
PERPENDICULAR MAGNETIC RECORDING MEDIUM
 

BACKGROUND OF THE INVENTION
 

1. Field of the Invention 

The present invention relates to a perpendicular magnetic 

recording medium to be installed in any of various magnetic 

recording apparatuses. 

2. Description of the Related Art 

Since 1997, the recording density of hard disk drives (HODs) 

has increased rapidly at a rate of 60 to 100% per year. As a result 

of this remarkable growth, a limit is being approached for 

increasing the recording density with a hitherto used 

longitudinal recording. Due to this state of affairs, in recent 

years, a perpendicular recording method for which the recording 

density can be increased has come to receive attention, and 

research and development have been carried out with vigor. In 

2005, commercialization of HODs using the perpendicular 

recording method finally started for some models. 

A perpendicular magnetic recording medium comprises a 

magnetic recording layer made of a hard magnetic material, and a 

underlayer made of a soft magnetic material that fulfils a role 

of concentrating magnetic flux produced by a magnetic head used 

when recording onto the recording layer. Of these layers, the 
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PERPENDICULAR MAGNETIC RECORDING MEDIUM  BACKGROUND
OF THE INVENTION 1. Field of the Invention The present invention
relates to a perpendicular magnetic  recording medium to be installed in
any of various magnetic  recording apparatuses. 2. Description of the
Related Art Since 1997, the recording density of hard disk drives (HDDs)
has increased rapidly at a rate of 60 to 100% per year. As a result  of this
remarkable growth, a limit is being approached for  increasing the
recording density with a hitherto used  longitudinal recording. Due to this
state of affairs, in recent  years, a perpendicular recording method for
which the recording  density can be increased has come to receive
attention, and  research and development have been carried out with
vigor. In  2005, commercialization of HDDs using the perpendicular
recording method finally started for some models. A perpendicular
magnetic recording medium comprises a  magnetic recording layer made
of a hard magnetic material, and a  underlayer made of a soft magnetic
material that fulfils a role  of concentrating magnetic flux produced by a
magnetic head used  when recording onto the recording layer. Of these
layers, the  1 soft underlayer is sometimes regarded as part of the head,
and is  an essential component for maintaining good writeability for the  



soft underlayer is sometimes regarded as part of the head, and is 

an essential component for maintaining good writeability for the 

perpendicular magnetic recording medium. 

However, the following problems (1) to (3) for the soft 

underlayer have been identified. (1) Noise known as spike noise 

caused by magnetic domain walls formed in the soft underlayer 

arises. (2) Noise arises due to the mirror-image of the magnetic 

recording layer being transferred to the soft underlayer. (3) A 

stray magnetic field in the HOD or a magnetic field produced by 

magnetization written onto the magnetic recording layer forms a 

magnetic circuit with the soft underlayer via the head, whereby 

the recorded magnetization is lost. 

To suppress problem (1), hitherto there have been proposed, 

for example, a method in which a hard magnetic pinning layer is 

provided between the soft underlayer and the substrate, so as to 

orient the magnetization of the soft underlayer in one direction 

(see Japanese Patent Application Laid-open No. 7-129946), a 

method in which the magnetization is pinned by utilizing exchange 

coupling between the soft underlayer and an antiferromagnetic 

layer (see Japanese Patent Application Laid-open No. 6-103553), 

and a method in which there are made to be two soft underlayers 

and these are antiferromagnetically coupled together (see 

Japanese Patent Application Laid-open No. 2001-155321). 
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perpendicular magnetic recording medium. However, the following
problems (1) to (3) for the soft  underlayer have been identified. (1) Noise
known as spike noise  caused by magnetic domain walls formed in the
soft underlayer  arises. (2) Noise arises due to the mirror-image of the
magnetic  recording layer being transferred to the soft underlayer. (3) A
stray magnetic field in the HDD or a magnetic field produced by
magnetization written onto the magnetic recording layer forms a  magnetic
circuit with the soft underlayer via the head, whereby  the recorded
magnetization is lost. To suppress problem (1) , hitherto there have been
proposed,  for example, a method in which a hard magnetic pinning layer
is  provided between the soft underlayer and the substrate, so as to  orient
the magnetization of the soft underlayer in one direction  (see Japanese
Patent Application Laid-open No. 7-129946), a  method in which the
magnetization is pinned by utilizing exchange  coupling between the soft
underlayer and an antiferromagnetic  layer (see Japanese Patent
Application Laid-open No. 6-103553),  and a method in which there are
made to be two soft underlayers  and these are antiferromagnetically
coupled together (see  Japanese Patent Application Laid-open No.
2001-155321). 2 However, with pinning using a hard magnetic pinning
layer,  it is very difficult to orient the magnetization of the soft  underlayer
in a specified direction (e.g. an outward radial  



However, with pinning using a hard magnetic pinning layer, 

it is very difficult to orient the magnetization of the soft 

underlayer in a specified direction (e. g. an outward radial 

direction) over the whole disk, and it is known that in actual 

practice spike noise caused by magnetic domain walls arises at 

inside and outside diameters. Moreover, to obtain a sufficient 

exchange coupling field with the method using an 

antiferromagnetic layer, a complicated and costly method has had 

to be used, for example heat treatment taking from several minutes 

to several hours must be carried out after film formation, or a 

multilayer lamination of soft magnetic layers and 

anti ferromagnetic layers must be formed (see K. W. Wierman, et al. , 

IEEE Trans. Magn., vol. 37, no. 6, pp. 3956-3959, 2001). Withthe 

method in which there are made to be two soft magnetic layers and 

these are antiferromagnetically coupled together, a multidomain 

structure is formed in practice, and hence it has been found that 

spike noise arises, albeit only a little. 

Moreover, for problems (2) and (3), the current state of 

affairs is that these are regarded as problems, but thorough 

countermeasures have not been found. 

It is an object of the present invention to realize an 

improvement in medium performance by simul taneously resolving the 

following three problems for the soft underlayer: (1) the problem 

of noise known as spike noise caused by magnetic domain walls 
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direction) over the whole disk, and it is known that in actual  practice spike
noise caused by magnetic domain walls arises at  inside and outside
diameters. Moreover, to obtain a sufficient  exchange coupling field with
the method using an  antiferromagnetic layer, a complicated and costly
method has had  to be used, for example heat treatment taking from
several minutes  to several hours must be carried out after film formation,
or a  multilayer lamination of soft magnetic layers and  antiferromagnetic
layers must be formed (see K. IN. Wierman, et al. ,  IEEE Trans. Magn. ,
vol. 37, no. 6, pp. 3956-3959, 2001) . With the  method in which there are
made to be two soft magnetic layers and  these are antiferromagnetically
coupled together, a multidomain  structure is formed in practice, and
hence it has been found that  spike noise arises, albeit only a little.
Moreover, for problems (2) and (3), the current state of  affairs is that
these are regarded as problems, but thorough  countermeasures have not
been found. It is an object of the present invention to realize an
improvement in medium performance by simultaneously resolving the
following three problems for the soft underlayer: (1) the problem  of noise
known as spike noise caused by magnetic domain walls  3 arising, (2) the
problem of noise arising due to the mirror-image  of the magnetic
recording layer being transferred, and (3) the  problem of a stray magnetic
field in the HDD or a magnetic field  



arising, (2) the problem of noise arising due to the mirror-image 

of the magnetic recording layer being transferred, and (3) the 

problem of a stray magnetic field in the HOD or a magnetic field 

produced by magnetization written onto the magnetic recording 

layer forming a magnetic circuit with the soft underlayer via the 

head, whereby the recorded magnetization is lost. 

To resol ve these problems caused by the soft underlayer, the 

mechanisms thereof must be considered. 

For problem (1), it has been known from long ago that this 

is caused by magnetic domain walls formed in the soft underlayer, 

and various counter measures have been devised as described above. 

Problem (2) will be explained using a diagram. FIG. 1 

consists of schematic views of the magnetization (shown by arrows 

in the diagram) of a magnetic recording layer 106 and a soft 

underlayer 102 (only an upper portion thereof) of a conventional 

perpendicular magnetic recording medi um, FIG. 1A showing the case 

of low-density recording, and FIG. 18 showing the case of 

high-densi ty recording. Note that for simplicity, only the 

magnetic recording layer and the soft underlayer are shown in FIG. 

1, a nonmagnetic intermediate layer and so on being omitted. As 

shown in FIGS. 1A and 18, the magnetization of the magnetic 

recording layer 106 is transferred to the soft underlayer 102. As 

shown for the case of low recording density in FIG. lA, noise is 

4 

produced by magnetization written onto the magnetic recording  layer
forming a magnetic circuit with the soft underlayer via the  head, whereby
the recorded magnetization is lost. To resolve these problems caused by
the soft underlayer, the  mechanisms thereof must be considered. For
problem (1), it has been known from long ago that this  is caused by
magnetic domain walls formed in the soft underlayer,  and various counter
measures have been devised as described above. Problem (2) will be
explained using a diagram. FIG. 1  consists of schematic views of the
magnetization (shown by arrows  in the diagram) of a magnetic recording
layer 106 and a soft  underlayer 102 (only an upper portion thereof) of a
conventional  perpendicular magnetic recording medium, FIG. 1A showing
the case  of low-density recording, and FIG. 1B showing the case of
high-density recording. Note that for simplicity, only the  magnetic
recording layer and the soft underlayer are shown in FIG.  1, a
nonmagnetic intermediate layer and so on being omitted. As  shown in
FIGS. lA and 1B, the magnetization of the magnetic  recording layer 106 is
transferred to the soft underlayer 102. As  shown for the case of low
recording density in FIG. 1A, noise is  4 caused merely through the
magnetization of the soft underlayer  102 being oriented in a
perpendicular direction. In addition, the  recording resolution for the soft
underlayer 102 is low, and hence  for high-density recording as shown in
FIG. 1B, the direction of  



caused merely through the magnetization of the soft underlayer 

102 being oriented in a perpendicular direction. In addi tion, the 

recording resolution for the soft underlayer 102 is low, and hence 

for high-density recording as shown in FIG. lB, the direction of 

the magnetization of the magnetic recording layer 106 and the 

direction of the magnetization of the soft underlayer 102 do not 

necessarily coincide, and hence noise is further increased. This 

is the mechanism by which noise arises for problem (2). 

For problem (3), the problem that a stray magnetic field in 

the HOD is concentrated in the head is known as an antenna effect. 

Moreover, a phenomenon in which magnetic flux produced by the 

magnetic recording layer is concentrated in a return yoke (or a 

trailing shield) of the head and this returns and erases the 

recorded data on the medium on the write pole side is known to be 

one cause of pole erasure (PE) (see A. Chekanov, E. N. Abarra, and 

G. Choe, Digests of the INTERMAG 2005, CBll, p. 255 (2005)). For 

the antenna effect and PE, improvements have been attempted 

predominantly on the head side, but the current state of affairs 

is that methods for improvement on the recording medium side have 

hardly been proposed. 

