
DESCRIPTION PERPENDICULAR MAGNETIC RECORDING DISK AND MANUFACTURING METHOD
THEREOF Technical Field        This invention relates to a perpendicular
magnetic recording disk adapted to be mounted in a perpendicular magnetic
recording type HDD (hard disk drive) or the like. Background Art
Various information recording techniques have been developed following the
increase in volume of information processing in recent years. Particularly,
the areal density of a HDD (hard disk drive) using the magnetic recording
technique has been increasing at an annual rate of about 100%. Recently,
the information recording capacity exceeding 60GB has been required per
2.5-inch magnetic disk adapted for use in a HDD or the like. In order to
satisfy such a requirement, it is necessary to realize an information
recording density exceeding 100Gbits/inch2. In order to achieve the high
recording density in the magnetic disk for use in the HDD or the like, it
is necessary to reduce the size of magnetic crystal grains forming a
magnetic recording layer serving to record information signals, and
further, to reduce the thickness of the layer. However, in the case of the
conventionally commercialized magnetic disk 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 size reduction of
the magnetic crystal grains, there has arisen a thermal fluctuation
phenomenon where thermal stability of recording signals is degraded due to
superparamagnetism to thereby cause loss of the recording signals, which
has thus become an impeding factor for the increase in recording density  2



of the magnetic disk.         In order to solve this impeding factor, the
magnetic disk of the perpendicular magnetic recording type has been
proposed in recent years. 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 magnetic recording layer
is adjusted so as to be oriented in a direction perpendicular to the
surface of a substrate. 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. For example, Unexamined Patent Publication No. 2002- 92865 (Patent
Document 1) discloses a technique about a perpendicular magnetic recording
medium having an underlayer, a Co-based perpendicular magnetic recording
layer, and a protective layer that are formed on a substrate in the order
named. Further, United States Patent No. 6468670 Specification (Patent
Document 2) discloses a perpendicular magnetic recording medium having a
structure where an exchange-coupled artificial lattice film continuous
layer (exchange-coupled layer) is adhered to a granular recording layer.
Patent Document 1: Unexamined Patent Publication No. 2002-92865 Patent
Document 2: United States Patent No. 6468670 Specification Disclosure of
the Invention Problem to be Solved by the Invention The recording density
of a magnetic disk is improved mainly by 



reducing noise in a magnetization transition region of a magnetic recording
layer. For the noise reduction, it is necessary to improve the crystal
orientation of the magnetic recording layer 01 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 of the magnetic recording layer and,
further, to provide a segregated state where individual magnetic crystal
grains are magnetically segregated and, for that, it is necessary to
properly control a fine structure of the magnetic recording layer. In the
meantime, the Co-based perpendicular magnetic recording layer disclosed in
Patent Document 1, particularly a CoPt-based perpendicular magnetic
recording layer, has a high coercive force Hc and can cause a magnetization
reversal producing magnetic field Hn to be a small value less than zero
and, therefore, resistance against thermal fluctuation can be improved and
a high S/N ratio can be achieved, which is thus preferable. Further, by
causing an element such as Cr to be contained in such a perpendicular
magnetic recording layer, Cr can be segregated at grain boundary portions
of the magnetic crystal grains to block exchange interaction between the
magnetic crystal grains, thereby contributing to increasing the recording
density.        Further, by adding an oxide such as 5102 or 0 to the
CoPt-based perpendicular magnetic recording layer, it is possible to form
an excellent segregated structure without impeding epitaxial growth of
CoPt. That is, the oxide such as Si02 or 0 is segregated at the grain
boundaries to reduce the magnetic interaction between the crystal grains of
the magnetic recording layer. Further, by the addition of the oxide such as
Si02 or 0, the crystal grain size can be reduced. The crystal grain size
and the magnitude of the magnetic interaction are affected by the thickness
of Si02 layers segregated at the grain boundaries or the crystal grain size
of the underlayer. By increasing the amount of Si02 added to the magnetic
recording layer, the size reduction and the magnetic segregation proceed so
that the S/N ratio in high density recording is improved. This causes a
maximum anisotropy energy Ku to be approximately twice higher as compared
with a conventional medium added  with no Si02. It has been found that the
problem of the S/N ratio or the thermal stability does not arise up to 200
to 400Gbit/inch2 in the case of such a magnetic recording disk.
However, it has been found that when aiming at a medium adaptable to
400Gbitlinch2 or more, it is difficult to produce the medium excellent in
thermal stability or recording properties only by adding the oxide such as
Si02 or 0. That is, it has been found that when, for example, the amount of
SiO9 is increased to 6at% or more, degradation occurs in coercive force Hc
and perpendicular magnetic anisotropy (see Fig. 6). Fig. 6 shows a
relationship between a coercive force Hc and a SNR when increasing the
amount of Si02. According to Fig. 6, the Ho decreases as the amount of Si02
increases. It is considered that the thermal stability degrades and the DC
noise increases due to reduction in coercive force Hc. On the other hand,
the present inventors have found that as the amount of Si02 increases, the
SNR (SN Ratio : hereinafter also referred to as SN) becomes better due to
size reduction (see Fig. 6). In Fig. 6, the axis of ordinates showing the
SNR graduates differences 



