1 METHOD FOR MANUFACTURI NG MAGNETI C RECORDI NG MEDI UM Thi s application is
based upon and clains the benefit of priority from Japanese patent
application No. 2006-262810, filed on Septenber 27, 2006, the disclosure of
which is incorporated herein in its entirety by reference. BACKGROUND OF
THE |1 NVENTI ON The present invention relates to a nethod for manufacturing a
magnetic recording nmedium In recent yqars, the information-oriented

soci ety has becone sharply advanced, Magnetic recordi ng apparatuses are
typified by a hard disk drive (HDD). Magnetic di sks have been required to

have a di aneter | nd._an information recordi ng capacity
exceedi ng 200 gM%ngiﬁémgN&AquW@&A%m@tREG@&%)I MEDIM nagnet i c
di sks, realization of Information recording density (areal density)
exceedi ng 200 gigabits per square inch (200. Gbitln) is required. A
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density needs to realize well- balanced three factors, a reduction of
magnetic transition region noises of a recording |ayer, an inprovenent of

t hermal st abiBAGKGBOUNDBODKFHEINVENEIONNd recording ease. For the purpose
of realizing themF her et of ore, coupled granular and continuous (CGC) nedia
i ncl udi ng gr anul af ¢ R{Rsest Hygntionfelaiesds a methiod fay manufecturing 8 Mmagnesios ed
(refer to, for example,. US patent No, 6468670 Bl). 2 |In such CGC nedi a,
magnet i ¢ traﬁ%‘ﬁfﬁ'&ﬁ MEAHBh noi ses can be reduced by

In recent years, the information-oriented society has become sharply

advanced. Magnetic recording apparatuses are typified by a hard disk drive
(HDD). Magnetic disks have been required to have a diameter of 2.5 inches
and an information recording capacity exceeding 200 gigabytes per disk. In
order to meet these needs for magnetic disks, realization of information
recording density (areal density) exceeding 200 gigabits per square inch (200
Gbit/in®) is required. A perpendicular magnetic recording system including a
double-layer perpendicular medium and a single-pole head can exhibit high
recording resolution and, therefore, has been researched as a next-generation
high-density recording system.

An improvement of the areal density of the magnetic recording disk is
achieved by an improvement of the linear density and an improvement of the
track density. The improvement of the linear density needs to realize well-
balanced three factors, a reduction of magnetic transition region noises of a
recording layer, an improvement of thermal stability of recorded signals, and
recording ease. For the purpose of realizing them, heretofore, coupled granular
and continuous {CGC) media including granular layers and continuous film

layers have been proposed (refer to, for example, US patent No. 6468670 B1).



using a granular layer as a main recording layer. In the granular |ayer,
nonnmagneti ¢ substances have segregated at grain boundaries of magnetic
crystal grains. Thus, the influence of the nagnetic transition region can be
substantially elimnated in the main recording |ayer. Further, the therma
stability of recorded signals can be inproved by using a continuous film

| ayer as an auxiliary recording |ayer. Epe continuous filmlayer has
magneti c bonding strength in a directiorf parallel to a main surface of a
substrate, the continuous filmlayer and the granular |ayer are
magneti cal | y exchange-coupl ed, and the nmagnetization of the continuous film
layer is pinned by suble Q@G mediaanagnetid tramstion regioh aviseayean be redubég byanner
an increase in recording density of the CGC nediumcan be achieved. In
recent year sysiagadandagiayepas sgmairdiesarding layer.ntn thegsanulankayet,i c | ayer on
a granul ar |aye an, exchange coupl ed conposite, and the |i ke have been
proposed as 'E%m“?ﬂﬁﬁ tig subistancss r}?é’lefstﬁgﬁ%ﬁje@ R OFaim boLasarETef mageetic f or
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the like as conpared with the control in the case where, for exanple, no

continuous fsttengthayrea directior pacidie| toua nain suface of asubstraté athercontinuows| uded.
For exanple, in the CGC nmedia and the |like, -the values of recorded signals
become val uefinlayerand meagr@nylarrtas@r@rewmh@a!ly exrhagoasycouplfido anddle 3

extend in the track w dth direction.. Consequentl a reduction of track edge
magnet(l;zatlon of the cont?nuous film layer Is prnneyd' by the magnetization otf the g

granular layer. In this manner, an increase in recording density of the CGC
medium can be achieved.

In recent years, an exchange spring medium including a soft magnetic
layer on a granular layer, an exchange coupled composite, and the like have
been proposed as configurations for performing the function similar to, for
example, the function of the continuous film layer of the CGC medium (refer to,
for example, IEEE Trans. Magn: Vol. 41, No. 10, pp 3168-3188, Oct. 2005).
Hereinafter, these configurations are referred to as CGC media and the like.
The exchange coupled composite may also be referred to as a hard/stacked

medium.

SUMMARY OF THE INVENTION

The inventor of the present invention found out that the control of the
magnetic recording region in a track width (erase width) direction is very difficult
in the CGC media and the like as compared with the control in the case where,
for example, no continuous film layer is included but merely a granular layer is
included. For example, in the CGC media and the like, the values of recorded

signals become values between 0 and 1 in a gray region, the gray region may



noi ses often beconmes difficult. The reason for this is as described bel ow
The continuous filmlayer and the soft magnetic |ayer are auxiliary
recording layers for playing a supplenmentary role relative to the granul ar

| ayer serving as a main recording |ayer, and have nmagnetic bondi ng strength
in a direction parallel to the main surface of a substrate. Therefore, a
recording region expands when viewed frojna head. This expanded portion
relative to the recording region is a gray region. An increase of this
region corresponds to an increase of the track wdth. Consequently, in the
CGC nedia and the |ike, an |pnprovepent of the track density nmay becone

di ffi ﬁuljt f%@ﬂ@l‘%ﬁl%/tm?‘fwldih Qﬁe'étb?"b&°r§ﬁQF2@|Ypﬁé§3H@thnﬂfé¥ﬁqk(ﬁfdgeo plr ovi de
the ;bgve-fg'r%%'g?g 5h&R bebomesifRabaT e rAsoRdoLi, m: ' %%qréée”bm@[zﬁ? g ﬂgk
ffom each_ ot HTTERES 1T ¥ AR b8 oBAREN T Gale it Beant e dhe Beyner o
recording ”%'r%@ﬂ%gea sﬂég bﬁolé"réﬁ%"‘lﬂ'tﬁé‘ rdmflmg Sy g'd&.ga ﬁ% i i s,

it is believed ress expdansion o egi ons

recorded si gralokding Ié’yetrra?lfﬁ(hméjﬁﬁgnétlé Bﬁﬁdlﬁglst@ﬁgﬁi iRla dl'rél:tfoh%a?é‘i?e? td!"“er e

real i zation of the recording density excee 00 gigabits per square inch

i s intended, thehain sliffacefoftzhsuttate e Therefdre, é@emdnrigaegm hds el . I n
this case, for mation of a narrow groove havi ng a predeterm ned wi dt h may

becone di ffuv:naWBd fram aheach skhisiexpandedipiution aelatiee pathet regofdingrregpormisa her by
grooves, a flatteni ngd{)rocess or the like may be required after formation
of the groovary regionddin insreass of thisdraiencarreseerdntp apinseease ofthet@chre, the

The i mvent or s HoRaFauERHY C‘%Aﬁé&me&ﬁm&%ﬁ%au'eﬁﬁég?q?{?m% b =
track density may become difficult.

Accordingly, it is an object of the present invention to provide a method
for manufacturing a magnetic recording medium useful for solving the above-
described problems.

Regarding the above-described problems, the inventor of the present
invention conducted a study of separation of tracks from each other through
formation of grooves in track edges of a magnetic recording medium by, for
example, a mechanical method. According to this, it is believed to be possible
to suppress expansion of gray regions of recorded signals in a track width
direction.

However, in the case where realization of the recording density
exceeding 200 gigabits per square inch is intended, the widih of the groove to
be formed becomes very small. In this case, formation of a narrow groove
having a predetermined width may become difficult. In the case where tracks
are separated from each other by grooves, a flattening process or the like may
be required after formation of the grooves, in addition to a mechanical working

process. Therefore, the praduction process becomes complicated and a cost

increase may results.



research and has made the invention wherein tracks can be separated from
each other with high precision and a nmechani cal working process and a
flatteni ng process are unnecessary. The present invention has the foll ow ng
structures. (Structure 1) A nethod for manufacturing a magnetic recording
medi um conprising the steps of (a) formng a nagnetic recording |ayer; and
(b) applying an ion beamto regions bet n tracks of the nmagnetic

recording mediumso as to form separation regions for magnetically
separating the tracks fromeach other. In the step of applying the ion
beam separation _regions may be further formed in regions between recording
bits in the trackihe inventenpbtheaesentinvardisarfatthenconsyictetsintergina i cal | y
separate the recording bits fromeach other in the tracks. In this manner,
the separ at | BICPEL Qi!ﬁgh%saﬁ‘a@é the inventian whetieindeacks cende sapanaleddeamwor ki ng
process nor the flattepin rocess. Further, for exanple, track edge noises
are reduced %%Cﬁ'hgtl"‘ﬁf)wﬁﬁﬂﬁhg@qsﬂ%E"ﬁ@dﬁ?&ﬁn'ﬁé"wg‘@&%@cﬁ% & a1 radi at ed
with the io ] | hi recisian by. usin f exanpl e,
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nanoi nprint feehnal.ogy. Consequently, the separation regions can be forned
with high precision. Further, since the boundary portion of the magnetic
field distributiqgybeweagy sharp, for exanple, further narrower tracks can
be fornmed. In the step of applying the ion beam for exanple, the crystal

structure of theA megvet for manufactuing hanagrbtieyreb b Mediun toirlipgisingrthbeam
In this manner, the region irradiated with the ion beamis changed to a

nonmagneti c stepsofi. Consequently, nonmagnetic separation regions are forned
'n the step of 5 (a) forming a magnetic recording layer; and

(b} applying an ion beam to regions between tracks of the magnetic
recording medium so as to form separation regions for magnetically separating
the tracks from each other. In the step of applying the ion beam, separation
regions may be further formed in regions between recording bits in the tracks.
In this case, the separation regions magnetically separate the recording bits
from each other in the tracks.

In this manner, the separation regions can be formed without using the
mechanical working process nor the flattening process. Further, for example,
track edge noises are reduced so as to increase track density.

The regions to be irradiated with the ion beam can be set with high
precision by using, for example, various masks, e.g., a silicon stencil mask and
a mask formed by nanoimprint technology. Consequently, the separation
regions can be formed with high precision. Further, since the boundary portion
of the magnestic field distribution becomes sharp, for example, further narrower
tracks can be formed.

In the step of applying the ion beam, for example, the crystal structure of
the magnetic layer is changed by the energy of the ion beam. In this manner,

the reglon irradiated with the ion beam is changed to a nonmagnetic region.

Consequently, nonmagnetic separation regions are formed in the step of



applying the ion beam In the step of applying the ion beam for exanple, an
I on beam of argon ion (Ar) is accelerated with energy of 20 to 30 keV and
is applied. In this manner, the separation regions can be appropriately
formed. An ion beam of phosphorous ion (P') or the like may be applied in
the step of applying the ion beam The track refers to a regionin a
magnetic recording medium and nmagnetic sggnals are recorded on the region
The track is extended in a direction of scanning of a head relative to the
magneti c recording nmedium In the nmagnetic recording nedium for exanple, a
plurality of trﬁcks are disposed so as to |eave predeterm ned spaces to

adj acent  t r aBRRVINGh@HeN baW. where the magnetic recording nediumis a

magnetic disk, a plurality, of .tracks,are disposed concentrically around the
center of the mg’ﬁéﬁ%@k%ﬁ fapplyiag 'é‘“gi%hbe%tﬁ%géﬁa iah ippiheam Pt\;arsogap
regi on betwe § o (Str 2x~hn.the step.(q), .nul tilayer
filmis for rre%(;] @g )ggggé%éfﬁggg‘g%e%&hgégﬁgﬂé(ﬁi\}ca?%@cﬂ l'%a' II%%?, and a
plurality of o E 0L e ' IS fer osi.t.ions _are

arm nat cd | et sPBGraton rmdfBnd 24h BY 4HErSGARl RRER A bR BRART & o
types of met ghoddHdrsus bethed ' ' t oy of
netal s cont alane I n l'Elhté:‘iﬁlpqpﬂlijr al i ty*§ﬂ§¥83?p896m§%a?ﬁ%"?%ﬂ?@%"& form
t he separati beamegi ons, In this manner, the crystal structure of the
magneti c recording |ayer can be appropriately changed. The separation

regi ons between tTee tragickefersdo deegiarpior opragnietic yedardingdnediur Agd, since the
separation regi ons becone easy to form the separation regions can be
forned by i oMmag@ake slanals areirenotdedrorathedegioanolive track isrexdendad iore  Ther ef or e,

for exanple, ,narrow.separatign regions,can be forned with higher precision.
Consequent | y‘,i’r?‘l‘??"t?ffééﬁnﬁ@ﬂs‘? tayh%%'ﬂ' ive teithe magnalicapeerding medidsm.olred.
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so as to leave predetermined spaces to adjacent tracks. In the case where the
magnetic recording medium is a magnetic disk, a plurality of tracks are
disposed concentrically around the center of the magnetic disk. The region
between tracks refers to a gap region between adjacent tracks.

