PERPENDICULAR MAGNETIC RECORDING MEDIUM BACKGROUND OF THE INVENTION 1.
Technical Field [0001] The present invention relates to a perpendicular magnetic recording
medium mounted in various kinds of magnetic recording device. More particularly, the invention relates
to a perpendicular magnetic recording medium mounted in a hard disk drive (HDD) used as an
external memory device of a computer, AV instrument, or the like. 2. Related Art [0002] As a result
of a sharp rise in demand for an increase in HDD recording density, a magnetic recording method is

shifting from a heretofor ngi %Baw icr % meth erpendicular magnetic
recording method, which'isad agéﬁgu ini 9%%2’%?@% BNB%r &Qﬁr magnetic recording

medium (hereafter also abbreviated to being called a perpendicular medium) used in a perpendicular
magnetic recording is mainly configured of a magnetic recording layer of a hard magnetic material, an

under layer for orienting the recokglits aNREZ eI e RagpatieNecording layer in a perpendicular

direction, a protective layer that protects the surface of the magnetic recording layer, and a back layer
of a soft magneaticcmatesial that dulfills a role of concentrating magnetic flux emitted by a magnetic
head used in a recording onto the recording layer.

[ 0001]

The present invention relates to a perpendicular
magneti c recordi ng medi umnounted i n vari ous ki nds of magneti c
recording device. More particularly, the invention rel ates
t o a perpendi cul ar magneti c recordi ng medi ummounted in a hard
di sk drive (HDD) used as an external nmenory devi ce of a conput er,
AV instrunent, or the like.

2. Related Art

[ 0002]

As a result of a sharp rise in demand for an increase
in HDD recording density, a magnetic recording nethod is
shifting from a heretofore known |[|ongitudinal nagnetic
recordi ng net hod t o a per pendi cul ar magneti c recor di ng net hod,
whi ch i s advant ageous i n i ncreasi ng density. A perpendi cul ar
magnet i c recordi ng medi um( hereafter al so abbrevi atedto being
cal | ed a per pendi cul ar nedi un) used i n a per pendi cul ar magneti c
recording is mainly configured of a magnetic recordi ng | ayer
of a hard magnetic material, an under | ayer for orientingthe
recordi ng magneti zation of the nmagnetic recording | ayer in a
per pendi cul ar direction, aprotective layer that protects the

surface of the magnetic recording | ayer, and a back | ayer of



[0003] Asa detailed structure of the magnetic recording layer, a structure called a granular
structure, wherein ferromagnetic crystal grains are surrounded and magnetically divided by a
non-magnetic grain boundary component, is generally used. In the following description, the
ferromagnetic crystal grains may be abbreviated to being called ferromagnetic grains. CoPtCr-Si02, or
the like, wherein the ferromagnetic grains are formed from Co, Pt, and Cr and the non-magnetic grain
boundary component is the oxide Si02, is proposed as a specific example of the granular structure (for
example, refer tq JP-A-2003-178412). [0Q04] aracteristic primayily required of a magnetic
ocording o] | AGISSS B oRuig b, haa i o iyt GG Caf el Virten, and
in order o feglize.piof eerdipo ey, adnialdtatomehe eagmanneicarpig aige
magnetic recording layer, or a reduction of a magnetic interaction between the ferromagnetic grains, is
effective. Hgyeyet is & derRyegiatign ok mal stability due to a so-called thermal fluctuation occurs
when promoting a miniaturization of the ferromagnetic grains, it is necessary to increase a
perpendicular magrlqjig(;ag]isotropy energy Ku held by the ferromagnetic grains. It is reported that, with
a perpendicular medium, CoPtCr-Si02, wherein an oxide is added, is superior in the two
characteristics of redsicingdnteraasion betusenrgraifstang highriet irccomparigdbnyvitagePCrB, which
is a material used in a heretofore known longitudinal medium (for example, refer to T. Oikawa et al,
IEEE Transadtionumrt Magroick€d.8 .gv)a2002r vetunue B8y eunvdez e ipadesr 1,06 gm@1978). Because
of this, it can be supposed that a hard magnetic material with an oxide or nitride as a non-magnetic
grain bounddry ebalpopieat BSmareadvrrtagesiedinancrcasmgahe cetdrdirdj dérty diya a
perpendicular medium. [0005]  Meanwhile, with regard to the strength of a magnetic field
generated P TAEHSEHChBRA tNaPOAHIES Yt GOTSROARAY onit LMRghatit Ye&&@thg mddium in an
HDD, it is known that the necessary magnetic field strength is proportional to Ku. Consequently, when
Ku is increds@, ft® hRW e84 tbﬁgé@ﬁse tRes &R G AT AN M fyriehit Hedl HEAGAAR field.

H , as th ' imit to | tic field st th, | hen i ing Ku in that
Caturaton RS ARG vHAPHFE WHibhvaioh BPhG AL PG jaris 8t BhaRed m one.

desired direcfi ec s difficult. Alsg, when promoti iniaturization of the ferromagnetic grain
size, a den?géﬁgégzrihgg E;i](eﬁzd a()crfin%ﬁc)e'r?]th% ?érr%’%garg%'e |cp§%r§rge{sﬁ8éj§§§ ,taln% ﬁ?lsa !af%% e'egl%s to an
increase in AJnAGRCHFIATEBInG iRt Thatds: HeRdnariasitenll eelafianshipdnaaia
miniaturization of the ferromagnetic grains and an increase ot Ko with a view to increasingthe
recording degsiposrises 3 dansesiriian injties wiiting psrgsBanss of tisdppeneticieaasdiag medium.
Because of the heretofore described kind of background, there is a demand for a method whereby the
signal qualipf andtshabilityypha magneticracqeding eediumare iRENMSde While @pitaining the writing
performance. [0006] In response to this kind of problem, a method is proposed whereby, by
making the hfraghe2ic08carddwiliayer a multilayer structure of two or more magnetic layers and a layer
controlling coupling force inserted between the magnetic layers, and weakening the exchange
coupling force betwe@A@K¢ magnetic layers, the switching field is reduced while causing barely any
depreciation of thermal stability. This kind of medium is called an exchange coupling control medium.
Although the exchaAgeCdiupliag edrcetis tfiritel WBéh bifecti@ dtiokid) tf twé meBeesd lagers, it is
possible to control the exchange coupling force by inserting an exchange coupling control layer
between thé 88 tAGHEAEERYEFR \iHdMewRlakEniHg tREeXERANGE BOUBRA fdr¥e WIRARK BYchange

coupling control layer, the switching field reaches an extremely small value at a certain .
ping howm%/ny signal s cgn%e written, andel n%rder torealize ahigh

recording density, a mniaturization of the ferromagnetic
grains of the magnetic recording |ayer, or a reduction of a
magnetic interaction between the ferromagnetic grains, is
effective. However, as a depreciation of thermal stability
due to a so-call ed thermal fluctuation occurs when pronoting

amniaturizationof theferromagnetic grains, it is necessary



optimum exchange coupling force. When the exchange coupling force is further weakened, the result
obtained is that the switching field increases again when the exchange coupling force approaches zero
(for example, refer to J.Magn. Soc.Jpn., 2007, volume 31, page 178). This occurs because each of the
two magnetic layers carries out a differing magnetization switching (that is, an incoherent
magnetization switching), while also maintaining a weak exchange coupling. As a developed form of
this, there is proposed a structure having a total of three magnetic layers, wherein the magnetic layer
above the exchange couplin controléayer is divided into two, .and wherein Ku gradqual ip reases
flom the urh 81 JUTLE 15 DEEMIE Lo p 08 5 A3y S0BEY S 4h Bhe S Beda

exchange Cnglf'WeC‘}”érro H}fzgﬁHHt ?éaygfl %‘uitﬂ  lowg Ku iss_di?%‘?lcj?r%i%&‘ RAFHon NGRIER! Ig the

magnetic head. As a result of diligent stu y the inventor, it is at an exchange coupling

control me%@pﬂ@%;%kigp ‘P\fe%'i%ﬁﬁredé@ﬁd-@f‘@g,e%ﬁ%mq{rﬁwi%&mfetr?Qka[H@Bdl,t is ideal

that the recording field of the magnetic head is such that a strong magnetic field is generated in only a

down-trackidiregtigar Hewe Vet ieacirchiactes. e ek recerdipadigld is@isataengeatedin a
cross-track direction. Because of this, the cross-track direction component of the recording field affects

an adjacenbigagieinip yhitha signdl hiagialteadyrbesmysites.candihensicematioas thevsigeial written is
reduced. [0010] As heretofore described, it is found that there is a limit to the narrowing of the
track pitch insaraerelhargeatowdied conteolhmeeditiof ihoagkhtmime leffegiiteuas aaderpeidiontar medium
providing a good writing performance, signal quality, and stability. SUMMARY OF THE INVENTION
[0011] Bearingxanmethg gbere pr@blem Qhkdneerttbr,als, a rédult dirdilitmt stuply, bas found
that the problem is solved by adopting a specific configuration for the magnetic recording layer, and
has compledxHe ihGenfidh.S. A Thati@0the ¥bHIEh 3SsubN AT irPa fRagesditufhf hbh§netic
recording medium including a magnetic recording layer on a non-magnetic base, the magnetic

recording laye? MludesBERRURRGALLC Y Sy, ah bxARIhgE RoFHRRASHfrof BPEr, & sBEKH magnetic

layer, a third magnetic layer, and a fourth magnetic, layer, in. that order. i
y rragngetl C n%t erral w tth angom deyor nitride as a non-nagnetic

grai n boundary conponent is nore advantageous in increasing
the recording density of a perpendi cul ar nmedi um

[ 0005]

Meanwhil e, with regard to the strength of a magnetic
field generated by the magnetic head that carries out a
recording onto a magnetic recording mediumin an HDD, it is
known that the necessary magnetic field strength is
proportional to Ku. Consequently, when Ku is increased, it
i s alsonecessarytoincreasethe strength of the magneti c head
magnetic field. However, asthereisalimt tonmagneticfield
strength, a problem occurs when increasing Ku in that a
saturationrecordi ngwhereinthe nagnetization of the magnetic
recording layer is all oriented in one desired direction
beconmes difficult. Also, when pronoting a mni aturization of

the ferromagnetic grain size, a demagnetizing field acting on



[0012] It is preferable that when the perpendicular magnetic anisotropy constants of the first
magnetic layer, second magnetic layer, third magnetic layer, and fourth magnetic layer are Kul, Ku2,
Ku3, and Ku4 respectively, relationships of Ku4 > Ku3 > Ku2 and Kul> Ku3 > Ku2 are satisfied. [0013]
Furthermore, it is possible to adopt a structure wherein an exchange coupling layer is added to the
heretofore described structure. That is, the structure of the magnetic recording layer is a structure
wherein the first magnetic layer, a first exchange coupling control layer, the second magnetic layer, a

d li trol | the third tic | the fourth tic |
Secuontal) QEekeh PUFUEIRH] Gl D it MEDRETR gl Ve, Sl arige i contol
I , th ic [ tic | Iy trol | ,
i he fou i MaGER T e A S T et b i M aetc layer,

the first exghange, Gouphing CANHra| 13y 1o Had SECPRA Magneliciyera fhif $ecandorrdianggecoupling

control layer, the third magnetic layer, a third exchange coupling control layer, and the fourth magnetic

layer are sgapieniatypiacked. feQi4ls ady canfipuing Higemagnatic rapendling layenast heretofore
described, there is realized a perpendicular magnetic recording medium that, while providing good

writing perfoiimeanreesinigetdasvn deek dlinegtios nowt signaliseiseapedgineaice: aod tharmakestability, at
the same time prevents unnecessary writing into an adjacent track in the cross-track direction, thus
enabling a mighttracy dendity: BRIEE DESCRHRAIJO8L OF TeEODRAVINES [0D15]Because

of the heretofore described kind of background, there is a

demand for a net hod whereby the signal quality and stability

of a magneti c recordi ng medi umare i nproved, whi |l e mai nt ai ni ng

the witing performance.

