
MAGNETIC RECORDING HEAD AND MAGNETIC DISC STORAGE  APPARATUS MOUNTING THE
MAGNETIC HEAD BACKGROUND OF THE INVENTION  1. Technical Field The present
invention relates to a magnetic head suitable for  perpendicular magnetic
recording, a process of manufacturing the magnetic head,  and a magnetic
disc apparatus mounting the magnetic head. 2. Background Art In magnetic
disc apparatuses, data on a recording medium is read and  written using a
magnetic head. In order to increase the recording volume per  unit area on
a magnetic disc, areal density must be increased. In the current
longitudinal recording systems, however, as the length of bits that are
recorded  decreases, the areal density cannot be increased due to thermal
fluctuations in the  magnetization in the medium. To solve this problem, a
perpendicular recording  system has been proposed whereby a magnetization
signal is recorded in a  direction perpendicular to the medium. There are
two types of perpendicular magnetic recording. One employs a  double-layer
perpendicular magnetic recording medium comprising a soft  underlayer, and
the other employs a single-layer perpendicular medium having no
underlayer. When a double-layer perpendicular magnetic recording medium is
used as the recording medium, recording must be carried out using a
so-called  single pole type (SPT) head having a main pole and an auxiliary
pole, so that a  larger intensity of magnetic field can be applied to the
medium. In addition to the strength of the head field for recording, the
magnetic  field gradient in the perpendicular component of the head field
with which the  transition width of the recording bit cells is determined,
namely the field gradient  in the head-field perpendicular component in the
direction of head transport, is a  



very important factor for realizing high recording density. In order to
achieve 1 ever-higher recording density in the future, the field gradient
must be further  increased. Also, the curvature of the magnetic-transition
pattern in the recording  bit cells poses an obstacle for the realization
of higher recording densities. In order to improve recording density, track
density and linear density  must be increased also in perpendicular
recording. For obtaining an improved  track density, the track width of the
magnetic head must be made finer and more  precise. When perpendicular
magnetic recording is carried out on a double-layer  perpendicular magnetic
recording medium using a SPT head, the distribution of  the recording
magnetic field generated by the poles in the SPT head differs  greatly from
that obtained in the case of using a thin-film inductive head for
longitudinal magnetic recording. Specifically, the distribution is such
that the  contour lines of the head recording field strength are
distributed concentrically,  with the center portion of the main pole
exhibiting a maximum strength and the  contour lines getting wider and
wider between adjacent lines towards the outside.  As a result, the
magnetic-transition pattern that is recorded is curved such that the
magnetic-transition position in the track center portion is located towards
the disc  rotation direction more than the magnetic-transition pattern in
the track edge  portion. Such a phenomena has been actually clearly
identified based on the  result of observation by magnetic force microscopy
(MFM). The aforementioned phenomenon is produced by the fact that the main
pole is made of only one magnetic layer. A magnetic head is known in which
a  shield made of a magnetic material is provided near the main pole of the
magnetic  head, such as ones disclosed in Patent Document 1 and Non-patent
Documents 1  to 6, which are listed below. The techniques disclosed in
these documents are  designed in light of the increase in magnetic field
gradient and are not intended  



for correcting the problem of curvature of the magnetic-transition pattern
in the  recording bit cells. While Patent Document 2 discloses a structure
in which the  auxiliary pole is provided with a protruding portion, this
protruding portion is  different from the aforementioned shield, which
draws the magnetic field. The 2 protruding portion is also displaced away
from the main pole by a distance of  several microns, so that it cannot
provide the effect provided by the present  invention, as will be described
below. (Patent Document 1)  U.S. Patent No. 4656546  (Patent Document 2) JP
Patent Publication (Kokai) No. 2002-92820 A  (Non-patent Document 1) IEEE
Transactions on Magnetics, Vol. 3 8, No. 4, pp. 1719-1724 (2002)
(Non-patent Document 2) IEEE Transactions on Magnetics, Vol. 38, No. 1,
pp.163-168 (2002)  (Non-patent Document 3) Technical Report of the
Institute of Electronics, Information and  Communication Engineers,
MR2001-87, pp.21-26 (Non-patent Document 4) Technical Report of the
Institute of Electronics, Information and  Communication Engineers,
MR2002-65, pp. 1 -6 (Non-patent Document 5) Abstract No. FA02 of the 47 th
Annual Conference on Magnetism and  Magnetic Materials (Non-patent Document
6) Abstract No. FA03 of the 47'h Annual Conference on Magnetism and  



