PERPENDI CULAR MAGNETI C RECORDI NG MEDI A BACKGROUND OF THE | NVENTI ON 1.
Field of the Invention 5 The present invention relates to a perpendicul ar
magneti c recording nmedium and nore particularly, to a perpendicul ar
magneti c recording mediumfor inproving a signal -to noise ratio (SNR). 2_
Description of the gikpERDICULAR MRENENIEREE W A Which are
representative magnetic i nformat ion storage me a -an ead a rapid
increase in recording density are currently adopting |ongitudinal magnetic
recordi ng met hod where rm&ﬂw'@gﬂﬁl magnetic recordi ng
medi a are involved. Conv ' ' ¢ recording nethod,
however 4. conerldef BSindehtiGRt 1N increasing the recording density 15

because of the thernmal instability of a recording nedium and a new
refordi ng nEhepHesqrdripenticnuelatesdy fepe®endinyiali magnetineordisg duedianm, | y

ragnet ;09 b mekfREoRE e ORebBREI AaBERE Feindlbe PGBt bBREING St

t hat t hgighsictloribisg ratin@NR).of a 20 perpendi cul ar magnetic recording type
HDD coulg be hi gher than 200 Gb/in2 upto 500 Gb/in2. A perpendicul ar

magneti c recording nmethod increases a recording density by arranging the

magnetig di res élﬂﬂ{oﬂfoi”(ﬂb (Qéfe% Aﬁhl ch are recorded on a nedium in a
) . : :

per pendr cul ar “di rec en such a perpendi cul ar magnetic recording
mabhod is ZBaatbrdlsleGUn\.@st (HBDah, WwHigh i arpr eepresemtative traaghetih énfdemnatiolse i n

a bit S|ze The pe ul ar netic.recor net hod uses -
B o penditBtiae Mesh hf dead uapil HTeess i eroranggisneLy adg Gutealy adepting
struct uabﬁg.mdnnslt A r’(éifcd%ccﬁfdﬁ@ tmeﬂ"lBQGWh%Y@rnng skl atbadd Gaid @or{g%arrfyl ng

| ayer in per pend |cu ar magnetic recordin mediumin order to performa
per pendinaghetic neepesding rreediadi arg. iBwolRed er Lpnventional dongitudinabnnegnitieial

per pondeetids FRORGR iobSid SRR S76FT2 ML i fctirSind R BRErFhg gohen

rggor deseddiuse of ithé MBeltaldinstsility OF =P esstrdingameaiuranemdt a new recording
method, perpendicular magnetic recording method, is currently being actively

developed.
The recording density of a current longitudinal magnetic recording type HDD
product is about 90-100 Gb/in?. it is expected that the recording density of a

20 perpendicular magnetic recording type HDD could be higher than 200 Gblin2 upto
500 Gbl/in?, ,

A perpendicular magnetic recording method increases a recording density by
arranging the magnetic direction of unit bits, which are recorded on a medium, in a

 perpendicular direction. When such a perpendicular magnetic recording method is

25 applied, data stability improves in spite of the decrease in a bit size.

The perpendicular magnetic recording method uses a perpendicular magnetic
recording medium of a double magnetic layer structure. In other words, a soft
underlayer is added under a recording layer in a perpendicutar magnetic recording
medium in order to perform a perpendicular magnetic recording.

30 Referring to FIG. 1, a conventional perpendicular magnetic recording medium
10 includes a substrate 11, a perpendicular magnetic recording fayer 17 on which
magnetic data is recorded by a writing head, and a perpendicular alignment
underlayer 15, which is formed before depositing the perpendicular magnetic

recording layer 17 to improve the crystalline alignment and the magnetic
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under| ayer 15, which is forned before depositing the perpendi cul ar magnetic
recording layer 17 to inprove the crystalline alignnent and the magnetic 1
characteristic of the perpendicular nagnetic recording |layer 17. In
addition, the perpendicular magnetic recording nmedium 10 includes a soft
under | agkaratterfstic nefd the peaseridicul e nemidticutetordihg dayent 7unde radajton, lthei n

order to increase the strength  and {he spatial chan t f ti
field RARERdiCUIY-MagACHE re¢IHINg meddimy '@'%lqst?ﬁe ﬁlélﬁ?r%v(éré%n@ﬁ@si ICC

recor di Uﬂdé‘Pﬂ’Eeypéﬂgerﬁﬁéﬁfﬁr” i GRASTSYSE Ui oI inrdRAEOMY BlerigAl UM

10 is forned uenti al star(]:trk)l ng the soft underlayer 13,

Iper pengsnd Itlaciaj sphtigihchangeunatie of ayreagndjc field, phighcisdiendratedniagmes poleryper di ng
ayer .and a protection layer 19. on the substrate 11. Here, the
pobpendnEiigr hdad g e marRER dperriin Tabdge rdie PLiedtondl hpebgfeutar

| nt er megin@tik F¥Sordind melrRIR A0NS félintat BY sEBUeRtAIy st@@mq% it soke dhdatldyerof a

doubl e magnetic |ayer structure, the soft underlayer IS an inportant

porti erﬁﬁo’lihem@m@ﬂdichtiif@”ﬁﬂ@'ﬁm yaderlayer & dheprgrendicylanmagngtic rqardingl

Vi ew i tLn ' ' ding 15 systemusing a
convent 'a&ﬁﬁf‘?pé?‘gé’ﬁ%{?’%ﬁ@mﬁ%ne ’iocr:ﬁat?'g?éjrb Fr%gec?rﬁedl um 10. A nmagnetic head
30 for writi peerenthg pafiendidutdoaligrirhent andedaldrr tinnhdne beergfened dol 2 an
magneti ¢ recording medi um 10 includes a witing head 31 having a witing
pdle 33intgifediatelayeh pole 35 for writing nagnetic information on a

recordi ng | ayeknd7? : Qﬁg%; i AP e r @W
resi st ance hgrgéh%cﬁerﬁglg%?%lgfmg 'g%a;?%%n?ﬁ op%adﬂrﬂn{? \ggo&??ggﬁén t he e
recor di fayer ayrecturg, thEhsofs undetlayer 63 is lae impprtanit poniéend forauerfamingi@ high
per pendi cul.gyr magneti c recording medium 10 is widely known, thus a further
det ai | eHCRBCECNIBYE: t hereof will be omitted. Wien a soft underlayer 13 is

formed under Fide > ¢ o deBodAVaewlNlustating ta Perpénticsiaheagdgnatic’ esqpdiagng t o
the pole structure of the witing head 31 is formed in_ 25 the soft
urider | aggstens usmaa cenvertiong! sprIPeRdicylaremadartiy Teagriing cmediing 14 A