All of these problems occur due to the magnetization of an 

upper portion of the soft underlayer (the portion near the 

magnetic recording layer) being oriented in a perpendicular 

direction relative to the surface of the nonmagnetic substrate. 
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the magnetization of the magnetic recording layer 106 and the  direction of
the magnetization of the soft underlayer 102 do not  necessarily coincide,
and hence noise is further increased. This  is the mechanism by which
noise arises for problem (2). For problem (3) , the problem that a stray
magnetic field in  the HDD is concentrated in the head is known as an
antenna effect.  Moreover, a phenomenon in which magnetic flux
produced by the  magnetic recording layer is concentrated in a return yoke
(or a  trailing shield) of the head and this returns and erases the  recorded
data on the medium on the write pole side is known to be  one cause of
pole erasure (PE) (see A. Chekanov, E. N. Abarra, and  G. Choe, Digests
of the INTERMAG 2005, CB11, p. 255 (2005) ) . For  the antenna effect
and PE, improvements have been attempted  predominantly on the head
side, but the current state of affairs  is that methods for improvement on
the recording medium side have  hardly been proposed. All of these
problems occur due to the magnetization of an  upper portion of the soft
underlayer (the portion near the  magnetic recording layer) being oriented
in a perpendicular  direction relative to the surface of the nonmagnetic
substrate.  5 It is thought that this phenomenon can be resolved by
strongly  orienting the magnetization of the soft underlayer in-plane
(parallel to the surface of the nonmagnetic substrate). However,  if the
magnetization is strongly oriented in-plane, then the  



It is thought that this phenomenon can be resolved by strongly 

orienting the magnetization of the soft underlayer in-plane 

(parallel to the surface of the nonmagnetic substrate). However, 

if the magnetization is strongly oriented in-plane, then the 

effect of the soft underlayer drawing in the recording magnetic 

field produced by the head is weakened, and hence writeability 

gets worse. It is thus thought that the state of "acting as a soft 

underlayer during recording, but the magnetization of an upper 

portion of the soft underlayer appearing to disappear during 

reading" is ideal, but such a structure has not previously been 

realized. 

SUMMARY OF THE INVENTION 

In view of the above state of affairs, the present inventors 

carried out assiduous studies, and as a result accomplished the 

present invention upon resolving all of the above three problems 

for the soft underlayer by providing a hard magnetic pinning 

layer having anisotropy perpendicular to the surface of the 

nonmagnetic substrate on an upper portion of the soft magnetic 

layer (the opposi te side of the soft magnetic layer to the 

nonmagnetic substrate) with a nonmagnetic coupling layer 

therebetween, and antiferromagnetically coupling the hard 

magnetic pinning layer and the soft underlayer together. 

A perpendicular magnetic recording medium of the present 

invention has a nonmagnetic substrate, a soft underlayer, a 
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effect of the soft underlayer drawing in the recording magnetic  field
produced by the head is weakened, and hence writeability  gets worse. It
is thus thought that the state of "acting as a soft  underlayer during
recording, but the magnetization of an upper  portion of the soft underlayer
appearing to disappear during  reading" is ideal, but such a structure has
not previously been  realized. SUMMARY OF THE INVENTION In view of
the above state of affairs, the present inventors  carried out assiduous
studies, and as a result accomplished the  present invention upon
resolving all of the above three problems  for the soft underlayer by
providing a hard magnetic pinning  layer having anisotropy perpendicular
to the surface of the  nonmagnetic substrate on an upper portion of the
soft magnetic  layer (the opposite side of the soft magnetic layer to the
nonmagnetic substrate) with a nonmagnetic coupling layer  therebetween,
and antiferromagnetically coupling the hard  magnetic pinning layer and
the soft underlayer together. A perpendicular magnetic recording medium
of the present  invention has a nonmagnetic substrate, a soft underlayer, a
6 nonmagnetic coupling layer, a hard magnetic pinning layer, a
nonmagnetic intermediate layer, and a magnetic recording layer in  this
order, wherein the soft underlayer and the hard magnetic  pinning layer
are ant iferromagnetically coupled together at  



nonmagnetic coupling layer, a hard magnetic pinning layer, a 

nonmagnetic intermediate layer, and a magnetic recording layer in 

this order, wherein the soft underlayer and the hard magnetic 

pinning layer are antiferromagnetically coupled together at 

ordinary temperature via the nonmagnetic coupling layer, and an 

axis of easy magnetization of the hard magnetic pinning layer is 

perpendicular to a surface of the nonmagnetic substrate. Here, 

the soft underlayer may have uniaxial magnetic anisotropy that is 

parallel to the surface of the nonmagnetic substrate and in a 

radial direction. Moreover, the nonmagnetic coupling layer may 

be formed from a metal selected from the group consisting of V, 

Cr, Cu, Nb, Mo, Ru, Rh, Ta, W, Re and Ir, or an alloy having such 

a metal as a main component thereof. Preferably, the nonmagnetic 

coupling layer has a thickness of not more than 2 nm. Meanwhile, 

the hard magnetic pinning layer may be formed from a material 

having Co as a main component thereof and further containing at 

least one selected from the group consisting of Cr and Pt, or a 

material having a granular structure in which magnetic crystal 

grains are dispersed in a nonmagnetic oxide or nonmagnetic nitride 

matrix. The hard magnetic pinning layer preferably has a thickness 

of not more than 10 nm, and/or a uniaxial anisotropy constant of 

not less than 5 x 10 5 erg/cm3 (5 x 10 4 J/m3 
) , and a lower coercivity 

than the magnetic recording layer. Furthermore, the magnetic 

recording layer preferably comprises a material having a granular 

structure in which magnetic crystal grains are dispersed in a 
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ordinary temperature via the nonmagnetic coupling layer, and an  axis of
easy magnetization of the hard magnetic pinning layer is  perpendicular to
a surface of the nonmagnetic substrate. Here,  the soft underlayer may
have uniaxial magnetic anisotropy that is  parallel to the surface of the
nonmagnetic substrate and in a  radial direction. Moreover, the
nonmagnetic coupling layer may  be formed from a metal selected from
the group consisting of V,  Cr, Cu, Nb, Mo, Ru, Rh, Ta, W, Re and Ir, or an
alloy having such  a metal as a main component thereof. Preferably, the
nonmagnetic  coupling layer has a thickness of not more than 2 nm.
Meanwhile,  the hard magnetic pinning layer may be formed from a
material  having Co as a main component thereof and further containing at
least one selected from the group consisting of Cr and Pt, or a  material
having a granular structure in which magnetic crystal  grains are dispersed
in a nonmagnetic oxide or nonmagnetic nitride  matrix. The hard magnetic
pinning layer preferably has a thickness  of not more than 10 nm, and/or a
uniaxial anisotropy constant of  not less than 5 x 10' erg/cm3 (5 x 109
J/m3) , and a lower coercivity  than the magnetic recording layer.
Furthermore, the magnetic  recording layer preferably comprises a
material having a granular  structure in which magnetic crystal grains are
dispersed in a  7 nonmagnetic oxide or nonmagnetic nitride matrix. As
described above, by providing a hard magnetic pinning  layer having
anisotropy perpendicular to a surface of a  



nonmagnetic oxide or nonmagnetic nitride matrix. 

As described above, by providing a hard magnetic pinning 

layer having anisotropy perpendicular to a surface of a 

nonmagnetic substrate on an upper portion of a soft underlayer 

(the opposite side of the soft underlayer to the nonmagnetic 

substrate) with a nonmagnetic coupling layer therebetween, and 

antiferromagnetically coupling the hard magnetic pinning layer 

and the soft underlayer together, there can be simultaneously 

resolved the three problems for the soft underlayer: (1) the 

problem of noise known as spike noise caused by magnetic domain 

walls arising, (2) the problem of noise arising due to the 

mirror-image of the magnetic recording layer being transferred, 

and (3) the problem of a stray magnetic field in the HDD or a magnetic 

field produced by magnetization wri tten onto the magnetic 

recording layer forming a magnetic circuit with the soft 

underlayer via the head, whereby the recorded magnetization is 

lost. As a result, an improvement in recording density due to a 

reduction in medium noise and an improvement in SNR (signal to noise 

ratio) can be realized, and moreover the reliability of the medium 

can be improved. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 consists of schematic views showing the magnetization 

of a magnetic recording layer and a soft underlayer of a 

conventional perpendicular magnetic recording medium, FIG. 1A 

8
 

nonmagnetic substrate on an upper portion of a soft underlayer  (the
opposite side of the soft underlayer to the nonmagnetic  substrate) with a
nonmagnetic coupling layer therebetween, and  antiferromagnetically
coupling the hard magnetic pinning layer  and the soft underlayer
together, there can be simultaneously  resolved the three problems for the
soft underlayer: (1) the  problem of noise known as spike noise caused by
magnetic domain  walls arising, (2) the problem of noise arising due to the
mirror-image of the magnetic recording layer being transferred,  and (3)
the problem of a stray magnetic field in the HDD or a magnetic  field
produced by magnetization written onto the magnetic  recording layer
forming a magnetic circuit with the soft  underlayer via the head, whereby
the recorded magnetization is  lost. As a result, an improvement in
recording density due to a  reduction in medium noise and an
improvement in SNR (signal to noise  ratio) can be realized, and moreover
the reliability of the medium  can be improved. BRIEF DESCRIPTION OF
THE DRAWINGS FIG. 1 consists of schematic views showing the
magnetization  of a magnetic recording layer and a soft underlayer of a
conventional perpendicular magnetic recording medium, FIG. lA  8
showing the case of low-density recording, and FIG. 1B showing the  case
of high-density recording; FIG. 2 is a schematic sectional view of a
perpendicular  



showing the case of low-density recording, and FIG. IB showing the 

case of high-density recording; 

FIG. 2 is a schematic sectional view of a perpendicular 

two-layer magnetic recording medium according to the present 

invention; 

FIG. 3 consists of schematic views showing the 

magnetization in the perpendicular two-layer magnetic recording 

medium according to the present invention when writing and when 

reading, FIG. 3A showing the case of writing, and FIG. 3B showing 

the case of reading; 

FIG. 4 shows GSA images of samples according to Example 1 

and Comparative Examples 1 and 2, FIG. 4A showing the GSA image 

of the sample of Example 1, FIG. 4B showing the GSA image of the 

sample of Comparative Example 1, and FIG. 4C showing the GSA image 

of the sample of Comparative Example 2; 

FIG. 5 shows Kerr loops for a perpendicular direction for 

soft underlayer property evaluation samples, FIG. 5A showing the 

Kerr loop for the sample of Example 1, and FIG. 5B showing the Kerr 

loop for the sample of Comparative Example 1; and 

FIG. 6 shows signal outputs for the perpendicular magnetic 

recording media of Example 1 and Comparative Examples 1 and 2, 

FIG. 6A showing the signal output for the perpendicular magnetic 

recording medium of Example 1, FIG. 6B showing the signal output 

for the perpendicular magnetic recording medium of Comparative 

Example 1, and FIG. 6C showing the signal output for the 

perpendicular magnetic recording medium of Comparative Example 
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two-layer magnetic recording medium according to the present  invention;
FIG. 3 consists of schematic views showing the  magnetization in the
perpendicular two-layer magnetic recording  medium according to the
present invention when writing and when  reading, FIG. 3A showing the
case of writing, and FIG. 3B showing  the case of reading; FIG. 4 shows
OSA images of samples according to Example 1  and Comparative
Examples 1 and 2, FIG. 4A showing the OSA image  of the sample of
Example 1, FIG. 43 showing the OSA image of the  sample of
Comparative Example 1, and FIG. 4C showing the OSA image  of the
sample of Comparative Example 2; FIG. 5 shows Kerr loops for a
perpendicular direction for  soft underlayer property evaluation samples,
FIG. 5A showing the  Kerr loop for the sample of Example 1, and FIG. 5B
showing the Kerr  loop for the sample of Comparative Example 1; and
FIG. 6 shows signal outputs for the perpendicular magnetic  recording
media of Example 1 and Comparative Examples 1 and 2,  FIG. 6A
showing the signal output for the perpendicular magnetic  recording
medium of Example 1, FIG. 6B showing the signal output  for the
perpendicular magnetic recording medium of Comparative  Example 1,
and FIG. 6C showing the signal output for the  perpendicular magnetic
recording medium of Comparative Example  9 2.  



2. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

FIG. 2 is a schematic sectional view of a perpendicular 

two-layer magnetic recording medium according to the present 

invention. Here, "perpendicular two-layer magnetic recording 

medium u means a perpendicular magnetic recording medium having a 

magnetic recording layer made of a hard magnetic material and a 

soft underlayer. As shown in FIG. 2, the perpendicular two-layer 

magnetic recording medium according to the present invention has 

a nonmagnetic substrate 1, and a soft underlayer 2, a nonmagnetic 

coupling layer 3, a hard magnetic pinning layer 4, a nonmagnetic 

intermediate layer 5, a magnetic recording layer 6, a protective 

film 7, and a liquid lubricant layer 8 provided in this order on 

the nonmagnetic substrate 1. The protective film 7 and the liquid 

lubricant layer 8 are layers that are optionally provided as 

desired, but are highly preferably provided in practice. 

