1 DESCRIPTION PERPENDICULAR MAGNETIC RECORDING MEDIUM AND PERPENDICULAR
MAGNETIC RECORDING MEDIUM 5 MANUFACTURING METHOD Technical Field [0001] This
invention relates to a perpendicular magnetic recording medium 10 adapted to be mounted in a HDD
(hard disk drive) or the like and to a method of manufacturing the perpendicular magnetic recording
medium. Background Art [0002] 15 Various information recording techniques have been developed
following the increase in volume of information processing in recent years. Particularly, the recording
density of HDDs using the magnetic recording tegjpniger|pasdygen increasing more and more. In order
to achieve the high recording density in a magnetic disk for use in a HDD or the like, it is necessary 20
to reduce the size of magnetic crystal grains forming a main recording layer serving to record
information signals, and further, to reduce the thickness of the layer. However, in the case of
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phenomenom where the thermal stability offasieREsigraled MiETFRded due to superparamagnetism
so that the recorded signals are lost, which has thus become an impeding factor for the increase in

recording density 2
Technical Field
[0001]
This invention relates to a perpendicular magnetic recording medium
10  adapted to be mounted in a HDD (hard disk drive) or the like and to a method of

manufacturing the perpendicular magnetic recording medium.

Background Art
[0002]

15 Various information recording techniques have been developed
following the increase in volume of information processing in recent years.
Particularly, the recording density of HDDs using the magnetic recording
technique has been increasing more and more. In order to achieve the high
recording density in a magnetic disk for use in a HDD or the like, it is necessary

20 toreduce the size of magnetic crystal grains forming a main recording layer
serving to record information signals, and further, to reduce the thickness of the
layer. However, in the case of conventionally commercialized magnetic disks
of the in-plane magnetic recording type (also called the longitudinal magnetic
recording type or the horizontal magnetic recording type), as a result of the

25 reduction in size of magnetic crystal grains, there has arisen a so-called thermal
fluctuation phenomenon where the thermal stability of recorded signals is
degraded due to superparamagnetism so that the recorded signals are lost,

which has thus become an impeding factor for the increase in recording density



of the magnetic disks. [0003] Particularly in recent years, the information recording capacity
exceeding 120GB has been required per, for example, 2.5-inch HDD magnetic 5 disk. In order to
achieve such an information recording capacity, the information recording density exceeding
200Gbit/inch2 is required. In order to achieve such an information recording density, there have been
proposed magnetic disks of the perpendicular magne%c recording type instead of the
above-mentioned in-plane magnetic recording type. 10 [0004] In the case of the perpendicular
magnetic recording type, as different from the case of the in-plane magnetic recording type, the easy
magnetizationCbii€ Haomeis AigkPding layer is adjusted to be oriented in a direction perpendicular to
a surface of a substra O%feby preventing adjacent 15 magnetizations from facing each other. As
compared with the in-ﬁ)ane magnetic recording type, the perpendicular magnetic recording type can

suppress the thermal fRigtigiiafpirereeenpsaas el isratbiadier éolneasirading recording

density. [0005] 20 In order to obtain high thermal stability and excellent recording characteristics in

such magneticC¥RSeIHIgh2PETBdMBdaMiegHistd pRfofaireixagtRietidbieinahdibie maopeised
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achieve such an information recording density, there have been proposed
magnetic disks of the perpendicular magnetic recording type instead of the
above-mentioned in-plane magnetic recording type.

10 [0004]

In the case of the perpendicular magnetic recording type, as different
from the case of the in-plane magnetic recording type, the easy magnetization
axis of a main recording layer is adjusted to be oriented in a direction
perpendicular to a surface of a substrate, thereby preventing adjacent

15 magnetizations from facing each other. As compared with the in-plane
magnetic recording type, the perpendicular magnetic recording type can
suppress the thermal fluctuation phenomenon and thus is suitable for increasing
the recording density.

[0005]

20 In order to obtain high thermal stability and excellent recording
characteristics in such magnetic disks of the perpendicular magnetic recording
type, there have been proposed composite media, such as a CGC
perpendicular medium (e.g. Non-Patent Document 1), a stacked medium (e.qg.
Non-Patent Document 2), and a Cap medium (e.g. Non-Patent Document 3), in

25 which a recording layer is formed by two or more layers.

Non-Patent Document 1: Y. Sonobe et al., IEEE Trans. Magn, vol. 37,
1667-1670 (2001)

Non-Patent Document 2: B.N. Piramanayagam, et. al., IEEE Trans. Magn,



Non-Patent Document 2: B.N. Piramanayagam, et. al., IEEE Trans. Magn, 3 vol. 41, 3190-3192
(2005) Non-Patent Document 3: B.A. Acharya, et. al., IEEE Trans. Magn, vol. 41, 3145-3147 (2005) 5
Disclosure of the Invention Problem to be Solved by the Invention [0006] Also in the case of the
perpendicular magnetic recording medium of the perpendicular magnetic recording type, like in the
case of the in-plane magnetic 10 recording medium, the increase in recording density of the magnetic
disk is mainly based on whether or not the noise in a magnetization transition region of a main
recording layer can be reduced, i.e. whether or not the S/N ratio (Signal to Noise ratio) can be
improved. For reducing such magnetizati(‘fﬁ'tlﬁﬂlsﬁib%o'r%b?@n(%g%@, measures are considered to
improve the crystal ori ' 5 main 1 %g yer, ' alu)( isnlate crystal grains,
and to reduce ﬁt@? gé@ﬁ@r%‘?ﬁﬁégéﬁaéﬁd ':%a.e}&'mécglﬁﬁ e %?’ r%%g%e%‘gﬂgeagb |o%§q'ﬁ§|is%/ﬁﬁ order to
increase the recording density of the medymp5 igisadegicgse to equalize and reduce the crystal grain
size in the main recording layer and, further, to provide a segregated state where individual magnetic
crystal grains are magnetically 20 separated and thus the magnetic interaction is small. [0007] The
reductior:lén crysta Eﬁ?:ain s%z% ar|1d the decrease in magnetic interaction described above are achieved
using a t o-Iaéé?‘ 68 c; 8 Bygr%'férr] layer as the main recording layer and a continuous layer. 25
CoCrPt-SiO2 e GaEkPloTHelds IveahosHBaAveltigrreording layer. This aims to reduce the magnetic
grain size by a high-Ar sputtering process and,

[0006]

Also in the case of the perpendicular magnetic recording medium of the
perpendicular magnetic recording type, like in the case of the in-plane magnetic
10  recording medium, the increase in recording density of the magnetic disk is
mainly based on whether or not the noise in a magnetization transition region of
a main recording layer can be reduced, i.e. whether or not the S/N ratio (Signal
to Noise ratio) can be improved. For reducing such magnetization transition
region noise, measures are considered to improve the crystal orientation of the
15  main recording layer, to magnetically isolate crystal grains, and to reduce the
crystal grain size and the magnitude of magnetic interaction. That is, in order
to increase the recording density of the medium, it is desirable to equalize and
reduce the crystal grain size in the main recording layer and, further, to provide
a segregated state where individual magnetic crystal grains are magnetically
20 separated and thus the magnetic interaction is small.
[0007]
The reduction in crystal grain size and the decrease in magnetic
interaction described above are achieved using a two-layer structure of a
granular layer as the main recording layer and a continuous layer.
25 CoCrPt-SiO, or CoCrPt-TiO> is used as the main recording layer. This aims to
reduce the magnetic grain size by a high-Ar sputtering process and,
simultaneously, to segregate SiO» or TiO» at the grain boundaries to thereby

reduce the magnetic interaction between the magnetic grains of the main



simultaneously, to segregate SiO2 or TiO2 at the grain boundaries to thereby reduce the magnetic
interaction between the magnetic grains of the main 4 recording layer. The thickness of SiO2 or TiO2
segregated at the grain boundaries affects the crystal grain size and the magnitude of the magnetic
interaction. Therefore, by increasing SiO2 or TiO2, the S/N ratio in high recording density is improved.
5 [0008] On the other hand, the thermal stability and tfie easiness of writing are improved by
increasing the thickness of the continuous layer to slightly increase the magnetic interaction
(exchange amount) between the magpr]etic grains of the main recording layer. The continuous layer is