from a reference value properly defined. According to the relationship
between Si02 and SN, it is understood that when SiO2 is added in an amount
of Cat% or more, the SN is rapidly improved. Therefore, a medium is
desirable that maintains the thermal stability and, further, is added with
SiO2 in an amount of 6at% or more where the SN becomes excellent.
In response to such a request, it may be considered to use a method of
increasing the amount of Pt in the magnetic recording layer to thereby
increase the anisotropy. However, it is known that there arises a new
problem that sufficient recording cannot be achieved following the increase
in anisotropy. Particularly, in a recording density range of 100Gbit/inch2
or more, the recording capability of a magnetic head itself is extremely
lowered following track narrowing and, therefore, it is necessary to
improve the recording capability on  5 the magnetic recording layer side,
which arises as a new problem. Embodiments of the present invention provide
a perpendicular magnetic recording disk that can contribute to increasing
the recording density by improving the S/N ratio in high density recording
without causing an increase in DC noise, degradation in thermal stability,
and degradation in recording capability, and a method of manufacturing such
a disk. Means for Solving the Problem       In a first aspect of the
invention, there is provided a perpendicular magnetic recording disk for
use in perpendicular magnetic recording, said perpendicular magnetic
recording disk characterized by comprising a substrate, a soft magnetic
layer of a material selected from a group consisting of an Fe-based
material and a Co-based material on said substrate, a ferromagnetic layer
on said soft magnetic layer, having a granular structure, and comprising
crystal grains mainly made of cobalt (Co) and grain boundary portions
mainly made of Si02, and a layer, on said ferromagnetic layer, comprising a
material selected from a group consisting of CoCrPt, CoPt, CoPd, FePt,
CoPt3, and CoPd3, the content of 5i02 in said ferromagnetic layer being
6at% or more.       In a second aspect of the invention, there is provided
a method of manufacturing a perpendicular magnetic recording disk for use
in perpendicular magnetic recording and having at least a soft magnetic
layer of a material selected from a group consisting of an Fe-based
material and a Co-based material on a substrate and a magnetic recording
layer on said soft magnetic layer, said method characterized by, in a step
of forming said magnetic recording layer comprising, on said soft magnetic
layer, a ferromagnetic layer of a granular structure comprising 5i02
between crystal grains containing cobalt (Co), the content of the 5i02 in
said ferromagnetic layer being 6at% or more, and a stacked layer, on said
ferromagnetic layer, comprising a material selected from a group consisting
of CoCrPt, CoPt, CoPd, FePt, CoPt3, and CoPd3, forming said ferromagnetic
layer on said soft magnetic layer by sputtering in an argon gas atmosphere
and then foiming said stacked layer comprising a material selected from the
group consisting of CoCrPt, CoPt, 



5a CoPd, FePt, CoPt3, and CoPd3 by sputtering in an argon gas atmosphere at
a gas pressure lower than a gas pressure used when forming said
ferromagnetic layer.       Disclosed herein is a perpendicular magnetic
recording disk for use in perpendicular magnetic recording, the
perpendicular magnetic recording disk characterized by comprising a
substrate, a ferromagnetic layer founed on the substrate, having a granular
structure, and containing an oxide, silicon (Si), or an oxide of silicon
(Si), and a stacked layer unwed on the ferromagnetic layer and having a
first layer containing cobalt (Co) or a Co alloy and a second layer
containing palladium (Pd) or platinum (Pt).       Disclosed herein is a
perpendicular magnetic recording disk characterized in that the
ferromagnetic layer has crystal gains mainly made of cobalt (Co) and grain
boundary portions mainly made of the oxide, the silicon (Si), or the oxide
of silicon (Si).       Disclosed herein is a perpendicular magnetic
recording disk characterized in that the content of the silicon (Si) in the
ferromagnetic layer is 6at% or more.       Disclosed herein is a
perpendicular magnetic recording disk characterized in that the content of
the silicon (Si) in the ferromagnetic layer is 8at% to 15at%.  6 



Disclosed herein is a perpendicular magnetic recording disk characterized
in that a spacer layer is provided between the ferromagnetic layer and the
stacked layer.        Disclosed herein is a method of manufacturing a
perpendicular magnetic recording disk for use in perpendicular magnetic
recording and having at least a magnetic recording layer on a substrate,
the method characterized by, in a step of forming the magnetic recording
layer comprising, on the substrate, a ferromagnetic layer of a granular
structure containing silicon (Si) or an oxide of silicon (Si) between
crystal grains containing cobalt (Co) and a stacked layer having a first
layer containing Co or a Co alloy and a second layer containing palladium
(Pd) or platinum (Pt), forming the ferromagnetic layer on the substrate by
sputtering in an argon gas atmosphere and then forming the stacked layer by
sputtering in an argon gas atmosphere at a gas pressure lower than a gas
pressure used when forming the ferromagnetic layer.        In an
embodiment, the magnetic recording layer includes at least the
ferromagnetic layer formed on the substrate, having the granular structure,
and containing an oxide, silicon (Si), or an oxide of silicon (Si), and the
stacked layer formed on the ferromagnetic layer and having the first layer
containing Co or a Co alloy and the second layer containing Pd or Pt.
As a Co-based magnetic material forming the ferromagnetic layer,
particularly a CoPt-based or CoPtCr-based magnetic material is preferable.
The CoPt-based or CoPtCr-based magnetic material has a high coercive force
Hc and can cause a magnetization reversal producing magnetic field Fln to
be a small value less than zero and, therefore, resistance against thermal
fluctuation can be improved and a high SIN ratio can be achieved, which is
thus preferable. By causing an element such as silicon (Si) or an oxide
thereof to be contained in the CoPt-based or CoPtCr-based magnetic
material, Si or the like or the  7 oxide thereof can be segregated at grain
boundary portions of the magnetic crystal grains to reduce the exchange
interaction between the magnetic crystal grains, thereby reducing the
medium noise and improving the SIN ratio in high density recording. Si may
be added to the CoPt-based or CoPtCr-based magnetic material not only
alone, but also as an oxide or Si oxide such as 5i02. When Si is added as
the Si oxide such as Si02, the Si oxide is segregated at the grain
boundaries to reduce the magnetic interaction between the crystal grains of
the magnetic recording layer, thereby reducing the medium noise and
improving the S/N ratio in high density recording.        By adding Si or
the Si oxide to the CoPt-based or CoPtCr-based magnetic material, the
crystal grain size can be reduced. However, there arises the problem that
when the adding amount of Si or the Si oxide is large, the crystal grains
become too small, so that the thermal fluctuation increases. Therefore, for
example, the adding amount of the Si oxide is suppressed to 5at% or less
conventionally. Accordingly, there is inevitably a limit to the increase in
recording density. In contrast, in embodiments of this invention, even if
the adding amount of Si or the Si oxide is increased, the degradation of
thermal stability can be prevented by the ferromagnetic layer containing
the oxide, silicon (Si), or the silicon (Si) oxide and the stacked layer
formed on the ferromagnetic layer and having the first layer containing Co
or the Co alloy and the second layer containing Pd or Pt, thereby
contributing to increasing the recording density without causing the
degradation of thermal stability.        In an embodiment, the
ferromagnetic layer has the crystal gains mainly made of Co and the grain
boundary portions mainly made of the oxide, silicon (Si), or the silicon
(Si) oxide. It becomes possible to magnetically shield between the
size-reduced crystal grains. 