[ 0006]
Inresponsetothis kindof problem anmethodis proposed

wher eby, by maki ng the magnetic recording |l ayer a nmultil ayer

structure of twoor noremagneticlayers andal ayer controlling

coupling force inserted between the magnetic |ayers, and

weakeni ng t he exchange coupling force between the magnetic

| ayers, the switching field is reduced while causing barely

any depreciation of thermal stability. This kind of nedium

is called an exchange coupling control nedium Although the

exchange coupling forceisinfinitewhendirectly stackingthe

two magnetic layers, it is possible to control the exchange

coupling force by i nserti ng an exchange coupling control |ayer

bet ween the two magneti c | ayers. When weakeni ng t he exchange

coupling force with an exchange coupling control |ayer, the

switching fieldreaches an extrenely snall val ue at a certain



Fig. 1 is a sectional schematic diagram of a perpendicular magnetic recording medium according to
the invention; Fig. 2 is a sectional schematic diagram of a perpendicular magnetic recording
medium according to the invention; Fig. 3 is a sectional schematic diagram of a perpendicular
magnetic recording medium according to the invention; and Fig. 4 is a sectional schematic
diagram of a perpendicular magnetic recording medium according to the invention. DETAILED
DESCRIPTION OF THE EMBODIMENTS [0016] Hereafter, a description will be given, referring to

the drawings, of an embo%ment of the inventiqn. Fi% IS ectiona{aschematic diagram for
llustrating 17 bk AN SF 5 E0A i 2HB od gethSeicul N RapEn orSCBHING At Oftne
Invention. T?Sr%ﬁép?’éd'%?{ ﬁ@gngg%p;equ)églpgmeedgl@g@syclam_agiap%qjt MaIpRuG b?‘ﬂ%'ayer 2,
seed layer 3, under layer 4, magnetic recording layer 5, and protective layer 6 are stacked sequentially

on a non-Magnelihpage i AGUhHerpgL. & "rﬁédz’&? IDHRRIPT IR¥eTel hiHyed @HJ?ﬁHﬁatec“VG

layer 6. The magnetic recording layer 5 has a first magnetic layer 51, exchange coupling control layer

56, second MRANEHE [RYEhER WIixE MAYREC d3yehBiBe andefosirth :agnelighaysoes, pkhat order, as

shown in Fig. 1. [0017]
2007, volunme 31, page 178). This occurs because each of the
two magnetic layers carries out a differing nagnetization
switching (that is, an incoherent nagnetization sw tching),
while also maintaining a weak exchange coupling. As a
devel oped formof this, there is proposed a structure having
atotal of three nmagnetic | ayers, wherein the magnetic | ayer
above t he exchange coupling control |ayer is dividedintotwo,
and wherein Ku gradual | y i ncreases fromt he upper portion (for
exanple, refer to JP-A-2008-287853).

[ 0009]

I nthe proposed exchange coupl i ng control medi um al ayer
with alowKuis disposedinaportionnearest tothe magnetic
head. As a result of diligent study by the inventor, it is
found t hat an exchange coupling control nmediumw th this kind
of structure is di sadvantageous in narrowi ng the track pitch.
It is ideal that the recording field of the magnetic head is
such that a strong magnetic field is generated in only a
down-track direction. However, in actual practice, a weak
recording fieldis al so generated inacross-track direction.

Because of this, the cross-track direction conponent of the

recording field affects an adjacent track i nto which a si gnal



In a still more preferable configuration, the Ku of the fourth magnetic layer 54, which is the outermost
portion of the magnetic recording layer 5 and is disposed in the position nearest to a magnetic head, is
increased, and the Ku of the layers below is gradually reduced in the order of the third magnetic layer
53 and second magnetic layer 52. Furthermore, the Ku is increased again for the first magnetic layer
51 disposed as the lowest layer across the coupling layer. By configuring the magnetic recording layer
5 in this way, it is possible to prevent an unintentional writing into tracks adjacent on either side to a

track into which a recording is actually being carried out. [0018] The effect of this is described as
follows. By D AULS TGN HaghotafuCh U e RGHKRid 1 Uit dorhSiot the
magnetic rchrt}iggdj%yee 5, it is possible to increase resistance to a writing into adjacent tracks caused
by a comparatively weak magnetic field generated by the magnetic head in a cross-track direction.

Furthermore, as a rFé@erg field generated by the magnetic head decreases as it moves away from
the magnetic head, the comparatively weak magnetic field in the cross-track direction does not affect

the lower layer thirdaga@iesicda?rSdesRGANEEN2ANETGIa)RINe% RAH thedike i &f Hieinpagnetic
recording layer 5. Because of the heretofore described advantages, it is possible to prevent a

magnetizatiop switchirg eloifiervgh@e nagneticaerorsiing layen [8612 c haMganabilpl thegnagnetic
head generates a strong recording field in a down-track direction, and the recording field has an effect
as far as a compativety dieem polstiogthih tieombgneticfrecoidiey lagerss. Jéependiding geld, firstly,
prompts a magnetization switching of the second magnetic layer 52, which has the lowest Ku, and the
magnetizatiGREwIithMiPui thergcorgbmagwetit layer B2 ihancena eaghairatiofiwalitching of the
third magnetic layer 53 and fourth magnetic layer 54. Furthermore, by the first magnetic layer 51
switching a8 MbughAdralgyedl -along by the magnetization switching of the second magnetic layer 52,
third magnetic layer 53, and fourthmagnetic layer 54, the magnetization of the whole of the magnetic
recording layer switches. Because of this advantage, it is possible to secure sufficient recording

performance in the down-track diregwg(y%: THE | NVENTI ON

[ 0011]

Bearing in mnd the above problem the inventor, as a
result of diligent study, has found that the problemis sol ved
by adopti ng aspecificconfigurationfor themgneticrecording
| ayer, and has conpleted the invention

That is, theinventionis such that, in a perpendicul ar
magnet i ¢ recordi ng medi umi ncl udi ng a magneti c recordi ng | ayer
on a non- magneti c base, the nagnetic recording | ayer includes
a first magnetic | ayer, an exchange coupling control |ayer,
a second magnetic layer, athird magnetic | ayer, and a fourth
magnetic layer, in that order.

[ 0012]

It is preferable that when the perpendi cul ar magnetic
ani sotropy constants of the first magnetic |ayer, second

magnetic |l ayer, thirdmagneticlayer, and fourth magnetic |l ayer



In this way, a perpendicular magnetic recording medium including good writing performance, high
signal quality, and high thermal stability, and realizing high track density, is realized. In the
perpendicular magnetic recording medium of the invention, it is possible to use an Al alloy coated with
an NiP plating, chemically strengthened glass, crystallized glass, or the like, used for a normal
magnetic recording medium as the material of the non-magnetic base 1 (which may also be called a
non-magnetic substrate). When the heating temperature of the base is kept within 10C, it is also

ossible to use a plastic base formed from a resin such.as polycarbpnate or palyolefin. Apart from this,
i sk R b Btk LG0T 163 8]

it is also po&Sible Wusé 4 S éSe%BZ + T eRffS&ott itaghetit Palk 1aer 2'i82 18 e Whose

formation is pr ferablﬁ in aord rg) imprgve rec%rdin and repro uctg)n characteristics by controlling a
magnetic flax 16 the MRaghetic Head 08edin'a maghetitYecardifg. It is also possible to omit the soft
magnetic back IayeI[r goA\sthe soft magnetic back layer 2, it is possible to use a crystalline NiFe alloy,
sendust (FeSiAl) alloy, CoFe alloy, or the like, a microcrystalline FeTaC, CoFeNi, CoNiP, or the like, or
a non-crystalline Caftghaddr aiothe, like, inslyting pgpalktef 8optMeret ofuld. i eNbh & & e like,
which are non-magnetic compounds. In order to improve the recording performance, it is preferable
that the sataraét aggetizatipn ohthe splrmagnrliddinciolayrr Rds endhetargtesidei Alsd, although
an optimum value of the thickness of the soft magnetic back layer 2 changes in accordance with the
structure arst charbateeistic3 lo&the sagnedcdteadaisedandhetrhagnetgnetcoadingciaralcase in which
the soft magnetic back layer 2 is formed by a continuous deposition with other layers, and the like, it is
desirable inl tayras dfs dadmcechin probedtRitg thhetie tickmnegnetiOanh ay aTorea JOOhat or less.
[0022] The seed layer 3 is a layer whose formation immediately below the under layer is
preferable iB%FSNGaANHRRE tHedofEHIAliGH of feainddr N8y &er dnto FRGIREAIIZe dra)esize, but it is
also possible to omit the seed layer 3. It is_possible to use a non-magnetic material or a soft magnetic

material fordh&&e209aF&CH FUIqhE YARE 107 Je EARIPLLap NIRY ; it G SiPANIL (HRINE Hitance

bet th tic h d soft tic | ' Il. C tly, ft ' terial i
more prefeleBFised 3D i 8Lkl BHENS HrchGhkEh HesaFRLGR) hetd SRR bt back

layer, and whep usén(% ;ﬁer?%né%a%ﬁ?g'ﬂﬁ m eeriak, iit{ig {;iesljrrg\ lneeEh% it .'ls @Ze trhin 6}%05?,13'& fAs a

material of fhe Ss%(re INg soft magnetiC characteristics, i ossible 10 use an Ni based

alloy such @@W&n@%’é‘?’ﬂ@g’l\'j':ﬁ IR O TS Alpey iE@cﬁftﬁgiﬁﬁ%&Arﬂ]ﬁ]‘? eyl %gé?r a Co based

alloy such as CoB, Ni, of CoFe, or CoNiFe, CoNiFeSi, o cp or fcc structure is

preferable as,ie RISk Ce YVQ?BH'?C'PH_E‘% E€oH® SHERHMRY S Héﬁ'ﬁlltp MG Ad)CC structure

when the amount of Fe included is large, meaning that it is preferable that the amount of Fe included is
20% or lesy. 43ter thgytiamidi based Rlleygriehias Ny F Go baseq iy istch s Easkatis also
possible to use Pt, Ta, Ti, or the like, as a material of the seed layer 3 exhibiting non-magnetism.
[0023] dhe ainder layeud és atimyresiwhaskedofmatinn immgedataly belpar thetrhagridticsecording
layer 5 is preferable in order to optimally control the crystal orientation, crystal grain size, grain size
distribution earach@ragre boonghdry rsg ge@gHtionl ofl thy @nagridiie reecainty layenbt it ¢s paysible to change
the crystal structure as appropriate in accordance with the magnetic recording layer 5. When an hcp or
fce structuré Eagiop aoicrth B aNgh 668! [ doPdirROaY &0, |ty prefetdisiet tol ddbprgnesp er fcc crystal
structure for the under layer 4 too. Ru, Rh, Os, Ir, Pt, or the like, is optimally used as the material of the
under Iayer'zﬁydﬁéo, gntamquhg{(ﬁg§nge coupling control layer, andthe fourth

magnetic |ayer are sequentially stacked.

