagnetizing fields decrease as the

recording density becomes high, and thus can maintain

a more stable recording state against thermal
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a nore stable recording state agai nst thermal
fluctuation. A magnetic di sk apparatus adopting the
per pendi cul ar magnetic recordi ng system conprises a
per pendi cul ar magnetic recording nmedium and a 5
magnetic head including a wite head and a

magnet oresi stive read .head. The wite head includes a
mai n pole, an exciting coil;- ald a return yoke. The

per pendi cul ar magnetic- recordi ng nmedi um has a
structure that a soft underlayer, a nonmagnetic 10

I nt élnedtivaite. drayer, and a perpendi cul ar recordi ng

| ayer fornmed of magnetic material having perpendicul ar
ani sot r oy revgnedtiar kdbick b repparatneg riddrt ubsthrate. In

t he perpendi cul ar magnetic recording medium a read
out PRTPREFItigye ade e GF FEaErtHinel | Sars U Gt it § orf
of the perpendi cul ar recordi ng | ayer. o0r

per REFRSONIGUIGY SRIMSGF Jre RIS P&t € a7 2
recordi ng .l ayer extends,.an initL%i l.a ey (%iregion
whefB HSFA N3 & Ko Pethéhdi dthahSF ritshted) , and
hi nders. r. | j ' i's Si ne ;

per gngaﬁg}eé: u q;ér%tlrsg{:lcyregirrr%q# g{yg eaﬁbo'i sej;fhoer nvir:}%' etoea h}%agzoosjtna%]kudes @

of the Nyymgnel] G.qubstiAt& 1t hameld under] ayste. anthe

t he nonmagnetic 1 nternediate |[ayer, inprovenent in

Sur faGe HIIRNAS aifnaich dedrdirsy mefuiunethd® a
enhance the perpendicul ar orientation of the 25

per padictdray ttecoradisufd ayeter layqyr,i of regrimadresriec has
been proposed a :
intermediate layer, and a perpendicular recording
layer formed of magnetic material having perpendicular
anisotropy are stacked on a nonmagnetic substrate.

In the perpendicular magnetic recording medium, a
read output voltage depends on perpendicular
orientation of the perpendicular recording layer.

Poor perpendicular orientation of the perpendicular
recording layer extends an initial layer (a region
where crystals are not perpendicularly oriented), and
hinders reduction in medium noise. Since the
perpendicular recording layer is formed on the stack
of the nonmagnetic substrate, the soft underlayer, and
the nonmagnetic intermediate layer, improvement in
surface smoothness of each layer is required to
enhance the perpendicular orientation of the
perpendicular recording layer.

In prior art, there has been proposed a

perpendicular magnetic recording medium wherein a
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per pendi cul ar magneti c recordi ng nedi um wherein a
snoot hness control filmis provided between the
substrate and the soft underlayer to inprove surface
snoot hness of the soft underlayer, the nonmagnetic
internedi ate | ayer, and the perpendicul ar recording 5
| ayer which are stacked thereon. Thereby, nedi um

noi se is reduced, and signat-t8-noise ratio (SNR) is

i mproved (see Jpn. Pat. Appln. KOKAI Pub. No.
11-203653). Further, there has been proposed a
magsebiot hdiesls  cbh tapgartdtlos ishipstovigieal rmtwegen the
inproving flying performnce of the head and SNR by
usi sgbstaiadle asngbdheatse frawings rd afer dce ImRIgiffessface
0.3 nmor less (see Jpn Pat. Appln. KOKAI Pub. No.,
2005199696855 AdwdIEr SOte YnderdyY qIny dhtomonmaanetic

f d t hat ot h f  t

Plgﬁﬁgﬁ&.r%ad&ra%ﬁa : '”gwﬂialmur a"te At s gserding
i u e

a %r%%l ?écr% ntthj%fk r%a Lérr?eogjto tqwe%ér%vdl Bﬂcr%an er

redyesd 1%5%%%?%edTh%dawé¥ A1t JLOVENRS  r O8RS MMNR) is

consi der the robl'em of stlcklng of the nmediumto

the i Qs e d %%cect’artr epyIes. WoKdheiup adding a
snootﬁﬁg control filmas in Jpn. Pat. Appln. KOKAI

PubnoNo.1 1120383353 i ncreases manufacturing steps and

cost. BRI EF SUMVARY OF THE | NVENTI ON 25 According to

one enbodiumitiegf HHereprieserieen nvissossy] 4 hesgnetsic disk

provi ded a magnetic di sk apparat us
apparatus which is aimed at improving flying
performance of the head and SNR by using a disk
substrate having a surface roughness of 0.3 nm or less
(see Jpn. Pat. Appln. KOKAI Pub. No. 2004-280961).

