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(57) ABSTRACT

The present invention relates to a magnetic recording
medium for use 1n an external memory device of an infor-
mation processing apparatus etc., and an object thereof 1s to
reduce noise, achieve high coercive force, and use the
substance as a magnetic recording medium for detecting
signals 1n a magnetoresistance head. In the magnetic record-
ing medium comprising the magnetic recording layer 23
including ferromagnetic grains 22 and a nonmagnetic sub-
stance 23, the improvement in structure comprises that the
ferromagnetic grains 22 are formed to have respectively an
average grain diameter of 50 nm or less and not to be
overlapped 1n the film thickness direction and to be 1solated
in the direction along a layer surface, and that a product of
residual magnetization and a film thickness of the magnetic
recording layer 25 1s less than or equal to 150 Gauss*um.

4 Claims, 16 Drawing Sheets
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1
MAGNETIC RECORDING MEDIUM

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a magnetic recording,
drive, a magnetic recording medium and a method for
manufacturing the same and, more particularly, to a mag-
netic recording drive for use 1n an external memory device
of an 1nformation processing apparatus, etc., a magnetic
recording medium used therein and a method for manufac-
turing the same.

2. Description of the Prior Art

In the magnetic recording drive, improvement of the
recording density has been demanded more and more with
an mcrease of an amount of information 1n proportion. When
recording density of the conventional magnetic recording
medium 1s increased, a S/N ratio 1s degraded to cause
reduction of a reproducing output and increase of noise.
Theretfore, the magnetic recording medium enabling a large
reproducing output and low noise has been demanded.

In particular, the problem 1s to achieve noise reduction in
the magnetic recording medium since reading sensitivity has
been extremely improved by practical use of the magnetore-
sistance head.

As a main factor of generating the noise 1n the magnetic
recording medium, there 1s unclear boundary of the magne-
fization transition regions due to variation 1n magnetization
in magnetization transition regions. The variation 1n mag-
netization 1s caused by magnetic interaction between crystal
orains of the ferromagnetic film constituting the ferromag-
netic layer.

In order to reduce noise 1n the magnetic recording
medium, it 1s required to weaken the magnetic 1nteraction
between crystal grains of the ferromagnetic film.

In general, as the recording layer of the conventional
magnetic recording medium, a thin film which 1s formed of
cobalt (Co)-based ternary or quaternary alloy by sputtering
may be used. By adjusting composition of the thin film and
manufacturing conditions, segregation in the ferromagnetic

portion and the nonmagnetic portion can be facilitated to
reduce the noise.

In the conventional magnetic recording medium, as
shown 1n FIG. 1, for example, a chromium layer 2, a
magnetic recording layer 3 consisting of CoCr,,Ta,, and a
protection layer 4 consisting of a carbon film are formed in
that sequence on a nonmagnetic substrate 1 which 1s formed
of an Al substrate covered with a NiP film.

However, since a cobalt system alloy constituting the
recording layer 3 1s inherently a solid solution, 1t 1s difficult
to 1solate crystal grain of the ferromagnetic film perfectly
even 1f segregation 1s accelerated by adjusting composition
and manufacturing conditions.

As the way of isolating crystal grains of the magnetic
substance. Patent Application Publication (KOKAI) JP59-

42642 and Patent Application Publication (KOKAI) P59-
220907 have set forth manufacturing methods such that a
binary or ternary alloy layer comprising the nonmagnetic
substance such as silver and copper and the ferromagnetic
film which 1s insoluble in this nonmagnetic substance is
once formed by sputtering, and then the alloy layer 1s heated.
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In the manufacturing methods set forth 1n these publica-
tions (KOKAIs), the ferromagnetic layer is heated at a
temperature of less than 400° C. to accomplish high coercive
force. Since a glass or polymer film 1s utilized as a substrate
for supporting the magnetic recording film, the heating
temperature of less than 400° C. 1s preferable.

In both Publications, the manufacturing methods for
forming the magnetic recording film which has film thick-
ness of 130 to 150 nm and t*Br value of 2000 Gauss*um have
been set forth. The t*Br value i1s denoted as a product of
residual magnetization Br and a film thickness t of the
magnetic recording medium (magnetic recording film).