Magnetic Materials SUMMARY OF THE INVENTION In addition to the strength of
the recording head magnetization and the  magnetic field gradient, another
important factor for the realization of high  recording density is the
binarization of the field distribution, particularly the field
distribution on the trailing side (downstream of the direction in which the
disc a rotates) which determines the magnetic-transition pattern of the
bits recorded on  the medium. If the magnetic-transition pattern is curved
with respect to the  track direction, the magnetic transition width appears
large upon reproduction  with a GMR (giant magnet resistive) head or a TMR
(tunneling magnet resistive)  head, for example, resulting in an increase
in the maximum half width of the  isolated pulse as well as the problem of
the recording track width being narrowed  by an increase in the track
recording density. Therefore, in order to achieve  higher recording density
in the future, the problem of the curvature of the  magnetic-transition
pattern must be corrected. It is therefore the object of the invention to
provide a perpendicular  magnetic recording head capable of rectifying the
curvature of the  magnetic-transition pattern in the recording bit cells
and a magnetic disc  apparatus mounting the perpendicular magnetic
recording head. The invention provides a SPT head including a main pole and
an auxiliary  pole. A magnetic layer is disposed on a trailing side of the
main pole. The  magnetic layer is provided with a protruding portion
protruding towards the main  pole. The width of a side of the protruding
portion opposite the main pole is  smaller than the width of the main pole
on the trailing side. The shape of the  protruding portion may be
rectangular or trapezoidal, for example. The inventors realized, after
calculating the recording magnetic field by  



three-dimensional computer simulation, that by using the recording head of
the  above-mentioned shape, the magnetic field distribution can be made
linear in the  direction of the track width and the curvature of the
magnetic-transition pattern in  the recording bit cells can be corrected.
As the field distribution is made linear  in the track width direction, the
magnetic-transition width of the recording bits  can be decreased, so that
the extent of deterioration of the reproduction resolution  due to the
curvature of the magnetic-transition pattern can be reduced. By  mounting
the recording head, a magnetic disc apparatus with an improved  recording
density can be obtained. 4 BRIEF DESCRIPTION OF THE DRAWINGS Fig. I shows
an example of the magnetic disc apparatus according to the  invention. Fig.
2 shows an example of the relationship between a magnetic head and  a
magnetic disc. Fig. 3 schematically shows perpendicular recording. Fig. 4
shows another example of the structure of the magnetic head.  Fig. 5 shows
an example of a recording head according to the invention.  Fig. 6 shows
isomagnetic field lines of a recording magnetic field. Fi g. 7 shows
recorded magnetization configuration by simulation.  Fig. 8 shows a
variation of the magnetic layer. Fig. 9 shows the relationship between the
thickness of the magnetic layer  and the extent of curvature of the
isomagnetic field lines. Fig. 10 shows the arrangement of the recording
head when there is a skew.  Fig. I I shows the relationship between the
distance between the main pole  and the magnetic layer and the extent of
curvature of the isomagnetic. field lines. Fig. 12 shows an example of the
process of manufacturing the magnetic  



