DESCRIPTION PERPENDICULAR MAGNETIC RECORDING MEDIUM
AND METHOD OF MANUFACTURING THE SAME Technical Field
[0001] The present invention relates to a perpendicular magnetic
recording medium that is loaded on, for example, an HDD (hard disk
drive) using a perpendicular magnetic recording system and also relates
to a method of manufacturing the medium. Background Art [0002] In
accordance with the recent increasing storage capacity in information
processing, various types of infoﬁﬁé%ﬁll%-g ng technologies have been
developed. In particular, the surface recording density of an HDD using a
magnetic recording technology has been increasing at an annual rate of
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order to satisfy such a requirement, it is necessary to achieve an
information recoding density of higher than 150 Gbits per square inch.
1RB31 47 e dey to achieve a high recording density in a perpendicular
magnetic recording disk used in an HDD or the like, it has been
IEEdgsary to reduce the size of crystalline magnetic particles constituting
a magnetic recording layer for recording information signals and
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manufacturing the medium.

Background Art
[0002]

In accordance with the recent increasing storage capacity in information
processing, various types of information recording technologies have been
developed. In particular, the surface recording density of an HDD using a
magnetic recording technology has been increasing at an annual rate of about
100%. Recently, 2.5-inch-diameter perpendicular magnetic recording disks
used in HDDs and the like also have been required to have an information
recording capacity of larger than 100 GB per disk. In order to satisfy such a
requirement, it is necessary to achieve an information recoding density of higher
than 150 Gbits per square inch.

[0003]

In order to achieve a high recording density in a perpendicular magnetic
recording disk used in an HDD or the like, it has been necessary to reduce the
size of crystalline magnetic particles constituting a magnetic recording layer for

recording information signals and simultaneously to decrease the thickness of



result of the progress in the size reduction of crystalline magnetic
particles, thermal stability of recorded signals is deteriorated by the
superparamagnetic phenomenon. This causes a so-called thermal
fluctuation phenomenon in which the recorded signals are erased. Thus,
the reduction in size of crystalline mag@etic particles has been a factor
that inhibits an increase in recording density of the magnetic disk. In order
to solve the inhibitory factor problem, recently, a magnetic disk of a
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surface of a substrate, unlike the case of the in- plane magnetic recording
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In the perpendicular magnetic recording system, the axis of easy
magnetization of a magnetic recording layer is adjusted so as to be orientated in
the direction perpendicular to a surface of a substrate, unlike the case of the in-
plane magnetic recording system. The perpendicular magnetic recording
system can suppress the thermal fluctuation phenomenon compared to the in-
plane recording system and is therefore suitable for increasing the recording
density.

[0005]

In addition, in accordance with such an increase in the information
recording density, both the linear recording density (BPI: bit per inch) in the
circumferential direction and the track recording density (TPI: track per inch) in
the radial direction are growing steadily. Furthermore, a technology for
increasing the S/N ratio by narrowing the distance (magnetic spacing) between
the magnetic layer of a magnetic disk and the recording/reproduction element of
a magnetic head has been investigated. It is recently desired that the flying

height of a magnetic head be 10 nm or less.



head is thermally expanded by inducing heat in a magnetic head element
during the operation of the element so as to slightly protrude in the ABS
(air bearing surface) direction. By doing so, the distance between the
magnetic head and the magnetic disk is controlled so that the magnetic
head can constantly and stably fly with® narrow magnetic spacing. [0007]
The perpendicular magnetic recording disk has a medium-protecting layer
Eﬁ&r}ﬁrotecting the surface of a magnetic recording layer from being

ﬁbed when the magnetic head crashes with the perpendicular
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@)e(ﬁ?gbed above. However, since the magnetic flux emerging from a
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recording disk. The medium-protecting layer forms a carbon overcoat (COC),
l.e., a coating with a high degree of hardness due to a carbon coating.
Furthermore, in some medium-protecting layers, both hard diamond-like bonds
of carbon and soft graphite bonds of carbon are present (for example, Patent
Document 1). In addition, a technology for producing a diamond-like bond
protection film by a CVD (chemical vapor deposition) method is disclosed (for
example, Patent Document 2). Furthermore, a technology for enhancing
durability of a medium-protecting layer is disclosed (for example, Patent
Document 3).
[0008]

Incidentally, in the perpendicular magnetic recording system, a single-
pole-type perpendicular head is employed to generate a magnetic field in the
direction perpendicular to the magnetic recording layer, as described above.
However, since the magnetic flux emerging from a single-pole end is prone to
promptly return to a return magnetic pole on the opposite side, a magnetic field

with a sufficient intensity cannot be applied to the magnetic recording layer by



makes it possible to apply a perpendicular direction magnetic field with a
high intensity to the magnetic recording layer. [0009] In addition, a
technology preventing the occurrence of spike noise is also known (for
example, Patent Document 4). In the technology, the soft magnetic layer
is separated into two layers with a spac@r layer such that the directions of
magnetization are parallel to the perpendicular magnetic recording disk
surface and are opposite to each other, that is, to form a so-called AFC
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from the magnetic wall of the magnetic domain. [0010] Furthermore, a
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the medium-protecting.layer and the magnetic head from the crash of the
m@&?ﬁﬁfﬂ*ﬁ%.f%@éb%\é%%f I|%9’Lf?¥§ formed by, for example, applying
Fy@bgintering perfluoro polyether. [Patent Document 1] JP-A-H1 0-11734
Patent Document 2] JP-A-2006-114182 [Patent Document 3]
JP-A-20Gkd4i9553 tEtdtealoDp umenttidlg) P 2002-8586 b8 sPilselnsige is also
of Invention Problems to be Solved by the Invention 5 [0011] In order to
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magnetization are parallel to the perpendicular magnetic recording disk surface
and are opposite to each other, that is, to form a so-called AFC
(antiferromagnetic exchange coupling) structure. This prevents the occurrence
of an enormous magnetic domain in a horizontal direction in the soft magnetic
layer and the occurrence of the spike noise due to the leaked magnetic flux in
the perpendicular direction, which is generated from the magnetic wall of the
magnetic domain.

[0010]

Furthermore, a lubrication layer is disposed on the medium-protecting
layer for protecting the medium-protecting layer and the magnetic head from the
crash of the magnetic head. The lubrication layer is formed by, for example,
applying and sintering perfluoro polyether.

[Patent Document 1] JP-A-H10-11734

[Patent Document 2] JP-A-2006-114182

[Patent Document 3] JP-A-2005-149553

[Patent Document 4] JP-A-2002-358618

Disclosure of Invention

Problems to be Solved by the Invention



However, a simple reduction in the thickness of the medium-protecting
layer causes deterioration in the durability, such as wear resistance and
impact resistance, of the medium-protecting layer itself. [0012] Various
methods for forming the medium-protecting layer have been
conventionally known. However, since the durability of the conventional
medium-protecting layers is insufficient, in a perpendicular magnetic
recording disk apparatus of an LUL (load unload) system, an impact

a magnetic recording head is loaded on the perpendicular magnetic
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not been written because the magnetic head departed from the magnetic
Q1 2Id causes a readout error even if the hardware is not broken. [0014]
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reducing the thickness of the medium-protecting layer to 3 nm or less are
medtivhdadofeotisy layers is insufficient, in a perpendicular magnetic recording
disk apparatus of an LUL (load unload) system, an impact when a magnetic
recording head is loaded on the perpendicular magnetic recording disk causes
a slight scratch or the like on the perpendicular magnetic recording disk. This
leads to a problem of a decrease in the reproduced signal.

[0013]

Furthermore, in also the case of using the above-described DFH head,
when a magnetic head is brought into contact with a magnetic disk, a lubrication
layer material may be picked up by the magnetic head if the bonding strength of
the lubrication layer is low. As a result, the magnetic head is covered with the
picked up material. This may cause read/write faults or a high fly write
phenomenon due to unstable flying height of the magnetic head. The high fly
write is @ phenomenon in which data that should be written to a magnetic disk
has not been written because the magnetic head departed from the magnetic
disk and causes a readout error even if the hardware is not broken.

[0014]
In also the above-mentioned Patent Document 3, a technology for

enhancing the durability of such a medium-protecting layer is described.