S L L s L
t o four nidgnesictigcording medium 10 includes a writing head 31 having a writing pole 33
and a return pole 35 for writing magnetic information on a recording layer 17, and a
reading head 37, in other words, a magnetic resistance head for reading magnetic
20 information recorded on the recording layer 17. The structure of the magnetic head
30 for the perpendicular magnetic recording medium 10 is widely known, thus a
further detailed description thereof will be omitted.
When a soft underlayer 13 is formed under the recording layer 17, a virtual
image head corresponding to the pole structure of the writing head 31 is formed in
25 the soft underlayer 13. Thus, a strong and sharp recording magnetic field is
obtained compared to the case where the soft underlayer 13 is absent. The field
strength is about doubled and a field gradient is increased by three to four times by
forming the soft underlayer 13.
Due to the use of the soft underlayer 13, a recording operation can be
30 performed even when the recording layer 17 is formed of a material having high
anisotropy magnetic field and coercive force. Accordingly, a recording density is
largely improved. '
As described above, the soft underlayer 13 is an inevitable element for

realizing the merits of the perpendicular magnetic recording method.
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form ng the soft underlayer 13. Due to the use of the soft underlayer 13, a
recordi ng operation can be 30 perfornmed even when the recording |ayer 17
is formed of a material having high anisotropy nmagnetic field and coercive
force. Accordingly, a recording density is largely inproved. As described
above, the s e ' ' [ W o | z1 ng. .t he
nmerits of thgogvgy%g’nm%é%gtr aﬁ%%ﬁ%@c”??%oﬁozﬁﬁg ﬁt&t 0 gﬁ%&eﬁ%ﬁé?ﬁ% g’(gft
under | agrampRe,i s fevomagnefic ssubstayoet | dhasbst anagmetitdiield ez depked feom the

of 1o SUREOS AhdRF oyt CRdoeroEt GRRoaly e BYr BENRG o Baea (RS Te

megnet i gddrfekid fi@&%ﬁé@e]ﬁﬁsa ﬁlﬂéé@oélféléré?ﬁi AoRrigpites bArgRs an SNR 5 In

addi tion, en an unstable domain wall exists in the soft underlayer 13,
sush a donai i wdbitionnvdrencas wistable demainr walliaxisa iartba sofcondertayen the

recording Jayer .17, resulting.in,t | .nerease of t [ 1] | S one
of the forsastmaibualRetnbla Wi g Bt didEaRE Boolbad M IR

| NVENTI @, fezaitiigeinené indieasé bba tRineitiohasoise BEgpenstithe Inaisesagmedratedrfestar di ng
medi um for obtaining an inproved signal-to-noise ratio (SNR) by changi ng

t he confisiacopdingfayes 1doft underl ayer. According to an aspect of the
present invention, there is provided a 15 perpendicul ar magnetic recording
medi um conpri sing a perpendi cul ar magnetic recording |layer on a substrate
and a soft underlayer for mSNIBARYE OR TEIESINAENAIGN and t he perpendicul ar
magnetic rec

di ng | . wherein the soft under| incl ud Lural i
of sof t _undefNayRIEseRaRVRGHoh FrevidR? o Remend Sl atebelS Sepfine Beuh®
| east ﬂi‘reou?éintrt@ealg gﬁbrrdw@;e&iid%ﬁéiﬁtb%diﬁra%idwy bgf ehé@ngaﬁy caifippsitibnaf

radi al direction. he sof1 underlayer may include a Tirst soft
under | agesoftamtleslayetond soft underl ayer closer to the perpendicul ar

magneti c recqrdi er_t e fifst . ay n I o a

| ar ger sat ur&Eﬁ%g‘ﬁeﬂr‘z%ﬁgﬁptqﬁﬁ?h%'tse%%bt t'H‘Zéj'ﬂdrnﬁﬁLeé tg l@%‘é@ %yée]r.

Thg sof petpeiriididare magneticn eddeiiding Frigditims odinprisiher baperpendiitutars evagmetis of t
recording layer on a substrate and a soft underlayer formed between the substrate

and the perpendicular magnetic recording layer, wherein the soft underlayer includes
a plurality of soft underlayers having different saturation magnetizations, and at least
one of the soft underlayers has a magnetization easy axis in a radial direction.

20 The soft underlayer may include a first soft undertayer and a second soft
underlayer closer to the perpendicular magnetic recording layer than the first soft
underlayer and having a larger saturation magnetization than that of the first soft
underlayer.

The soft underlayer may include a first soft underlayer and a second soft

25 underlayer closer to the perpendicular magnetic recording layer than the first soft
underlayer and having a smaller saturation magnetization than that of the first soft
underlayer.

The thickness of the second soft underlayer may be less than the thickness of
the first soft underlayer.

30 The thickness of the second soft underlayer may be 1 nm or more and 50 nm
or less.

The entire thickness of the soft underlayer may be 200 nm or less, and the
thickness of the second soft underlayer closer to the perpendicular magnetic

recording layer may be 50 nm or less.