a thin film (aum%@\pqi@sd@f% 1J g )%?ﬁfédoéﬁ@@ graﬁQaﬁﬁg@a@ieqa?}éharwadaapted to exhibit
high perpe“d\88!3@%@%a?r@ﬁ%?@%%tgﬂg{ggﬂﬁ%%ﬁd%ﬁﬁ%g@&gw&@%“f"t}ﬁ%Ef?]% Gfpesed domain

nucleation magn on resistance, e overwrite properties. As the

continuous layateksgtiean beEhsrats&fbipirexeaptey 8i096FAtOL GRE SN filiid an HigHike. In the
magnetic 15 recording medium having such a structure, the exchange coupling is given between the

magnetic graifieasireiechaaiséticsayepneyedgh the continuous layer. However, if the thickness of the
continumg layer is inc[rﬁglgg]d, there arises a problem that the track fringing increases to make it
difficult to“improve the density. 20 [0009] This invention has been made in view of the

above-mentioned prolignBeRePhisHdensemMERHaNatdBABNaHe itePEdisia sBe GG 4fe an object
of this invention to provide a magnetic recording medium having a reinforcing layer between a main
recording layeingord eeddoyimaressaygiise tinakiespossitdetmtinuous layer to slightly increase
the magnetic interaction (exchange amount) between the magnetic grains of the
main recording layer. The continuous layer is a thin film (auxiliary recording
10 layer) formed on the granular magnetic layer and adapted to exhibit high
perpendicular magnetic anisotropy. The continuous layer aims to improve the
reversed domain nucleation magnetic field Hn, the thermal fluctuation
resistance, and the overwrite properties. As the continuous layer, use can be
made of, for example, a CoCrPt or CoCrP1B film or the like. In the magnetic
15 recording medium having such a structure, the exchange coupling is given
between the magnetic grains of the magnetic layer through the continuous layer.
However, if the thickness of the continuous layer is increased, there arises a
problem that the track fringing increases to make it difficult to improve the track
density.
20 [0009]

This invention has been made in view of the above-mentioned problem
inherent in the conventional magnetic recording medium and it is an object of
this invention to provide a magnetic recording medium having a reinforcing layer
between a main recording layer and a continuous layer so that it is possible to

25 improve the S/N ratio of the magnetic recording medium and to reduce the write

fringing by the new configuration.

Means for Solving the Problem



25 improve the S/N ratio of the magnetic recording medium and to reduce the write fringing by the
new configuration. Means for Solving the Problem 5 [0010] In order to solve the above-mentioned
object, according to an aspect of this invention, there is provided a perpendicular magnetic recording
medium comprising, over a substrate , a main recording layer having a granular 5 structure in which
magnetic grains are grown in a columnar shape, a continuous layer magnetically continuous in an
in-plane direction, and a reinforcing layer that enhances magnetic coupling between the main
recording layer and the continuous layer, wherein the reinforcing layer has a granular structure and a
saturation magnetizatimm of the reinforcing layer is higher 10 than a saturation magnetization Ms of

the main recording layger in, j di infarci inuous
layer may be formed m%@%&%@%&m%@%@‘%ﬁﬁégd Eﬁ%ﬁt%%?f %@@g‘?mﬁ}r&? Bndggﬁgglgg{ion Ms of
the reinforcing kayeirssmiatethtbethapriatiefithesrpencacarsingdgyeridhedrd@mbdiarRate)

decreases as the thickness of the reinforcing layer increases. However, when the saturation
magnetization [GRMAPLHNGIAN AT R GIRREIS higHaAthaaaDHti bf deyendiavingergliagwger, the BER is

docronsed. TN 310 30 VEh SHRLIBH) B G ALAVE AL HLHCT e Ring mecium

improved. [0012) e Al rafianmasREiza|en Al R fRIOANS RS girdiaRcehinthe granular
structure. By forming, for example, a Co-Ti02 film as the reinforcing

reinforcing layer that enhances magnetic coupling between the main recording

layer and the continuous layer, wherein the reinforcing layer has a granular

structure and a saturation magnetization Ms of the reinforcing layer is higher

10 than a saturation magnetization Ms of the main recording layer. Herein, the

main recording layer, the reinforcing layer, and the continuous layer may be

formed in this order over the substrate.

[0011]

When the saturation magnetization Ms of the reinforcing layer is smaller

15  than that of the main recording layer, the BER (Bit Error Rate) decreases as the
thickness of the reinforcing layer increases. However, when the saturation
magnetization Ms of the reinforcing layer is higher than that of the main
recording layer, the BER is improved as the thickness of the reinforcing layer
increases so that the write fringing (erase width) decreases. Therefore, the

20 recording density of the perpendicular magnetic recording medium is improved.

[0012]

The saturation magnetization of the reinforcing layer is enhanced by the
granular structure. By forming, for example, a Co-TiOs film as the reinforcing
layer, high saturation magnetization can be achieved.

25 [0013]

The saturation magnetization Ms of the reinforcing layer may also be

higher than that of the continuous layer.

[0014]



layer, high saturation magnetization can be achieved. 25 [0013] The saturation magnetization Ms of
the reinforcing layer may also be higher than that of the continuous layer. [0014] 6 The function of
this invention is achieved by setting the saturation magnetization of the reinforcing layer to be relatively
high. Therefore, it is possible to obtain better BER by not setting the saturation magnetization of the
continuous layer to be unnecessarily high and by sett@ig the saturation 5 magnetization of the
reinforcing layer to be relatively higher than those of the main recording layer and the continuous
layer. [0015] The thickness of the reinforc_ingﬁlﬁger may be 5nm or less, preferably 2nm or less. The

[
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depends on not only the thickness of the reinforcing layer described above, but also the thickness of
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main recording layer and the continuous layer.
[0015]
The thickness of the reinforcing layer may be 5nm or less, preferably
2nm or less. The reinforcing layer becomes better in BER following its

10  thickness. However, if the thickness exceeds a predetermined value, the BER
decreases as in the case where the saturation magnetization is low. Therefore,
by limiting the thickness as described above, excellent BER can be maintained.

[0016]
The thickness of the continuous layer may be 10nm or less, preferably

15  5nmorless. The BER depends on not only the thickness of the reinforcing
layer described above, but also the thickness of the continuous layer. By also
limiting the continuous layer as described above, excellent BER can be
maintained more stably.

[0017]

20 The reinforcing layer may be such that a nonmagnetic substance is
segregated between magnetic grains containing at least Co. Using Co, it is
possible to easily obtain high saturation magnetization Ms. The reinforcing
layer is required to have a hcp crystal structure and it is possible to alternatively
use CoFe, CoNi, or the like.

25 [0018]

The reinforcing layer may be one of Co-TiO», Co-SiO,, and Co-Cry0s.
This is because since an oxide is segregated around magnetic grains formed by

Co to form grain boundaries, a granular structure made of Co is formed.



possible to easily obtain high saturation magnetization Ms. The reinforcing layer is required to have a
hcp crystal structure and it is possible to alternatively use CoFe, CoNi, or the like. 25 [0018] The
reinforcing layer may be one of Co-Ti02, Co-SiO2, and Co-Cr203. This is because since an oxide is
segregated around magnetic grains formed by Co to form grain boundaries, a granular structure made
of Co is formed. 7 [0019] The reinforcing layer may bé such that a nonmagnetic substance is
segregated between magnetic grains containing at least CoCrPt. This makes it possible to obtain high
saturation magnetization Ms and to improve the S/N 5 ratio. For obtaining high saturation
magnetization, it is pre[fg?l\%]e that the ratio of Cr contained in the reinforcing layer be smaller than that

of Cr contained in thefﬁ%i?‘?r;ﬁ?&a%g eq,rn{ggl%(g sﬂgﬁﬁﬂ'&@%ﬂi é?géﬁe Q%g%gdgggﬁ]is preferably
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reinforcing layer is preferably one time or less that of the continuous layer. This makes it possible to
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structure of Cr contained in the reinforcing layer be smaller than that of Cr contained in
the main recording layer.
[0020]
The thickness of the reinforcing layer is preferably 1/4 times or less that
10  of the main recording layer. This makes it possible to enhance the magnetic
interaction by the continuous layer without reducing the S/N ratio.
[0021]
The thickness of the reinforcing layer is preferably one time or less that
of the continuous layer. This makes it possible to properly obtain the magnetic
15 interaction by the continuous layer.
[0022]

In order to solve the above-mentioned object, according to other aspect of
this invention, there is provided a perpendicular magnetic recording medium
comprising, over a substrate, a main recording layer having a granular structure

20 in which a nonmagnetic substance is segregated between columnar magnetic
grains, a continuous layer for giving an action to exchange-couple the magnetic
grains to each other, and a reinforcing layer that enhances magnetic coupling
between the main recording layer and the continuous layer, wherein the
reinforcing layer has a granular structure and a saturation magnetization Ms of

25 the reinforcing layer is higher than a saturation magnetization Ms of the main
recording layer.