head according to the invention. DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS The invention will be hereafter described by way of embodiments
with  reference made to the attached drawings. Fig, IA schematically shows
an example of the magnetic disc apparatus  according to the invention. Fig.
113 is an enlarged view of a magnetic head  slider portion of the
apparatus. Fig. IC is an enlarged view of a magnetic head  portion of Fig.
113 as seen from the head air bearing surface. The magnetic disc apparatus
carries out recording and reproduction of a  magnetization signal on a
magnetic disc 11 rotating in a direction of an arrow 17, 5 using a magnetic
head 14. The magnetic head 14 is mounted on a magnetic head  slider 13
which is secured to the tip of a suspension arm 12 rotated by a rotary
actuator 15. The magnetic head 14 is made up of a recording head 16 and a
reproduction head 18. The reproduction head 18 includes a reproduction
element 7 disposed between a lower shield 8 and an upper shield 9. The
recording head 16 includes a main pole 1, an auxiliary pole 3, and a
magnetic  layer (shield) 32 that is disposed towards the trailing side of
the main pole. Fig. 2 schematically shows the relationship between the
magnetic head 14  and the magnetic disc 11 for perpendicular magnetic
recording. The width of the  magnetic layer constituting the main pole I in
the direction of the track is reduced  at a position referred to as a flare
point 33. A distance 34 between the flare  point 33 of the main pole 1 and
the air bearing surface is referred to as a throat  height. Fig. 3
illustrates the concept of perpendicular recording. A conductive  thin-film
coil 2 in which a recording signal flows is magnetically coupled with a
magnetic circuit made up of the main pole 1, auxiliary pole 3, a recording
layer  



19, and a soft underlayer 20. The magnetic field leaving the main pole 1
passes  through the recording layer 19 and soft underlayer 20 of the
magnetic disc  (perpendicular magnetic recording medium) and then enters
the auxiliary pole 3,  thus forming a magnetic circuit and recording a
magnetization pattern in the  recording layer 19. In some cases, an
intermediate layer is formed between the  recording layer 19 and the soft
underlayer 20. The reproduction element 7 of the  reproduction head employs
a GMR head or a TMR head. Fig. 4 shows another example of the magnetic head
according to the  invention, in which the positional relationship between
the main pole I and the  auxiliary pole 3 with respect to the disc rotation
direction 17 is opposite to that in  the magnetic head shown in Fig. 3.
Specifically, in the recording head of the  magnetic head of Fig. 3 the
auxiliary pole 3 is disposed upstream (leading side) of  the rotation
direction of the disc with respect to the main pole 1, whereas in the 6
recording head of the magnetic head shown in Fig. 4, the auxiliary pole 3
is  disposed towards the trailing side with respect to the main pole 1. In
the  arrangement of Fig. 4, the magnetic layer 32 may be joined to the
auxiliary pole  3. Other arrangements may also be adopted, such as one in
which the auxiliary  pole of the recording head is doubled by the upper
shield of the reproducing head.  In any of these arrangements of the
recording head, the principle of recording on  the double-layer
perpendicular magnetic recording medium is the same. Fig. 5 shows an
example of the recording head according to the invention  as seen. from the
air bearing surface. The recording head includes a magnetic  layer 32
disposed towards the trailing side of the main pole 1. The magnetic  layer
32 includes a protruding portion 32a projecting towards the main pole 1.
The protruding portion 32a has a width Nw of a side thereof that is closest
to the  main pole I and parallel to the side of the main pole 1 on the
trailing side, the  



width being set to be smaller than a width Tww of the side of the main pole
1 on  the trailing side. The magnetic layer 32 may be joined to the
auxiliary pole 3. The auxiliary pole 3 may be disposed either on the
leading side of the  main pole 1, as shown in Fig. 3, or on the trailing
side, as shown in Fig. 4.  Alternatively, the auxiliary pole 3 may be
disposed on both the leading and  trailing sides of the main pole 1. Fig. 5
shows an example where the auxiliary  pole is disposed on the trailing
side. The magnetic layer 32 is provided for the purpose of drawing in the
recording field and therefore has a different function from the auxiliary
pole, and  it must have a small thickness in the depth direction of the
head. The inventors  discovered. that by providing the protruding portion
32a opposite the main pole of  the magnetic layer 32 such that Tww > Nw,
the magnetic field at the center of the  main pole can be strongly drawn in
via the edge of the main pole, thereby  reducing the curvature of the
isomagnetic field lines. As the techniques  disclosed in Patent Document 1
and Non-patent Documents I to 6 draw in the  magnetic field across the
entire width of the track, they cannot prevent the 7 curvature of the
isomagnetic  field lines. Referring to Figs. 6 and 7., the
three-dimensional magnetic field  calculations performed by the inventors
will be described. Fig. 6A shows the  isomagDCtiC b field lines of the
strength of the field generated by the  SPT head in  which a magnetic layer
of the conventional structure without the protruding  portion is disposed
on the trailing side. Fig. 6B shows the  isomagnetic field  lines of the
strength of the magnetic field generated by the SPT  head according to  the
invention having the structure shown in Fig. 5. The magnetic field strength
is the strength of the field at the lengthwise center of the recording
layer of the  magnetic disc. 



