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INTRODUCTION

For quantitative analysis of magnetic recording and
reproduction processes, we have developed a new computer
simulation program based upon the finite element method
(FEM) and the curling magnetization reversal model(*I[].
Using this program we already examined magnetic recording
mechanisms and performances of both perpendicular and
longitudinal magnetic recordingsiIi4].

Using this FEM program, the simulation in the repro—-
duction process as well as in the recording one can be per—
formed taking the head-medium magnetic interaction into
account. Conventionally the reciprocity theorem is widely
used to calculate the reproduced output. In this paper, the
reproduced waves calculated by the reciprocity are compared
with those simulated by the FEM program. The reproduction
mechanisms on the longitudinal and the perpendicular
magnetic recordings are discussed.

RECIPROCITY THEOREM

Theorysi6]

The reciprocity theorem in the reproduction process is
brought from the reciprocity in the mutual inductance.
Consider two coils, 1, 2, linked by a mutual inductance, L.
A current, i, in coil 1 causes a magnetic flux ¢, threading
coil 2 given by

$s=Lunis ®

This equation is consistent even if the subscripts, 1 and 2, are
exchanged each other. Now take coil 1 to represent the coil
of the reproduce—head and coil 2 to carry a minute coil to
imagine at the position (x,y) in the recording medium. Then,
the mutual inductance is given by

Lo=05(x,y)/iy @-

Thus the distribution of L (x,y) is in proportion to the
magnetic flux distribution, ¢, in the medium when the head
is excited. If there is some flux source except the head coil,
for instance magnetizations within the medium, the flux
caused from that source have to be removed. The flux

threading the minute coil, ¢,, is proportional to the normal
component of the flux density B(x,y), and so

Liy(%,y)< B(x,y)n(x.y) ON

where n(x,y) is the unit vector normal to the minute coil,
which is coincide with the unit vector of the magnetization,
M(x,y).

On the other hand, the magnetization, M(x,y), in a
minute element of the recording medium can be replaced
with a solenoidal current of the minute coil, i (x,y), is given
by

1 (%,y)=4TM(x,y) Q)

where M(x,y) is the magnitude of the magnetization vector,
M(x,y). The reciprocity principle exists between the minute
coil and the head coil, and so the flux, ¢;, to thread the repro—
duce-head coil is given by

¢ =Lun(,y)in(%¥) ®-
Use of Eq.(3) and Eq.(4) in Eq.(5) gives

¢1°C4TEB(X,y)'n(X,y)M(X,y )
=B(x,y)}M(x.y) ().

Taking x—axis in the head velocity direction and y—axis in the
medium thickness direction, and the total flux per unit track
width in the reproduce-head coil is given by
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Then an output voltage is given by differentiating Eq.(7).
Here B(x,y) is called the reproduce—sensitivity function.
Since the proportion coefficient, K, depends on the
heads and the media, we can not compare the outputs be—
tween different head-medium systems. However the reci—
procity is useful for the analysis of the reproduce mechanism
in detail because it is possible to calculate the contributions to
the output from the x-component and the y—component of
the magnetizations in the each layer of the medium.






Figure 1 shows the distributions of the reproduce—sensi-
tivity functions at the surface of the Co—Cr layer. The distri—
bution of [B] is sharper than that of [A] because the magnetic
interaction between the head and the medium on [B] is
stronger than that on [A]. The reason for the broad distribu—
tion of {C] is that the effective field distribution, He(x,y) is
broadened by the influence of the demagnetizing field, Hy,
diminishing the head field, Hj,.
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Figure 1 Reproduce-sensitivity functions

Pulseform Comparison

Figure 2 shows the reproduced voltage waveforms for
isolated transitions simulated by the FEM program and calcu-
lated by the reciprocity theorem using the four types of the
reproduce—-sensitivity function as described above. The
waveform obtained by the reciprocity in which the effective
field distribution, He(x,y), is used for the sensitivity function
is much broader than that for the FEM simulation. The
waveforms for the reciprocity with the sensitivity function of
flux density distribution, B(x,y), and the Karlqvist distribu-
tion are sharper than that for the FEM. When the head field
distribution, Hy,(x,y), is introduced as the sensitivity function,
we get a good agreement between the waveforms obtained by
the reciprocity and by the FEM. These results suggests that
the head-medium magnetic interaction is not so strong in the
reproduce process because the magnetizations in the repro-
duction are much smaller than the saturation magnetization.
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Figure 2 Isolated pulses obtained for the Co-Cr/Ni-Fe
double-layer medium and the SPT head combination
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Figure 3 lIsolated pulses for (a) the metal particulate
medium and (b) the Ba-ferrite medium



Figure 3 shows the isolated pulseforms obtained by the
FEM and the reciprocity in the case that (a) the metal particu—
late and (b) the Ba—ferrite particulate media are assumed.
The pulseforms for the FEM and the reciprocity coincide
each other very well. Here the head field distribution,
Hy(x,y), of [A] was used for the sensitivity function.