[0023]

In order to solve the above-mentioned object, according to other aspect of



20 in which a nonmagnetic substance is segregated between columnar magnetic grains, a continuous
layer for giving an action to exchange-couple the magnetic grains to each other, and a reinforcing
layer that enhances magnetic coupling between the main recording layer and the continuous layer,
wherein the reinforcing layer has a granular structure and a saturation magnetization Ms of 25 the
reinforcing layer is higher than a saturation magnetiza%on Ms of the main recording layer. [0023] In
order to solve the above-mentioned object, according to other aspect of 8 this invention, there is
provided a method of manufacturing a perpendicular magnetic recording medium having at least a

main rggordin&‘l&;}@?{%‘?@iﬂféﬁ”&.%'3@@?’,' @ a wsibRd %@%W@S@%Q@P@i%@étrate, .
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which a nonmagrtetic subst S segrega tween magnetic grains tontaiiing at least cobalt

(Co); forming, lagdhearrirdassitthles. | ay@riamagetedayesr Wisubdramlabrapusivge in which a
nonmagnetic substance is segregated between magnetic grains containing at least cobalt (Co) so that

a saturation magnetiz486niNs 8f 1hatiBaisineneidinlaves Bifgrspmagnealayaiomimagnetization Ms
o n-plafe RERULI (BBSAI S TS e HURHEHGL SR e S LKA ER Yot based o
the technicgl i%ﬂ%ﬁ@&gfﬁg@gm@ﬁﬁ'@agr]gggtrgggg#r(g;gyfadium can also be applied to a method of
manufacturing such a perpendicular magnetic recording
forming, as the reinforcing layer, a ferromagnetic layer with a granular
structure in which a nonmagnetic substance is segregated between magnetic
grains containing at least cobalt (Co) so that a saturation magnetization Ms of
10  the reinforcing layer is higher than a saturation magnetization Ms of the main
recording layer; and
forming the continuous layer so as to be magnetically continuous in an
in-plane direction.
[0024]
15 The above-mentioned components and explanation thereof based on
the technical idea of the perpendicular magnetic recording medium can also be

applied to a method of manufacturing such a perpendicular magnetic recording

medium.

20 Effect of the Invention

[0025]

According to a magnetic recording medium of this invention, a
reinforcing layer is provided between a main recording layer and a continuous
layer so that it is possible to improve the S/N ratio of the magnetic recording

25 medium and to reduce the write fringing by the new configuration. Therefore, it

is possible to achieve a further improvement in recording density.

Brief Description of the Drawings



medium. 20 Effect of the Invention [0025] According to a magnetic recording medium of this
invention, a reinforcing layer is provided between a main recording layer and a continuous layer so
that it is possible to improve the S/N ratio of the magnetic recording 25 medium and to reduce the write
fringing by the new configuration. Therefore, it is possible to achieve a further improvement in
recording density. Brief Description of the Drawings 99[0026] Fig. 1 is a sectional view showing the
structure of a perpendicular magnetic recording medium. Fig. 2 is a diagram showing measured
values of the recording track 5 width and BER with respect to change in film thickness. Fig. 3 is a
diagram showing char?@@gﬁ]BER with respect to the recording track width. Fig. 4 is a diagram showing

the relationship between the.fil j : mg P i ite. fringi .10 Fig. 5 shows
the relationship betweg!btﬂﬁ%lggéggss 0 Z/Ireln orcmlgH 6&%?@%& %éﬁ%ﬁ%&%@%@é ringing amount.
Description of iygrstie skbtdingmidifiupgrpendicular magnetic recording medium 110 disk substrate

112 adhesive layer 114 soft magnetic layer
Fig. 2 is a diagram showing measured values of the recording track

5 width and BER with respect to change in film thickness.
Fig. 3 is a diagram showing change in BER with respect to the
recording track width.
Fig. 4 is a diagram showing the relationship between the film thickness
and the normalized write fringing amount.
10 Fig. 5 shows the relationship between the thickness of a reinforcing

layer and the normalized write fringing amount.

Description of Symbols
[0027]
15 100 perpendicular magnetic recording medium
110 disk substrate
112 adhesive layer
114 soft magnetic layer
116 orientation control layer
20 118 underlayer
120 onset layer
122 main recording layer
124 reinforcing layer
126 continuous layer
25 128 medium protective layer

130 lubricating layer

Best Mode for Carrying Out the Invention



116 orientation control layer 20 118 underlayer 120 onset layer 122 main recording layer 124
reinforcing layer 126 continuous layer 25 128 medium protective layer 130 lubricating layer Best
Mode for Carrying Out the Invention 10 [0028] Hereinbelow, a preferred embodiment of this invention
will be described in detail with reference to the accompanying drawings. In this specification and the
drawings, the same symbols are assigned to componegnts having 5 substantially the same functions
and structures, thereby omitting redundant description. [0029] (Magnetic Recording Medium 100) Fig.
1 is a sectional view showing the structure of a perpendicular 10 magnetic recording medium 100
according to this embd8fiR8ht. The magnetic recording medium 100 can be formed by a substrate

(disk substrate) 110, ARSI 2Bl e SBARREHE S G R BLCR e faver

I
116, an underlayer an onset la , @ main recording layer reinforcing Tayer (pinning
layer) 124, a dandistaaugilpyefckdnca roariyacBontprinergyeahddysls anthr lubecintagdayer 130.

[0030] First, an amorphous aluminosilicate glass is molded into a disk shape
and the drawings, the same symbols are assigned to components having
5 substantially the same functions and structures, thereby omitting redundant
description.

[0029]

(Magnetic Recording Medium 100)

Fig. 1 is a sectional view showing the structure of a perpendicular

10  magnetic recording medium 100 according to this embodiment. The magnetic
recording medium 100 can be formed by a substrate (disk substrate) 110, an
adhesive layer 112, a soft magnetic layer 114, an orientation control layer 116,
an underlayer 118, an onset layer 120, a main recording layer 122, a reinforcing
layer (pinning layer) 124, a continuous layer 126, a medium protective layer 128,

15  and a lubricating layer 130.

[0030]

First, an amorphous aluminosilicate glass is molded into a disk shape
by direct press, thereby producing a glass disk. This glass disk is ground,
polished, and chemically strengthened in sequence, thereby obtaining the

20 smooth nonmagnetic substrate (hereinafter referred to as a "disk substrate")
110 in the form of a chemically strengthened glass disk. Since smoothness
and high rigidity are obtained, the aluminosilicate glass makes it possible to
stably reduce the magnetic spacing, particularly the flying height of a magnetic
head. Further, it is possible to obtain high rigidity and strength by chemically