[ 0014]

By configuring the nmagnetic recording |ayer as
heretofore described, there is realized a perpendicular
magnetic recordi ng nediumthat, while providing good witing
performance in the down-track direction, |ow signal noise

performance, and thermal stability, at the sane tine prevents



Ru, Rh, Os, Ir, or Pt as a main component is preferably used. Also, in order to block a magnetic
interaction between the magnetic recording layer 5 and soft magnetic back layer 2, it is preferable that
the under layer 4 is non-magnetic. When a soft magnetic material is used for the seed layer 3, it is
necessary to take into account a magnetic interaction, including also the seed layer 3. With a view to
reducing a magnetic spacing between the magnetic head and soft magnetic back layer 2, the smaller
the thickness of the under layer 4 the better, with a thickness of 3 to 30nm being preferably used.
[0024] The magnetic recor(i;ngrlaﬁertS has a onf%;ﬁur?ti?n avg@(erein farhleast the [ic[st makqnetic layer
51, exchanéjg%ﬁ Sgaéé/nt\%lll >'/ % ,nse%o%rtl.l M g?i £ ayer 52, thitd ggﬁ{eﬁé ?ayef gf“;, and fourth
magnetic | re stac e ially, W, -tg e agnetic layer is taken to be
Kul for the |r§tF r%%@n%tﬁié Ia%;@ggl,gﬁ‘égﬁ%ﬁ e‘?ggb oFﬁ rﬁgg\(%%c%yﬁegg? ),IWKUS for the third magnetic
layer 53, and Ku4 for the fourth magnetic layer 54, it is preferable that the relationships Ku4 > Ku3 >
Ku2 and Kul> Ku3 > Ku2 are satisfied. [0025] The first magnetic layer 51 is a layer whose
principal role is to take respopgipgity fordesiermahsiabilityef thraviolesf the magnetic recording
layer 5. 1 x 106 erg/cm6 or more is preferably used as the Ku value. As a material exhibiting this kind
of performance, angl @5 magnetization easy axis is perpendicular to the base surface, it is
preferable to use a granular structure, which is a structure wherein ferromagnetic grains are divided by
non-magnetic grainayindafly carsporeents etam origle. Fec&erplec a nddtagalamherefn araoxide is
added to a ferromagnetic material including at least CoPt, such as CoPtCr-Si02 or CoPt-Si02, is
preferably us2idp apditdtdmithensigRehéttioned abaveth Treshidenfara@intilegCr20o3)t AT oxide (for
example, Ti02), a Ta oxide (for example, Ta205), a Cu oxide (for example, CuO), a Co oxide (for
example, Co0Y, & tth@like, are included as examples of the added oxide. While it is possible to add
just one kind of these oxides, it is also possible to add a plurality of kinds. It is possible to select as
appropriate, so as tb'dbtainéan dptimiin (GRGhAGR&Ic gra&TRELStrudt A8 a3l cri¥ial Gientation.

As the crystal structure, it is possible to.adopt a crystal structure based on a hexagonal cﬁse-packed
crystal struBEFOHN SHlcRire) TBABETLE of i PHBH TR e F4HeE Pacify, {18 preferable

that the thiclkrr]]\(; ﬁsl %%small as possible within a range in which it is possible to ensure the necessary
Ku, and it is possible 10 'make it 20nm or less, or preferably still, 5 to IOnm. Not only a single layer, but

also a multilayer stgg d cogfiglilrgtio%m thﬁ ggg'%tpd fgrctng ' $ti r’eagraqtg:%/g%% SJO'andayvhen a
multilayer configuration is adopted, it is preferable that the total thickness is Within the
above-menfaneb 19€u %26 hagneti ¢ recording medi um according to the
i nvention; and
Fig. 4 is a sectional schematic diagram of a

per pendi cul ar magnetic recording nmedium according to the

i nventi on.

DETAI LED DESCRI PTI ON OF THE EMBODI MENTS
[ 0016]
Hereafter, a descriptionw || be given, referringtothe
drawi ngs, of an enbodi ment of the invention.
Fig. 1is asectional schematic diagramfor illustrating
an exanple of a configuration of a perpendicul ar magnetic

recordi ng medi umof theinvention. The perpendi cul ar magneti c



Anon-magnetic or weak magnetic material is used for the exchange coupling control layer 56. As a
non-magnetic material, it is possible to use an alloy having, for example, Ru or Pt as a main
component. As a weak magnetic material, it is possible to use an alloy wherein the amount of
magnetism is controlled by adding a hon-magnetic element such as Cr, Ta, Ru, Mo, or W to at least
Co, Fe, or Ni as a magnetic element. CoCr, CoCrTa, CoRuCr, CoCrW, CoW, CoNiCr, CoNiFeCr, and
the like, are included as examples. Herein, 100emu/cc or less is preferable as the saturation amount of

magnetism, and it is preferable that the ratio between the magnetic element and non-magnetic
clement 5 LR o W ot L S B et O TR Sl OE i i of the

k | jal tog, hen.th f the.non- ic el isset hjgh, and th
Satunation FagPPah Ak Shra DIty i thE SHHAIE S e eohaige couplng

control layep byaddiing in F3r-FagIe WaYs 2% HER] VU HF 3T BPHROR-MEANREG Mtgrals. For

example, with CoCr, the property is non-magnetic in the case of Co42Cr and weakly magnetic in the
case of Co3i{ale ut i uPPESIPIeciormY, eithergliizinagpibie i adthanapddenq he gxerange
coupling control layer 56 as a grain boundary component. For example, to give an example with Si02
as the oxiderthenmasedalde RivSi02ay41Si62, Crta-ilghor ithe ike ovaerned ithe preausly described
non-magnetic or weak magnetic alloy is the crystal component, and the oxide is the grain boundary
componentaBy addingegnetide, It &y posSible éx ehemyageoemitinagusaraimogrdvethdromahe first
magnetic layer 51 below. The strength of the exchange coupling force between the first magnetic layer
51 and sec68d A Agnaydérs? apeve and bélonwccampaebneolley &y chnding the tiitkness and
amount of magnetization of the exchange coupling control layer 56. [0027]  In Fig. 1, a case is
shown in wARBRBEMeSis loaKednSéxchdhde@uphh§ ebntréiSagdowit it s Fd$hibld to apply a plurality
of exchange coupling control layers. Fig. 2 is a sectional schematic diagram of the perpendicular
magnetic recording[ri?g idin according to the invention, wherein a point differing from Fig. 1 is that an

h [ trol | 57 is furth ided bet the s d ti 52 and third
agnete layer 55, El % R § Chol T 4ih By arhof B el RgPett Pecording

medium according to the inyention, wherein a paint differing from Fig. 1 is that an exchange coupling
control Iaye?; %'érz}sgﬁ‘]urﬁeaﬁp%obiéeg %?vﬁee—él)r?' the Hir%%mhanetﬁlcgla%#ggé g%étfogﬁﬁ?ﬁa%ﬁnegﬁ layer 54.
Fig. 4 s a sehlonglsriiemalediaoamen g aeaeadieyier ragiisledechiing pediu gecording to
the invention, wherein a point differing from Fig. 1 is that the exchange coupling control layer 57 is
further provigled ativees the pegard maanelig layes §2,nd Hurcimagpglic lekasoand fe exchange
coupling control layer 58 is further provided between the third magnetic layer 53 and fourth magnetic
layer 54. [002§ler s Aelthrseeonst A@gartiy layes beddincipalliduliisiarolefoftradueing red
magnetization switching field, it has the smallest Ku among the magnetic layers configuring the
magnetic revagaing ilayérdy.¢ks B3natefialasedditiagoesibte tayse B2 sanrukinte ofroragerial as for
the first magnetic layer 51, for example, it is possible to use CoPtCr-Si02, or the like. The composition
is selected thb@pptopriatei in@reéaxsteccoagal the fkar witia ahi approprisge eange. IFay exarbple, it is
possible to use a material wherein a comparatively large amount of Cr is added. Also, as the second
magnetic |la§eBBR%€d 1@ferittha ndadRShe lkay @ b 6f  86nipaeatbeUPsmAaDN vhR¥elt is pBgsible to
use a material that includes a small amount of Pt, and it is also possible to use CoCr-Si02, or the like,
which inclu§89 b &dIGIRENb R, TR | C T1RC A REgha¥Elayer 58 hAk & KBYbetivbehShose of the
second magnetic I@/er 52 and fourth magnetic layer 54, and fulfills a role of smoothly transmitting a

magnetizatBRASHifthfhg 'SParfduEN G setdnd MdYrRBE 1QR7I52 W6 tid fR%rth Mynbli@Rer 54. As a
material used,. it is possible to use the same kinds of material as fqr.the first magnetic layer 51, for
example, 1 AThECHIL B<8 LRICRERS, bt kgl LG A hitBuft BPARGl BBor Bt betweer

those of the d magnetjc layer d fourth magnetic layer 54, it is possible to appropriately
control the R%?ifé‘olr}? isg g?st'éc oxs‘élrb?i t%aus(,;e?J lg ‘material to which no oxide such as Si02 is added.

[ 0018]
The ef fect of thisisdescribedasfollows. Bydisposing
the fourth magnetic | ayer 54 with the high Ku in the outernost

portion of the magnetic recording layer 5, it is possible to



[0030] The fourth magnetic layer 54, in the same way as the first magnetic layer 51, has ahigh
Ku. It fulfills a role of ensuring resistance to the cross-track direction magnetic field on the recording
layer surface. As a material used, it is possible to use the same kinds of material as for the first
magnetic layer 51, for example, it is possible to use CoPtCr-Si02, or the like. It is also possible to use
a material to which no oxide such as Si02 is added. [0031] An example has been given wherein a
material based on CoPtCr is used for the magnetic layers 51, 52, 53, and 54, but for the purpose of
grain size control and im rove%(lent of cglstal or.i%ntation, izgis al§o ossipl to_ use a materigl wherein

an additiona"SIEHBRESLER B3 ”r%ew Mao,vlgd, or'8e id'afaé .J[ 8§ﬂ ' Spl%%lcctﬁ/ layer 6

be f [ f d ti .materi le, i d usi
can b ol WS HREPP PO RAETNEINTITAGTA) b il L ped tong

protective layer material based on carbon. Rather

be of a stagkgd configuiation 9infy @rasarle: Murariondaysrspf difiefinthaiapsties. &metal film and

a carbon film, or an oxide film and carbon. [0033] The liquid lubrication layer 7 can also be formed

using a hergleéeredised |ﬂb@@ir@éﬁéﬁ%dobwf@fﬁ@'%ﬁfﬁ@tb%mm RdiRg adssiiuerepolyether
eg

series lubricating material. Hereafter, a description will iven of working examples of the
perpendicuiar magnasicawagrding medisnheiihetinemiiwnd Thelse workingr examieley ake ik more than

representative examples for optimally describing the magnetic recording medium of the invention, and
are in no waptméinigc field in the cross-track direction does not affect
the | ower | ayer third magnetic | ayer 53, second nagnetic | ayer
52, and the li ke, of the magnetic recording | ayer 5. Because
of the heretofore described advantages, it is possible to
prevent a magnetization switching of the whole nagnetic
recording | ayer.