In addition, corrosion is one of problems conventionally involved in
magnetic media. The corrosion is a phenomenon, typically, in which a
metal such as cobalt (Co) is precipitated from a lower layer and forms an
oxide thereof on a surface of the medium-protecting layer. The corrosion
erases the data recorded at the positioﬁ where the corrosion occurred
and, in combination with a low flying height of the magnetic head, causes
crash failure, which possibly develops into failure in the disk drive. [0016]
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The present inventors have conducted intensive investigation for solving
the problems and have found that heat treatment of a magnetic layer
immediately before the formation of a medium-protecting layer changes the
properties of the medium-protecting layer formed immediately after the heating,
the Raman spectrum of the medium-protecting layer is changed by controlling
the temperature of the heat treatment, the bonding strength of a lubrication
layer is affected by the amount of nitrogen in the outermost surface of the
medium-protecting layer, and the number ratio (N/C) of nitrogen atoms and
carbon atoms in the outermost surface of the medium-protecting layer depends
on a change in nitrogen flow rate of a surface treatment layer. Therefore,
durability, such as wear resistance and impact resistance, of the medium-
protecting layer can be enhanced by increasing the diamond-like bonds by
heating the magnetic layer immediately before the formation of the medium-
protecting layer. This makes it possible to inhibit the occurrence of corrosion.
[0017]

However, a soft magnetic layer is already formed before the formation of



temperature, and finally, the function as the AFC structure may be lost. If
the AFC structure of the soft magnetic layer is destroyed, noise from the
soft magnetic layer is increased, resulting in a difficulty in the
achievement of a high recording densit% [0018] The present invention
has been accomplished in view of the pfoblems involved in the
configuration of the conventional medium-protecting layer, and an object
of the present invention is to provide a perpendicular magnetic recording
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and a medium- protecting layer on the magnetic recording layer, wherein
thegnatinédigerasadrairep e rrssal tergoimaghidficuly er tfeaagtaieutmnent of a high
structure having grain boundaries formed by a non-magnetic material
ERRBFHhARARRE particles grown in a columnar shape and containing at
LSB? obalt (Co); and the 8 medium-protecting layer is composed of a

oating that includes carbon as a main component and nitrogen
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and carbon (C) atoms of 0.050 to 0.150, and in a spectrum removed
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recording medium that has enhanced durability, such as wear resistance and
impact resistance, and is able to avoid various problems, such as high fly write
and corrosion, even if the thickness of the medium-protecting layer is reduced
to 3 nm or less, by preventing the pick up of a lubrication layer material to the
magnetic head and to provide a method of manufacturing such a recording

medium.

Means for Solving the Problems
[0019]

In order to solve the above-mentioned problems, according to one aspect
of the present invention, there is provided a perpendicular magnetic recording
medium comprising a magnetic recording layer on a substrate, and a medium-
protecting layer on the magnetic recording layer, wherein the magnetic
recording layer is a ferromagnetic layer of a granular structure having grain
boundaries formed by a non-magnetic material among crystalline particles

grown in a columnar shape and containing at least cobalt (Co); and the



ion laser light having a 514.5 nm wavelength, a peak ratio Dh/Gh when a
D peak Dh appearing near 1350 cm-1 and a G peak Gh appearing near
1520 cm-1 are waveform-separated by a Gaussian function is 0.70 to
0.95. [0020] By the constitution of heating a magnetic layer immediately
before the formation of the medium-prcﬁecting layer, the peak ratio Dh/Gh
in a Raman spectrum can be controlled to 0.70 to 0.95, and the durability
such as impact resistance, wear resistance, and corrosion resistance can
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Laséarlfver two layers disposed in antiparallel to each other is reduced by
eating at a prescribed temperature or more. In the present invention, an
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addition, the problem of high fly write and the crash of the magnetic head can
be avoided by regulating the ratio (N/C) to 0.050 to 0.150.
[0021]

The perpendicular magnetic recording medium is formed so as to have
an antiferromagnetic exchange coupling (AFC) structure containing 30 to 70
at% iron (Fe), and a soft magnetic layer having a saturation magnetization Ms
of 1.2 T or more may be provided under the magnetic recording layer. The soft
magnetic layer is separated into two layers with a spacer layer therebetween
and is configured such that the magnetization directions are parallel to the disk
surface of the perpendicular magnetic recording medium and are opposite to
each other. In the thus configured antiferromagnetic exchange coupling (AFC:
antiferromagnetic exchange coupling, hereinafter simply referred to as AFC)
structure, the antiferromagnetic coupling strength of the upper and the lower
two layers disposed in antiparallel to each other is reduced by heating at a

prescribed temperature or more. In the present invention, an AFC structure



magnetization Ms achieves higher improvement of the overwrite
characteristics. Therefore, a constitution that provides a saturation
magnetization Ms of 1.2 T or more can maintain desired overwrite
characteristics. [0022] Furthermore, the soft magnetic layer may have an
exchange coupling magnetic field Hex 8f 400 e or more. The coupling
strength of the AFC structure is determined on the basis of the exchange
coupling magnetic field Hex. Therefore, a higher Hex indicates a stronger
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g?@'ﬁﬁnce of the perpendicular magnetic recording 10 medium. [0025] In
rderto solve the above-mentioned problems, according to another
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manufacturing a perpendicular magnetic recording medium including a
magn@ti@ Mﬂdmngep e or more. The coupling strength of the AFC

structure is determined on the basis of the exchange coupling magnetic field
Hex. Therefore, a higher Hex indicates a stronger coupling of the AFC, and a
Hex of lower than 400 e cannot maintain the function as an AFC structure.
[0023]

The magnetic recording layer is formed so as to have a granular structure,
and a capped layer or an auxiliary recording layer may be provided on the
magnetic recording layer. Such a constitution can reduce the size of magnetic
particles of the magnetic recording layer and enhance coercivity Hc. Therefore,
the high-density recording properties and the low-noise properties of the
magnetic recording layer can be enhanced. In addition, the perpendicular
magnetic recording medium can be further imparted with high thermal
fluctuation resistance by providing the capped layer on the magnetic recording
layer.

[0024]
The composition of the capped layer may be CoCrPtB. With this, a thin
film showing a perpendicular magnetic anisotropy can be formed to enhance

the high thermal fluctuation resistance of the perpendicular magnetic recording



on a substrate, and a medium-protecting layer composed of a coating
including carbon as a main component on the magnetic recording layer,
comprising forming a ferromagnetic layer of a granular structure having
grain boundaries formed by a non-maginetic material among crystalline
particles grown in a columnar shape ane containing at least cobalt (Co),
as the magnetic recording layer; heating the perpendicular magnetic
recording medium such that in a spectrum removed fluorescence from a
R&RIEAspectrum of a medium- protecting layer formed later in
t/g@ggjlumbers of 900 to 1800 cm-1 obtained by exciting the
m-protecting layer with argon ion laser light having a 514.5 nm
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protecting layer formed later in wavenumbers of 900 to 1800 cm™ obtained by
exciting the medium-protecting layer with argon ion laser light having a 514.5
nm wavelength, a peak ratio Dh/Gh when a D peak Dh appearing near 1350
cm™ and a G peak Gh appearing near 1520 cm™ are waveform-separated by a
Gaussian function is 0.70 to 0.95; forming the medium-protecting layer by a
CVD method; and exposing the medium-protecting layer with nitrogen such
that the number ratio (N/C) of nitrogen (N) atoms and carbon (C) atoms is 0.050
to 0.150.

[0026]

By forming the perpendicular magnetic recording medium such that the
peak ratio Dh/Gh in a Raman spectrum is 0.70 to 0.95 and the ratio (N/C) is
0.050 to 0.150, the durability, such as wear resistance and impact resistance, is
enhanced to enable avoidance of various problems such as high fly write even if
the thickness of the medium-protecting layer is restricted to 3 nm or less.

[0027]

Before the formation of the magnetic recording layer, a soft magnetic



a granular structure may be formed. The composition of the capped layer
may be CoCrPtB. [0029] The heating may be performed at a temperature
of 157 to 204C. When the heat treatment is performed immediately
before the formation of the medium-protecting layer, the carbon atoms
decomposed by plasma can reach a stibstrate while maintaining the high
energy level. Since the carbon atoms maintaining the high energy level
are used for forming a film on the substrate on a magnetic film, a
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medium-protecting layer, the medium-protecting layer may be further
B¥gsded to a nitrogen atmosphere at a flow rate of 100 to 350 sccm for
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layer formed by CVD is provided with suitable adhesion to a lubrication
ey €rodiriPiBuitable hardness. [0031] Furthermore, a lubrication layer

containing a perfluoro polyether compound having a hydroxyl group in an
8}oup may be formed. 12 [0032] The perfluoro polyether has a
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(OH) group residing in the end group. In

medium-protecting layer, the carbon atoms decomposed by plasma can reach a
substrate while maintaining the high energy level. Since the carbon atoms
maintaining the high energy level are used for forming a film on the substrate on
a magnetic film, a medium-protecting layer with high density and high durability
can be formed. Furthermore, the heating of the magnetic layer at a high
temperature enhances the adhesion between the magnetic layer and the
medium-protecting layer.