25 underl ayer closer to the perpendicul ar nmagnetic recording |ayer than the
first soft underlayer and having a snmaller saturation magnetization than
that of the first soft underlayer. The thickness of the second soft

underl ayer may be |l ess than the thickness of the first soft underlayer. 30

The thi cknesacebrdif§ 16 eaitHes Asbebin 8 théYsresaRY ifenfioR MHdre MBI Srodiéd58 nm
or less. The entire thickness of the soft underlayer nmay be 200 nmor |ess,

and t hepetpansiigdais mAgnelie seensAiNgs bradiumdepmpyisindc Poperfpanglicuiar magnetic
pel pe”"!r%cébi;@@g’?%?&f{gh% sﬁtgsgt%tg!é}ﬁj LA uRGABr 30rid ‘Bre&légéﬁa thé“%ﬁBét?éJBg to

anot her e pre i nventtTon, er'e i's provi pérpendi cul ar
magnet i andehe perpehdidatmagnatic redording lagen ahdirginlthe softaneleriayer pchudésng
| ayer on a substrate and a soft unde&!i é_er formed between the substrate

an@ t heapBiupaliid3olt UpgigiaYers havng ditigrenkyaaturalipa mepanetzatiops+ a0ABRI ayer
and . Vel _ .
| nel UdegnfraltrikiRs drth8'soRildetRiyry RYSOE nief s vhii€ i thikddisor

magneti Zations, and the ‘entire ness o e soft un ayers is %OO nm
or | essseftiundetlager diosdriodie perpdredicidal magnetic Iregerdingl lager istad nreor less.

per pendi cul ar,_, magneti c cording,layer is 50 nmor less. At |east .one of
Phe ot t - unddt FeARcee et Ao dieiiers biay Ba adpaufe Gathnpasnam o
di recti pqdiafl@irebtiensoft underl ayer may be fornmed of a ferromagnetic

substance or _the conbination of an antiferromagneti c substance and a
f e0r omagnet | dhsuselt arnsierlayae nay tbeufrenecpira dajromagngtie substanes oarheone

205" ol iteh o sBp AR5 e londlp SRR PLLY o
the group fommedssff undibridfdremalii inehkle At FefSt .argndna sebected \fram theagreupar y
Core, G o biiervossd AoV Epcpased Al BPad o BPbe) Afbr cor.  The
Per pondi ol an 8 g aden e 1Apg indids oy T peiechel MERTTI g0uP fomedof g
peispendNdice,aNiFreddin eNiFeGre @mdda rigriary eor quatenparyvalloyhiheceofs IBind-edlaCgnnent
of the FeTaN, and a quaternary alloy thereof, and CoFe, CoZrNb, CoZrTa, and a ternary or
guaternary alloy thereof.
The perpendicular magnetic recording medium may further comprise a
perpendicular alignment underlayer between the soft underlayer and the
20 perpendicular magnetic recording layer to improve the crystalline alignment of the

perpendicular magnetic recording layer.

BRIEF DESCRIPTION OF THE DRAWINGS
The above and other features and advantages of the present invention will

25 become more apparent by describing in detail an exemplary embodiment thereof
with reference to the attached drawings in which:
FIG. 1 is a sectional view illustrating the structure of a conventional
perpendicular magnetic recording medium;
FIG. 2 is a sectional view illustrating a perpendicular magnetic recording
30 system using a perpendicular magnetic recording medium;
FIG. 3 is a sectional view illustrating the structure of a perpendicular magnetic
recording medium according to a first embodiment of the present invention;
FIG. 4 is a plane view illustrating a magnetization easy axis of a soft

underlayer of the perpendicular magnetic recording medium of FIG. 3;
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per pendi cul ar magnetic recording | ayer. BRI EF DESCRI PTI ON OF THE DRAW NGS
The above and other features and advantages of the present invention wll
25 becone nore apparent by describing in detail an exenplary enbodi nent
thereof wth reference to the attached drawings in which: FIG 1 is a

meoner o oc Bl B BRSOl USSR ook MBS BN o BRI ™
per pendh?édr‘%&ic?@@&gfdglagéﬁﬂfa@ia@usé@ir§¥§ﬁ£§i‘ié&§é;n9 a perpendi cul ar magnetic

recordi ng nmedi um_ FI Is a sectional viewillustrating the structure of
a per pendi cuF¥p. Fégiseaisectipaalovigimn dlustsalingraatinsd example of ;a soft undeiayei, ment

mmgnet | SHGTol SIBFLY & sl ety Pl el Bhobp2 et Bar” B08net i ¢
regor di sghuf@dt:.um of FIG 3; 4 FIG 5 is a perspective viewillustrating a

soft underl ayer and a perpendicul ar nmagnetic recording |ayer that are used
in simul ati ohts. #Bds agectional Wewt illesteating @ werend skamplengl a spitrundedryahl e of

a sof L WRHA lsMfhed oMY i3t B\ HdLPdy 8l pgvr@g WhipgnBlSid P8P bog

magneti zat1 on saturation o S a sectional 'view

i | | ust r etiuigmd aec ansbananpdft wideslagef havindea | satemtionwinagheiizatioor o600 a
first soft underl

hayi 1etizatig t ti f. 1,000 | cnB
and a sEEBHEMSONOMTMPIdS, e Ralirion madnstseionoh Miptacns: suhupdedDe:
eriyl criBiosy RS BPorslidiBulaf HbGhBIEFSEdraIRGTAGECK SHAAIGP N tdhor 355 ARY <5

under| ayer 10 closer to a perpendi cul ar netic recording layer is smaller
than t heodedayere first soft u nderlayer; FIG 6Cis a sectional view

Single ayer Ay PGS KRR N FisetieGH ab Y Semptgict b 586 iRl °1s
FI G 6Dwhichaissiiginednal a\éi:@gvei!b?ershaﬁhgra;lIa&?émmﬂatien&ﬁag@eﬁzfatian&ﬁf1,000

under |l ayer, which is formed of a first soft underlayer having a saturation
nmagnet i 2EWER of 600

15 FIG. 6D is a sectional view illustrating a fourth example of a soft underlayer,
which is formed of a first soft underlayer having a saturation magnetization of 600
emu/cm® and a second soft underlayer having a saturation magnetization of 1,000
emu/cm?®, in other words, the saturation magnetization of the second soft underlayer
closer to a perpendicular magnetic recording layer is larger than that of the first soft

20 underiayer;

FIG. 7 is a graph illustrating signal-to-noise ratios (SNR) of the first through
fourth examples of FIGS. 6A through 6D, which were predicted by micromagnetic
simulation; and

FIGS. 8A through 8D are graphs illustrating changes in the SNRs of a

25 perpendicular magnetic recording layer only (RL), an uppermost underlayer only
(Top SUL), both first and second soft underlayers (SUL(sum)), and both a
perpendicular magnetic recording layer and first and second soft underlayers (Total),
in the first through fourth examples of FIGS. 6A through 6D, respectively.