25 strengthening the aluminosilicate glass. In this event, the disk diameter is, for
example, 65mm. The surface roughness of a main surface of the disk
substrate 110 was measured by an AFM (atomic force microscope) and it was a

smooth surface shape with Rmax of 4.8nm and Ra of 0.42nm. Rmax and Ra



by direct press, thereby producing a glass disk. This glass disk is ground, polished, and chemically
strengthened in sequence, thereby obtaining the 20 smooth nonmagnetic substrate (hereinafter
referred to as a "disk substrate") 110 in the form of a chemically strengthened glass disk. Since
smoothness and high rigidity are obtained, the aluminosilicate glass makes it possible to stably
reduce the magnetic spacing, particularly the flying héibht of a magnetic head. Further, it is possible to
obtain high rigidity and strength by chemically 25 strengthening the aluminosilicate glass. In this event,
the disk diameter is, for example, 65mm. The surface roughness of a main surface of the disk
substrate 110 fR¥QnBRANEADLNHAA FERBARES SV R )microscope) and it was a smooth surface
shape with Rmax of 4 nd Ra of 0.42nm. Rmax and Ra 11 follow Japanese Industrial Standard
(JIS). [0031] Using art evacuated film forming apparatus, the layers from the adhesive layer 112 to
the continuous layer 1@giatedareved inrertienes fingeppakiiscm dislyspbasaiard 0 in an Ar
atmosphere by a DC magnetron sputtering method and then the medium protective layer 128 is
formed by a CadhesétadayerHdeigtdrethentiredanayayd 2o 3uesiasmesibpeodipnesadinghethod. In

t f Gapability of yniform film formation, it is also preferable to use a_single-wafer film formi
apparatud He NI e RS LhA 5 AL ATRHELE AASC OF B FLLHL RV FA)Bhs wilbe
described. [0QgihbiepdpRiManaYRebkmiSIRIBEH BIHBR DRI RIERLSP 28 WPMathballoy layer

of 10nm. By forming the adhesive layer 112, the adhesion between the disk substrate 110 and the
soft magnetic THyerchiié candledicatipoplae an80tseiefiored ibysgpossivatiogpregtadtripping of the soft
magnetic

terms of capability of uniform film formation, it is also preferable to use a
single-wafer film forming apparatus. Hereinbelow, the structures and

10  manufacturing methods of the respective layers will be described.

[0032]

The adhesive layer 112 is formed using a Ti-alloy target so as to be a
Ti-alloy layer of 10nm. By forming the adhesive layer 112, the adhesion
between the disk substrate 110 and the soft magnetic layer 114 can be

15  improved and, therefore, it is possible to prevent stripping of the soft magnetic
layer 114. As a material of the adhesive layer 112, use may be made of, for
example, a Ti-containing material. In terms of practical use, the thickness of
the adhesive layer is preferably set to 1Tnm to 50nm.

[0033]

20 The soft magnetic layer 114 is formed by interposing a nonmagnetic
spacer layer 114b between a first soft magnetic layer 114a and a second soft
magnetic layer 114c so as to have AFC (antiferro-magnetic exchange coupling).
With this configuration, magnetization directions of the soft magnetic layer 114
can be aligned along a magnetic path (magnetic circuit) with high accuracy so

25 that it is possible to reduce noise generated from the soft magnetic layer 114
because the perpendicular component of magnetization is extremely reduced.
Specifically, the composition of the first soft magnetic layer 114a and the second

soft magnetic layer 114c is CoFeTaZr and the composition of the spacer layer



layer 114. As a material of the adhesive layer 112, use may be made of, for example, a Ti-containing
material. In terms of practical use, the thickness of the adhesive layer is preferably set to 1 nm to
50nm. [0033] 20 The soft magnetic layer 114 is formed by interposing a nonmagnetic spacer layer
114b between a first soft magnetic layer 114a and a second soft magnetic layer 114c so as to have
AFC (antiferro-magnetic exchange coupling). With th@configuration, magnetization directions of the
soft magnetic layer 114 can be aligned along a magnetic path (magnetic circuit) with high accuracy so
25 that it is possible to reduce noise generated from the soft magnetic layer 114 because the
perpendicular ERJSTRW{ BIthRYHBYzation is extremely reduced. Specifically, the composition of the
first soft magnetic IayZbééggayand the second soft magnetic layer 114c is CoFeTaZr and the
composition of the spacer layer 12 114b is Ru (ruthenium). [0034] The orientation control layer 116

has a function of proteTtisdHwhesibrinagnesicdaeen 18hasc afhosdpppfetid@aiganaligoment of the
orientation of 5 crystal grains of the underlayer 118. The orientation control layer 116 is formed using

NiW or NiCr hmwgtin:&vdeeaqd(mﬁ]nrni@mfd@ﬁagkeﬁqgalmmmab@rogtﬁnﬁaj@@rﬁéde of Ru.
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improved. [OOWmMWNerﬁ@§@QW§mw_Iar layer. By forming the
[0035]
The underlayer 118 has a two-layer structure made of Ru. By forming
a second underlayer 118b on the upper layer side at an Ar gas pressure higher

10 than that used when forming a first underlayer 118a on the lower layer side, the

crystal orientation can be improved.

[0036]

The onset layer 120 is a nonmagnetic granular layer. By forming the
nonmagnetic granular layer on a hcp crystal structure of the underlayer 118 and

15  growing a granular layer of the main recording layer 122 thereon, the onset
layer 120 has a function of separating the magnetic granular layer from an initial
stage (buildup). The composition of the onset layer 120 is nonmagnetic
CoCr-SiOo.

[0037]

20 The main recording layer 122 is, in this embodiment, a single magnetic
layer with a granular structure. As the main recording layer, use can be made
of CoCrPt-Cro03, CoCrPt-SiO», CoCrPt-TiOo, or the like. A plurality of oxides
may be contained in such a material. As a specific example, using a hard
magnetic target made of CoCrPt containing silicon oxide (SiO») or titanium

25 oxide (TiO,) as an example of a nonmagnetic substance, a hcp crystal structure
of 11nm is formed. The main recording layer can be suitably set in a range of
20nm or less. The composition of the target for forming the main recording

layer 122 contains CoCrPt and SiO» (or TiOy) in a ratio of about 9:1 (mol%).



nonmagnetic granular layer on a hcp crystal structure of the underlayer 118 and 15 growing a granular
layer of the main recording layer 122 thereon, the onset layer 120 has a function of separating the
magnetic granular layer from an initial stage (buildup). The composition of the onset layer 120 is
nonmagnetic CoCr-SiO2. [0037] 20 The main recording layer 122 is, in this embodiment, a single
magnetic layer with a granular structure. As the main1l?bcording layer, use can be made of
CoCrPt-Cr203, CoCrPt-Si02, CoCrPt-Ti02, or the like. A plurality of oxides may be contained in such
a material. Asa specific example, using a hard magnetic target made of CoCrPt containing silicon

oxide (SiO2) oWﬁa?ﬁlﬂW%@ |Bé‘€bﬁ§¥)%i§r§%&%ﬁi§%fi@%ﬁ%H@@%ﬁ]&%&@é@%ﬁ crystal
structure. of Lo o {gy e Jhe0ali Reouie aver-can b Sulghlyastip aas o epom of less.

The compositi arge orming the®main recording layer ontains 'SiO2 (or
TiO2) in a ratiq pésdaaGnbiinglinslareTasitarrMAgReNE Sbsinncesly seoreriefaiond the
magnetic substance to form grain boundaries and magnetic grains form a columnar granular
structure. The$eugidmefithgrainseidaysditaxially grown continuously from the granular structure of the
onset layer. 5 [0038] ﬁ@ﬁ%?m recording layer 122 is not limited to the single layer, but may be in the
form of two layers. W ming a main recording layer by two layers, it is possible to form different

layers by, for exampleymakiagdideseai i arentsaaAnntes & the sprpeaaiionsof mdges from
each other. For 10 example, an oxide of one layer may be SiO2 to improve the separability and an
oxide of the otberitayer oy bEtWiDIye risn pridviectnéoehettgoanagie tiecanaegdayer by two
layers, it is possible to form different layers by, for example, making different the
contents of an oxide or the compositions of oxides from each other. For
10 example, an oxide of one layer may be SiO» to improve the separability and an
oxide of the other layer may be TiO, to improve the electromagnetic conversion
characteristics (particularly the S/N ratio), and by appropriately combining them,
it is possible to obtain a main recording layer having both characteristics.
Further, a plurality of oxides may be mixed into one or both of two layers of a
15 main recording layer.