In an embodiment, the content of silicon (Si) in the ferromagnetic layer is
6at% or more, and more preferably 8at% to 15ar/o.  8 When the content of
silicon (Si) in the ferromagnetic layer is 6at/0 or more, the SN is rapidly
improved. However, 8at% to 15at% is preferable for the following reason.
When the content is less than 8at%, the effect of reducing the medium noise
is small and, further, the SIN ratio in high density recording cannot be
improved sufficiently. On the other hand, when the content is greater than
15at%, the perpendicular magnetic anisotropy starts to degrade and,
following it, there occurs the degradation of thermal stability in high
density recording or the increase in DC noise. For the same reason, 10 to
15at% is particularly preferable and 12 to 15at4 is further preferable. In
an embodiment of this invention, the ferromagnetic layer has the granular
structure containing Si or the oxide thereof between the magnetic crystal
grains containing Co. The thickness of the ferromagnetic layer is
preferably 20nm or less. Desirably, the range of 8 to 16nm is preferable.
The stacked layer is adjacent to the ferromagnetic layer or through the
spacer layer therebetween. The stacked layer is magnetically coupled to the
ferromagnetic layer and functions to align the easy magnetization axes of
the respective layers substantially in the same direction. In the stacked
layer, crystal grains are magnetically coupled to each other. In terms of
the ferromagnetic layer made of the Co-based magnetic material, the stacked
layer is preferably made of alternate-layered films of cobalt (Co) or an
alloy thereof and palladium (Pd) or alternate-layered films of cobalt (Co)
or an alloy thereof and platinum (Pt). Since the alternate-layered films
made of such materials have large magnetic Ku, the domain wall width in the
stacked layer can be reduced. The thickness thereof is preferably 1 to 8nm.
Desirably, 2 to 5nm is preferable. Even when use is made of CoCrPt
containing a large amount of Pt, CoPt, CoPd, FePt, CoPt3, or CoPd3 as a
material of the stacked layer instead of the foregoing multilayer film, the
similar effect can be obtained.  9        Further, in order to achieve
suitable perpendicular magnetic recording properties based on exchange
coupling, it is necessary to set a proper thickness ratio between the
ferromagnetic layer and the stacked layer such that when the thickness of
the ferromagnetic layer is increased, the thickness of the stacked layer is
increased, or when the thickness of the ferromagnetic layer is reduced, the
thickness of the stacked layer is reduced. Given that the thickness of the
ferromagnetic layer is A and the thickness of the exchange energy control
layer is B, A/B (ratio of A to B) is preferably in the range of 2 to 5.
Desirably, 3 to 4 is preferable. In an embodiment, the spacer layer is
preferably provided between the ferromagnetic layer and the stacked layer.
By providing the spacer layer, the exchange coupling between the
ferromagnetic layer and the stacked layer can be suitably controlled. As
the spacer layer, use is preferably made of, for example, a Pd layer or a
Pt layer depending on the stacked layer. When the Pd layer is used in the
stacked layer, the Pd layer is also used as the spacer layer. This is
because it is economically preferable to use the same composition in terms
of the condition of a manufacturing apparatus. The thickness of the spacer
layer is preferably 2nm or less and desirably in the range of 0.5 to 1.5nm.
The ferromagnetic layer and the stacked layer are disposed adjacent to each
other or through the spacer layer interposed therebetween and, in view of
HDI (Head Disk Interface), it is preferable to dispose the stacked layer
above the ferromagnetic layer as seen from the substrate. The ferromagnetic
layer is not limited to the single layer, but may be composed of a
plurality of layers. In this case, Co-based magnetic layers containing Si
or the Si oxide may be combined with each other, or a Co-based magnetic
layer containing Si or the Si oxide and a Co-based magnetic layer
containing no Si or Si oxide may be combined with each other. Note that it
is preferable to dispose the Co-based magnetic layer containing Si or the
Si oxide on the side adjacent to the stacked 