30 DETAILED DESCRIPTION OF THE INVENTION

The present invention will now be described more fully with reference to the

accompanying drawings, in which an exemplary embodiment of the invention is

shown.



emul cnB8 and a second soft underlayer having a saturation nmagneti zation of
1,000 emulcnB, in other words, the saturation nmagnetization of the second
soft underl ayer closer to a perpendicul ar nagnetic recording layer is
l'arger than that of the first soft 20 underlaye FIG 7 is a graph
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St ruct upBriinciclgF I@ﬁ?ﬁm@H{ UndeRaPSt i55 beReedTlithe BT iunderBy&ic 6ar éhdﬂchbO a
first enbodi nent of The present invention. Referring to FIG

3,
per pendpemendicuigheegoetie ceparding layer 6f 56 prateaiigadayer %%n‘cpfeW@thhtnarthe

e S A e P R PR A g of e

mstgneéI ! perpmgr@lang éﬁ@gl'%t|CSZecoi'dinng?Kerf . tiheagditipanai Mﬂfmaﬂmgaﬁn tnot

recordiln nedir_um accorain 0 e 1.r t t t

inventi§ﬁ°WB @rurchng ABrasin g %E}ﬁgé'ﬁél?jlﬂaéng‘g fgﬁ @ auﬁdgﬁfé@iqc%ga

bet ween 'u?eyeasné ?ﬂﬂth@eina tR‘?HQé Bodss s e by B@ﬁmw&rng
R

| ayer 57. pro ectl l'ayer rot ting the 10 perpendicul ar

magnet i mrnmbodrﬂn@pmiymorﬁmyérﬁ&: t he outS| de may be forned on the
perpendlcula tic recordi
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prot ect hadnging the magnetization direction of unit bits, which are recorded by the
operation of a writing head 31 of a magnetic head 30 of FIG. 2, in a perpendicular
direction. Here, the perpendicular magnetic recording layer 57 is formed of a
Co-based and/or Fe-based alloy ferromagnetic substance having excellent

20 perpendicular magnetic anisotropy, for example, CoCrPtX (X = Nb, B, Ta, SiOx, O)
or ordered L10 type FePt alloy.

The perpendicular alignment underlayer 55, in other words, an intermediate
layer, is formed to improve the crystalline alignment and the magnetic characteristic
of the perpendicular magnetic recording layer 57. The perpendicular alignment

25 underlayer 55 provides magnetic severance from the soft underlayer 53. The
perpendicular alignment underlayer 55 is formed to be as thin as possible.

The soft undertayer 53 includes a plurality of soft underlayers having different
saturation magnetizations, for example, first and second soft underlayers 53a and
53b.

30 At least one of the first and second soft underlayers 53a and 53b is formed to
have a magnetization easy axis A in a radial direction as shown in FIG. 4. In
addition, the second soft underlayer 53b, which is closer to the perpendicular
magnetic recording layer 57 than the first soft underlayer 53a, may be formed to
have a smaller thickness than the first soft underlayer 53a. The soft underlayer 53
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| ayer 59 caused by the contact with the magnetic head 30 of FIG 2 may be
further fornmed on the protection layer 59. 15 Information is recorded on
t he perpendi cul ar magnetic recording |layer 57 by arranging the

magneti zation direction of unit bits, which are recorded by the operation

of a windutlingpand fRdt ahd Bevaanesdt unBalayéts 834 laRd 83b irfay? beefdreid 6thar
direction. Here, the perpendicul ar magnetic recording |ayer 57 is fornmed of

a Co- bisfEunagnets sekstaacad (B olber Cape othggseit iundedayerabd enaybienfgrmed «fl ent

20 perp | J ' i . , = Ta,
s o o ebHasBRATAY Spfftrtithodiiie s B o ifipdhon Suiancd
under | ajreoth@b wards othedfirstand secaind isoftamdedagés S3agad 53bsmhgbeedrihedigfpr ove
the crystalline alignpent and the netic characteristic of_the

peBpendf dEITAMAGRGHE SHESPEES AN A andlFsroragnelices uhst gRssiisHah 15 BeMgnkbin. 25
under | ayepipar. Provi des magnetic severance fromthe soft underlayer 53. The
per pendi cu} ar alignnent underlayer 55 is fornmed to be as thin as possible.
The soft und@&herythe fitstiamd seesnd spftwralerlayersf 53afandibderareyferrmetdnithg

di ff t t ti | zati I i d d ft
Cnder| sytate Whete B rbedhe Ml S opBaiated, b ol ectih. heaet 85 decand
under | ay6 sind8Raydtd 533and 580 HaRfhg Sh eBSY BxB iFEE PAdiAPditeilioRafE dbtdifed I N a
radial direction as shown in FIG 4. In " addition, the second soft

url@er | a$isiceshp, parperdicular magnetictrecendingmesiungidduisananyfaghsed in asiretlErng

| ayer 5 ' f . Vi

smal | erzﬁ#b?%rqég%%dnﬁgp ﬁgbpl ﬁﬁge@g? %mu%rgag&raé)ﬁ/%%{’f g'g%.p%ﬁ%%s[%@?r Hﬁ:}@?ﬁgyer
?3 6di n-:;doucdih?gmbhmmiﬁt‘sﬁs &Ihd\g\meimrmdc'fmi!ar lsﬂdﬁEJ hy 6. ﬁBa Ia?@ .tﬁéhammll be .
ornmed of a. rromagneti ¢ substance. In other case, .the soft underl ayer 5
may be 8‘6‘?&@@ g@”c’t?ﬁ@ GEW?In%’E'ﬁdﬁr 108 Pr 87 PHIST GREGHRR g‘éefglﬁ’ﬁs?fa&@ed'ﬁ d a
ferronngqnéaé' ' i I rst and second soft

under | ayersécg%?&éé‘rﬁ'g%;ug%rpr% ﬁ%ﬁe)ct #%nggﬁedgﬁg‘e?%rronagnet I c substance on an
an6i f er r omagWhearctheufirst and ssecondrsadsurdantayers 982 anid 5BbMre fovroed th@lifginr st

and secde Q) bt ASh! AY Sadial Hiredion Wih Sificleht Trisatibpy feld Hk, a domain
wall is absent in the first and second soft underlayers 53a and 53b, thus a transition

noise problem due to the domain wall does not occur.
The thickness of the soft underlayer 53 is 200 nm or less, and the thickness of