[0039]

Using a hard magnetic target made of Co, CoPt, or CoCr containing
silicon oxide (SiO») or titanium oxide (TiO,) as an example of a nonmagnetic
substance, the reinforcing layer 124 with a hcp crystal structure of, for example,

20 2nm is formed, thereby assisting magnetization reversal of the main recording
layer 122. The reinforcing layer 124 is preferably 5nm or less and more
preferably 2nm or less. Also in the reinforcing layer 124, by forming magnetic
grains into a granular structure as described above, it is possible to increase the
magnetic coupling with the main recording layer 122, to increase the coercive

25 force Hc, and to increase the saturation magnetization Ms. Adjustment of the
saturation magnetization Ms is carried out by increasing the content of Co when
the saturation magnetization Ms is small and by increasing the content of the

oxide such as titanium oxide (TiO»2) when the saturation magnetization Ms is



characteristics (particularly the S/N ratio), and by appropriately combining them, it is possible to obtain
a main recording layer having both characteristics. Further, a plurality of oxides may be mixed into one
or both of two layers of a 15 main recording layer. [0039] Using a hard magnetic target made of Co,
CoPt, or CoCr containing silicon oxide (SiO2) or titanjum oxide (TiO2) as an example of a
nonmagnetic substance, the reinforcing layer 124 with*a hcp crystal structure of, for example, 20 2nm
is formed, thereby assisting magnetization reversal of the main recording layer 122. The reinforcing
layer 124 is preferably 5nm or less and more preferably 2nm or less. Also in the reinforcing layer 124,

by forming ma@%@ic' @r&i‘%ﬁﬁﬁ?@%ﬂﬁﬁﬁ&ﬂﬁm&ﬂFQ%@_@@@&HBQ@ &B%Q@,eft. itisRegsiBiRtthcrease the
magnetic cougwgvygmtpgd@gmﬁog -t L@ﬁgﬂ%geté{ ’c}ﬁtrrﬂ?ss otﬂ%r?%r BerP Rﬁa@ﬁeﬁ‘@d to

increase the sa on magnetization ment of the “saturation magnetization Ms is carried
out by increasitgdhwiggment of Co when the saturation magnetization Ms is small and by increasing
the content of the oxide such as titanium oxide (TiO2) when the saturation magnetization Ms is 14

large. By incrgasing tH@@#Rkent of the oxide in this manner, itis possible to achieve a reductipn in
the reintapeing 1ayer 104 R ISTEH U8 Rk 118 'SATRETBN FAGhAddabaR e e abPbdiomes higher
than those of K16 Ipgio N BEGABE RIS MELtABFEBIHREBIRRSEIIPRA FURIIMOUS dRYRE hefinFor example,
when the saturation magnetization Ms of the main recording layer (CoCrPt-Ti02) is 400 to 500emu/cc
and the saturattoomiagneyeati@? arttidhe later-described continuous layer 126.  For example,
when the saturation magnetization Ms of the main recording layer
(CoCrPt-TiOo) is 400 to 500emu/cc and the saturation magnetization of the
10  continuous layer (CoCrPt-B) is about 300 to 400emu/cc, excellent BER can be
obtained by setting the saturation magnetization of the reinforcing layer to, for
example, 800emu/cc. The saturation magnetization Ms can be derived by
stacking each film on a glass substrate and dividing, by the volume of each film,
a value of the saturation magnetization measured using a VSM (Vibrating
15  Sample Magnetometer). The difference between the saturation magnetization
Ms of the reinforcing layer 124 and that of the main recording layer 122 or the
continuous layer 126 is preferably 200emu/cc or more.
[0041]
In the continuous layer 126, the magnetism continues in an in-plane
20 direction of the continuous layer 126. As the continuous layer, use can be
made of, for example, a CoCrPt or CoCrPiB film or the like. The thickness of
the continuous layer 126 is preferably 10nm or less and more preferably 5nm or
less.
[0042]
25 The medium protective layer 128 is formed by film formation of carbon
by the CVD method while maintaining a vacuum. The medium protective layer
128 is a protective layer for protecting the main recording layer 122 from an

impact of a magnetic head. Since, in general, carbon formed into a film by the



10 continuous layer (CoCrPt-B) is about 300 to 400emu/cc, excellent BER can be obtained by setting
the saturation magnetization of the reinforcing layer to, for example, 800emu/cc. The saturation
magnetization Ms can be derived by stacking each film on a glass substrate and dividing, by the
volume of each film, a value of the saturation magnetization measured using a VSM (Vibrating 15
Sample Magnetometer). The difference between the L3turation magnetization Ms of the reinforcing
layer 124 and that of the main recording layer 122 or the continuous layer 126 is preferably
200emu/cc or more. [0041] In the continugus layer 126, the magnetism continues in an in-plane 20

direction of th&ddhimehied i/ kprreyeadnHiine iRidness RYePMRR eIV MAOBESr example, a

CoCrPt or Co | ke, : [ int I IS [ 10nm or
less and moreg@%fg@yﬂg%nrfoy; ﬁés?ﬁg%%??saﬁté Eﬁé@%ﬁﬁ&%%@@ﬁéﬁ&%&%%eﬁﬂéd by film
formation of carhsutiveyythgsHydD thetihashotitermeiatainiggetiyyaewdn. The medium protective layer
128 is a protective layer for protecting the main recording layer 122 from an impact of a magnetic

head. Since, in generd0@48bon formed into a film by the 15 CVD method is improved in film hardness
as compared with tha the spyttering method, it is possi f;{%g rotect the main recording layer 122
more efféctively agai@?h%%ﬁhﬁ%&%&%e{hipiﬁéﬁg rtﬁé)effigg p%f?i% rﬂmi%%m?dglgye&%o IS

formed of PFRE(peglRIoReiNeer s tifcidie SoBiineMeshesiAb . urkras olbetshrizating layer

130 is about 1 nm. The perfluoropolyether has a straight chain structure to thereby exhibit proper
The perfluoropolyether has a straight chain structure to thereby exhibit proper

lubrication performance for a magnetic disk and, because of having hydroxyl
groups (OH) as end groups, it can exhibit high adhesion performance with
10  respect to a carbon medium protective layer.
[0044]
Herein, a description will be given of a difference between proving the
reinforcing layer 124 as in this embodiment and forming a main recording layer
by two layers (or three layers). As described above, the reinforcing layer 124
15  has the magnetism and contributes to recording of signals. Therefore, in one
view, the reinforcing layer 124 can also be regarded as one of recording layers.
Incidentally, as described above, in order to achieve the improvement in S/N
ratio and the reduction in write fringing in response to the demand for the
increase in recording density, the continuous layer 126 is provided to generate
20 the magnetic interaction (exchange coupling) between the granular magnetic
grains of the main recording layer. For enhancing the exchange coupling, it is
considered to increase the thickness of the continuous layer 126 and to
enhance the saturation magnetization Ms of the continuous layer or the
recording layer. However, the thickness dependence of the exchange coupling
25 is highly sensitive and thus it is extremely difficult to obtain a desired-magnitude
exchange coupling (to accurately control the thickness of the continuous layer).
Further, if the thickness of the continuous layer is increased or if the saturation

magnetization Ms of the continuous layer is enhanced, since the magnetic



lubrication performance for a magnetic disk and, because of having hydroxyl groups (OH) as end
groups, it can exhibit high adhesion performance with 10 respect to a carbon medium protective layer.
[0044] Herein, a description will be given of a difference between proving the reinforcing layer 124 as
in this embodiment and forming a main recording layer_by two layers (or three layers). As described
above, the reinforcing layer 124 15 has the magnetisriand contributes to recording of signals.
Therefore, in one view, the reinforcing layer 124 can also be regarded as one of recording layers.
Incidentally, as described above, in order tg achieve the improvement in S/N ratio and the reduction in

write fringing iH‘?@E@Hﬁgﬁg‘tlﬁ@d@mﬁr&@iqﬂé@é@éﬁﬁ%é’&%ﬁiH@Béh@i@&“ih@r&ﬁ]tinuous layer
1261s pfOV'deéotaggﬁ@%%%ﬁ%éQ&Q%ﬁ%@gﬁg_rﬁ%@@gﬁ%éﬁf?&én%q@%@@m@mﬁ&fa”U'af

magnetic grains main recor ancing the exc INg, Tt IS considered to

increase the thigitaasefdhactentisunestayefdZfirand tPurnbanhed&ssaphstiemmaanetization Ms of
the continuous layer or the recording layer. However, the thickness dependence of the exchange