However, in the magnetic recording medium for use in the
magnetoresistance head, it 1s requested that the thickness of
the magnetic recording layer would be set to be lower than
or equal to 30 nm and also the t*Br value would be set to be
lower than or equal to 150 Gauss*um. In the case of
manufacturing of the magnetic recording layer, the tech-
niques set forth 1n these publication cannot be applied as
they are. This 1s because of the following reasons.

First, the relation between recording density and effective
output voltage 1n the magnetic recording medium for use in
the magnetoresistance head has been well known as

described 1in FIG. 2.

In FIG. 2, 1n case the recording density 1s small like about
10, 20 kFRPI, the effective output 1s increased if the t*Br
value 1s increased. But, in case the recording density 1s large

like about 50, 100 kFRPI, the effective output voltage 1is
decreased when the t*Br value 1s increased.

For this reason, 1f the recording density 1s increased up to
about 50, 100 kFRPI, the t*Br value of the magnetic record-
ing layer must be set to be lower than 150 Gauss*um.

However, even 1f, under the conditions set forth 1n the
above publications, 1t has been tried to accomplish the t*Br
value of less than 150 Gauss*um by forming the magnetic
recording layer of less than 30 nm in thickness. However,
even under these conditions, noise reduction and large
coercive force have not been achieved since crystal grains in

the magnetic recording layer are small and further partially
continuous with each other in such circumstances.

Next, 1t can be considered that the magnetic recording
layer 3 formed of CoCr,,Ta, 1s formed thinner. For example,
as shown 1 FIG. 1, the chromium layer 2 of 100 nm 1n
thickness and the magnetic recording layer 3 of 20 nm 1in
thickness are formed in that order on the nonmagnetic
substrate 1 formed of a two-layered structure consisting of
Al and N1P, and then the protection layer 4 formed of carbon
1s formed thereon to have a thickness of 20 nm. At this time,
the t*Br value 1s about 100 Gauss*um.

While the relation between the recording signal frequency
and noise power 1n the magnetic recording layer has been
investigated using the magnetoresistance reproducing head,
the result has been derived as shown by the broken line in
FIG. 9. It has been appreciated that noise power 1s increased
linearly in proportion as the recording signal frequency 1is
imncreased. As a result, 1t has been found that the thinned
CoCr,,Ta, 1s not fit for the magnetic recording layer used for
high recording signal frequency.

In the examination 1n FIG. 2, a relative velocity between
the magnetic head and the magnetic recording medium 1s
clected as 10 m/s, the recording signal frequency 1s set to 20

MHz, and the recording density is selected as about 100
kFRPI.

As has been stated above, regarding a granular magnetic
film (Fe-S10,) in which magnetic fine grains are dispersed



US RE33,587 E

3

into the S10, film, the following problem 1s caused 1n
addition to the problem of the magnetic characteristic due to
crystal property of the magnetic recording film.

It has been recited in Applied Physics Letter, 52 (6), 512
(1988) and U.S. Pat. No. 4,973,525 that, in the above
cgranular magnetic film, crystal property of the magnetic
substance fine grains has been improved and also more
preferable magnetic characteristics and recording/
reproducing characteristics could be achieved by controlling
the substrate temperature appropriately at the time of film-
formation.

Thereby, there 1s a tendency that, in the granular magnetic
film, segregation of the magnetic substance has too small
size 1n the state of as-grown to show enough coercive force.
It has been seen that, 1n order to 1ncrease coercive force, the
annealing must be effected after growing the film to increase
the volume of each segregation.

On the contrary, conventionally a NiP plated substrate has
been used mainly as the substrate for the magnetic recording,
medium. But, the NiP layer formed on a surface of the
substrate has been crystallized by heating at a temperature in
excess of 300° C. Thus, there are caused some problems that
flatness of the surface of the layer 1s damaged, the layer 1s
magnetized, or the like. It 1s evident that such substrate 1s not
adequate for heating process at a high temperature.