20 the soft underlayer closer to the perpendicular magnetic recording layer 57, in other
words, the second soft underlayer 53b, is 50 nm or less. The thickness of the
second soft underlayer 53b is 1 nm or more and 50nm or less, for example, 10 nm or
more and 50 nm or less, and must be less than the thickness of the first soft
underiayer 53a.

25 The soft underlayer 53 may include at least any one selected from the group
formed of a NiFe-hased alloy, an Fe-based alloy, and a Co-based alloy. More
specifically, the soft underlayer 53 may include any one selected from the group
formed of NiFe, NiFeNb, NiFeCr, and a ternary or quaternary alloy thereof, FeAlSi,
FeTaC, FeTaN, and a quaternary alloy thereof, and CoFe, CoZrNb, CoZrTa, and a

30 ternary or quaternary alloy thereof.

On the other hand, the second soft underlayer 53b may have a larger
saturation magnetization than the first soft underlayer 563a.
As will be described in the following examples, when the saturation

magnetization of the second soft underlayer 53b is larger than the first soft
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state where a magnetic field is generated in a radial direction, the first
and second soft underlayers 53a and 53b having an easy axis in the radi al
direction are obtained. 10 Since the perpendi cul ar magnetic recordi ng

medi um 53 is manufactured in a circular shape and used in an HDD, the soft

under | ayer, 53 of.the per di cul ar.. I.c. recordi medi um 50 i.s shown
e of Lotpdeviah 2 BEMBFR-NGe Fand TR o pmpfrdG; e e Bkl
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radi al dj AR, M sufficient anisotropy field Hk, a domain wall is
absent ggﬁ?@gbﬂ?}%ﬁ%&nd second soft underl ayers 53a and 53b, thus a
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57, in r f Y, il s, The
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the thickness of the first soft .. underlayer 53a. 25 The ft der | r 53
my | ncPeaaaRg B8 BifsRhhdantioft i e % sipndr ehuindgnager 348
Nifpe- bapgginglthe YowénsdterdlpnadaghétationtHad the fikA st udidefyeMos £
specifically, the soft underlayer 53 may include any one Selected fromthe

group f or nedhefpe@eadicNlaranpgngliceggordimgdmedium rilt yeeerding te thamyesgntoy

et eof inEBS! nayifis T gREIRM of S MBHSIERa da Lo sBehefho ARERTe,

CoZr Nb, n ary or ernary |0y thereo e ot her
hand, t batussttomdnapidtizatides lcaneobiaih ama@NRigleer tragethat seft aradnventional
magneti zation than the first soft underlayer 53a. As will be described in

the fol PERSNYIGUIHPEREtiGRGOTdING reediUMLt i on  nagneti zati on of the second
Gnal o no ng a0 B e g o 100 and 2t
r ecor di pgrpesdiculans magneaticdrenprdiogt laerepr‘éfzierbfnati amemaednﬁn@ynuka@pnste fhe
simulations are performed to examine the effect of the soft underlayer 153 to the
SNR. Here, the existence of a perpendicular alignment underlayer is ignored.
In the simulations, the perpendicular magnetic recording layer 157 is formed
20 of a CoCrPtX material to a thickness of 10 nm and the soft underlayer 153 is formed
to a thickness of 90 nm to have a saturation magnetization Ms of 600 and/or 1,000
emu/cm?®. In addition, a bit pattern B having a width of 100 nm and a length of 30
nm is formed on the perpendicular magnetic recording layer 157. When the length
of a bit is 30 nm, a linear recording density of the bit is 800 kfci (kilo flux reversal per
25 inch).
The formation conditions of the perpendicular magnetic recording layer 157
are a saturation magnetization Ms of 550 emufcm?, an axis magnetic anisotropy Ku
of 3.5X10° erg/cm®, an exchange coupling A* of 0 erg/cm, A6 of 10°, and a of 0.05.
Here, the exchange coupling A* is a constant denoting the interaction among
30 grains in the perpendicular magnetic recording layer 157, and a smaller exchange
coupling value is better.
A8 denotes the tilt amount of the aligned direction of the grains, and a smaller

AB value is better.



second soft underlayer 53b having a | arger saturation magnetization than
the first soft underlayer 53a. 5 Even when the saturation nagnetization of
t he second soft underlayer 53b is |less than that of the first soft

under| ayer 53a, the SNR is superior to the case of a single |layer soft
under | ayer 13 of a conventional perpendicul ar magnetic r,ec%ord_i ng .nmedium 10

of FIG 1. TH@enofefa Ragnatisdamainoressantc Vst amagnedaifield seprliedordi ng
to the BERSbr LA eamédn&&m?odq?gg.%%%ggﬂnsoh%_me%o&g&% rediced: 0

havi ng wer saturation nmagneti zat than the first soft un ayer
53a. Ththepspipapdorcspiandovagisetarded eubaldd highhgptedn 50 according to the

t ti havi t he. pl It f ft d 53 d,.53b
ovi ng. di 1o Bt FOTEOMAoBATRgn Y | i i W) 1ot Arena. eHEroR han
that of niadrenYAH MRaf 600PAREBHH VHREMIRINEHICO! f0 OcliHtk oFTlidHtadpakisG 5

is a perspective view illustrating a soft underlayer 153 and a
per pendbtiieaY-axisgndt! G 5 apdraiph0bayer 157 that are used in simul ations.