[ 0019]

Meanwhi |l e, the magnetic head generates a strong
recording field in a down-track direction, and the recording
field has an effect as far as a conparatively deep position
in the magnetic recording layer 5. The recording field,
firstly, pronpts a nagnetization switching of the second
magnetic |ayer 52, which has the |owest Ku, and the
magneti zati on sw tchi ng of t he second magnetic |l ayer 52i nduces
a magneti zation switching of the third magnetic |ayer 53 and
fourth magnetic | ayer 54. Furthernore, by the first nagnetic
| ayer 51 swi t chi ng as t hough dragged al ong by t he magneti zati on
swi t chi ng of the second magneti c |l ayer 52, third magnetic | ayer

53, and fourt hmagneti cl ayer 54, t he magneti zati on of t he whol e

of the magnetic recording |layer switches. Because of this
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Working Example 1 [0034] A disc-like glass base with a smooth surface is used as the
non-magnetic base 1 and, after being cleaned, is fed into a sputtering device where each layer is
deposited. Firstly, the soft magnetic back layer 2 is formed in a three layer stacked configuration.
Firstly, a CoFeTaZr layer is formed to 15nm under an Ar gas pressure of 3mTorr using a
Co54Fe9Ta6Zr target. Herein, the large numerals in the composition name represent the amount of
the immediately following element included. For example, in the case of Co54Fe9Ta6Zr, the numerals
indicate that 54% g)éatomic ¥veight of Fe,.9% by atomic Weéi,ght of and 6% bg atomic weight of Zr,

is included,aa PREEEHE reinbintdr iE(a,Sog. LI'lf‘)leesa 2 a%%ﬁé’ ﬁergg}é’rj. EO%HF\ui &,Ca%r Urf%/er is
formed to 1’32&!? Srdgnan ﬁrrgaﬁpéeﬁ%{m_otf ﬁnglprﬁj?iglgtan%g target, and continuing, by forming a
yer to

CoFeTaZzr | nm under an Ar gas pressure of 3mTorr using a Co54Fe9Ta6Zr target, a
CoFeTaZr/Ru/CoFetWZ" ft magnetic back layer 2 is formed. Continuing, an NiCrSi seed layer 3 is
deposited to a thickness of 5nm under an Ar gas pressure of 10mTorr using an Ni20Cr2Si target.

Furthermore, an Ru wneeyi laygag is depepitrahiq @ thisknessgefeddnin Lagsr an Ay gasdprersure of
50mTorr using an Ru target. [0035] Continuing, a CoPtCr-Si02 first magnetic layer 51 is formed to

a thicknessjai@notibingegan dngast pregspier didrdrahere, usingta 83 grele %ualGadZPtageto 7 mole
% of Si02target. Next, an Ru exchange coupling control layer 56 is formed to a thickness of 0.10nm
under an Ahgash ptdesunabf $ 0aiTidri, ugingaanl Rietrgeti Ngxhiag@oQrResiteescdnd magnetic layer
52 is formed to a thickness of 6nm, using a 95 mole % of Co22CrlOPt to 5 mole % of Si02target. Next,
a CoCrPt tHiglahbgeeétic layer 53 is formed to a thickness of 2nm, using a Col9CrI6Pt target. Next, a
CoPtCr fourth magnetic layer 54 is formed to a thickness of 1.5nm, using a Co20PtIOCr target. Of the
layer depositions thuB fAlen@& iReREirLERY ifeE Blry6t MRE bR caRRidWNt Asind & pulsed DC
magnetron sputtering method, while all others are carried out uséﬂg magnetron Flsqgjuttering

method. NexB & la0ptotdctivk SaPR lobhaltor 2arsth & Hoaa %9253 Wish 2BvD
formed rorpErtbrEpblyher REEH AaL b 1rih LI 4 B g dhdihda, (i 8 hbdkehe
L PR YIS o B AR P A i e
magnetic regording Iayet? dgpogiionieRdp Mailaring Ba¥e 1 (whi ch may al so be
called a non-nmagnetic substrate). Wen the heating
tenperature of the baseis kept within10°C, it is al so possible
to use a plastic base forned froma resin such as pol ycarbonat e
or polyolefin. Apart fromthis, it is also possible to use
an Si base.
[ 0021]
The soft nagneti c back | ayer 2is al ayer whose formati on
is preferable in order to i nprove recordi ng and reproduction
characteristics by controlling a magnetic flux from the
magneti c head usedi namagneticrecording. It isalsopossible
toomt the soft nagnetic back | ayer 2. As the soft nagnetic

back layer 2, it is possible to use acrystalline N Fe all oy,

sendust (FeSiAl) alloy, CoFe alloy, or the like, a
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[0037] Continuing from the deposition of the under layer 4, a CoPtCr-5i02 first magnetic layer 51 is
formed to a thickness of 5nm under an Ar gas pressure of 50mTorr, using a 93 mole % of Co22Pt3Cr
to 7 mole % of 5i02 target. Next, an Ru exchange coupling control layer 56 is formed to a thickness of
0.10nm under an Ar gas pressure of 10mTorr, using an Ru target. Next, a CoCrPt-5i02 second
magnetic layer 52 is formed to a thickness of 7.2nm, using a 95 mole % of Co22CrlOPt to 5 mole % of
5i02 target. Next, a CoCrPt third magnetic Iayer 53 is formed to a thickness of 2 3nm, using a

Co20PtIOCr.target, thu etl dlng [0038 tls the magnetic
recording Iarye? ';5%8 é’o?ﬁﬁinso %E:jg‘ﬁwpqe 1is bhflg@ﬁon Wf?o:-,[re|L Qﬁer 3 threé mggnetlc
layers, not i d chang co oII I par I

perpendicu a%ﬁﬁé%?ﬁm%gﬁﬁﬁ%m%s fgﬁlca?g%ewfﬁgve?yﬁgﬁﬁ aﬁrgolr% tﬁe same way as in

Working Exgépple doexcept iy Changing the magnsiic [ ‘?q!é’éd'%'%ﬁfér%eﬂ%ﬂ“%i%'ﬂ6he
following way. [0039] Continuing from the deposition of the under layer 4, a CoPtCr-Si02 first

magnetic layghpb imtpsmed 9 a/tieknessioipnBY endaeandydras RIgSsere o PRIAEe!N. using a 93
mole % of Co22Pt3Cr to 7 mole % of Si02 target. Next, an Ru exchange coupling control layer 56 is

formed to ajthigknese phB/l@ntrhandertan Aagas aressureraghemToat usingain Rudargsftt Next, a
CoCrPt-Si02 second magnetic layer 52 is formed to a thickness of 5.7nm, using a 95 mole % of
Co22CrlIOPtrtyGenole % at ISi0Aateege2 Next,anColeP1 thirdenagruic lafkes b3 imfarimedgb a
thickness of 3.8nm, using a Col9Crl6Pt target, thus forming the magnetic recording layer S. [0040]
an opti mum val ue of the thickness of the soft nagnetic back
| ayer 2 changes in accordance with the structure and
characteristics of the nmagnetic head used in the nmagnetic
recording, in a case in which the soft magneti c back | ayer 2
is formed by a continuous deposition with other |ayers, and
the like, it is desirable in terns of a balance wth
productivity that thethicknessis 10nmor nore, 500nmor | ess.

[ 0022]

The seed |l ayer 3is alayer whose fornmation i medi ately
bel ow t he under | ayer is preferable in order to inprove the
orientation of the under |ayer 4, or tom niaturize grain size,
but it isalsopossibletoomt theseedlayer 3. It ispossible
to use a non-magnetic material or a soft nmagnetic nmaterial for
the seed layer 3. For the sake of recording capability, it
is desirable that the di stance bet ween t he magneti ¢ head and
soft magnetic layer is small. Consequently, a soft magnetic
material is nore preferably used so that the seed |ayer 3

functions inthe sane way as t he soft magneti c back | ayer, and

when using a non-magnetic material, it is desirable that it

12



That is, the magnetic recording layer 5 in Comparison Example 2 is of a configuration wherein there
are three magnetic layers, not including the exchange coupling control layer. Comparison Example 3
The perpendicular magnetic recording medium is fabricated with everything done in the same way as
in Working Example 1, except for changing the magnetic recording layer 5 deposition step in the
following way. [0041] Continuing from the deposition of the under layer 4, a CoPtCr-Si02 first
magnetic layer 51 is formed to a thickness of 5nm under an Ar gas pressure of 50mTorr, using a 93
mole % of C022Pt3§:l']to 7 mole % of EIOZ tar&t. Next. an Ru )ﬁartgri coupling control layer 56 is
S OmTorr,

formed to'a'tﬁicﬁﬁe bi’b.ﬁnrﬁ({ﬁ%‘e gﬁ'Ar s&eggﬁ_r%réfal es.insglglsij uat(ViFgret. ext, a
CoCrPt-Si0g CBPE’%@’L&&'&W@?&E f8@@%@§ﬁ§j‘ﬂ‘2ﬁ%@ 4.ppm. é‘sglgssg PBINRCIEg Of

Col7Crl6Pt to 5 mole targ xt, a ird'-magnetic layer 5 ormed to a thickness

of 4.6nm, ugg 3 342G e JPus RINAY NerBagRPieRgeoriinpdayer & [PAf2] o Thatis,

the magnetic recording layer 5 in Comparison Example 3 is of a configuration' wherein there are three
magnetic layerse 0ot including the exchangei wupling eydrgluaxeicsomperseadedapledy  The

perpendicular magnetic recording medium is fabricated with everything done in the same way as in
Working Exenifeds e3eBpt tsithe Banexclangeoseypling CoNrgtdayerdit iseBit depositad.
like. An hcp or fcc structure is preferable as the crystal
structure. Wen including Fe, the structure is liable to
becone a bcc struct ure when t he anount of Feincludedis | arge,
meaning that it is preferable that the anount of Fe included
is 20%or less. Oher than an Ni based all oy such as N P or
Co based alloy such as CoCr, it is also possible to use Pt,
Ta, Ti, or thelike, asamaterial of the seed|ayer 3 exhibiting
non- magneti sm

[ 0023]

The under | ayer 4is alayer whose formati on i nmedi atel y
bel ow t he magnetic recording layer 5 is preferable in order
to optimally control the crystal orientation, crystal grain
size, grain sizedistribution, and grai n boundary segregati on
of the magnetic recording layer 5. It is possible to change
the crystal structure as appropriate in accordance with the
magnetic recording |l ayer 5. Wen an hcp or fcc structure is
adopted for the magnetic recording layer 5, it is preferable
to adopt an hcp or fcc crystal structure for the under | ayer

4too. Ru, Rh, Gs, Ir, Pt, or the like, is optimally used as

the material of the under layer 4. Also, an alloy that has

13



[0043] Hereafter, a description will be given of performance evaluation results of the
perpendicular medium of this working example. Firstly, as a preliminary study, magnetic
anisotropy in a single |IOnm film is measured with a torque meter for every magnetic layer used in the
working example and each comparison example. The results thereof are that the 93 mole % of
Co022Pt3Cr to 7 mole % of Si02 has a Ku of 8.2 x 106 erg/cc, the 95 mole % of Co22CrlOPt to 5 mole
% of Si02 has a Ku of 2.0 x 106 erg/cc, the Col9Crl6Pt has a Ku of 4.2 x 106 erg/cc, the Co20PtIOCr

has a Ku ofF%.O é:31§6£g/ci:rthe 95 mole % of Col7Crl6Pt to 5 rpole % of Si02 Igis a Ku of 4.2 x 106
erg/cc, and theé 2CrBPt has & Ku of 29 £ 108" é}g?c%%ﬁ' ! SNB{(t? A hé: t}/reH%e%q of the

e'ec”omagR?@%Coﬁvr‘?r%'i)gétﬂa&a&tedisgﬁﬁ 0%1\’\4?& NEEXAMAIE &34 FEMPRUPOR Exampies Lo 4 is

carried out In order to clari e practical performance of the invention. An electromagnetic conversion

ChafaCte”S%(?\ﬁ%H?EOP S ER"HEA g’ttlrfé(‘{/@ ASPANERY tesigly i TeCRER ARk WHIth jof the

magnetic head used is 100nm, and the reproduction track width is 80nm. [0045] Table 1 shows a

summary of thepfepaF S EramagnatisConyaEsion aaiacierisyc ﬁdam@ﬁqnéw&ts ofgagh magnetic
layer. A signal-to-noise ratio (SNR), overwrite (OW) characteristics, and oblique magnetic field
resistance aresgffawmag eéadtiomagraticagoniversise ¢hamctengticitards] S)&ris3 valueinseasured at
a linear recording density of 600kFCI, and is an index of signal quality, that is, of recording density.
OW is a valneomtseyaa y OKFC| sighal isiwtitten @vepa miO0kd Cinfagprae recording dersityi dgnal, and is
an index of ease of writing onto a medium. The evaluation of oblique magnetic field resistance is
carried out b8 ¢olloWN A Rcoalibdandeeprddayesn 3 cavietiola usirgpar evaledtion tgclthat carries
out an evaluation of oblique magnetic field resistance, and a reproduction signal output thereof is
taken to be BIINEBL, GftePa&iriggRit Werkritifes M _ath of iteRs Adth& brn@tekide to the
evaluation track, the reproduction of the evaluation track is carried out again, and a signal output at

this time is PR hEEE22Frdh%h & TBIUIR ot Am by FRESFal0hibM e IRHUE R &I ndtic field

resistance is defined as 52/S1. The higher this valug, the higher the resistgnce qof the head to an
onloue M IE LGk bd NIt DGR 1 i S P FADBRERT FEAHLIE Sieans that the
track density is inch6%e21I4][0046] Table 1

The magnetic recording layer 5 has a configuration
whereinat | east thefirst magnetic | ayer 51, exchange coupl i ng
control |ayer 56, second nmagnetic layer 52, third nmagnetic
| ayer 53, and fourth magneti c | ayer 54 ar e st acked sequenti al | y.
When the Ku val ue of each magnetic |ayer is taken to be Ku;
for the first magnetic |layer 51, Ku, for the second nagnetic
| ayer 52, Kus for the third magnetic | ayer 53, and Kus for the
fourth nmagnetic layer 54, it is preferable that the
rel ati onshi ps Kus > Kuz > Kuy and Ku; > Kuz > Ku, are sati sfied.