[0030]

After the formation of the medium-protecting layer, the medium-protecting
layer may be further exposed to a nitrogen atmosphere at a flow rate of 100 to
350 sccm for surface treatment. The exposure to the nitrogen atmosphere at a
flow rate of 100 to 350 sccm regulates the number ratio (N/C) of nitrogen (N)
atoms and carbon (C) atoms to 0.050 to 0.150, and the medium-protecting layer
formed by CVD is provided with suitable adhesion to a lubrication layer and
suitable hardness.

[0031]
Furthermore, a lubrication layer containing a perfluoro polyether

compound having a hydroxyl group in an end group may be formed.



particular, in the configuration of the present invention in which a surface
treatment layer containing nitrogen is provided on a surface of the
medium- protecting layer, a high adhesion rate of the lubrication layer can
be obtained because of the high compatibility between (N') and (OH-).
Advantages [0033] As described above; according to the perpendicular
magnetic recording medium of the present invention, the durability, such
as wear resistance and impact resistance, is enhanced, and various

ms, such as high fly write, can be avoided by preventing the pick

up of t’i‘ﬁéﬁ#ﬁ@% c}?gfﬁ&gﬁ(@eﬁ% aolmsam%{*ﬁ%%nggge%& 4%@?.% of

thickness e me g layer is reduce nm or
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[0033]

As described above, according to the perpendicular magnetic recording
medium of the present invention, the durability, such as wear resistance and
impact resistance, is enhanced, and various problems, such as high fly write,
can be avoided by preventing the pick up of the lubrication layer material to the
magnetic head, even if the thickness of the medium-protecting layer is reduced

to 3 nm or less.

Brief Description of Drawings
[0034]

Fig. 1 is a diagram illustrating a structure of a perpendicular magnetic
recording disk according to an embodiment.

Fig. 2 is an explanatory diagram illustrating magnetic characteristics in an
AFC structure.

Fig. 3 is an explanatory diagram showing a relationship between the
substrate temperature of perpendicular magnetic recording media containing Fe
at various concentrations and the intensity of exchange coupling magnetic fields

Hex due to AFC.



protecting layer and the peak ratio Dh/Gh after the heating. Fig. 7 is an
explanatory diagram showing a relationship between the Fe

concentration and the peak ratio Dh/Gh after the heating. Fig. 8 is an
explanatory diagram showing parameters and effectiveness in examples
and comparative examples. Fig. 9 is anl éxplanatory diagram illustrating an
image of a Raman spectrum. Fig. 10 is a plot diagram in which values of
N/C and Dh/Gh in the examples and the comparative examples are

plotted” Bedt' MRBRAEKRA AN HAOH The PVEHiiSH 6895 PR Retegen the Fe
85%%%%%‘?{&? gﬁﬂﬂﬁgrgﬁ%ﬂmﬁ\ﬁwfggrygrge described in detail with
e rawings be

reterence to the accompanie ow. Incidentally, the sizes,

materiglg, and aihexseeeifisrndmgrenyabewishoavrelattbadpiipvéngeen the Fe
embodiments are only examples provided for better understanding of the

feraeiiratonand presaivialientivag abzaieitetthereto unless otherwise
specifically indicated. [0036] Fig. 1 is a diagram illustrating a structure of a
porpe R FO G T A Aok Y BOMLRE O R e
EGERIANG DREraareAHNSiaS) BEIBRIME N HEEREBISREIRMRium-
magnetic recording disk 100 shown in Fig. 14 1 is configured of a disk
suiistrite) 18y emcadhibs que by entl? Dd fiBst stdétrreghetitiniayer 14a, a
spacer _layer 14b, a second soft magnetic layer 14c, an orientation control

layer 1602 FlSThAXPRJRIONS 81 2058THRAAMABIAAFER1EIS U BREROR iR Fe
§8n&grﬁé@?fagl@eqé{ga@ogg%{?ggﬁﬁ ZEFSRRc magnetc recording

ayer a medium-protecting layer 26, and a

lubricaftign dayein2sxplaeditsl safdgneangiislaxe padendiespace idyeliveness

14b, and the second soft magnetic layer 14c collectively constitute a soft
M@gﬁ@ﬁ@lw@nmppmparative examples.

Fig. 9 is an explanatory diagram illustrating an image of a Raman
spectrum.
Fig. 10 is a plot diagram in which values of N/C and Dh/Gh in the

examples and the comparative examples are plotted.

Best Modes for Carrying Out the Invention
[0035]

Preferred embodiments of the present invention will be described in detalil
with reference to the accompanied drawings below. Incidentally, the sizes,
materials, and other specific numeric values shown in the following
embodiments are only examples provided for better understanding of the
invention, and the present invention is not limited thereto unless otherwise
specifically indicated.

[0036]

Fig. 1 is a diagram illustrating a structure of a perpendicular magnetic

recording disk 100 as a perpendicular magnetic recording medium according to

an embodiment. The perpendicular magnetic recording disk 100 shown in Fig.



The first under layer 18a and the second under layer 18b collectively
constitute an under layer 18. The first magnetic recording layer 22a and
the second magnetic recording layer 22b collectively constitute a
magnetic recording layer 22.[0037] First, amorphous aluminosilicate
glass was formed into a disk-like shapé ‘by a direct press to produce a
glass disk. The glass disk was successively subjected to grinding,
polishing, and chemical strengthening to obtain a smooth non-magnetic
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10 and the soft magnetic layer 14 can be enhanced and, therefore, it is
P8ssible to prevent peeling of the soft magnetic layer 14.

[0037]

First, amorphous aluminosilicate glass was formed into a disk-like shape
by a direct press to produce a glass disk. The glass disk was successively
subjected to grinding, polishing, and chemical strengthening to obtain a smooth
non-magnetic disk substrate 10 made of a chemically strengthened glass disk.
[0038]

Since the aluminosilicate glass can provide smoothness and high rigidity,
the magnetic spacing, in particular, the flying height of a magnetic head can be
reduced more stably. Furthermore, the aluminosilicate glass can be provided
with a high degree of rigidity by the chemical strengthening.

[0039]

On the resulting disk substrate 10, from the adhesion layer 12 to the
capped layer 24 were successively formed by a DC magnetron sputtering
process in an Ar atmosphere using a vacuumed film-forming apparatus, and the
medium-protecting layer 26 was formed by a CVD method. Then, the
lubrication layer 28 was formed by a dip-coating method. In addition, from the

standpoint of enabling the formation of an even film, it is also preferred to use



As a material of the adhesion layer 12, for example, a CrTi alloy can be
used. From a practical viewpoint, the thickness of the adhesion layer is
preferably set to 1 to 50 nm. [0041] The soft magnetic layer 14 was
configured so as to have an AFC by disposing a non-magnetic spacer
layer 14b between the first soft magneﬂ layer 14a and the second soft
magnetic layer 14c. By doing so, the magnetization direction of the soft
magnetic layer 14 can be arranged along the magnetic path (magnetic

BRANMNRiItHRRJHPrIBION, RSP veHicaFeBHIMARAR & thach layer and a
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@eamm illustrating magnetic characteristics in an AFC structure.
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second soft magnetic layer 14c, and the magnetization'M becomes 0,
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magnetic fluxes of the soft magnetic Iagers 14a and 14c_are oriented to
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e exchange coupling magneti X shown in
fghey 3daxndicates a stronger coupling of AFC. Such Hex is set so as to
be magnetized with the magnetic field for writing to the corresponding
[adhktic recording layer 22 and so as not to be magnetized with the

magnefﬁeﬂgéqtfr%ragnetic layer 14 was configured so as to have an AFC by
disposing a non-magnetic spacer layer 14b between the first soft magnetic layer
14a and the second soft magnetic layer 14c. By doing so, the magnetization
direction of the soft magnetic layer 14 can be arranged along the magnetic path
(magnetic circuit) with high precision, and the vertical component of the
magnetization is significantly decreased, which can reduce the noise generated
by the soft magnetic layer 14.
[0042]

