PERPENDICULAR MAGNETIC RECORDING MEDIUM BACKGROUND

OF THE INVENTION 1. Field of the Invention The present invention

relates to a perpendicular magnetic recording medium to be installed in

any of various magnetic recording apparatuses. 2. Description of the

Related Arp Sineentdy thexregqesing density ok batedigk drives (HDDs)

has increased rapidly at a rate of 60 to 100% per year. As a result of this

remarkable growth, a limit is being approached for increasing the

recording density with a hitherto used longitudinal recording. Due to this

state of affairs, in regeRcCrearspa perEliquasiecoaling method for

which the recording density can be increased has come to receive

attention, and research and development have been carried out with

vigor. In 2005, commercialization of HDDs using the perpendicular
1. recbidihg meathoddinaly startecfor some models. A perpendicular

magnetic recording medium comprises a magnetic recording layer made

of atharg meagmetic imateriali andrae Lindedayer madefenstft mbegnetiegnetic

material that fulfils a role of concentrating magnetic flux produced by a
recomagnetic head usedt when récortimylento the recgrding layeriOfithesegnetic

layers, the 1 soft underlayer is sometimes regarded as part of the head,
recoand isy aamssential component for maintaining good writeability for the

2. Description of the Related Art

Since 1997, the recording density of hard disk drives (HDDs)
has increased rapidly at a rate of 60 to 100% per year. As a result
of this remarkable growth, a limit is being approached for
increasing the recording density with a hitherto wused
longitudinal recording. Due to this state of affairs, in recent
years, a perpendicular recording method for which the recording
density can be increased has come to receive attention, and
research and development have been carried out with vigor. In
2005, commercialization of HDDs using the perpendicular

recording method finally started for some models.

A perpendicular magnetic recording medium comprises a
magnetic recording layer made of a hard magnetic material, and a
underlayer made of a soft magnetic material that fulfils a role
of concentrating magnetic flux produced by a magnetic head used

when recording onto the recording layer. Of these layers, the
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perpendicular magnetic recording medium. However, the following
problems (1) to (3) for the soft underlayer have been identified. (1) Noise
known as spike noise caused by magnetic domain walls formed in the
soft underlayer arises. (2) Noise arises due to the mirror-image of the

sortMAgRENE Jecording ayer heing tansicrredito he, soft wderayer(3hA o ng 15

stray magnetic field in the HDD or a'magnetic field produced by

an e Daghetization written ante the magnetic reqarding layer forms, a1 MAGnelic +he

circuit with the soft underlayer via the head, whereby the recorded

perp@iagnetizations lostc e SHQB%&;’H‘E@'&@H@MWWGWO th_ere_ ha_ve been
proposed, for example, a method in which a hard magnetic pinning layer

is provided between the soft underlayer and the substrate, so as to orient
the magnetization of the soft underlayer in one direction (see Japanese

Patent Applicationdaid-open Vg 7pi299ib)2 Methed inwhichdhe the soft

magnetization is pinned by utilizing exchange coupling between the soft

undedgriayes and @ antifegramagnetie . layer (see JaparasePaientspike noise
Application Laid-open No. 6-103553), and a method in which there are

causadeptp bedwa softaingerayerswand theserareantiferramagpeticallyderlayer
coupled together (see Japanese Patent Application Laid-open No.

aris2001-1658209.i2 Haoywever swithpinpinghusingarbardimagaet€ pilringagnet ic
layer, it is very difficult to orient the magnetization of the soft underlayer
recondispedifige dinection (€.gaan Heitward tadialhe soft underlayer. (3) A
stray magnetic field in the HDD or a magnetic field produced by
magnetization written onto the magnetic recording layer forms a

magnetic circuit with the soft underlayer via the head, whereby

the recorded magnetization is lost.

To suppress problem (1), hitherto there have been proposed,
for example, a method in which a hard magnetic pinning layer is
provided between the soft underlayer and the substrate, so as to
orient the magnetization of the soft underlayer in one direction
(see Japanese Patent Application Laid-open No. 7-129946), a
method in which the magnetization is pinned by utilizing exchange
coupling between the soft underlayer and an antiferromagnetic
layer (see Japanese Patent Application Laid-open No. 6-103553),
and a method in which there are made to be two soft underlayers
and  these are antiferromagnetically coupled together (see

Japanese Patent Application Laid-open No. 2001-155321).



direction) over the whole disk, and it is known that in actual practice spike
noise caused by magnetic domain walls arises at inside and outside
diameters. Moreover, to obtain a sufficient exchange coupling field with
the method using an antiferromagnetic layer, a complicated and costly

meghohas hag s tobe used forexample heat treatment taking K8Mhg 1ayer,

several minutes to several hours must be carried out after film formation,

it 9a mwitiayer laminatien 1%Sgﬁf@gﬁ%iﬁéa%%é‘@gi%%@@ﬁ"@gn%tﬂfe soft
layers must be formed (see K. IN. Wierman, et al. , IEEE Trans. Magn. ,

unde¥ol 2361046, PR. 390639522001} Withdhe paethod ivwhich therg areadial

made to be two soft magnetic layers and these are antiferromagnetically

direeaupied tagether, enauliidlomain igiructuieds fermed imprastied,andin actual
hence it has been found that spike noise arises, albeit only a little.

pradvereoverpfor sreblems (23 asdd3h thesyrent statpeh affaifs is thatrises at
these are regarded as problems, but thorough countermeasures have not

ins ikRemnieanguli s as abjectof Hiespresent dvieptipnte realizeian a sufficient
improvement in medium performance by simultaneously resolving the

excHallewing three prablerps for tiie soft undertayer: ¢hthe peatiem ofmeisey  an
known as spike noise caused by magnetic domain walls 3 arising, (2) the

ant ifffeblesmatineise arising=dye dodheywiitrostreagea nef thesnagnetic hod has had
recording layer being transferred, and (3) the problem of a stray magnetic

to beldsimdhefldb 2 paapiaghetit fietcbkatment taking from several minutes

to several hours must be carried out after film formation, or a

multilayer lamination of soft magnetic layers and

antiferromagnetic layers must be formed (see K. W. Wierman, et al.,

IEEE Trans. Magn., vol. 37, no. 6, pp. 3956-3959, 2001). With the

method in which there are made to be two soft magnetic layers and

these are antiferromagnetically coupled together, a multidomain

structure is formed in practice, and hence it has been found that

spike noise arises, albeit only a little.

Moreover, for problems (2) and (3), the current state of
affairs is that these are regarded as problems, but thorough

countermeasures have not been found.

It is an object of the present invention to realize an
improvement in medium performance by simultaneously resolving the
following three problems for the soft underlayer: (1) the problem

of noise known as spike noise caused by magnetic domain walls
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produced by magnetization written onto the magnetic recording layer
forming a magnetic circuit with the soft underlayer via the head, whereby
the recorded magnetization is lost. To resolve these problems caused by
the soft underlayer, the mechanisms thereof must be considered. For

arisAreBlemA{L) it Bashaendinawn diom long age ﬂ'??ahtxﬁ‘és d8 cavseditor-image

magnetic domain walls formed in the soft underlayer, and various counter

of tHeaguigshave heendevised as descihedapaves Preklems@) wihbe (3) the

explained using a diagram. FIG. 1 consists of schematic views of the

proplagnstizatian (shpwik By atrowsr irthe diagram) 9bs magpetic seerdindric 14
layer 106 and a soft underlayer 102 (only an upper portion thereof) of a

p rodeRiv@ntiopah perendicilaronagnhetic- kaecording Mmesiumakita thA ShQWiIBgd i ng
the case of low-density recording, and FIG. 1B showing the case of

1aydtighcdensity reepsding - Nete thatdersimpligityhenlydthe magheti§yer via the
recording layer and the soft underlayer are shown in FIG. 1, a

head)onmagrelic intermesiaie daye mangnsa or heingromiitetdo As . shown in
FIGS. |A and 1B, the magnetization of the magnetic recording layer 106 is
transferred to the soft underlayer 102. As shown for the case of low
recording density in FIG. 1A, noise is 4 caused merely through the
magaoetizatiar of the seftounderkayer chdz baing/orieated fr aunderlayer, the
perpendicular direction. In addition, the recording resolution for the soft

me chundiestayet 82 éldwnant Henceofor high=deénsity recording as shown in
FIG. 1B, the direction of

For problem (1), it has been known from long ago that this

1s caused by magnetic domain walls formed in the soft underlaver,

and various counter measures have been devised as described above.

Problem (2) will be explained using a diagram. FIG. 1
consists of schematic views of the magnetization (shown by arrows
in the diagram) of a magnetic recording layer 106 and a soft
underlayer 102 (only an upper portion thereof) of a conventional
perpendicular magnetic recording medium, FIG. 1A showing the case
of low-density recording, and FIG. 1B showing the case of
high-density recording. Note that for simplicity, only the
magnetic recording layer and the soft underlayer are shown in FIG.
1, a nonmagnetic intermediate layer and so on being omitted. As
shown in FIGS. 1A and 1B, the magnetization of the magnetic
recording layer 106 is transferred to the soft underlayer 102. As

shown for the case of low recording density in FIG. 1A, noise is
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the magnetization of the magnetic recording layer 106 and the direction of
the magnetization of the soft underlayer 102 do not necessarily coincide,
and hence noise is further increased. This is the mechanism by which
noise arises for problem (2). For problem (3) , the problem that a stray

causBagRetcislddn e HPPHE caneenirated n e head jRknawpas Aie riayer

antenna effect. Moreover, a phenomenon in which magnetic flux

102 Broduced-by the dnagneticresarding laver ig coneentrated ina Lefyin YOKE the
(or a trailing shield) of the head and this returns and erases the recorded

recdlaia ol thesmedium enethe whte pote sideiis knownto be 98e1cause g hence
pole erasure (PE) (see A. Chekanov, E. N. Abarra, and G. Choe, Digests

for ofigRINIERMAG2Q05: EBLL.4p 22R(4008) )rTfr the, anteanaiefiest ion or

and PE, improvements have been attempted predominantly on the head

the Siderut the cupant stateof affalignisthat methodsfagimproyementoAnd the
the recording medium side have hardly been proposed. All of these

dirgeblems eceHeduada die magnetizationrof arb £ipper Pertionefitheosoft 4o not
underlayer (the portion near the magnetic recording layer) being oriented

ne cdB saperpendicitari disectioni raletive thdhe surtagmetthemammpagaeticl. This

substrate. 5 It is thought that this phenomenon can be resolved by
is tSironghciodiehtng the magoetizationeofdhe soft unsteriayebibgplane ) .