Moreover, a soft magnetic seed layer may be provided between the 

soft magnetic backing layer 2 and the nonmagnetic coupling layer 

3 as appropriate. 

As the nonmagnetic substrate 1, there can be used any of 

various substrates having smooth surfaces known in the technical 

field in question. For example, an NiP-plated Al alloy, 

strengthened glass, crystallized glass or the like as used for 

magnetic recording media may be used for the nonmagnetic 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS FIG. 2 is a
schematic sectional view of a perpendicular  two-layer magnetic recording
medium according to the present  invention. Here, "perpendicular
two-layer magnetic recording  medium" means a perpendicular magnetic
recording medium having a  magnetic recording layer made of a hard
magnetic material and a  soft underlayer. As shown in FIG. 2, the
perpendicular two-layer  magnetic recording medium according to the
present invention has  a nonmagnetic substrate 1, and a soft underlayer 2,
a nonmagnetic  coupling layer 3, a hard magnetic pinning layer 4, a
nonmagnetic  intermediate layer 5, a magnetic recording layer 6, a
protective  film 7, and a liquid lubricant layer 8 provided in this order on
the nonmagnetic substrate 1. The protective film 7 and the liquid  lubricant
layer 8 are layers that are optionally provided as  desired, but are highly
preferably provided in practice.  Moreover, a soft magnetic seed layer may
be provided between the  soft magnetic backing layer 2 and the
nonmagnetic coupling layer  3 as appropriate. As the nonmagnetic
substrate 1, there can be used any of  various substrates having smooth
surfaces known in the technical  field in question. For example, an
NiP-plated Al alloy,  strengthened glass, crystallized glass or the like as
used for  magnetic recording media may be used for the nonmagnetic  10
substrate 1. 



substrate 1. 

As the soft underlayer 2, there can be used a crystalline 

material such as an FeTaC or Sendust (FeSiAl) alloy, or an 

amorphous material such as a Co alloy such as CoZrNb or CoTaZr. 

The optimum value of the thickness of the soft underlayer 2 varies 

depending on the structure and properties of a magnetic head used 

in recording, but this thickness is preferably approximately in 

a range of from 10 to 500 nm In view of productivity. 

Moreover, the soft underlayer 2 preferably has uniaxial 

magnetic anisotropy that is parallel to the surface of the 

nonmagnetic substrate 1 (i. e. the substrate plane) and in a radial 

direction. The uniaxial magnetic anisotropy of the soft 

underlayer can, for example, be oriented parallel to the surface 

of the nonmagnetic substrate 1 (i.e. the substrate plane) and in 

a radial direction by using a leakage magnetic field from the 

magnetron when carrying out the film formation using magnetron 

sputtering (see Japanese Patent Application Laid-open No. 

2002-170216). By bestowing such uniaxial magnetic anisotropy, 

noise produced by the soft underlayer 2 can be further reduced. 

It is well known that in the case that the magnetization of the 

soft underlayer 2 has such uniaxial magnetic anisotropy that is 

parallel to the substrate plane and in a radial direction, noise 

caused by the soft underlayer 2 (SUL noise) is reduced and hence 

the SNR for the medium is improved (see, for example, Y. Nakatani 
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As the soft underlayer 2, there can be used a crystalline  material such as
an FeTaC or Sendust (FeSiAl) alloy, or an  amorphous material such as a
Co alloy such as CoZrNb or CoTaZr.  The optimum value of the thickness
of the soft underlayer 2 varies  depending on the structure and properties
of a magnetic head used  in recording, but this thickness is preferably
approximately in  a range of from 10 to 500 nm in view of productivity.
Moreover, the soft underlayer 2 preferably has uniaxial  magnetic
anisotropy that is parallel to the surface of the  nonmagnetic substrate 1
(i.e. the substrate plane) and in a radial  direction. The uniaxial magnetic
anisotropy of the soft  underlayer can, for example, be oriented parallel to
the surface  of the nonmagnetic substrate 1 (i.e. the substrate plane) and
in  a radial direction by using a leakage magnetic field from the
magnetron when carrying out the film formation using magnetron
sputtering (see Japanese Patent Application Laid-open No.  2002-170216)
. By bestowing such uniaxial magnetic anisotropy,  noise produced by the
soft underlayer 2 can be further reduced.  It is well known that in the case
that the magnetization of the  soft underlayer 2 has such uniaxial magnetic
anisotropy that is  parallel to the substrate plane and in a radial direction,
noise  caused by the soft underlayer 2 (SUL noise) is reduced and hence
the SNR for the medium is improved (see, for example, Y. Nakatani  11 et
al. , J. Appl. Phys. 93, p. 7744 (2003) ) . The present invention  



et al., J. Appl. Phys. 93, p. 7744 (2003)). The present invention 

is no exception, it being possible to reduce SUL noise and thus 

further improve the SNR for the medium by orienting the magnetic 

anisotropy of the soft underlayer 2 as above. 

In the case of providing a soft magnetic seed layer on the 

soft underlayer 2, the seed layer may be formed using a permalloy 

material such as NiFeAl, NiFeSi, NiFeNb, NiFeB, NiFeNbB, NiFeMo 

or NiFeCr, or a material in which Co is further added to a permalloy 

material such as CoNiFe, CoNiFeSi, CoNiFeB or CoNiFeNb. The 

thickness of the soft magnetic seed layer is preferably adjusted 

such that the magnetic properties and R/W (read write) 

performances of the magnetic recording layer 6 are optimum, this 

thickness generally preferably being approximately in a range of 

from 3 to 50 nm for balance between medium properties and 

productivity. 

The nonmagnetic coupling layer 3 is a layer for increasing 

the antiferromagnetic coupling energy between the soft underlayer 

2 and the hard magnetic pinning layer 4, so as to facilitate the 

anti ferromagnetic coupling between the soft underlayer 2 and the 

hard magnetic pinning layer 4, and also maintaining good crystal 

orientation of the hard magnetic pinning layer 4, so as to keep 

the axis of easy magnetization of the material of the hard 

magnetic pinning layer 4 perpendicular to the surface of the 

nonmagnetic substrate 1. The nonmagnetic coupl ing layer 3 may be 
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is no exception, it being possible to reduce SUL noise and thus  further
improve the SNR for the medium by orienting the magnetic  anisotropy of
the soft underlayer 2 as above. In the case of providing a soft magnetic
seed layer on the  soft underlayer 2, the seed layer may be formed using
a permalloy  material such as NiFeAl, NiFeSi, NiFeNb, NiFeB, NiFeNbB,
NiFeMo  or NiFeCr, or a material in which Co is further added to a
permalloy  material such as CoNiFe, CoNiFeSi, CoNiFeB or CoNiFeNb.
The  thickness of the soft magnetic seed layer is preferably adjusted  such
that the magnetic properties and R/W (read write)  performances of the
magnetic recording layer 6 are optimum, this  thickness generally
preferably being approximately in a range of  from 3 to 50 nm for balance
between medium properties and  productivity. The nonmagnetic coupling
layer 3 is a layer for increasing  the antiferromagnetic coupling energy
between the soft underlayer  2 and the hard magnetic pinning layer 4, so
as to facilitate the  antiferromagnetic coupling between the soft underlayer
2 and the  hard magnetic pinning layer 4, and also maintaining good
crystal  orientation of the hard magnetic pinning layer 4, so as to keep  the
axis of easy magnetization of the material of the hard  magnetic pinning
layer 4 perpendicular to the surface of the  nonmagnetic substrate 1. The
nonmagnetic coupling layer 3 may be  12 formed using a metal selected
from the group consisting of V, Cr,  



formed using a metal selected from the group consisting of V, Cr, 

Cu, Nb, Mo, Ru, Rh, Ta, W, Re and Ir, or an alloy having such a 

metal as a main component thereof. Moreover, to achieve both of 

the above two functions of the nonmagnetic coupling layer 3, the 

thickness of the nonmagnetic coupling layer 3 is preferably not 

more than 2 nm, more preferably from 0.4 to 1.2 nm. 

From the viewpoint of maintaining good crystal orientation 

of the hard magnetic pinning layer 4 and suitably orienting the 

axis of easy magnetization thereof perpendicularly, it lS 

preferable to further do the following. That is, in the case of 

forming the nonmagnetic coupling layer 3 using V, Cr, Nb, Mo, Ta 

or W which has a body centered cubic (bcc) structure, it is 

preferable to make the thickness of the nonmagnetic coupling layer 

3 be not more than 1 nm, more preferably from 0.4 to 0.8 nm. This 

is because in the case of using a material having a bcc structure, 

the lower the thickness, the more easily an epi taxial relationship 

is achieved between the optional seed layer (which has a face 

centered cubic (fcc) structure) and the hard magnetic pinning 

layer 4 (which has a hexagonal closest packed (hcp) structure), 

and hence the easier it is to suitably orient the hard magnetic 

pinning layer 4 perpendicularly. Moreover, from the viewpoint of 

obtaining a large antiferromagnetic coupling energy, this 

thickness is preferably approximately not more than 1 nm. On the 

other hand, for Cu, Ru, Rh, Re or Ir which has an fcc or hcp structure, 

if the above thickness is not more than 2 nm, preferably from 0.4 
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Cu, Nb, Mo, Ru, Rh, Ta, W, Re and Ir, or an alloy having such a  metal as
a main component thereof. Moreover, to achieve both of  the above two
functions of the nonmagnetic coupling layer 3, the  thickness of the
nonmagnetic coupling layer 3 is preferably not  more than 2 nm, more
preferably from 0.4 to 1.2 nm. From the viewpoint of maintaining good
crystal orientation  of the hard magnetic pinning layer 4 and suitably
orienting the  axis of easy magnetization thereof perpendicularly, it is
preferable to further do the following. That is, in the case of  forming the
nonmagnetic coupling layer 3 using V, Cr, Nb, Mo, Ta  or W which has a
body centered cubic (bcc) structure, it is  preferable to make the thickness
of the nonmagnetic coupling layer  3 be not more than 1 nm, more
preferably from 0.4 to 0.8 nm. This  is because in the case of using a
material having a bcc structure,  the lower the thickness, the more easily
an epitaxial relationship  is achieved between the optional seed layer
(which has a face  centered cubic (fcc) structure) and the hard magnetic
pinning  layer 4 (which has a hexagonal closest packed (hcp) structure),
and hence the easier it is to suitably orient the hard magnetic  pinning
layer 4 perpendicularly. Moreover, from the viewpoint of  obtaining a large
antiferromagnetic coupling energy, this  thickness is preferably
approximately not more than 1 nm. On the  other hand, for Cu, Ru, Rh, Re
or Ir which has an fcc or hcp structure,  if the above thickness is not more
than 2 nm, preferably from 0.4  13 



to 1.2 nm, then good crystal orientation of the hard magnetic 

pinning layer 4 can be maintained, and the axis of easy 

magnetization thereof can be suitably oriented perpendicularly. 

The hard magnetic pinning layer 4 is a layer for producing 

antiferromagnetic coupling with the soft underlayer 2 via the 

nonmagnetic coupling layer 3 in a temperature range of usage of 

an HOD (e. g. -20 to 80 0 C), so as to reduce noise originating from 

the soft underlayer 2. The hard magnetic pinning layer 4 comprises 

a material having Co as a main component thereof and further 

containing at least one selected from the group consisting of Cr 

and Pt, preferably a ferromagnetic material of an alloy comprising 

at least Co and Pt. Moreover, the material from which the hard 

magnetic pinning layer 4 is formed must have an hcp structure, 

where the c axis of the hcp structure is oriented perpendicular 

to the surface of the nonmagnetic substrate 1, i.e. the axis of 

easy magnetization is oriented perpendicular to the surface of 

the nonmagnetic substrate 1. The hard magnetic pinning layer 4 

may be a single layer film comprising an alloy material such as 

CoPt, CoCrpt, CoCrPtB or CoCrptTa, or a multilayer laminated film 

such as [Co/PtJn or [Co/PdJn. By using such a material, the 

anisotropy of the hard magnetic pinning layer 4 in the 

perpendicular direction can be increased, and hence noise caused 

by the soft underlayer 2 can be effectively reduced. 