The saturated magnetic flux density of the main pole was 2.2 T and the
geometric track width was 160 nm. The saturated magnetic flux density of
the  magnetic layer disposed on the trailing side was 1.0 T. The dotted
lines in the  drawings indicate the main pole I and the portion of the
magnetic layer 32  opposite the main pole 1. The contour lines are 7.96x
104 A/rn  apart. Comparison of Figs. 6A and 6B shows that the curvature of
the  isomagnetic  field lines on the trailing side is suppressed more in
the SPT head of  the invention than in the SPT head of the conventional
structure. In the case of  the SPT head having a magnetic layer (shield) of
the conventional structure  without the protruding portion. the distance
between the  isomagnetic field line  with one-half the maximum recording
field strength and the trailing position of  the main pole was 83 nm at
track edge and 94 nm at track center, thus resulting in  a difference Ll of
11 nm. On the other hand, in the case of the SPT head fitted  with the
magnetic layer (shield) with the protruding portion according to the
invention, the corresponding distance was 89 nm at track edge and 98 nin at
track  center, resulting in difference LI of 9 nm. which is smaller, and
creating a more  linear field distribution. Figs. 7A and 7B show simulation
charts obtained by calculating the  recording magnetization configurations
of the medium with the use of the two 8 heads shown in Figs. 6A and 613,
respectively. Fig. 7A corresponds to Fig. 6A  and indicates the recording
magnetization configuration obtained with the SPT  head of the conventional
structure. Fig, 7B corresponds to Fig. 6B and indicates  the recording
magnetization configurations obtained with the SPT head of the  invention.
The individual configurations were compared under an equal  maximum field
strength condition. The black portions indicate magnetization in  a
positive direction, and the white portions indicate magnetization in a
negative  



direction. It will be seen that the magnetic transition is sharper in the
recording  magnetization of Fig. 7B obtained with the SPT head of the
invention than in that  of Fig. 7A obtained with the conventional SPT head.
The reproduction  resolution of the recording magnetization recorded with
the SPT head of the  conventional structure was 27.9%, whereas the
reproduction resolution obtained  when the head structure of the invention
was used for recording was 29.6%, thus  indicating an improvement. Thus, in
accordance with the invention, the  reproduction resolution can be improved
and a higher-density magnetic disc  apparatus can be realized. Furthermore,
the magnetic recording head of the invention can be applied  not only to
the double-layer perpendicular magnetic recording medium but also to  other
magnetic recording media having a soft underlayer and still the same
effects  can be obtained- For example, the same effects can be obtained in
oblique  anisotropic media. Fig. 8 shows variations of the shape of the
magnetic layer opposite the  main pole. The shape of the protruding portion
of the magnetic layer, which is  disposed on the trailing side of the main
pole, protruding towards the main pole is  not limited to the rectangular
shape shown in Fig. 5. For example, the  protruding portion may have shapes
shown in Figs. 8A and 8B such that a  distance GL between the center of a
side of the main pole I on the trailing side  thereof and the opposite side
of the magnetic layer 32 is smaller than a distance 9 GL2 between the edge
of the side of the main pole I on the trailing side thereof  and the side
of the magnetic layer 32. In this case too, the same effects of the
invention as described above can be obtained. The magnetic layer 32
disposed on the trailing side of the main pole I is  