In recent years, 1t has been considered that, on the trend
of downsizing, the magnetic disk 1s reduced in size to have
the same size as the IC card. In this case, a thickness of the
magnetic disk must be formed less than 3 mm. In this case,
a thickness of the substrate must also be formed less than 0.3
mm, but 1t 1s the problem to use the NiP plated substrate in
the respect of mechanical strength.

Like this, a glass substrate or a single crystal substrate in
place of the Ni-P plated substrate 1s examined to proceed
thinner-layered structure and planarization of the magnetic
recording medium. For example, 1t has been proposed in
Patent Application Publication (KOKAI) 59-96538 that the
structure in which a chromium (Cr) layer, a magnetic film,
and a protection film are grown in sequence on the single
crystal substrate may be used as the magnetic recording
medium.

From the previous discussion, it 1s of course necessary to
consider that, after the Fe-S10, granular magnetic film 1s
grown 1n the single crystal silicon substrate, the granular
magnetic film must be treated by heating process. In that
case, 1t will be supposed that the S10, film covering the
oranule of Fe serves to prevent the reaction between the
silicon substrate and the granule.

However, based on the experiments effected by the inven-
tors of the present invention, it has been found that, when the
ogranular magnetic film formed on the silicon substrate is
heated at a high temperature, atoms of the magnetic sub-
stance and silicon atoms are mutually diffused passing
through the grain boundaries 1n the granular magnetic film,
so that paramagnetic silicon compounds are formed to thus
reduce the value of saturation magnetization (Ms) of the
magnetic recording medium.

Especially, in the magnetic recording medium 1n which a
low t*Br value (where t is a thickness of the magnetic layer,
and Br 1s a magnitude of residual magnetization) is required
to be used together with the MR head, it causes a serious
problem that the magnetic grain 1s wasted to form silicon
compounds since an amount of the magnetic grain 1n the
magnetic {ilm 1s absolutely small.

On the other hand, when the magnetic recording medium
1s formed of a plurality of different material layers and
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thereafter i1t 1s heated, there may be a risk of causing a
separation of the layers due to difference between coefli-
cients of thermal expansion of the layers.

SUMMARY OF THE INVENTION

A first object of the present invention 1s to provide a
method for manufacturing a magnetic recording medium,
which 1s capable of reducing noise and achieving high
coercive force and 1s fit for a magnetoresistance head.

In the present invention, a nonmagnetic film, a ferromag-
netic film and the nonmagnetic film are formed separately on
a substrate, then a resultant structure 1s annealed to distribute
crystal grains of the ferromagnetic film 1nto the nonmagnetic
f1lm, whereby a recording layer 1s formed.

Thus, the crystal grains of the ferromagnetic film may be
spaced and 1solated from each other such that all adjacent
crystal grains of the ferromagnetic film do not magnetically
interact with each other m the recording layer. In this case,
if the nonmagnetic substance 1n which the ferromagnetic
film 1s scarcely soluble i1s utilized, the above tendency
becomes particularly conspicuous.

Therefore, by making distribution of magnetization uni-
form 1n the magnetic recording medium, a noise character-
1stic can be improved which 1s caused by uneven distribution
of magnetization 1n magnetization transition regions and
their peripheral regions of the magnetic recording medium.

Furthermore, according to the above manufacturing
method, such a recording layer can be formed that has a thin
film thickness, realizes satistactory coercive force, and
attains 150 Gauss*um or less, preferably 100 Gauss*um or
less 1n a product of residual magnetic flux density and a film
thickness. As a result, large reproducing output which 1s it
for high sensitivity performance of the MR head can be
obtained.

In addition, 1f the magnetic recording layer 1s annealed at
a high temperature, for example, 400° C. or more so as to
facilitate mutual diffusion and also to produce crystal struc-
tures for generating sufficient magnetization as distributed
crystal grains of the ferromagnetic film, further large coer-
cive force can be obtained.