[ 0025]

The first magnetic |ayer 51 is a | ayer whose pri nci pal
role is to take responsibility for the thermal stability of

t he whol e of the magnetic recording layer 5. 1 x 10° erg/cn?

or nore is preferably used as the Ku value. As a materi al

14



Table 1: Electromagnetic Conversion Characteristic Evaluation Results First Magnetic Layer Kul
(erg/cc) First Exchange Coupling

exhi biting this kind of performnce, and whose nagneti zati on
easy axi si s perpendicular tothe basesurface, it ispreferable
to use a granular structure, which is a structure wherein
ferromagnetic grains are divided by non-magnetic grain
boundary conponents of an oxide. For exanple, a material

whereinan oxideis addedtoaferromagnetic material including
at | east CoPt, such as CoPtCr-Si O, or CoPt-Si O, is preferably
used. Apart fromthe Si G, nentioned above, a Cr oxide (for

exanmple, Cr,0;), aTi oxide (for exanple, Ti ), a Ta oxide (for

exanpl e, Ta;G), a Cu oxide (for exanple, CuO, a Co oxide (for

exanple, CoO, or the like, are included as exanples of the
added oxi de. VWhileit is possibletoaddjust onekindof these
oxides, it is also possible to add a plurality of kinds. It

i s possibletoselect as appropriate, soastoobtainanoptinmm
ferromagnetic grain dividedstructure and crystal orientation.
As the crystal structure, it is possible to adopt a crystal

structure based on a hexagonal cl ose-packed crystal structure
(hcp structure). Because of the relationship with the
magnetic spacing, it is preferable that the thickness is as
smal | as possible within a range in which it is possible to
ensure the necessary Ku, and it is possible to nake it 20nm
or less, or preferably still, 5 to 10nm Not only a single
| ayer, but also a nultilayer stacked configuration may be
adopted for the first magnetic | ayer 51, and when a nul til ayer

configuration is adopted, it is preferable that the total
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Control Layer Thickness (nm) Second Magnetic Layer Ku2 (erg/cc) Third Magnetic Layer Ku3 (erg/cc)
Fourth Magnetic Layer Ku4 (erg/cc)

thickness is within the above-nentioned range.

[ 0026]

A non-magneti c or weak magnetic material is usedfor the
exchange coupling control |ayer 56. As a non-magnetic
material, it is possible to use an alloy having, for exanple,
Ru or Pt as a main conponent. As a weak magnetic materi al,
it is possibletouse an all oy whereinthe anobunt of nagneti sm
iscontroll ed by addi ng a non- magneti c el enent such as Cr, Ta,
Ru, Mo, or Wto at | east Co, Fe, or N as a nagnetic el enent.
CoCr, CoCrTa, CoRuCr, CoCrW CoW CoN Cr, CoNi FeCr, and the
i ke, are included as exanples. Herein, 100enu/cc or less is
preferabl e as the saturati on amount of magnetism and it is
preferable that the ratio between the magnetic el enent and
non- magneti c el enent i s chosen so that that kind of value is
obtained. Wth the materials given as exanples of the weak
magnetic materi al too, even whent he anount of t he non-magneti c
el enent is set high, and t he saturati on nagneti zati on reaches
zero, it is possible to apply the materials as the exchange
coupling control layer by handling in the sane way as the
previously described non-nmagnetic materials. For exanple,
with CoCr, the property i s non-magnetic in the case of Co42Cr
and weakly nmagnetic in the case of Co33Cr, but it is possible
toapplyeither. It ispossibletoaddan oxidetotheexchange
coupling control |ayer 56 as a grai n boundary conponent. For

exanpl e, togiveanexanplew th Si O, as the oxi de, the materi al
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OW (db) SNR (db) Obl igue Magnetic Field Resistanc e Working

is Ru-SiG, Pt-SiG, CoCr-SiG, or the like, wherein the
previ ously descri bed non-magneti c or weak nagnetic alloy is
the crystal conponent, and the oxide is the grain boundary
conponent. By adding an oxide, it is possible to encourage
continuous graingrowhfromthefirst nmagnetic |l ayer 51 bel ow.
The strength of the exchange coupling force between the first
magnetic | ayer 51 and second nagnetic | ayer 52 above and bel ow
can be controlled by changing the thickness and anount of
magneti zati on of the exchange coupling control |ayer 56

[0027]

In Fig. 1, a case is shown in which there is only one
exchange coupling control |ayer, but it is possible to apply
a plurality of exchange coupling control layers. Fig. 2 is
a sectional schematic diagramof the perpendicul ar magnetic
recordi ng nediumaccording to the i nvention, wherein a point
differingfromFig. 1isthat anexchange couplingcontrol | ayer
57 is further provided between the second nagnetic | ayer 52
and third magnetic | ayer 53. Fig. 3 is a sectional schematic
diagram of the perpendicular magnetic recording nedium
accordingtotheinvention, whereinapoint differingfromFig.
1 is that an exchange coupling control |ayer 58 is further
provi ded between the third nagnetic layer 53 and fourth
magnetic layer 54. Fig. 4 is a sectional schematic di agram
of the perpendi cul ar magneti c recordi ng medi um according to

the invention, wherein a point differing fromFig. 1 is that
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Example 1 8.2 x 106 0.1 2.0 x 106 4.2 x 106 8.0 x 106 34.4 12.0 0.84 Comparison

t he exchange coupling control layer 57 is further provided
bet ween t he second nmagnetic | ayer 52 and t hird magnetic | ayer
53, and the exchange coupling control l|ayer 58 is further
provi ded between the third nagnetic layer 53 and fourth
magnetic | ayer 54.

[ 0028]

As the second magnetic |ayer 52 principally fulfills a
rol e of reducing a nagnetization switching field, it has the
smal | est Ku anong t he nagnetic | ayers configuringthe magnetic
recording layer 5. As a material used, it is possible to use
t he sane ki nds of material as for the first magnetic | ayer 51,
for exanple, it is possible to use CoPtCr-Si G, or the |like.
The conpositionis sel ected as appropriateinorder to control
the Kuwi t hinan appropri aterange. For exanple, it ispossible
to use a material wherein a conparatively | arge anount of Cr
is added. Also, as the second nagnetic |ayer 52 is a |ayer
that needs the Ku to be of a conparatively small value, it is
possible to use a material that includes a small anmount of Pt,
and it is also possible to use CoCr-Si &, or the |like, which
i ncl udes absolutely no Pt.

[ 0029]

The third nagnetic |ayer 53 has a Ku between those of
t he second magnetic | ayer 52 and fourth magnetic | ayer 54, and
fulfills a role of snpbothly transmtting a nagnetization

switching startedinthe second magnetic layer 52tothe fourth
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Example 1 8.2 x 106 0.1 2.0 x 106 8.0 x 106 34.4 11.9 0.79 Comparison

magnetic | ayer 54. As a material used, it is possible to use
t he sane ki nds of material as for the first magnetic | ayer 51,
for exanple, it is possible to use CoPtCr-Si G, or the |like.
By usi ng an anount of added Cr or Pt between t hose of t he second
magnetic | ayer 52 and fourth nagnetic | ayer 54, it is possible
to appropriately control the Ku. Also, it is also possible
to use a material to which no oxide such as SiG, i s added.

[ 0030]

The fourth magnetic | ayer 54, inthe sanme way asthe first
magneticlayer 51, hasahighKu. It fulfillsaroleof ensuring
resi stance tothe cross-track direction nmagnetic field on the
recording | ayer surface. As a material used, it is possible
to use the sane kinds of material as for the first nagnetic
| ayer 51, for exanple, it is possible to use CoPtCr-Si O, or
the like. 1t is also possible to use a material to which no
oxi de such as Si O, i s added.

[ 0031]

An exanpl e has been given wherein a material based on
CoPt Cr i s used for the magnetic | ayers 51, 52, 53, and 54, but
for t he purpose of grainsizecontrol andi nprovenent of crystal
orientation, it is al so possible to use a materi al wherein an
addi tional elenment such as B, Ta, W My, Ru, or Ge is added.

[ 0032]

The protective | ayer 6 can be forned usi ng a heretofore

used protective | ayer material, for exanple, it can be forned
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Example 2 8.2 x 106 0.1 2.0 x 106 4.2 x 106 34.6 11.4 0.74 Comparison

usingaprotectivelayer materi al based on carbon. Rather t han
asinglelayer, the protective layer 6 can al so be of a stacked
configuration of, for exanple, two carbon | ayers of differing
properties, a netal filmand a carbon film or an oxide film
and carbon.

[ 0033]

The liquid lubricationlayer 7 can al so be fornmed using
a heretofore used lubricating material, for exanple, it can
be formed using a perfluoropolyether series |lubricating
materi al .

Hereafter, a description will be given of working
exanpl es of the per pendi cul ar magneti c recor di ng nedi umof t he
i nvention. These working exanples are no nore than
representative exanpl es for optinmally describingthe magnetic
recordi ng nediumof the invention, and areinnoway |imting.

Wor ki ng Exanple 1

[ 0034]

A disc-like glass base with a snboth surface is used as
t he non-magneti c base 1 and, after being cleaned, is fed into
a sputtering device where each | ayer is deposited. Firstly,
t he soft magnetic backlayer 2isfornmedinathreel ayer stacked
configuration. Firstly, a CoFeTaZr layer is fornmed to 15nm
under an Ar gas pressure of 3mlorr usi ng a Co54Fe9Ta6Zr t ar get .
Herein, the large nunerals in the conposition name represent

t he anmount of the i nmedi ately fol |l owi ng el enent i ncl uded. For
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Example 3 8.2 x 106 0.1 4.2 x 106 2.0 x 106 34.8 11.7 0.70 Comparison

exanple, in the case of Co54Fe9Ta6Zr, the nunerals indicate
that 54% by atom c wei ght of Fe, 9% by atom c wei ght of Ta,
and 6% by atomc weight of Zr, is included, and that the
remai nder is Co. The sane applies hereafter. Continuing, an
Ru l ayer is fornmed to 1. 2nmunder an Ar gas pressure of 3mrlorr
usi ng an Ru target, and conti nui ng, by form ng a CoFeTaZr | ayer
to 15nmunder an Ar gas pressure of 3mlorr usi ng a Co54Fe9Ta6Zr
target, a CoFeTaZr/ Ru/ CoFeTaZr soft magnetic back |layer 2 is
formed. Continuing, an NNCrSi seed layer 3 is deposited to
a thi ckness of 5Snmunder an Ar gas pressure of 10mTorr using
an N 20Cr2Si target. Furthernore, an Ru under layer 4 is
deposited to a thickness of 20nmunder an Ar gas pressure of
50mlorr using an Ru target.