(Structure 2)

In the step (a), a multilayer film is formed as at least a part of the
magnetic recording layer, and a plurality of types of metal films having different
compositions are laminated in the multilayer film, and

in the step (b), the plurality of types of metal films are melted by the ion
beam so as to form an alloy of metals contained in the plurality of types of metal
films to thereby form the separation regions.

In this manner, the crystal structure of the magnetic recording layer can
be appropriately changed. The separation regions between the tracks can be
appropriately formed, Further, since the separation regions become easy to
form, the separation regions can be formed by ion beam irradiation with a low
amount of irradiation. Therefore, for example, narrow separation regions can be
formed with higher precision. Consequently, the track density can be further

appropriately improved. Moreover, since the interface magnetic anisotropy is



6 generated at interfaces of filnms constituting the nultilayer film for
exanpl e, the nmagnetic recording |layer may be formed into a thinner |ayer by
using the mnultilayer film In this case, the separation regions can be
formed with higher precision. (Structure 3) The magnetic recording |ayer
conprises a first magnetic |ayer and a second nagnetic |ayer, the first
magnetic | ayer and the second magnetic | ayer being exchange-coupled to each
other, the step (a) conprising the steps of formng the first magnetic

| ayer, and form ng the second nmagnetic Iayer on the first magnetic |ayer,
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of the nagnEFécgséﬁcordl ng layer. As a consequence, t he track density can be
further appropriately inproved. The phrase "form ng separation regions
substanti al Iy onlgstisgtyre@ysecond magnetic layer” includes the case where,
for exanple, separation regions are also disposed in a part of the first
nmagnetic | ayer wiThe maghetic esxgeding layer coaffrises iafirspmagneliolaysoandan- hour  of
formati on of the separation regions. The nmagnetic recording |ayer may
further incl ageonst magnetslayer, the ﬁ@émagmsht: iayer anddbeserend magnetinlhyehe
second magnetic |ayer. For exanp e magnetic recording |ayer further
has a coupl i h@‘nécﬁﬁchéﬂgq?'&?%leﬁé?\ﬁéﬁhoﬁ »first magnetic layer and the

second magnetic lt% tép?a compenm OdJ{T)]l |§gpé:8fntrol | ayer controls the

forming the first magnetic layer, and

form'ing the second magnetic layer on the first magnetic layer, and

in the step (b), the second magnetic layer is irradiated with the ion beam
s0 as to form the separation regions substantially only in the second magnetic
layer of the first magnetic layer and the second magnaetic layer.

in this manner, the separation regions can be formed with high precision
as compared with that in the case where, for example, the separation regions
are disposed in both the first magnetic layer and the second magnetic layer of
the magnetic recording layer. As a consequence, the track density can be
further appropriately improved.

The phrase "forming separation regions substantially only in the second
magnetic layer" includes the case where, for example, separation regions are
also disposed in a part of the first magnetic layer within the range of not
affecting precision nor man-hour of formation of the separation regions. The
magnetic recording layer may further include other layers between the first
magnetic layer and the second magnetic layer. For example, the magnetic
recording layer further has a coupling control layer between the first magnetic
layer and the second magnetic layer, and the coupling control layer controls the

exchange coupling between the two layers. The second magnetic layer may be



exchange coupling between the two | ayers. The second nmagnetic | ayer may be 7
a nultilayer film In the step of form ng the second nagnetic | ayer, for
exanple, the second nagnetic layer is formed having a conposition different
fromthe conposition of the first nmagnetic layer. In the step of form ng
the second magnetic |ayer, preferably, the second nmagnetic |layer is forned
to becone thinner than the first magneti£ |ayer. (Structure 4) The magnetic
recording mediumis used for perpendicular magnetic recording, the first
magneti c | ayer has magnetic crystal grains exhibiting perpendicular

magnetic ani sotrop§ and nonpegneti ¢ substances for magnetically separating
the magneti ca&uliaker Yrmai lndhe Step etformmnaribe second magnslic fayer.i for 2xamplee
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produced by fHirerthantrcfirdt m@neBé Re@r. is, for exanple, a coupled granular
and continuous (CGC) nedium but may be an exchange spring nedium an

exchange coupl ed (Spuptwse®dd nmedium or the like. In this case, magnetic
transition regi on noises can be reduced because, for exanple, nagnetic
crystal grains inlhehmagnetic renagaioginediayds used forpatpendiallay mageeticat ed from
each other by nonmagnetic substances. Pinning of magnetization of the second
magneti c | ayBCoEingmgnet i zati on of the first nmagnetic |ayer can increase

h ity. F h I Il f
the density. Fur ttprg r1‘"1’rs.ttmaec_:;r%e ﬁ:rlg?er r;satsar%g}léﬁ/c grystal grains exhibiting

perpendicular magnetic anisotropy and nonmagnetic substances for
magnetically separating the magnetic crystal grains from each other at grain
boundaries of the magnetic crystal grains, and

the second magnetic layer has magnetic grains exchange-coupled to the
magnetic crystal grains, a grain boundary width of the magnetic grains being
smaller than a grain boundary width of the magnetic crystal grains. The grain
boundaries of magnetic crystal grains refer to, for example, regions having an
irregular atomic arrangement at boundaries between magnetic crystal grains.

The magnetic recording medium produced by this manufacturing method
is, for example, a coupled granular and continuous (CGC) medium, but may be
an exchange spring medium, an exchange coupled composite medium, or the
like.

In this case, magnetic transition region noises can be reduced because,
for example, magnetic crystal grains in the first magnetic layer are magnetically
separated from each other by nonmagnetic substances. Pinning of
magnetization of the second magnetic layer by magnetization of the first
magnetic layer can increase the density. Further, the thermal stability of
recorded signals can be improved by, for example, decreasing the width of grain

boundaries of magnetic grains in the second magnetic layer to be exchange-



recorded signals can be inproved by, for exanple, decreasing the w dth of
grai n boundaries of magnetic grains in the second magnetic |ayer to be
exchange 8 coupled to nagnetic crystal grains. Such a structure can al so
appropriately achieve recording ease of signals, Consequently, the linear
density of magnetic recording can be appropriately increased by such a
structure. In the CGC nedia and the |ike gncluding, for exanple, a
continuous film layer and the like on a granular |ayer, the thickness of
the magnetic recording layer is, for exanple, 15 to 20 nm In the

per pendi cul ar Gﬁgagtic recordin | ayer_ having such a thickness, for
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found the followi ng facts. For exanple, in CGC nmedia and the |ike,
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| ayer. Track edge noi ses
precision because a large amount of ion beam irradiation is required for forming
separation regions in both magnetic tayers (for example, the granular layer and
the continuous film layer) corresponding to the first magnetic layer and the
second magnetic layer in the magnetic recording layer.

On the other hand, the inventor of the present invention conducted
intensive research and found the following facts. For example, in CGC media
and the like, expansion of gray regions of recorded signals in the track width
direction was able to be appropriately suppressed by forming separation
regions only in the magnetic layer corresponding to the second magnetic layer
without impairing advantages, such as a reduction of magnetic transition region
noises, an improvement of thermal stability of recorded signals, and recording
ease, of the CGC media and the like, even when saparation regions were not
disposed in both magnetic layers corresponding to the first magnetic layer and
the second magnetic layer in the magnetic recording layer. Track edge noises
were reduced and the track density was allowed to increase. The separation
regions were able to be appropriately formed through ion beam irradiation.

Besides the CGC media and the like, similar effects were able to be obtained in



were reduced and the track density was allowed to increase. The separation
regions were able to be appropriately fornmed through ion beamirradiation,
Besi des the CCC nedia and the like, simlar effects were able to be obtained
in 9 the above-described structure including the first magnetic | ayer and
the second magnetic layer. Therefore, the tracks can be appropriately
separated by adopting the structure 4. Ryrther, it is essential that the
separation regions are disposed only in the second magnetic |ayer.
Therefore, separation regions can be forned with high precision.
Consequently, the track density can be further appropriately increased by
adopt i ng t hethex akpecdescribedsiruplurg incliding the frstymagnetiatdyeoandpe setands t o,
for exanpl e, ma%net'c a,g so}ropg‘@i n which a magnetic nonent tends to point
in a directi BRINGHE [?éfﬁ&i reforeothg tragks canriearprepriatelyipeparatas byrhe phrase
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exanple, magnetic crystal grains in which the direction magneti ¢ nonent

is reversed hpproPﬁiawMMﬁeaswﬁtHy Acptingahe sgubtarg gcorded. The first magnetic
| ayer may be a [layer (granular |layer) having a granular structure and the
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example, a magnetic exchange interaction between magnetic crystal grains is

weakened and, thereby, the magnetic crystal grains are substantially prevented

from being exchange-coupled to each other.

The magnetic crystal grains in the first magnetic layer are, for example,

magnetic crystal grains in which the direction of magnetic moment Is reversed in

accordance with a signal to be recorded. The first magnetic layer may be a

layer {granular layer) having a granular structure and the nonmagnetic

substances in the form of oxides are segregated at grain boundaries of the

magnetic crystal grains.

The width of grain boundaries of the magnetic crystal grains in the first

magnetic layer is, for example, 2 nm or mare. The width of grain boundaries of

the magnetic grains in the second magnetic layer is, for example, 1 nm or less,

According to such the structure, for example, magnetic transition region noises

can be reduced by increasing the width of grain boundaries of the magnetic

crystal grains in the first magnetic layer. Further, the thermal stability of

recorded signals can be improved by decreasing the width of grain boundaries

of the magnetic grains in the second magnetic layer. Consequently, the

recording density of the magnetic recording medium can be further



crystal grains in the first magnetic layer. Further, the thermal stability
of recorded signals can be inproved by decreasing the width of grain
boundaries of the magnetic grains in the second nagnetic | ayer.
Consequently, the recording density of the magnetic recordi ng nmedi um can be
further 10 appropriately increased in this structure. The nmagnetic grains
in the second nagnetic layer may be crystig lized magnetic crystal grains.
In this case, grain boundaries of the magnetic grains in the second
magnetic | ayer refer to grain boundaries of the magnetic crystal grains. In

the case where magnetic grains, do not becone crystals on the grounds that,
for exanple, aPH@P@%@w%@néhlﬁé}@mr@- thin, grain boundaries of -the

magneti c grains r.rFIIIer to, .for .exanpl e regi ons qccupi ed by inmpurijities

deposi t ed bet ween! U MEASNRiGG5RIES f%%ﬁ"@ KERFHRHG Iaﬁﬁftmélﬁﬁeé‘éwaq'@%gnetize
xes. Th h i0: ' . he . ti . bei

arai i er ¢ han et AReRIY oo R Eolt Srdsp RS B e heBnéliradts

| " al ' : tic |

2 Layer . HeocemaghefioRieritfinio i tLAERLE; of e ARGRRILRHRFL Iy no”'

grai n boundagpaind.Sirpthe sk Witerk iRagrRARaMRAUEAbDdRWR crg&@lé sty e 5) The

magnetic recording nmediumis used Tor perpendicul ar magnétic recording and

conpri ses a grhsidsahat, farexdinyriesthesecbad magHetisnaynatis thih ayrahn Beithdatibe second
magnetic |ayer, the first nmagnetic |ayer has magnetic crystal grains

exhi biting péiheomapeeticgraingreder to, tomiexempimyregiods nonupigd diyi impsirities ances f or
magnetical ly separating the magnetic crystal grains from each other at grain
boundari es ofi€PPHlGARANWEER WWIPET Magneticiaraing havingidsatical @aswdermagnetizger has

et O AR INE b bRuby RS R ol bing ™
smaller than that of the magnetic crystal grains of the first magnetic layer" also
includes the case where, for example, the second magnetic layer is a layer
having an amorphous structure or the like and substantially no grain boundary
is present in the second magnetic layer.
(Structure 5)

The magnetic recording medium is used for perpendicuiar magnetic
recording and comprises a substrate for disposing the first magnetic layer and
the second magnetic layer,

the first magnetic layer has magnetic crystal grains exhibiting
perpendicular magnetic anisotropy and nonmagnetic substances for
magnetically separating the magnetic erystal grains from each other at grain
boundaries of the magnetic crystal grains, and

the second magnetic layer has magnetic grains exchange-coupled to the
magnetic crystal grains and exchange-couplied to each other with a strength
larger than a bonding strength between the magnetic crystal grains in the first
magnetic layer in a direction parallel to a main surface of the substrate.