10 layer. The perpendicular magnetic recording layer according to an
embodiment of this invention is preferably formed by the sputtering method.
Particularly, the DC magnetron sputtering method is preferable because
uniform film formation is enabled.        As recited in the above
embodiment, when forming the perpendicular magnetic recording layer
composed of the ferromagnetic layer and the stacked layer on the substrate,
it is desirable to form the ferromagnetic layer on the substrate by
sputtering in the argon gas atmosphere and then to form the stacked layer
by sputtering in the argon gas atmosphere at the gas pressure lower than
that used when forming the ferromagnetic layer. It is necessary that the
ferromagnetic layer be formed at high gas pressure. The reason is that the
magnetic grain size in the ferromagnetic layer can be diminished in order
to reduce the medium noise and, further, Si or the Si oxide can be
segregated in a uniform thickness between the magnetic crystal grains
containing Co at the grain boundaries. In contrast, it is necessary that
the stacked layer be formed at low gas pressure. The reason is that the
stacked layer is required to be magnetically uniform for fixing domain
walls (magnetization transition points) anywhere by pinning force from the
magnetic grains of the ferromagnetic layer, i.e. for allowing the domain
walls to freely move unless there is the ferromagnetic layer adjacent to
the stacked layer, and it is preferable to form the stacked layer at low
gas pressure for that purpose. In this case, the stacked layer is
preferably formed by sputtering at a gas temperature, for example, in the
range of 1 to 10mTorr. On the other hand, the ferromagnetic layer is
preferably formed by sputtering at a gas temperature of 30mTorr or more.
The perpendicular magnetic recording disk according to an embodiment of
this invention has at least the foregoing perpendicular magnetic recording
layer on the substrate and preferably has various functional layers in
addition thereto. In an embodiment of this invention, a soft magnetic layer
may be provided on the substrate for suitably adjusting a magnetic circuit
of the perpendicular magnetic recording layer. In an embodiment of this  11
invention, the soft magnetic layer is not particularly limited as long as
it is made of a magnetic body that exhibits soft magnetic properties and,
for example, preferably has as a magnetic property a coercive force of 0.01
to 80 oersteds and more preferably 0.01 to 50 oersteds. Further, it
preferably has as a magnetic property a saturation magnetic flux density
(Bs) of 500emu/cc to 1920emu/cc. As a material of the soft magnetic layer,
there can be cited an Fe-based material, a Co-based material, or the like.
For example, use can be made of an Fe-based soft magnetic material such as
FeTaC-based alloy, FeTaN-based alloy, FeNibased alloy, FeCoB-based alloy,
or FeCo-based alloy, a Co-based soft magnetic material such as CoTaZr-based
alloy or CoNbZr-based alloy, an FeCo-based alloy soft magnetic material, or
the like.       In an embodiment of this invention, the thickness of the
soft magnetic layer is preferably 30nm to 1000nm and desirably 50nm to
200nm. When it is less than 30nm, there is a case where it becomes
difficult to form a suitable magnetic circuit between magnetic head -
perpendicular magnetic recording layer - soft magnetic layer, while, when
it exceeds 1000nm, there is a case where the surface roughness increases.
Further, when it exceeds 1000nm, there is a case where the sputtering film
formation becomes difficult. In an embodiment of this invention, a
nonmagnetic underlayer is preferably provided on the substrate for
orienting the crystals of the perpendicular magnetic recording layer in a
direction perpendicular to the substrate surface. A Ti-based alloy is
preferable as a material of the nonmagnetic underlayer. The Ti-based alloy
well serves to control crystal axes (c-axes) of the CoPt-based
perpendicular magnetic recording layer having the hcp crystal structure to
be oriented in the perpendicular direction. As the nonmagnetic underlayer
made of the Ti-based alloy, there can be cited, other than Ti, a TiCr-based
alloy, a TiCo-based alloy, or the like. The thickness of such a nonmagnetic
underlayer is preferably 2nm to 30nm. When the thickness of the underlayer
is less than 2nm, the control of 



12 the crystal axes of the perpendicular magnetic recording layer is
insufficient, while, when it exceeds 30nm, the size of the magnetic crystal
grains forming the perpendicular magnetic recording layer is enlarged to
increase the noise, which is thus not preferable.       In an embodiment of
this invention, when magnetic field annealing is necessary for controlling
magnetic domains of the soft magnetic layer, the substrate is preferably
made of a glass. Since the glass substrate is excellent in heat resistance,
the heating temperature of the substrate can be set high. As the glass for
the substrate, there can be cited an aluminosilicate glass, an
aluminoborosilicate glass, a soda lime glass, or the like. Among them, the
aluminosilicate glass is preferable. Further, an amorphous glass or a
crystallized glass can be used. When the soft magnetic layer is amorphous,
the substrate is preferably made of the amorphous glass. When a chemically
strengthened glass is used, the rigidity is high, which is thus preferable.
In an embodiment of this invention, the surface roughness of the main
surface of the substrate is preferably 6nm or less in Rmax and 0.6nm or
less in Ra. By providing such a smooth surface, a gap between perpendicular
magnetic recording layer - soft magnetic layer can be set constant so that
it is possible to form a suitable magnetic circuit between magnetic head -
perpendicular magnetic recording layer - soft magnetic layer.        In an
embodiment of this invention, it is also preferable to form an adhesion
layer between the substrate and the soft magnetic layer. By forming the
adhesion layer, the adhesion between the substrate and the soft magnetic
layer can be improved and, therefore, it is possible to prevent stripping
of the soft magnetic layer. As a material of the adhesion layer, use can be
made of, for example, a Ti-containing material. In terms of practical use,
the thickness of the adhesion layer is preferably set to mm to 50nm. In the
perpendicular magnetic recording disk as per embodiment of this invention,
it is preferable to provide a protective layer on  13 the perpendicular
magnetic recording layer. By providing the protective layer, it is possible
to protect the surface of the magnetic disk from the magnetic recording
head flying over the magnetic disk. As a material of the protective layer,
for example, a carbon-based protective layer is preferable. The thickness
of the protective layer is preferably about 3nm to 7nm.        It is
preferable to further provide a lubricating layer on the protective layer.
By providing the lubricating layer, abrasion between the magnetic head and
the magnetic disk can be suppressed so that the durability of the magnetic
disk can be improved. As a material of the lubricating layer, for example,
PFPE (perfluoropolyether) is preferable. The thickness of the lubricating
layer is preferably about 0.5nm to 1.5nm. It is preferable that the soft
magnetic layer, the underlayer, the adhesion layer, and the protective
layer be also formed by the sputtering method. Particularly, the DC
magnetron sputtering method is preferable because uniform film formation is
enabled. It is also preferable to use the in-line type film forming method.
Further, the lubricating layer is preferably formed, for example, by the
dip coating method. 