The simul at | f ' t . | ayer
15 to the . EREE. REryA%ls 5dEflnb s8Ry $AF cBlrkBhtpdy 1o fiadil idett
under | ajethid 6asegthe Saxibroorfedpdhay i@tttk ditdutioper perdbiseribad abegecivhen
recording layer 157 is formed 20 of a CoCrPtX material to a.thjckness of
10 nm ath® sa8 Witarlaygrdd3aireformes while ARRIMING: theamagnelia dicld dp the redhal o

haye a ' 12 8 Y f 1,000 emu/cnB. In
agéi ti oﬁl?é%{r(ﬁ‘f’ {tﬁ%g??’grgﬁgégﬁ%vi ngi}ﬁth\%ratéﬁpg?@%(g{nm and a length of 30 nm
is formed onHkhlienpéepardidgictid be applied from thecoutdidegnlcrger tolaign hecapin frea

length of a_bit is 30 nr | i di ng_density of the bit .is.800
Fer (KIASNEHEAIOrL DBFL AXer AS 155, HK Hieioe HRORESRE: Polardtn MAANGHE fiid R
per pendié&di@ﬂltmgﬁtthé sPREPORY the daay ixislf/thediftdax@at ur ati on magneti zation

Ms of 550 enmu/cnB, an axis nmagnetic ani sotropy Ku of 3.5X106 erﬁ/crrB, an
exchange coupkxngdewotes @rer gkeanggo Heldio@ndanger® otey. opeapgr dhak han

o B R B B L R e B
exchangandetaydri 183 wahyebé Solrabtieby aiardpmpte fetrbmagnktic ssustancaf ohhan
all gnedarqtiitre?r%trrga%r;le(t)i]; stu estgrgcetlai.n%h tﬂlnsdcgses,nt?llel gzﬁtiferromagnetic substance leads
the spin of the ferromagnetic substance in a predetermined direction.
The simulations are performed on the four cases shown in FIGS. 6A through
20 6D.
Referring to FIG. 6A of a first example, a soft underlayer 253 is formed as a
single layer having a small saturation magnetization Ms of 600 emu/cm?,
Referring to FIG. 6B of a second example, a soft underlayer 353 is formed of
a first soft undertayer 353a having a saturation magnetization Ms of 1,000 emu/cm®
25 and a second soft underlayer 353b having a saturation magnetization Ms of 600
emu/cm®. In other words, the saturation magnetization of the second soft
underlayer 353b closer to a perpendicular magnetic recording layer 157 is smaller
than the saturation magnetization of the first soft underlayer 353a.
Referring to FIG. 6C of a third example, a soft underlayer 453 is formed as a
30 single layer having a large saturation magnetization Ms of 1,000 emu/cm?®.
Referring to FIG. 6D of a fourth example, a soft underlayer 553 is formed of a
first soft underlayer 553a having a saturation magnetization Ms of 600 emu/cm® and
a second soft underlayer 553b having a saturation magnetization Ms of 1,000

emu/cm’®. In other words, the saturation magnetization of the second soft
9



AO value is better. 8 a denotes a nagnetic danping constant. Wen a
magnetic field is applied, a spin-up or spin-down is carried out through
precession. As the a value is reduced, the spin-up or spin-down is carried
out at a high speed. The formation conditions of the soft underlayer 153

are a sat ion netization f 600 a d/or 1,00 Hk of 10
& Pexdbiedayeiash JRERF 1o “Sperhendiedor Megiiectcsraing el 53 beotasd: o
the Y- atiiaih mbeéeﬂiﬁﬂalﬁgn&ﬁaéi’i‘éhz%ﬁéﬁ oeimém%bﬂiméﬁé éo5534 adi al direction.
In this case, the X-axis corresponds to a track direction As descri bed

above, when Flghd isergraphdiusteating QNBsiof the firat thrabgh dowrtip examglashef fitighet i ¢

ai rect i 64 PEROGERL oA dnf B RIS 2F FREMNR, Bt e PR Tel Mol

al Bgn t hecopgding Iia?er& onipgned taSNRs frbtiaths . pepehdiiculds magnstid roedings, a
| arger pagnetic tield IS reqwr@g@to align the spin fromthe easy axis to
t he har BY8k28d the godendedavens argahaMie fiel d, and zero Hex neans that an

15 antiferr M elgC tq@?@hagﬁ)g g‘r§ Ogﬁngas'siﬁﬁ'stiétiri %ﬁbhg@? SAT fhe! @Rﬁié pey 153.

The soft under ayer arra erromagneti c
subst anperpemdiularamiaghetic seaondaty iaysnbxﬂ;aiiﬂie firtshandimooaei&;oﬂ bederlayers

oL e SOITANS) o B SR Do MR oA B sREARE o B
cages SHERMNGBAEY&S: TG timi@éiatstaﬂr&iah thﬁréxaispibg dFIFfﬁos6/6Aoihrauéii 6,

exanpl e, a soft underl ayer is formed as a single layer having a snall

sat ur at faspestivele: | 7he IXJﬁXWHn di‘lG@ocBPe mipueme SLRisf ther sargeaxiFasthe X-axis of
SEsam PG, Sy b BN i 3 gl fordln 1R 21t
sof t unnremti@yielFIGSBBAhmmw B denotisi the sigoalst geradratea Msmothetbits, amnitinB.
3535 o) BEbFEAaN DU PRHED ALIAOTAGREE ' hechring! Fie 0byere Soetiels "
than t hiheSRAMIR hOMH ABY 3G Hetid<HibrP but Beebbiditg Afdiumng fothiaeer 353a.

As shown in the graphs of FIGS. 7 and 8A through 8D, the SNRs of the
perpendicular magnetic recording layers are the same in the first through fourth
examples. However, the SNRs of both the perpendicular magnetic recording layers
and the soft underlayers vary among the first through fourth examples.

20 When the soft underlayer is formed as a single layer, the SNR may be
deteriorated compared fo the SNR of the perpendicular magnetic recording layer
only, as in the cases of the first and third examples. However, when the soft
underlayer is formed as a double-layer having different saturation magnetizations,
the SNR is improved compared to the SNR of the perpendicular magnetic recording

25 layer only, as in the cases of the second and fourth examples. More specifically,
when the saturation magnetization of the second soft underlayer closer to the
perpendicular magnetic recording layer is larger than the saturation magnetization of
the first soft underlayer as in the case of the fourth example, the SNR is increasingly
improved.