In this case, the magnetization of the second magnetic layer can be
appropriately pinned by the magnetic crystal grains in the first magnetic layer.

Further, the thermal stability of recorded signals can be improved by a magnetic



| arger than a bonding strength between the magnetic crystal grains in the
first magnetic layer in a direction parallel to a main surface of the
substrate. In this case, the nmagnetization of the second magnetic | ayer can
be appropriately pinned by the magnetic crystal grains in the first
‘magnetic layer. Further, the thermal stability of recorded signals can be

I nproved by a magnetic 11 exchange intﬁgiction bet ween the magnetic grains
in the second magnetic layer, In this ner, the recording density of the
magneti c recordi ng medi um can be appropriately increased. In this case
also, in a manner simlar to that in the structure 4, the tracks can be
appr opr i at el gxchapgedniecadticornedaetn dhéevagnptic Hoaine irathe! secoddInagiete 1oy,
separation regions substantially only in the second nmagnetic |ayer. Further,
it is essentithis mABReR the wepkding densityef tbasnagnetidi repording medium oan be second
magnetic |layer and, therefore, the separation regions can be fornmed with

hi gh preci si RPrOPERESLIRGERSEY, the track density can be further

ﬁﬁ_‘v’{j‘n’gr;"";?;ﬁui adn g6l Gose P, e Rk s rhe @E}%é‘?%h%e&e%ﬁ%h%cﬁal?#ﬁ?
and t he secor BRgREfrardly SePareRcl ORI oith Glhet B, APARAGE GSKS L D
| ayers and Pgbdaamﬁréyior%?d%ﬁu InfNindh& sBbbifd ﬁg@%ycl%nggﬁﬁer, fgeor di ng

to the present invention, for exanple,” the track y I'hcreased
by reducing ésw\lﬁamhﬂemﬁé]maitﬂﬁ‘dﬁfo@@%i%s@ﬂﬁyﬂﬁe@@ﬁ%@%@'ﬁeﬂc 1A is
a di agram showi ng an exanple of a magnetic recording nedium produced by a
met hod f or nlayer and,therefore, thegseparatiorersgiatisncs miesl farmedawitio highmre tisioan
enbodi ment of the present invention and shows an exanple of the structure
of the magnebpasequsantiithg traclidansity can be further appropriately increased.

(Structure 6)

The first magnetic layer is a layer having a granular structure and the
nonmagnetic substances in the form of oxides are segregated at grain
boundaries of the magnetic crystal grains, and

the second magnetic layer is a laminated film comprising Co compound
layers and Pd layers or Pt layers which are alternately Iaminéted.
According to the present invention, for example, the track density can be

increased by reducing track edge noises.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is a diagram showing an example of a magnetic recording
medium produced by a method for manufacturing a magnetic recording medium
according to an embodiment of the present invention and shows an example of
the structure of the magnetic recording medium.

Fig. 1B is a diagram showing an example of a magnetic recording
medium produced by a method for manufacturing a magnetic recording medium
according to an embodiment of the present invention and shows a first example

of an ion beam irradiation method in a step of applying an ion beam.



Fig. | Bis a diagramshow ng an exanple of a magnetic recording nedium
produced by a nethod for manufacturing a magnetic recordi ng nmedi um
according to an enbodi ment of the present invention and shows a first
exanple of an ion beamirradiation nethod in a step of applying an ion
beam 12 Fig. 2 is a diagramshow ng the nagnetic characteristic of the
magnetic recording medium Fig. 3Ais aqdiagramfor illustrating the effect
of formation of separation regions and shows a recording pattern of a
granular medium Fig. 3Bis a diagramfor illustrating the effect of

formation of sepe,:r.at'on regions and shows a recording pattern of a known
CGC medi um  Fi gs.Fid92¢ {%2 A5%5RB howinghe maustigcharaetenstic ektepnagnstict he i on

beam irradigti in the step of applying the ion beam Fig. 5Ais a
di agram show%ﬁﬁpdjn%r&w@d exanpl e of the magnetic recording medi um and

h h _ . ; . . havi. h
Spring meai um st oo & 2 SRGPENfBr ASPAHY e L Rp AP o S 0 el
of the nagne,tégfonsré}gd)_gm\pga@g@@mmezﬁ%rgﬁmlég hkgiise of a magnetic

recordi ng medium having an excha conposite Structure.

DESCRI PTION OF Tiifg RRER-SERIarAISEN e ingTine aitepdf BRAkor6F Séciratn 0. the

present invention will be described belowwth reference to t'he draw ngs.

Fi gs. 1A andrepidhsaared shags anecarding pasteranf axaopncC QL mediagnet i ¢ recordi ng
medi um 10 produced by a nethod for manufacturing a magnetic recording

medi um accor di ng Figs.#A ndld direrdiagrams shhwing @ secand examplenf th&ian beatn shows
an exanple of the structure of the magnetic recording nmedium 10. The
magneti c rechdiatignfeathes in the step of apglving thederkeam. doubl e- | ayer

D S o T B R SR ARalBH & Fodlea Sxdiabid o RE ribgnefic "0 ©f
recording medium and shows the structure of a magnetic recording medium
having an exchange spring medium structure; and

Fig. 5B is a diagram showing a modified example of the magnetic
recording medium and shows the structure of a magnetic recording medium

having an exchange coupled composite structure.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The embodiments according to the present invention will be described
below with reference to the drawings. Figs. 1A and 1B are diagrams showing
an example of a magnetic recording medium 10 produced by a method for
manufacturing a magnetic recording medium according to an embodiment of
the present invention, Fig. 1A shows an example of the structure of the
magnetic recording medium 10. The magnetic recording medium 10 is a
magnetic disk of double-layer perpendicular medium system to be mounted on
a hard disk drive (HDD) of perpendicular magnetic recording system.,

In the present example, the magnetic recording medium 10 includes a
substrate 12, an adhesion layer 14, a soft magnetic layer 16, an underlayer 18,
a perpendicular magnetic recording layer 30, a protective layer 26, and a

lubricant layer 28 in this order. The perpendicular magnetic recording layer 30



In the present exanple, the magnetic recording nedium 10 includes a
substrate 12, an adhesion |ayer 14, a soft magnetic |ayer 16, an underl ayer
18, a perpendicular magnetic recording |ayer 30, a protective |layer 26, and
a lubricant layer 28 in this order. The perpendi cul ar magnetic recordi ng

| ayer 30 13 has a granular layer 20, a coupling control |ayer 22, and a
continuous | ayer 24. The substrate 12 is1 for exanple, substrate gl ass.
Exanpl es of the substrate glass include aluninosilicate gl ass,

al um noborosilicate glass, and soda-tine glass. Anong them the

alum nosilicate glass is preferable. Alternatively, anorphous glass or
crystal | i zedh2g agsandar laget2@d couplingxcantroblayer 22.tdrel & goptimitarsdaydre4s of t
magnetic |layer 16 has an anorphous structure, it is preferable that the
substrate gl ass idheshhsymérii2 i8. decexarmple substmte glass c dxamples ofthgt hened
glass is preferable ecaUﬁe t he r_igé_dity | s high, Preferably, the surface
roughness of SYas¥atg olass inglude ayminggilicale glass: aluminoborosilieste glagseasdi n t er ns
of Rmax and 0 mor less in terms, of Ra. x.and Ra are defined in
Japanese Ind%%c?ar'{']@fe gé"l‘%sndémagg%m@)theﬁl'&rﬁ'"@%ﬁﬁaa%ﬁ%@ rablén nake the gap
bet ween, for I ' l.cul ar - L.Ca I r di and the
soft magnet i%ﬁﬁ%¥§%é@§r@?ggg?ﬁ&#£ﬁs g'ﬁ%h;%"lagss?gﬁ%&g#%%- r%ogyﬁ%@?%l rcuit
can be formeg thelcuee Whahe e BAE 1dyeP 96 Pas atnh£m16 o@ﬁo@ﬁ&@uﬁ%@rn [gagnet |

recording layer 30, and the soft gheti'c | ayer € substrate

12 may be a prefsrabietithatihe substratd glaks PamomhoUs akkNdTHwusd 6Kéhtmsicallyr t he
case where annealing in a magnetic field is required to, for exanple,

control the steengthenadigians is pleferableshdcausa gmetigidity #/kighl6, it is
particularly preferable to use the substrate 12 nmade of a %I ass nmenber.
Since the gl ass Rfefasablyctoriswirfiase sqeghnasstof theymainsudacmethesubsitatest? ate 12

can be feated (8 & \ILOh Lenper AU TBS AU el offtal Refak 46"
Ra are defined in Japanese Industrial Standards (JIS). Such a smooth surface
can make the gap between, for example, the perpendicular magnetic recording
layer 30 and the soft magnetic layer 16 constant. Consequently, a suitable
magnetic circuit can be formed between the head (magnetic head), the
perpendicular magnetic recording layer 30, and the soft magnetic layer 186.
Further, the substrate 12 may be a substrate having an isotropic surface and no
texture.

In the case where annealing in a magnetic field is required to, for
example, control the magnetic domain of the soft magnetic layer 16, it is
particularly preferable to use the substrate 12 made of a glass member. Since
the glass member exhibits excellent heat resistance, the substrate 12 can be
heated to a high temperature.

The adhesion layer 14 is a layer (contact layer) for increasing the
adhesion between the substrate 12 and the soft magnetic layer 16. Peeling of
the soft magnetic layer 16 can be prevented by disposing the adhesion layer 14.
For example, a Ti-containing material can be used as a material for the

adhesion layer 14. The film thickness of the adhesion layer 14 preferably falls

within a range of 1 to 50 nm from the viewpoint of practical use. In the present



adhesi on between the substrate 12 and the soft magnetic | ayer 16. Peeling of
the soft magnetic |layer 16 can be prevented by di sposing the adhesion | ayer
14. For exanple, a Ti-containing material can be used as a material for the
adhesion layer 14. The filmthickness of the adhesion |ayer 14 preferably
falls wthin a range of 1 to 50 nmfromthe viewdoint of practical use. In
the present 14 exanple, the adhesion Iaiﬁr 14 is an anor phous Crl1l | ayer.
The filmthickness of the adhesion |ayer=14 is, for exanple, about 10 nm
The soft magnetic layer 16 is a |layer for formng a nagnetic circuit

bet ween the head and the perpendicul ar magnetic recording | ayer 30. The soft

magneti ¢ | ayexartiflei thenadhesimrelalyer 4 isyah amdrposCiaTayes. The kA ftkickmagaet i
layer 16 is fornmed by a magnetic substance exhibiting a soft nagnetic

char act eri st bkthe adhesionrlayer B isf foraxample grbeiut ¢0cinar act eristic is, for
exanple, 0.01 to 80 oersted in ternms of coercive force Hc, desirably 0.01
to 50 oersted. Fubhehgeft magngtietayendfds adapasforfooningaa magnetic circwit 500 emu/ cc
to 1,920 enu/cc in termnms aturatign nagnetic¢ flux densit Exanpl es

of material sPgReen ei@ﬁp%&ﬁétﬂe&p?'%'arl asn%wf@%n%éﬁy@a&%ﬂw@rso@ s and
Co b d ' W) d F d .spf [
Bt e‘?‘?% 57225‘:3?35%1#5{% 18 AEBY Shesl RN gE Al Tetaina st Medetic By BB Sl T oy <.
FeCoB - : é\ﬁ%@a iti i)

rrgt eri a?:,e e%debﬁ“%%ﬁlg%ﬁn Egggc'#) a oy@éamﬁggggggg%@?%h %@?aghcf&‘ FeCo
based al | oy H@%véﬁ@%fé?aﬂéﬁ?%ér%&é%-ch'E'F@ctéﬁétIE‘iE.rﬁoFEggﬁ?Ié?fO.G‘f‘@ gpft magnetic

| ayer 16 is, for exanple, 10 nm desirably 0 100 nm If the film

thi ckness i soémted intarmd of ogercivie forse Hbadzeimablyi(.01 50 depstbdr Fumthstiat abl e
magnetic circuit between the head, the perpendicular magnetic recording

| ayer 30, anpreférablomagnetimeharaciedstic is1$00 emu/ccite 1920embiakindssnseaiceeds 200
nm the surface roughness, r%flﬁteﬁli ncrease. Further, if the filmthickness
exceeds 200 PRRIratipRPagnefic SARN S ¢ domai n

Examples of materials for the soft magnetic layer 16 include Fe based
- materials and Co based materials. For example, use may be made of Fe based
soft magnetic materials, e.g., FeTaC based alloys, FeTaN based alloys, FeNi
based alloys, FeCoB based alloys, and FeCo based afloys, Co based soft
magnetic materials, e.g., CoTaZr based alioys and CoNbZr based alloys, and
FeCo based alloy soft magnetic materials.