Fig. 2 is an explanatory diagram illustrating magnetic characteristics in an
AFC structure. Referring to such magnetic characteristics, the soft magnetic
layer not having an AFC structure maintains a positively or negatively
magnetized state when a magnetic field H is not applied thereto. However, as
shown in (b), the soft magnetic layer having an AFC structure forms closed
paths of magnetic fluxes between the first soft magnetic layer 14a and the
second soft magnetic layer 14c, and the magnetization M becomes 0, when a
magnetic field H is not applied. Then, as shown in (a) and (c), the magnetic

fluxes of the soft magnetic layers 14a and 14c are oriented to the same



writing to the adjacent magnetic recording layer 22. The intensity of the
Hex can be increased by reducing the thickness, but a simple reduction in
the thickness causes insufficient absorption of the magnetic flux from the
magnetic head. Therefore, the thickness is necessarily reduced according
to the magnetic flux from the magnetic1lffead. [0044] The magnetization M
of the soft magnetic layer having an AFC structure is increased in
accordance with the application of the magnetic field H to a certain value

diraclin Ry aRRIiPaed RRdRe ihEs)diibipileandiReti9ation M at the

@H ted state is called a saturation magnetization Ms. An increase in
e saturation magnetization Ms enhances the easiness of write to a
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[0044]

The magnetization M of the soft magnetic layer having an AFC structure
is increased in accordance with the application of the magnetic field H to a
certain value and then to a saturated state. The value of the magnetization M
at the saturated state is called a saturation magnetization Ms. An increase in
the saturation magnetization Ms enhances the easiness of write to a recording
medium, that is, enhances the overwrite characteristics. The saturation
magnetization Ms is preferably 1.2 T or more. By doing so, it is possible to
maintain desired overwrite characteristics.

[0045]

Furthermore, the magnetic moment indicating the magnetic intensity of a
magnetic film is expressed by, Ms-t, the product of the saturation magnetization
Ms and the thickness t of the film. Therefore, in order to obtain a magnetic
moment Ms-t of a desired intensity, it is necessary to increase the thickness of
the film when the saturation magnetization Ms is low. However, the coupling

strength of the AFC is decreased with an increase in the thickness of a film,



This reduces the S/N ratio. In the embodiment, an AFC structure that is
strong to heat is formed by mixing iron to the soft magnetic layer during
the formation thereof. This makes the below-described heating
immediately before the formation of the medium-protecting layer possible.
Therefore, the first soft magnetic Iayer1174a and the second soft magnetic
layer 14c each have a composition of CoCrFeB containing 30 to 70 at%
Fe, and the spacer layer 14b has a composition of Ru (ruthenium). [00471
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formation of the medium-protecting layer possible. Therefore, the first soft
magnetic layer 14a and the second soft magnetic layer 14c each have a
composition of CoCrFeB containing 30 to 70 at% Fe, and the spacer layer 14b
has a composition of Ru (ruthenium).

[0047]

The orientation control layer 16 has an effect of protecting the soft
magnetic layer 14 and an effect of enhancing the orientation arrangement of
crystalline particles of the under layer 18. The orientation control layer 16 was
a NiW or NiCr layer having an fcc structure.

[0048]

The under layer 18 has a two-layer structure made of Ru. The crystal
orientation properties can be improved by forming the second under layer 18b
on the upper layer side under an Ar gas pressure higher than that for forming
the first under layer 18a on the lower layer side.

[0049]

The onset layer 20 is a non-magnetic granular layer. The non-magnetic

granular layer is formed on an hcp crystal structure of the under layer 18, and

then a granular layer as the first magnetic recording layer 22a is made to grow



[0051] The first magnetic recording layer 22a was formed so as to have a
2 nm CoCrPt-Cr203 hcp crystal structure using a hard magnetic target
composed of CoCrPt containing chromium oxide (Cr203) as an example
of the non-magnetic material. The non-magnetic material was segregated
at the surroundings of a magnetic matéfial to form grain boundaries, and
the magnetic particles (magnetic grains) formed a columnar granular
structure. The magnetic particles epitaxially grew continuously from the

BraifRAIsiaaRe bt Bratnsstayger. [DASI1anhansetisrtiimaghatiie the
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material. In also the second magnetic recording layer 22b, the magnetic
Bi}eeles formed a granular structure. [0053] The capped layer 24 is a thin
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ranular layer, can be provided. The composition of the capped layer 24
Qs1tocrpiB. [0054] The medium-protecting layer 26 is a

A e A PSR S v 22 o
CoCrPt-Cr.03 hep crystal structure using a hard magnetic target composed of
CoCrPt containing chromium oxide (CroO3) as an example of the non-magnetic
material. The non-magnetic material was segregated at the surroundings of a
magnetic material to form grain boundaries, and the magnetic particles
(magnetic grains) formed a columnar granular structure. The magnetic
particles epitaxially grew continuously from the granular structure of the onset
layer.

[0052]

The second magnetic recording layer 22b was formed so as to have a 10
nm CoCrPt-TiO2 hcp crystal structure using a hard magnetic target composed
of CoCrPt containing titanium oxide (TiO2) as an example of the non-magnetic
material. In also the second magnetic recording layer 22b, the magnetic
particles formed a granular structure.

[0053]

The capped layer 24 is a thin film (continuous layer) formed on the
granular magnetic layer and showing a strong perpendicular magnetic
anisotropy and configures a CGC (coupled granular continuous) structure. By
doing so, high thermal fluctuation resistance of the continuous film, in addition

to the high-density recording properties and the low-noise properties of the



In such a medium-protecting layer 26, a metal such as cobalt (Co) is
precipitated from a lower layer to form an oxide thereof on a surface of the
medium-protecting layer, that is, so-called corrosion occurs. The corrosion
erases the data recorded at the position where the corrosion occurred
and, in combination with a low flying hé%ht of the magnetic head, causes
crash failure, which possibly develops into failure in the disk drive. [0056]
In the embodiment, the occurrence of corrosion is inhibited by increasin
BB EHEIIKPHRRIBIOY RESkingT e %H@Q%B%ﬁrﬂﬂﬁrﬁéﬂ&%@'l%&@(o% was
g&{?ﬁ?aﬂon of the medium-protecting layer 26 for enhancing the
urability, such as wear resistance and impact resistance, of the
Ilnegiym-protecting layer 26. However, the AFC structure of the soft
magnetic layer that is already formed before the formation of the
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axes of easy magnetization of the upper and the lower, two .layer
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[0056]

In the embodiment, the occurrence of corrosion is inhibited by increasing
the diamond-like bonds by heating the magnetic layer immediately before the
formation of the medium-protecting layer 26 for enhancing the durability, such
as wear resistance and impact resistance, of the medium-protecting layer 26.
However, the AFC structure of the soft magnetic layer that is already formed
before the formation of the medium-protecting layer 26 is usually weak to heat,
and the coupling of axes of easy magnetization of the upper and the lower two
layers disposed in antiparallel to each other is destroyed by heating the
magnetic layer. Finally, the function as the AFC structure is lost. In the
embodiment, as described above, an AFC structure containing Fe and thereby
being excellent in heat resistance was configured for enabling the heating of the
magnetic layer immediately before the formation of the medium-protecting layer
26.

[0057]



ratio Dh/Gh in the range of 0.70 to 0.95. [0058] Here, the peak ratio Dh/Gh
is a ratio of Dh and Gh when a Raman spectrum in wavenumbers of 900
to 1800 cm-1 obtained by exciting the medium-protecting layer with argon
ion laser light having a 514.5 nm wavelength is measured, background
due to fluorescence is amended to str%%ht-line approximation, and the D
peak Dh appearing near the lower wavenumber side (1350 cm-1) of the
spectrum and the G peak Gh appearing near the higher wavenumber

side (162¢Fchy NeaitngdlerBinvReliararsd ByacdialriyiRp RIS quagpn of
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to 0.95. By controlling the Dh/Gh within the range of 0.70 to 0.95, the
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efore the formation of the medium-protecting layer 26 and after the
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having high degrees of density and hardness can be formed by heating
gRectrum in wavenumbers of 900 to 1800 cm™ obtained by exciting the
medium-protecting layer with argon ion laser light having a 514.5 nm
wavelength is measured, background due to fluorescence is amended to
straight-line approximation, and the D peak Dh appearing near the lower
wavenumber side (1350 cm™) of the spectrum and the G peak Gh appearing
near the higher wavenumber side (1520 cm™) are waveform-separated by a
Gaussian function.