(parallel to the surface of the nonmagnetic substrate). However, if the

magnetization is strongly oriented in-plane, then the

For problem (3), the problem that a stray magnetic field in

the HDD is concentrated in the head is known as an antenna effect.
Moreover, a phenomenon in which magnetic flux produced by the
magnetic recording layer is concentrated in a return yoke (or a
trailing shield) of the head and this returns and erases the
recorded data on the medium on the write pole side is known to be
one cause of pole erasure (PE) (see A. Chekanov, E. N. Abarra, and
G. Choe, Digests of the INTERMAG 2005, CB11l, p. 255 (2005)). For
the antenna effect and PE, improvements have been attempted
predominantly on the head side, but the current state of affairs

is that methods for improvement on the recording medium side have

hardly been proposed.

All of these problems occur due to the magnetization of an
upper portion of the soft underlayer (the portion near the
magnetic recording layer) being oriented in a perpendicular

direction relative to the surface of the nonmagnetic substrate.
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effect of the soft underlayer drawing in the recording magnetic field
produced by the head is weakened, and hence writeability gets worse. It
is thus thought that the state of "acting as a soft underlayer during
recording, but the magnetization of an upper portion of the soft underlayer

Tt iaPpedsingte disappearn during Jeaflibgois idgal byt sucha stHciwe E%‘%ongly
not previously been realized. SUMMARY OF THE INVENTION In view of

oridhe ahyve slaterpf altairs theiygsent inveptorso ¢arried autassiduous n-plane
studies, and as a result accomplished the present invention upon

(pargsoling allafdhe aboyvedhsge qeblerma fon thei sol wpderayarby  However,
providing a hard magnetic pinning layer having anisotropy perpendicular

if terbe sudace oLtei panmMagreaticcsidisirate-er andppenpetiondf theren the
soft magnetic layer (the opposite side of the soft magnetic layer to the

e f f AN AJAGHC sulstratedavith-a, Benmagnetic Coupting layer otheieketweehnet ic
and antiferromagnetically coupling the hard magnetic pinning layer and

f ie lthesefidundetlayey togethetcAderpendisulat saggnretis eearding riedidmility
of the present invention has a nonmagnetic substrate, a soft underlayer, a

get Hwonswmgnetic ceupling layerugihardiaagortcqiipnisgdayer@ing as a soft
nonmagnetic intermediate layer, and a magnetic recording layer in this

undeartier; avheteinithg soffamdéitayer and thehbardayaghetica pinmingolayen upper
are ant iferromagnetically coupled together at

portion of the soft underlayer appearing to disappear during

reading” is ideal, but such a structure has not previously been

realized.

SUMMARY OF THE INVENTION

In view of the above state of affairs, the present inventors
carried out assiduous studies, and as a result accomplished the
present invention upon resolving all of the above three problems
for the soft underlayer by providing a hard magnetic pinning
layer having anisotropy perpendicular to the surface of the
nonmagnetic substrate on an upper portion of the soft magnetic
layer (the opposite side of the soft magnetic layer to the
nonmagnetic substrate) with a nonmagnetic coupling layer
therebetween, and antiferromagnetically coupling the hard

magnetic pinning layer and the soft underlayer together.

A perpendicular magnetic recording medium of the present

invention has a nonmagnetic substrate, a soft underlayer, a
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ordinary temperature via the nonmagnetic coupling layer, and an axis of
easy magnetization of the hard magnetic pinning layer is perpendicular to
a surface of the nonmagnetic substrate. Here, the soft underlayer may
have uniaxial magnetic anisotropy that is parallel to the surface of the

nonmAYHBRGRLUC8 RSN andip & radiahdirestion Mateaver the ing 1ayer, a

nonmagnetic coupling layer may be formed from a metal selected from

nonmieHeYR cansisting f M eCl a GH rNba MO s Riva b T8 We RSANGIE 9638y in

alloy having such a metal as a main component thereof. Preferably, the

thishoBragpetiGicoupling tayer Bas & thigkressgfnotdneredhan R4¥We. magnetic
Meanwhile, the hard magnetic pinning layer may be formed from a

pinnaderiak Paying £0 asna M compgnentitberacf and fwihker conlginingat 4t
least one selected from the group consisting of Cr and Pt, or a material

ordihaviRg Bcgippular strucitrg ianvdigh magnedic crystahgraing arg wispersed an
in a nonmagnetic oxide or nonmagnetic nitride matrix. The hard magnetic

axispinnirg leyen prefetably basa icknesshafiioagre thian HA AL BHdleR&r is
uniaxial anisotropy constant of not less than 5 x 10" erg/cm3 (5 x 109

perpdB)candm lower coerdvite than theemegnetigrecdrdingleyerate. Here,
Furthermore, the magnetic recording layer preferably comprises a
the swieriahkaing qgranalam stractute dx whichawagnetic erystabgrainsyatthat is
dispersed in a 7 nonmagnetic oxide or nonmagnetic nitride matrix. As
paraddseribedoabaves byuproxickngd hanek magmetigrpinning slaperthaatirg and in a
anisotropy perpendicular to a surface of a
radial direction. Moreover, the nonmagnetic coupling layer may
be formed from a metal selected from the group consisting of V,
Cr, Cu, Nb, Mo, Ru, Rh, Ta, W, Re and Ir, or an alloy having such
a metal as a main component thereof. Preferably, the nonmagnetic
coupling layer has a thickness of not more than 2 nm. Meanwhile,
the hard magnetic pinning iayer may be formed from a material
having Co as a main component thereof and further containing at
least one selected from the group consisting of Cr and Pt, or a
material having a granular structure in which magnetic crystal
grains are dispersed in a nonmagnetic oxide or nonmagnetic nitride

matrix. The hardmagnetic pinning layer preferably has a thickness
of not more than 10 nm, and/or a uniaxial anisotropy constant of
not less than 5 x 105erg/cm3(5 x 10* g/m®), and a lower coercivity
than the magnetic recording layer. Furthermore, the magnetic
recording layer preferably comprises a material having a granular

structure in which magnetic crystal grains are dispersed in a



nonmagnetic substrate on an upper portion of a soft underlayer (the
opposite side of the soft underlayer to the nonmagnetic substrate) with a
nonmagnetic coupling layer therebetween, and antiferromagnetically
coupling the hard magnetic pinning layer and the soft underlayer

nonmQather thete ean be simuiianerusly: resalyed;theqthreq problems for the
soft underlayer: (1) the problem of noise known as spike noise caused by

magnetic domain walls arising, (2) the problem of noise arising due to the
mirror-image of the magnetic recording layer being transferred, and (3)

thenpyohirrs ©f astrayamageetie fieldin e HRP or adragnelign felde pinning
produced by magnetization written onto the magnetic recording layer

layefermingaa magnetigrcireat migh/the sefbunderlayarvia the heagla wheeeby o a
the recorded magnetization is lost. As a result, an improvement in

nonnl@§aEing degsity dua te aoreductigpia mediumineise and &b ft underlayer
improvement in SNR (signal to noise ratio) can be realized, and moreover

(thethepelisbility ofdhedanediumheansbe inpraved: 1IBREEF RESERIPTHONOImet ic
THE DRAWINGS FIG. 1 consists of schematic views showing the
subgnagnetjzatibnhofsa magnetiasedardingdpyemand a goft underayertofeen, and
conventional perpendicular magnetic recording medium, FIG. IA 8
ant isheming thmeaseafllbw-densityl iscprding, and &l@agBeshbwing thei cgséayer
of high-density recording; FIG. 2 is a schematic sectional view of a
and perperdidilarunderlayer together, there can be simultaneously
resolved the three problems for the soft underlayer: (1) the
problem of noise known as spike noise caused by magnetic domain
walls arising, (2) the problem of noise arising due to the
mirror-image of the magnetic recording layer being transferred,
and (3) the problemof a straymagnetic field in the HDD or a magnetic
field produced by magnetization written onto the magnetic
recording layer forming a magnetic circuit with the soft
underlayer via the head, whereby the recorded magnetization is
lost. As a result, an improvement in recording density due to a
reduction in medium noise and an improvement in SNR (signal to noise

ratio) can be realized, and moreover the reliability of the medium

can be improved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 consists of schematic views showing the magnetization
of a magnetic recording layer and a soft underlayer of a

conventional perpendicular magnetic recording medium, FIG. 1A
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two-layer magnetic recording medium according to the present invention;
FIG. 3 consists of schematic views showing the magnetization in the
perpendicular two-layer magnetic recording medium according to the
present invention when writing and when reading, FIG. 3A showing the

showGasg ohwriige and Fia—3B showing 4be £ase §f readindi &-1G.& shewsng the
OSA images of samples according to Example 1 and Comparative

caseExampleghl-aae 2i EIG . 4Ashawing;the OSA image of the sample of
Example 1, FIG. 43 showing the OSA image of the sample of

Comparatyeilxampie Acand FG s4C shewig the HSA mageof therdicular
sample of Comparative Example 2; FIG. 5 shows Kerr loops for a

two{lerpendieidandirection oo saftnmderayerpropesy eyahsation samplesresent
FIG. 5A showing the Kerr loop for the sample of Example 1, and FIG. 5B
investtoling the Kerr loop for the sample of Comparative Example 1; and
FIG. 6 shows signal outputs for the perpendicular magnetic recording
meHisGof Exampletanids@emparative Exdraplesilcand’2e WG, $Acwing the
showing the signal output for the perpendicular magnetic recording
magrraedivat 0bBExamplehk, FiG:6R: showinbahe signdloutputafpnéie c recording
perpendicular magnetic recording medium of Comparative Example 1,
mediamd EiE 6@ showing tHeesignalseutputifov ¢re penpendioular nidgmetiend when
recording medium of Comparative Example 9 2.
reading, FIG. 3A showing the case of writing, and FIG. 3B showing
the case of reading;

FIG. 4 shows OSA images of samples according to Example 1
and Comparative Examples 1 and 2, FIG. 4A showing the OSA image
of the sample of Example 1, FIG. 4B showing the OSA image of the
sample of Comparative Example 1, and FIG. 4C showing the OSA image
of the sample of Comparative Example 2;

FIG. 5 shows Kerr loops for a perpendicular direction for
soft underlayer property evaluation samples, FIG. 5A showing the
Kerr loop for the sample of Example 1, and FIG. 5B showing the Kerr
loop for the sample c¢f Comparative Example 1; and