provided for the purpose of drawing in the recording magnetic field, and
the  magnetic layer must be thin in the depth direction of the head. Fig. 9
shows the  relationship between the thickness of the magnetic layer and the
degree of  curvature of the isomagnetic  field lines. The horizontal axis
indicates the  thickness of the magnetic layer, and the vertical axis
indicates difference  Ll  between the distances of the isomagnetic  field
line exhibiting one-half the  maximum recording field strength to the main
pole at track center and track edge.  It will be seen from Fig. 9 that Ll
can be decreased by making the thickness of  the magnetic layer 32
approximately equal to the throat height, which is the  distance between
the flare point, where the width of the main pole I is narrowed,  and the
air bearing surface. Thus, it is desirable in the present invention that
the  thickness of the magnetic layer 32 be smaller than the throat height.
In magnetic disc apparatuses, the side of the main pole I towards the
trailing side is not necessarily perpendicular to the track direction and
could be  inclined with a so-called skew angle cc, as shown in Fig. 10. The
side of the  protruding portion 32a opposite the main pole 1, the
protruding portion being part  of the magnetic layer 32 joined to the
auxiliary pole 32 on the trailing side,  should desirably not extend beyond
the width of the main pole I in the track  direction even when there is
skew angle a. Accordingly, width Tww of the side  of the main pole I on the
trailing side, width Nw of the side of the protruding  portion 32a of the
magnetic layer 32 opposite the main pole 1, and a distance  GLE between the
edge of the protruding portion 32a and the main poie I should  desirably be
set with respect to a maximum value cc of skew angle such that the
following relationship is satisfied in order to make the isomagneti c field
lines  linear. 10 0.5 x Jww-Nw)!~GLEx  tan o t 



Fig. I I shows the relationship between the distance between the main pole
and the magnetic layer and the degree of curvature of the i somagnetic
field lines.  The horizontal axis of Fig. I I indicates the value obtained
by standardizing a  minimum distance GL between the main pole and the
magnetic layer joined to the  auxiliary pole disposed on the trailing side
of the main pole, using a distance ATS  between the air bearing surface of
the main pole and the soft  underlayer. The  vertical axis of Fig. 11
indicates difference Ll between the distances between the  isomagnetic
field line exhibiting one-half the maximum recording field strength  and
the main pole at track center and track edge. The greater L I is, the more
the  isomagnetic field lines are curved. It will be seen from Fig. 11 that
if GL is  large, Ll also becomes large and the effect of making the
isomagnetic field lines  linear cannot be obtained. Conversely, if GL is
too small, Ll becomes large,  resulting in a reduced effect of making the
isomagneti c field lines linear. The  figure indicates that Ll can be
reduced to 10 nin or less in a range of GUATS  between 0.4 and 1.5, where
an enhanced effect of making the isomagnetic field  lines linear can be
obtained. Fig. 12 shows an example of the process of manufacturing the
magnetic  head according to the invention, as seen from the direction of
the air bearing  surface of the head. Initially, as shown in Fig. 12A, an
inorganic insulating film 101, a  magnetic film 102 to be made into a main
pole, an inorganic insulating film 103  to be made into a gap, a magnetic
film 104 to be made into a protruding portion  of the magnetic layer
(shield), a stopper 105 for chemical-mechanical polishing  (CMP), and an
inorganic insulating film 106 are sequentially stacked in the  mentioned
order. This is followed by the formation of a resist 107 with a shape
shown using a lift-off technique. Then, ion milling is carried out as shown
in  Fig. 12B to render the magnetic film 102 into the shape of a main pole.