Alternatively, the hard magnetic pinning layer 4 may be 

14 

to 1.2 nm, then good crystal orientation of the hard magnetic  pinning layer
4 can be maintained, and the axis of easy  magnetization thereof can be
suitably oriented perpendicularly. The hard magnetic pinning layer 4 is a
layer for producing  antiferromagnetic coupling with the soft underlayer 2
via the  nonmagnetic coupling layer 3 in a temperature range of usage of
an HDD (e.g. -20 to 80 C), so as to reduce noise originating from  the soft
underlayer 2. The hard magnetic pinning layer 4 comprises  a material
having Co as a main component thereof and further  containing at least
one selected from the group consisting of Cr  and Pt, preferably a
ferromagnetic material of an alloy comprising  at least Co and Pt.
Moreover, the material from which the hard  magnetic pinning layer 4 is
formed must have an hcp structure,  where the c axis of the hcp structure
is oriented perpendicular  to the surface of the nonmagnetic substrate 1,
i.e. the axis of  easy magnetization is oriented perpendicular to the surface
of  the nonmagnetic substrate 1. The hard magnetic pinning layer 4  may
be a single layer film comprising an alloy material such as  CoPt, CoCrPt,
CoCrPtB or CoCrPtTa, or a multilayer laminated film  such as [Co/Pt]" or
[Co/Pd],,. By using such a material, the  anisotropy of the hard magnetic
pinning layer 4 in the  perpendicular direction can be increased, and
hence noise caused  by the soft underlayer 2 can be effectively reduced.
Alternatively, the hard magnetic pinning layer 4 may be  14 



preferably formed using a material having a granular structure in 

which magnetic crystal grains are dispersed in a nonmagnetic 

oxide or nonmagnetic nitride matrix. Materials having a granular 

structure that can be used include CoPt-Si02, CoCrPtO, CoCrPt-Si02, 

CoCrPt-A1203, CoPt-AlN, and CoCrPt-Si 3N4 , although there is no 

limi tat ion thereto. In the present invention, by using a material 

having a granular structure, the recording resolution of the hard 

magnetic pinning layer 4 can be increased, and hence noise 

produced by the soft underlayer 2 can be yet more effectively 

reduced. Moreover, a material having a granular structure is also 

useful in terms of acting as a template for determining the crystal 

grain size of the materials of the nonmagnetic intermediate layer 

5 and the magnetic recording layer 6 formed thereon. 

Moreover, from the viewpoint of reducing noise caused by the 

soft underlayer 2 while suppressing a decrease in writeability, 

the hard magnetic pinning layer 4 preferably has a thickness of 

not more than 10 nm, more preferably from 3 to 8 nm. 

Furthermore, the hard magnetic pinning layer 4 preferably 

has a uniaxial anisotropy constant of not less than 5 x 10 5 erg I cm3 

(5x10 4 J/m3 
) so that the hard magnetic pinning layer 4 functions 

effectively. By having such a uniaxial anisotropy constant, the 

hard magnetic pinning layer 4 can be kept as being hard magnetic, 

and hence the magnetization can be suitably oriented 
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preferably formed using a material having a granular structure in  which
magnetic crystal grains are dispersed in a nonmagnetic  oxide or
nonmagnetic nitride matrix. Materials having a granular  structure that can
be used include CoPt-SiO2, CoCrPtO, CoCrPt-Si02,  CoCrPt-Al203,
CoPt-A1N, and CoCrPt-Si3N4, although there is no  limitation thereto. In
the present invention, by using a material  having a granular structure, the
recording resolution of the hard  magnetic pinning layer 4 can be
increased, and hence noise  produced by the soft underlayer 2 can be yet
more effectively  reduced. Moreover, a material having a granular
structure is also  useful in terms of acting as a template for determining
the crystal  grain size of the materials of the nonmagnetic intermediate
layer  5 and the magnetic recording layer 6 formed thereon. Moreover,
from the viewpoint of reducing noise caused by the  soft underlayer 2
while suppressing a decrease in writeability,  the hard magnetic pinning
layer 4 preferably has a thickness of  not more than 10 nm, more
preferably from 3 to 8 nm. Furthermore, the hard magnetic pinning layer 4
preferably  has a uniaxial anisotropy constant of not less than 5 x 10'
erg/cm3  (5x104 J/m3) so that the hard magnetic pinning layer 4 functions
effectively. By having such a uniaxial anisotropy constant, the  hard
magnetic pinning layer 4 can be kept as being hard magnetic,  and hence
the magnetization can be suitably oriented  15 perpendicular to the
surface of the nonmagnetic substrate 1  



perpendicular to the surface of the nonmagnetic substrate 1 

without being affected by a demagnetization field. 

Moreover, the coercivity of the hard magnetic pinning layer 

4 is preferably lower than the coercivi ty of the magnetic 

recording layer 6 so that the hard magnetic pinning layer 

functions effectively. By setting the coercivi ty in this way, the 

hard magnetic pinning layer 4 fulfils a function of aiding 

recording to the magnetic recording layer 6, and hence the 

writeability for the magnetic recording medium of the present 

invention can be suitably maintained. 

The nonmagnetic intermediate layer 5 is a layer for 

maintaining the magnetic properties and R/W performances of the 

magnetic recording layer 6. The nonmagnetic intermediate layer 

5 may be formed using a metal selected from the group consisting 

of Ru, Pt, Ir, Re and Rh, or an Ru-based alloy in which Ru is 

added to one material or a plurality of materials selected from 

the group consisting of C, Cu, W, Mo, Cr, Ir, Pt, Re, Rh, Ta and 

V, although there is no limitation thereto. To realize 

high-density recording, the thickness of the nonmagnetic 

intermediate layer 5 must be made as low as possible within a range 

such as to not cause a deterioration in the magnetic properties 

or R/W performances of the magnetic recording layer 6. 

Specifically, the thickness of the nonmagnetic intermediate layer 

5 is preferably in a range from 1 to 20 nm. 
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without being affected by a demagnetization field. Moreover, the coercivity
of the hard magnetic pinning layer  4 is preferably lower than the coercivity
of the magnetic  recording layer 6 so that the hard magnetic pinning layer
functions effectively. By setting the coercivity in this way, the  hard
magnetic pinning layer 4 fulfils a function of aiding  recording to the
magnetic recording layer 6, and hence the  writeability for the magnetic
recording medium of the present  invention can be suitably maintained.
The nonmagnetic intermediate layer 5 is a layer for  maintaining the
magnetic properties and R/W performances of the  magnetic recording
layer 6. The nonmagnetic intermediate layer  5 may be formed using a
metal selected from the group consisting  of Ru, Pt, Ir, Re and Rh, or an
Ru-based alloy in which Ru is  added to one material or a plurality of
materials selected from  the group consisting of C, Cu, W, Mo, Cr, Ir, Pt,
Re, Rh, Ta and  V, although there is no limitation thereto. To realize
high-density recording, the thickness of the nonmagnetic  intermediate
layer 5 must be made as low as possible within a range  such as to not
cause a deterioration in the magnetic properties  or R/W performances of
the magnetic recording layer 6.  Specifically, the thickness of the
nonmagnetic intermediate layer  5 is preferably in a range from 1 to 20
nm. 16 The magnetic recording layer 6 can be preferably formed  



The magnetic recording layer 6 can be preferably formed 

using a ferromagnetic material that is an alloy comprising at 

least Co and Pt. Because the magnetic recording medium of the 

present invention is used as a perpendicular magnetic recording 

medium, the axis of easy magnetization of the material of the 

magnetic recording layer 6 (e.g. the c axis of an hcp structure) 

must be oriented perpendicular to the surface of the nonmagnetic 

substrate 1. Ferromagnetic materials for forming the magnetic 

recording layer 6 include alloy materials such as CoPt, CoCrPt, 

CoCrPtB and CoCrPtTa. Moreover, a mul tilayer laminated film such 

as [Co/PtJ n or [Co/PdJ n may be used as the magnetic recording layer 

6. 

Al ternatively, it is also preferable to form a single layer 

or multilayer magnetic recording layer 6 using a material having 

a granular structure in which magnetic crystal grains are dispersed 

in a nonmagnetic oxide or nonmagnetic nitride matrix. Materials 

having a granular structure that can be used include CoPt-SiOz, 

CoCrPtO, CoCrPt-SiOz, CoCrPt-Alz03, CoPt-A1N, and CoCrPt-Si 3N4 , 

although there is no limitation thereto. In the present 

invention, by using a material having a granular structure, the 

medium properties can be improved, i. e. interaction between 

neighboring magnetic crystal grains in the magnetic recording 

layer 6 can be suppressed, noise can be reduced, the SNR can be 

improved, and the recording resolution can be improved. 

17 

using a ferromagnetic material that is an alloy comprising at  least Co and
Pt. Because the magnetic recording medium of the  present invention is
used as a perpendicular magnetic recording  medium, the axis of easy
magnetization of the material of the  magnetic recording layer 6 (e.g. the c
axis of an hcp structure)  must be oriented perpendicular to the surface of
the nonmagnetic  substrate 1. Ferromagnetic materials for forming the
magnetic  recording layer 6 include alloy materials such as CoPt, CoCrPt,
CoCrPtB and CoCrPtTa. Moreover, a multilayer laminated film such  as
[Co/Pt]n or [Co/Pd] " may be used as the magnetic recording layer  6.
Alternatively, it is also preferable to form a single layer  or multilayer
magnetic recording layer 6 using a material having  a granular structure in
which magnetic crystal grains are dispersed  in a nonmagnetic oxide or
nonmagnetic nitride matrix. Materials  having a granular structure that can
be used include CoPt-SiO2,  CoCrPtO, CoCrPt-SiO2, CoCrPt-Al203,
CoPt-AlN, and CoCrPt-Si3N4,  although there is no limitation thereto. In
the present  invention, by using a material having a granular structure, the
medium properties can be improved, i.e. interaction between  neighboring
magnetic crystal grains in the magnetic recording  layer 6 can be
suppressed, noise can be reduced, the SNR can be  improved, and the
recording resolution can be improved. 17 The optionally provided
protective film 7 is a layer for  



The optionally provided protective film 7 is a layer for 

protecting the constituent layers from the magnetic recording 

layer 6 downwards; for example, a thin film having carbon as a main 

component thereof can be used. Other than this, the protective 

film 7 may be formed using any of various thin film materials known 

as materials for magnetic recording medium protective films in 

the technical field in question. 

The optionally provided liquid lubricant layer 8 is a layer 

for lubricating when a writing /reading head contacts the magnetic 

recording medium, and may be formed, for example, using a 

perfluoropolyether liquid lubricant or any of various liquid 

lubricant materials known in the technical field in question. 

Each of the layers laminated on the nonmagnetic substrate 

1 may be formed using any of various film formation techniques 

commonly used in the field of magnetic recording media. The 

layers from the soft underlayer 2 to the protective film 7 may be 

formed, for example, using a sputtering method (including DC 

magnetron sputtering, RF magnetron sputtering, etc.), a vacuum 

deposi tion method, or a CVD method. Moreover, the liquid lubricant 

layer 8 may be formed, for example, using a dipping method or a 

spin coating method. 