The film thickness of the soft magnetic layer 186 is, for example, 10 to 200
nm, desirably 20 to 100 nm. If the film thickness is less than 10 nm, it may
become difficult to form a suitable magnetic circuit between the head, the
perpendicular magnetic recording layer 30, and the soft magnetic layer 16. If
the film thickness exceeds 200 nm, the surface roughness may increase,
Further, if the film thickness exceeds 200 nm, control of the magnetic domain
often becomes difficult.,

A large magnetic domain is easy to generate in the soft magnetic layer 16.
When the large magnetic domain moves, noises may be generated. Therefore,
the soft magnetic layer 16 preferably has a plurality of soft magnetic material
layers which are anti-ferro magnetically coupled (AFC). According to this

structure, movement of the magnetic domains becomes difficult. Thus,



often becones difficult. A large nmagnetic domain is easy to generate in the
soft magnetic |layer 16. Wen the |arge nagnetic domain noves, noi ses nay be
generated. Therefore, the soft nagnetic |layer 16 preferably has a plurality
of soft magnetic material |ayers which are anti-ferro magnetically coupl ed
(AFC). According to this structure, novenent of the magnetic domai ns
becones difficult. Thus, 15 generation @f noi se can be suppressed. In the
present exanple, the soft magnetic layer 16 has a plurality of CoTaZr

| ayers which are anti-ferro magnetically coupled with Ru | ayers

t her ebet ween. The ' or exanple, a layer having a hcp crysta

.Ru Laéer s, f
structure. TORNGTRNIGR PHNQIRG &30 hersUPREEssett ayer is, for exanple, about 0.9 nm

Each CoTazr | ' I j h .. The fjil
Thi cknese of excindinBeasBERabe, heRoeTBaRris ver 18 has Somraitet.

der | ' : : ' I { f th
per pend cul acOTa B it e A Iredgb el bRhRq B KU By v s
| am nat ed fi d | § b . t
exampie.  t HeCTASBRERCTRS (R RS &, Kol ARy e havind B harbidl) Pl Vel &
second ori egraitl @) TRMIFPhidkAESS of Bk RS Ryak iis?m?rrwménébélﬁm nrnd 2

fining-pronoting layer in this order on the soft magnetic layer 16. The
first orientBacloCoTaZt lager isaylayer baving ay@amdrohosostruecthtd. MPhé fign cr yst al
orientation of the second orientation control |ayer disposed as a |ayer on
the first oWickness pbeadoGolalr lnygkis, for gxample 284erd7.rmmpl e, the first
orientation contr, | ayer for ex a Ta layer or a CoCrTa | ayer

having a bcc crys l U'lqerrl?b,’ﬁ'lbﬁg Is €I|%§é?‘gp3=l°i‘ﬁ'9mﬁﬁdﬂ§ cryst stiucture Bf Hiéhess of
e ot O R SRRl 1 fAe e 0TI s B o ", Seo0r
of the layer fnia8%iH cBRBHREd TS S0 &F thhEs B T8MIn the present example,
“the underlayer 18 comprises a first orientation contro! layer, a second
orientation control layer, an isolation-promoting layer, and a fining-promoting
fayer in this order on the soft magnetic layer 16.
The first orientation control layer is a layer far controlling the crystal
orientation of the second orientation control layer disposed as a layer on the
first orientation control 1ayer. In the present example, the first orientation control
layer is, for example, a Ta layer or a CoCrTa layer having a bce crystal structure
close to amorphous. The film thickness of the first orientation contral layer is,
for example, about 3 nm.,
The second orientation control layer is a layer for improving the
orientation propenty of the layer further disposed thereon. 1n the present
example, the second orientation control layer is a Ru layer having a hep crystal
structure. The film thickness of the second orientation control Jayer is, for
example, about 10 nm.
The isolation-promoting layer is a layer for separating the composition of
the upper layer and promoting isolation of crystal grains. The isolation-
promoting layer is formed by, for example, sputtering at a gas pressure higher

than the pressure during film formation of the Ru layer of the secend orientation



exanpl e, the second orientation control layer is a Ru |layer having a hcp
crystal structure. The filmthickness of the second orientation control

| ayer is, for exanple, about 10 nm The isolation-pronoting |ayer is a

| ayer for separating the conposition of the upper |ayer and pronoting

I solation of crystal grains. The isolation- pronoting |layer is forned by,
for exanple, sputtering at a gas pressurg hi gher than the pressure during
filmformation of the Ru | ayer of the se 8nd orientation 16 control |ayer.
Consequently, the isolation-pronoting | ayer beconmes a | ayer containing
smal|l crystals in which crystal grains are isolated fromeach other. In the
present exanpbriroliayeri Seinaequently; theisolatjoh-pyemotisg aysnbeeymes haayerg a hep
crystal structure, The filmthickness of the isolation-pronoting |ayer is,
for exanpl ecoriBiing amall crystats én whishrafysalgrairisrayelisgieteddrameaeh otheri ty of
crystal grai di sposed thereon. In the present exanple, the

' I
fini ng-pr om{h%gﬁgvg%%"% thgdsplatiensprametingsiayer 'Qraaﬁlﬁl laygrdavirachesi 02
I havi I t tur.e | ich Si,.O2 i t ed .at '
oeteuart oe. o RERERHLR. HE U il ot RBUER A SrERh IS ot g
| ayer, the cgygﬁ.,?feb?gé%?qlﬁﬁof CoCr is, for exanple, a hcp crystal

structure. A par I'nl'ng- pronoting |ayer ma contain CoCr having a

y
bec crystal st 1 ucty find ooy el BRimos i ot afPhkeYer 1o

for exanple, about 12 atomc perc for exa

percent). Thdishbted theredm elrsthefpresentlaxample, 1he fbingtsrohfting layer i @' exanpl e,
about 2 nm The granular [ayer 20 of the perpendi cul ar magnetic recording

| ayer 30 is honmeagnetic erystal graimipyer (GoCi-8D4 layen) haVing aygemularstiuejere ik0 is a
| ayer having a, %ra,nul.ar structure in which oxides are segregated at grain
boundari es oWNfGhndi§2ds §earepatadatgrainbryndarias of aqamagacts CoRecrystalt magnet i c

and cont ai neSTlEnaR e SP ) Sreio AR ay Ao heryetal Stuctire of CiLrR, for 0 | "
example, a hep crystal structure. A part of the fining-promoting layer may
contain CoCr having a bec crystal structure. The SiOz content in the fining-
promoting layer is, for example, about 12 atomic percent (for example, 10 to 16
atomic percent). The film thickness of the fining-promoting layer is, for example,
about 2 nm. The granular layer 20 of the perpendicular magnetic recording
layer 30 is formed on the fining-promoting layer.

The granular layer 20 is a layer having a granular structure in which
oxides are segregated at grain boundaries of fined crystal grains, and is an
example of the first magnetic layer. In the present example, the granular layer
20 is a CoCrPt-SiO; layer and contains magnetic crystal grains 102 and
nonmagnetic substances 104 for magnetically separating the magnetic crystal
grains 102 from each other at grain boundaries of the magnetic crystal grains
102. The film thickness of the granular layer 20 is, for example, 20 nm or less,
desirably 8 to 16 nm, and further desirably 7 to 15 nm (for example, about 9 nm).

The magnetic crystal grains 102 are magnetic crystal grains exhibiting
perpendicular magnetic anisotropy and the direction of magnetic moment is
reversed in accordance with a signal to be recorded on the magnétic recording

medium 10. In the present example, the magnetic crystal grain 102 is CoCrPt



nonmagneti ¢ substances 104 for nmagnetically separating the magnetic crystal
grains 102 fromeach other at grain boundaries of the magnetic crystal
grains 102. The filmthickness of the granular layer 20 is, for exanple, 20
nmor less, desirably 8 to 16 nm and further desirably 7 to 15 nm (for
exanpl e, about 9 nm. The magnetic crystal grains 102 are magnetic crystal
grains exhibiting perpendicular nagnetig ani sotropy and the direction of
magneti c nonent is reversed in accordan % with a signal to be recorded on
the magnetic recording nedium 10. In the present exanple, the nagnetic
crystal grain 102 is CoCrPt 17 having a hcp crystal structure. The size
(di anet er) dfavimgarregreystal structurel Theesize (diameter) of the reagneticecryStat gra® nm
and desirably 8 to 15 rim The width of grain boundaries of the magnetic
crystal grai soforiexampten te 2Bne, anddesiraklyi&to 15 nm. Tt width afgraitesi rabl y
4 to 15 nm The w dth_of grain boundaries of the magnetic _ crystal grains
102 refers tl?PWa&'ﬁétoﬁ&e fHe '%FWQ!QF@"%ﬂO@ﬁ‘-‘a?H’"E)@UM@nfééelﬁmpha detic

SUbst ances 1EAnTl anfiesughued &' five e BlE 5t Bfaim BYSiies odfinaiaanelor ¢ ne
Sﬁgg Cance | 205! e *?ép@fe"‘% {0 4T 8158 SRlutRRBYS, of R 1RGN Hgﬁﬁée é}. um

T102 S| C2.
The ﬁo(mem)o?ﬁ’é?@@"?g%@? i HEPARER o e S Sl o
10 to 16 atom c PRHeCRdrmagmsticbstariees 102 dre nbhritighetie oRides @@bredzfed axanpl e,

I n the case where the content of SIQ2 is 6 atom c percent or nore, the

nonmagnet i ¢ ghairsbourdzaies0of tae eagnetic trystal grains HO2e by tlnmpresaaéexﬁrapleSN ratio.
However, deteriorati.on may occur in the coercive force per pendi cul ar
magnet i ¢ ani ¥enanmagnaticisybstange infot exargplgnsilieen p&slar(S@b aFanexample.

Cher eby  det BaNGmpRa IR 1B, B¢ Hedas trcedinagndinmdstance 1 PeRadus 111 m
Layer 24 i's olieposd b8 dhaind T 68 P LgeF 20 96 AP

content of P
10 to 16 atomic percent, and desirably 12 to 14 atomic percent.

For example, in the case where the content of SiQ; is 6 atomic percent or
more, the nonmagnetic substances 104 are made finer to thereby increase the
SN ratio. However, deterioration may occur in the coercive force He,
perpendicular magnetic anisotropy, or the like of the granular layer 20 alone.
Conseguently, the thermal stability of the granular layer 20 alone may thereby
deteriorates. However, in the present example, the continuous film layer 24 is
disposed on the granular layer 20. Therefore, even when the content of SiO,
and the like increases in the granular layer 20, occurrences of these problems
can be suppressed.