coupling 25 is$agtigtissheiags akeatiars Mssabihe mesggrdifiglayer idemhangesirdaentdlyrialioe
exchang cou%Iing to accur tel‘vN&o trol the thickness of the continuous layer). Further, if the
thicknessof theScontmuoas I&Ve Acreased or if the saturation magnetization Ms of the continuous
layer is enhanced, sinf@()u;g] magnetic 16 permeability in the in-plane direction increases more than
the exchange coupling increases, a leakage magnetic field to surrounding magnetic grains increases
to increase the track frivhgileg tRestheircinaistas eeprabéeprebanifitherdatarative foagdetiaatigghMs of the
recording layer is enhanced, the S/N ratio 5 decreases on the whole. . )
saturation magnetization Ms of only a surface layer of the recording layer is
sufficient for enhancing the exchange coupling by the continuous layer 126, and
10  have completed the invention of this application. That is, the reinforcing layer
124 aims to enhance the saturation magnetization Ms of the surface layer of the
main recording layer, but does not aim to hold a signal. As a structure
reflecting this aim, the reinforcing layer 124 has the saturation magnetization Ms
higher than that of the main recording layer 122 or the continuous layer 126 and
15  preferably has a thin thickness.
[0046]
Concerning the thickness of the reinforcing layer 124 with respect to the
main recording layer 122, the thickness of the reinforcing layer 124 can be set
in a range in which the main recording layer 122 is 20nm or less, and is
20 preferably 5nm or less and more preferably 2nm or less. Thus, the thickness
of the reinforcing layer 124 is preferably 1/4 times or less that of the main
recording layer 122. Concerning the thickness of the reinforcing layer 124 with
respect to the continuous layer 126, the thickness of the continuous layer 126 is
preferably 10nm or less and more preferably 5nm or less and the thickness of
25 the reinforcing layer 124 is preferably 5nm or less and more preferably 2nm or
less. Thus, the thickness of the reinforcing layer 124 is preferably one time or
less that of the continuous layer 126.

[0047]



[0045] Under these circumstances, the present inventors have found that high saturation
magnetization Ms of only a surface layer of the recording layer is sufficient for enhancing the
exchange coupling by the continuous layer 126, and 10 have completed the invention of this
application. That is, the reinforcing layer 124 aims to enhance the saturation magnetization Ms of the
surface layer of the main recording layer, but does nd? aim to hold a signal. As a structure reflecting
this aim, the reinforcing layer 124 has the saturation magnetization Ms higher than that of the main
recording layer 122 or the continuous layer 126 and 15 preferably has a thin thickness. [0046]

Concerning the thicknE$ 9NPRIQERPNG Rlyeness dithinemRadinast WHiRedeseiiRsthyer 122, the
thickness of t j i 4 i in which the main recording layer 122 is
20nm or Iess,qa?%rﬁ Q;%ﬁ%@asbﬁé%n%gmﬁggéﬁgéﬁ%@gpgréferably 2nm or less. Thus, the thickness
of the reinforcing layed@4gp preferably 1/4 times or less that of the main recording layer 122.

Concerning the thickness of the reinforcing layer 124 with respect to the continuous layer 126, the
thickness of the continlf@maled 126 is preferably 1 Onm or less and more preferably 5nm or less

d the thick f 25 the reinforcing laver 124 is preferabl | d ferably 2
s, ThUE, the thickndlE 518 GLTENOLS A TP BT AR RN OB A the.
continuous 'ay&?é&éb@@ﬁé&t%re’é@!%@%br‘&@u%ﬂ?&%vﬁﬁ%éso%éhisﬁmbﬁféié%ec&l%ww&e described

using Examples and a'Comparative Example. [0048]
ground, polished, and chemically strengthened in sequence, thereby obtaining a

smooth nonmagnetic disk substrate in the form of a chemically strengthened
glass disk. The glass substrate was a 2.5-inch magnetic disk substrate having
10  adiameter of 65mm, an inner diameter of 20mm, and a disk thickness of
0.635mm. Herein, the surface roughness of the obtained glass substrate was
measured by an AFM (atomic force microscope) and it was confirmed to be a
smooth surface with Rmax of 2.18nm and Ra of 0.18nm. Rmax and Ra follow
Japanese Industrial Standard (JIS).
15 [0049]
Then, using a sputtering film forming apparatus, the adhesive layer 112,
the soft magnetic layer 114, the orientation control layer 116, the underlayer 118,
the onset layer 120, and the main recording layer 122 were formed in sequence
on the disk substrate 110 by DC magnetron sputtering.
20 [0050]
First, the adhesive layer 112 was formed using a CrTi target so as to be
a CrTi layer of 10nm.
[0051]
Then, the soft magnetic layers 114a and 114c were formed using a
25 FeCoTaZr target so as to be amorphous FeCoTaZr layers of 30nm, respectively.
As the spacer layer 114b between the soft magnetic layers 114a and 114c, a Ru
layer of 2nm was formed using a Ru target.

[0052]



(Example 1) 5 Herein, an amorphous aluminosilicate glass was molded into a disk shape by direct
press, thereby producing a glass disk. This glass disk was ground, polished, and chemically
strengthened in sequence, thereby obtaining a smooth nonmagnetic disk substrate in the form of a
chemically strengthened glass disk. The glass substrate was a 2.5-inch magnetic disk substrate
having 10 a diameter of 65mm, an inner diameter of i@mm and a disk thickness of 0.635mm. Herein,
the surface roughness of the obtained glass substrate was measured by an AFM (atomic force
microscope) and it was confirmed to be a smooth surface with Rmax of 2.18nm and Ra of 0.18nm.

Rmax and Ra follow J-gb%{hé%*é tirRissitanagnRtiadaysrsh! ‘iBFT@(ﬁ@?ﬁ{ﬁgﬁ,”lfé?ﬁg el @(ﬁfeh‘r@‘ﬂlm
forming appargsis 5. IANGIHR d1dq oot BAONEHS LAY gy cnplRn ol lave

116, the underlayer e ons e main recording layer 122 were tormed i

sequence on {ggidnsubsiseielR MirkfomasgejEepressienbr RUMHRN dfitek theoadagsive layer
112 was formed using a CrTi target so as to be a CrTi layer of 1 On m. [0051] Then, the soft

magnetic layeid 8a44.aRa. finctomnin gaedesayre I Fedayerzelidngairdesaye bl 8orphous
148 and L 140018 T SRS e O SR VPR T 18 e GH Rt
magnetic laye[l 4,18 griegieHeN eI HShib IR layer 124, the continuous layer 126,

and the medium protective layer 128 were formed in sequence.

[0053]

The main recording layer 122 of 15nm having a hcp crystal structure

10  was formed using a hard magnetic target made of CoCrPt-TiO». Further, the
reinforcing layer 124 and the continuous layer 126 were formed using a Co-TiO2
target and a CoCrP1B target, respectively. Herein, the thickness of the
reinforcing layer 124 was changed to 0, 1.0, 1.2, 1.5, 2.0, 3.0, and 5.0nm and
the recording track width and BER for the respective thicknesses were

15 measured. The measurement results will be described in detail using Fig. 2.

[0054]

Next to the continuous layer 126, the medium protective layer 128
made of hydrogenated carbon was formed by the CVD method. Because of
being made of hydrogenated carbon, the film hardness is improved and thus it

20 is possible to protect the perpendicular main recording layer against an impact
from a magnetic head.

[0055]

Then, the lubricating layer 130 made of PFPE (perfluoropolyether) was
formed by the dip coating method. The thickness of the lubricating layer 130

25 was 1nm.