FIG. 6 shows signal outputs for the perpendicular magnetic
recording media of Example 1 and Comparative Examples 1 and 2,
FIG. 6A showing the signal output for the perpendicular magnetic
recording medium of Example 1, FIG. 6B showing the signal output
for the perpendicular magnetic recording medium of Comparative
Example 1, and FIG. 6C showing the signal output for the

perpendicular magnetic recording medium of Comparative Example

9



DESCRIPTION OF THE PREFERRED EMBODIMENTS FIG. 2 is a
schematic sectional view of a perpendicular two-layer magnetic recording
medium according to the present invention. Here, "perpendicular
two-layer magnetic recording medium" means a perpendicular magnetic
2 . recording medium having a magnetic recording layer made of a hard
magnetic material and a soft underlayer. As shown in FIG. 2, the
perpendicular two-layer magnetic recording medium according to the
present invention has a nonmagnetic substrate 1, and a soft underlayer 2,
DESCRMerMagnetic mouphrg ByerBpatasd magnetis pinning layer 4, a
nonmagnetic intermediate layer 5, a magnetic recording layer 6, a
protective 2films7, and enkquida iubricantlayead provdeddn this eedgidticular
the nonmagnetic substrate 1. The protective film 7 and the liquid lubricant
two-ayelcd aiedgyersitbatase optionallynpsavidad as desiredgbware highlyresent
preferably provided in practice. Moreover, a soft magnetic seed layer may
invdiepravidedHeetween ther jseftdnagnetic backingdayer Zranththeic recording
nonmagnetic coupling layer 3 as appropriate. As the nonmagnetic
med isuty$trate i sthereccagrebel ised anynef gvartous sulastradds bamvigismontiving a
surfaces known in the technical field in question. For example, an
magridiPiplated-Alalioyy Steerggtheretglassactystallizetoglass or theetkkeiad and a
used for magnetic recording media may be used for the nonmagnetic 10
sofsubsietd dyer. As shown in FIG. 2, the perpendicular two-layer

magnetic recording medium according to the present invention has
a nonmagnetic substrate 1, and a soft underlayer 2, a nonmagnetic
coupling layer 3, a hard magnetic pinning layer 4, a nonmagnetic
intermediate layer 5, a magnetic recording layer 6, a protective
film 7, and a liquid lubricant layer 8 provided in this order on
the nonmagnetic substrate 1. The protective film 7 and the liquid
lubricant layer 8 are layers that are optionally provided as
desired, but are highly preferably provided in practice.
Moreover, a soft magnetic seed layer may be provided between the
soft magnetic backing layer 2 and the nonmagnetic coupling layer

3 as appropriate.

As the nonmagnetic substrate 1, there can be used any of
various substrates having smooth surfaces known in the technical
field in gquestion. For example, an NiP-plated Al alloy,
strengthened glass, crystallized glass or the like as used for

magnetic recording media may be used for the nonmagnetic
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As the soft underlayer 2, there can be used a crystalline material such as
an FeTaC or Sendust (FeSiAl) alloy, or an amorphous material such as a
Co alloy such as CoZrNb or CoTaZr. The optimum value of the thickness
of the soft underlayer 2 varies depending on the structure and properties
subs®fia magnetic head used in recording, but this thickness is preferably
approximately in a range of from 10 to 500 nm in view of productivity.
Moreover, the soft underlayer 2 preferably has uniaxial magnetic
anisotropy that is parallel to the surface of the nonmagnetic substrate 1

(i.ea the pubsirate plage)and iaa padiahdirectiom The wjaxdabmagpetic11ine
anisotropy of the soft underlayer can, for example, be oriented parallel to

mat etheasurfagehof de nennmgnetic substrateilie. te substnateplang) argd-  an
in a radial direction by using a leakage magnetic field from the

amo rixlagnetron véeredarsying onsthe il formatiosuesing Magpetd or CoTaZr.
sputtering (see Japanese Patent Application Laid-open No. 2002-170216)
The oBYyihestowing:suelt utaxiahthagnets anfsatiepy o fHoisemprotuegd btheries
soft underlayer 2 can be further reduced. It is well known that in the case
depethdt the oraghetizationcofithe soft pndertayet 2shas suehmagaxialimagneticased
anisotropy that is parallel to the substrate plane and in a radial direction,

in reoiseddausedim:thensaeft thdettanes 2 (SUb neisel #oreduepd ardinericely in
the SNR for the medium is improved (see, for example, Y. Nakatani 11 et

a raalgel ApplrPhyd. 03, @. Y724 12003) )v.ikhe presentiventionty.

Moreover, the soft underlayer 2 preferably has uniaxial
magnetic anisotropy that is parallel to the surface of the
nonmagnetic substrate 1l (i.e. the substrate plane) and in a radial
direction. The uniaxial magnetic anisotropy of the soft
underlayer can, for example, be oriented parallel to the surface
of the nonmagnetic substrate 1 (i.e. the substrate plane) and in
a radial direction by using a leakage magnetic field from the
magnetron when carrying out the film formation using magnetron
sputtering (see Japanese Patent Application Laid-open No.
2002-170216). By bestowing such uniaxial magnetic anisotropy,
noise produced by the soft underlayer 2 can be further reduced.
It is well known that in the case that the magnetization of the
soft underlayer 2 has such uniaxial magnetic anisotropy that is
parallel to the substrate plane and in a radial direction, noise
caused by the soft underlayer 2 (SUL noise) is reduced and hence

the SNR for the medium is improved (see, for example, Y. Nakatani
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IS no exception, it being possible to reduce SUL noise and thus further
improve the SNR for the medium by orienting the magnetic anisotropy of
the soft underlayer 2 as above. In the case of providing a soft magnetic
seed layer on the soft underlayer 2, the seed layer may be formed using

et aP.PerMaioy, maigyial sugh ag NiFeAl NiFesh NiFeNh, NiFeBs NiFeNoB.nt 1 on

NiFeMo or NiFeCr, or a material in which Co is further added to a

is nBednallgy: materialsychias,CoNiFke, (GoNiIFeShGaNiFeRor GaNIReNRy thus

The thickness of the soft magnetic seed layer is preferably adjusted such

furtihat thepragneticrrroperties apddRMWVrrad Writs) pertormances REtheignetic
magnetic recording layer 6 are optimum, this thickness generally

ani sBieferablydreing appepdmately kma angepofy Fogpd+e 50 nm for balance
between medium properties and productivity. The nonmagnetic coupling

layer 3 is a layer for increasing the antiferromagnetic coupling energy
between the soft underlayer 2 and the hard magnetic pinning layer 4, so

as to facildatathe @antifersamagreficceudingnbeimeendhesolt undestayen the
2 and the hard magnetic pinning layer 4, and also maintaining good

softeiyrsial radgriation etibeshard magaetiepinbinglayeed, s6 asdakeer thelloy
axis of easy magnetization of the material of the hard magnetic pinning
matelayen 4 pemperdictlaFeiihe surfaceigf the Fromalhet@ substad B Thei FeMo
nonmagnetic coupling layer 3 may be 12 formed using a metal selected
or Nimatthe groapnedresistang oh\WICGrch Co is further added to a permalloy
material such as CoNiFe, CoNiFeSi, CoNiFeB or CoNiFeNb. The
thickness of the soft magnetic seed layer is preferably adjusted
such that the magnetic properties and R/W (read write)
performances of the magnetic recording layer 6 are optimum, this
thickness generally preferably being approximately in a range of

from 3 to 50 nm for balance between medium properties and

productivity.

The nonmagnetic coupling layer 3 is a layer for increasing
the antiferromagnetic coupling energy between the soft underlayer
2 and the hard magnetic pinning layer 4, so as to facilitate the
antiferromagnetic coupling between the soft underlayer 2 and the
hard magnetic pinning layer 4, and also maintaining good crystal
orientation of the hard magnetic pinning layer 4, so as to keep
the axis of easy magnetization of the material of the hard
magnetic pinning layer 4 perpendicular to the surface of the

nonmagnetic substrate 1. The nonmagnetic coupling layer 3 may be

12



Cu, Nb, Mo, Ru, Rh, Ta, W, Re and Ir, or an alloy having such a metal as
a main component thereof. Moreover, to achieve both of the above two
functions of the nonmagnetic coupling layer 3, the thickness of the
nonmagnetic coupling layer 3 is preferably not more than 2 nm, more

formEfaaPhoran@hto L 21m: Erom be viewpgint o ajnaining lg?ogf v, Cr,
crystal orientation of the hard magnetic pinning layer 4 and suitably

cu, ®menting the axigof eagy magnetizatign theregt-parpendiciatya ity such a
preferable to further do the following. That is, in the case of forming the

me t aNORBaGNRHG fouplidblayet 3tusin@ e Cr, MorMoydia, of Wadhickbasisoth of
body centered cubic (bcc) structure, itis preferable to make the thickness

the ablbedanmagneticcaaiidingtlaype hbamaymeore handgimgoleyer 3, the
preferably from 0.4 to 0.8 nm. This is because in the case of using a

thidnatefial bavinges heestiyeierd,cthelowet the thicgkness, the pwosgeasityly not
an epitaxial relationship is achieved between the optional seed layer
more(Wiiehhhas arfiacencentered fabitb(fec) Stweture) and the hatgimagnetic
pinning layer 4 (which has a hexagonal closest packed (hcp) structure),
and hence the easier it is to suitably orient the hard magnetic pinning
layer 4 perpendicularly. Moreover, from the viewpoint of obtaining a large
antiferonmagneticoogupliing: energy,ithits tmckresoisreterablyl orientation
approximately not more than 1 nm. On the other hand, for Cu, Ru, Rh, Re
of tarlrdrich hagantfécophop stracturgeif the @bdveuhickidss ismotmioreg the
than 2 nm, preferably from 0.4 13
axis of easy magnetization thereof perpendicularly, it 1is
preferable to further do the following. That is, in the case of
forming the nonmagnetic coupling layer 3 using V, Cr, Nb, Mo, Ta
or W which has a body centered cubic (bcc) structure, it is
preferable to make the thickness of the nonmagnetic coupling layer
3 be not more than 1 nm, more preferably from 0.4 to 0.8 nm. This
is because in the case of using a material having a bcc structure,
the lower the thickness, the more easily an epitaxial relationship
is achieved between the optional seed layer (which has a face
centered cubic (fcc) structure) and the hard magnetic pinning
layer 4 (which has a hexagonal closest packed (hcp) structure),
and hence the easier it is to suitably orient the hard magnetic
pinning layer 4 perpendicularly. Moreover, from the viewpoint of
obtaining a large antiferromagnetic coupling energy, this
thickness is preferably approximately not more than 1 nm. On the

other hand, for Cu, Ru, Rh, Re or Ir which has an fcc or hcp structure,

if the above thickness is not more than 2 nm, preferably from 0.4
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to 1.2 nm, then good crystal orientation of the hard magnetic pinning layer
4 can be maintained, and the axis of easy magnetization thereof can be
suitably oriented perpendicularly. The hard magnetic pinning layer 4 is a
layer for producing antiferromagnetic coupling with the soft underlayer 2

to Miathgnonmagnetic cauplinglayer 3 in atemperaturerdangs af4sadginet ic
an HDD (e.g. -20 to 80 C), so as to reduce noise originating from the so

pinrknderiayey2. Theshard magpeticpinning layes 4 camprisesea materiabf casy
having Co as a main component thereof and further containing at least

nmagrifeiselectsd feam the growmcpasisting 8y avd Bhdxefesablydndicularly.
ferromagnetic material of an alloy comprising at least Co and Pt.