The coupling control layer 22 is a layer for controlling the strength of
magnetic coupling between the granuiar layer 20 and the continuous film layer
24. In the present example, the coupling control layer 22 is, for example, a Pd
layer having a fee crystal structure. The film thickness of the coupling control
layer 22 is, for example, 2 nm or less, for example, 0.5 to 1.5 nm, and desirably
0.7 to 1.0 nm (for example, about 0.8 nm). The coupling control layer 22 may

be a Pt layer.



and the like increases in the granular |ayer 20, occurrences of these

probl ems can be suppressed. The coupling control layer 22 is a | ayer for
controlling the strength of magnetic coupling between the granul ar |ayer 20
and the continuous filmlayer 24. In the present exanple, the coupling
control layer 22 is, for exanple, a Pd |ayer having a fcc crystal

structure. The filmthickness of the COUféing control layer 22 is, for
exanple, 2 nmor less, for exanple, 0.5 1.5 nm and desirably 0.7 to 1.0
nm (for exanple, about 0.8 nm. The coupling control |ayer 22 may be a Pt

| ayer. 18 The continuous filmlayer 24 is a layer in which exchange

coupling in a di rihetdominpacsing layee 24 e a e iﬁwrﬁcﬂrpéxdﬁanbﬁ%oﬁﬂhﬁ P4e 12 is
continuously expanded. The continuous filmlayer 24 is an exanple of the
second magnedirectioh ppealled taitheomabi susfacepithe substeates 26k kohtituagiyer pendi cul ar
magneti c ani sotropy. _ These magnetic grains are magnetically

exchange- coupfRadded. iThe aangneousfint layer a4 lsgara'enamp&oﬁ thetseeond smagnetic| ayer
20 in a di reictionqppg%?endi cular,to the E@Ln surface of the substrate 12.
The wi dth of 3¥F/ iAdgmagnedic grains AGRtng pepandisular snagnaticanisateopy. t hat
of grain boupdaries of.the magnetic crystal grains 102 .in.the grapular |ayer
20, and is, %&Fseegga%?téc, grf'r?ﬁ#'@rmﬁgg‘gtf%ﬁﬁﬁxﬁ ~EOURjed tq the;magnetic,

i rayer SPoaPat I rRRSTANGR! e BB T AR A, | or o
than the bongdhpgsurBldecitthd sReitrgen 2t he magnetic crystal grains 102 in the

granular layer 20 in a direction parallel to the main surface of the

substrate 12. As The'wigth bf gradtboshdigiesto? thdrfagpklic gralhs ard Saalidrehgn!
stability of recorded signals can be appropriately inproved by, for

exanpl e, pi rthiahgf gran bewpdariesafitie meignetie costal ignaioa s 0Riih the gramularlayeri t h t he
magneti zation of the granular |ayer 20. The filmthickness of the
conti nuous f2G.ANdd§eior example, figpmegdpgsi for example, Gihto daun, and gesirably 6 nm
and 0.3 to 0.8 nm. Consequently, magnetic grains of the continuous film layer 24
are exchange-coupled to each other with the strength larger than the bonding
strength between the magnetic crystal grains 102 in the granular layer 20 in a
direction parallel to the main surface of the substrate 12. As a result, according
to this structure, the thermal stability of recorded signals can be appropriately
improved by, for example, pinning the magnetization of the continuous film layer
24 with the magnetization of the granular layer 20. The film thickness of the
continuous film layer 24 is, for example, 1 to 8 nm, desirably 3 to 6 nm, and
further desirably 4 to 5 nm.
The ratio A/B of the film thickness A of the granular layer 20 to the film
thickness B of the continuous film layer 24 is, for example, 2 to 5, and desirably
3 to 4. According to this structure, suitable perpendicular magnetic recording
characteristic can be exhibited by exchange coupling. Preferably, the magnetic
anisotropy constant {maximum anisotropic energy) Ku of the continuous film
layer 24 is larger than that of, for example, the soft magnetic substance.
According to this structure, the width of the magnetic wall generated in the
continuous film layer 24 is can be decreased. The magnetic anisotropy

constant Ku of the continuous film layer 24 may be smaller than that of the



further desirably 4 to 5 nm The ratio A/B of the filmthickness A of the
granul ar layer 20 to the film thickness B of the continuous filmlayer 24
is, for exanple, 2 to 5, and desirably 3 to 4. According to this structure,
sui tabl e perpendi cul ar magnetic recording characteristic can be exhibited
by exchange coupling. Preferably, the magnetic anisotropy constant (maxinum
ani sotropi c energy) Ku of the continuous film layer 24 is |arger than that
of, for exanple, the soft magnetic subst drice. According to this structure,
the width of the nagnetic wall generated in the continuous filmlayer 24 is
can be decreased. The magnetic ani sotropy constant Ku of the continuous

filmlayer 2gramylablaysn2o.| The chercivdmarceHeldh thel fhatdHiA R éﬁnslﬁﬁxiﬂg . The
coercive force He of the material for constituting the continudus film

| ayer 24 nmay chetinumls fédm layer?4 maydmcsmalier than thee teerofve fbroe Hexfifot e, the
material constituting the nmagnetic crystal grains 102 in the granular |ayer
20. I n the preXaempe, dhematerialicesstivting theomagheticctyatad grains i162dn the ti | ayer
film and about | ayers (for exanple, 2 to 3 layers) of CoCr |ayers 106 and
about 3 IaySF%“'ﬁ@'dP @xéhple, 2 to 3 layers) of Pd |layers 108 are
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structure. Tg@gg&;ﬁgl" bgaYrﬁBIe,lQ%'ﬁaﬂéyé@?BﬁPB !ai@?‘g'ﬂ?ﬁ?‘?ﬁ%&fé%ly%@n%e@f CoCr

havi ng, for Cc crysta ructurte. I's a |l ayer

of nonmagnet MheRtoOAMyBO1E6 fsCF 125y 8bRtairind HiRignete grathe of Colr! Thelingss of the
Pd |l ayer 108 is, for exanple, about 0.8 nm I'n thrs structure, interface

magnet i ¢ ani $hnickngss ofthey Eofirdayet 106 isHfer eramplea@bobkd 36am. ththeGafSe | ayer
106 and the Pd | ayer 108, Furthernore, required perpendicular magnetic
ani sot ropy c¥hese tha,CaCriayeny 06 dsvart thingas describegimhiove, the mageeticgrains
of CoCr may not have a crystal structure. The CoCr layer 106 may contain
magnetic crystal grains of CoCr having, for example, a hpe crystal structure.
The Pd layer 108 is a layer of nonmagnetic Pd having a fcc crystal structure,
The film thickness of the Pd layer 108 is, for example, about 0.8 nm. In this
structure, interface magnetic anisotropy is generated at the interface between
the CoCr layer 106 and the Pd layer 108. Furthermore, required perpendicular
magnetic anisotropy can be obtained by laminating, for example, 3 layers of
CoCr layer 106 and 3 layers of Pd layer 108. Moreover, the film thickness of
the continuous film layer 24 can be decreased in the case where the continuous
film layer 24 is composed of the multilayer film as in the present example,
The continuous film layer 24 may have, for example, Pt iayers in place of
the Pd layers 108. The continuous film layer 24 may have CoB layers in place
of the CoCr layers 106, The continuous film layer 24 may be a laminated film, n
x [CoX/Pd or Pt], wherein n layers of Co compound layer and n layers of Pd
layer or Pt layer are alternately laminated. Alternatively, the continuous film
layer 24 may be a single-layer film having, for example, a high Pt content. The
continuous film layer 24 may be a single-layer film of, for example, CoCrP4,

CoPt, CoPd, FePt, CoPts, CoPds, amarphous TbFeCoCr, SmCos, Nd;Feq4B, or



CoCr | ayer 106 and 3 layers of Pd |ayer 108. Mreover, the filmthickness of
the continuous filmlayer 24 can be decreased in the case where the
continuous filmlayer 24 is conposed of the nultilayer filmas in the
present exanple. The continuous filmlayer 24 may have, for exanple, Pt

| ayers in place of the Pd |ayers 108. The continuous filmlayer 24 may have
CoB | ayers in place of the CoCr |ayers %06. The continuous filmlayer 24
may be a lamnated film n x [CoX Pd or ﬂt], wherein n |ayers of Co
conpound |l ayer and n |ayers of Pd layer or Pt |ayer are alternately

| am nated. Alternatively, the continuous film layer 24 may be a :

si ngl e- | ayer CbpdPigghavi ng, for exanple, a high Pt content. The continuous
filmlayer 24 may be a single-layer filmof, for exanple, CoCrPt, CoPt,
CoPd, FePt, CoPt3n tigsPdstinuous fiindayerbi-efthEipreserteianyié epaRatio red@ns
Co20Pt80. In_the continuous filmlayer 24 of the present exanple, sSeparation
regi ons 202283 forraggnatically Feparapng facksy fromaeach éthemarmdisposétiin ragiendi sposed
i n regions Eetween t he rag;ks of the magnetic recordi n_P medi um 10. The
separation PeYyegRdhedacks o HigmagRets ecpeding medivwg - cThesepatatign changi ng
the crystal _struc e of a part.of the continuous filmlayer 24 by ion beam
i rradiation. rq%or{sréd%?r&%qnmgg(r&% r@g’ﬁ"ﬁ@%ﬁ&?frﬁe‘i’ é&&hanalgngm#aio is a
di screte tr C ' i T re,. the separation regions
202 are for et S EPER of B SerlRbHE Y MSlel 2%t ioh deaBE BRigheR ne
magnetic recordi | ' Jodoe : ' t he
separation regi gﬂghgggé%mégﬁﬂp? lﬁ?ﬁ?%ﬁégﬁ?ﬁé&l{ %'P B@%ﬁ%ﬁ’:‘m {sggi'rs gg‘%ns

between the trackltadording (DTRS nisdiire Thedsiste, ithe %éﬁé‘raﬁp?ﬁé@?_@ﬁs bb2fare

si ngl e-magneti c-domai n grains becone a recordi ng uni he separation
regi ons 202 tormefion negions betveeercthiedrackbeimthencaseewhercthe magndtice magneti ¢
recording nmedium 10 in the step of applying the ion beam The step of
appl yi ng t herecgiding madiempk is& palierned (bithaiamed) medium,tthe separation

regions 202 are further formed in, for example, the regions between the
individual bits on the tracks in such a manner that single-magnetic-domain
grains become a recording unit.

The separation regions 202 are formed in the regions between the tracks
of the magnetic recording medium 10 in the step of applying the ion beam. The
step of applying the ion beam is performed, for example, after the step of
forming the perpendicular magnetic recording layer 30 and before the step of
forming the protective [ayer 26.

In the present example, the track width of the magnetic recording medium
10 is, for example, 100 to 200 nm, and desirably 135 to 165 nm. The distance
between tracks is a distance from a center of a track to a center of an adjacent
track and is, for example, 150 to 250 nm, and desirably 180 to 220 nm. The
width of the separation region 202 is, for example, 30 to 70 nm, and desirably
40 to 60 nm in the track width direction.

The protective layer 26 and the lubricant layer 28 are further disposed on
the continuous film layer 24. The protective layer 26 is a layer for protecting the
perpendicular magnetic recording layer 30 from the impact of the head. The

protective layer 28 is a carbon based film having, for example, a diamond-like



form ng the perpendicular magnetic recording |ayer 30 and before the step of
formng the protective |ayer 26. In the present exanple, the track w dth of
the magnetic recording nedium 10 is, for exanple, 100 to 200 nm and
desirably 135 to 165 nm The di stance between tracks is a distance froma
center of a track to a center of an adjacent track and is, for exanple, 150
to 250 rim and desirably 180 to 220 nm ,JThe w dth of the separation region
202 is, for exanple, 30 to 70 nm and deg rably 40 to 60 nmin the track

wi dth direction. The protective |layer 26 and the lubricant |ayer 28 are
further disposed on the continuous filmlayer 24. The protective |ayer 26

is a layer f8irugts cthe huricant laper 2Rist laybaforimgrating theslabricityigetherar 30
fromthe inpact of the head. The protective layer 26 is a carbon based film
havi ng, for Eehgadandthe maanetic racerding madiumt1f). eTha hbricant lagen®8 isayer 28 i s

I f ' ' h l.Ci b he head dth '
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mask 40. The separation regions 202 are fornmed by applying ion am 42 to

the regions. atesdthussthemegions té be iradibtaswittothecioniyeash 2§ ukiriga iigoh on beam
42 can be set with high precision. Further, the separation regions 202 can

be fornmed wsteholimaskiddy Theeseparhtion cagiono202 are formeddsy applying érf bedrheni ng
process. In the step of applying the ion beam for exanple, an ion beam 42
of argon i ofiZ{ahe regipnge dBItBisnamnGy the regiongyjo b irediatedzaith he iendbeam
Formed. An i 3 B4R 57 Wih Ngh GESHEPBUL UBR" 015 Sevs PHen FealBhhal 68N B8yl i ed i n
the step of RN hduUiSisindthe mechanical warking process nor the flattening process.
In the step of applying the ion beam, for example, an ion beam 42 of

argon ion (Ar") is accelerated with energy of 20 to 30 keV and is applied. In this

manner, the separation regions can be appropriately formed. An ion beam 42 of

phosphorous ion (P*) or the like may be applied in the step of applying the ion

beam. Forexample, the crystal structure of the continuous film layer 24 is

changed by the energy of the ion beam 42 so that the region irradiated with the

ion beam 42 is changed to a nonmagnetic region in the step of applying the ion

beam. In this manner, for example, nonmagnetic separation regions 202 are

formed in the step of applying the ion beam,

In the step of applying the ion beam in the present example, the ion beam

42 is applied to the continuous film layer 24 in the form of a multilayer film so as

to form an alloy of metals contained in the CoB layer 106 and the Pd layer 108

in the continuous film layer 24, In this manner, the separation regions 202 are

formed. Thus, the separation regions are formed only in the continuous film

layer 24 among the layers included in the perpendicular magnetic recording

layer 30 in the step of applying the ion beam. According to the present example,

the separation regions 202 can be appropriately formed with high precision.



