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In this report, we describe
the results of investigations by
computer simulation of the reas-
ons for the increase in record-
ing density in actual systems
when the Co-Cr layer thickness
is somewhat thin.

I1. Computer Simulations
Computer simulations of read/
write processes were performed
for Co-Cr layer thicknesses of
0.10 and 0.20 am.

Distribution of field from a
single-pole head: The distribu-
tion of the magnetic field from
a single-pole head was computed
by a two-dimensional finite
element method, for an infinite-
ly large track width. The main
pole thickness was 0.38 um,
with a relative permeability of
5000; the backing layer thick-
ness was 0.5 gm, with relative
permeability 1000. The head-
medium spacing was taken to be
0.02 m. These are essentially
the conditions of actual
read/write experiments performed
by the authors. As we have
already noted, in analyzing the
field from a single-pole head,
it is necessary to take into
account not only the magnetic
interaction between main pole
and medium backing layer, but
also the interaction between
main pole and medium Co-Cr
layer [4].

It may be that the head field
should be calculated according
to the medium magnetization
state as the head and medium are
in relative motion in the
recording process; for
simplicity, however, we have

"here set the relative
permeability of the Co-Cr layer
equal to 5, and have determined
the field distribution based on
an approximation to the

interaction of the Co-Cr

layer with the main pole.

In head field calculations,

we have not considered the
effects of magnetic saturation
in the head or in the backing
layer.

Recording process: The model
for magnetization in the Co-Cr
layer was based on the curling
model, modified to take into
consideration the magnitude of
the anisotropy field for Co-Cr
crystal grains and dispersion in
the easy magnetization axis [5].
Here we set the perpendicular
coercivity at 400 Oe and the
saturation magnetization at 400
emu/cc.

We assumed a Gaussian
distribution for the magnitude
of the perpendicular magnetic
anisotropy field, with a mean of
5 kOe. We have obtained simula-
tion results indicating that the
smaller the dispersion in the
perpendicular magnetic anisotro-
py, the stronger the residual
magnetization in the medium at
high recording densities. Here,
we choose the half-maximum width
of the distribution to be 1.5
kOe, so that the results of
read/write simulations agree
well with measurements.

In simulations of the
recording process, we combined
this medium magnetization model
with the aforementioned head
field distribution obtained
through finite element analysis,
computed the demagnetizing field
due to the magnetic charge
within the Co-Cr layer and the
image charge in the backing
layer, and used an iterative
approximation technique to find
the self-consistent
magnetization state within the
medium. In the course of these
iterative calculations, when the
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change of magnitude of the
magnetization from the preceding
step at all points within the
medium is equal within 1% of the
saturation magnetization, the
process was Jjudged to have
converged. In calculations, the
Co-Cr layer was divided into six
partitions in the depth
direction, and was also
partitioned into units of the
same length in the head running
direction. The permeability of
the medium backing layer was
assumed to be infinite.

Playback process: The playback
voltage (in arbitrary units) was
computed using the reciprocity
theorem from the residual
magnetization distribution in
the medium as obtained from
recording simulations, taking
the head field distribution, as
determined by the finite element
method, as the sensitivity
function.

III. Results and Discussion

A. The head field

Fig. 1 shows the head field
distribution within the Co-Cr
layer, as calculated by the
finite element method. Here Y is
the distance from the Co-Cr
layer surface. The strength of
the magnetic field is shown
normalized by the magnetic field
strength at the Co-Cr layer
surface on the line passing
through the center of the main
pole. When the Co-Cr layer
thickness is 0.1 gm (a), there
is a strong magnetic coupling
between the main pole and the
medium backing layer, so that
.the distribution of the
perpendicular field component
(Hy) is sharp and almost the
same at the bottom of the layer
as at the top. But for a layer
thickness of 0.2 gm (b), the
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Fig. 1. Magnetic field

distribution from single-pole
head in the Co-Cr layer,
calculated by the finite element
method. The Co-Cr layer
thickness is 0.1 pm in (a),

0.2 pm in (b).

field distribution is already
broader at the surface, and at
the bottom of the layer the
field is broadened considerably.

When the same magnetomotive
force is used to magnetize the
medium, the field strength
obtained at the surface of the
Co-Cr layer, on the line passing
through the center of the main
pole, is about 20% greater for
the medium with a Co-Cr layer
0.1 gm thick, than when the
latter is 0.2 pm thick.

B. The recording process

Fig. 2 indicates the relation of

the playback voltage to the
magnitude of the perpendicular
component of the head field at
the Co-Cr layer surface, applied
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Fig. 2. Reproduced wvoltage vs.

recording head field strength at
surface of Co-Cr layer.

during writing. When the Co-Cr
layer is thick, the difference
between the head field strengths
at the Co-Cr layer top and
bottom. surfaces is great. Hence
in order to perform saturation
recording, the field strength
applied to the medium surface
will have to be higher for
thicker films.