30 Thus, since a perpendicular magnetic recording layer according to the present
invention includes a soft underlayer formed of a first and second soft underlayers
having different saturation magnetizations, the SNR is improved.

In addition, the soft underlayer is formed to have an easy axis in a radial

direction, thus a transition noise is increasingly improved.
10



Referring to FIG 6C of a third exanple, a soft underlayer 453 is forned as
a 30 single layer having a | arge saturation magnetization Ms of 1,000

emul cnB. Referring to FIG 6D of a fourth exanple, a soft underlayer 553 is
formed of a first soft underlayer 553a having a saturation nagnetization

Ms of 600 e m . and a econ soft nderla 53b havin t urat,ji on
Tagnet oat | oV 878 Bresst TovaicRenas oSt AT GRS ShoWe S dPssisd with
magnet i zafek&ibePto tRCeRERBRTY ﬂﬁocﬁﬂéﬁ@%é@éﬂut Wik 'uﬁaéfstéﬂ]%y those of

per pendi cul ar magnetic recor g layer 157 is larger than e saturation
magnet i padinary siill imthef ant thatsarious mhanga:ym fosEand deils mayba madeptherein

illustratin NRs .of the. first.throu fourth exa Ies of F hr ough
5D, 1 YOG EpRE RO the Pk 2BRASEe e Bl inERIdh ahegtoendy e
rerrdlmgkNﬂMgbﬁmﬂ@|y and the SNRs of both the perpendi cul ar magnetic
recording |ayer and the soft underlayers are shown. FIGS. 8A through 8D
are graphs illustrating changes in the SNRs of a perpendicul ar nagnetic
recording layer only RL, first and second soft underlayers SUL(sun), and
bot h a perpendi cul ar magnetic recording |ayer and first and second 10 soft
underl ayers Total, in the first through fourth exanples of FIGS. 6A through
6D, respectively. The X-axis in FIGS. 8A through 8D is the sane axis as
the X-axis of FIG 5, which denotes a track direction of recording
magnetic information. The Y-axis in FIGS. 8A through 8D denotes the
signals generated fromthe bits, which are recorded by noving a reading
head to the X-axis of FIG 5. Mre specifically, 15 the reading head has a
fixed position, but a recording nediumis rotated. As shown in the graphs
of FIGS. 7 and 8A through 8D, the SNRs of the perpendicul ar magnetic
recording |layers are the sane in the first through fourth exanples.
However, the SNRs of both the perpendi cul ar magnetic recording | ayers and
the soft underlayers vary anong the first through fourth exanples. 20 Wen
the soft underlayer is forned as a single layer, the SNR may be
deteriorated conpared to the SNR of the perpendicular magnetic recording

| ayer only, as in the cases of the first and third exanpl es. However, when
the soft wunderlayer is formed as a doubl e-layer having different
saturation magnetizations,

1



the SNR is inproved conpared to the SNR of the perpendicul ar nmagnetic
recording 25 layer only, as in the cases of the second and fourth exanpl es.
More specifically, when the saturation magnetization of the second soft
under| ayer closer to the perpendicular nmagnetic recording |layer is |arger

than the satyrati.on nagnetization of the first soft underlayer as in the

case of the M@L‘E&@L@%Qu@ the SNRis increasingly inproved. 30 Thus,

since a perpgndi W s&mpBRAREr MmaGTictet8rdi edﬁ?r?nQ!di‘h i@ the present
ﬁégoft ?ayer forne@gﬁ a ot

i nvention includes a under ' irst and second soft
under | ayers atperpeondidulaf mmtlsaewmu@hymgnasmaa&tgnd he SNRis

' radi al " arpbcbRarayd, Eited TRy e, SubSER k. 16 To@Pe Rl

10 sWhi | mdgmetipiressrding layentwhateimas been particularly shown and descri bed
with reference to an exenplary enbodi nent thereof, it will be understood

by those of the @prflawRdeyiaver mﬁuﬂﬂ% an Pluralityt of, seft dindleslayate bavings differerid
detail sg h t pe&gﬁep e cqope of
t he pr esent [ nveng B%r%ﬁ efl ned %P I?%& forlﬁl f(t)lﬁ/é)%ygl %ﬁ@%ﬁd%[gvﬁaﬁ ?s

cl ai rredm@neuzaﬂbrpea&eaxismmlaa'adrahgrrecmcm recordi ng nediumconprising: a

per pendi cul ar magnetic recording | ayer on a substrate; and a soft

under! ayer formed between the substrate and the perpendicular s magnetic
regording | ager, Wﬂ@rﬁérﬁeﬁcﬁlﬁu@?frﬁazﬁmi%rrb%ﬁﬁng Rddigi@SofciBiny Aathr eiRftngof t
underl ayers having different sat tion magneti zati ons, east one
of the softundadayérapmemprisess a rragnetl zation easy axis in a radi al

direction. 1 endi cu magneti c recordi ng medi um of claiml,
wherein the géﬁ?‘ﬁ%ﬁ&i‘f‘? 8F Ly r| ses: a first soft underlayer; and a

second soft dngebhaweft wideseiect elosbetdeicpapendicalarmmagedticCrecardingidyer! ayer
than the first soft underlayer and having a larger saturation magnetization than the
15 first soft underlayer.

3. The perpendicular magnetic recording medium of claim 2, wherein the

thickness of the second soft underlayer is less than the thickness of the first soft

underlayer.
20
4. The perpendicular magnetic recording medium of claim 1, wherein the
soft underlayer includes:
a first soft underlayer; and
a second soft underlayer closer to the perpendicular magnetic recording layer
25 than the first soft underlayer and having a smaller saturation magnetization than the
first soft underlayer.
5. The perpendicular magnetic recording medium of claim 4, wherein the
thickness of the second soft underlayer is less than the thickness of the first soft
30 underlayer.