[ 0035]

Continuing, a CoPtCr-SiO, first magnetic layer 51 is
formedtoathickness of 5Snmunder an Ar gas pressur e of 50mrlorr,
usi ng a 93 nol e %of Co22Pt3Cr to 7 nol e %of Si O;target. Next,
an Ru exchange coupling control layer 56 is forned to a
t hi ckness of 0. 10nmunder an Ar gas pressure of 10niforr, using
an Rutarget. Next, a CoCrPt-Si G, second magnetic | ayer 52 is
formed to a thickness of 6nm using a 95 nole %of Co22Cr 10Pt
to5nol e %of SiGtarget. Next, a CoCrPt third magnetic | ayer
53 is formed to athickness of 2nm usi ng a Col9Cr 16Pt t ar get.
Next, a CoPt Cr fourth magnetic |l ayer 54isfornmedtoathickness

of 1.5nm using a Co20Pt 10Cr target. O the |l ayer depositions
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Example 4 8.2 x 106 2.0 x 106 4.2 x 106 8.0 x 106 17.55.2 0.84

thus far, those including SiG, in the target material are
carried out using a pulsed DC magnetron sputtering nethod,
whileall othersarecarriedout usingaDCragnetronsputtering
met hod. Next, after a protective |ayer 6 formed from carbon
is deposited to 2. 5nmusing a CvD nethod, the itemis renoved
fromt he vacuumdevi ce. Subsequently, theliquidIlubrication
| ayer 7 formed fromperfl uoropol yether is formed to 1lnmusing
a di pping method, form ng a magnetic recordi ng nedi um

[ 0036]

Conpari son Exanple 1

The perpendicular nmagnetic recording nmedium is
fabricated with everything done in the same way as i n Wr ki ng
Exanpl e 1, except for changing the magnetic recordi ng | ayer
5 deposition step in the follow ng way.

[ 0037]

Continuing fromthe deposition of the under |ayer 4, a
CoPtCr-Si &, first magnetic layer 51 is formed to a thickness
of 5nmunder an Ar gas pressure of 50mlorr, using a 93 nole %
of Co22Pt3Cr to 7 nole %of SiO,target. Next, an Ru exchange
coupling control layer 56 is forned to a thickness of 0.10nm
under an Ar gas pressure of 10mrlorr, using an Rutarget. Next,
a CoCrPt-Si O, second magnetic |l ayer 52is fornedto athickness
of 7.2nm wusing a 95 nole %of Co22Cr10Pt to 5 nole %of Si O
target. Next, a CoCrPt third nagnetic |layer 53 is formed to

a thi ckness of 2.3nm using a Co20Pt 10Cr target, thus formng
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On referring to Table 1, it can be seen that the OW characteristics of Working Example 1 and
Comparison Examples 1 to 3 are approximately the same, and that there is a difference in SNR and
obligue magnetic field resistance. On comparing the oblique magnetic field resistances in detail, a
correlation can be seen between the Ku values of the magnetic layers disposed in the outermost
portion of the magnetic recording layer 5, that is, the third magnetic layer 53 or fourth magnetic layer
54, and the size of the oblique magnetic field resistance. It can be seen that the higher the Ku of the
outermost ?ﬁ rtion ma nteIIic Iaye(r:s(,),rta? hi ner the oplique magnetic field resistance. When comparing
Compariso aﬁﬁ)%g‘f, which$a't erfﬁg & Bhlique magnetic field resistance among Comparison
Examples 1 to 3, amcb}_l)\{%gh(ing Example 1, it can be seen that, while there is no great difference in
SNR, Working Example 1 has a superior oblique magnetic field resistance, with a difference of 0.05. It

is found that, by coqﬁgﬂriqgsthetmbo%,{ggq Ragpetis I@;y%SQ. é(%qur@ mg@_@% layeL A as in the

invention, it is possible to realize a superior SNR and oblique magnetic field resistance. Also, when

comparing WoskipoExampg lhanshEPHRAHSPD FXRBRIEI 4 i KaR D seahhabikaRarson
Example 4, in which no exchange coupling control layer 56 is formed, the OW characteristics decrease

significantlyl, apdrtbe SINR alseclacdeages $igniésatibn dee do agigniticard tiepedciatipyein writing
capability. It is found that, by adopting a configuration wherein the exchange coupling control layer 56
is provided betweerCdrgfinst sagnEia tgylee 52 and second magnetic layer 52, it is possible to realize a
superior SNR and OW characteristics. Working Example 2 [0047] This working example
corresponds to the ¢befigupstiopestctigul an thenggnetinay asnworkiny BEgampiedi. dhe main points
differing from Working Example 1 are the point that the magnetic layer 51 further includes Ti02, and
the point thhediel fRagestiovalyBr egefodsiditheane ptn[ég@]s ameAVR s cAlfkd §laderdtibRrate with a
smooth surface is used as the non-magnetic base 1 and is fed into a sputtering device after being
cleaned, FERGFPisGorme8XS Bhnd Sd&aN A §9s t&@s&ﬂ@kﬁ@rﬁﬂ&?%@fn%' AWFL3YEHISTa target,
continuing, Ru is formed to 1.2nm under ahn AE Eﬁ? 8ressure of 3mTorr using an Ru target, and

e A

continuing, By I6MRG Hetb 1 fP1 3 LG YaSDré&re of 3mTorr using an Fe25Col5Ta

target, an FeCoTa/RH/ hféILoTa soft magnetic back layer 2 is formed. Continuing, an NiCrFeSi seed
layer is deposited t(g a thickness of 4.5nm under an Ar gas pressure of 10mTorr using an

Ni20Cr5Fe281 targei),lfyirtng(rngrq,@&ﬁyﬁ@d@é&ygrﬁ gRPBFIhie AMYENTSR Y 13nminder an Ar

gas pressure of 50mTorr using an Ru target.
CoPtCr-Si &, first magnetic layer 51 is formed to a thickness

of 5nmunder an Ar gas pressure of 50mlorr, using a 93 nole %
of Co22Pt3Cr to 7 nole %of SiO,target. Next, an Ru exchange
coupling control layer 56 is forned to a thickness of 0.10nm
under an Ar gas pressure of 10mrlorr, using an Rutarget. Next,
a CoCrPt-Si O, second magnetic |l ayer 52is fornedto athickness
of 5.7nm using a 95 nole %of Co22Cr10Pt to 5 nole %of Si O
target. Next, a CoCrPt third nagnetic |layer 53 is formed to
a thickness of 3.8nm using a Col9Cr16Pt target, thus formng
t he magnetic recording | ayer 5.

[ 0040]

That is, the magnetic recording layer 5 in Conparison

Exanpl e 2is of aconfigurationwhereintherearethreenmagnetic
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[0049] Continuing, a CoPtCr-T102-8102 magnetic layer 51 is formed to a thickness of 5.5nm
under an Ar gas pressure of 50mTorr, using an 89 mole % of Co24Pt2Cr to 8 mole % of TiO2 to 3
mole % of 8102 target. Next, an Ru exchange coupling control layer 56 is formed to a thickness of
0.12nm under an Ar gas pressure of 10mTorr, using an Ru target. Next, a CoCr-8102 magnetic layer
52 is formed to a thickness of 1.5nm, using a 94 mole % of Col7Cr to 6 mole % of 8102 target. Next, a
CoCrPt-8102-Cr203 magnetic layer 53 is formed to a thickness of 4.5nm, using a 91 mole % of
Col6Crl7Pt to 7 male % of 8102 to(iimole "é) of Cr2£)3 target. Ne>it a CoPtC[BbgLaqnetic layer 54 is

| 0 e

formed to aI tAckhass B%Shpr{; Iug gneg Ct SPGB ge(i(?l&)f thg%y%?’& itioRY tHus far, those

including an oxide i Ia?(tﬁrgg% ateyi reecasrried out using a pulsed DC magnetron sputtering
method, while all otE;ér are carrﬁeﬁé%sing a DC magnetron sputtering method. Next, after a

protective layer 6 fofmed frlgg} E%W(ﬂ’ind% pgpositﬁgdg & 2m usigg & QVPgrnetHQEii th, iteprgis removed

from the vacuum device. Subsequently, the liquid lubrication layer 7 formed from perfluoropolyether is

formed to 1ngnLp$iBe BediPRinchmelkad, feinmg I Rgnetice corttagwaGd kN Wakingi Exgample 3
[0050] The perpendicular magnetic recording medium is fabricated with everything done in the

same way Eianflosking Exaoue 2f excenidagiongingéenmgaeeticracosdindilaygr5aipdhe following
way. This working example corresponds to Fig. 2. A CoPtCr-Ti02-5i02 magnetic layer Si is formed
to a thickneSs aé padint iuodes e prigastpnessuwe loddOMF ong yising an 89 mole % of Co24Pt2Cr to 8
mole % of TiO2 to 3 mole % of 5i02 target. Next, an Ru exchange coupling control layer 56 is formed
to a thickness of 0.1@H Lihder an Ar gas pressure of 10mTorr, using an Ru target. Next, a CoCr-5i02
magnetic layer 52 is formed to a thickness of 1.0nm, using a 94 mole % of Col7Cr to 6 mole % of 5i02
target. Next, an Ru €xBharitd 86upIngredite| SRR B 7ik 9rmRéd 8 tHiRBESS BY6105hm @nder an Ar
gas pressure of 10mTorr, using an Ru target. A CoCrPt-5i02-Cr203 magnetic layer 53 is formed to a

thickness opﬁ.%tnﬁf,'@ir%af o1 ﬁ*olé'r%’ Bf b%d‘r@?fﬁrto%lrﬁo?e 5/9615@902 2 MBS RIS 203 target.
Next & CORICTBIRRRGLS YE A 540 BraL BT esaaig T m e ng ACBR R R taroet
of Co22Pt3Cr to 7 nole %of SiO,target. Next, an Ru exchange
coupling control layer 56 is forned to a thickness of 0.10nm
under an Ar gas pressure of 10mrlorr, using an Rutarget. Next,
a CoCrPt-Si O, second magnetic |l ayer 52is fornedto athickness
of 4.9nm wusing a 95 nole %of Col7Cr16Pt to 5 nole %of Si O
target. Next, a CoCrPt third nagnetic |layer 53 is fornmed to
a thi ckness of 4.6nm using a Co22Cr5Pt target, thus formng
t he magnetic recording | ayer 5.
[ 0042]
That is, the magnetic recording layer 5 in Conparison
Exanpl e 3is of aconfigurationwhereintherearethreenmagnetic
| ayers, not including the exchange coupling control |ayer.
Conpari son Exanple 4