In the above description, as a substance of the ferromag-
netic film, cobalt or an alloy including the cobalt as a major
constituent, for instance. Co,Cr;5o.4 (A 1s 90 or more),
Co,Pt,50.4 (Ais 70 or more, or 40 to 50) or Co,Sm ;5,4 (A
is 83.3 or 89.5) may be used. As a substance of the
nonmagnetic film, metal, oxide, nitride, carbon or carbide
may be used.

Moreover, as a substance of the nonmagnetic film, it 1s
preferable to use a substance which has a solid solubility of
cobalt of 5% or less, for mstance, metal such as silver or
copper, silicon oxide or zirconium oxide, titanium nitride or
silicon nitride, carbon or carbide, or the like.

Also, a high heat-resistant material, for instance, silicon
or carbon, 1s suitable for a substrate of the nonmagnetic
substrate.

In addition, 1n the present invention, the magnetic record-
ing layer of an alloy consisting of the ferromagnetic film and
the nonmagnetic substance 1s formed on the heat-resistant
nonmagnetic substrate to have a thickness of 30 nm or less,
and then the magnetic recording layer 1s annealed during it
1s being formed or after 1t 1s formed, whereby plural 1solated
orains formed of the ferromagnetic film and having an
average grain diameter of 50 nm or less are obtained.

In the magnetic recording layer thus formed, since the
orains of the ferromagnetic film can be formed to have large
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size and 1solated from each other, variations 1n magnetiza-
fion 1n magnetization transition portions can be suppressed.
Therefore, 1n contrast to the conventional device, noise can
be reduced upon recording or reproducing signals, and
dependency of noise power on recording signal frequency
can also be eliminated.

Also, 1n the case 1n which the magnetic recording layer
having a film thickness of less than 30 nm 1s formed, 1t has
been experimentally confirmed that coercive force of the
magnetic recording layer may be increased if an annealing
temperature is set at 400° C. or more, preferably in a range
of 400° to 550° C. while coercive force may be increased if
the annealing temperature is set at 400° C. or less.

Accordingly, the magnetic recording layer having high
signal quality (high S/N and high recording density may be
obtained.

Besides, if a t*Br value of the magnetic recording layer 1s
set lower than or equal to 150 Gauss*um, the magnetic
recording layer 1s most suitable for the magneto-resistance

head.

A second object of the present invention 1s to provide a
magnetic recording medium capable of preventing a sepa-
ration of layers constituting 1t and suppressing degradation
of coercive force by preventing a reaction between silicon in
the silicon substrate and magnetic substance 1n a granular
magnetic film, and a method for manufacturing the same,
and a magnetic recording device utilizing such magnetic
recording medium.

According to the present invention, the nonmagnetic layer
including no magnetic grain therein i1s formed between the
nonmagnetic layer including magnetic grains therein and the
silicon substrate. The nonmagnetic layer including the mag-
netic grains therein serves as the granular magnetic layer,
and the nonmagnetic layer including no magnetic grain
therein serves as a diffusion preventing layer. Thus, mutual
diffusion of the silicon in the silicon substrate and the
magnetic grain due to annealing may be prevented by the
diffusion preventing layer.

Therefore, since the silicon containing the magnetic mate-
rial 1s not formed, reduction of the magnetic material may be
prevented so that the magnetic recording medium having
large coercive force and high recording density can be
achieved. In addition, since the granular magnetic layer and
the diffusion preventing layer excepting the magnetic fine
ograins are formed by the same substance, difference in
thermal stress does not occur 1n the granular magnetic layer
and the diffusion preventing layer. Thus, a stable layer
structure can be obtained without the possibility of film
exfoliation. A silicon oxide film, for example, can be listed
as the nonmagnetic layer. There are 1ron, cobalt and nickel,
for example, as the magnetic grain. Further, an adhesion
between a silicon dioxide layer and a silicon substrate 1s
extremely superior and there 1s no risk of a separation
therebetween.

Besides, it may be considered to form the diffusion
preventing layer with nonmagnetic material which has the
same coeflicient of thermal expansion as the nonmagnetic
material constituting a granular magnetic layer and the
different composition from 1t. However, i1t requires much
labor that two kinds of nonmagnetic material need to be
separately alloyed. In order to avoid this, 1t 1s preferable that
their kinds are same.