However, the present inventors have found that
smoothing the surface of the perpendicular magnetic
recording medium improves flying stability of the
medium, but also intensifies a problem of sticking of
the head to the medium under reduced pressures.

The prior art, however, does not consider the
problem of sticking of the medium to the disk under
reduced pressures. Further, adding a smoothness
control film as in Jpn. Pat. Appln. KOKAI Pub.

No. 11-203653 increases manufacturing steps and cost.
BRIEF SUMMARY OF THE INVENTION
According to one embodiment of the present

invention, there is provided a magnetic disk apparatus

comprising: a perpendicular magnetic recording medium
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conprising: a perpendi cul ar magnetic recordi ng nedi um

i ncl udi ng a nonnagneti c substrate having a surface
roughness (Ra) of 0.35 nmor |ess, a soft underlayer,

a nonmagnetic intermedi ate | ayer having a

per pendi cul ar orientation (A O 50) of 40 or |less, and

5 a perpendicular recording | ayer nade of a magnetic

mat eri al havi ng perpendi cul ar 4ni sotropy; and a

magnetic head including a wite head and a

magnet oresi stive read head, the wite head having a

mai ingdheing eenwnmagoles icastbst rete hiavg ngoid surface
wherein a flying height (f) of the magnetic head and

an &eaghgessuriRace ofolgRRedd ERaYests it e Soditpemdiediiiaarer,
magneti c recordi ng nmedi um satisfy the fall ow ng

rel & NERERIOPSLLcsIpterresiaty RYer 5ayings Rl EF
DESCRI PTI ON OF THE SEVERAL VI OF TH W NG. A
gen®CEPERAHTILEE Qe SFAE 1ioRpl ez @) thE 4 varifodEss. and

e el NN ] AR 851 e

awi ngs. rawi ngs and

ass%gL:t%quild %}%‘t&'ﬁ? ?p%’l%ﬁ%rcﬁ d%rl%gj ded stocfrichﬂr%J;tStét'rﬁfe & 20

enbo nents O_ !nv | ONn an_ not to
SCORG gRfetliRe HelVeNhAMdifldGa hirdit e rGhensdld G

cross-sectional view of a perpendicul ar magnetic disk

appaaginet caeedsdiiRg treaan heti)odinenir iafe eadresenty a

invention; 25 FIG 2 is a graph illustrating

rel ataionghile, l@etrseern rs wedder,ataads anf aces irdughesisl ,Ra

andwherein a flying height (f) of the magnetic head and
an average surface roughness (Ra) of the perpendicular
magnetic recording medium satisfy the following
relationship:

£ > 0.61Ra%? - 3.7Ra + 5.9.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

A general architecture that implements the
various feature of the invention will now be described
with reference to the drawings. The drawings and the
associated descriptions are provided to illustrate
embodiments of the invention and not to limit the
scope of the invention.

FIG. 1 is a schematic cross-sectional view of a
perpendicular magnetic disk apparatus according to an
embodiment of the present invention;

FIG. 2 is a graph illustrating relationship

between substrate surface roughness Ra and

perpendicular orientation A 8gg of a nonmagnetic
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per pendi cul ar orientation A 0O 50 of a nonmagnetic
internmedi ate layer; FIG 3 is a graph illustrating
rel ati onship between attained |inear recording
density (kBPI) and A 0 50 of the nonmagnetic
internediate layer; 5 FIG 4 is a graph illustrating
relationship between the substrate surface roughness
Ra, touchdown pressure and-takeoff pressure; and FI G
5is agraph illustrating relationship between the
substrate surface roughness Ra and flying 10 height
of dnheadediatteadliyenrgs the takeoff property of 0.6
at nospheric pressure that is a guarantee of operatjon

for the rMHghet3 dodislorapiariaivs troEng ED DESCRIFER ON
OF THE | NVENTI ON Var.i ous enbodi nents accordin to t he
i nv&stveen B ihainesk @@t BEF WD A0 t I)

f th .
1 890 & Gs5 2F riiSE e T T SR e S phRYRE s
.1 acco_rdl to an enborda{ llol_]{stt eftlg{gesre&atlonshlp
i nventi on. he nagneﬁi HFék apparatu rises