The perpendicular nmagnetic recording nedium is

fabricated with everything done in the same way as i n Wr ki ng
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[0051] The perpendicular magnetic recording medium is fabricated with everything done in the
same way as in Working Example 2, except for implementing the formation of the magnetic recording
layer 5 in the following way. This working example corresponds to Fig. 3. A CoPtCr-T102-8102
magnetic layer 51 is formed to a thickness of 5.7nm under an Ar gas pressure of 50mTorr, using an 89
mole % of Co24Pt2Cr to 8 mole % of TiO2 to 3 mole % of 8102 target. Next, an Ru exchange coupling
control layer 56 is formed to a thickness of 0.12nm under an Ar gas pressure of 10mTorr, using an Ru

target. Nex%%i C{:g%j:r-S 02 ma n?ti%é%/tert%z ié.%)rmed to a thickness.of 1.5nm usigg| a 94 mole % of
Col7Cr to 6 0IN%% io%énfr%B . Next, a §Cr t-%ﬁﬁ?@&%sc %%8 'eﬁgla%%?%réol fofmé&d to a
thickness Oéé'%n@’ﬁ{?ﬂn%%ﬁ&@?lgd% of Col6Crl7Pt to 7 mole % of 8102 to 2 mole % of Cr203 target.
Next, an Ru exchange coupling control layer 58 is formed to a thickness of 0.10nm under an Ar gas

pressure of lomTor[ro@a'gg an Ru target. Next, a CoPtCrB magnetic layer 54 is formed to a thickness
of 2.5nm, using a Co22Pt5Cr5B target. Working Example 5 [0052] The perpendicular magnetic

recording medium igakrigated with eyesdhingtdane nithe spEegvarasdn VWeikins: Fsgioele 2,
except for implementing the formation of the magnetic recording layer 5 in the following way. This

working exasuglewcariespansisubtfdgo .t he PeC@RIGH I TLN2aB 10 dnagnetictiayey Kbiskprged to a
thickness of 6.2nm under an Ar gas pressure of 50mTorr, using an 89 mole % of Co24Pt2Cr to 8 mole
% of TiO2 texdample=% of 8102 target. Next, an Ru exchange coupling control layer 56 is formed to a
thickness of 0.10nm under an Ar gas pressure of 10mTorr, using an Ru target. Next, a CoCr-8102
magnetic layer 52 i§fdraiddyto @shizkpiesk iofiLitminy, asings 9nmysle % ©falvIBCF tOeYNbIR % of 8102
target. Next, an Ru exchange coupling control layer 57 is formed to a thickness of 0.05nm under an Ar
gas pressur® 8f 18h%of008Mg dArRuStafRAS AICSCHPLEL - OB! M abRicBE 1A BYRIfY¥rmed to a
thickness of 4.7nm, using a 91 mole % of Col6Crl7Pt to 7 mole % of 8102 to 2 mole %, of Cr203 target.
Next, an RUBEAIRINGE EGYSIng'E6strbNdy2e sWiskbREe8X8 TPthfc M LECH TP BRESCAh Ar gas

pressure of 10mTorr, using an Ru target. Next, a C?PtCrB magnetic Iﬁlger 54 is fqrmeg to ? thickness
of 2.5nm, ug?ﬁﬁrg)%SZZPt fod Gpydd S thereol are that the 93 mole %% o

Co22Pt3Cr to 7 nol e %of SiQ has a Ku of 8.2 x 10° erg/cc, the
95 mol e % of Co22Cr10Pt to 5 nole %of SiG has a Ku of 2.0 x
10°® erg/ cc, the Col9Cr16Pt has a Ku of 4.2 x 10° erg/cc, the
Co20Pt 10Cr has a Ku of 8.0 x 10° erg/cc, the 95 nole % of
Col7Cr16Pt to 5 nole %of SiQ, has a Ku of 4.2 x 10° erg/ cc,
and the Co22Cr5Pt has a Ku of 2.0 x 10° erg/cc.

[ 0044]

Next, a neasurenent of the el ectromagnetic conversion
characteristics of Wrking Exanple 1 and Conpari son Exanpl es
1 to 4 is carried out in order to clarify the practical
performance of the invention. An electromagnetic conversion
characteristic evaluation is carried out with a spin-stand
tester. The recording track width of the nmagnetic head used
is 100nm and the reproduction track width is 80nm

[ 0045]
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[0053] Comparison Example 5 The perpendicular magnetic recording medium is fabricated with
everything done in the same way as in Working Example 2, except that no Ru exchange coupling
control layer 56 is deposited. [0054] Hereafter, a description will be given of performance
evaluation results of the perpendicular media of working examples 2, 3, and 4. Firstly, as a
preliminary study, magnetic anisotropy in a single |IOnm film is measured with a torque meter for each
magnetic layer used in the working examples and comparison example. The results thereof are that
the 89 mole % of C24Pt2Cr t0,8 mole % of TiO2 to :t ole %KOf Si02 has a{(u of 8.3 x,106 erg/cc,

0 e

the 94 mole % of C ﬁ%r?o ,%Q%VY% St SETHAS% 0 k408" chc,e ré)fﬁ%rllee% &f
Col6Crl7Pt le: % of Qi le % of C
CoZZPtSCré%aw\égs?agkérgfc 33%(%56%?9%&? é[)OSQgé_f ﬁg(EIT\IgexrlﬁtP aé) %ngggs%r]é}rgéér%%a tﬁ%agégﬁocmagnetic
conversion pg9@cteristi<;§ ogymgpgtl%gam)qlgéz toq ard Q%Npgrisorbgé@mpﬁ?éis ﬁwd out in
order to clarify the practical advantage of the invention. Evaluation conditions, and the like, are the
same as thesmfaserieddniWerkingngxaypPiequ e TaRlg Reshaws  spemaryiof thmewstgnee or

otherwise of an exchange coupling control layer, and electromagnetic conversion characteristic

evaluation rglsoli® as el ectromagnetic conversion characteristic itens.
SNRi s aval ue neasured at ali near recordi ng density of 600kFCl,
andis anindex of signal quality, that i s, of recordi ngdensity.
OWis a val ue when a 70kFClI signal is witten over a 500kFCl
linear recording density signal, and is an i ndex of ease of
witing onto a nmedium The evaluation of oblique magnetic
field resistance is carried out as follows. A recording and
reproduction is carried out using an evaluation track that
carries out aneval uati on of oblique magneticfieldresistance,
and a reproduction signal output thereof is taken to be S1.
Next, after carrying out 50 witings into each of tracks
adjacent on either side to the evaluation track, the
reproduction of the evaluationtrackis carried out again, and
asignal output at thistineistakentobe S2. Fromtheresults
obtained by this evaluation, the oblique magnetic field
resistance is defined as S2/S1. The higher this value, the
hi gher the resi stance of the head to an obl i que magnetic field,
and the nore it is possible to narrowthe track pitch. That
is, this nmeans that the track density is increased.

[ 0046]

Table 1
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[0056] Table 2 Table2:ElectromagneticConversionCharacteristicEvaluation Results First
Exchange Coupling Control Layer Second Exchange Coupling

Tabl e 1: El ectromagneti c Conversi on Characteristic Eval uati on

Resul ts
First
. Exchange : Oblique
First _ Coupling Seconq Thlrd_ Fourth_ Magnetic
Magnetic Magnetic | Magnetic | Magnetic ow SNR -
Control Field
Layer Kuz Layer Kuz | LayerKus | Layer Kus (db) (db) .
(erglcc) Layer (erglcc) (erglcc) (erglcc) Resistanc
Thickness e
(nm)
E\)’(\g’r;k;[;gl 82x105 | 01 | 20x106 | 42x106 | 80x 106 | 34.4 12.0 0.84
Comparison
Example 1 8.2 x 106 0.1 2.0x 106 | 8.0 x 108 34.4 11.9 0.79
Comparison
Example 2 8.2 x 106 0.1 2.0x 106 | 4.2 x 108 34.6 114 0.74
Comparison
Example 3 8.2 x 106 0.1 4.2 %108 | 2.0x 106 34.8 11.7 0.70
C&g%‘j‘? 8.2 x 106 20x 106 | 42x105 | 80x 106 | 175 5.2 0.84
On referring to Table 1, it can be seen that the OW

characteristics of Wrking Exanple 1 and Conpari son Exanpl es
lto3areapproxi mately t he sanme, andthat thereisadifference
in SNR and oblique magnetic field resistance. On conparing
t he obl i que magneticfieldresistancesindetail, acorrelation
can be seen between the Ku values of the magnetic |ayers
di sposed in the outernost portion of the magnetic recording
| ayer 5, that is, thethirdmagneticlayer 53 or fourth magnetic
| ayer 54, andthe si ze of t he obl i que nagneticfieldresistance.
It can be seen that the higher the Ku of the outernost portion
magnetic |ayers, the higher the oblique magnetic field
resi stance. When conparing Conparison Exanple 1, which has
t he hi ghest obl i que magnetic fieldresistance anong Conpari son
Exanples 1 to 3, and Wrking Exanple 1, it can be seen that,

while there is no great difference in SNR, Wrking Exanple 1
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Control Layer Third Exchange Coupling Control Layer OW (dB) SNR (dB) Oblique

has a superior oblique magnetic field resistance, with a
difference of 0.05. It is found that, by configuring the Ku
of the first magnetic layer 51 to fourth magnetic | ayer 54 as
intheinvention, it is possibletorealize a superior SNR and
oblique magnetic field resistance. Al so, when conparing
Wor ki ng Exanpl e 1 and Conpari son Exanpl e 4, it can be seen t hat
i n Conpari son Exanpl e 4, i n whi ch no exchange coupl i ng contr ol
layer 56 is formed, the OW characteristics decrease
significantly, and the SNR al so decreases significantly, due
to a significant depreciation in witing capability. It is
found t hat, by adopting a configuration wherein the exchange
coupling control layer 56 is provided between the first
magnetic | ayer 51 and second nagnetic | ayer 52, it is possible
to realize a superior SNR and OW characteristics.

Wor ki ng Exanpl e 2

[ 0047]

Thi s wor ki ng exanpl e corresponds to the configuration
of Fig. 1, inthe sanme way as Wr ki ng Exanpl e 1. The nmai n poi nts
di fferingfromWrking Exanpl e 1 arethe point that t he magnetic
| ayer 51 further includes Ti Q,, and t he poi nt that the magnetic
| ayer 52 does not include Pt.

[ 0048]

Adisc-likeglass substratew thasnoothsurfaceis used
as the non-magnetic base 1 andis fedinto a sputtering device

after being cl eaned, FeCoTa is fornmed to 12nmunder an Ar gas
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Magnetic Field Resistance Working Example 2 Yes No No 36.1 13.4

pressure of 3mTorr using an Fe25Col5Ta target, continuing, Ru
is formed to 1.2nmunder an Ar gas pressure of 3niforr using
an Ru target, and continuing, by form ng FeCoTa to 12nmunder
an Ar gas pressure of 3mflorr using an Fe25Col5Ta target, an
FeCoTa/ Ru/ FeCoTa soft magnetic back layer 2 is forned.
Conti nui ng, an Ni Cr FeSi seed | ayer i s depositedto athickness
of 4.5nm under an Ar gas pressure of 10mlorr using an
Ni 20Cr 5Fe2Si target. Furthernmore, an Ru under |layer is
deposited to a thickness of 13nmunder an Ar gas pressure of
50mlorr using an Ru target.

[ 0049]

Continuing, a CoPtCr-TiO,-Si O, nagnetic layer 51 is
formed to a thickness of 5.5nm under an Ar gas pressure of
50mTorr, using an 89 nole % of Co24Pt2Cr to 8 nole %of Ti O
to 3 nole % of SiQ, target. Next, an Ru exchange coupling
control layer 56 is fornmed to a thickness of 0.12nmunder an
Ar gas pressure of 10nTorr, wusing an Ru target. Next, a
CoCr-Si O, magnetic layer 52 is forned to athickness of 1.5nm
using a 94 nol e %of Col7Cr to 6 nole %of SiO, target. Next,
a CoCrPt-Si O-C,0; magnetic | ayer 53 is formed to a thickness
of 4.5nm wusing a 91 nole %of Col6Crl17Pt to 7 nole %of SiO
to 2 nole %of Cr,Ostarget. Next, a CoPtCrB magnetic | ayer
54isformedtoathickness of 2. 5nm usi ng a Co22Pt 5Cr 5Bt ar get .
O the layer depositions thus far, those including an oxide

in the target material are carried out using a pulsed DC
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0.82 Working Example 3 Yes Yes No 37.2 13.9 0.82 Working

magnet ron sputtering nethod, while all others are carried out

using a DC magnetron sputtering method. Next, after a
protective layer 6 formed fromcarbon is deposited to 2.2nm
using a CvDnethod, theitemis renoved fromthe vacuumdevi ce.