The behavior of the magnetization of the soft underlayer 

upon writing and upon reading when using the medium according to 
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protecting the constituent layers from the magnetic recording  layer 6
downwards; for example, a thin film having carbon as a main  component
thereof can be used. Other than this, the protective  film 7 may be formed
using any of various thin film materials known  as materials for magnetic
recording medium protective films in  the technical field in question. The
optionally provided liquid lubricant layer 8 is a layer  for lubricating when a
writing/reading head contacts the magnetic  recording medium, and may
be formed, for example, using a  perfluoropolyether liquid lubricant or any
of various liquid  lubricant materials known in the technical field in
question. Each of the layers laminated on the nonmagnetic substrate  1
may be formed using any of various film formation techniques  commonly
used in the field of magnetic recording media. The  layers from the soft
underlayer 2 to the protective film 7 may be  formed, for example, using a
sputtering method (including DC  magnetron sputtering, RF magnetron
sputtering, etc.), a vacuum  deposition method, or a CVD method.
Moreover, the liquid lubricant  layer 8 may be formed, for example, using a
dipping method or a  spin coating method. The behavior of the
magnetization of the soft underlayer  upon writing and upon reading when
using the medium according to  18 the present invention will now be
described in more detail. FIG.  3A is a schematic view of the
magnetization in the perpendicular  



the present invention will now be described in more detail. FIG. 

3A is a schematic view of the magnetization in the perpendicular 

two-layer magnetic recording medium according to the present 

invention when writing. Note that in FIG. 3, for simplicity, the 

nonmagnetic substrate 1, the protective film 7 and the liquid 

lubricant layer 8 are omitted. In FIG. 3A, when writing the 

right-most bit, the magnetization of an upper portion of the soft 

underlayer 2 is oriented downwards following the head magnetic 

field 20. At the same time, the magnetization of the hard magnetic 

pinning layer 4 also follows the head magnetic field 20 due to the 

head magnetic field 20 being strong. That is, when writing, in 

a portion where the writing is carried out directly below the 

head, the magnetizations of the hard magnetic pinning layer 4 and 

the upper portion of the soft underlayer 2 are oriented in the 

same direction following the head magnetic field 20, whereby a 

magnetic circuit required for writing the bit is formed in the 

magnetic recording layer 6. 

Next, the behavior of the magnetization upon reading will 

be described. FIG. 3B is a schematic view of the magnetization 

in the perpendicular two-layer magnetic recording medium 

according to the present invention when reading. When reading, 

the head magnetic field 20 is removed, but the orientation of the 

magnetization of the hard magnetic pinning layer 4 which has 

relatively high anisotropy remains as is (the same as the 

direction of the head magnetic field 20 when writing). Due to 
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two-layer magnetic recording medium according to the present  invention
when writing. Note that in FIG. 3, for simplicity, the  nonmagnetic
substrate 1, the protective film 7 and the liquid  lubricant layer 8 are
omitted. In FIG. 3A, when writing the  right-most bit, the magnetization of
an upper portion of the soft  underlayer 2 is oriented downwards following
the head magnetic  field 20. At the same time, the magnetization of the
hard magnetic  pinning layer 4 also follows the head magnetic field 20 due
to the  head magnetic field 20 being strong. That is, when writing, in  a
portion where the writing is carried out directly below the  head, the
magnetizations of the hard magnetic pinning layer 4 and  the upper
portion of the soft underlayer 2 are oriented in the  same direction
following the head magnetic field 20, whereby a  magnetic circuit required
for writing the bit is formed in the  magnetic recording layer 6. Next, the
behavior of the magnetization upon reading will  be described. FIG. 3B is
a schematic view of the magnetization  in the perpendicular two-layer
magnetic recording medium  according to the present invention when
reading. When reading,  the head magnetic field 20 is removed, but the
orientation of the  magnetization of the hard magnetic pinning layer 4
which has  relatively high anisotropy remains as is (the same as the
direction of the head magnetic field 20 when writing). Due to  19
antiferromagnetic coupling at ordinary temperature with this  



antiferromagnetic coupling at ordinary temperature with this 

magnetization of the hard magnetic pinning layer 4, the 

magnetization of the upper portion of the soft underlayer 2 which 

has low anisotropy is oriented opposite to the magnetization of 

the hard magnetic pinning layer 4 (i.e. In a direction opposite 

to the head magnetic field 20 when writing) Through this 

mechanism, the magnetizations of the hard magnetic pinning layer 

4 and the upper portion of the soft underlayer 2 when reading 

cancel one another out, and hence the magnetization of the upper 

portion of the soft underlayer 2 appears to disappear, and thus 

noise caused by the soft underlayer 2 can be suppressed. 

Examples 

Example 1 

Using a chemically strengthened glass substrate having a 

smooth surface (N-5 glass substrate made by HOYA) as a nonmagnetic 

substrate 1, this was cleaned and then introduced into a DC 

magnetron sputtering apparatus, and using a Co5Zr8Nb (composed of 

5 at% Zr, 8 at% Nb, and the remainder Co based on all atoms; likewise 

hereinafter) target, a 60 nm-thick CoZrNb amorphous soft magnetic 

backing layer 2 was formed. Next, using an Ru target, a 0.7 

nm-thick Ru nonmagnetic coupling layer 3 was formed. Next, using 

a Co20Cr10Pt4B target, a 6 nm-thick CoCrPtB hard magnetic pinning 

layer 4 was formed. The formation of the soft underlayer 2, the 

nonmagnetic coupling layer 3, and the hard magnetic pinning layer 

4 was carried out in Ar gas at a pressure of 0.67 Pa. Next, using 
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magnetization of the hard magnetic pinning layer 4, the  magnetization of
the upper portion of the soft underlayer 2 which  has low anisotropy is
oriented opposite to the magnetization of  the hard magnetic pinning layer
4 (i.e. in a direction opposite  to the head magnetic field 20 when writing) .
Through this  mechanism, the magnetizations of the hard magnetic
pinning layer  4 and the upper portion of the soft underlayer 2 when
reading  cancel one another out, and hence the magnetization of the
upper  portion of the soft underlayer 2 appears to disappear, and thus
noise caused by the soft underlayer 2 can be suppressed. Examples
Example 1 Using a chemically strengthened glass substrate having a
smooth surface (N-5 glass substrate made by HOYA) as a nonmagnetic
substrate 1, this was cleaned and then introduced into a DC  magnetron
sputtering apparatus, and using a Co5Zr8Nb (composed of  5 at % Zr, 8 at
% Nib, and the remainder Co based on all atoms; likewise  hereinafter)
target, a 60 nm-thick CoZrNb amorphous soft magnetic  backing layer 2
was formed. Next, using an Ru target, a 0.7  nm-thick Ru nonmagnetic
coupling layer 3 was formed. Next, using  a Co20CrlOPt4B target, a 6
nm-thick CoCrPtB hard magnetic pinning  layer 4 was formed. The
formation of the soft underlayer 2, the  nonmagnetic coupling layer 3, and
the hard magnetic pinning layer  4 was carried out in Ar gas at a pressure
of 0.67 Pa. Next, using  20 



an Ru target, a 10 nm-thick Ru nonmagnetic intermediate layer 5 

was formed in Ar gas at a pressure of 4.0 Pa. Next, a magnetic 

recording layer 6 having a two-layer granular structure was 

formed. First, using a 90 (Co12Cr16Pt) -10Si02 target, an 8 nm-thick 

CoCrPt-Si02 first magnetic recording layer was formed under a gas 

pressure of 5.3 Pa, and then using a 96(Co20Cr12Pt)-4Si02 target, 

an 8 nm-thick CoCrPt-Si02 second magnetic recording layer was 

formed under a gas pressure of 1.2 Pa. Finally, using ethylene 

as a material gas, a 4 nm-thick C protective film 7 was formed using 

a plasma CVD method under a gas pressure of approximately 0.13 Pa, 

and then the laminate thus obtained was removed from the vacuum 

apparatus. All of the layers from the magnetic recording layer 

6 downwards were formed using DC magnetron sputtering. After 

that, a 2 nm-thick perfluoropolyether liquid lubricant layer 8 was 

formed using a dipping method, whereby a perpendicular magnetic 

recording medium was obtained. 

Moreover, to evaluate the properties of the soft underlayer 

2, a sample was manufactured in which after the layers up to the 

CoCrPt hard magnetic pinning layer 4 had been formed, the 

protective film 7 was formed without providing the nonmagnetic 

intermediate layer 5 and the magnetic recording layer 6. 

Example 2 

A perpendicular magnetic recording medium was manufactured 

exactly as in Example 1, except that after the CoZrNb soft 
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an Ru target, a 10 nm-thick Ru nonmagnetic intermediate layer 5  was
formed in Ar gas at a pressure of 4.0 Pa. Next, a magnetic  recording
layer 6 having a two-layer granular structure was  formed. First, using a
90(Col2Cr16Pt)-lOSiO2target, an8nm-thick  CoCrPt-SiO2 first magnetic
recording layer was formed under a gas  pressure of 5.3 Pa, and then
using a 96(Co20Crl2Pt)-4Si02 target,  an 8 nm-thick CoCrPt-Si02 second
magnetic recording layer was  formed under a gas pressure of 1.2 Pa.
Finally, using ethylene  as a material gas, a 4 nm-thick C protective film 7
was formed using  a plasma CVD method under a gas pressure of
approximately 0.13 Pa,  and then the laminate thus obtained was removed
from the vacuum  apparatus. All of the layers from the magnetic recording
layer  6 downwards were formed using DC magnetron sputtering. After
that, a 2 nm-thick perfluoropolyether liquid lubricant layer 8 was  formed
using a dipping method, whereby a perpendicular magnetic  recording
medium was obtained. Moreover, to evaluate the properties of the soft
underlayer  2, a sample was manufactured in which after the layers up to
the  CoCrPt hard magnetic pinning layer 4 had been formed, the
protective film 7 was formed without providing the nonmagnetic
intermediate layer 5 and the magnetic recording layer 6. Example 2 A
perpendicular magnetic recording medium was manufactured  exactly as
in Example 1, except that after the CoZrNb soft  21 



underlayer 2 had been formed, a 6 nm-thick NiFeSi soft magnetic 

seed layer was formed by DC magnetron sputtering using an Ni12Fe4Si 

target. 

Moreover, as in Example 1, a sample having a structure of 

nonmagnetic substrate 1 / soft underlayer 2 / nonmagnetic coupling 

layer 3 / hard magnetic pinning layer 4 / protective film 7 was 

manufactured for evaluating the properties of the soft underlayer 

2 . 

Example 3 

A perpendicular magnetic recording medium was manufactured 

by repeating the procedure of Example 1, except that in the 

formation of the nonmagnetic coupling layer 3, a Cu target was used 

instead of the Ru target, so as to form a 0.6 nm-thick Cu nonmagnetic 

coupling layer 3. Moreover, a sample for evaluating the 

properties of the soft underlayer 2 was manufactured as in Example 

1. 

Example 4 

A perpendicular magnetic recording medium was manufactured 

by repeating the procedure of Example 1, except that ln the 

formation of the hard magnetic pinning layer 4, a 

90 (Co14Cr16Pt) -10Si02 target was used instead of the C020Crl0Pt4B 

target, so as to form a 5 nm-thick CoCrPt-Si02 hard magnetic pinning 

layer 4 having a granular structure. Moreover, a sample for 
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underlayer 2 had been formed, a 6 nm-thick NiFeSi soft magnetic  seed
layer was formed by DC magnetron sputtering using an Nil2Fe4Si  target.
Moreover, as in Example 1, a sample having a structure of  nonmagnetic
substrate 1 / soft underlayer 2 / nonmagnetic coupling  layer 3 / hard
magnetic pinning layer 4 / protective film 7 was  manufactured for
evaluating the properties of the soft underlayer  2. Example 3 A
perpendicular magnetic recording medium was manufactured  by
repeating the procedure of Example 1, except that in the  formation of the
nonmagnetic coupling layer 3, a Cu target was used  instead of the Ru
target, so as to forma 0. 6 nm-thick Cu nonmagnetic  coupling layer 3.
Moreover, a sample for evaluating the  properties of the soft underlayer 2
was manufactured as in Example  1. Example 4 A perpendicular magnetic
recording medium was manufactured  by repeating the procedure of
Example 1, except that in the  formation of the hard magnetic pinning
layer 4, a  90(Col4Crl6Pt)-lOSiO2 target was used instead of the
Co20CrlOPt4B  target, so as to forma 5 nm-thick CoCrPt-Si02 hard
magnetic pinning  layer 4 having a granular structure. Moreover, a sample
for  22 evaluating the properties of the soft underlayer 2 was  



evaluating the properties of the soft underlayer 2 was 

manufactured as in Example 1. 