Thereafter, an inorganic insulating film 101' is formed as shown in Fig.
12C, 11 followed by the formation of a magnetic layer piece 104 having a
width smaller  than that of the main pole by ion milling, as shown in Fig.
12D. The magnetic  layer piece 104 constitutes the protruding portion
disposed on the trailing side of  the main pole. Then, an inorganic
insulating film 101' is formed as shown in Fig. 12E,  which is then
planarized  by CMP,  as shown in Fig. 12F. Thereafter, there is  formed a
groove for forming a pillar for joining the main pole and the auxiliary
pole and for forming a magnetic layer disposed on the trailing side of the
main  pole except where the protruding portion exists, and a magnetic layer
104' is  formed in the groove. Then, the portions encircled by dotted lines
in Fig. 12F  are removed by milling, thereby obtaining the head structure
of the invention  shown in Fig. 12G. Thus, the invention provides a
recording head capable of correcting the  curvature of the
magnetic-transition pattern in the recording bit cells. By  mounting the
recording head, a magnetic disc apparatus can be obtained that is  suitable
for high recording densities. 12 What is claimed is: 1. A magnetic head
comprising a recording head including a main pole and an  auxiliary pole,
wherein a magnetic layer is disposed on a trailing side of the main  pole,
the magnetic layer having a protruding portion protruding towards the main
pole, wherein the width of a side of the protruding portion opposite the
main pole  is smaller than the width of the main pole on the trailing side.
2. The magnetic head according to claim 1, wherein the auxiliary pole is
disposed  on the trailing side of the main pole farther than the magnetic
layer. 



3. The magnetic head according to claim 2, wherein the magnetic layer is
joined  to the auxiliary pole. 4. The magnetic head according to claim 1,
wherein the auxiliary pole is disposed  on the leading side of the main
pole. 5. The magnetic head according to claim 1, further comprising a
reproducing head  having a magnetoresistive element. 6. The magnetic head
according to claim 1, wherein the thickness of the magnetic  layer in the
direction perpendicular to an air bearing surface of the magnetic layer  is
smaller than a throat height of the main pole. 7. A magnetic disc apparatus
comprising: a disc-shaped perpendicular magnetic recording medium having a
recording layer and a soft underlayer; a magnetic head including a
recording head and a reproducing head; and a rotary actuator for
positioning the magnetic head with respect to the  disc-shaped
perpendicular magnetic recording medium, wherein 13 the recording head
includes a main pole, an auxiliary pole, and a magnetic  layer disposed on
the trailing side of the main pole, the magnetic layer having a  protruding
portion protruding towards the main pole, wherein the width of a side  of
the protruding portion opposite the main pole is smaller than the width of
the  main pole on the trailing side. 8. The magnetic disc apparatus
according to claim 7, wherein a maximum skew  angle a, a width Nw of the
side of the protruding portion of the magnetic layer  opposite the main
pole, a width Tww of the main pole on the trailing side, and a  distance
GLE between the protruding portion of the magnetic layer and the main  pole
satisfy the relationship 0.5 x (Tww-Nw) 5 GLE x tan a. 9. The magnetic disc
apparatus according to claim 7, wherein a ratio of a  



minimum distance GL between the main pole and the magnetic layer to a
distance  ATS between an air bearing surface of the main pole and a soft
underlayer in the  disc-shaped perpendicular magnetic recording medium
(GL/ATS) is in the range  between 0.4 and 1.5. 10. A process of
manufacturing a magnetic head comprising a recording head  including a main
pole, an auxiliary pole, and a magnetic layer disposed on the  trailing
side of the main pole, the magnetic layer having a protruding portion
protruding towards the main pole, wherein the width of a side of the
protruding  portion opposite the main pole is smaller than the width of the
main pole on the  trailing side, the process comprising the steps of:
forming a stacked film in which a first magnetic film to be formed into
the main pole, a non-magnetic film to be formed into a gap, a second
magnetic  film to be formed into the protruding portion, a chemical
mechanical polishing  stopper film, and an inorganic insulating film are
sequentially stacked; forming a resist pattern on the stacked film by a
lift-off method; 14 processing the first magnetic film into the shape of
the main pole by ion  milling using the resist pattern as a mask; forming
an inorganic insulating film around the first magnetic film  processed in
the shape of the main pole and the non-magnetic film forming the  gap; and
processing the second magnetic film into a magnetic layer piece forming
the protruding portion by ion milling. 15 