20 i ¢
hea%%rtggéﬁqc&lea &%Jﬁyw&lﬁj}%@swe ﬂc?:.llchdown

e perpen |c ar_ recording medi um 2 of

ha%e 3l UG & Rttt & RyyTRanetdy substrate 21, a
soft underl ayer 22, a nonmagnetic internedi ate |ayer

23, and iﬂm.ermeirgiigtiﬁdpw ecom ek ik BY@T r e trBstesiofp a
25 magnetic material having perpendi cul ar ani sotropy
ar e besweeas fihee |l suisttacked dur fidies myuwgimdsoma hend flying
bOtgﬁgEght of a head that achieves the takeoff property of
0.6 atmospheric pressure that is a guarantee of
operation for the magnetic disk apparatus.
DETAILED DESCRIPTION OF THE INVENTION

Various embodiments according to the invention
will be described hereinafter with reference to the
accompanying drawings.

FIG. 1 illustrates a structure of a magnetic disk
apparatus 1 according to an embodiment of the present
invention. The magnetic disk apparatus 1 comprises a
perpendicular recording medium 2 and a magnetic head
3. The perpendicular recording medium 2 of FIG. 1 has
a structure that a nonmagnetic substrate 21, a soft
underlayer 22, a nonmagnetic intermediate layer 23,
and a perpendicular recording layer 24 made of a
magnetic material having perpendicular anisotropy are

successively stacked in this order from the bottom.

The magnetic head 3 has a write head 4 and a
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The magnetic head 3 has a wite head 4 and a

magnet oresi stive read head 5. The wite head 4
includes a nain pole 41, an exciting coil 42, and a
return yoke 43. The magnetoresistive read head 5

i ncludes a magnetoresistive film51 and shields 52 and
5 53 sandw ching the magnetoresistive film51. As the
nonmagneti c substrate 21, usedéis—-an S

single-crystal substrate, a glass substrate, or an A
substrate appropriate polished by any nethod. The
nonmagnettios esulsstivat ee2d ha@sida Ssur fldee woidghiessd (Ra)
10 of 0.35 nmor less. As the soft underlayer 22, a
sof ingagaesi @ madnepcdle Kdvi @ I§iXgH tiidghetdid 42, and a
perneability is used. Exanples of the soft nmgnetic

mat EELArNa Y@ k€o 2N, Thee TRENeteLeN 1 stdgie 95y headn S

all gy, -FeNi alloy such 15 as Permally, FeCo-hased

| el PoREta et L Rl S G, faeids 52 and
Per gisnvar, . Ni al .oy, FeAl Si__ al.lqQy. such .as Sendust,
e Sangpented R pEieRor A MR B8 S e

ferrite, peAl @, 1B s reSine FAS Gsd®@4 B.an si
Fezr BCu, ~CoFeSi él Coti .- and 0 CoZr'I?a. The 1 clfc{neas% *

of %Hﬂgi%tbr danl ay®st2ddes al%ﬂ@@éﬂédﬁﬁﬁ%ate, or an Al
preferably 20 nmto 200 nm The soft underl ayer 22

may shiée ratet appirdpe ieftd pRl1UdHR@ by any method. The
magneti cal | y-coupl ed two or nore soft magnetic |ayers,
whi cbnasgnettack stibsitida te Rdnmegnet isud ey sucihress RU(Ra)
25 interposed therebetween. As the perpendicul ar
recofdiongsl ayerr24esgsed i s:

As the soft underlayer 22, a soft magnetic
material having high magnetic permeability is used.
Examples of the soft magnetic material are CoZrNb,
FeTaC, FeZrN, FeSi alloy, FeAl alloy, FeNi alloy such
as Permally, FeCo-based alloy such as Permendur,
FeCoNi alloy such as Perminvar, NiCo alloy, FeAlSi
alloy such as Sendust, MnZr-based ferrite, MgMn-based
ferrite, Man—based ferrite, FeAlGa, FeCuNbSiB,
FeGeSi, FeSiC, FeZrB, FeZrBCu, CoFeSiB, CoTi, and
CoZrTa. The thickness of the soft underlayer 22 is
10 nm or more, preferably 20 nm to 200 nm. The soft
underlayer 22 may have a structure of including
magnetically-coupled two or more soft magnetic layers,
which are stacked with a nonmagnetic layer such as Ru
interposed therebetween.