Moreover, the material from which the hard magnetic pinning layer 4 is
formed must have an hcp structure, where the c axis of the hcp structure

is origatech perpensicidar: te thehsudace obthesnarmagngtie substraierbducing
I.e. the axis of easy magnetization is oriented perpendicular to the surface

ant iof ethediemmagrietic sobslrategl . wiinehhard anagnetic pinirg layer 42maya the
be a single layer film comprising an alloy material such as CoPt, CoCrPt,

nonnGe@RiBordco@iPing, angeaulilayer iamisated-filou sachasdE€ofPtienge of
[Co/Pd],,. By using such a material, the anisotropy of the hard magnetic
an Hpibnirg @yer 20ntthes petpendisularditecticricar bednereasedyandt ing from
hence noise caused by the soft underlayer 2 can be effectively reduced.
the Attématinagdy, the dard magheticapidnnglayéerid maghendd ayer 4 comprises
a material having Cc as a main component thereof and further
containing at least one selected from the group consisting of Cr
and Pt, preferably a ferromagnetic material of an alloy comprising
at least Co and Pt. Moreover, the material from which the hard
magnetic pinning layer 4 is formed must have an hcp structure,
where the ¢ axis of the hcp structure is oriented perpendicular
to the surface of the nonmagnetic substrate 1, i.e. the axis of
easy magnetization is oriented perpendicular to the surface of
the nonmagnetic substrate 1. The hard magnetic pinning layer 4
may be a single layer film comprising an alloy material such as
CoPt, CoCrPt, CoCrPtB or CoCrPtTa, or a multilayer laminated film
such as [Co/Pt], or [Co/Pd],. By using such a material, the
anisotropy of the hard magnetic pinning layer 4 1in the

perpendicular direction can be increased, and hence noise caused

by the soft underlayer 2 can be effectively reduced.

Alternatively, the hard magnetic pinning layer 4 may be
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preferably formed using a material having a granular structure in which
magnetic crystal grains are dispersed in a nonmagnetic oxide or
nonmagnetic nitride matrix. Materials having a granular structure that can
be used include CoPt-SiO2, CoCrPtO, CoCrPt-Si02, CoCrPt-Al203,

pre fePBEAINAREGACIPESI3NAa althguah ihereds no Jinitationthereigciire in

the present invention, by using a material having a granular structure, the

whidigcardipgdeselutionf the hagd snagnetic-nigningdayer{t ¢an Benonmagnetic
increased, and hence noise produced by the soft underlayer 2 can be yet

oxiddase effectivelye taduced: Moreayera materiakhaving 8 gravula a granular
structure is also useful in terms of acting as a template for determining

struberystalagraiarsize akibe maierirls ofdhe nonmagoetie intermestatet -sio,,
layer 5 and the magnetic recording layer 6 formed thereon. Moreover,

Cocriramztheigwpeint of.reducingaoise-eausesliy the sofhandgtlayee2e is no
while suppressing a decrease in writeability, the hard magnetic pinning
1imilayeri4 preferablydas athidkagssesfenat morerthd i) B, uBARy a material
preferably from 3 to 8 nm. Furthermore, the hard magnetic pinning layer 4
haviprgfarabhly nhdsa wiiaxialtantegtropy coastand ofigot kess than 6rx d0' the hard
erg/cm3 (5x104 J/m3) so that the hard magnetic pinning layer 4 functions
magreftectivelyiBy haying kagh a uhiaxial anisotropy earzstdnt, tred harhce noise
magnetic pinning layer 4 can be kept as being hard magnetic, and hence
proctheanaghgtizatien carf bewsuitablyapreented ddbpérpendicuterte thd fectively
surface of the nonmagnetic substrate 1
reduced. Moreover, amaterial having a granular structure is also
useful in terms of acting as a template for determining the crystal
grain size of the materials of the nonmagnetic intermediate layer

5 and the magnetic recording layer 6 formed thereon.

Moreover, from the viewpoint of reducing noise caused by the
soft underlayer 2 while suppressing a decrease in writeability,
the hard magnetic pinning layer 4 preferably has a thickness of

not more than 10 nm, more preferably from 3 to 8 nm.

Furthermore, the hard magnetic pinning layer 4 preferably
has a uniaxial anisotropy constant of not less than 5 x 10° erg/cm®
(5><lO4 J/m3) so that the hard magnetic pinning layer 4 functions
effectively. By having such a uniaxial anisotropy constant, the

hard magnetic pinning layer 4 can be kept as being hard magnetic,

and hence the magnetization can be suitably oriented
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without being affected by a demagnetization field. Moreover, the coercivity
of the hard magnetic pinning layer 4 is preferably lower than the coercivity
of the magnetic recording layer 6 so that the hard magnetic pinning layer
functions effectively. By setting the coercivity in this way, the hard

perpPAGRGNE pipning layend fulfils afunction Oél?édi%%r{ﬁg%’rqgtgi@ BEbstrate 1

magnetic recording layer 6, and hence the writeability for the magnetic

witH&gerding Hbedélf_rﬂe@t!g%i PEgsent d@)ﬁ%@}%‘&%% éHit%_bJ)é _Irg?ajntained.
The nonmagnetic intermediate layer 5 is a layer for maintaining the
magnetic properties and R/W performances of the magnetic recording

layer 6. The nonmagnetic intermediate layer 5 may be formed using a

meiiR) seloried fiam the Greur,censistngn ef ik KmlgRednd RmRLAR 1ayer

Ru-based alloy in which Ru is added to one material or a plurality of

4 {ratenils selegted fromwibe growmconsisting etei Gur W, Mo, Gl fgnetic
Re, Rh, Ta and V, although there is no limitation thereto. To realize

recdiighgignsityaigserding, the thiskressiod theanrenmagnede iivtepnadiale; layer
layer 5 must be made as low as possible within a range such as to not

funcisiusea ¢ieferiaratien in thesmagneaticrpyapestiesceicRAN perferroanees Hf, the
the magnetic recording layer 6. Specifically, the thickness of the

har dnonmaagnreticintepmediateylayery 51s preferablylis adamgenitaichtocd0 aiding
nm. 16 The magnetic recording layer 6 can be preferably formed

recording to the magnetic recording layer 6, and hence the

writeability for the magnetic recording medium of the present

invention can be suitably maintained.

The nonmagnetic intermediate layer 5 1s a layer for
maintaining the magnetic properties and R/W performances of the
magnetic recording layer 6. The nonmagnetic intermediate layer
5 may be formed using a metal selected from the group consisting
of Ru, Pt, Ir, Re and Rh, or an Ru-based alloy 1in which Ru is
added to one material or a plurality of materials selected from
the group consisting of C, Cu, W, Mo, Cr, Ir, Pt, Re, Rh, Ta and
V, although there 1is no limitation thereto. To realize
high-density recording, the thickness of the nonmagnetic
intermediate layer 5 must be made as low as possible within a range
such as to not cause a deterioration in the magnetic properties
or R/W performances of the magnetic recording layer 6.
Specifically, the thickness of the nonmagnetic intermediate layer

5 is preferably in a range from 1 to 20 nm.
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using a ferromagnetic material that is an alloy comprising at least Co and
Pt. Because the magnetic recording medium of the present invention is
used as a perpendicular magnetic recording medium, the axis of easy
magnetization of the material of the magnetic recording layer 6 (e.g. the c

axigyf amAg Stryeture) Saust Hegoriented perpendicuardpdhe suface ob rmeq

the nonmagnetic substrate 1. Ferromagnetic materials for forming the

usin@aghetic recordingdayer Gincludealloynpatefialssuch as CobdnpeChtng at
CoCrPtB and CoCrPtTa. Moreover, a multilayer laminated film such as

1easiCofd]nerd CofRd] Bmayhe-used as dhe Bragnetic rReAIdNg lA¥eri 8n of the
Alternatively, it is also preferable to form a single layer or multilayer

pres@@gneeeecordingilayerse dsing a patepaaving BrgfangtastibicCiyedR ding
which magnetic crystal grains are dispersed in a honmagnetic oxide or

medin@nmageeticiiridermaybs Matetalst hawag agrafulan stractueg-that Cae the
be used include CoPt-SiO2, CoCrPtO, CoCrPt-SiO2, CoCrPt-Al203,

magnCoPEAIN card CoLrPApeINg, @dthgughirbere isdialinftaiinnibereferiicture)
the present invention, by using a material having a granular structure, the

mu s tmedivmipmpedigscancbel improved; bet interactidn betweenhreigbbneBget ic
magnetic crystal grains in the magnetic recording layer 6 can be

subssuppressed, ricisercara heseducedh the SARsca&vbe fimprdvied, tanel thegnetic
recording resolution can be improved. 17 The optionally provided

recoprteciivedimmry s ataybuder alloy materials such as CoPt, CoCrPt,

CoCrPtB and CoCrPtTa. Moreover, a multilayer laminated film such

as [Co/Pt], or [Co/Pd], may be used as the magnetic recording layer

6.

Alternatively, it is also preferable to form a single layer
or multilayer magnetic recording layer 6 using a material having
a granular structure in which magnetic crystal grains are dispersed
in a nonmagnetic oxide or nonmagnetic nitride matrix. Materials
having a granular structure that can be used include CoPt-SiO0,,
CoCrPt0O, CoCrPt-SiQ,;, CoCrPt-Al,;03, CoPt-AlN, and CoCrPt-Si;Ny,
although  there is no limitation thereto. In the present
invention, by using a material having a granular structure, the
medium properties can be improved, 1i.e. interaction between
neighboring magnetic crystal grains in the magnetic recording
layer 6 can be suppressed, noise can be reduced, the SNR can be

improved, and the recording resolution can be improved.
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protecting the constituent layers from the magnetic recording layer 6
downwards; for example, a thin film having carbon as a main component
thereof can be used. Other than this, the protective film 7 may be formed
using any of various thin film materials known as materials for magnetic

recording sradiHmmRrptective filag in, the teohnical figlddn Auestion. Theer ror

optionally provided liquid lubricant layer 8 is a layer for lubricating when a

protWHiNG/teading head sontacts the magpetic regpreing fﬂ%%"h'l% AhdaYrding
be formed, for example, using a perfluoropolyether liquid lubricant or any

1ayeQf vasigus liguigs brigartamaterials Xnownir thedechnicad fisdd Bbn as a main
guestion. Each of the layers laminated on the nonmagnetic substrate 1

comp®ay e fornveddsingiany ef vaieus fitm fermatipateehnigyes eopmenl-t i ve
used in the field of magnetic recording media. The layers from the soft

f11nundeslayes 2 ta-thedproleetiye finof may be uforaeds fer examiple using &nown
sputtering method (including DC magnetron sputtering, RF magnetron

as fpttering, etEdA Macuen idepesittaimnethad Of enC¥Povethiotve films in
Moreover, the liquid lubricant layer 8 may be formed, for example, using a
the dipptmgiraathoflierlal spin ceatigimethod. The behavior of the
magnetization of the soft underlayer upon writing and upon reading when
using the medium according to 18 the present invention will now be
described in more detail. FIG. 3A is a schematic view of the
maghetizaticmimathéyperpendidathrl iquid lubricant layer 8 is a layer
for lubricating when a writing/reading head contacts the magnetic
recording medium, and may be formed, for example, using a

perfluoropolyether liquid lubricant or any of various liquid

lubricant materials known in the technical field in question.