6. The perpendicular magnetic recording medium of claim 3 or 5, wherein

the thickness of the second soft underlayer is 1 nm or more and 50 nm or less.
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than the first soft underlayer and having a | arger saturation magnetization
than the 15 first soft underlayer. 3. The perpendi cul ar magnetic recording
medi um of claim 2, wherein the thickness of the second soft underl ayer is
| ess than the thickness of the first soft wunderlayer. 20 4. The

er pendi cul a ti f I fi
3ndgrl alyelrJ ﬁclrrﬁgige p%régrﬁcﬁgglggﬂgaqﬂ%tg?pggr gaﬁ}r‘?@ LH“?’S&E%'&‘“% ?’Wﬁgé‘?mayer
closer i éﬁﬁeﬁﬁfeﬂﬁ@% 6ﬂ{r%rsdTB9ﬁ@éﬂiéyér€?§QOQ'rﬁﬂ o P, andthé ARBkIR éf'thét
sof t underl:‘%er and having a snaller saturation magnetization than the

first seecontheeit uagerayss. cloges tpéhepatendialanmgageeiic reaasdingilayerie 0umm of
claim4 rﬁ%grel n the thickness of the second soft underlayer is |ess than
the thi &k s of the first soft 30 underlayer. 6. The perpendicul ar
magnetic recording nmediumof claim3 or 5, wherein the thickness of the
second soft underlayer is. 1 nmor nore and 50 nmor less. 12 7. The

per pendi cul af- magfAdierpendicdiagimagnatig rGﬁPES*'“Q:NﬁQ’HTH OMBisifierein the

entire thi Ckap%?pQﬁdlElﬁ%rﬁﬁgmeﬂeq éérﬁl}'r@’layé 39% ﬁé%ﬁﬁ! and t he

t hi ckness of second s erl ayer c oser € perpendi cul ar
magnet i ¢ r ecar dofiguhdgrtayer s fdsthedmbebweersthe 5uastratepear1demhb cperaendiegiaet i c

recordi ng nmedi um c ng: _a perpendi cul ar magnetic recording |ayer on a
substra[’%gngﬂﬁ rgccyﬁ% Iﬁﬁﬁfe%rﬂ%'ln formed between the substrate and the
pefppendi cul athe %Bﬁﬁ%dérldy@?%ﬂh@@s |aﬁbﬂfrallt¥\§|* 8ot tﬁﬁiérl'é?eﬁsohbwﬁ@dtﬁfféﬁé(ﬂr
includes a plurality of Soft underlayers aV| differént saturation

magnet i galurating magoaetizations: pnd ﬂﬂweameeﬁgcl@'fess the poft underpysreng 209 0 nm

or |ess ?é‘meéf Wi 1hE CiRGRRsT of e S8 UHLREYEY HoddrO8F thd CpdBEndicutar

perpend|
magnetic recording layer is 50 nm or less.

15 9. The perpendicular magnetic recording medium of claim 8, wherein at
least one of the soft underlayers has a magnetization easy axis in a radial direction.

10. The perpendicular magnetic recording medium of any one of claims 1
through 5, 8 and 9, wherein the soft underlayer is formed of a ferromagnetic
20 substance or the combination of an antiferromagnetic substance and a ferromagnetic

substance.

11.  The perpendicular magnetic recording medium of claim 10, wherein the
soft underlayer includes any one selected from the group formed of a NiFe-based

25 alloy, an Fe-based alloy, and a Co-based alloy.

12.  The perpendicular magnetic recording medium of claim 11, wherein the
soft underlayer includes any one selected from the group formed of NiFe, NiFeNb,
NiFeCr, and a ternary or quaternary alloy thereof, FeAlSi, FeTaC, FeTaN, and a

30 quaternary alloy thereof, and CoFe, CoZrNb, CoZrTa, and a ternary or quaternary
alloy thereof.
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magnetic recording layer is 50 nmor |less. 15 9. The perpendi cul ar magnetic
recordi ng mediumof claim8, wherein at |east one of the soft underl ayers
has a magnetization easy axis in a radial direction. 10. The perpendi cul ar
magneti c recordi ng medium of any one of clains 1 through 5, 8 and 9,

V\,hereinthegi derIa er, i forrre of a ferro netpc 20 substance or
e oo ot 130 off R peRE st B ramgatic ecRpUT A e en At oL SrE S la s,
subst angfoudt 5, B18nA 9, nﬁﬁalewkr?é pERs duar ﬁe@hetaegeMidgné%L%audele

wherein the  soft underlayer inc s any one’selected fro group
forned fEromagreticsigiiancsiaimeshof &aﬁomﬂﬁ&’e@w/ar AD Y e-basedaliy. based al | oy.
12. The perpendi cul ar magnetic recordi ng nmediumof claim1ll, wherein the
soft underl ayer includes any one selected fromthe group fornmed of Ni Fe,

Ni BeNo, N Fefy, The perpendisilgr aiagietit eoudmi dremdd‘i@fem‘m X AHEireinfRdac,
FeTaN, and a 30 quaternary alloy thereof, an CozZr Nb, CoZrTa, and a

I
ter naryC@r afipst 2n9{ar ihe 5¢TWGQ@P¥MC|UQ'991@CW b(e'rlﬁénal fa §IO¥1EQ1H&’PEC
recor di g%ﬁﬁagpa% F%T t%’ll through 5, 8 and 9, wherein the
|

per pendic na ne ic r ng yer |ncI udes a ferromagnetic substance
formed of a Co- based and/ or an Fe-based alloy. 5 14. The per pendi cul ar
magnetic rec d|n medium f claiml wherein t ased and/or the
Febased ai | 39+ 1 nehBarargoRenBr Fdastiscaiding megfesn pany ppe OHFBY nd
orider edidrdQgt ¥D8 aFrRPQ f@hﬁé}ycorﬁéns: g% Wp@ﬁﬂl&h%'aﬁ%nﬁ%@%déﬂé%&w@%

medi um of a one of clains | hrou , 9 further conprising a
per pendiheubelt undegayenand rtbernetpemdtbelameagmet@ geording dayéralpeimproge tthe
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