As the perpendicular recording layer 24, used is:

CoCrPt alloy, CoCr alloy, CoPt alloy, CoPtB, or
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CoCrpPt alloy, CoCr alloy, CoPt alloy, CoPtB, or
CoPtCrB; a nultilayer filmobtained by alternately
stacking Co |ayers and |ayers of at |east one sel ected
fromthe group consisting of Pt, Pd, Rh and Ru; or a

mul tilayer filmsuch as CoCr/PtCr, CoB/PdB, and 5

CoQ' RhO, obtained by adding C, B or 0 to each | ayer

of the above multilayer film [n the magnetic di sk
apparatus according to the enbodi nent of the present

i nvention, the surface roughness (Ra) of the

per GertiCnH ;ara magrietliay are durlai rgp tEQ mestliym &2 taath d thesl y
flying height (f) of the magnetic head 3 satisfy the

f ol Isbiakg neelGat ilavsip ard LayegiReE 213 IFRs t+ | selected
Next, explained is the reason for specifying the

sur flEFeE rARy Y RO SHAh HndjnetBd Ribstihibuppr a

recaRtg DRfert oG dh i it Give CHUBOAITH ar
i entatj f .th i ' di I
o B 2 S QIR A H RIS LS 1y
Thergf Qre, Ry vdeetnﬁflrgﬂé%rt trﬁlg(p per pendi cul ar
gnetic

orientation of the non internediate |ayer,

the perpendioid afaHd €t adi 90 Hpatd@i PR OV o the

recording layer was checked. A'soft underlayer,” a
nonrggRtiinern il red giredenterinwiit idbn Pedtee nsli ol e

recordi ng | ayer were deposited by 25 sputtering on
eaclrocafghrEymgiRe )i o 5 st et rgse il ol sar enaglidfisr erdcording
surface roughness (Ra), and thereby nedia
medium 2 and the flying height (f) of the magnetic
head 3 satisfy the following relationship:;
f > 0.61Ra2 - 3.7Ra + 5.9.
Next, explained is the.reason for specifying the
surface roughness Ra of the nonmagnetic substrate 21.
The perpendicular orientation of the
perpendicular recording layer greatly depends on the
perpendicular orientation of the nonmagnetic
intermediate layer directly under the perpendicular
recording layer. Therefore, by determining the
perpendicular orientation of the nonmagnetic
intermediate layer, the perpendicular orientation of
the perpendicular recording layer was checked. A soft
underlayer, a nonmagnetic intermediate layer, and a
perpendicular recording layer were deposited by
sputtering on each of nonmagnetic substrates which are

different in surface roughness (Ra), and thereby media

were prepared. These media were subjected to X-ray
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were prepared. These nedia were subjected to X-ray dif
fraction to determine A 0,50 that is a full width at

hal f maxi nrum of a rocking curve of an hcp (0002) peak

FIG 2 illustrates relationship between Ra of the
nonmagneti ¢ substrate and A 050 of the nonmagnetic 5
internmedi ate | ayer. By reducing the surface roughness

Ra of the nonmagnetic substrat@& from0.9 nmto 0. 21

nm the full width. at half maximum A 0 50 of a

rocki ng curve of the hcp (0002) peak was reduced from

5. 3 ddedrees itom 2.6 dbagrredsie ahd ¢ hetlpet pesdacfiiht @fdth at
orientation thereof was inproved. Further, the nedia

wer dadbjrectiovint @fiva trockidg reewmyexferdmemss, (0002) peak.
Measurenent of the nmedia was perfornmed with a head
havifi§ -a %ﬁdﬂé{ﬁtcra\mst galaddiensiii PYMAgn die dodthe