beam For exanple, the crystal structure of the continuous filmlayer 24 is
changed by the energy of the ion beam 42 so that the region irradiated with
the ion beam 42 is changed to a nonmagnetic region in the step of applying
the ion beam In this manner, for exanple, nonmagnetic separation regions
202 are fornmed in the step of applying the ion beam In the step of
applying the ion beamin the present exaﬁgle, the ion beam 42 is applied to
the continuous filmlayer 24 in the for f anmultilayer filmso as to form
an alloy of netals contained in the CoB | ayer 106 and the Pd layer 108 in
the continuous filmlayer 24. In this manner, the separation regions 202 are

formed. ThuFurthee thepatié cam beeppensriaep sEparRed Abhyeadh bihgr 68AkIHUOUS film
| ayer 24 anong the layers included in the perpendicul ar magnetic recordi ng

| ayer 30 i nindreass the todickagisjtyng t he i on beam According to the present
exampl e, the separation regions 202 can be appropriately formed with high
precision. 22 Flirthestep oharplyingkbe cembesmafop espmpla, alse caphe madd of r om each

beam 1or olTo e lrNBoAR ATeCAr R, Mo and Pty dhesenecay of (RGoR AT Or . Co.
et ef or AEgatnis SRRy 0 M kel prére g oe Reoupbtion Bea " 1014 1o 1
aranular 1 AERS0EH Beded 4 NS EO BT IORIEE, i, “ana e 11 ke, Thus, a
ner mal st abi |1 (3 ot OMA A e Ie P L0 RS (SRR SREMEREE! 0o di ng

ease of si gmajer 20athdeontitRBLS Milrh dyar R40Bh@ ke, ThEs S& PedRibARS M €gi ons 202
are disposed in the continuous filmlayer 24, so that track edge noises are

reduced and magneticdtansitiongegipnamiséseandppiropravemeng of thermatstabiliueft her, t he
separation rrggci)rggcsi sizg%Zalsaéa(tan Ifag rrgeaﬁ?ze(c)l.n leurtihgr. recording ease of signals can be
appropriately obtained.

The separation regions 202 are disposed in the continuous film layer 24,
so that track edge noises are reduced and the track density can be
appropriately increased. Further, the separation regions 202 are formed only in
the continuous film layer 24 thinner than the entire perpendicular magnetic
recording layer 30. Therefore, the separation regions 202 can be formed with
ease and high precision as compared with the case where the separation
regions are formed in both the granular layer 20 and the continuous film layer
24. Consequently, the recording density of the magnetic recording medium 10
can be appropriately increased.

In the production process of the magnetic recording medium 10,
preferably, each of the adhesion layer 14 to the continuous film layer 24 is
formed by sputtering. In particular, formation by DC magnetron sputtering is
preferable because a uniform film can be formed. Preferably, the protective
layer 26 is formed by CVD.

In the formation of the CoCr layer 106 and the Pd layer 108 of the
continuous film layer 24, preferably, Kr is used as a sputtering gas.

Consequently, the interface between the CoCr layer 106 and the Pd layer 108 is



the continuous filmlayer 24 thinner than the entire perpendi cul ar magnetic
recording |l ayer 30. Therefore, the separation regions 202 can be fornmed with
ease and high precision as conpared with the case where the separation
regions are formed in both the granular |ayer 20 and the continuous film

| ayer 24. Consequently, the recording density of the magnetic recording
medi um 10 can be appropriately increase(}.3 In the production process of the
magneti c recordi ng nmedi um 10, preferably, each of the adhesion |ayer 14 to
the continuous filmlayer 24 is formed by sputtering. In particular,
formati on by OC na%netron sputtering is preferable because a uniformfilm
can be fornefermedgleanly yhus rstesiasednagnasic anigatropyeanshe genaratasymer®. I n t he
formati on of the CoCr Ifxercﬁgﬁ and the Pd Iﬁger 108 of the continuous film
| ayer 24, pr@PRFopRRlelY.cThe S avefs! 06 and thedrq layega88 mawalsebednimed byhe

I nterface be n the CoCr | ayer 106 and the Pd |ayer 108 is 23 forned
cleanly. Thus,YHnterface nagnetic ani sotropy can be generated nore

&b F o 2 Lhove! En SelfRdfe shishet bt the MRl (e ods arng
medi um 10. - Theadhid! R S hidterRiSAive 282 Gliested RGBREICIRIBERRLAL bRt I C. On
the region not 1 ncluding the separation regions 2 I'n the continuous film

layer 24. |fnd Rigiors AsEinclulmgthk WephiztidnTegions i202fih thel cbistinudus BifHlayer000 Ce.
Consequently, magnetic recording can be appropriately perforned on this

regi on wth, 2dorné¢xacpie,tha saturation hremnetid Heldys iscatesit §,000 @e. 304 i ndi cat es
a magnetic characteristic on the region including the separation regions
202 in the cé&fnsageentlyi magnetp secardingioan henappropately perfarmedren thim magneti c
field Hs is abgut 12,000 C e. Conseq ehntly, it is difficult to perform
magnetic rec5RAPRYIHATQNEX@MALY, 3pormal head.

The hysteresis curve 304 indicates a magnetic characteristic on the
region including the separation regions 202 in the continuous film layer 24. In
this case, the saturation magnetic field Hs is about 12,000 Oe. Consequently, it
is difficult to perform magnetic recording on this region,

Therefore, in the magnetic recording medium 10 according to the present
example, magnetic recording is performed only on regions not including the
separation region 202. Consequently, according to the present example, the
continuous film layer 24 is a part of the perpendicular magnetic recording layer
30, and the separation regions are formed in the continuous fiim layer 24. In this
manner, the magnetic recording medium 10 can function as a patterned
medium or a DTR medium without forming grooves or the like over the
perpendicular magnetic recording layer 30. Thus, track edge noises are
reduced and the track density is allowed to appropriately increase. As a result,
according to the present example, the recording density of the magnetic
recording medium 10 can be appropriately increased.

- Figs. 3A and 3B are diagrams for illustrating the effect of formation of
separation regions 202 and shows the simulation results of recording pattern of
the information recorded on a magnetic recording medium having a structure

different from the structure of the magnetic recording medium 10 in the present



Therefore, in the magnetic recording nedium 10 according to the present
exanpl e, magnetic recording is perforned only on regions not including the
separation region 202. Consequently, according to the present exanple, the
continuous filmlayer 24 is a part of the perpendi cul ar magnetic recording
| ayer 30, and the separation regions are fornmed in the continuous film

| ayer 24. In this manner, the magnetic r,gcordi ng medium 10 can function as
a patterned nmediumor a DTR nedi umvvithgﬁt form ng grooves or the |like over
the perpendicul ar nagnetic recording |layer 30. Thus, track edge noises are
reduced and the track density Is allowed to appropriately increase. As a
result, acc&xamme.tbigi BA shoesentecording pattemniaf o graoutirmediemsi The of t he
magnetic recording nmedium 10 can be appropriately increased. Figs. 3A and
3B are di agr SARNYIArmediun fefats tagfor xaepies @ magnetis recording siedigoiaeladingn
regi ons 202 and shlcé%fs t he sinylation rgésults of rec?rdi n% attern of the

| nformat i on ARESPRRICWA" DAIREHE [6COrIBa JAYR GOMRSSER A maTel magnetie fByes

or esent 24 Sauafent SERGAIL o Ble, QRyIEP B 2D RSk AatelB e GURIE.  neci um
The aranul aigoRel MRl 4 Rk Gonfiflio X fiPkGer 34 RANSE ] #E%ALEG med! um
I ncl udi ng a perpentdi cul ar nagneti Cc recordrng [ayer conpose rely a

magnet i c | ayekampfi!i MahRWraRhlaP hiddidrh, the ﬂh’ﬂ%&hﬁé’é&! é‘Fthb?fEﬁul%Plamef Roy
di sposing the coupling control layer 22 nor the contindous f1l ayer 24 in
contrast to nhe present exanple. In this granular nmedium the film

t hi ckness of the granular layer is 30 nm In the granular nedium an
exchange i nt er act indhelgramanmedameamexdhangernyteradtiogrhsitween thesmizigpétict ori |y
small in a direction parallel to the main surface of the substrate. In this
case, the gr &Ystal@rains ipeatistestodysmall inya drastion narallel tathe mainguifagercict i on,
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width direction, while the values of recorded signals become values between 0

and 1 in the gray region. Therefore, in the granular medium, recording patterns
are appropriately recorded in a recording track indicated by a rectangle 50.
Consequently, in the granular medium, even when separation regions are
disposed between tracks as in a DTR medium or the like, the effect thereof is
small.

However, in the granular medium, since the continuous film layer is not
disposed, the thermal stability of recorded signals deteriorates as compared
with, for example, the CGC media and the like. As a result, in the recording
tracks, the magnetization of a part of the regions indicating individual bits of the
recording pattern are reversed due to a thermal fluctuation phenomenon and
the like. Such the reversal of magnetization may cause disappearance of the
recorded information, so that an increase in recording density is hindered.
Consequently, by the granular medium, it is difficult to realize a recording
density exceeding, for example, 200 gigabits per square inch.

The granular medium may also be made into a DTR medium or a
patterned medium by forming separation regions between the tracks. In this

case, by forming the separation regions through ion beam irradiation, the



are appropriately recorded in a recording track indicated by a rectangle 50.
Consequently, in the granular nmedium even when separation regions are

di sposed between tracks as in a DIR nediumor the like, the effect thereof
is small. However, in the granular nmedium since the continuous filmlayer
is not disposed, the thernal stability of recorded signals deteriorates as
conpared wth, for exanple, the CGC medi% and the like. As a result, in the
recording tracks, the magnetization of 4 part of the regions indicating

i ndividual bits of the recording pattern are reversed due to a thernal
fluctuation phenonenon and the |Iike. Such the reversal of magnetization may
cause di sappewchanigabivotking prozess dad the flatterihg procese drbaot pryuiredr ease in
recording density is hindered. Consequently, by the granular nedium it is
difficult to realFige3R showsraiacgrdiog patiemn abac8&0 npdidmmotirrtgling 2200

gi gabits per square inch. The granular nedium may al so be nmade into a DIR
nmedi um or a SPRAratemEcpiaR dheraatior referreditp 2vp soaventionak GG sadidmpian t he
tracks. In this se, by form ng the separation regions through ion beam
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exanpl e excepiyer bi'the dEhVBARHACEO mMEdLMMAOR granulboIRpseshd A cBREiMsIE cul ar
magnetic recording |ayer of the conventional CGC nedi um has a granul ar

| ayer and a filbmtayenous filmlayer. In the conventional CGC nedium since
the continuous filmlayer has nagnetic bonding strength in a direction
paral l el to the nhithesonventionai CGG:medinm; sincetha tantinuays filrgiayes hat recor ded

signal s easi!_'%/ extend in the track wdth )
agnetic bonding strength in a direction parallel to the main surface of the

substrate, the gray regions of recorded signals easily extend in the frack width
direction. Consequently, recarding patterns are formed while having gray
regions, and the gray regions extend out from the recording track width
indicated by a rectangle 50.

Such gray regions serve as sources of track edge noises. Therefore, in
the case where a recording density exceeding, for example, 200 gigabits per
square inch is intended to realize in the known CGC medium, the SN ratio
decreases, and an appropriate improvement of the track density becomes
difficult.