Subsequently, the liquid lubrication layer 7 formed from
perfl uoropol yether is formed to 1nmusi ng a di ppi nhg net hod,

form ng a magneti c recordi ng nedi um

Wor ki ng Exanpl e 3

[ 0050]

The perpendicular nmagnetic recording nedium is
fabricated with everything done in the same way as i n Wr ki ng
Exanpl e 2, except for form ng the nagnetic recording | ayer 5
inthefoll owm ngway. This workingexanplecorrespondstoFig.
2.

A CoPtCr-TiO-Si O, magnetic layer 51 is forned to a
t hi ckness of 6. 0nmunder an Ar gas pressure of 50mlorr, using
an 89 nole %of Co24Pt2Cr to 8 mole %of TiG to 3 nole % of
SiOG, target. Next, an Ru exchange coupling control |ayer 56
is formed to a thickness of 0.10nm under an Ar gas pressure
of 10mTorr, using an Rutarget. Next, a CoCr-Si O, nagnetic
| ayer 52 is formed to a thickness of 1.0nm using a 94 nole %
of Col7Cr to 6 nmole % of SiO, target. Next, an Ru exchange
coupling control layer 57 is forned to a thickness of 0.05nm
under an Ar gas pressure of 10mlorr, using an Rutarget. A

CoCr Pt - Si G- Cr ;03 nagnetic | ayer 53 is formed to a thickness
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Example 4 Yes No Yes 36.8 13.5 0.83 Working Example 5 Yes

of 4.5nm wusing a 91 nole %of Col6Crl17Pt to 7 nole %of SiO
to 2 nole %of CrOstarget. Next, a CoPtCrB magnetic | ayer
54 is formed to a thickness of 2.5nm wusing a Co22Pt5Cr5B
target.

Wor ki ng Exanpl e 4

[ 0051]

The perpendicular nmagnetic recording nedium is
fabricated with everything done in the same way as i n Wr ki ng
Exanple 2, except for inplenenting the formation of the
magnetic recording layer 5inthe follow ng way. This working
exanpl e corresponds to Fig. 3.

A CoPtCr-TiO-Si O, magnetic layer 51 is forned to a
t hi ckness of 5. 7nmunder an Ar gas pressure of 50mflorr, using
an 89 nole %of Co24Pt2Cr to 8 mole %of TiG to 3 nole % of
SiG, target. Next, an Ru exchange coupling control |ayer 56
is formed to a thickness of 0.12nm under an Ar gas pressure
of 10mforr, using an Rutarget. Next, a CoCr-Si O, nagnetic
| ayer 52 is formed to a thickness of 1.5nm using a 94 nole %
of Col7Cr to 6 nol e %of Si O;target. Next, a CoCrPt-Si OG- Cr 0
magnetic layer 53 is forned to a thickness of 4.3nm using a
91 nol e %of Col6Cr17Pt to 7 nole %of SiG;to 2 nole %of Cr.0;
target. Next, an Ru exchange coupling control |ayer 58 is
formed to a thickness of 0.10nm under an Ar gas pressure of
10nTorr, using an Rutarget. Next, a CoPtCrB magnetic | ayer

54 is formed to a thickness of 2.5nm wusing a Co22Pt5Cr 5B
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Yes Yes 37.8 14.2 0.82 Comparison Example 5 No No No

target.

Wor ki ng Exanpl e 5

[ 0052]

The perpendicular nmagnetic recording nedium is
fabricated with everything done in the same way as i n Wr ki ng
Exanple 2, except for inplenenting the formation of the
magnetic recording layer 5inthefollow ng way. This working
exanpl e corresponds to Fig. 4.

A CoPtCr-TiO-Si O, magnetic layer 51 is forned to a
t hi ckness of 6. 2nmunder an Ar gas pressure of 50mflorr, using
an 89 nole %of Co24Pt2Cr to 8 mole %of TiG to 3 nole % of
SiOQ, target. Next, an Ru exchange coupling control |ayer 56
is formed to a thickness of 0.10nm under an Ar gas pressure
of 10mTorr, using an Rutarget. Next, a CoCr-Si O, nagnetic
| ayer 52 is formed to a thickness of 1.0nm using a 94 nole %
of Col7Cr to 6 nmole % of SiO, target. Next, an Ru exchange
coupling control layer 57 is forned to a thickness of 0.05nm
under an Ar gas pressure of 10mlorr, using an Rutarget. A
CoCr Pt - Si G- Cr ;03 nagnetic | ayer 53 is formed to a thickness
of 4.7nm using a 91 nole %of Col6Crl17Pt to 7 nole %of SiO
to 2 nole %of Cr,0;target. Next, an Ru exchange coupling
control layer 58 is fornmed to a thickness of 0.10nmunder an
Ar gas pressure of 10nTorr, usinganRutarget. Next, aCoPtCrB
magnetic layer 54 is forned to a thickness of 2.5nm using a

Co22Pt 5Cr5B t ar get .
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19.57.20.76 On referring to Table 2, it is confirmed that the OW characteristics and SNR of
Working Examples 2 to 5 improve markedly with respect to Comparison Example 5, and that the
advantage of the exchange coupling control layer is the same as in Working Example 1. On comparing
the Working Examples 2 to 5, the OW characteristics improve, and the SNR improves, when the
number of exchange coupling control layers is increased. The oblique magnetic field resistance is
approximately the same. From the results, it can be seen that it is possible to effectively improve
writing capability by, ing a plurality of exchange coupling control layers, and optimizing the
thickness of each Ia[;% 57] As heretofore described, it is clear that the invention has an

excellent advantagec(mpari son Exanple 5

The perpendicular nmagnetic recording nedium is
fabricated with everything done in the same way as i n Wr ki ng
Exanpl e 2, except that no Ru exchange coupling control |ayer
56 i s deposited.

[ 0054]

Hereafter, a description will be given of performance
eval uation results of the perpendicular nmedia of working
exanples 2, 3, and 4.

Firstly, as a prelimnary study, magnetic ani sotropy in
a single 10nmfilmis neasured with a torque neter for each
magnetic | ayer used in the working exanples and conpari son
exanple. The results thereof are that the 89 nole % of
Co24Pt2Cr to 8 nole %of TiO, to 3 nole %of SiO, has a Ku of
8.3 x 10°% erg/cc, the 94 nmole %of Col7Cr to 6 nole %of SiQ
has a Ku of 2.0 x 10° erg/cc, the 91 nole %of Col6Crl17Pt to
7 mol e %of SiO;to 2 mol e %of Cr,0; has a Ku of 4.0 x 10° erg/ cc,
and the Co22Pt5Cr5B has a Ku of 8.9 x 10° erg/cc.

[ 0055]

Next, a neasurenent of the el ectromagnetic conversion
characteristics of Wrking Exanples 2 to 5 and Conpari son
Exanple 5 is carried out in order to clarify the practical
advant age of the invention. Evaluation conditions, and the

li ke, are the same as those described in Wrking Exanple 1.
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What is claimed is:
recording layer on a non-magnetic base, wherein

1. A perpendicular magnetic recording medium, comprising: a magnetic
the magnetic recording layer includes a first

magnetic layer, a first exchange coupling control layer, a second magnetic layer, a third magnetic

layer, and a fourth magnetic layer, in that order.
according to claim 1, wherein

2. The perpendicular magnetic recording medium
when the perpendicular magnetic anisotropy constants of the first

magnetic layer, second magnetic layer, third magnetic layer, and fourth magnetic layer are Kul, Ku2

Ku3, and K
The perpen

t|v relationships of K 4>£u3> Kufgand KuI> Ku Ku2 are sa}lsfled
T R v TR i 3kt 3 S Dt ribDiy gsacoﬁ@exchange
I I d t 4,
St il ;gsn‘éé?evd%iir%?hvg“erﬁéaﬁ?,%Bﬁié’é‘r e L X

The perpendicular

coupling coplRl/layss isiPrewdpd Leaveen the BirdImagnais Irwandsfourth magnetic layer.

[ 0056]
Tabl e 2

Tabl e 2: El ectromagneti c Conversi on Characteristic Eval uati on

Resul ts
First Second Third Oblique
Exchange Exchange Exchange ow SNR Magnetic
Coupling Coupling Coupling (dB) (dB) Field
Control Layer | Control Layer | Control Layer Resistance
Working Yes No No 36.1 134 0.82
Example 2
Working Yes Yes No 37.2 13.9 0.82
Example 3
Working Yes No Yes 36.8 135 0.83
Example 4
Working Yes Yes Yes 3738 14.2 0.82
Example 5
Comparison No No No 19.5 72 0.76
Example 5

On referring to Table 2, it is confirned that the OW
characteristics and SNR of Wrking Exanples 2 to 5 inprove
mar kedly with respect to Conpari son Exanple 5, and that the
advant age of the exchange coupling control |ayer is the sane

as in Wrking Exanple 1. On conparing the Working Exanpl es

2to 5, the ONcharacteristics i nprove, and the SNR i nproves,
when the nunmber of exchange coupling control |ayers is
i ncr eased. The oblique mgnetic field resistance is

approxi mately the sane. Fromtheresults, it can be seen t hat
it is possible to effectively inmprove witing capability by

appl ying a plurality of exchange coupling control |ayers, and
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5. The perpendicular magnetic recording medium according to claim 1, wherein a second
exchange coupling control layer is provided between the second magnetic layer and third magnetic
layer, and a third exchange coupling control layer is provided between the third magnetic layer and
fourth magnetic layer.

optim zing the thickness of each |ayer.
[ 0057]

As heretofore described, it is clear that the i nventi on

has an excel |l ent advant age.
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What is clained is:

1. A perpendicular mgnetic recording rmedium
conpri si ng:

a magnetic recording layer on a non-nagnetic base,
wher ei n

t he magneti c recording |l ayer includes a first magnetic
| ayer, a first exchange coupling control layer, a second
magnetic |l ayer, athird magnetic | ayer, and a fourth magnetic
| ayer, in that order.

2. The per pendi cul ar magneti c recor di ng medi umaccor di ng
to claim1l1, wherein

when t he per pendi cul ar magneti c ani sotropy const ants of
thefirst magneticl ayer, second magneticlayer, thirdnagnetic
| ayer, and fourth magnetic |ayer are Kui, Kuz, Kusz, and Kuy
respectively, relationships of Kus> Kuz > Ku,; and Ku; > Kuz > Ku;
are satisfied.

3. The per pendi cul ar magneti c recor di ng medi umaccor di ng
to claim1l1, wherein

a second exchange coupling control layer is provided
bet ween the second magnetic |layer and third magnetic | ayer.

4. The per pendi cul ar magneti c recor di ng nedi umaccor di ng
to claiml1, wherein

a second exchange coupling control layer is provided
between the third magnetic | ayer and fourth nmagnetic | ayer.

5. The per pendi cul ar magneti c recor di ng medi umaccor di ng
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to claim1l1, wherein

a second exchange coupling control layer is provided
bet ween the second magnetic |layer and third magnetic | ayer,
and at hi rd exchange couplingcontrol |ayer i s provi ded bet ween

the third magnetic |ayer and fourth magnetic | ayer.
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