0.2 ktm nmagneti c read track of

0. f%ﬂam%é&%%%@qﬁi ]955@0%{5 61(’66n P‘H’F‘J%ﬁg

qual ' t' £ C{ eaq S' nal Werre%ucfelvnaglan oﬁd ﬂf{ %E{:?%hness

err ‘ex rac

10- 4( o z?'hon%actﬁlr ttﬁhcn é‘{? A QG NG 4GNS LY nrd tta\’as

regarde as achi evi cording density. FIG

1 gstnatgs r&{@tfmsmlmub%tmmﬁ%ﬁﬁura hMé of a

nonmegneti ¢ internedi ate | ayer. and an attai ne

r ecimGfenshie di RPIhdKi {ondi)t paek wdeheduced from
obt ai ned from nmeasurenent results of the read

pr opgarl eghhee atdained deepal NGardensid ypésp&bdicular

i nproved, as the value of A050 of the nonmagnetic

i Nt ermieditattel draytere e ff edhr eldn@mveédhe per pendi cul ar

Further, the media were subjected to write and

read experiments. Measurement of the media was
performed with a head having a magnetic write track
width (MWW) of about 0.2 im, a magnetic read track
width (MRW) of about 0.1 um, and read gap length of
about 0.06 um. The qualities of read signals were
evaluated with bit error rate (BER). For example, if
an on-track BER was 1074 or less at a certain
recording density, it was regarded as achieving the
recording density. FIG. 3 illustrates relationship
between A 0gg of the nonmagnetic intermediate layer.
and an attained recording density in kBPI (kilo bit
per inch) obtained from measurement results of the
read property. The attained recording density is
improved, as the value of A 659 of the nonmagnetic

intermediate layer is reduced and the perpendicular

orientation is improved. Specifically, the SNR is
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orientation is inproved. Specifically, the SNRis

i nproved as the perpendicular orientation of the

per pendi cul ar recording filmis inproved. In order to
enhance the areal recording density, there are two
approaches to enhance the track per inch (TPlI) and the
5 bit per inch (BPl). A narrow recording track wi dth
weakens the magnetic field Fnté@nsirty generated from
the tip end of the head, and makes it difficult to

i mprove the SNR Therefore, to enhance the area

r ecangimyeders thhe ide riperahiefudraab o iten terthianc eo f Hehel 0
i near recording density by inproving the nedium To
achipeyeendisudar rreseornding dadst tis MmpByeshi t Jperorder to
square inch, supposing that it is required to design

t he SIS ddS R rRFI0 JaSIOIT R B FRPTY A TPRF G GFre two

achi evin 000 kBPI is 40 or less, and the su e 15
ot ket S g e (b et THEE° d the
is 0..35 nmar_les xt,. explained is the reason fo
Spe%llf ipr?d: JTnéclhat ﬁ'ssopnfgﬁi p pbent ween' tﬁ]eecosruér]fna% et I?aocafg h‘“ﬁleéstsh

speci™ onisti p- bet e Sur !
N R e A e W
at MSRNQLIIE dHLIHUNG Al Chddigidiead s o setsuideo

mediumis called touchdown pressure (TD), and an

at MIsPIRIUeC tHELSNR .6 athepi fdrd hecdeathdridesthoffreal
again after maki ng a touchdown once is called 25

t ak eefdo yqatiess Wen (ifQ),. i Gs Hprdfarstlylad o teasiance the

results under reduced pressures in the case where the
linear recording density by improving the medium. To
achieve an areal recording density of 150 Gbit per
square inch, supposing that it is required to design
the densities of 1000 kBPI X 150 kTPI, A6 5qg for
achieving 1000 kBPI is 4° or less, and the surface
roughness Ra of the nonmagnetic substrate in this case
is 0.35 nm 5r less.

Next, explained is the reason for specifying
relationship between the surface roughness Ra of the
perpendicular magnetic recording médium 2 and the
flying height of the magnetic head 3.

An atmospheric pressure at which the head
contacts the medium is called touchdown pressure (TD),
and an atmospheric pressure at which the head takes
off again after making a touchdown once 1is called
takeoff pressure (TO). FIG. 4 illustrates test

results under reduced pressures in the case where the

flying height of the perpendicular magnetic head is
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flying height of the perpendicul ar magnetic head is -
10 3.3 nm Supposing that the flying height is 3.3 nm
and the atnospheric pressure which satisfies the TO
property is 0.6 atnospheric pressure that is an
operation guarantee value of the magnetic disk 5
apparatus, a required surface roughness Ra of the
nonmagneti c substrate 21 is- 0.1 nm Suppose that the
surface roughness Ra of the nonmagnetic substrate is
equal to the surface roughness Ra of the nedium FIG