Example 5 

A perpendicular magnetic recording medium was 

manufactured by repeating the procedure of Example 1, except that 

in the formation of the hard magnetic pinning layer 4, a C020Cr 

target was used instead of the C020Crl0Pt4B target, so as to form 

an 8 nm-thick CoCr hard magnetic pinning layer 4. Moreover, a sample 

for evaluating the properties of the soft underlayer 2 was 

manufactured as in Example 1. 

Comparative Example 1 

A perpendicular magnetic recording medium was 

manufactured by repeating the procedure of Example 2, except that 

the nonmagnetic coupling layer 3 and the hard magnetic pinning layer 

4 were not formed. Moreover, a sample for evaluating the properties 

of the soft magnetic backing layer 2 was manufactured as in 

Example 2. 

Comparative Example 2 

Using a chemically strengthened glass substrate having a 

smooth surface (N-5 glass substrate made by HOYA) as a nonmagnetic 

substrate, this was cleaned and then introduced into a DC magnetron 

sputtering apparatus, and using a C05Zr8Nb target, a 30 nm-thick 

first CoZrNb amorphous soft underlayer was formed. Next, using 
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manufactured as in Example 1. Example 5 A perpendicular magnetic
recording medium was  manufactured by repeating the procedure of
Example 1, except that  in the formation of the hard magnetic pinning
layer 4, a Co20Cr  target was used instead of the Co20CrlOPt4B target,
so as to form  an 8 nm-thick CoCr hard magnetic pinning layer 4.
Moreover, a sample  for evaluating the properties of the soft underlayer 2
was  manufactured as in Example 1. Comparative Example 1 A
perpendicular magnetic recording medium was  manufactured by
repeating the procedure of Example 2, except that  the nonmagnetic
coupling layer 3 and the hard magnetic pinning layer  4 were not formed.
Moreover, a sample for evaluating the properties  of the soft magnetic
backing layer 2 was manufactured as in  Example 2. Comparative
Example 2 Using a chemically strengthened glass substrate having a
smooth surface (N-5 glass substrate made by HOYA) as a nonmagnetic
substrate, this was cleaned and then introduced into a DC magnetron
sputtering apparatus, and using a Co5Zr8Nb target, a 30 nm-thick  first
CoZrNb amorphous soft underlayer was formed. Next, using  23 an Ru
target, a 0.7 nm-thick Ru layer was formed. Next, using the  Co5Zr8Nb
target again, a 30 nm-thick second CoZrNb amorphous soft  



an Ru target, a O. 7 nm-thick Ru layer was formed. Next, using the 

Co5Zr8Nb target again, a 30 nm-thick second CoZrNb amorphous soft 

underlayer was formed. Next, using an Ni12Fe4Si target, a 6 

nm-thick NiFeSi soft magnetic seed layer was formed. Next, using 

an Ru target, a 10 nm-thick Ru nonmagnetic intermediate layer was 

formed in Ar gas at a pressure of 4.0 Pa. After that, a magnetic 

recording layer, a protective film, and a liquid lubricant layer 

were formed as in Example 1, whereby a perpendicular magnetic 

recording medium was manufactured. 

Moreover, to evaluate the properties of the soft underlayer, 

a sample was manufactured in which after the layers up to the second 

CoZrNb soft underlayer had been formed, the protective film was 

formed wi thout providing the NiFeSi seed layer, the Ru nonmagnetic 

intermediate layer, and the magnetic recording layer. 

Evaluation 

Note that for the perpendicular magnetic recording medium 

of Examples 1, 3, 4 and 5, the nonmagnetic coupling layer 3 and 

the hard magnetic pinning layer 4 act like a seed layer, and hence 

the nonmagnetic intermediate layer 5 and the magnetic recording 

layer 6 were suitably perpendicularly oriented (the c axis of the 

crystals of the hcp structure were oriented perpendicular to the 

surface of the nonmagnetic substrate 1). On the other hand, with 

the layer structure of Comparative Examples 1 and 2, a 

perpendicular orientation of the nonmagnetic intermediate layer 
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underlayer was formed. Next, using an Nil2Fe4Si target, a 6  nm-thick
NiFeSi soft magnetic seed layer was formed. Next, using  an Ru target, a
10 nm-thick Ru nonmagnetic intermediate layer was  formed in Ar gas at a
pressure of 4.0 Pa. After that, a magnetic  recording layer, a protective
film, and a liquid lubricant layer  were formed as in Example 1, whereby a
perpendicular magnetic  recording medium was manufactured. Moreover,
to evaluate the properties of the soft underlayer,  a sample was
manufactured in which after the layers up to the second  CoZrNb soft
underlayer had been formed, the protective film was  formed without
providing the NiFeSi seed layer, the Ru nonmagnetic  intermediate layer,
and the magnetic recording layer. Evaluation  Note that for the
perpendicular magnetic recording medium  of Examples 1, 3, 4 and 5, the
nonmagnetic coupling layer 3 and  the hard magnetic pinning layer 4 act
like a seed layer, and hence  the nonmagnetic intermediate layer 5 and
the magnetic recording  layer 6 were suitably perpendicularly oriented (the
c axis of the  crystals of the hcp structure were oriented perpendicular to
the  surface of the nonmagnetic substrate 1) . On the other hand, with  the
layer structure of Comparative Examples 1 and 2, a  perpendicular
orientation of the nonmagnetic intermediate layer 24 and the magnetic
recording layer cannot be obtained if a seed  layer is not used, and hence
an NiFeSi seed layer was used so as  



and the magnetic recording layer cannot be obtained if a seed 

layer is not used, and hence an NiFeSi seed layer was used so as 

to make the structure like that of Example 2. 

For the soft underlayer property evaluation samples 

obtained in each of the above Examples, the magnetic domain 

structure was observed using an OSA (Optical Surface Analyzer) made 

by Candela. OSA images of the media according to Example 1 and 

Comparative Examples 1 and 2 are shown in FIG. 4. Note that the 

OSA images for the media of Examples 2 to 5 were just like for the 

medium of Example 1. The line patterns seen in the images show 

the magnetic domain structure, magnetic domain walls being 

present in media for which such a magnetic domain structure is 

seen. For the medium according to Example 1 shown in FIG. 4A, a 

magnetic domain structure was not seen at all, whereas for the 

medium according to Comparative Example 1 shown in FIG. 4B, a clear 

magnetic domain structure was seen. Moreover, for the medium 

according to Comparative Example 2 shown in FIG. 4C, a magnetic 

domain structure was seen, albeit a weak one. 

Here, the magnetizations of the first and second soft 

underlayers in Comparative Example 2 were anti-parallelly 

coupled together with the 0.7 nm-thick Ru layer sandwiched 

therebetween. That is, the magnetization of the second CoZrNb 

soft underlayer was oriented in the substrate plane. This is 

because the anisotropy constant of the CoZrNb used on this 
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to make the structure like that of Example 2. For the soft underlayer
property evaluation samples  obtained in each of the above Examples, the
magnetic domain  structure was observed using an OSA (Optical Surface
Analyzer) made  by Candela. OSA images of the media according to
Example 1 and  Comparative Examples 1 and 2 are shown in FIG. 4. Note
that the  OSA images for the media of Examples 2 to 5 were just like for
the  medium of Example 1. The line patterns seen in the images show  the
magnetic domain structure, magnetic domain walls being  present in
media for which such a magnetic domain structure is  seen. For the
medium according to Example 1 shown in FIG. 4A, a  magnetic domain
structure was not seen at all, whereas for the  medium according to
Comparative Example 1 shown in FIG. 4B, a clear  magnetic domain
structure was seen. Moreover, for the medium  according to Comparative
Example 2 shown in FIG. 4C, a magnetic  domain structure was seen,
albeit a weak one. Here, the magnetizations of the first and second soft
underlayers in Comparative Example 2 were anti-parallelly  coupled
together with the 0.7 nm-thick Ru layer sandwiched  therebetween. That
is, the magnetization of the second CoZrNb  soft underlayer was oriented
in the substrate plane. This is  because the anisotropy constant of the
CoZrNb used on this  25 occasion is small relative to the demagnetizing
field  (approximately 1.4 x 105 erg/cm3 (1.4 x 104 J/m3)). The state of  



occasion is small relative to the demagnetizing field 

(approximately 1.4 x 10 5 erg/cm3 (1.4 x 10 4 J/m3
)) The state of 

the magnetization of the second CoZrNb soft underlayer in 

Comparative Example 2 can be interpreted as being equivalent to 

the case that the magnetization of the hard magnetic pinning layer 

4 is oriented in the substrate plane in Examples 1 to 4. However, 

in this case, the magnetic domain structure cannot be eliminated 

as is clear from FIG. 4C. 

From the above results, it was found that by using the medium 

structure according to the present invention, a soft underlayer 

having no magnetic domain walls can be obtained. 

Next, for the perpendicular magnetic recording medium 

obtained in each of the Examples, the coercivity He was measured 

using a Kerr effect measurement apparatus. Moreover, for the soft 

magnetic backing layer property evaluation sample obtained in 

each of the Examples, the Kerr loop for a direction perpendicular 

to the surface of the nonmagnetic substrate 1 was measured using 

the Kerr effect measurement apparatus, so as to investigate the 

state of coupling between the soft underlayer 2 and the hard 

magnetic pinning layer 4. FIG. 5A shows the Kerr loop for the 

direction perpendicular to the surface of the nonmagnetic 

substrate 1 for the medium according to Example 1, and FIG. 58 shows 

the Kerr loop for the direction perpendicular to the surface of 
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the magnetization of the second CoZrNb soft underlayer in  Comparative
Example 2 can be interpreted as being equivalent to  the case that the
magnetization of the hard magnetic pinning layer  4 is oriented in the
substrate plane in Examples 1 to 4. However,  in this case, the magnetic
domain structure cannot be eliminated  as is clear from FIG. 4C. From the
above results, it was found that by using the medium  structure according
to the present invention, a soft underlayer  having no magnetic domain
walls can be obtained. Next, for the perpendicular magnetic recording
medium  obtained in each of the Examples, the coercivity H0 was
measured  using a Kerr effect measurement apparatus. Moreover, for the
soft  magnetic backing layer property evaluation sample obtained in  each
of the Examples, the Kerr loop for a direction perpendicular  to the surface
of the nonmagnetic substrate 1 was measured using  the Kerr effect
measurement apparatus, so as to investigate the  state of coupling
between the soft underlayer 2 and the hard  magnetic pinning layer 4.
FIG. 5A shows the Kerr loop for the  direction perpendicular to the surface
of the nonmagnetic  substrate 1 for the medium according to Example 1,
and FIG. 5B shows  the Kerr loop for the direction perpendicular to the
surface of  26 the nonmagnetic substrate 1 for the medium according to
Comparative Example 1. In FIG. 5A, it can be seen that there is  a region
where the magnetization is zero around zero magnetic field  



the nonmagnetic substrate 1 for the medium according to 

Comparative Example 1. In FIG. SA, it can be seen that there is 

a region where the magnetization is zero around zero magnetic field 

strength. On the other hand, for the Kerr loop in FIG. 58, there 

is no such region. The existence of such a region indicates that 

for the medium according to Example 1, the soft underlayer 2 and 

the hard magnetic pinning layer 4 are antiferromagnetically 

coupled together via the nonmagnetic coupling layer 3 in a 

direction perpendicular to the surface of the nonmagnetic substrate 

1. For the property evaluation samples obtained in Examples 2 to 

5, again a Kerr loop like that for the sample of Example 1 was clearly 

seen. From the above results, it was confirmed that by adopting 

the structure according to the present invention, at ordinary 

temperature the soft underlayer 2 and the hard magnetic pinning 

layer 4 are antiferromagnetically coupled together in a direction 

perpendicular to the surface of the nonmagnetic substrate 1. 