[0056]

(Comparative Example of Example 1)

In the same film structure as in Example 1 described above, a



12nm made of NiW, the underlayers 118a and 118b each having a thickness of 14nm and made of
Ru (film forming gas pressure for Ru layer of the underlayer 118a: 1.5Pa, film forming gas pressure
for Ru layer of the underlayer 118b: 5 6.0Pa), the onset layer 120 of 0.5nm made of CoCr-Si02, the
main recording layer 122 of CoCrPt-Ti02, the reinforcing layer 124, the continuous layer 126, and the
medium protective layer 128 were formed in sequenclas.9 [0053] The main recording layer 122 of 15nm
having a hcp crystal structure 10 was formed using a hard magnetic target made of CoCrPt-Ti02.
Further, the reinforcin%?layer 124 and the continuous layer 126 were formed using a Co-Ti02 target

and a CoCrPt& @4rdt é%&@éﬁb{%éY@ﬁ]?Eﬁ%kﬁ’ﬁ’ci_ﬂ%%%%PfﬁEer@ﬁ%ﬂﬂ@h@eliﬁ%rﬂ%'ﬁbéei_changed to
0,1.0,1.2, 1.5 %0, %Reﬁﬂﬁcgggggb?% %‘?n%‘a?é’.wg;gggﬁef-%W'WQaiés}g%b %1“?6 H“ei.fssﬁ’?ﬁtl'jgé%_, )

thicknesses were 15 measur € measurement s will be in detail using

[0054] Next todle samtinwesdaer 126, the medium protective layer 128 made of hydrogenated
carbon was formed by the CVD method. Because of being made of hydrogenated carbon, the film
hardness is improved B{b#us it 20 is possible to protect the perpendicular main recording layer

instan i tf tic head. [0055] Then, the lubricating | 130 .of PFPE
(porforaBolyether) WG HETEA 9 Hoe B 0 BB o Al R B0t USSR tayer 130
25 was 1 nm. {036} (AmPRISY iR AR L RIFSBPIErH AvikgSemaniy Sryskire as in Example 1

described above, a
perpendicular magnetic recording type having a SPT element on the recording

side and a GMR element on the reproducing side and by setting the recording
density to 1056kfci. In this event, the flying height of the magnetic head was
10 10nm.
[0058]
Fig. 2 shows measured values of the recording track width (MWW:
Magnetic Write Width) and BER with respect to change in film thickness and Fig.
3 shows change in BER with respect to the recording track width in Fig. 2.
15 Herein, the samples of the above-mentioned Example 1 and Comparative
Example were measured under a condition capable of achieving 100Gbit/inch?.
Fig. 3 shows relative track width increase width AMWW and relative BER
change width ABER using as a reference a track width when no reinforcing
layer is included.
20 [0059]
For example, in Fig. 3, in the samples (CoCr-TiO») of the Comparative
Example, since the saturation magnetization Ms is small, the BER decreases as
the thickness of the reinforcing layer increases, while, in the samples (Co-TiO»)
of Example 1, since the saturation magnetization is high, as the thickness
25 increases, the BER is improved by, for example, about 0.4 in a region where the
thickness of the reinforcing layer is 2nm or less. If the film thickness of the
sample (Co-TiO2) of Example 1 is increased to exceed 2nm, then the coercive

force Hc of the recording medium decreases. However, it is understood that



19 CoCr-Ti02 control layer was stacked instead of the Co-TiO2 reinforcing layer 124. The thickness of
the reinforcing layer 124 was changed to 0, 1.0, 1.2, 1.5, 2.0, 3.0, and 5.0nm. [0057] 5 The
recording/reproducing characteristics of the media thus obtained were evaluated by using a R/W
analyzer and a magnetic head of the perpendicular magnetic recording type having a SPT element on
the recording side and a GMR element on the repro&pcing side and by setting the recording density
to 1056kfci. In this event, the flying height of the magnetic head was 10 10nm. [0058] Fig. 2 shows
measured values of the recording track width (MWW: Magnetic Write Width) and BER with respect to
change in filmiSBKRESE GaHI8gNANAKRE LiRaidge IRIBERSHIN ARJIERNB he recording track width in
Fig. 2. 15 Herein, the jg[?égnfs of the above-mentioned Example 1 and Comparative Example were
measured under a conditiorn capable of achieving 1 OOGbit/inch2. Fig. 3 shows relative track width

increase width AMWWraRyragative idb4 tehaipgewite SBERwHIe grasmdiaiatewenaiiack width when
no reinforcing layer is included. 20 [0059] For example, in Fig. 3, in the samples (CoCr-Ti02) of the

Comparative €hxanging) shérask vadiratiorhereipeizifen MemplpdicarsBERIdomagEs as the
caturatiorPmabl e HE o LA Ao DAL 2GR HORE THE BERNCHRBVELTED, for example
?hbeOUt 0.4 in a ggApdormil IBUsKIgSH BRI I YS BB RV IR IHBASIgEs: I the film thickness of
[0061]
Calculation using the LLG (Landau-Lifschitz-Gilbert) equation was also
performed by changing the saturation magnetization Ms of the reinforcing layer
10 124 and, also in the results thereof, it was confirmed that as the magnetization
density Ms increased, the track erase width decreased and simultaneously the
BER was improved, i.e. the S/N ratio was improved.
[0062]
(Example 2)
15 The BER depends on not only the thickness of the reinforcing layer 124
described above, but also the thickness of the continuous layer 126.
[0063]
Fig. 4 shows the relationship between McW and BER obtained by
changing the thickness of the continuous layer 126 using the basic structure
20 shown in Example 1. Herein, the McW is the sum of the recording track width
MWW and the write fringing (erase width). In this event, the thickness of the
main recording layer 122 was 12nm.
[0064]
Referring to Fig. 4, when the thickness of the continuous layer is 5nm or
25 less, it is possible to obtain a sharp improvement in BER with respect to an
increase in McW. In a region where the thickness is 5nm or more and 10nm or
less, although an improvement in BER is expected, an increase in McW is also

induced. Therefore, the continuous layer 126 is set to 10nm or less, preferably



sample (Co-Ti02) of Example 1 is increased to exceed 2nm, then the coercive force He of the
recording medium decreases. However, it is understood that 20 high BER can be maintained up to a
thickness of about 5nm. [0060] In Fig. 3, it is ideal to improve the BER while maintaining (without
changing) the track width. Therefore, since Example 1 can sharply increase 5 the BER without
changing AMWW so much when the film thickness ofthe sample is 2nm or less, it can be said to be
close to the ideal state. [0061] Calculation using the LLG (Landau-Lifschitz-Gilbert) equation was also
performed by changing the saturation magnetization Ms of the reinforcing layer 10 124 and, also in
the results therE6R, & confirmed that as the magnetization density Ms increased, the track erase

width decreased and i neously the BER was improved, i.e. the S/N ratio was improved. [0062]
(Example 2) 15 The B pends on not only the thickness of the reinforcing layer 124 described

above, but also the thiFkpeSE Sl aniniiCuG PR 22fdO068d dave,shavs the relatioriyp

between McW and BER obtained by changing the thickness of the continuous layer 126 using the
basic structurda¥@shddisiRmRarn|sesiarkibmcaninensisayrRr 26 isfanerecdramdheaeiiacidth

was 12018, (OGS AEIA18 s oL R RS o L o B ey
while suppressing an increase in McW.

[0066]

(Example 3)

In this embodiment, when Co-TiOs is inserted as the reinforcing layer

10 124, there is also exhibited an effect that the erase width is also reduced.

[0067]

Fig. 5 shows the relationship between the thickness of the reinforcing
layer 124 and the normalized write fringing amount (McW-MWW)/MWW).
According to Fig. 5, in a range in which Hc of the perpendicular magnetic

15 recording medium 100 does not decrease, if the thickness of the reinforcing
layer 124 is increased, the normalized fringing amount, i.e. the erase width,
decreases without causing a change in BER. The results of this qualitatively
agree with the LLG calculation results.

[0068]

20 According to the perpendicular magnetic recording medium 100
described above, the reinforcing layer 124 is provided between the main
recording layer 122 and the continuous layer 126 so that it is possible to
improve the S/N ratio of the perpendicular magnetic recording medium 100 and
to reduce the write fringing by the new configuration. Therefore, it is possible

25  to achieve a further improvement in recording density.