Fach of the layers laminated on the nonmagnetic substrate
1 may be formed using any of various film formation techniques
commonly wused 1in the field of magnetic recording media. The
layers from the soft underlayer 2 to the protective film 7 may be
formed, for example, using a sputtering method (including DC
magnetron sputtering, RF magnetron sputtering, etc.), a vacuum
depositionmethod, or a CVvDmethod. Moreover, the liquid lubricant
layer 8 may be formed, for example, using a dipping method or a

spin coating method.

The behavior of the magnetization of the soft underlayer

upon writing and upon reading when using the medium according to
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two-layer magnetic recording medium according to the present invention
when writing. Note that in FIG. 3, for simplicity, the nonmagnetic
substrate 1, the protective film 7 and the liquid lubricant layer 8 are
omitted. In FIG. 3A, when writing the right-most bit, the magnetization of

the BRUPRATPOHIRN.QfiDE SOt Inderlayer gis orippled dawpywardsdeligwing prq

he head magnetic field 20. At the same time, the magnetization of the

3a iRard magnetic spinpingJayer dalsq fpllows;thehead maopgic field .20 duey1ar

to the head magnetic field 20 being strong. That is, when writing, in a

two-RYYer Whes, the;writingds sarrigd ard dirgstlybelewdhe hepd, the present
magnetizations of the hard magnetic pinning layer 4 and the upper

inveRartion afike seitiundeslayer Srarergrianted inthe samedireGtigM icity, the
following the head magnetic field 20, whereby a magnetic circuit required

nonrf@EWEingG thei bl is-for@ed jn thee magnetic recrrdinglayer 6ahextile 11iquid
behavior of the magnetization upon reading will be described. FIG. 3B is

1ub rd sehgmatic)dew ®f theemagniatization indherperpesdiculantyp-kRyering the
magnetic recording medium according to the present invention when

righreadingt When reading gthe hieagdimagnetic field 2o4ds rempyvedrbutththe soft
orientation of the magnetization of the hard magnetic pinning layer 4

undewhiehdas 2elavely high adisotepy serainsScdsl iswilieysame dsdthe@ magnetic
direction of the head magnetic field 20 when writing). Due to 19
f 1 e lahtif@crornagieticscouplingrat Otdiranateneperatitre avitlo thishe hard magnetic
pinning layer 4 also follows the head magnetic field 20 due to the
head magnetic field 20 being strong. That is, when writing, in
a portion where the writing is carried out directly below the
head, the magnetizations of the hard magnetic pinning layer 4 and
the upper portion of the soft underlayer 2 are oriented in the
same direction following the head magnetic field 20, whereby a

magnetic circuit required for writing the bit is formed in the

magnetic recording layer 6.

Next, the behavior of the magnetization upon reading will
be described. FIG. 3B is a schematic view of the magnetization
in the perpendicular two-layer magnetic recording medium
according to the present invention when reading. When reading,
the head magnetic field 20 is removed, but the orientation of the
magnetization of the hard magnetic pinning layer 4 which has
relatively high anisotropy remains as is (the same as the

direction of the head magnetic field 20 when writing). Due to
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magnetization of the hard magnetic pinning layer 4, the magnetization of
the upper portion of the soft underlayer 2 which has low anisotropy is

oriented opposite to the magnetization of the hard magnetic pinning layer
4 (i.e. in a direction opposite to the head magnetic field 20 when writing) .

ant 1 FRIOHGAIRIS . MEChaNism; gh{egmggneg{,@tim%tf the AR MAgRENCy i 1 this

pinning layer 4 and the upper portion of the soit underlayer 2 when

magn@@gg};gt Eé_HCdo(Fe anethey ouh anghence;the @ﬁﬂﬂ%@?@tioﬂégéf}e 4, the
upper portion of the soft underlayer 2 appears to disappear, and thus

magnd@i$e saysed by theseft Haderayariz caB He RUPRESsed EXampIes: 2 which
Example 1 Using a chemically strengthened glass substrate having a

has $BROHLSWEACEN,5iglass substrate made by HO¥A} RS aQHBaANeliCi on of

substrate 1, this was cleaned and then introduced into a DC magnetron

the SRUtErnNgRRPAIatusi ANEISING§&05Zr8Nbdcomposed 0f <2t ¥nZbalksite
% Nib, and the remainder Co based on all atoms; likewise hereinafter)

to target, aRinmdbick GaZrth amorphousiseft magnetis ghackinglaygigh this
was formed. Next, using an Ru target, a 0.7 nm-thick Ru nonmagnetic

mechGRUNNG layes dapsformed iNaxt, sisingha Ko2ZQGHQRKB largetmathg layer
nm-thick CoCrPtB hard magnetic pinning layer 4 was formed. The

4 afarmation ofidhe sofiautdestayerr2tthe sofmagneate tayplingJdayeied, angbhding
the hard magnetic pinning layer 4 was carried out in Ar gas at a pressure

cancefl). 6P arMdetteusingt 20and hence the magnetization of the upper

portion of the soft underlayer 2 appears to disappear, and thus

noise caused by the soft underlayer 2 can be suppressed.

Examples
Example 1

Using a chemically strengthened glass substrate having a
smooth surface (N-5 glass substrate made by HOYA) as a nonmagnetic
substrate 1, this was c¢leaned and then introduced into a DC
magnetron sputtering apparatus, and using a Co5Zr8Nb (composed of
5at% Zr, 8 at% Nb, and the remainder Co based on all atoms; likewise
hereinafter) target, a 60 nm-thick CoZrNb amorphous soft magnetic
backing layer 2 was formed. Next, using an Ru target, a 0.7
nm-thick Ru nonmagnetic coupling layer 3 was formed. Next, using
a Co20Crl0Pt4B target, a 6 nm-thick CoCrPtB hard magnetic pinning
layer 4 was formed. The formation of the soft underlayer 2, the
nonmagnetic coupling layer 3, and the hard magnetic pinning layer

4 was carried out in Ar gas at a pressure of 0.67 Pa. Next, using
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an Ru target, a 10 nm-thick Ru nonmagnetic intermediate layer 5 was
formed in Ar gas at a pressure of 4.0 Pa. Next, a magnetic recording
layer 6 having a two-layer granular structure was formed. First, using a
90(Col2Cr16Pt)-I0SiO2target, an8nm-thick CoCrPt-SiO2 first magnetic

an RIEGO4diggayer was fprmead: under A gas HIEsSHe Of i3 Panddddhen 1ayer 5
using a 96(Co20CrI2Pt)-4Si02 target, an 8 nm-thick CoCrPt-Si02 secon

was Magpetic tecordinglayerwas feuned Hodsragag prgssureehl.2Pgnagnetic
Finally, using ethylene as a material gas, a 4 nm-thick C protective film 7

recowasfermadiysing 3 plasma & Ve methodyrder argasipeesseier@fcture  was
approximately 0.13 Pa, and then the laminate thus obtained was removed

formiam theivacuyms appasados.ciL otthe dayers from the:-BagBetcageprding hick
layer 6 downwards were formed using DC magnetron sputtering. After

cocCribhat,si 2 nmithick peiditierapolyeibertiduig lubgeantdayer 8 wasd farmaed: a gas
using a dipping method, whereby a perpendicular magnetic recording
pres@ediimivas dbtainesh¥areevien 40 eyaduate the proparties pf weisofttarget,
underlayer 2, a sample was manufactured in which after the layers up to
an HhenGethiPthaddnagnetic pinnirg-taydr dhaddiean fosveddheg layer was
protective film 7 was formed without providing the nonmagnetic
formiatermetkatedayersb and she rrEmgnetit recarding Eyes 61 £xamplend Aethylene
perpendicular magnetic recording medium was manufactured exactly as
as aimdamnplé Yexceptthat-after the@CoZoNle softvalfilm 7 was formed using
a plasma CVD method under a gas pressure of approximately 0.13 Pa,
and then the laminate thus obtained was removed from the vacuum
apparatus. All of the layers from the magnetic recording layer
6 downwards were formed using DC magnetron sputtering. After
that, a 2 nm-thick perfluoropolyether liquid lubricant layer 8 was

formed using a dipping method, whereby a perpendicular magnetic

recording medium was obtained.

Moreover, to evaluate the properties of the soft underlayer
2, a sample was manufactured in which after the layers up to the
CoCrPt hard magnetic pinning layer 4 had been formed, the
protective film 7 was formed without providing the nonmagnetic

intermediate layer 5 and the magnetic recording layer 6.

Example 2
A perpendicular magnetic recording medium was manufactured

exactly as 1in Example 1, except that after the CoZrNb soft
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underlayer 2 had been formed, a 6 nm-thick NiFeSi soft magnetic seed
layer was formed by DC magnetron sputtering using an Nil2Fe4Si target.
Moreover, as in Example 1, a sample having a structure of nonmagnetic
substrate 1 / soft underlayer 2 / nonmagnetic coupling layer 3/ hard

und<PAFOEYC pINing lAYER4 £ Arplegtive ﬁ’é“r?m"l’%%ir@%”}&ff‘ﬁ&l%@g%rft magnetic

evalUating the properties of the soft underlayer 2. Example 3

seedPeRANICYlarpRgREHIE feserding ediym was mapifactieed, PYn ni12redsi

repeating the procedure of Example 1, except that in the formation of the
targ%cp.magnetic coupling layer 3, a_Cu target was use_d instea_td of the Ru
target, so as to forma 0. 6 nm-thick Cu nonmagnetic coupling layer 3.
Moreover, a sample for evaluating the properties of the soft underlayer 2
was manufactured as in Example 1. Example 4 A perpendicular magnetic

recarding madiumavas, manyfaatured by repeating the,procedut eficture of

Example 1, except that in the formation of the hard magnetic pinning

nonma¥eled & AHSHGHEPY-IOSIER (argrtwas, used insteach 8§ i ¢ coupling
Co20CrlOPt4B target, so as to forma 5 nm-thick CoCrPt-Si02 hard

laydnagngtig pinning Jayeri4 hayingia grananstiuctupa:JMeteoyes asample was
for 22 evaluating the properties of the soft underlayer 2 was
manufactured for evaluating the properties of the soft underlayer

2.

Example 3

A perpendicular magnetic recording medium was manufactured
by repeating the procedure of Example 1, except that in the
formation of the nonmagnetic coupling layer 3, a Cu target was used
instead of the Ru target, soas to forma 0.6 nm-thick Cunonmagnetic
coupling layer 3. Moreover, a sample for evaluating the

properties of the soft underlayer 2 was manufactured as in Example

1.