Furthermore, the R/W performances of the perpendicular 

magnetic recording media were evaluated using a read/write 

tester. As the evaluated items, there were used the spike noise, 

the noise caused by the soft magnetic layer (SUL noise), the pole 

erasure (PE), the track average signal output (TAA) , the signal 

output-noise ratio (SNR) , and the recording resolution 

(resolution) . 

The spike noise and the SUL noise were evaluated using the 

27
 

strength. On the other hand, for the Kerr loop in FIG. 5B, there  is no such
region. The existence of such a region indicates that  for the medium
according to Example 1, the soft underlayer 2 and  the hard magnetic
pinning layer 4 are ant iferromagnetically  coupled together via the
nonmagnetic coupling layer 3 in a  direction perpendicular to the surface
of the nonmagnetic substrate  1. For the property evaluation samples
obtained in Examples 2 to  5, again a Kerr loop like that for the sample of
Example 1 was clearly  seen. From the above results, it was confirmed
that by adopting  the structure according to the present invention, at
ordinary  temperature the soft underlayer 2 and the hard magnetic pinning
layer 4 are antiferromagnetically coupled together in a direction
perpendicular to the surface of the nonmagnetic substrate 1. Furthermore,
the R/W performances of the perpendicular  magnetic recording media
were evaluated using a read/write  tester. As the evaluated items, there
were used the spike noise,  the noise caused by the soft magnetic layer
(SUL noise) , the pole  erasure (PE), the track average signal output
(TAA), the signal  output-noise ratio (SNR) and the recording resolution
(resolution). The spike noise and the SUL noise were evaluated using the
27 soft underlayer property evaluation samples. For the spike noise,  the
case that a spike-like signal was clearly seen on the signal  background
was evaluated as "bad", the case that clear spike  



soft underlayer property evaluation samples. For the spike noise, 

the case that a spike-like signal was clearly seen on the signal 

background was evaluated as "bad", the case that clear spike 

noise was not seen but the baseline was thick and weak spike-like 

noise was seen as "fair", and the case that spike noise was not 

seen as "good". Furthermore, the total value over one revolution 

of the medium of the signal output from the soft underlayer in this 

case was taken as the numerical value of the SUL noise. 

For each of the perpendicular magnetic recording media 

provided with the nonmagnetic intermediate layer 5 and the 

magnetic recording layer 6, the PE was evaluated in accordance 

with the following procedure in a middle diameter of the medium 

at a rotational speed of 4200 rpm. (1) Band erasure was carried 

out in a plus direction (DC+) or a minus direction (DC-); (2) a 

signal of recording density 53 kfci was recorded on a track in the 

center of the erased band, and the initial track average output 

(TAA) was measured; (3) the measured track was divided into 128 

sectors, and the writing current was turned on and off at the head 

of each sector; (4) this turning on and off was repeated over 300 

revolutions, and then the TAA was measured; (5) the attenuation 

from the original TAA to the TAA measured in (4) was evaluated as 

the attenuation ratio (%) based on the initial TAA. The above 

evaluation was carried out using a head for which PE readily 

occurs. 
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noise was not seen but the baseline was thick and weak spike-like  noise
was seen as "fair", and the case that spike noise was not  seen as "good".
Furthermore, the total value over one revolution  of the medium of the
signal output from the soft underlayer in this  case was taken as the
numerical value of the SUL noise. For each of the perpendicular magnetic
recording media  provided with the nonmagnetic intermediate layer 5 and
the  magnetic recording layer 6, the PE was evaluated in accordance  with
the following procedure in a middle diameter of the medium  at a rotational
speed of 4200 rpm. (1) Band erasure was carried  out in a plus direction
(DC+) or a minus direction (DC-); (2) a  signal of recording density 53 kfci
was recorded on a track in the  center of the erased band, and the initial
track average output  (TAA) was measured; (3) the measured track was
divided into 128  sectors, and the writing current was turned on and off at
the head  of each sector; (4) this turning on and off was repeated over 300
revolutions, and then the TAA was measured; (5) the attenuation  from the
original TAA to the TAA measured in (4) was evaluated as  the attenuation
ratio (%) based on the initial TAA. The above  evaluation was carried out
using a head for which PE readily  occurs. 28 Furthermore, the SNR was
evaluated using a signal of  recording density 510 kfci. Moreover, the
recording resolution  was measured using signals of recording density 510
kfci and 146  



Furthermore, the SNR was evaluated using a signal of 

recording density 510 kfci. Moreover, the recording resolution 

was measured using signals of recording density 510 kfci and 146 

kfci. The recording resolution was evaluated as the ratio (%) of 

the TAA at 510 kfci to the TAA at 146 kfci. The evaluation results 

obtained are shown in Table 1. 

Table 1: R/W performances of perpendicular magnetic recording 

media 

Examples Comparative 

Examples 

1 2 3 4 5 1 2 

He [Oe] 4566 4600 4536 4631 4511 4518 4531 

[kA/m] 363.5 366.2 361.1 368.6 359.1 359.6 360.7 

Spike noise good good good good good bad fair 

SOL noise (V) 143 141 146 138 145 198 168 

TAA-1 *1 (mVp - p ) 8.028 7.983 8.033 7.956 8.032 9.105 8.96 

TAA-2 *2 (mVp - p ) 2.195 2.186 2.196 2.172 2.199 2.344 2.268 

Recording 27.3 27.4 27.3 27.3 27.4 25.7 25.3 

resolution ( %) 

SNR *2 (dB) 9.73 10.00 9.37 10.78 9.81 6.49 8.09 

PE ( %) 4.2 3.1 4. 7 3.3 5.3 35 6.3 

*1 Recording density 146 kfci 

*2 Recording density 510 kfci 

29 

kfci. The recording resolution was evaluated as the ratio (%) of  the TAA
at 510 kfci to the TAA at 146 kfci. The evaluation results  obtained are
shown in Table 1. Table 1: R/W performances of perpendicular magnetic
recording  media Examples Comparative  Examples  1 2 3 4 5 1 2 H, [0e]
4566 4600 4536 4631 4511 4518 4531  [kA/m] 363.5 366.2 361.1 368.6
359.1 359.6 360.7  Spike noise good good good good good bad fair  SUL
noise (V) 143 141 146 138 145 198 168  TAA-1 (mVP_P) 8.028 7.983
8.033 7.956 8.032 9.105 8.96  TAA-2 (mVP_P) 2.195 2.186 2.196 2.172
2.199 2.344 2.268  Recording 27.3 27.4 27.3 27.3 27.4 25.7 25.3
resolution (%) SNR *2 (dB) 9.73 10.00 9.37 10.78 9.81 6.49 8.09  PE (%)
4.2 3.1 4.7 3.3 5.3 35 6.3  *1 Recording density 146 kfci *2 Recording
density 510 kfci  29 Comparing the coercivity H, values, the perpendicular
magnetic recording medium in each of the cases had a value in a  range
of from 358.2 to 366.2 A/mm (4500 to 4600 Oe), i.e. there  was no great
difference between the media. This shows that there  



Comparing the coercivi ty He values, the perpendicular 

magnetic recording medium in each of the cases had a value in a 

range of from 358.2 to 366.2 A/mm (4500 to 4600 Oe), i.e. there 

was no great difference between the media. This shows that there 

was no great difference in the structure of the magnetic recording 

layer between the magnetic recording media. It is thus thought 

that the differences in the R/W performances described below 

depend mainly on noise caused by the soft underlayer. 

FIG. 6 shows the signal output for the soft underlayer 

property evaluation sample of each of Example 1, Comparative 

Example 1 and Comparative Example 2. For the sample of Example 

1 shown in FIG. 6A, spike noise was not seen. For the samples of 

Examples 2, 3 and 4, again spike noise was not seen as for the sample 

of Example 1 shown in FIG. 6A. On the other hand, for the sample 

of Comparative Example 1 shown in FIG. 68, strong spike noise was 

conspicuous. Furthermore, for the sample of Comparative Example 

2 shown in FIG. 6C, clear spike noise was not seen, but the signal 

output baseline was thick and weak spike-like noise 

(approximately 1/10 of the output at a recording density of 510 

kfci, approximately 0.2 mV) was seen. The above observation 

resul ts agree quali tatively with the observation resul ts of the 

magnetic domain structure using an OSA shown in FIG. 4. From the 

above results, it was found that by using the medium structure 

according to the present invention, a soft underlayer for which 

spike noise does not arise can be obtained. 
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was no great difference in the structure of the magnetic recording  layer
between the magnetic recording media. It is thus thought  that the
differences in the R/W performances described below  depend mainly on
noise caused by the soft underlayer. FIG. 6 shows the signal output for
the soft underlayer  property evaluation sample of each of Example 1,
Comparative  Example 1 and Comparative Example 2. For the sample of
Example  1 shown in FIG. 6A, spike noise was not seen. For the samples
of  Examples 2, 3 and 4, again spike noise was not seen as for the sample
of Example 1 shown in FIG. 6A. On the other hand, for the sample  of
Comparative Example 1 shown in FIG. 6B, strong spike noise was
conspicuous. Furthermore, for the sample of Comparative Example  2
shown in FIG. 6C, clear spike noise was not seen, but the signal  output
baseline was thick and weak spike-like noise  (approximately 1/10 of the
output at a recording density of 510  kfci, approximately 0.2 mV) was
seen. The above observation  results agree qualitatively with the
observation results of the  magnetic domain structure using an OSA
shown in FIG. 4. From the  above results, it was found that by using the
medium structure  according to the present invention, a soft underlayer for
which  spike noise does not arise can be obtained. 30 Next, comparing
the SUL noise values, it can be seen that,  as predicted from the results
shown in FIG. 6, the SUL noise for  Examples 1 to 5 is lower than the SUL
noise for Comparative Examples  



Next, comparing the SUL noise values, it can be seen that, 

as predicted from the results shown in FIG. 6, the SUL noise for 

Examples 1 to 5 is lower than the SUL noise for Comparative Examples 

1 and 2. From these results, it was found that for the samples 

according to Examples 1 to 5 having the medium structure according 

to the present invention, not only can spike noise be suppressed, 

but moreover noise caused by the soft underlayer can itself be 

reduced. 