5 i I3.Bsthimat esupesiditrey afhed raHearf tyeisies henidgrt il0 3.3 nm
reduced pressures using heads of various flying

hei gimds .t hic edmtisph el Flp@esBure gdodTE arigdfarasy tihe TO
obtai ned at 0.6 atnospheric pressure if the flying

hei GFORER)t YOS He heddoaRhaHE AREHYE S dadcets an
|5 PSR ranhes PHIP G T AT SR

according.,to the present, invention, the surface

r oUGHIEES T8 0 SIS SR 2SS A9UEERPS £, %5 s

or | it [ ' 0

per ﬁg’ﬁlﬁa@@}%g%légﬁugﬁ ta <-’}toénszo]’f etoizd 'gioe%%r pemﬁé:u arthat the

r ec%rugj:fé%el azyéﬁfl?rﬁfeééﬁ%ao%ﬂoe&{@ W MagrhBInetdbstrate is

recordi ng nedium (0 050 of the nonnagnhetic

i nt iedi ate dray eurtfrd udisss ad dheadiebymedinlm eve
a magnetic di sk apparatus having a perpendicul ar

Magrrtd.c 3 aedand thea theedi s Wil ttdh fh saimeiall a 2 5 e sstco ndiaegyr

density of 150 Gbit per square inch.
reduced pressures using heads of various flying
heights. According to FIG. 5, a good TO property is
obtained at 0.6 atmospheric pressure if the flying
height (f) of the head and the average surface
roughness (Ra) of the medium satisfy the relationship:
f > 0.61Ra2 - 3.7Ra + 5.9.

As described above, according to the present
invention, the surface roughness Ra of the substrate
is limited to 0.35 nm or less, and thereby if is
possible to set the perpendicular orientation of the
perpendicular recording layer of the perpendicular
magnetic recording medium (A 8 g of the nonmagnetic
intermediate layer) to 4° or less, and thereby
achieve a magnetic disk apparatus having a
perpendicular magnetic recording medium with an areal
recording density of 150 Gbit per square inch.

Further, the flying height f of the head and the

average surface roughness Ra of the medium are set to
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15

Further, the flying height f of the head and the
aver age surface roughness Ra of the nediumare set to
- 11 have the relationship "f > 0.6l Ra2 - 3.7Ra +
5.9", and thereby it is possible to obtain a
sufficient TO property under reduced pressures. Wile
certain enbodi nents of the inventions have 5 been
descri bed, these enbodi ments have been presented by
way of exanple only, and are not intended to limt
the scope of the inventions. |ndeed, the novel nethods
andheyst ¢ine dedartiised hHer difn iy lRaénbod €kRa i & 97, and
variety of other forms; furthernore, various 10
oni $8EFRYY dlbstS PRSSed eart® hdides a rPulfel i of0
the net hods and systens descri bed herein may be nade
mﬁtﬁ&&Peégﬁéﬁ¥¥ﬁﬁyFﬁﬂH99ﬂaRﬁﬁﬁ%%r%ﬁ'the i nventi ons.
The acco arlyi ng, | ai s g}nd t heitr e it—Y}?l ents are - 1 .ve
i nt ended "t "Covar Eidh FOrE S Hodi’s i AT i Dhec As Wl Y
15 L Wi t.hi it f ' j
- PR e AR e e e
di sk 2RRRT RIS xR IcHING: APHREMEC Ul e lBRANL Climit
recordi ng medium5 including a nonmagneti c substrate
havithe &coipel @t tHeoughiness dfa) afndbeib, MAOMIwss, a
soft underlayer, a nonmagnetic internediate |ayer
Pavmghagsperrmersdjsmdnaf dusaithaid dre (i DYy de dhntmsdied
ess, an

in a variety of other forms; furthermore, wvarious

omissions, substitutions and changes in the form of
the methods and systems described herein may be made
without departing from the spirit of the inventions.
The accompanying claims and their equivalents are
intended to cover such forms or modifications as would

fall within the scope and spirit of the inventions.
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a perpendi cul ar recording |ayer made of a magnetic 10
mat eri al havi ng perpendi cul ar ani sotropy; and a
magneti ¢ head including a wite head and a

magnet oresi stive read head, the wite head having a
main pole, a return yoke, and an exciting coil
wherein a flying height (f) of the magnetic head 15
and an average surface roughnesd (Ra) of the

per pendi cul ar magnetic recordi ng medi um satisfy the
following relationship: f > 0.61Ra2 - 3.7Ra + 5.9. 2.
The perpendi cul ar nagW8BLcI8i SkAIYpar afus 20
according to claim1, wherein the nonmagnetic