Example 4

A perpendicular magnetic recording medium was manufactured
by repeating the procedure of Example 1, except that in the
formation of the hard magnetic pinning layer 4, a
90 (Col4Crl6Pt)-10S10; target was used instead of the Co20Crl10Pt4B
target, soas to forma 5 nm-thick CoCrPt-Si0,; hard magnetic pinning

layer 4 having a granular structure. Moreover, a sample for
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manufactured as in Example 1. Example 5 A perpendicular magnetic

recording medium was manufactured by repeating the procedure of

Example 1, except that in the formation of the hard magnetic pinning

layer 4, a Co20Cr target was used instead of the Co20CrlOPt4B target,
evalih@s iyforme R0 8 nmshick oG hagd magneticpiRRing gyt 4 yer 2 was

Moreover, a sample for evaluating the properties of the soft underlayer 2
man¥as tNaRwacured ag.in Exampje 1. Comparative Example 1 A

perpendicular magnetic recording medium was manufactured by

repeating the procedure of Example 2, except that the nonmagnetic

coupling layer 3 and the hard magnetic pinning layer 4 were not formed.
Exard@reoyer, a sample for evaluating the properties of the soft magnetic
~~ backing layer 2 was manufactured as in Example 2. Comparative

Example 2 &sincha chemically stigngthaned glassaubstiate Javing @i um  was
smooth surface (N-5 glass substrate made by HOYA) as a nonmagnetic

manStlstrate; dhis; wassgleaneadh andithenpnyedyced ivto Bxafegnadnet@ept that
sputtering apparatus, and using a Co5Zr8Nb target, a 30 nm-thick first

in tGeZmMramerphoussaihegndattayeravas formesi Nexh gising/e8 an Ry Co20Cr
target, a 0.7 nm-thick Ru layer was formed. Next, using the Co5Zr8Nb

t ardarget=agais cal Shndbitkogecond CoZ0Nb eorarpBousa 868t, so as to form

an 8 nm-thick CoCr hardmagneticpinning layer 4. Moreover, a sample

for evaluating the properties of the soft underlayer 2 was

manufactured as in Example 1.

Comparative Example 1

A perpendicular magnetic recording medium was
manufacturedby repeating the procedure of Example 2, except that
the nonmagnetic coupling layer 3 and the hardmagnetic pinning layer
4 were not formed. Moreover, a sample for evaluating the properties
of the soft magnetic backing layer 2 was manufactured as in

Example 2.

Comparative Example 2

Using a chemically strengthened glass substrate having a
smooth surface (N-5glass substrate made by HOYA) as a nonmagnetic
substrate, this was cleaned and then introduced into a DC magnetron
sputtering apparatus, and using a Co5Zr8Nb target, a 30 nm-thick
first CoZrNb amorphous soft underlayer was formed. Next, using
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underlayer was formed. Next, using an Nil2Fe4Si target, a 6 nm-thick
NiFeSi soft magnetic seed layer was formed. Next, using an Ru target, a
10 nm-thick Ru nonmagnetic intermediate layer was formed in Ar gas at a
pressure of 4.0 Pa. After that, a magnetic recording layer, a protective

an R{IM234 2 liquig lebrigantayar wergfoupedaas i Example 1 whergby g, o p o

perpendicular magnetic recording medium was manufactured. Moreover,

Cob Z@%IHQ@&QQ %@Q?Hi,esaoﬁﬁ‘%ﬁflfﬁ Hfgﬁr@ev;gﬁn@ w&%\’%ﬁo rphous soft

manufactured in which after the layers up to the second CoZrNb soft

undedndgriayer had beep formed, fhg protective filmyag; formedwithopt e 4 6
providing the NiFeSi seed layer, the Ru nonmagnetic intermediate layer,

nm-tMi¢the Magaeticyecording ayer Exalyatiope Notg dhatfortie  next, us ing
perpendicular magnetic recording medium of Examples 1, 3, 4 and 5, the

an ROOPMAagReticLquplinglayer-kand tbeharhmagreficinniag layer 4 8¢t r was
like a seed layer, and hence the nonmagnetic intermediate layer 5 an

forntb& Magnetigiecarding Jayerss were suitablyrperpendiciady griented fhfet i
c axis of the crystals of the hcp structure were oriented perpendicular to

recdbeisyface etthesngrpegnetic,substiate HndOa thepther hamd: with theayer
layer structure of Comparative Examples 1 and 2, a perpendicular
wereorieptation efdha nommagpetc intermediate Jayer g4 ansihe quagnetigagnetic
recording layer cannot be obtained if a seed layer is not used, and hence
recantiNike Sisgedriayersvasusethse @sed .

Moreover, to evaluate the properties of the soft underlayer,
a sample was manufactured in which after the layers up to the second
CoZrNb soft underlayer had been formed, the protective film was
formed without providing the NiFeSi seed layer, the Ru nonmagnetic

intermediate layer, and the magnetic recording layer.

Evaluation

Note that for the perpendicular magnetic recording medium
of Examples 1, 3, 4 and 5, the nonmagnetic coupling layer 3 and
the hard magnetic pinning layer 4 act like a seed layer, and hence
the nonmagnetic intermediate layer 5 and the magnetic recording
layer 6 were suitably perpendicularly oriented (the c axis of the
crystals of the hcp structure were oriented perpendicular to the
surface of the nonmagnetic substrate 1). On the other hand, with
the layer structure of Comparative Examples 1 and 2, a

perpendicular orientation of the nonmagnetic intermediate layer
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to make the structure like that of Example 2. For the soft underlayer
property evaluation samples obtained in each of the above Examples, the
magnetic domain structure was observed using an OSA (Optical Surface
Analyzer) made by Candela. OSA images of the media according to

and E%ﬂg‘p'ﬁ i@@@@@ié{%@(aﬂwS% 1%%@r%éh%%Qg}LE&i Ai f\l%tes eed

that the OSA images for the media of Examples 2 to 5 were just like for

layethe; Mediumoilxample LeHaeling pajtems seen i thejmagesshovedhes 45

magnetic domain structure, magnetic domain walls being present in

to mAediadeewhichsuch-a magneticydomajn stiigtyre ds seen. For the
medium according to Example 1 shown in FIG. 4A, a magnetic domain

structure was not seen at all, whereas for the medium according to
Comparative Example 1 shown in FIG. 4B, a clear magnetic domain

strugyre wageseens dereeveietor iRe medivbp acegrdingde Gompaatvenples
Example 2 shown in FIG. 4C, a magnetic domain structure was seen,

obtadlheil a weak&nen Here, themagpetizatiaas el the, firstrandisegasd seft domain
underlayers in Comparative Example 2 were anti-parallelly coupled

st rulegethermihdbed: ¢ eundiickdRanaysk sardwieheds thefebetween. i@t ) made

is, the magnetization of the second CoZrNb soft underlayer was oriented
by Cartbe substrataplangegEbisds herausedhe anisoltopyrcpnstare Réiigle 1 and

CoZrNb used on this 25 occasion is small relative to the demagnetizing
Compfiatd {appraxtamately 4.4 xat05 ergierm3s(ilcvk 104 ¥3)). he state ofhat the
OSA images for the media of Examples 2 to 5 were just like for the
medium of Example 1. The line patterns seen in the images show
the magnetic domain structure, magnetic domain walls being
present in media for which such a magnetic domain structure is
seen. For the medium according to Example 1 shown in FIG. 4A, a
magnetic domain structure was not seen at all, whereas for the
medium according to Comparative Example 1 shown in FIG. 4B, a clear
magnetic domain structure was seen. Moreover, for the medium

according to Comparative Example 2 shown in FIG. 4C, a magnetic

domain structure was seen, albeit a weak one.

Here, the magnetizations of the first and second soft
underlayers in Comparative Example 2 were anti-parallelly
coupled together with the 0.7 nm-thick Ru layer sandwiched
therebetween. That is, the magnetization of the second CoZrNb
soft underlayer was oriented in the substrate plane. This 1is

because the anisotropy constant of the CoZrNb used on this
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the magnetization of the second CoZrNb soft underlayer in Comparative
Example 2 can be interpreted as being equivalent to the case that the
magnetization of the hard magnetic pinning layer 4 is oriented in the
substrate plane in Examples 1 to 4. However, in this case, the magnetic

occa%qrgﬁin stryclureggannot bg@iig]j@%tgd %is Cé%%r fr%nl:alg‘nég:i EE(HB th%ield

above results, it was found that by using the medium structure according

(appPd ?n%%sgeﬂ} iri‘(_ezf‘ti?r‘f&‘ssggcyﬁgﬁﬁ'ak’?r. P%Y"l%“%ghﬁi“)e.“c g}%‘éaié‘tate of

walls can be obtained. Next the perpendicular ma iC recording

cne "edim, gbtained in gach of e Examples the SgerchiXHOMES Ly ey s,
measured using a Kerr effect measuremen apparatus. Moreover, Tor the

Comp%%ﬂ%%neég%a%?pﬂg.&ngzlag% h p{)cfg)eag&%v%}{aeﬂcogds%@ pbee(lil?ltg inee tliglv%f%%r}lt to

e Examples, the Kerr loop for a direction perpendicular “to the surface

tne 8Lthe pROmagnetic.sybsirate 4was meagwed using, the Kexr gi%%ing layer

measurement apparatus, so as to investigate the state of coupling

4 is Ec%’i!%%’%g}? saitynderlayer 2.and he hard magngtig pinning Jayer 4y o ye r,

. 5A shows the Kerr loop for thé direction perpendicular to the surface

in tﬂfi@eéé%nagﬁ%“gl sirate &Janthe medium apcording 19 EXample i nateq

and FIG. 5B shows the Kerr loop for the direction perpendicular to the

as iSurfaceof 26 the pepmagpetic substrate 1 for the medium according to
Comparative Example 1. In FIG. 5A, it can be seen that there is a region

where the magnetization is zero around zero magnetic field

From the above results, it was found that by using the medium
structure according to the present invention, a soft underlayer

having no magnetic domain walls can be obtained.