If a product (t*Br) of a thickness (t) and residual magne-
tization (Br) of the granular magnetic layer is set at 100
Gauss*um or less 1n such structure, the magnetic recording
medium which 1s most suitable for signal detection by the
magnetoresistance head can be derived.
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Incidentally, 1n the case the silicon substrate 1s heated, it
1s neither magnetized nor deformed even if 1t 1s heated at a
temperature in excess of 300° C., for example, 1000° C.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a sectional view showing a conventional mag-
netic recording medium;

FIG. 2 1s a view showing a typical relation between
recording density and effective output voltage in the mag-
netic recording medium,;

FIGS. 3A to 3C are sectional views showing a method for
manufacturing a magnetic recording medium according to a
first embodiment of the present invention;

FIG. 4 1s a characteristic view showing the measured
result of noise power of the magnetic recording medium
manufactured by the manufacturing method according to the
first embodiment of the present invention;

FIG. § 1s a sectional view showing a magnetic recording,
medium formed by a manufacturing method according to a
second embodiment of the present 1nvention;

FIG. 6 1s a sectional view showing a magnetic recording,
medium formed by a manufacturing method according to a
third embodiment of the present mnvention;

FIGS. 7A to 7C are sectional views showing respectively
manufacturing steps of a magnetic recording medium
according to a fourth embodiment of the present invention;

FIG. 8A 1s a schematic view showing a construction of a
sputtering apparatus used to form a magnetic recording
layer;

FIG. 8B 1s a plan view showing a target for use 1n
sputtering process;

FIG. 9 1s a view showing relations between recording,
signal frequency and noise power 1n the magnetic recording
medium according to the fourth embodiment of the present
invention and the conventional magnetic recording medium;

FIG. 10 1s a view showing a relation between a substrate
temperature and coercive force when a magnetic recording
layer according to a fifth embodiment of the present inven-
fion being formed;

FIG. 11 1s a sectional view showing a magnetic recording,
medium according to the fifth embodiment of the present
mvention;

FIG. 12 1s a view showing a relation between a {ilm

thickness and coercive force in a magnetic recording layer
according to a sixth embodiment of the present invention;

FIG. 13 1s a sectional view showing the magnetic record-
ing medium according to a seventh embodiment of the
present 1nvention;

FIGS. 14Ato 14D are sectional views showing a magnetic
recording medium and manufacturing steps therefor accord-
ing to an eighth embodiment of the present invention;

FIG. 15 15 a sectional view showing a comparative sample
in the case 1n which the present mvention 1s not applied;

FIG. 16 1s a view showing relations between an annealing
temperature and saturation magnetization respectively in the
magnetic recording medium which 1s formed on the silicon
substrate via an S10, film according to the eighth embodi-
ment of the present invention and the magnetic recording
medium which 1s formed directly on the silicon substrate;

FIG. 17 1s a view showing the result of X-ray diffraction
of a granular magnetic layer executed immediately after 1t 1s
grown via the S10, film on the silicon substrate according to
the eighth embodiment of the present invention;

FIG. 18 1s a view showing the result of X-ray diffraction
of the granular magnetic layer executed immediately after 1t
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1s grown directly on the silicon substrate according to the
comparative example;

FIG. 19 1s a view showing the result of X-ray diffraction
of the granular magnetic layer after it 1s formed via S10,, film
on the silicon substrate and then annealed at 800° C. for ten

minutes according to the eighth embodiment of the present
mvention;

FIG. 20 1s a view showing the result of X-ray diffraction
of the granular magnetic layer after it 1s formed directly on
the silicon substrate according to the comparative example
and then annealed at 800° C. for ten minutes;

FIG. 21 1s a view showing a relation between an annealing,
temperature and coercive force 1n the magnetic recording
medium formed via the Si10, film on the silicon substrate
according to the eighth embodiment of the present mven-
tion;

FIG. 22 1s a plan view showing an example of the
magnetic recording device having the magnetic recording
medium according to embodiments of the present invention;
and

FIGS. 23A to 23C are sectional views showing details
around the MR head and the magnetic recording medium 1n
the magnetic recording device shown in FIG. 22, wherein
FIG. 23A shows an in-gap type MR head. FIG. 23B shows
a common type MR head, and FIG. 23C shows a yoke type

MR head.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

There will now be described preferred embodiments of
the present invention hereinafter with reference to the
accompanying drawings.