[0059]

When the Dh/Gh is less than 0.70, the hardness of the medium-
protecting film is insufficient, and a Dh/Gh of 0.95 or more may reduce the
hardness of the medium-protecting layer. Therefore, the Dh/Gh is controlled to
0.70t0 0.95. By controlling the Dh/Gh within the range of 0.70 to 0.95, the
medium-protecting layer formed by CVD can have suitable hardness and
sufficient durability.

[0060]

Specific heating temperature for controlling the peak ratio Dh/Gh to 0.70

to 0.95 is, for example, in a temperature range of 157 to 204°C. When the

temperature for forming the film is lower than 157 °C, the kinetic energy of



magnetic layer to 157 to 204C. [0061] When the heat treatment is
conducted immediately before the formation of the medium-protecting
layer 26 as described above, during the formation of the
medium-protecting layer 26, carbon atoms decomposed by plasma reach
the perpendicular magnetic recording didk 100 while maintaining a high
energy level and are used for the formation of a film. Therefore, the
medium protecting layer 26 can be formed so as to have high density and
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incorporated into the medium-protecting layer and reduces the film

dawsityhifd0688Y taeklehtidiysihs dinel rearcines gas,raldeytinouadboy leatianthe
hydride), in particular, a lower hydrocarbon is preferably used, and a
strdgRtleraYRidddP22oxdrkted hydrocarbon or a straight-chain lower
Wtj,lrated hydrocarbon is more preferably used. As the straight-chain
ower saturated hydrocarbon, for example, methane, ethane, propane,

butanejpentans haexarethepiaiRe @idactatemmydigtdsese bedhiee formation
straight-chain lower unsaturated hydrocarbon, for example, ethylene,
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the perpendicular magnetic recording disk 100 while maintaining a high energy
level and are used for the formation of a film. Therefore, the medium-
protecting layer 26 can be formed so as to have high density and high durability.
In addition, the heating of the magnetic layer at a high temperature enhances
the adhesion between the magnetic layer and the medium-protecting layer.
[0062]

After such heat treatment, the medium-protecting layer 26 is formed from
carbon by a plasma CVD method. In the case that the medium-protecting
layer of a hydrocarbon is formed by plasma CVD, it is desirable to form
diamond-like bonds by using only hydrocarbon gas as the reactive gas. This is
because that if another inert gas (for example, Ar) or a carrier gas such as
hydrogen gas is used by being mixed with hydrocarbon gas, such impure gas is
incorporated into the medium-protecting layer and reduces the film density.
[0063]

Incidentally, as the reactive gas, a hydrocarbon (carbon hydride), in

particular, a lower hydrocarbon is preferably used, and a straight-chain lower



[0064] In accordance with an increase in the number of carbon atoms, it
becomes difficult to gasify the hydrocarbon and supply the gasified
hydrocarbon to a film-forming apparatus, and also decomposition during
the plasma discharging becomes difficult. Accordingly, the straight-chain
lower hydrocarbon is preferably used. %6065] In addition, in accordance
with an increase in the number of carbon atoms, the component of the
resulting medium-protecting layer is prone to contain a large amount of

PROHIABIE BURIPAFHP O Sl At el RIB I HERSAYM ARCHIY FrCHES i

e B YL DB TRy LS Pl ocaroon o

plasm

gisthpreingefitineamfdas mighindabuydrosamans; Negiewraetane, or
hydrocarbon is preferably a straight-chain lower hydrocarbon, and, in
pelidicalBranine Usea! ethgldrestiragd<haininye miesrikr-PrIdtme tayeen, for
having,high, degrees of density and hardness. [0066] In general, sjnce the, ...
AR L 7 cEFBH A EHNLE By Bhes e L PRLATEH o cifiahoe Adciton.
fRMBArPddR e filR darmadiivnesplieind BesBRh MRS PRNdi§ Watbon atoms
magnetic recording layer can be more effectively protected from impact
frenmtblecoégnetic head. 23 [0067] Furthermore, after the formation of the

film bﬁthe CVD method, the medium-protecting layer 26 is exposed to a
m@% n atmosphere at a flow rate of 100 to 350 sccm for surface
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Brhighdilyivuited s IBntheaoptscarican starsaisply the gasified hydrocarbon
recording/reproduction process, and an N/C of larger than 0.150 has a
Wghfilm-forming apparatus, and also decomposition during the plasma
discharging becomes difficult. Accordingly, the straight-chain lower
hydrocarbon is preferably used.

[0065]

In addition, in accordance with an increase in the number of carbon
atoms, the component of the resulting medium-protecting layer is prone to
contain a large amount of high-molecular hydrocarbons and reduces the density
and the hardness of the medium-protecting layer. Furthermore, it is cited that
cyclic hydrocarbons are difficult to be decomposed during the plasma
discharging, compared to straight-chain hydrocarbons. Therefore, the
hydrocarbon is preferably a straight-chain lower hydrocarbon, and, in particular,
the use of ethylene enables forming a medium-protecting layer having high
degrees of density and hardness.

[0066]

In general, since the film hardness of a carbon film formed by the CVD

method is enhanced compared to a film formed by a sputtering process, the

perpendicular magnetic recording layer can be more effectively protected from

impact from the magnetic head.



possibility of crash. Accordingly, the N/C is regulated to be 0.05 to 0.15.
Therefore, by regulating the N/C in the range of 0.05 to 0.15, the medium-
protecting layer formed by CVD can have suitable adhesion to a
lubrication layer and suitable hardness, [0068] Here, the number ratio
(N/C) of nitrogen atoms to carbon atonfs’can be measured using an X-ray
photoelectron spectroscopy (hereinafter called ESCA (electron
spectroscopy for chemical analysis)). Details are that the number ratio of
n atoms to carbon atoms is determined on the basis of the
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Accordingly, the application voltage is determined to -300 to -50 V. [0071]
febien carles halriermaiises$ the medium-protecting layer 26, the surface

[0068]

Here, the number ratio (N/C) of nitrogen atoms to carbon atoms can be
measured using an X-ray photoelectron spectroscopy (hereinafter called ESCA
(electron spectroscopy for chemical analysis)). Details are that the number
ratio of nitrogen atoms to carbon atoms is determined on the basis of the
intensities of N1s spectrum and C1s spectrum measured by ESCA.

[0069]

In the embodiment, the thickness of the medium-protecting layer 26 is
preferably 1 nm or more. A thickness of smaller than 1 nm reduces the
coverage of the medium-protecting layer 26 and may be therefore insufficient
for preventing the migration of metal ions of the magnetic layer and further may
cause a problem in wear resistance. It is not particularly necessary to
determine an upper limit in the thickness of the medium-protecting layer formed
by CVD, but the thickness is preferably set to 3 nm or less from a practical
viewpoint not to prevent the improvement in magnetic spacing.

[0070]

Furthermore, it is preferable to apply a bias voltage of -300 to -50 V when



quality of the perpendicular magnetic recording disk 100 can be enhanced
by washing with ultrapure water and isopropyl alcohol. [0072] Because of
the above-described medium-protecting layer 26, problems in, for
example, load unload (hereinafter simply referred to as LUL) durability do
not occur even if the thickness of the Adium-protecting layer is 3 nm or
less, though conventionally produced productions having thicknesses of 3
nm or less cause durability abnormality such as scratch and deterioration
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hydroxyl group is preferably two to four per molecule. This is because
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not occur even if the thickness of the medium-protecting layer is 3 nm or less,
though conventionally produced productions having thicknesses of 3 nm or less
cause durability abnormality such as scratch and deterioration of, for example,
the reproduced signals in high fly write.

[0073]

The lubrication layer 28 was formed by dip-coating PFPE (perfluoro
polyether). The thickness of the lubrication layer 28 is about 1 nm. By the
effect of the lubrication layer 28, the medium-protecting layer 26 can be
prevented from damage or chipping even if the magnetic head is brought into
contact with the surface of the perpendicular magnetic recording disk 100. The
perfluoro polyether has a linear-chain structure and exhibits lubrication
performance suitable for the perpendicular magnetic recording disk and also
can exhibit high adhesion performance to the medium-protecting layer 26 due to
the hydroxyl (OH) group provided in the end group. In particular, in the
configuration of the embodiment in which a surface treatment layer containing

nitrogen is provided on a surface of the medium-protecting layer, since (N*) and



is greater than four, the lubrication performance may be reduced as a
result of the adhesion rate that is too increased. The thickness of the
lubrication layer may be properly controlled in the range of 0.5 to 1.5 nm.
This is because that a thickness smaller than 0.5 nm may reduce the
lubrication performance and that a thickPess greater than 1.5 nm may
reduce the adhesion rate of the lubrication layer. [0075] The surface
E&g_ghness, as the Rmax, of the thus produced perpendicular magnetic
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above, the perpendicular magnetic recording disk 100 was obtained. The
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a thickness smaller than 0.5 nm may reduce the lubrication performance and
that a thickness greater than 1.5 nm may reduce the adhesion rate of the
lubrication layer.