Next, for the perpendicular magnetic recording medium
obtained in each of the Examples, the coercivity H. was measured
using a Kerr effect measurement apparatus. Moreover, for the soft
magnetic backing layer property evaluation sample obtained in
each of the Examples, the Kerr loop for a direction perpendicular
to the surface of the nonmagnetic substrate 1 was measured using
the Kerr effect measurement apparatus, so as to investigate the
state of coupling between the soft underlayer 2 and the hard
magnetic pinning layer 4. FIG. 5A shows the Kerr loop for the
direction perpendicular to the surface of the nonmagnetic
substrate 1 for the medium according to Example 1, and FIG. 5B shows

the Kerr loop for the direction perpendicular to the surface of
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strength. On the other hand, for the Kerr loop in FIG. 5B, there is no such
region. The existence of such a region indicates that for the medium
according to Example 1, the soft underlayer 2 and the hard magnetic
pinning layer 4 are ant iferromagnetically coupled together via the

the NORAGAGHGcoUPlingdayerdina directign perpendicular in thesufageny o
of the nonmagnetic substrate 1. For the property evaluation samples

compRRtaineddnisxamples 2 to by agai, adserr loop-like that farthersamplepf o s

Example 1 was clearly seen. From the above results, it was confirmed

a redlalbyRoRling <the stueture ageRIdingAe theRresaRt Hventiiy @bt ic field
ordinary temperature the soft underlayer 2 and the hard magnetic pinning

st reayehd are@ntifereagnetically, caupledrHegrther in SoPra@ion . sB, there
perpendicular to the surface of the nonmagnetic substrate 1. Furthermore,

is ntheRAY perdarsrancemef theiparpradicstars magneticipcordingdnedides that
were evaluated using a read/write tester. As the evaluated items, there

for WREe dsed the spike neisey the reisesaused bytbessoftmagaetia layetr 2 and
(SUL noise) , the pole erasure (PE), the track average signal output

the (TAA)dhensignak botppi-noiseyatia (R 4angrtbe secordivgresalytietically
(resolution). The spike noise and the SUL noise were evaluated using the
cou2&80ft tinderiayer propesty evaluatiomsgmptesc Fapiheldpike Aeisertheg in a
case that a spike-like signal was clearly seen on the signal background
direwad evgheatedasdi’bad's theocelse that Cheae sifikehe nonmagnetic substrate
1. For the property evaluation samples obtained in Examples 2 to
5, again a Kerr loop like that for the sample of Example 1 was clearly
seen. From the above results, it was confirmed that by adopting
the structure according to the present invention, at ordinary
temperature the soft underlayer 2 and the hard magnetic pinning

layer 4 are antiferromagnetically coupled together in a direction

perpendicular to the surface of the nonmagnetic substrate 1.

Furthermore, the R/W performances of the perpendicular
magnetic recording media were evaluated using a read/write
tester. As the evaluated items, there were used the spike noise,
the noise caused by the soft magnetic layer (SUL noise), the pole
erasure (PE), the track average signal output (TAA), the signal
output-noise ratio (SNR) , and the recording resolution

(resolution).

The spike noise and the SUL noise were evaluated using the
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noise was not seen but the baseline was thick and weak spike-like noise
was seen as "fair", and the case that spike noise was not seen as "good".
Furthermore, the total value over one revolution of the medium of the
signal output from the soft underlayer in this case was taken as the

sof thimeticalyalueoidhe ISk, Fof SAALplhePerpppdicylar pAGNete ; se,

recording media provided with the nonmagnetic intermediate layer 5 and

the besmagpeticyesgrding layer 65 the RE was evaluated,inaesordaneg With gna
the following procedure in a middle diameter of the medium at a rotational

backepesdref 4200srpm ) Band eragureyyas-cartigd Qutda agius dikseCtion spike
(DC+) or a minus direction (DC-); (2) a signal of recording density 53 kfci

noigMagsecersiedser A Kk thmibe, geatel of the erased handdanddhe dpjtiak-11 ke
track average output (TAA) was measured; (3) the measured track was

noisdvigded irteck?& sectys,rand theawritirg edgentwas tumedoomans effdls not
the head of each sector; (4) this turning on and off was repeated over 300

seerfeyglutiphsdand thenthe TRdrwastneasured (b the-aieauator: fremdhet ion
original TAA to the TAA measured in (4) was evaluated as the attenuation

of tadienEh) based anshe injtialiTAA: fhe ghove tevalvaionudameartipdodh this

using a head for which PE readily occurs. 28 Furthermore, the SNR was
caseevaimted ksingsa signal efurecordiag density 540 kitie Moveoves,ithe.

recording resolution was measured using signals of recording density 510

kfci and 146

For each of the perpendicular magnetic recording media

provided with the nonmagnetic intermediate layer 5 and the
magnetic recording layer 6, the PE was evaluated in accordance
with the following procedure in a middle diameter of the medium
at a rotational speed of 4200 rpm. (1) Band erasure was carried
out in a plus direction (DC+) or a minus direction (DC-); (2) a
signal of recording density 53 kfci was recorded on a track in the
center of the erased band, and the initial track average output
(TAA) was measured; (3) the measured track was divided into 128
sectors, and the writing current was turned on and off at the head
of each sector; (4) this turning on and off was repeated over 300
revolutions, and then the TAA was measured; (5) the attenuation
from the original TAA to the TAA measured in (4) was evaluated as
the attenuation ratio (%) based on the initial TAA. The above

evaluation was carried out using a head for which PE readily

occurs.
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kfci. The recording resolution was evaluated as the ratio (%) of the TAA
at 510 kfci to the TAA at 146 kfci. The evaluation results obtained are
shown in Table 1. Table 1: R/W performances of perpendicular magnetic
recording media Examples Comparative Examples 123451 2 H, [O¢]

4566, 4600 AR306 4631 do1LAR18 4p31 [kMM,363.5 30624361l B8R a1 of
359.1 359.6 360.7 Spike noise good good good good good bad fair SUL

reco@@@?u%v)iéﬁ% 14 B46138 445 198,168 IAA-1 {BVELB) B8 28301 ut ion
8.033 7.956 8.032 9.105 8.96 TAA-2 (mVP_P) 2.195 2.186 2.196 2.172

was RePSAdtt L:a68; %%%QIQMQ 8£:3r2C8 i g /R R4 A4P 912D Bfci and 146
resolution (%) SNR *2 (dB) 9.73 10.00 9.37 10.78 9.81 6.49 8.09 PE (%)

kfci4-2 3dAA33R13 39 83s 51 Recording density J46ddch’? Resordigo (3) of
density 510 kfci 29 Comparing the coercivity H, values, the perpendicular

the Tagnetic recoding medivaningach afstbegases had a ¥alue in aiBNGR_ sults
of from 358.2 to 366.2 A/mm (4500 to 4600 Oe), i.e. there was no great

obt adifferensedetwean the, media.clhis shows that there

Table 1: R/W performances of perpendicular magnetic recording

media
Examples Comparative
Examples
1 2 3 4 5 1 2
Hc [Oe] 4566 | 4600 |4536 |4631 |4511 |4518 |4531
[kA/m] 363.5(366.2 | 361.1|368.6(359.1|359.6|360.7
Spike noise good |good |good |good |good |bad fair
SUL noise (V) 143 141 146 138 145 198 168

TAA-1 " (mVpp) 8.028 | 7.983 |8.033 [7.956 |8.032|9.105 [8.96

TAAR-2 ° (mVpp) [2.195[2.186 [2.196(2.172 |2.199 |2.344 |2.268

Recording 27.3 |27.4 27.3 [27.3 |27.4 25.7 125.3

resolution (%)

SNR “ (dB) 9.73 [10.00 |9.37 |10.78 |9.81 |6.49 |8.09
PE (%) 4.2 3.1 4.7 3.3 5.3 35 6.3
*1 Recording density 146 kfci
*2 Recording density 510 kfci
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was no great difference in the structure of the magnetic recording layer
between the magnetic recording media. It is thus thought that the
differences in the R/W performances described below depend mainly on
noise caused by the soft underlayer. FIG. 6 shows the signal output for

the{:%‘?ﬂa%l’i%ﬂéyecr h BroRgIYy-eYaluagon sample gieach of EXamig dndicular

Comparative Example 1 and Comparative Example 2. For the sample of

magnExamples dsshowinelG: B4 15pike, 09ise Was Rotseens FRL the samples in 4

of Examples 2, 3 and 4, again spike noise was not seen as for the sample

rang®f BXample.l shewn iR K1G66A2 On/the otheohand, fasthe samplei ot | there

Comparative Example 1 shown in FIG. 6B, strong spike noise was

was fGengrisHeus.iffurthermaresfarifbe sapmlenf Gomparative EXample rat there
shown in FIG. 6C, clear spike noise was not seen, but the signal output

was Rasgling was thick-and weaak spikestika:aeise o« aEproxdmaiely HLEQ¢of e rding
output at a recording density of 510 kfci, approximately 0.2 mV) was

1ayeseess thiecabaviecohseyviation: resudtsrapirag auaditedivelyrwithdhe hus thought

observation results of the magnetic domain structure using an OSA
thatshaven iFGe defreem the akhove rasuisgbwas feuntthat by usingdbe below

medium structure according to the present invention, a soft underlayer for
depenHichaspike notsercioes=natarsedcanybe abtainett: 30rNext] egraparing

the SUL noise values, it can be seen that, as predicted from the results

shown in FIG. 6, the SUL noise for Examples 1 to 5 is lower than the SUL

noise for Comparative Examples

FIG. 6 shows the signal output for the soft underlayer

property evaluation sample of each of Example 1, Comparative
Example 1 and Comparative Example 2. For the sample of Example
1 shown in FIG. 6A, spike noise was not seen. For the samples of
Examples 2, 3 and 4, again spike noise was not seen as for the sample
of Example 1 shown in FIG. 6A. On the other hand, for the sample
of Comparative Example 1 shown in FIG. 6B, strong spike noise was
conspicuous. Furthermore, for the sample of Comparative Example
2 shown in FIG. 6C, clear spike noise was not seen, but the signal
output baseline was thick and weak spike-like noise
(approximately 1/10 of the output at a recording density of 510
kfci, approximately 0.2 mV) was seen. The above observation
results agree qualitatively with the observation results of the
magnetic domain structure using an OSA shown in FIG. 4. From the
above results, it was found that by using the medium structure

according to the present invention, a soft underlayer for which

spike noise does not arise can be obtained.
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1 and 2. From these results, it was found that for the samples according
to Examples 1 to 5 having the medium structure according to the present
invention, not only can spike noise be suppressed, but moreover noise
caused by the soft underlayer can itself be reduced. Next, let us compare

theyLAA and SNRMalues rand aisa.eansides, the-superpositionf theen that,

output due to the soft underlayer on the signal output of the medium.

as prramdable Eribganhe seanthat theRNRifer thesmeglia of Exanples 1de for
5 is approximately 2.9 to 3.5 dB higher than for the medium of