Effect of the Invention        According to embodiments of this invention,
it is possible to provide a perpendicular magnetic recording disk that can
contribute to increasing the recording density by improving the SIN ratio
in high density recording without causing an increase in DC noise,
degradation in thermal stability, and degradation in recording capability,
and a method of manufacturing such a disk. Best Mode for Carrying Out the
Invention        Fig. 1 shows one embodiment of a perpendicular magnetic
recording disk according to this invention. According to Fig. 1, the
embodiment of the perpendicular magnetic recording disk 10 of this
invention has a structure in  14 which an adhesion layer 2, a soft magnetic
layer 3, a first underlayer 4a, a second underlayer 4b, a ferromagnetic
layer 5, a spacer layer 6, a stacked layer 7, a carbon-based protective
layer 8, and a lubricating layer 9 are provided on a glass substrate 1 in
the order named. Hereinbelow, this invention will be described in detail by
giving examples and comparative examples. (Example 1)         An amorphous
aluminosilica e 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 order, thereby obtaining a smooth nonmagnetic
glass substrate 1 in the form of a chemically strengthened glass disk. The
disk diameter was 65mm. The surface roughness of the main surface of the
glass substrate 1 was measured by an AFM (atomic force microscope) and it
was a smooth surface shape with Rmax being 4.8nm and Ra being 0.42nm. Rmax
and Ra follow Japanese Industrial Standard (JIS). 



Then, by the use of an evacuated film forming apparatus, an adhesion layer
2 and a soft magnetic layer 3 were formed in order on the obtained glass
substrate 1 in an Ar atmosphere according to the DC magnetron sputtering
method. In this event, the adhesion layer 2 was formed by the use of a Ti
target so as to be a Ti layer having a thickness of 20nm. On the other
hand, the soft magnetic layer 3 was formed by the use of a CoTaZr target so
as to be an amorphous CoTaZr (Co:88at%, Ta:7,Oat/0, Zr:4.9at%) layer having
a thickness of 200nm.         The substrate for a perpendicular magnetic
recording disk thus finished with the film formation up to the soft
magnetic layer 3 was removed from the film forming apparatus. The surface
roughness of the obtained perpendicular magnetic recording disk substrate
finished with the film formation up to the soft magnetic layer 3 was
measured by the AFM in the same manner and it was a smooth surface shape
with Rmax being 5.1nm and Ra being 0.48nm. Further,  15 the magnetic
properties of the substrate were measured by a VSM (Vibrating Sample
Magnetometer). As a result, the coercive force (Hc) was 2 Oe and the
saturation magnetic flux density was 810emu/cc, thus showing suitable soft
magnetic properties. Since underlayers and a perpendicular magnetic
recording layer are formed on the soft magnetic layer 3 having the smooth
surface shape with Rmax being 5.5nm or less and/or Ra being 0.5nm or less,
it is suitable for reducing noise. Then, by the use of an evacuated
single-wafer stationary facing type film forming apparatus, a first
underlayer 4a, a second underlayer 4b, a ferromagnetic layer 5, a spacer
layer 6, a stacked layer 7, and a carbon-based protective layer 8 were
formed in order on the obtained substrate in an Ar atmosphere according to
the DC magnetron sputtering method.        On the substrate finished with
the film formation up to the soft magnetic layer 3, at first, the first
underlayer 4a made of amorphous NiTa (Ni:45at%, Ta:55at%) and having a
thickness of lOnm and the second underlayer 4b made of Ru and having a
thickness of 30nm were formed. Herein, two layers each made of Ru may be
formed instead. That is, by forming the upper-layer side Ru at a gas
pressure of the Ar gas higher than that used when forming the lower-layer
side Ru, the crystal orientation can be improved.         Then, by the use
of a hard magnetic target made of CoCrPt and Si02, the ferromagnetic layer
5 having a hcp crystal structure was formed to a thickness of 15nm. The
composition of the target for forming the ferromagnetic layer 5 was
Co:62at%, Cr:1 0 at%, Pt:1 6at% , Si02:12at% , The ferromagnetic layer 5
was formed at a gas pressure of 30mTorr. Then, the spacer layer 6 made of
Pd and having a thickness of 0.9nm was formed. Further, the stacked layer 7
in the form of alternate-layered films of CoB and Pd was formed. CoB was
first formed into a film of 0.3nm and, thereon, Pd was formed into a film
of 0.9nm. Accordingly, the total thickness of the stacked layer 6 was
1.2nm.  16 