In these simulations, it was
found that if the field strength
at the surface is about 2000 Oe,
then the Co-Cr layer is
sufficiently well magnetized all
the way to the bottom of the
layer when the layer thickness
is 0.2 gmm (the broken lines in
the figure). Upon saturation
recording, the largest playback
voltage was obtained for both
isolated magnetization
transitions and under
high-density (152 kFRPI)
recording conditions. We
therefore set the head field
strength at the Co-Cr layer
surface equal to 2000 Oe in our
simulations of the recording
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Fig. 3. Distributions of (1)
the vectorial magnetization,
(IT) the perpendicular
magnetization component, in the
Co-Cr layer. The Co-Cr layer
thickness is 0.1 gm in (a),

0.2 mm in (b).

process.

Results of simulations of
isolated magnetization
transition recording appear in
Fig. 3. Here (1) is the
distribution of the residual
magnetization vector within the
Co-Cr layer, and (I1I1) is the
distribution of this vector’s
perpendicular component (My). In
regions distant from the
magnetization transition in
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diagram (I), the demagnetizing
field is strong in the
perpendicular direction, and so
it is somewhat difficult to
obtain convergence of the
magnetization in calculations of
the self-consistent
magnetization, and the latter is
slightly disordered.

But near the magnetization
transition the demagnetizing
field is weak, convergence of
the magnetization is readily
obtained, and the result is
correspondingly more reliable.
When the Co-Cr layer thickness
is 0.1 tm (a), the width of
the transition is about 0.1
pm, or about half the width
when the layer thickness is 0.2
um (b). In perpendicular
recording, there is only a small
demagnetizing effect at the
magnetization transition, and
the sharpness of the transition
is for the most part determined
by the sharpness of the field
distribution at the trailing
edge of the head. Thus media
with a smaller Co-Cr layer
thickness have narrower
magnetization transition
widths.

Fig. 4 shows the recording
density dependence of the
perpendicular component (By) of
the flux density at the medium
surface. By reflects the
magnitude of the perpendicular
component of the residual
magnetization near the surface
of the Co-Cr layer. As the
recording density is raised, the
self-demagnetizing effect in the
perpendicular direction
diminishes and the magnitude of
the residual magnetization
increases; for these reasons,
the flux density near the medium
surface is larger than when
isolated magnetization
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Fig. 4. Perpendicular component

of the flux density at the Co-Cr
layer surface, vs. recording
density.

transitions are recorded.

But as the recording density
is further raised, those areas
which have once been written
tend more to be overwritten by
the trailing edge of the head
field distribution during
subsequent writing of
magnetization transitions.
Because of this, the residual
magnetization, rather than being
reinforced, is weakened. Hence
the magnitude of the flux
density at the medium surface
first increases with rising
recording density, and then
begins to decline. Media with
thinner Co~Cr layers (circles in
the figure) are written by a
head field with less of a
trailing edge, and thus keep a
stronger magnetization even at
high recording densities than do
media with a thicker Co-Cr layer
(triangles).

As a consequence, media with a
thinner Co-Cr layer are better
able to maintain increases in
flux density at high recording
densities. From the figure, we
also see that signals are
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Fig. 5. Simulated recording

density response curves. The
solid and broken lines denote
results for Co-Cr layer
thicknesses of 0.1 and 0.2 um
respectively.

written up to a high density of
about 400 kFRPI, the limit
imposed by the dimensions of the
mesh in the medium used for
simulations.

C. The playback process

Fig. b shows the recording
density characteristics of the
playback voltage computed using
the reciprocity theorem, taking
the head field distribution of
Fig. 1 as the playback
sensitivity function, assuming
the above-described dependence
of the residual magnetization
distribution on the recording
density. In the figure, the
solid and broken lines represent
results for Co-Cr layer
thicknesses of 0.1 and 0.2 um
respectively.

When the recording density is
below 100 kFRPI, the medium with
Co-Cr layer of thickness 0.2
un delivers a playback voltage
roughly twice that when the
latter thickness is 0.1 um. At
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Fig. 6. Reproduced voltage vs.
recording density. The solid and
broken lines are measured
results; data denoted by circles
were obtained from simulations.

recording densities near 100
kFRPI, the playback voltages are
nearly the same; at 200 kFRPI
and above, the trend is
reversed, and the medium with
the 0.1 gm Co-Cr layer

delivers the higher playback
voltage. This 1s both because a
thinner Co-Cr layer results in
formation of a stronger residual
magnetization in the Co-Cr layer
at high densities, and because a
sharp head field distribution
enables playback with higher
resolution.

D. Comparison with measurements
Fig. 6 shows examples (the solid
and broken lines) of recording
density dependences of the
playback voltage actually
measured using a flexible disk
drive. The solid line is for a
Co-Cr layer 0.1 gm thick; the
broken line, for a 0.2 um

thick layer. The results of
these simulation calculations
(empty and filled circles) can
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