On the other hand, in the magnetic recording medium 10 of the present
example, the separation regions 202 are disposed in regions between the
tracks. The disposed separation regions 202 prevent extension out of the
magnetic bonding strength from the track in the continuous film layer 24 i'n the
direction paralle! to the main surface of the substrate 12, In this manner, the
gray regions are prevented from extending out from the recording track width,
Consequently, according to the present example, track edge noises are reduced
and the track density can be appropriately increased. As a result, the recording

density of the magnetic recording medium 10 can be appropriately increased.



di rection. Consequently, recording patterns are forned while having gray
regions, and the gray regions extend out fromthe recording track wi dth

i ndicated by a rectangle 50. Such gray regions serve as sources of track
edge noises. Therefore, in the case where a recording density exceeding,
for exanple, 200 gigabits per square inch is intended to realize in the
known CGC nedium the SN ratio decrease§ and an appropriate inprovenent of
the track density beconmes difficult. Fhe ot her hand, in the magnetic
recordi ng nmedium 10 of the present exanple the separation regions 202 are
di sposed in regions between the tracks. The disposed separation regions 202

prevent extensi orrigsit4Aoto 4D are diegnams showing the ssicond gixBrfpleoof thedoih rack in
the continuous filmlayer 24 in the direction parallel to the nain surface

of the substbpgam IrI@d!atuhn metkogimtherstep m’eap@vnagt @ iprobearar én theeprasert! from
extending out fraomthe .recordi g* tr%cgg Cons%guently, according to
t he present Fed resisiipa '&lﬁg Bt y&?@°mlﬁ\§&9h IRaYt i &ised e thegderi t y
can be appro As a result, the recording density of the
magneti c recgmh%w@ﬂq%?&an be appropriately increased. 26 Figs. 4A to
4D are di agrams S@RO rr
met hod in the stzgéj r{]ﬁpngﬁt ghgoﬁéga IY'hBt he%@%%ﬁ]tﬂheéggﬁg%ggﬁ
resi st mask t |
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appl ying the ion beam own in Fi A inthe step o

beam the regelsdssimgitsto 44edist ﬂlmmﬂuebwmmermnnﬁ@éusemmyér 24, nanoi npri nt
nold 46 and performng debossing into a resist filmapplied on the

conti nuous fSUhs&qa.mtly,ZIs shvibirekjige4B| the ias bebow? isnapplied by sindithis on beam
42 is applied by usi this resist mask 44 as a mask so as to form
separation rka§i%ma amathask e af o fpsassenaratiomipgions202 in the

continuous film layer 24,

After the separation regions 202 are formed, as shown in Fig. 4C, the
resist mask 44 is removed by, for example, ashing and cleaning. In this case
also, the separation regions 202 can be appropriately formed. After the step of
applying the ion beam, as shown in Fig. 4D, for example, a carbon overcoat
protective layer 26 is formed on the continuous film layer 24 in, for example, the
step of forming the protective layer.

Figs. 5A and 5B show modified examples of the magnetic recording
medium 10. The structures equivalent or similar to those in Fig. 1 are indicated
by the same reference numerals as in Fig. 1 and explanations thereof are
omitted except the points as described below,

Fig. 5A shows the structure of a magnetic recording medium 10 having
an exchange spring medium structure. In this case, the magnetic recording
medium 10 has a soft magnetic layer 32 as a second magnetic layer of the
perpendicular magnetic recording layer 30 in place of the continuous film layer
24 (refer to Fig. 1). For example, a material equivalent or similar to the material
for the soft magnetic layer 16 can be used as the material for the soft magnetic
layer 32. The film thickness of the soft magnetic layer 32 is, for example, 3t0 5

nm.



After the separation regions 202 are fornmed, as shown in Fig. 4C, the

resist mask 44 is renoved by, for exanple, ashing and cleaning. In this case
al so, the separation regions 202 can be appropriately formed. After the step
of applying the ion beam as shown in Fig..4D, for exanple, a carbon
overcoat protective layer 26 is fornmed on the continuous filmlayer 24 in,
for exanple, the step of formng the p(rjé;;[ective | ayer. Figs. 5A and 5B show
nodi fi ed exanpl es of the magnetic recording nmedium 10. The structures
equivalent or simlar to those in Fig. 1 are indicated by the sane
reference nunerals as in Fig. 1 and explanations thereof are omtted except
the points as deSeparmdignpegions 262 gre Sxmatbinghe isoft snagnetioriayerf32byragnet i ¢
recordi ng medi E‘ﬂnr]}g%t having an,exchange spring nmediumstructure. In this

case, the migR eBiogARYAS ifeBierentioupksTilE layet 24m imbs easaslee, Backas a
Bl ace of ChEBBAHRAIE eiticad ST Gatk Rl ) ke ppropraiely Neteatae, a |
terial | val | pd lar ' f th ft, tic |
T6. canbe-uiioadubn®. ikt Boefing Sehe o8B danstictretraing Mo 9Bient | "
t hi ckness ofygt réﬁ%tgﬂﬂﬂ&%?é&d-' ayer 32 is, for exanple, 3 to 5 nm 27
ns

Separation reqgi are torned in the soft magnetic |ayer 32 by applying

the ion beam as Fpy, GEesHAR thaldkiRtlrs ool AEghetRrecbilifd inediif 8 0Havhg t M ack
edge noi ses are reduced and the track density can be Tappropriately

i ncreased. afcxchgngsicbyplet vemposite dnedjushestaictyreofin thie camgtheintagratier di ng
medi um 10 can be appropriately increased. Fig. 5B shows the structure of a
magneti c r ecetarding medivonid barasaymagnetxlayande as agoonddoaguatict layeredi um
structure. In this case, the nmaghetic ,record&g% nedi um 10 has a soft
magneti ¢ | ayéthespepengiculas srEnRigrecerdingipysr 3Qin place phthesentioypds MiRgnet i ¢
recor di ng |£ilé/ film

yeerr 2340 Iinna R\la%ﬁgr ﬁ];niltmh fo tha H t'ﬂléoc%?\tinuous film layer 24, separation
regions 202 are formed in the soft magnetic layer 34 by ion beam irradiation.

The soft magnetic layer 34 is, for example, a Nife layer containing SiO-
at grain boundaries (NiFe-SiO; layer). The film thickness of the soft magnetic
layer 34 is, for example, 2 to 4 nm (for example, about 3 nm). In this case also,
track edge noises are reduced and the track density can be appropriately
increased. Consequently, the recording density of the magnetic recording
medium 10 can be appropriately increased.

Alternatively, the soft magnetic layer 34 may be a FeSiO layer. In this
case, the film thickness of the soft magnetic layer 34 is, for example, 6 to6 7 nm
(for example, about 8.5 nm). The perpendicular magnetic recording layer 30
may has a laminated film (for example, 16 x [Co/PdSi]} in place of the granular
layer 20. In the laminated film, 12 to 20 layers of Co layer and 12 to 20 layers
of PdSi layer (for example, about 16 layers each) are laminated.

{(Example 1)

An evacuated film formation apparatus was used. An adhesion layer 14
and a soft magnetic layer 18 were sequentially formed on an aluminosilicate

glass substrate 12 by DC magnetron sputtering in an Ar atmosphere. At this

case, the adhesion layer 14 was formed by using a CrTi target so as to become



| ayer 24. Ina manner simlar to that in the continuous filmlayer 24,
separation regions 202 are fornmed in the soft nmagnetic |ayer 34 by ion beam
irradiation. The soft nagnetic layer 34 is, for exanple, a N Fe |ayer
containing SiQ2 at grain boundaries (N Fe-S1Q2 layer). The filmthickness

of the soft magnetic layer 34 is, for exanple, 2 to 4 nm (for exanple,

about 3 nm. In this case also, track egige noises are reduced and the track
density can be appropriately increased. Consequently, the recording density
of the magnetic recording nedium 10 can be appropriately increased.
AIternativeI%/ .%_he saoft .magnetic layer 34 may be a FeSiO layer. In this

case, the fi# kriHagMavgs thigkness:af 10Metling sofimagnetia layer # waganpl e, 6 to

7 nm (for exanpl about 6.5.nm) . The rpendi cul ar magnetic recordi ng

| ayer 30 "ﬁgg%g Using ﬂzﬁe‘gng EQ’Q?‘(?%?gaﬁ‘?&ﬂfﬁ? ED@WOVP&PP@Q{F?T (Ppl ace of
t he granul ar L, Net. lLam n .l 12..to 20 ers aof Co | ayer
and 12 to 205§ é@é‘ﬁé pégqe%ngr}?%&% E?%%gﬁgrr%}a@m‘&tﬂﬁﬁ?eqtg%ﬁpE?‘gngé’ch) are
| am nated. ( c | | t sed, An
adhesi on | aytgﬁﬁb&ae:% Cfam:'so rf\ qng’%%ﬁ@gggétglggéﬂ %P@%@&ﬁ’e@? ?%@F@cﬁ% med on
an al um nosi d4neRliehing ks Iaijébhb(/iﬂﬁ% thickRks$6f TROAAR BPiTRY ChffrbNle! N an Ar
at nosphere, At this case, 'the adhesion |ayer 14 was forned by using a CTi
target so asmagnéticdomain3 a O Ti | ayer having a thickness of 10 rim The
soft magnetic |ayer 16 was formed by using a CoTaZr target so as to becone
an anor phous CoTdfter tleaformad@iontof thersqfemagnetic Byer 16 acantinciopslycaiia Jaygr: 5
atom c percent) layer having a total thickness of 50 nm The soft nagnetic
|l ayer 16 hadtRicknassi hpey serving asadirsteriamiation eanteol Rver apda Ralaves a
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(thickness 3 afothg Xyl wérR Brehed 86 aR"dndidhiald e 69VE Mladn@Bh plfleind ' aver
in an Ar atmosphere. A granular layer 20 was formed by using a hard magnetic
substance target formed from CoCrPt-Si0;. The granular layer 20 had a
thickness of 9 nm and contained magnetic crystal grains 102 having a hcp
crystal structure. The composition of the target for forming the granular layer 20
was 62 atomic percent of Co, 10 atomic percent of Cr, 16 atomic percent of P4,
and 10 atomic percent of SiO,.

A Pd layer (thickness 0.8 nm) was formed as the coupling control layer 22
and 3 x [CoCr/Pd] layers were formed as the continuous film layer 24 by using
an Ar gas as a sputtering gas at a low pressure. The thickness of the CoCr
layer was 0.4 nm, the thickness of the Pd layer was 0.9 nm. Three each of
them were alternately laminated. The thickness of resulting continuous film
layer 24 was 4 nm (3.9 to 4 nm).

As described with reference to Fig. 1B, a medium including up to the
continuous film layer 24 was .irradiated with the ion beam 42 of argon ion (Ar")
accelerated with energy of 25 keV by using the stencil mask 40. In this manner,
the separation regions 202 were formed in regions between the tracks.

The amount of irradiation of ions was 5 x 10"/cm? in this ion beam

iradiation. The width of the resulting separation region 202 in the track width



(thickness 20 nm serving as a second orientation control |ayer and an

I sol ation- pronoting | ayer were fornmed as an underl ayer 18 by DC magnetron
sputtering in an Ar atnosphere. A granular |layer 20 was fornmed by using a
hard magnetic substance target forned from CoCrPt-Si Q2. The granul ar | ayer
20 had a thickness of 9 nmand contained magnetic crystal grains 102 having
a hcp crystal structure. The corrpositioa of the target for formng the
granul ar layer 20 was 62 atom c percent 8f Co, 10 atomic percent of C, 16
atom c percent of Pt, and 10 atom c percent of SIC2. A Pd |layer (thickness
0.8 nm was forned as the coupling control layer 22 and 3 x [CoCr/ Pd]

| ayers were fibestiom was 56 encofibe track svidthiwas 5@ nm2andtheudisiagce betweergas as a
sputtering gas at a | ow gressure. The thickness of the CoCr |ayer was 0.4
nm the thicliedsacksiwas,20pam.ayer was 0.9 nm Three each of them were
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protective |layer 26 was formed from hydrogenated carbon by using a m xed
gas conposedlayer 28 compoaediof peghizragolystie odiP Endas farmeddry & dipgedatiag  a

sputtering target, The filmhardness is inproved by using hydrogenated
carbon, so t acheThR filge thigknass of they bricantiayer28 was ay@r IBthis manver,
?ﬁg; ?E;in? tel the’) r%%&%é’tﬁce%c‘ia{ :H& %%%idrﬁp ﬁcécc%];'di}':g % E?cgrq'iple&l' t\)»\?a%qf%?r%clj y ’Thg
magnetic recording medium 10 according to Example 1 was a DTR medium,
(Example 2)
The soft magnetic layer 32 having a thickness of 4 nm was formed from
the same material as that for the soft magnetic layer 16 in place of the
continuous film layer 24. In this manner, the magnetic recording medium 10
serving as an exchange spring medium was formed. An ion beam 42 of
phosphorous ion (P*) was accelerated with energy of 25 keV and was used in
the step of applying the ion beam. The amount of irradiation of ions was 4 x
10'%/cm? in this ion beam irradiation. The magnetic recording medium 10
according to Example 2 was formed as in Example 1 except the factors
described above.
(Example 3)
A NiFe layer containing SiO, at grain boundaries (NiFe-SiO; layer) and
having a thickness of 3 nm was formed as the soft magnetic layer 34 in place of
the continuous film layer 24. In this manner, the magnetic recording medium 10
serving as an exchange coupled composite medium was formed. An ion beam
42 of boron ion (B™) was accelerated with energy of 20 keV and was used in the