Exanp@BWaratye Bxampleel, angnanpioximately de Zrtor2cdhpighef than ffamples

the medium of Comparative Example 2. One cause of the improvement in

1 anfie’SNRrisdhoughide be thea teductiondn theeShdnaise deseibedhabd@nples
In addition, it is thought that the output due to the soft underlayer also has

accodid effgct enshengNR sLet tis thus carsiden heoutpuh diertodhersoficcording
underlayer. Comparing the TAA's at high recording density (510 kfci) and

to tlowpeearding density(146 kfaipanshthe resordipg keesadution for eaghofessed,

the magnetic recording media shown in Table 1, it can be seen that for
but thepespendiedasmagaete tecoyditige medicofulsamplegscrtodaithe track £ be

average signal output at high recording density (TAA-2) is high compared
reduwithithe track average signal output at low recording density (TAA-1) ,

and the recording 31 resolution is high. It is thought from the coercivity HO

measurements that there is no great difference in the magnetic

Next, let us compare the TAA and SNR values, and also consider

the superposition of the output due to the soft underlayer on the
signal output of the medium. From Table 1, it can be seen that
the SNR for the media of Examples 1 to 5 is approximately 2.9 to
3.5 dB higher than for the medium of Comparative Example 1, and
approximately 1.2 to 2 dB higher than for themediumof Comparative
Example 2. One cause of the improvement in the SNR is thought to
be the reduction in the SUL noise described above. 1In addition,
it is thought that the output due to the soft underlayer also has
an effect on the SNR. Let us thus consider the output due to the
soft underlayer. Comparing the TAA’s at high recording density
(510 kfci) and low recording density (146 kfci) and the recording
resolution for each of the magnetic recording media shown in Table
1, it can be seen that for the perpendicular magnetic recording
media of Examples 1 to 5, the track average signal output at high
recording density (TAA-2) is high compared with the track average

signal output at low recording density (TAA-1), and the recording
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recording layer 6 itself, and hence these differences are thought to be

due to the soft underlayer. It is known that with a perpendicular magnetic
recording medium having a soft underlayer, during low-density recording
the output from the soft underlayer is superposed on the output from the

resdDagnetic r@gorq{@%_llayer, ]‘!‘@e_rf@s @%@”&;H@”@%‘%ﬂw E?%eri‘&rcivity He
because the recording resolution for the soft underlayer is low, the

me a SGORURRITON ofthe eulputirom the seitinderdayetisdoweand as@dastlinetic
the recording resolution of the perpendicular magnetic recording medium

recASanWhpls,appeais xhe JownGansidesinththeabaves drs theughttbathought
for the media of Examples 1 to 5, the difference in the signal output and

to phe eerding reselutiris dugde the gutput due-to the sefbwndenayer with a
being low not only during high-density recording but also during

pergewddensity recoraing iNext detds aompade the iy valyes. AT shewadhl ayer,
Table 1, it can be seen that the PE for the perpendicular magnetic

dur iregolding deedistgceardingtorxamplesit b ahdoomparative Exampleayer
2 is greatly reduced compared with for the perpendicular magnetic

is sepefting aweditm tdi €amparative Eomamiphe: 1nkivcaddition, ttecastr derseehayer,
that the PE for the perpendicular magnetic recording media of Examples

wherktos5 mhwhich theigoft dederiayer 2andritémard bwagnetie pinningtayerrding
4 are antiferromagnetically coupled together via the nonmagnetic

rescabupling l&ger Bhe & diféctionle32 pgrgendiclitaw (o tthe supfaceidfihe on of the
nonmagnetic substrate 1 is yet

output from the soft underlayer is low, and as a result the recording

resolution of the perpendicular magnetic recording medium as a

whole appears to be low. Considering the above, it is thought that,

for themedia of Examples 1 to 5, thedifference in the signal output

and the recording resolution is due to the output due to the soft

underlayer being low not only during high-density recording but

also during low-density recording.

Next, let us compare the PE values. As shown in Table 1,
it can be seen that the PE for the perpendicular magnetic recording
media according to Examples 1 to 5 and Comparative Example 2 is
greatly reduced compared with for the perpendicular magnetic
recording medium of Comparative Example 1. In addition, it can
be seen that the PE for the perpendicular magnetic recording media
of Examples 1 to 5 in which the soft underlayer 2 and the hard
magnetic pinning layer 4 are antiferromagnetically coupled

together via the nonmagnetic coupling layer 3 in a direction
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lower than the PE for the perpendicular magnetic recording medium of
Comparative Example 2 in which the magnetizations of the two soft
underlayers are coupled anti-parallelly in the in-plane direction of the
surface of the nonmagnetic substrate 1. Next, the uniaxial anisotropy

pe rpeaistantof thehandemagnetie Pinping layehuasdneasuraddor gaehof s yet
Examples 1, 4 and 5. The hard magnetic pinning layers 4 in Examples 1,

1owed angls hadduniaxial rapisetiopycongtants ot respactively 1800306 ng medium
erg/cm3 (1.5 x 105 J/m3), 3.5 x 106 erg/cm3 (3.5 x 105 J/m3) , and 5.0 x

of CHIpErHEMB<SEk arnI®IMI)n entthe-aboye ivestigationoHWVas the two
ascertained that a hard magnetic pinning layer 4 having a uniaxial

so f tanigaikpya gensiantof netless Hranme x-1bremiem3 ¢5.6x 108a)/M3)-plane
has a suitable perpendicular orientation, so that noise caused by the soft

dirednidestayer canbegedieess Fsamtthe ahavedgsults, i wapaseertained
that by using the medium structure according to the present invention in
which the soft underlayer 2 and the hard magnetic pinning layer 4 are
antiferromagnetically coupled together via the nonmagnetic coupling layer
3 iNaxlirectioa perperdiclilarto the surfacextsthertormagneticaatsttad@ et ic
1, SUL noise (noise caused by the soft magnetic backing layer which is
pinngregehbgwen dnibhe gase dhate therersqxrmaghéticaracdrbng layedrand . The
noise produced through 33 the mirror-image of the magnetic recording
hardayepbeingdransfeired iethersoft undéhayer bes suppiessed panddhenctaxial
the SNR for the
anisotropy constants of respectively 1.5 x 10® erg/cm® (1.5 x 10°

J/m*), 3.5 x 1O6erg/cnﬁ (3.5 x 10°> IJ/m®), and 5.0 x 1O5erg/cnﬁ (5.0

x 10* J/m?®). From the above investigation, it was ascertained that
a hard magnetic pinning layer 4 having a uniaxial anisotropy
constant of not less than 5.0 x 10° erg/cm® (5.0 x 10* J/m’) has

a suitable perpendicular orientation, so that noise caused by the

soft underlayer can be reduced.

From the above results, it was ascertained that by using the
medium structure according to the present invention in which the
soft underlayer 2 and the hard magnetic pinning layer 4 are
antiferromagnetically coupled together wvia the nonmagnetic
coupling layer 3 in a direction perpendicular to the surface of
the nonmagnetic substrate 1, SUL noise (noise caused by the soft
magnetic backing layer which is present even in the case that

there is no magnetic recording layer) and noise produced through
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medium is improved. Moreover, it was found that by using the medium
structure according to the present invention, there can be obtained a
perpendicular magnetic recording medium for which the resistance to an
external magnetic field is high, and erasure due to such an external

the Magetic figldidoes patogaUnh S¢What ds Claimed Isjdr ApemendigHlate rred
magnetic recording medium having a nonmagnetic substrate, a soft

to tHededayeryadonmagneticcounlipg riayee @ haimagnetic phwingilayesr the
a nonmagnetic intermediate layer, and a magnetic recording layer in this

mediQfders Wheteivrdie sofbuadertayer anhihie hand Magaetip pinsNgJayes medium
are antiferromagnetically coupled together at ordinary temperature via

st rubenenmaegoetic couRling dayes angtansds of easyt maghetizatiapeaf e i ned
hard magnetic pinning layer is perpendicular to a surface of the

a pe hpemagoeatia suhstiate: i The perpendicdlal magoetic recarding mediust ance
according to claim 1, wherein the soft underlayer has uniaxial magnetic

to aanisptrepy iamisqasallet t6tha suifaceafthe nonmagrwiicesdbstrate andh an
in a radial direction. 3. The perpendicular magnetic recording medium

ext eaccaiding gtoedldim fiwhereindze notmagnetic coupling layer comprises
a metal selected from the group consisting of V, Cr, Cu, Nb, Mo, Ru, Rh,
Ta, W, Re and Ir, or an alloy having such a metal as a main component
thereof.
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4. The perpendicular magnetic recording medium according to claim 1,
wherein the nonmagnetic coupling layer has a thickness of not more than
2 nm. 5. The perpendicular magnetic recording medium according to
claim 1, wherein the hard magnetic pinning layer comprises a material
Whathawng Coi asamedi component thereof and further containing at least
one selected from the group consisting of Cr and Pt. 35 6. The
petpendiculargaagretiti recdedinghagoitm @ceexeingl ta¢laiadh wheteiing a
the hard magnetic pinning layer comprises a material having a granular
nonmsifueitiiecinswhichmaagnetic sofStah grans aredispersedit g menmagneiicl i ng
oxide or nonmagnetic nitride matrix. 7. The perpendicular magnetic
layetecadingrmiedium ectording ntorciaiim ¥ ewheseimcthedane magnigtice rmediate
pinning layer has a thickness of not more than 10 nm. 8. The
layeperpendiculaegragnetic recardihgnmetiaye actording stooaldier 1, wierginn the
the hard magnetic pinning layer has a uniaxial anisotropy constant of not
softlessrikar br1®5 erg/om3 [BEix¢09134an8), mndadower cpercivitydhad sher are
magnetic recording layer. 9. The perpendicular magnetic recording
ant ifredignagoerdingg 1d ¢laiar tpwhereir tretimagnetic vacordingayemperature
comprises a material having a granular structure in which magnetic
via crysta graipieiere nEispersetPinre AdEmabRERE oxideOr nodmagietic of easy

nitride matrix. 36
magnetization of the hard magnetic pinning layer is perpendicular

to a surface of the nonmagnetic substrate.

2. The perpendicular magnetic recording medium according
to claim 1, wherein the soft underlayer has uniaxial magnetic
anisotropy that is parallel to the surface of the nonmagnetic
substrate and in a radial direction.

3. The perpendicular magnetic recording medium according
toclaiml, wherein the nonmagnetic coupling layer comprises ametal
selected from the group consisting of VvV, Cr, Cu, Nb, Mo, Ru, Rh,
Ta, W, Re and Ir, or an alloy having such ametal as a main component
thereof.

4, The perpendicular magnetic recording medium according
to claim 1, wherein the nonmagnetic coupling layer has a thickness
of not more than 2 nm.

5. The perpendicular magnetic recording medium according
to claim 1, wherein the hard magnetic pinning layer comprises a
material having Coas amain component thereof and further containing

at least one selected from the group consisting of Cr and Pt.
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6. The perpendicular magnetic recording medium according
to claim 1, wherein the hard magnetic pinning layer comprises a
material having a granular structure in which magnetic crystal
grains are dispersed in a nonmagnetic oxide or nonmagnetic nitride
matrix.

7. The perpendicular magnetic recording medium according
to claim 1, wherein the hard magnetic pinning layer has a thickness
of not more than 10 nm.

8. The perpendicular magnetic recording medium according
to claim 1, wherein the hard magnetic pinning layer has a uniaxial
anisotropy constant of not less than 5x10° erg/cm3 (5><104 J/m%,
and a lower coercivity than the magnetic recording layer.

9. The perpendicular magnetic recording medium according
toclaiml, whereinthemagnetic recording layer comprisesamaterial
having a granular structure in which magnetic crystal grains are

dispersed in a nonmagnetic oxide or nonmagnetic nitride matrix.
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