The stacked layer 7 was formed at a gas pressure of 10mTorr lower than that
used when forming the ferromagnetic layer 5.        Then, by the use of a
mixed gas containing 18vol% hydrogen in Ar and by sputtering a carbon
target, the carbon-based protective layer 8 made of hydrogenated carbon was
formed. The thickness of the carbon-based protective layer 8 was 4.5nm.
Since the film hardness is improved in the form of hydrogenated carbon, it
is possible to protect the perpendicular magnetic recording layer against
an impact from a magnetic head. Thereafter, a lubricating layer 9 made of
PFPE (perfluoropolyether) was formed by the dip coating method. The
thickness of the lubricating layer 9 was mm.         Through the
manufacturing process as described above, the perpendicular magnetic
recording disk of this example was obtained. The surface roughness of the
obtained perpendicular magnetic recording disk was measured by the AFM in
the same manner and it was a smooth surface shape with Rmax being 4.53nm
and Ra being 0.40nm. By forming the spacer layer 6 and the stacked layer 7,
the surface roughness Rmax and Ra are improved. The surface roughness is
further improved by increasing the number of cycles of CoB and Pd of the
stacked layer 7. This also provides a new effect that glide characteristics
and flying characteristics are improved so that the thickness of the
protective layer can be reduced.         The orientation of the
perpendicular magnetic recording layer (the ferromagnetic layer 5, the
spacer layer 6, and the stacked layer 7 will be collectively called the
perpendicular magnetic recording layer and the same shall apply
hereinafter) in the obtained perpendicular magnetic recording disk was
analyzed by the X-ray diffraction method and the c-axis of the hcp
(hexagonal close-packed) crystal structure was oriented in a direction
perpendicular to the disk surface. Further, the ferromagnetic layer 5 in
the obtained perpendicular magnetic recording disk was analyzed in detail
by the  17 use of a transmission electron microscope (TEM) and it had a
granular structure. Specifically, it was confirmed that grain boundary
portions made of Si oxide were formed between crystal grains of the hcp
crystal structure containing Co. It was found from this analysis that the
ferromagnetic layer 5 was made of the magnetic grains of about 6nm and the
boundary regions made of the nonmagnetic bodies of about 2nm. On the other
hand, the stacked layer 7 being the layer above the ferromagnetic layer 5
having the granular structure was analyzed in detail by the use of the TEM
and it did not have a granular structure. This represents that the stacked
layer 7 has a structure being substantially continuous magnetically. That
is, this represents that the magnetic grains of the ferromagnetic layer 5
of the granular structure are magnetically coupled through the stacked
layer 7 It is considered that this improves the thermal stability. (Example
2) 



A perpendicular magnetic recording disk was obtained in the same manner as
in Example 1 except that the stacked layer 7 in Example 1 was changed to
alternate-layered films of two cycles of CoB and Pd (Example 2). The total
thickness of the stacked layer 7 in the perpendicular magnetic recording
disk of this example was 2.4nm. The orientation of a perpendicular magnetic
recording layer in the obtained perpendicular magnetic recording disk was
analyzed by the X-ray diffraction method and, like in Example 1, the c-axis
of a hcp (hexagonal close-packed) crystal structure was oriented in a
direction perpendicular to the disk surface. Further, a ferromagnetic layer
5 in the obtained perpendicular magnetic recording disk was analyzed in
detail by the use of the transmission electron microscope (TEM) and it had
a granular structure like in Example 1. Specifically, it was confirmed that
grain boundary portions made of Si oxide were formed between crystal grains
of the hcp crystal structure containing Co.  18 (Example 3)        A
perpendicular magnetic recording disk was obtained in the same manner as in
Example 1 except that the stacked layer 7 in Example 1 was changed to
alternate-layered films of five cycles of CoB and Pd (Example 3). The total
thickness of the stacked layer 7 in the perpendicular magnetic recording
disk of this example was 6.0nm. The orientation of a perpendicular magnetic
recording layer in the obtained perpendicular magnetic recording disk was
analyzed by the X-ray diffraction method and, like in Example 1, the c-axis
of a hop (hexagonal close-packed) crystal structure was oriented in a
direction perpendicular to the disk surface. Further, a ferromagnetic layer
5 in the obtained perpendicular magnetic recording disk was analyzed in
detail by the use of the transmission electron microscope (TEM) and it had
a granular structure like in Example 1. Specifically, it was confirmed that
grain boundary portions made of Si oxide were formed between crystal grains
of the hop crystal structure containing Co, (Comparative Example 1)
In Example 1, by the use of a hard magnetic target made of CoCrPt and 5102
(Co:62at%, Cr:10at%, Pt:16at%, Si02:12at%), a ferromagnetic layer 5 was
formed to a thickness of 15nm. Then, on this ferromagnetic layer 5, a
carbon-based protective layer 8 and a lubricating layer 9 were formed
without forming a spacer layer 6 and a stacked layer 7. Except this point,
a perpendicular magnetic recording disk was obtained in the same manner as
in Example 1. The surface roughness of the obtained perpendicular magnetic
recording disk was measured by the AFM and it was a surface shape with Rmax
being 6.26nm and Ra being 0.48nm. This is rougher as compared with the
foregoing perpendicular magnetic recording disk formed with the spacer
layer 6 and the stacked layer 7. Further, the orientation of the
ferromagnetic layer 5 in the obtained perpendicular magnetic recording disk
was analyzed by the X-ray  



19 diffraction method and the c-axis of a hcp (hexagonal close-packed)
crystal structure was oriented in a direction perpendicular to the disk
surface. Further, the ferromagnetic layer 5 in the obtained perpendicular
magnetic recording disk was analyzed in detail by the use of the
transmission electron microscope (TEM) and it had a granular structure.
Specifically, it was confirmed that grain boundary portions made of Si
oxide were formed between crystal grains of the hop crystal structure
containing Co. (Comparative Example 2) In Example 1, by the use of a hard
magnetic target made of CoCrPt (Co:70ark, Cr:1 aat%, Pt:12at/0), a
ferromagnetic layer 5 was formed to a thickness of 15nm. Except this point,
a perpendicular magnetic recording disk was obtained in the same manner as
in Example 1. The orientation of a perpendicular magnetic recording layer
in the obtained perpendicular magnetic recording disk was analyzed by the
X-ray diffraction method and the c-axis of a hop (hexagonal close-packed)
crystal structure was oriented in a direction perpendicular to the disk
surface.        The static magnetic properties of the obtained
perpendicular magnetic recording disks of the examples and comparative
examples were evaluated by the use of the VSM and a polar Kerr loop tracer.
Fig. 3 shows MH curves measured by the VSM, wherein the thickness of the
stacked layer was changed by increasing n in the multilayer film [CoB/Pd]n.
Therefore, n=1 (Example 1), n=2 (Example 2), n=5 (Example 3), and n=0
(Comparative Example 1). On the other hand, Fig. 2 shows a magnetization
reversal nucleus producing magnetic field (Hn) and a saturation magnetic
field (Hs) in an MH curve. That is, the magnetization reversal nucleus
producing magnetic field (Hn) is a numerical value at a point on the axis
of abscissas corresponding to a point of intersection between a tangent of
a line showing saturation magnetization and a tangent of an oblique line.
On the other hand, the saturation magnetic field (Hs) is a  20 numerical
value at a point on the axis of abscissas corresponding to a point of
intersection of a hysteresis loop.         From Fig. 3, it is understood
that the magnetization reversal nucleus producing magnetic field (Hn)
increases while the saturation magnetic field (Hs) decreases due to the
increase in thickness of the stacked layer. This represents that the
thermal stability is improved and, simultaneously, recording is facilitated
by forming the perpendicular magnetic recording layer to have the layered
structure of the ferromagnetic layer 5, the spacer layer 6, and the stacked
layer 7. Note that Hn decreases at n=5, which is considered to be due to
reduction in Hc. Table 1 below collectively shows the evaluation results of
static magnetic properties and electromagnetic conversion properties of the
perpendicular magnetic recording disks of the respective examples and
comparative examples. Note that Table 1 shows absolute values of Hn values 