(1) Explanation of a method for manufacturing a magnetic

recording medium according to a first embodiment of the
present mvention:

FIGS. 3A to 3C are sectional views showing a manufac-
turing method of the magnetic recording medium according
to the first embodiment of the present 1nvention.

First, as shown in FIG. 3A, a silver (Ag) film
(nonmagnetic film) 12 having a film thickness of 5 nm is
formed by sputtering on a silicon substrate (nonmagnetic
substrate) 11 having a diameter of 2.5 inch, for example,
under the conditions that argon pressure is 5 mTorr, a
substrate temperature is 20° C., a DC power is 0.2 kW, and
a DC bias voltage 1s not applied.

Then, a cobalt (Co) film (ferromagnetic film) 13 of 7 nm
in film thickness 1s formed on the silver film 12 by sputtering
under the conditions that argon pressure 1s 5 mTorr, a
substrate temperature is 20° C., a DC power is 0.2 kW, and
a DC bias voltage 1s not applied.

Subsequently, a silver (Ag) film 14 having a film thick-
ness of 5 nm 1s formed on the cobalt film 13 by sputtering
under the conditions that argon pressure 1s 5 mTorr, a
substrate temperature is 20° C., a DC power is 0.2 kW, and
a DC bias voltage 1s not applied. Film thicknesses of the
siver films 12, 14 and the cobalt film 13 are determined such
that a product (t*Br) of residual magnetic flux density (Br)
and a film thickness (1) of the recording layer 1s about 100
Gausseum.

Next, in low pressure atmosphere having pressure of less
than 5x107° Torr, annealing process is effected at a tem-
perature of 450° C. for 60 minutes. Oxidation of the silver
f1lms 12, 14 and the cobalt film 13 can be prevented because
of low pressure atmosphere, and silver and cobalt are
mutually diffused according to the annecaling temperature.
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As shown 1 FIG. 3B, cobalt 1s crystallized to thus form
cobalt crystal grains 13a having several nm or several tens
nm 1n size, so that they are spread into the silver film 15 and
the crystal grains 13a are 1solated from each other. Thereby,
the recording layer 16 in which the crystal grains 13a of
cobalt are dispersed 1nto the silver film 15 1s formed. Since
the cobalt film 13 1s formed to be continuous before anneal-
Ing process, 1ts coercive force can be small. By annealing
process, the crystal grains 13a of cobalt are scattered into the
recording layer 16, so that large coercive force can be
attained. Furthermore, 1f crystal structures of cobalt are
formed as hexagonal closet packet (hcp) structures by
annealing process, larger coercive force can be attained.

In addition, it 1s necessary to adjust the annealing tem-
perature suitably according to material of the nonmagnetic
film and the ferromagnetic film. In general, if substances of
the nonmagnetic film and the ferromagnetic film having
higher melting points, then the required annealing tempera-
ture 1s increased 1n proportion. It has been found from our
experiments that, if the annealing temperature exceeds 400°
C., mutual diffusion of silver and cobalt occurs within a
practical annealing temperature, and also the hcp structures
can readily be formed as crystal structures of the cobalt
crystal grains 13a. Therefore, annealing time can be properly

adjusted 1n a range of the annealing temperature 1n excess of
400° C.

Then, as shown in FIG. 3C, a carbon (C) film 17 of 10 nm
in {ilm thickness 1s formed on the recording layer 16 by
sputtering under the conditions that argon pressure i1s 10
mTorr, a substrate temperature 1s 20° C., a DC power 1s 1
kW, and a DC bias voltage 1s not applied, thus completing
a magnetic recording medium.

Next, the measured result of noise power with respect to
the above magnetic recording medium will be explained.