We have set the proportion coefficient, K, in Eq.(7) as
shown in table 3 so that the pulse maximum calculated by the
reciprocity might coincide with that simulated by the FEM.
We can see that the coefficient, K, changes extremely as the
head changes. But K doesn't depend upon both a recording
density and a recording current. Therefore the coefficient, K,
has been fixed at the value in Table 3 on the following calcu—
lations.

Table 3 Proportion coefficients

Ring Head SPT Head
Metal Particulate Ba-Ferrite Co-Cr / Fe-Ni
Medium Medium Medium
K 0.0552 v 0.0532 0.1076

Waveform Comparison

Figure 4 shows the waveform of the reproduced voltage
at a density of 102 kFRPI for (a) the metal particulate
medium, (b) the Ba-ferrite medium and (c) Co—-Cr/Ni-Fe
double layer medium, where the solid and broken lines are
the results for the FEM simulation and the reciprocity calcu—
lation respectively. The output waves coincide roughly each
other in the case of the metal particulate medium, but there is
a little difference on the waves for the Co—Cr/Ni~Fe medium.
In the case of the Ba—ferrite medium, the output for the reci-
procity is much smaller than that for the FEM. The possible
reasons to this difference are;

[E] The magnetization distribution in the reproduction is
different from that in the remanent state because the existence
of the highly permeable reproduce—head decreases the
demagnetizing field in the medium.

[F] The reproduce-sensitivity function changes according to
the magnetization distribution within the medium changes
because the permeability changes locally in the medium.

[G] The sensitivity function changes because the head is
saturated partially by the leakage flux from the recorded
medium even in the reproduce process.

Magnetization Distribution
First of all, let's consider about [E]. Figure 5 shows the
perpendicular component distributions of the magnetization

at the surface layer of the medjum in the remanent state (solid
lines) and in the reproduce process (broken lines) obtained by
the FEM simulation for the Ba-ferrite medium. When the
ring head comes in close to the medium in the reproduction,
the demagnetizing field within the medium decreases because
the surface magnetic charges are partially canceled by the
image charges in the ring head. Resultantly the magnetiza—-
tions in the medium increase. Figure 6 shows the output
waves calculated by the FEM (solid line) and by the reciproc—
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Figure 4 Reproduced waves at 102 kFRPI for (a) the
metal particulate, (b) the Ba-ferrite and (c) Co-Cr/Ni-
Fe media
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Figure 5 Perpendicular magnetization distributions in
the remanent and the reproduction states

ity in which the remanent magnetizations (broken lines) and
the magnetizations in the reproduction (dotted lines) were
used. The output for the magnetizations in the reproduction
is larger than that calculated for the remanent magnetizations
because of the increase of the magnetization. However its
output increment is very small.

— FEM  ---- Recip.(M:Rem.)

Ba-ferrite

E, (aV)

x (um)

Figure 6 Reproduced waves for the FEM and for the
reciprocity calculations

Therefore the reason for the difference on the output
waves is that the reproduce~sensitivity function changes as
the magnetization pattern within the medium changes. Since
the output for the reciprocity is smaller than that for the FEM,
it is clear that the sensitivity function has to be sharper than
that assumed here in the case of a high recording density.
This suggests that the head~medium magnetic interaction is
stronger at a high density than that for an isolated transition.
Therefore we conclude that the use of the sharper distribution
than the distribution of [A] is substantially proper for the
sensitivity function at a high density.

Medium Permeability
The permeability, p, is the proportion of the flux densi-
ty, B, to the field, H, and so

“’(er)=B(x’ )/H(X’Y)
=1+47M(x,y)/H(X,y) 8)

It is clear that the permeability within the medium is not unit
and changes locally when the medium is magnetized. This
suggests that the reproduce-sensitivity function also changes
when the medium is magnetized.

Head Saturation

The magnetic flux leaked from the recorded medium
surface is unexpectedly large in the reproduce process. In the
case of the Co~Cr/Ni-Fe double layer medium, it have been
obtained by the FEM simulation that the flux density nearby
the medium surface is from several hundreds to over one
thousand (Gauss). Therefore it seems that the head may be
saturated in the reproduce process and the reproduce—sensi—
tivity function changes.

SUMMARY

The reproduced voltage wave calculated by the reciproc—
ity theorem was compared with that obtained by the FEM
simulation. A good agreement was obtained on the isolated
pulse, but the difference has appeared at a high recording

density. This is because the reproduce-sensitivity function
assumed as the head field distribution is broader than precise
one at a high density.

Since the sensitivity function changes as the magnetiza—
tion distribution within the medium changes, the FEM simu-
lation program incorporating the medium magnetization
model is necessary to analyze the reproduction process as
well as the recording one. But in the case of the longitudinal
magnetic recording, the calculation based upon the reciproci—
ty gives the good agreement with the results of FEM calcula—
tion because of the weak head-medium magnetic interaction.

We suppose that the change of the sensitivity function
of the reproduce-head is caused by the change of the perme—
ability distribution in the medium and the head saturation in
the reproduce process. In order to clear the reasons why the
sensitivity function changes, the further investigation is
necessary.
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