step of applying the ion beam. The amount of irradiation of ions was 4 x



| ayer 28 conposed of perfluoropol yether (PFPE) was formed by a dip coating
met hod. The filmthickness of the lubricant layer 28 was 1 nm In this
manner, the nmagnetic recording medi um 10 according to Exanple 1 was forned.
The magnetic recording nedium 10 according to Exanple 1 was a DTR medi um
(Exanpl e 2) The soft magnetic |ayer 32 having a thickness of 4 nmwas forned
from the sanme material as that for thenégjft magnetic |ayer 16 in place of
the continuous filmlayer 24. In this ner, the nmagnetic recordi ng nmedi um
10 serving as an exchange spring nediumwas formed. An ion beam 42 of
phosphor ous iOE}V(PQ. was accelerated with energy of 25 keV and was used in
the step of 4PpYgmhip thisdohbeameiradiation. diteumagoétic recadding inedioh ins was 4 x
1075/cn2 in this ion beamirradi ati on. The magnetic recordi ng nmedi um 10

accor di ng t o 2esRmatoxampledt was fermedagsindryanaple baxeapt thentactarst or s

descri bed abgve. . ( |e 3) A N Fe |layer containing SiQ2 at grain ‘
boundari es (anl@%%?@yer) and having a thickness of 3 nmwas forned as

‘the soft ti 0 pl f th ti filml 24. |
this nannerot he (GEHERre EXGPRRED hedi um 10 serving as an exchange
e he St medi . . ,
scoel erated wi th TGRSR At AR CdpSrayfE SRBR L Wis)  "The
i on beam Theorafadad indExdrhpRd éiééb?ﬂgétthé)ﬂégﬁ‘lﬁ@ éomroﬁ%geiﬁi%mﬁei n this ion

beamirradi ati on. The magnetic recording nmedium 10 according to Exanple 3

was forned agohtiniowriiindayercddanpte hbifofraed OMhe roggrtichredomimy®ed(ugpnpar at i ve
Exanpl e 1) A magnetic recordi ng nmedi um according to Conparative exanple 1

was forned ascomirdderfporeparative examphai wasctheqrahilagmediim eixplainss wig?2 and
the reference to Fig. 3A.

(Comparative Example 2)

A magnetic recording medium according to Comparative example 2 was
formed as in Example 1 except that the separation region 202 was not formed.
The magnetic recording medium according to Comparative example 2 was the
conventional CGC medium explained with reference to Fig. 3B.

(Evaluation)

As described with reference to Fig. 3A, in the magnetic recording medium
according to Comparative example 1, the thermal stability of recorded signals is
unsatisfactory. As described with reference to Fig. 3B, in the magnetic
recording medium according to Comparative example 2, gray regions of
recorded signals extend in the track width direction so that track edge noises
increase. Consequently, in these cases, it is difficult to realize a recording
density exceeding, for example, 200 gigabits per square inch.

On the other hand, in the magnetic recording medium 10 according to
Examples 1-3, satisfactory thermal stabiiity can be obtained because of the
CGC medium structure as compared with, for example, the magnetic recording
medium according to Comparative example 1. Since the separation regions

202 are formed, track edge noises can be reduced as compared with, for

example, the magnetic recording medium according to Comparative example 2.



continuous filmlayer 24 were not fornmed. The magnetic recordi ng nmedi um
according to Conparative exanple 1 was the granul ar nmedi um expl ai ned with
reference to Fig. 3A. (Conparative Exanple 2) A nmagnetic recordi ng nmedi um
according to Conparative exanple 2 was forned as in Exanple 1 except that
t he separation region 202 was not fornmed. The magnetic recordi ng nedi um
according to Conparative exanple 2 was thg conventional CGC nmedi um
explained with reference to Fig. 3B. (Evaluation) As described with
reference to Fig. 3A in the nagnetic recording medium according to
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medi um st r uctberreafized: OMtAEGRagMdtit rebOrting @Bl 10BRcIRIRID Ex4rRpR! dithe
medi um according to Conparative exanple 1. Since the separation regions 202

are forned, tchaccteridies sichess theenmbestabifity: ark particolaraesdelignt Andfaor  exanpl e,
the magnetic recordi ng medi um according to Conparative exanple 2. 31 As a
resul t, the SReQrdingsiefisityind 506 @igatits pessquaienigchedmare tendedestizedy t o
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limited to the scopes described in the above embodiments, It is clear that
various changes or improvements can be applied to the above-described
embodiments by one skilled in the art. The forms applied with such changes or
improvements may be included within the technical scope of the present
invention as defined in the claims,
The present invention can be favorably applied to, for example, magnetic
recording media.
On the other hand, in the magnetic recording media 10 according to
Examples 1 to 3, satisfactory thermal stability can be obtained because of the
CGC medium structure or the like as compared with, for example, the magnetic
recording medium according to Comparative example 1. Since the separation
regions 202 are formed, track edge noises can be reduced as compared with,
for example, the magnetic recording medium according to Comparative
‘example 2. As a result, the SN ratio of the magnetic recording media 10
accbrding to Examples 1 to 3 are improved by about 1.0 to 3.5 dB as compared
with that of the magnetic recording medium according to Comparative example
2. Consequently, it is ascertained that a recording density exceeding 200
gigabits per square inch ¢an be realized. The magnetic recording medium 10

according to Example 1 exhibits particularly excellent characteristics such as



characteristics, such as thermal stability, are particularly excellent and a
recording density of 500 gigabits per square inch or nore can be realized.
The present invention has been described with reference to the enbodinents.
However, the technical scope of the present invention is not Ilimted to the
scopes described in the above enbodinents. It is clear that various changes
or inprovenents can be applied to the abgée-described enbodi nents by one
skilled in the art. The forns applied w such changes or inprovenents nay
be included within the technical scope of the present invention as defined
in the clains. The present invention can be favorably applied to, for

exanpl e, nagthe heat statilityditig aseentainedthat rerecohiing demsity ofrf60thgigalpitspen ¢
recording nmedia 10 according to Exanples 1 to 3, satisfactory thernmal
stability casquaredbchpnawrecanbedesiizedie CGC medi um structure or the like
as conpared with, for exanple, the magnetic recording medium according to
Conparative exanple 1. Since the separation regions 202 are forned, track
edge noi ses can be reduced as conpared with, for exanple, the magnetic
recordi ng nmedi um according to Conparative exanple 2. As a result, the SN
ratio of the magnetic recording nedia 10 according to Exanples 1 to 3 are

i nproved by about 1.0 to 3.5 dB as conpared wth that of the magnetic
recordi ng medi um according to Conparative exanple 2. Consequently, it is
ascertained that a recording density exceeding 200 gigabits per square inch
can be realized. The magnetic recording nmedium 10 according to Exanple |
exhibits particularly excellent characteristics such as 32 the heat
stability. It is ascertained that a recording density of 500 gigabits per
square inch or nore can be realized. 33 WHAT IS CLAIMED | S:



1. A nethod for manufacturing a magnetic recordi ng nmedi um conprising the
steps of: (a) formng a magnetic recording layer; and (b) applying an ion
beamto regi ons between tracks of the nagnetic recording nediumso as to
form separation regions for nmagnetically separating the tracks from each
other. 2. The nethod for manufacturing a magnetic recordi ng nmedi um
according to claiml1, wherein in the stgf (a), a nultilayer filmis forned
as at least a part of the nmgnetic rec i ng layer, and a plurality of
types of netal filnms having different conpositions are lamnated in the
multilayer film and in the step (b), the plurality of types of netal filns
are nelted by the ion beamso as to forman alloy of netals contained in
the plurality of types of netal filns to thereby formthe separation
regions. 3. WHATHS GAIMBD ISanuf act uri ng a magnetic recordi ng nmedi um
according to claim1, wherein the magnetic recording |ayer conprises a first
magnetic | ayer dnd Bethadden magyiratudng ayeagneticeetonding madium compagieg and

t he second 'Iﬁ nftic |l ayer being exchange-coupled to each other, the step
(a) conpri si gseﬁ’é@eteps of formng the first magnetic |ayer, and form ng

e second rmnet ol ibia bohple AP p TR | U5 poand L0 Lhe step (D)L
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the tracks from each other.
2. The method for manufacturing a magnetic recording medium
according to claim 1, |
wherein in the step (a), a multilayer film is formed as at least a part of the
magnetic recording layer, and a plurality of types of metal films having different
compasitions are laminated in the multilayer film, and
in the step (b), the plurality of types of metal films are melted by the ion
beam so as to form an alloy of metals contained in the blurality of types of metal
films to thereby form the separation regions.
3. The methad for manufacturing a magnetic recording medium
according to claim 1,
wherein the magnetic recording layer comprises a first magnetic layer
and a second magnetic layer, the first magnetic layer and the second magnetic
layer being exchange-coupled to each other,
the step (a) comprising the steps of
forming the first magnetic layer, and
forming the second magnetic layer on the first magnetic layer, and
in the step (b}, the second magnetic layer is irradiated with the ion beam
so as to form the separation regions substantially only in the second magnetic

layer of the first magnetic layer and the second magnetic layer.



wherein the magnetic recording nediumis used for perpendicular magnetic
recording, the first nagnetic |ayer has magnetic crystal grains exhibiting
per pendi cul ar nmagneti c ani sotropy and nonmagneti c substances for
magnetical ly separating the magnetic crystal grains fromeach other at grain
boundari es of the magnetic crystal grains, and the second magnetic | ayer has
magneti ¢ grai ns exchange-coupled to the _nagnetic crystal grains, a grain
boundary wi dth of the nmagnetic grains bei"‘ﬂg smal l er than a grain boundary
wi dth of the nmagnetic crystal grains, 5. The nmethod for manufacturing a
magneti c recording medium according to claim3, wherein the nmagnetic

recordi ng nmedi um4,sTihes aubtiiad forenarufdetardhgn magostii regordhs® rifigngmand conpri ses
a substrate for disposing the first nagnetic |layer and the second nagnetic
| ayer, the fagardingdoestdiim 3,ayer has nmagnetic crystal grains exhibiting

per pendi cul ar magneti c ﬁni sotropy and nonmagnetic substances for

magnetical |y sepa¥hgreifgheraagnalicdererding ediunyisyses for pereendiciamer at grain
boundari es of the, nagnetic crystal grains, and the second nmagnetic |ayer has
magnetic gr alMRgnele P8oupl ed to the nmagnetic crystal grains and
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nonmagneti ¢ substancés I1n the formof oxides are segregated at grain 35
boundari es obotritarisagitte magnetit atystal yrains, amtl

the second magnetic layer has magnetic grains exchange-coupled fo the
magnetic crystal grains, a grain boundary width of the magnetic grains being
smaller than a grain boundary width of the magnetic crystal grains,

5. The method for manufacturing a magnetic recording medium
according to claim 3,

wherein the magnetic recording medium is used for perpendicular
magnetic recording and comprises a substrate for disposing the first magnetic
layer and the second magnetic layer,

the first magnetic layer has magnetic crystal grains exhibiting
perpendicular magnetic anisotropy and nonmagnetic substances for
magnetically separating the magnetic crystal grains from each other at grain
boundaries of the magnetic crystal grains, and

the second magnetic layer has magnetic grains exchange-coupled to the
magnetic crystal grains and exchange-coupled to each other with a strength
targer than a bonding strength between the magnetic crystal grains in the first
magnetic layer in a direction parallel to a main surface of the substrate,

6. The method for manufacturing a magnetic recording medium
according to claim 4,

wherein the first magnetic layer is a layer having a granular structure and

the nonmagnetic substances in the form of oxides are segregated at grain



the second magnetic layer is a lamnated filmconprising Co conmpound |ayers
and Pd | ayers or Pt |layers which are alternately | am nated.

35

boundaries of the magnetic crystal grains, and
the second magnetic layer is a laminated film comprising Co compound

layers and Pd layers or Pt layers which are alternately laminated.