[0075]

The surface roughness, as the Rmax, of the thus produced perpendicular
magnetic recording disk 100 is preferably 2.5 nm or less. This is because that
a roughness greater than 2.5 nm may inhibit the reduction of the magnetic
spacing. The surface roughness is specified in Japanese Industrial Standards
(JIS) BO601.

[0076]

According to the production process above, the perpendicular magnetic
recording disk 100 was obtained. The grounds for the above-described
parameters are shown below.

[0077]

As described above, in the AFC structure in the soft magnetic layer 14,
the axes of easy magnetization of the upper and the lower two layers disposed
in antiparallel to each other are usually destroyed by heat of a certain

temperature or higher. This reduces the S/N ratio. However, an AFC



containing Fe at various concentrations and the intensity of exchange
coupling magnetic fields Hex due to AFC. Referring to Fig. 3, it is seen
that when the substrate temperature exceeds a certain temperature, the
Hex intensity is sharply reduced not to function as the AFC structure. The
temperature at such a boundary point%t‘f\e below-described blocking
temperature) varies depending on the Fe concentration, and the
boundary temperature increases with the Fe concentration. [0079] For
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a boundary point (the below-described blocking temperature) varies depending
on the Fe concentration, and the boundary temperature increases with the Fe
concentration.

[0079]

For example, the boundary temperature of CoTaZr not containing Fe is
about 177°C. The boundary temperature of FeCoTaZr containing 40 at% Fe is
about 197 °C, and that of FeCoBCr containing 65 at% Fe is about 210°C. The
boundary temperature has a certain degree of regularity regardless of the
composition of the material that binds to Fe.

[0080]

Fig. 4 is an explanatory diagram showing a relationship between the Fe
concentration and the blocking temperature (boundary temperature). Referring
to Fig. 4, it is seen that the blocking temperatures of the above-mentioned
CoTaZr, FeCoTaZr, and FeCoBCr can be approximately linearized so as to be
proportional to the Fe concentration and that the temperature heating the
perpendicular magnetic recording disk 100 can be increased by increasing the

Fe concentration. Here, the blocking temperature (blocking temperature) is a



seen that the soft magnetic layer 14 has a saturation magnetization of 1.2
T or more even if the soft magnetic layer 14 contains 30 to 70 at% Fe. In
addition, when the soft magnetic layer 14 contains 65% Fe, the peak of
the saturation magnetization Ms is the maximum value 1.60. This reveals
that the soft magnetic layer 14 contain?r?g 30 to 70 at% Fe has sufficient
overwrite characteristics. [0083] Then, the relationship between the heat
treatment immediately before the formation of the medium-protecting
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\@issrihap Sefaifagnétianayer 14 contains 65% Fe, the peak of the saturation
magnetization Ms is the maximum value 1.60. This reveals that the soft
magnetic layer 14 containing 30 to 70 at% Fe has sufficient overwrite
characteristics.

[0083]

Then, the relationship between the heat treatment immediately before the
formation of the medium-protecting layer 26 and the peak ratio Dh/Gh after the
heating will be described.

[0084]

Fig. 6 is an explanatory diagram showing a relationship between the
substrate temperature immediately before the formation of the medium-
protecting layer 26 and the peak ratio Dh/Gh after the heating. As understood
by referring to Fig. 6, the peak ratio Dh/Gh gradually increases as a function to
the substrate temperature, that is, an increase in the substrate temperature
increases the peak ratio Dh/Gh, in other words, increases the number of
diamond-like bonds. This enhances the resistance of the medium-protecting
layer 26.

[0085]
The preferred value of the peak ratio Dh/Gh in the embodiment is 0.70 to



than 70 at%, the saturation magnetization Ms of the soft magnetic layer 14
is low not to satisfy the requirement of a saturation magnetization Ms of
1.2 T. Therefore, the perpendicular magnetic recording disk 100 having
such the soft magnetic layer 14 cannot maintain the required overwrite
characteristics. In addition, when the Fecontent is 70% or more,
corrosion characteristics are significantly reduced not to be used as a
medium. [0087] Furthermore, when the peak ratio Dh/Gh is smaller than
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magnetic layer 14 cannot maintain the required overwrite characteristics. In
addition, when the Fe content is 70% or more, corrosion characteristics are
significantly reduced not to be used as a medium.

[0087]

Furthermore, when the peak ratio Dh/Gh is smaller than 0.70, the
hardness of the medium-protecting layer 26 is too low. Therefore, the
scratches are easily formed, and the reliability of the perpendicular magnetic
recording disk 100 is reduced. Similarly, when the peak ratio Dh/Gh is larger
than 0.95, the hardness of the medium-protecting layer 26 is too high.
Therefore, the brittleness is increased, and the reliability of the perpendicular
magnetic recording disk 100 is reduced.

[0088]

Accordingly, when the Fe content in the soft magnetic layer 14 is 30 to 70
at% and the peak ratio Dh/Gh of the medium-protecting layer 26 is controlled
within the range of 0.70 to 0.95, a perpendicular magnetic recording disk 100
having sufficient overwrite characteristics and being excellent in reliability can

be obtained.

[0089]



[0091] Here, an amorphous glass substrate was used as the substrate 10.
The composition thereof is aluminosilicate. The glass substrate was a
substrate for a 2.5-inch-type perpendicular magnetic recording disk
having a diameter of 65 mm, an inner diameter of 20 mm, and a disk
thickness of 0.635 mm. Here, the surf&ce roughness of the resulting glass
substrate was observed with an AFM (atomic force microscope) to
confirm that the glass substrate had a smooth_surface having an Rmax of
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formation of the capped layer 24 was preheated. For example, in

a 2.5-inch-type perpendicular magnetic recording disk having a diameter of 65
mm, an inner diameter of 20 mm, and a disk thickness of 0.635 mm. Here, the
surface roughness of the resulting glass substrate was observed with an AFM
(atomic force microscope) to confirm that the glass substrate had a smooth
surface having an Rmax of 2.18 nm and an Ra of 0.18 nm.

[0092]

Then, an adhesion layer 12, a soft magnetic layer 14, an orientation
control layer 16, an under layer 18, an onset layer 20, a magnetic recording
layer 22, and a capped layer 24 were sequentially formed on the substrate 10
by DC magnetron sputtering with a C3040 sputtering machine manufactured by
Canon Anelva Corp. The vacuum pressure during the film formation was 0.6
Pa. Detailed description of the film formation is as follows.

[0093]

The under layer 18 made of Pd and having a thickness of 7 nm was
formed by sputtering on the orientation control layer 16 using Pd as the
sputtering target. The vacuum pressure during the film formation was 1.0 Pa.
[0094]

The magnetic recording layer 22 with a 15 nm thickness made of a



Example 1, the perpendicular magnetic recording disk 100 was heated
such that the surface temperature of the perpendicular magnetic
recording disk 100 became 160C by a heating method using a heater.
The heating time is about 5 seconds. In addition, the substrate
temperature of the perpendicular magﬁ@tic recording disk 100 was
confirmed immediately after the formation of the magnetic layer from a
window of a chamber using a radiation thermometer. [0096] Furthermore,
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magnetic recording disk 100 was confirmed immediately after the formation of
the magnetic layer from a window of a chamber using a radiation thermometer.
[0096]

Furthermore, a medium-protecting layer 26 was formed on the disk that
was formed till the magnetic recording layer 22 by a plasma CVD method by
introducing ethylene gas at 250 sccm under a vacuum pressure of 1 Pa and an
applied bias voltage of -300 V. The film-forming rate for forming the medium-
protecting layer 26 was 1 nm/sec.

[0097]

Furthermore, after the formation of the medium-protecting layer 26, the
medium-protecting layer 26 was exposed to a nitrogen atmosphere under a
pressure controlled to a vacuum pressure of 3 Pa by introducing only nitrogen
gas at 250 sccm into the plasma. Thus, treatment for impregnating the surface
of the medium-protecting layer 26 with nitrogen was conducted.