(minus values) that appear when applying an external magnetic field from a
plus saturation magnetic field to a minus direction. [Table 1] Table 1 Ho
(0e) Mr/Ms .Hn (0e) 01W (dB) 



/N(DC) (dB) S/N(MF) ' (dB) Example 13900 1.000 200 29.5 26.0 22.0 



Example 24010 1.000174034.6 28.1 22.2 Example 33780 1.0001600 49.3 32.0
23.5 



Comparative 2900 Example 1 1.000500 28.0 25.0 15.0 Comparative1.3882
Example 2 



0.989100,27.4 24.2 I 21.5          It is understood from Table 1 that,
according to the perpendicular magnetic recording disks of the examples of
this invention, the magnetization reversal nucleus producing magnetic field
(Hn) measured by the polar Kerr loop tracer increases by about 100 to 1600
oersteds (0e) as compared with the conventional type perpendicular magnetic
recording disk as shown in Patent  21 Document 2 wherein, like Comparative
Example 2, the perpendicular magnetic recording layer has the layered
structure of the ferromagnetic layer 5, the spacer layer 6, and the stacked
layer 7 but the magnetic recording layer does not contain Si or Si oxide.
Further, according to the measurement of the electromagnetic conversion
properties, the overwrite properties (ONV) are largely improved by 1.5 to
2.1dB in Example 1, 6.6 to 7.2dB in Example 2, and 21.3 to 21.9dB in
Example 3 as compared with Comparative Examples 1 and 2. Further, S/N(DC)
is largely improved by 1.0 to 1.8dB in Example 1, 3.1 to 3.9dB in Example
2, and 7.0 to 7.8dB in Example 3 as compared with Comparative Examples 1
and 2. Further, S/N(MF) is improved by 0.5dB in Example 1, 0.7dB in Example
2, and 2.0dB in Example 3 as compared with Comparative Example 2 and
improved by 7.0dB in Example 1, 7.2dB in Example 2, and 8.5dB in Example 3
as compared with Comparative Example 1. Moreover, as a result of measuring
error rates under the conditions where a recording density of 100Gbit/inch2
can be achieved, an improvement by about one to two digits was obtained.
This value represents that this invention can achieve a recording density
about two to three times larger than that of the conventional type mediums
like Comparative Examples 1 and 2. 



The electromagnetic conversion properties were measured in the following
manner. The measurement was carried out by the use of a R/VV analyzer
(DECO) and a magnetic head for a perpendicular magnetic recording system
having a SPT element on the recording side and a GMR element on the
reproducing side. In this event, the flying height of the magnetic head was
10nm. Measurement methods of S/N(DC), S/N(MF), and overwrite property (ONV)
were as follows.        Given that a maximum recording density (1F) was
960kfci, SIN(DC) and S/N(MF) were measured as S/N ratios. SIN(DC) was
calculated by recording 22 a carrier signal on the perpendicular magnetic
recording medium at 24F recording density (40kfci) and then observing
medium noise from a DC frequency range to a frequency range 12 times 1F by
the use of a spectrum analyzer. S/N(MF) was calculated by recording a
carrier signal on the perpendicular magnetic recording medium at 2F
recording density (480kfci) and then observing medium noise from the DC
frequency range to the frequency range 1.2 times 1F by the use of the
spectrum analyzer. Further, the overwrite property was derived by recording
a carrier signal on the perpendicular magnetic recording medium at 24F
(40kfci) recording density, then overwriting a carrier at IF recording
density (960kfci), and then measuring a carrier reproduction output at the
original 24F (40kfci) recording density and a remaining reproduction output
of a 12F carrier after the 1F overwriting.         Then, the thermal
stability was evaluated with respect to Example 3 (the medium having the
alternate-layered films of five cycles of CoB and Pd as the stacked layer
7) and Comparative Example 1 (the medium without the spacer layer 6 and the
stacked layer 7). The evaluation of the thermal stability was carried out
by recording a signal on the magnetic disk and then confirming a
reproduction output after the lapse of a predetermined time. Accordingly,
the thermal stability was evaluated by measuring the decay rate of the
signal with the lapse of time.         Fig. 4 is a diagram showing a
relationship between an elapsed time and a ratio to a reproduction output
immediately after recording, wherein the results of Example 3 according to
this invention are plotted by c and the results of Comparative Example 1
are plotted by.. As shown in Fig. 4, it is understood that the reproduction
output weakens as the time elapses in the case of the magnetic disk of
Comparative Example 1 being the medium without the spacer layer 6 and the
stacked layer 7. On the other hand, it is understood that the reproduction
output hardly weakens and thus the thermal stability is excellent in  