Next, let us compare the TAA and SNR values, and also consider 

the superposition of the output due to the soft underlayer on the 

signal output of the medium. From Table 1, it can be seen that 

the SNR for the media of Examples 1 to 5 is approximately 2.9 to 

3.5 dB higher than for the medium of Comparative Example 1, and 

approximately 1.2 to 2 dB higher than for the medium of Comparative 

Example 2. One cause of the improvement in the SNR is thought to 

be the reduction in the SUL noise described above. In addition, 

it is thought that the output due to the soft underlayer also has 

an effect on the SNR. Let us thus consider the output due to the 

soft underlayer. Comparing the TAA's at high recording density 

(510 kfci) and low recording density (146 kfci) and the recording 

resolution for each of the magnetic recording media shown in Table 

1, it can be seen that for the perpendicular magnetic recording 

media of Examples 1 to 5, the track average signal output at high 

recording density (TAA-2) is high compared with the track average 

signal output at low recording density (TAA-1), and the recording 
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1 and 2. From these results, it was found that for the samples  according
to Examples 1 to 5 having the medium structure according  to the present
invention, not only can spike noise be suppressed,  but moreover noise
caused by the soft underlayer can itself be  reduced. Next, let us compare
the TAA and SNR values, and also consider  the superposition of the
output due to the soft underlayer on the  signal output of the medium.
From Table 1, it can be seen that  the SNR for the media of Examples 1 to
5 is approximately 2.9 to  3.5 dB higher than for the medium of
Comparative Example 1, and  approximately 1. 2 to 2 dB higher than for
the medium of Comparative  Example 2. One cause of the improvement in
the SNR is thought to  be the reduction in the SUL noise described above.
In addition,  it is thought that the output due to the soft underlayer also has
an effect on the SNR. Let us thus consider the output due to the  soft
underlayer. Comparing the TAA's at high recording density  (510 kfci) and
low recording density (146 kfci) and the recording  resolution for each of
the magnetic recording media shown in Table  1, it can be seen that for
the perpendicular magnetic recording  media of Examples 1 to 5, the track
average signal output at high  recording density (TAA-2) is high compared
with the track average  signal output at low recording density (TAA-1) ,
and the recording  31 resolution is high. It is thought from the coercivity H0
measurements that there is no great difference in the magnetic  



resolution is high. It is thought from the coercivi ty He 

measurements that there is no great difference in the magnetic 

recording layer 6 i tsel f, and hence these di fferences are thought 

to be due to the soft underlayer. It is known that with a 

perpendicular magnetic recording medium having a soft underlayer, 

during low-density recording the output from the soft underlayer 

is superposed on the output from the magnetic recording layer, 

whereas during high-density recording, because the recording 

resolution for the soft underlayer is low, the contribution of the 

output from the soft underlayer is low, and as a resul t the recording 

resolution of the perpendicular magnetic recording medium as a 

whole appears to be low. Considering the above, it is thought that, 

for the media of Examples 1 to 5, the difference in the signal output 

and the recording resolution is due to the output due to the soft 

underlayer being low not only during high-density recording but 

also during low-density recording. 

Next, let us compare the PE values. As shown in Table 1, 

it can be seen that the PE for the perpendicular magnetic recording 

media according to Examples 1 to 5 and Comparative Example 2 is 

greatly reduced compared with for the perpendicular magnetic 

recording medium of Comparative Example 1. In addition, it can 

be seen that the PE for the perpendicular magnetic recording media 

of Examples 1 to 5 in which the soft underlayer 2 and the hard 

magnetic pinning layer 4 are antiferromagnetically coupled 

together via the nonmagnetic coupling layer 3 in a direction 
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recording layer 6 itself, and hence these differences are thought  to be
due to the soft underlayer. It is known that with a  perpendicular magnetic
recording medium having a soft underlayer,  during low-density recording
the output from the soft underlayer  is superposed on the output from the
magnetic recording layer,  whereas during high-density recording,
because the recording  resolution for the soft underlayer is low, the
contribution of the  output from the soft underlayer is low, and as a result
the recording  resolution of the perpendicular magnetic recording medium
as a  whole appears to be low. Considering the above, it is thought that,
for the media of Examples 1 to 5, the difference in the signal output  and
the recording resolution is due to the output due to the soft  underlayer
being low not only during high-density recording but  also during
low-density recording. Next, let us compare the PE values. As shown in
Table 1,  it can be seen that the PE for the perpendicular magnetic
recording  media according to Examples 1 to 5 and Comparative Example
2 is  greatly reduced compared with for the perpendicular magnetic
recording medium of Comparative Example 1. In addition, it can  be seen
that the PE for the perpendicular magnetic recording media  of Examples
1 to 5 in which the soft underlayer 2 and the hard  magnetic pinning layer
4 are antiferromagnetically coupled  together via the nonmagnetic
coupling layer 3 in a direction  32 perpendicular to the surface of the
nonmagnetic substrate 1 is yet  



perpendicular to the surface of the nonmagnetic substrate 1 is yet 

lower than the PE for the perpendicular magnetic recording medium 

of Comparative Example 2 in which the magnetizations of the two 

soft underlayers are coupled anti-parallelly in the in-plane 

direction of the surface of the nonmagnetic substrate 1. 

Next, the uniaxial anisotropy constant of the hard magnetic 

pinning layer 4 was measured for each of Examples 1, 4 and 5. The 

hard magnetic pinning layers 4 in Examples 1, 4 and 5 had uniaxial 

anisotropy constants of respectively 1.5 x 10 6 erg/cm3 (1.5 x 10 5 

J/m3
), 3.5 x 10 6 erg/cm3 (3.5 x 105 J/m3

), and 5.0 x 10 5 erg/cm3 (5.0 

x 10 4 J/m3
). From the above investigation, it was ascertained that 

a hard magnetic pinning layer 4 having a uniaxial anisotropy 

constant of not less than 5.0 x 105 erg/cm3 (5.0 x 10 4 J/m3
) has 

a sui table perpendicular orientation, so that noise caused by the 

soft underlayer can be reduced. 

From the above results, it was ascertained that by using the 

medium structure according to the present invention in which the 

soft underlayer 2 and the hard magnetic pinning layer 4 are 

antiferromagnetically coupled together via the nonmagnetic 

coupling layer 3 in a direction perpendicular to the surface of 

the nonmagnetic substrate 1, SUL noise (noise caused by the soft 

magnetic backing layer which is present even in the case that 

there is no magnetic recording layer) and noise produced through 
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lower than the PE for the perpendicular magnetic recording medium  of
Comparative Example 2 in which the magnetizations of the two  soft
underlayers are coupled anti-parallelly in the in-plane  direction of the
surface of the nonmagnetic substrate 1. Next, the uniaxial anisotropy
constant of the hard magnetic  pinning layer 4 was measured for each of
Examples 1, 4 and 5. The  hard magnetic pinning layers 4 in Examples 1,
4 and 5 had uniaxial  anisotropy constants of respectively 1.5 x 106
erg/cm3 (1.5 x 105  J/m3) , 3.5 x 106 erg/cm3 (3.5 x 105 J/m3) , and 5.0 x
105 erg/cm3 (5.0  x 109 J/m3) . From the above investigation, it was
ascertained that  a hard magnetic pinning layer 4 having a uniaxial
anisotropy  constant of not less than 5.0 x 105 erg/cm3 (5.0 x 109 J/m3)
has  a suitable perpendicular orientation, so that noise caused by the  soft
underlayer can be reduced. From the above results, it was ascertained
that by using the  medium structure according to the present invention in
which the  soft underlayer 2 and the hard magnetic pinning layer 4 are
antiferromagnetically coupled together via the nonmagnetic  coupling layer
3 in a direction perpendicular to the surface of  the nonmagnetic substrate
1, SUL noise (noise caused by the soft  magnetic backing layer which is
present even in the case that  there is no magnetic recording layer) and
noise produced through  33 the mirror-image of the magnetic recording
layer being transferred  to the soft underlayer are suppressed, and hence
the SNR for the  



the mirror-image of the magnetic recording layer being transferred 

to the soft underlayer are suppressed, and hence the SNR for the 

mediumisimproved. Moreover, itwasfoundthat byusingthemedium 

structure according to the present invention, there can be obtained 

a perpendicular magnetic recording medium for which the resistance 

to an external magnetic field is high, and erasure due to such an 

external magnetic field does not occur. 
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medium is improved. Moreover, it was found that by using the medium
structure according to the present invention, there can be obtained  a
perpendicular magnetic recording medium for which the resistance  to an
external magnetic field is high, and erasure due to such an  external
magnetic field does not occur. 34 What Is Claimed Is: 1. A perpendicular
magnetic recording medium having a  nonmagnetic substrate, a soft
underlayer, a nonmagnetic coupling  layer, a hard magnetic pinning layer,
a nonmagnetic intermediate  layer, and a magnetic recording layer in this
order, wherein the  soft underlayer and the hard magnetic pinning layer
are  antiferromagnetically coupled together at ordinary temperature  via
the nonmagnetic coupling layer, and an axis of easy  magnetization of the
hard magnetic pinning layer is perpendicular  to a surface of the
nonmagnetic substrate. 2. The perpendicular magnetic recording medium
according  to claim 1, wherein the soft underlayer has uniaxial magnetic
anisotropy that is parallel to the surface of the nonmagnetic  substrate and
in a radial direction. 3. The perpendicular magnetic recording medium
according  to claim 1, wherein the nonmagnetic coupling layer comprises
a metal  selected from the group consisting of V, Cr, Cu, Nb, Mo, Ru, Rh,
Ta, W, Re and Ir, or an alloy having such a metal as a main component
thereof. 



What Is Claimed Is: 

1. A perpendicular magnetic recording medium having a 

nonmagnetic substrate, a soft underlayer, a nonmagnetic coupling 

layer, a hard magnetic pinning layer, a nonmagnetic intermediate 

layer, and a magnetic recording layer in this order, wherein the 

soft underlayer and the hard magnetic pinning layer are 

antiferromagnetically coupled together at ordinary temperature 

via the nonmagnetic coupling layer, and an axis of easy 

magnetization of the hard magnetic pinning layer is perpendicular 

to a surface of the nonmagnetic substrate. 

2. The perpendicular magnetic recording medium according 

to claim 1, wherein the soft underlayer has uniaxial magnetic 

anisotropy that is parallel to the surface of the nonmagnetic 

substrate and in a radial direction. 

3. The perpendicular magnetic recording medium according 

to claim 1, wherein the nonmagnetic coupling layer comprises a metal 

selected from the group consisting of V, Cr, Cu, Nb, Mo, Ru, Rh, 

Ta, W, Re and Ir, or an alloy having such a metal as a main component 

thereof. 

4. The perpendicular magnetic recording medium according 

to claim 1, wherein the nonmagnetic coupling layer has a thickness 

of not more than 2 nm. 

S. The perpendicular magnetic recording medium according 

to claim 1, wherein the hard magnetic pinning layer comprises a 

material having Co as a main component thereof and further containing 

at least one selected from the group consisting of Cr and Pt. 
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4. The perpendicular magnetic recording medium according  to claim 1,
wherein the nonmagnetic coupling layer has a thickness  of not more than
2 nm. 5. The perpendicular magnetic recording medium according  to
claim 1, wherein the hard magnetic pinning layer comprises a  material
having Co as amain component thereof and further containing  at least
one selected from the group consisting of Cr and Pt.  35 6. The
perpendicular magnetic recording medium according  to claim 1, wherein
the hard magnetic pinning layer comprises a  material having a granular
structure in which magnetic crystal  grains are dispersed in a nonmagnetic
oxide or nonmagnetic nitride  matrix. 7. The perpendicular magnetic
recording medium according  to claim 1, wherein the hard magnetic
pinning layer has a thickness  of not more than 10 nm. 8. The
perpendicular magnetic recording medium according  to claim 1, wherein
the hard magnetic pinning layer has a uniaxial  anisotropy constant of not
less than 5x105 erg/cm3 (5x109 J/m3),  and a lower coercivity than the
magnetic recording layer. 9. The perpendicular magnetic recording
medium according  to claim 1, wherein the magnetic recording layer
comprises a material  having a granular structure in which magnetic
crystal grains are  dispersed in a nonmagnetic oxide or nonmagnetic
nitride matrix.  36 



6. The perpendicular magnetic recording medium according 

to claim 1, wherein the hard magnetic pinning layer comprises a 

material having a granular structure in which magnetic crystal 

grains are dispersed in a nonmagnetic oxide or nonmagnetic nitride 

matrix. 

7. The perpendicular magnetic recording medium according 

to claim 1, wherein the hard magnetic pinning layer has a thickness 

of not more than 10 nm. 

8. The perpendicular magnetic recording medium according 

to claim 1, wherein the hard magnetic pinning layer has a uniaxial 

anisotropy constant of not less than 5xl05 erg/cm3 (5xl0 4 J/m3 
) , 

and a lower coercivity than the magnetic recording layer. 

9. The perpendicular magnetic recording medium according 

to claim 1, wherein the magnetic recording layer comprises a material 

having a granular structure in which magnetic crystal grains are 

dispersed in a nonmagnetic oxide or nonmagnetic nitride matrix. 
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