subst r at gl i s ARV IFHIA L HE G Btk SARRRFDFUEN
Si single-crystal substrate, a glass substrate, and an
Al H9:3. The perpendi cul ar magnetic di sk

apparatus. 25 accor di]:r;ag%t o cl i.rré 1 eé/\éhe#lei n teh isncl)ft
under | ayét PETRE e 55 A1 9 My th ¥ Hat 69 di€EefRct ed

fromt X QEEI ' @ Ngi T
Fesﬁncgzlﬂl?{g?%o.n%e | ,gﬁ’f—ée%g:, O%Eelcﬁ . ih%lq}%egg%{%ace
thrr_'otﬂféftﬁfiagsezgié)e'of oMy based fierdd t & MEn-hagehayer,
ferrite, FeAl G, FeCuNbSI B, FeGeSi, FeSiC, FeZrB,
FeZeB@bonnafre¥ iR i fehime BNt Lo4vEr: Havinglhe
per pendi cul ar magneti c di sk apparatus according to
cl aiparhenthiendiar thei aofdtiorderAdyes) has 4a tdt ckeess and
of 10 nm or nore.

a perpendicular recording layer made of a magnetic

material having perpendicular anisotropy; and

a magnetic head including a write head and a
magnetoresistive read head, the write head having a
main pole, a return yoke, and an exciting coil,

wherein a flying height (f) of the magnetic head
and an average surface roughness (Ra) of the
perpendicular magnetic recording medium satisfy the
following relationship:

f > 0.61Ra%? - 3.7Ra + 5.9.

2. The perpendicular magnetic disk apparatus
according to claim 1, wherein the nonmagnetic
substrate is selected from the group consisting of an
Si single-crystal substrate, a glass substrate, and an
Al substrate.

3. The perpendicular magnetic disk apparatus
according to claim 1, wherein the soft underlayer
includes a soft magnetic material selected from the

group consisting of CoZrNb, FeTaC, FeZrN, FeSi, FeAl,



10

15

20

25

5. The perpendi cul ar magneti c di sk apparat us
according to claim4, wherein the soft underl ayer has
10 a thickness of 20 nmto 100 nm 6. The

per pendi cul ar magneti c di sk apparatus according to
claim 3, wherein the soft underlayer includes at

| east two soft nmgnetic |ayers stacked with a
nonmagneti c | ayer interposed tlhtrebetween. 15 7. The
per pendi cul ar magneti c di sk apparatus according to
claim6, wherein the nonmagnetic |layer included in

t he Fedfit, Meder,| ZpSoNis A CRy IFpdrSi,8 Mriflre-based ferrite,
per pendi cul ar magneti c di sk apparatus according to
cl aMaMn-baseceifis nriid epe Medmdicasiest £2F tidgnetiap 1Ga,
recording layer is selected fromthe grou consi stin

of ESEVNPSiBacFeCesdr, Fesnlh, Fedtar ge u,, COFeSiE,

mul ti | ayer obtai ned by alterhately stacki ng Co and
oneCGFlPtFnﬁdpoﬁﬁ%fnd Ru. 9. The perpendicul ar

TROnel &) SRRy 28 FESRLAO LIl Riracas
”“'%Ud@%ﬂid&'ﬂa claim 1, wherein the soft underlayer has
a thickness of 10 nm or more.

5. The perpendicular magnetic disk apparatus
according to claim 4, wherein the soft underlayer has
a thickness of 20 nm to 100 nm.

6. The perpendicular magnetic disk apparatus
according to claim 3, wherein the soft underlayer
includes at least two soft magnetic layers stacked
with a nonmagnetic layer interposed therebetween.

7. The perpendicular magnetic disk apparatus
according to claim 6, wherein the nonmagnetic layer
included in the soft underlayer is an Ru layer.

8. The perpendicular magnetic disk apparatus
according to claim 1, wherein the perpendicular
magnetic recording layer is selected from the group
consisting of CoCrPt, CoCr, CoPt, CoPtB, CoPtCrB, and
a multilayer obtained by alternately stacking Co and
one of Pt, Pd, Rh and Ru.

9. The perpendicular magnetic disk apparatus
according to claim 8, wherein Cr, B or O is added to

each layer of the multilayer film.