23 the case of the magnetic disk of Example 3 according to this invention.
Then, AHc was measured in order to examine as to what caused the
improvement in SN as described above. AHc is a difference between a value
of H at a half position of saturation magnetization Ms in a minor loop and
a value of H at a half position of saturation magnetization Ms in a
hysteresis curve. A value standardized by Hc is used as an index for
observing dispersion of coercive force of magnetic grains. By the use of
the value of AHc/Hc, it is possible to evaluate virtual grain uniformity
and magnetic uniformity. Herein, the minor loop represents a curve
describing a minor loop by causing a magnetic field to be zero before
saturation. In Fig. 5, (a) and Fig. 5, (b), average lines are adopted from
among curves repeatedly described a plurality of times.         Fig. 5, (a)
and Fig. 5, (b) respectively describe minor loops and hysteresis curves of
the magnetic disk according to Comparative Example 1 and the magnetic disk
according to Example 3 of this invention. AHc/Hc was observed with respect
to Comparative Example 1 shown in Fig. 5, (a) and it was 0.26. On the other
hand, AHc/Hc with respect to Example 3 shown in Fig. 5, (b) was reduced to
0.15 and it has been found that the dispersion of coercive force of the
magnetic grains can be reduced by forming the spacer layer 6 and the
stacked layer 7. It is considered that this caused the SN to be excellent.
Brief Description of the Drawings [Fig. 1] is an exemplary sectional view
of a perpendicular magnetic recording disk according to one embodiment of
this invention. [Fig. 2] is a diagram showing a magnetization reversal
nucleus producing magnetic field (Hn) and a saturation magnetic field (Hs)
in an MH curve. [Fig. 3] is a diagram of MH curves in examples and a
comparative example. 



[Fig. 4] is a diagram showing a relationship between an elapsed time and a
ratio  24 to a reproduction output immediately after recording. [Fig. 5] is
diagrams describing minor loops and hysteresis curves of a magnetic disk of
a comparative example and a magnetic disk according to this invention.
[Fig. 6] is a diagram showing a relationship between a coercive force Hc
and a SNR when increasing the amount of Si02. Description of Symbols 1glass
substrate 2adhesion layer 3soft magnetic layer 



4afirst underlayer 4bsecond underlayer 5ferromagnetic layer 6spacer layer
stacked layer 8carbon-based protective layer 9lubricating layer
10perpendicular magnetic recording disk  



25 CLAIMS:   1. A perpendicular magnetic recording disk for use in
perpendicular magnetic recording, said perpendicular magnetic recording
disk characterized by comprising a substrate, a soft magnetic layer of a
material selected from a group consisting of an Fe-based material and a
Co-based material on said substrate, a ferromagnetic layer on said soft
magnetic layer, having a granular structure, and comprising crystal grains
mainly made of cobalt (Co) and grain boundary portions mainly made of Si02,
and a layer, on said ferromagnetic layer, comprising a material selected
from a group consisting of CoCrPt, CoPt, CoPd, FePt, CoPt3, and CoPd3, the
content of Si02 in said ferromagnetic layer being 6at% or more. 2. A
perpendicular magnetic recording disk according to claim 1, characterized
in that a spacer layer selected from a group consisting of a Pd layer and a
Pt layer is provided between said ferromagnetic layer and said layer
comprising the material selected from the group consisting of CoCrPt, CoPt,
CoPd, FePt, CoPt3, and CoPd3.         A method of manufacturing a
perpendicular magnetic recording disk for use in perpendicular magnetic
recording and having at least a soft magnetic layer of a material selected
from a group consisting of an Fe-based material and a Co-based material on
a substrate and a magnetic recording layer on said soft magnetic layer,
said method characterized by,                 in a step of forming said
magnetic recording layer comprising, on said soft magnetic layer, a
ferromagnetic layer of a granular structure comprising Si02 between crystal
grains containing cobalt (Co), the content of the Si02 in said
ferromagnetic layer being 6atek or more, and a stacked layer,  26 on said
ferromagnetic layer, comprising a material selected from a group consisting
of CoCrPt, CoPt, CoPd, FePt, CoPt3, and CoPds, forming said ferromagnetic
layer on said soft magnetic layer by sputtering in an argon gas atmosphere
and then forming said stacked layer comprising a material selected from the
group consisting of CoCrPt, CoPt, CoPd, FePt, CoPt3, and CoPd3 by
sputtering in an argon gas atmosphere at a gas pressure lower than a gas
pressure used when forming said ferromagnetic layer, 



27 PERPENDICULAR MAGNETIC RECORDING DISK AND MANUFACTURING METHOD THEREOF
ABSTRACT        To provide a perpendicular magnetic recording disk that can
contribute to increasing the recording density by improving the S/N ratio
in high density recording without causing an increase in DC noise,
degradation in thermal stability, and degradation in recording capability,
and a method of manufacturing such a disk.        A magnetic disk 10 for
use in perpendicular magnetic recording has at least a magnetic recording
layer on a substrate 1. The magnetic recording layer is composed of a
ferromagnetic layer 5 of a granular structure containing silicon (Si) or an
oxide of silicon (Si) between crystal grains containing cobalt (Co), a
stacked layer 7 having a first layer containing cobalt (Co) or a Co alloy
and a second layer containing palladium (Pd) or platinum (Pt), and a spacer
layer 6 interposed between the ferromagnetic layer 5 and the stacked layer
7. After forming the ferromagnetic layer 5 on the substrate 1 by sputtering
in an argon gas atmosphere, the stacked layer 7 is formed by sputtering in
the argon gas atmosphere at a gas pressure lower than that used when
forming the ferromagnetic layer 5. Fig. 1 