[0069]

While the preferred embodiment of this invention has been described

with reference to the accompanying drawings, it is needless to say that this



25 less, it is possible to obtain a sharp improvement in BER with respect to an increase in McW. Ina
region where the thickness is 5nm or more and 10nm or less, although an improvement in BER is
expected, an increase in McW is also induced. Therefore, the continuous layer 126 is set to 10nm or
less, preferably 21 5nm or less. [0065] From Example 1 and Example 2 described above, when the
reinforcing layer 124 is 2nm or less and the continuo® layer 126 is 5nm or less, the effect 5 of the
reinforcing layer 124 becomes large so that the BER can be improved while suppressing an increase

in McW. [0066] (Example 3) In this embodiment, when Co-Ti02 is inserted as the reinforcing layer 10
124, there is dRYEEMABIRASEHRT thafei oide IR HILBIBAREAN ROk ifighs dHows the

relationship be; hj S einfqreing: jizedwrite fringing
amount ((Mcﬁ-w&%ﬁsﬁgc%%%m%gtg}ﬁgﬁggfﬂgg ﬁé#gﬁﬂﬂ%ﬁ%&ﬂ@gﬁ%@i@icular
magnetic 15 reggirAingraedis intePsioss mek desteasiolie taigkpengitthtecioticicdl layer 124 is
increased, the normalized fringing amount, i.e. the erase width, decreases without causing a change

in BER. The r&sgles ¢ifthlis doegitidrely agree with the LLG calculation results. [0068] 20 According to
the perpepdicular magnetic recording medium 100 described above, the reinforcing layer 124 is
provided between the main recording layer 122 and the continuous layer 126 so that it is possible to

Industrial Applicability

[0070]

This invention is applicable to a perpendicular magnetic recording
medium adapted to be mounted in a HDD or the like and to a method of

10  manufacturing the perpendicular magnetic recording medium.



improve the S/N ratio of the perpendicular magnetic recording medium 100 and to reduce the write
fringing by the new configuration. Therefore, it is possible 25 to achieve a further improvement in
recording density. [0069] While the preferred embodiment of this invention has been described with
reference to the accompanying drawings, it is needless to say that this 22 invention is not limited
thereto. It is apparent that a person skilled in the art €4n think of various changes and modifications in
the category described in claims and it is understood that those also naturally belong to the technical
scope of this invention. 5 Industrial Applicability [0070] This invention is applicable to a perpendicular
magnetic recording medium adapted to be mountéedHAIMSDD or the like and to a method of 10
manufacturing the perpendicular magnetic recording medium. 23 CLAIMS 1. A perpendicular
magnetic recording medium comprising, over a substrate, a main recording layer having a granular

structure in which 5 magn@liggaingialegrewuyratccetraagThaprum eonijriHg,layer anagnetically
continuous in an in-plane direction, and a reinforcing layer that enhances magnetic coupling between

the main recordiHg I pée e r@@ﬁfﬂlﬂ@i@Y@ﬁéﬁWﬂ@I@l@f&ﬁbﬂ%lﬁ?@t@ihgﬁ‘lﬁyéﬁm a granular

structure gnd a saturapon 10 m %netlzatlon Ms qf the relrﬁ‘orcm Iaa/er is hl% er than a saturation
magnetic grains are grown in a columnar shape, tinuous layer

magnetically continuous in an in-plane direction, and a reinforcing layer that
enhances magnetic coupling between the main recording layer and the
continuous layer, wherein:
the reinforcing layer has a granular structure and a saturation
10  magnetization Ms of the reinforcing layer is higher than a saturation
magnetization Ms of the main recording layer.
2. A perpendicular magnetic recording medium according to claim 1,
wherein the saturation magnetization Ms of the reinforcing layer is higher than a
saturation magnetization of the continuous layer.
15 3. A perpendicular magnetic recording medium according to claim 1,
wherein the reinforcing layer has a thickness of 5nm or less.
4. A perpendicular magnetic recording medium according to claim 1,
wherein the reinforcing layer has a thickness of 2nm or less.
5. A perpendicular magnetic recording medium according to claim 1,
20 wherein the continuous layer has a thickness of 10nm or less.
6. A perpendicular magnetic recording medium according to claim 1,
wherein the continuous layer has a thickness of 5nm or less.
7. A perpendicular magnetic recording medium according to claim 1,
wherein the main recording layer, the reinforcing layer, and the continuous layer
25 are formed in this order over the substrate.
8. A perpendicular magnetic recording medium according to claim 1,
wherein the reinforcing layer is formed by segregating a nonmagnetic

substance between magnetic grains containing at least Co.



magnetization Ms of the main recording layer. 2. A perpendicular magnetic recording medium
according to claim 1, wherein the saturation magnetization Ms of the reinforcing layer is higher than a
saturation magnetization of the continuous layer. 15 3. A perpendicular magnetic recording medium
according to claim 1, wherein the reinforcing layer has a thickness of 5nm or less. 4. A perpendicular
magnetic recording medium according to claim 1, wifétein the reinforcing layer has a thickness of 2nm
or less. 5. A perpendicular magnetic recording medium according to claim 1, 20 wherein the
continuous layer has a thickness of 10nm or less. 6. A perpendicular magnetic recording medium

according to claim 1, ﬁrhe%ﬁﬁl@@%ﬁﬁ‘ﬂﬁfd@é%@ﬁf%%@mﬁ&@W@ﬁi@gsm?@'@”ﬂe?pendjcular
magnetic recoylag RS RARSIRNRS ALY HBSIERISSIl asprdng g dpgyenioring

layer, and the continuous layer orme is order overthe subs pe

magnetic recording madiunmpaseaseitidalgtatiadnetid esetdiegraietigine dayediisfasrerdiv |
segregating a nonmagnetic substance between magnetic grains containing at least Co. 24 9. A
perpendicular WRgjeElithe coifpigin@ (et ictoived By segregatingrnomieaghtdtiecing layer is any

o claim 1 wiHRAES BrISFS AR ORLGSHALE By SRUPSLah 2t iebretic & substance
betwegn magne_tic grains cw@%&g@ag%@k %&&ﬁwmég&g@ﬁ%mﬁnﬂ medium
according to claim 1, wherein the reinforcing layer has a thickness which is 1/4 times or less that of
the main reconimerdaydne reinforcing layer has a thickness which is 1/4 times or less that of
the main recording layer.
12. A perpendicular magnetic recording medium according to claim 1,
10  wherein the reinforcing layer has a thickness which is one time or less that of
the continuous layer.
13. A perpendicular magnetic recording medium comprising, over a
substrate, a main recording layer having a granular structure in which a
nonmagnetic substance is segregated between columnar magnetic grains, a
15  continuous layer for giving an action to exchange-couple the magnetic grains to
each other, and a reinforcing layer that enhances magnetic coupling between
the main recording layer and the continuous layer, wherein:
the reinforcing layer has a granular structure and a saturation
magnetization Ms of the reinforcing layer is higher than a saturation
20 magnetization Ms of the main recording layer.
14. A method of manufacturing a perpendicular magnetic recording
medium having at least a main recording layer, a reinforcing layer, and a
continuous layer in this order over a substrate, comprising:
forming, as the main recording layer, a ferromagnetic layer with a
25 granular structure in which a nonmagnetic substance is segregated between
magnetic grains containing at least cobalt (Co);
forming, as the reinforcing layer, a ferromagnetic layer with a granular

structure in which a nonmagnetic substance is segregated between magnetic



12. A perpendicular magnetic recording medium according to claim 1, 10 wherein the reinforcing layer
has a thickness which is one time or less that of the continuous layer. 13. A perpendicular magnetic
recording medium comprising, over a substrate, a main recording layer having a granular structure in
which a nonmagnetic substance is segregated between columnar magnetic grains, a 15 continuous
layer for giving an action to exchange-couple the ma&ﬁetic grains to each other, and a reinforcing
layer that enhances magnetic coupling between the main recording layer and the continuous layer,
wherein: the reinforcing layer has a granular structure and a saturation magnetization Ms of the

reinforcing lay8ra¥RigRBIAIRINAE Rasifab D0 FRIPR thatisRidalit Madnstieatigndawr. 14. A
method of maﬂ#‘é%ﬁ‘ﬁrt'&%iﬁ%’?F{agSP%'?Hﬁ{éF‘ﬁg{}weHcsé?ﬁiPéﬂB}g q@@%ﬁ?ﬂ%‘ﬂ’m%ﬁﬂaﬁ%éﬂ?'” .
recording layer, a reinforcin er, anda continuous layer in thiS order over a substrate, comprising:
forming, as thegeaigineceidnglayer, a ferromagnetic layer with a 25 granular structure in which a
nonmagnetic substance is segregated between magnetic grains containing at least cobalt (Co);
forming, as the reinfortngiagdheacrenitiiayadtivaagerasito Serapgreticeliceastinuoninagn
nonmagnetic substance.is segregated between magnetic 25 grains containing at least cobalt (Co) so
that a sat rati%'%@f?&ﬁ' ‘Ms of the reinforcing layer is higher than a saturation magnetization
Ms of the main recording layer; and forming the continuous layer so as to be magnetically continuous
in an 5 in-plane direction.