[0098]
After the formation of the medium-protecting layer 26, the thickness of the

medium-protecting layer 26 was measured by cross-section observation with a



Apparatus: Quantum2000 manufactured by Ulvac-Phi Inc., X-ray
excitation source: Al-Ka ray (1486.6 eV), X-ray source: 20 W, Vacuum
pressure of analysis chamber: < 2x10 7 Pa, Pass energy: 117.5 eV,
Photoelectron detection angle: 450, Measurement subject peak: Cl s and
N1 s, Analysis region: 100 um cp, and3tumulated number: ten times. In
addition, Raman spectroscopic analysis after the formation of the
medium-protecting layer 26 showed a Dh/Gh of 0.80. [0100] In addition,
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X-ray source: 20 W,

Vacuum pressure of analysis chamber: < 2x1 07 Pa,

Pass energy: 117.5 eV,

Photoelectron detection angle: 45°,

Measurement subject peak: C1s and N1s,

Analysis region: 100 um ¢, and

Cumulated number: ten times.

In addition, Raman spectroscopic analysis after the formation of the
medium-protecting layer 26 showed a Dh/Gh of 0.80.

[0100]

In addition, the Raman spectroscopic analysis was performed by
irradiating the surface of the medium-protecting layer 26 with Ar ion laser having
a wavelength of 514.5 nm and observing the Raman spectrum due to Raman
scattering appearing in a wavenumber band of 900 to 1800 cm™.

[0101]

Fig. 9 is an explanatory diagram illustrating an image of a Raman
spectrum. Here, in the wavenumber range of 900 to 1800 cm™ of the Raman
spectrum, background due to fluorescence was amended to straight-line

approximation, and the peak height ratio of the D peak to the G peak was



revealed that the perfluoro polyether-based lubrication layer having
hydroxyl groups in the end groups did not affect the Raman spectroscopic
analysis. [0103] After the formation of the medium-protecting layer 26,
immersion cleaning in pure water at 70C was conducted for 400 seconds,
and then washing with IPA was further€onducted for 400 seconds. As
finishing drying, drying with IPA vapor was conducted. [0104] Then, on
the medium-protecting layer 26 washed with ultrapure water and IPA, a
Rl RERiReA ARetNegNAaE of a PFPE (perfluoro polyether) compound was
{?Iil@f by a dip method. Specifically, an alcohol denatured Fomblin Z
erivative manufactured by Ausimont Co., Ltd. was used. The compound
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After the formation of the medium-protecting layer 26, immersion cleaning
in pure water at 70 °C was conducted for 400 seconds, and then washing with
IPA was further conducted for 400 seconds. As finishing drying, drying with
IPA vapor was conducted.

[0104]

Then, on the medium-protecting layer 26 washed with ultrapure water
and IPA, a lubrication layer 28 made of a PFPE (perfluoro polyether) compound
was formed by a dip method. Specifically, an alcohol denatured Fomblin Z
derivative manufactured by Ausimont Co., Ltd. was used. The compound has
one or two hydroxyl groups on each end of a main chain of PFPE, that is, the
compound has two to four hydroxyl groups per molecule in the end groups.
The thickness of the lubrication layer 28 was 1.4 nm.

[0105]

As in above, the produced perpendicular magnetic recording disk 100
was observed for the surface roughness with an AFM to confirm that the
surface had an Rmax of 2.30 nm and a Ra of 0.22 nm and was smooth. In
addition, the glide height was measured to be 3.2 nm. When the flying height

of the magnetic head is stably set to 10 nm or less, it is desirable that the glide



An LUL durability test was conducted using a 2.5-inch-type HDD being
rotated at 5400 rpm and a magnetic head having a flying height of 10 nm.
Incidentally, an NPAB (negative-pressure type) slider was used as a slider
of the magnetic head, and a TMR type element loaded with a DFH
mechanism was used as a reproducina%lement. The perpendicular
magnetic recording disk 100 was loaded on the HDD, and LUL operation
was continuously performed by the above-described magnetic head.
hei9R) 9, ReERaudiguiaimanselifc peRsaia QiR hidupe®etdestdliyn or less.
fmb 0 was evaluated by measuring the endurable number of LUL
ithout causing breakdown in the HDD. The environment for conducting

the test e MXHGRUR Mhayhisiiciser seNiatedieantiiiostizanedsa@nrdaioned
operating environment. This is for more adequately determining the
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ducting the test under the environment operating an HDD that is
@ﬂ@%@@dﬁ&%@'&sed in, for example, a car navigation system. [0109] In
¢d-4L durability test, the perpendicular magnetic recording disk 100 in
each of Examples 1 to 13 exhibited the number of LUL greater than 1x106
times ({thbutwwabgingtestakdown thereof. Usually, in the LUL durability
test, it is required that the number of continuous LUL not causin
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and the wear resistance of the medium-protecting layer 26, the .
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diameter ball mgde.ofA 203-TiC sivas ressed.at a load of 15 g to tr(lje .
H,?gg%tﬁ%_a reproducing element. he Berpen icular magnetic Yecording disk

100 was loaded on the HDD, and LUL operation was continuously performed by
the above-described magnetic head.
[0108]

Then, the LUL durability of the perpendicular magnetic recording disk 100
was evaluated by measuring the endurable number of LUL without causing
breakdown in the HDD. The environment for conducting the test was
70°C/80% RH, which is a severer condition than usual HDD operating
environment. This is for more adequately determining the endurance reliability
of the perpendicular magnetic recording disk 100 by conducting the test under
the environment operating an HDD that is supposed to be used in, for example,
a car navigation system.

[0109]

In the LUL durability test, the perpendicular magnetic recording disk 100
in each of Examples 1 to 13 exhibited the number of LUL greater than 1x10°
times without causing breakdown thereof. Usually, in the LUL durability test, it

is required that the number of continuous LUL not causing breakdown be



protecting layer 26 at a position corresponding to 22 mm in radius of the
perpendicular magnetic recording medium for rotatively sliding the
A1203-TiC ball at a relative velocity of 2 m/sec with respect to the
medium-protecting layer 26. The number of sliding rotations until the
occurrence of breakage in the mediun@fjrotecting layer 26 caused by the
sliding was measured. [0111] In the pin-on-disk test, if the number of the
sliding rotations uptil the occurrence of breakage in the,
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thist pin- qpﬁea”sd@,yd%@gmty test under severe environment compared to
actual environment for use. For example, the number of the sliding
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head with a flying height 6f 10 nm are used. In addition, an NPAB
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head, and a TMR type element loaded with a DFH mechanism was used
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In the pin-on-disk test, if the number of the sliding rotations until the
occurrence of breakage in the medium-protecting layer 26 is 300 or more, it is
determined to pass the test. In addition, usually, the magnetic recording head
is not brought into contact with the perpendicular magnetic recording disk 100.
Therefore, this pin-on test is a durability test under severe environment
compared to actual environment for use. For example, the number of the
sliding rotations of the perpendicular magnetic recording disk 100 of Example 1
was 501 times, and those in all other examples were higher than 300 times.
[0112] (High fly write test)

The high fly write test was conducted as follows. A 2.5-inch-type HDD
that rotates at 5400 rpm and a magnetic head with a flying height of 10 nm are
used. In addition, an NPAB (negative-pressure type) slider was used as a
slider of the magnetic head, and a TMR type element loaded with a DFH
mechanism was used as a reproducing element. The perpendicular magnetic

recording disk 100 was loaded on the HDD, and the DFH mechanism was



the pin-on-disk test, and the high fly write test as in the above-described
examples. [0114] For example, in Comparative Example 1, a
perpendicular magnetic recording disk was formed as in Example 1
except that the medium-protecting layer 26 was exposed to nitrogen gas
at 90 sccm. However, since the amountof introduced nitrogen was too
small, in the high fly write test, the failure that no recording/reproduction
was performed occurred 12 hours after the starting. [0115] In addition, in
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disk in the LUL test to cause crash at 3x105 times. It can be understood
OeeU BEMSICCONPIAERIY ExEanplas tyeRligRissty abseprabldivaliies dflor occur
or a plurality of the LUL durabilit t, the pin-an-disk test, and the high
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cp$g]in Example 1 and deviate from predetermined ranges. [0116] Fig.

0 is a plot diagram in which values of N/C and Dh/Gh in the examples
and thé tocgranad exangigs esevelataborsubgridy) trefhaiby ithduBability test,
examples in the N/C range of 0.050 to 0.150 and the Dh/Gh range of 0.70
tae @@BQHcﬁﬁéeséyad‘ggﬁ@-mﬁ%%%&Y@tﬁﬂﬁ% Bty aRPrigedescribed
SOMR géi_ve examples outside the range, the perpendicular magnetic
recording disks 100 according to the embodiment can be also applied to
P head and can avoid high fly write failure even if the thickness of

the medium-protecting layer is 3 nm_or less and further have suitable
wear rESisERTBRIAdIBIAMY AR RIS 1 ad diesReNdisviBviBIRDNRIIC

Fggd[}glrrﬁ)ge %‘ljsi%u\}\?ars 8%8&%@6%0 ig%%ilgk#g)?cept that the medium-protecting
layer 26 was exposed to nitrogen gas at 90 sccm. However, since the amount
of introduced nitrogen was too small, in the high fly write test, the failure that no
recording/reproduction was performed occurred 12 hours after the starting.
[0115]

In addition, in Comparative Example 2, since the exposure to nitrogen
gas at 360 sccm was conducted, the amount of introduced nitrogen was too
large. Therefore, the specification, 300 times, in the pin-on test disk test was
not achieved, and scratches occurred in the perpendicular magnetic recording
disk in the LUL test to cause crash at 3x10° times. It can be understood that
other comparative examples do not satisfy acceptable values of one or a
plurality of the LUL durability test, the pin-on-disk test, and the high fly write test
when one or a plurality of parameters are different from those in Example 1 and
deviate from predetermined ranges.

[0116]
Fig. 10 is a plot diagram in which values of N/C and Dh/Gh in the

examples and the comparative examples are plotted. As seen by referring the



according to the embodiment can be applied to an HDD of an LUL
system. [0117] As in above, the preferred examples of the present
invention have been described referring to the accompanied drawings,
but it is obvious that the present invention is not limited to such examples.
It is evident that those skilled in the artan arrive at various alterations
and modifications within the scope described in Claims, and it is
understood that those alterations and modifications surely belong to the
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recording medium comprising a magnetic recording layer on a substrate,
apePsonediothe ety IRy eean Brcaifadgimlcddec didliAgad whdrean avoid
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least cobalt (Co); and the medium-protecting layer is composed of a
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contained in a surface layer at a number ratio (N/C) of nitrogen (N) atoms
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L cence from a Raman spectrum in wavenumbers of 900 to 1800
m-1 obtained by exciting the medium-protecting layer with argon ion

laser ligbtihayioge fikdhdiaea\wlengibsorenk pagseRhisbrmibarhae been
peak Dh appearing near 1350 cm-1 and a G peak Gh

described referring to the accompanied drawings, but it is obvious that the
present invention is not limited to such examples. It is evident that those
skilled in the art can arrive at various alterations and modifications within the
scope described in Claims, and it is understood that those alterations and

modifications surely belong to the technical scope of the present invention.

Industrial Applicability
[0118]

The present invention can be used in a perpendicular magnetic recording
medium that is loaded on, for example, an HDD and in a process of producing

the medium.



appearing near 1520 cm-1 are waveform-separated by a Gaussian
function is 0.70 to 0.95. 2. The perpendicular magnetic recording medium
according to claim 1, further comprising a soft magnetic layer below the
magnetic recording layer, wherein the soft magnetic layer is formed so as
to have an antiferromagnetic exchang@%oupling (AFC) structure
containing 30 to 70at% iron (Fe) and has a saturation magnetization Ms
of 1.2 T or more. 3. The perpendicular magnetic recording medium
according to claim 2, wherein the s&l—ﬁ#ﬁgﬁetic layer has an exchange

coupling Magets 155 HPH S AR AT el REARHIBHRG magneti

magnetic re INng medium accoraing herc

eRRNEthRIRNg Rlaghetie rarardintves. yybrieimgeyarasmetis magnetic
recording layer is formed so as to have a granular structure. 38 5. The
FRaprshiaic [A%e maleesic) recording medium according to claim 4, wherein

the ca&&ed layer has a c?ﬁnpolsition. of ioCrPtB. 6. fA inethod of |
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SRAGHERECPIGIGRIRYSS AR RIAR d 2 BRI RIS S hong
composed of a coating including carbon as’a main component on the
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ranular structure having grain boundaries formed by a non-magnetic
lér‘?&damong crystalline particles grown in a columnar shape and
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the perpendicu agnetic Tecording medium such't spectrum
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layer formed later in wavenumbers of 900 to 1800 cm-1 obtained by
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wavenumbers of 900 to 1800 cm™ obtained by exciting the medium-protecting
layer with argon ion laser light having a 514.5 nm wavelength, a peak ratio
Dh/Gh when a D peak Dh appearing near 1350 cm™ and a G peak Gh
appearing near 1520 cm™' are waveform-separated by a Gaussian function is
0.70 to 0.95.

2. The perpendicular magnetic recording medium according to claim 1,
further comprising a soft magnetic layer below the magnetic recording layer,
wherein the soft magnetic layer is formed so as to have an antiferromagnetic
exchange coupling (AFC) structure containing 30 to 70at% iron (Fe) and has a
saturation magnetization Ms of 1.2 T or more.

3. The perpendicular magnetic recording medium according to claim 2,
wherein the soft magnetic layer has an exchange coupling magnetic field Hex of
400 e or more.

4. The perpendicular magnetic recording medium according to claim 1,
further comprising a capped layer on the magnetic recording layer, wherein the

magnetic recording layer is formed so as to have a granular structure.



cm-1 and a G peak Gh appearing near 1520 cm-1 are
waveform-separated by a Gaussian function is 0.70 to 0.95; forming the
medium-protecting layer by a CVD method; and exposing the
medium-protecting layer with nitrogen such that the number ratio (N/C) of
nitrogen (N) atoms and carbon (C) atoms is 0.050 to 0.150. 7. The method
of manufacturing the perpendicular magnetic recording medium
according to claim 6, further comprising: forming a soft magnetic layer of
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exchange coupling magnetic field Hex of 400 e or more. 39 9. The
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medium according to claim 9, wherein the apped layer has a composition

of Co@nPiBdla fdmemeeghetcobyemifactwangldheipecherdiaarg grain
magnetic recording medium according to claim 6, wherein the heating is
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o claim er comprising: exposing to a nifrogen atmosphére at a
ratoefid§liesb0 sccm so as to surface-treat the medium-protecting

layer after forming the medium-protecting layer.
heating the perpendicular magnetic recording medium such that in a

spectrum removed fluorescence from a Raman spectrum of a medium-
protecting layer formed later in wavenumbers of 900 to 1800 cm™ obtained by
exciting the medium-protecting layer with argon ion laser light having a 514.5
nm wavelength, a peak ratio Dh/Gh when a D peak Dh appearing near 1350
cm™ and a G peak Gh appearing near 1520 cm™ are waveform-separated by a
Gaussian function is 0.70 to 0.95;

forming the medium-protecting layer by a CVD method; and

exposing the medium-protecting layer with nitrogen such that the number
ratio (N/C) of nitrogen (N) atoms and carbon (C) atoms is 0.050 to 0.150.

7. The method of manufacturing the perpendicular magnetic recording
medium according to claim 6, further comprising:

forming a soft magnetic layer of an antiferromagnetic exchange

coupling (AFC) structure containing 30 to 70at% iron (Fe) before the formation
of the magnetic recording layer.

8. The method of manufacturing the perpendicular magnetic recording
medium according to claim 7, wherein the soft magnetic layer has an exchange

coupling magnetic field Hex of 400 e or more.



13. The method of manufacturing the perpendicular magnetic recording
medium according to claim 6, further comprising: forming a lubrication
layer containing a perfluoro polyether compound having a hydroxyl group
in an end group. a9

9. The method of manufacturing the perpendicular magnetic recording

medium according to claim 6, further comprising:
forming a capped layer of a granular structure after the formation of
the magnetic recording layer.

10. The method of manufacturing the perpendicular magnetic recording
medium according to claim 9, wherein the capped layer has a composition of
CoCrPtB.

11. The method of manufacturing the perpendicular magnetic recording
medium according to claim 6, wherein the heating is performed at a
temperature of 157 to 204 °C.

12. The method of manufacturing the perpendicular magnetic recording
medium according to claim 6, further comprising:

exposing to a nitrogen atmosphere at a flow rate of 100 to 350
sccm so as to surface-treat the medium-protecting layer after forming the
medium-protecting layer.

13. The method of manufacturing the perpendicular magnetic recording
medium according to claim 6, further comprising:

forming a lubrication layer containing a perfluoro polyether compound

having a hydroxyl group in an end group.