FI1G. 4 1s a characteristic view showing the dependency of
noise power on the recording frequency. The abcisa 1ndi-
cates a recording frequency (MHz) represented in a linear
scale while the ordinate indicates noise power represented in
arbitrary unit.

For purposes of comparison, noise power with respect to
the magnetic recording medium according to the compara-
tive example 1s also given 1n the characteristi view of FIG.
4. The magnetic recording medium according to the com-
parative example has the structure shown 1 FIG. 1. More
particularly, the chromium film 2 having a thickness of 100
nm, the recording layer 3 made of CoCr,,Ta, film having a
thickness of 20 nm, and the protection layer 4 made of the
carbon film having a thickness of 20 nm were formed in that
order on the nonmagnetic recording medium 1 which 1s
formed of an Al substrate covered with a Ni-P film. The t*Br
product of the magnetic recording medium 1n FIG. 1 1s set
as about 100 Gauss*um.

The MR head was used as the reproducing head. At this
time, the circumferential velocity (i.e., relative velocity
between the head and the magnetic recording medium) was
selected as 10 m/s, and the recording density wa about 100

(KCFTI) at the recording frequency of 20 MHz.

It has been seen from FIG. 4 that noise power hardly
changes with respect to the recording frequency in the
magnetic recording medium according to the first
embodiment, whereas noise power significantly changes
with the recording frequency i1n the magnetic recording
medium according to the conventional example.
Particularly, noise power increases linearly with increase of
the recording frequency.

In the frequency range lower than the recording frequency
of 12 to 13 MHz, noise power caused by the magnetic
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recording medium according to the comparative example 1s
smaller. On the contrary, in the frequency range higher than
the recording frequency of 12 to 13 MHz, noise power
caused by the magnetic recording medium according to the
first embodiment 1s smaller. For example, assuming that
noise power of the comparative example 1s set as 1 at the
recording frequency of 20 MHz, noise power of the first
embodiment becomes 0.8 at the same frequency, as shown
in Table 1. Accordingly, the magnetic recording medium
according to the first embodiment 1s favorable to the high
frequency range.

As discussed earlier, in the manufacturing method of the
magnetic recording medium according to the first embodi-
ment of the present invention, in order to form the recording
layer 16, the silver film (nonmagnetic film) 12, the cobalt
film (ferromagnetic film) 13, and the silver film
(nonmagnetic film) 14 are formed in this sequence and
separately, then crystal grains 13a of cobalt (ferromagnetic
film) are dispersed into the silver film 15 by annealing
Process.

Consequently, the crystal grains 13a of cobalt may be
1solated 1n the recording layer 16 such that they are separated
not to magnetically interact each other. Thus, magnetization
distribution can be made uniform 1n the recording layer 16,
so that the noise characteristic due to uneven magnetization
distribution in magnetization transition regions and their
peripheral regions of the magnetic recording medium can be
improved.

Further, according to the above manufacturing method,
since such as recording layer 16 can be formed that has a thin
film thickness, realizes satisfactory coercive force, and
accomplishes a product t*Br of 100 Gauss*um or less, large
reproducing output which 1s fit for high sensitivity perfor-
mance of the MR head can be derived.

In addition, although the silver film 1s used as the non-
magnetic films 12, 14 1n the first embodiment, a copper film
may be used.

In the first embodiment, since annealing process at rela-
fively high temperature 1s sometimes needed according to
several kinds of materials used as the nonmagnetic films 12,
14 and the ferromagnetic film 13, the silicon substrate
having excellent heat-proof property 1s used as the nonmag-
netic substrate 11. But, a carbon substrate having excellent
heat-proof property may be used similarly.

(2) Explanation of a method for manufacturing a magnetic
recording medium according to a second embodiment of the
present mvention:

FIG. 5 1s a sectional view showing a magnetic recording,
medium manufactured by a manufacturing method accord-
ing to a second embodiment of the present invention. The
second embodiment differs from the first embodiment 1n that
a carbon {i1lm 1s used 1n place of the silver films between
which the cobalt film 1s put. Also, since a carbon film 18 1s
utilized on the uppermost portion of the recording layer 19,
the protection layer 1s shared with the carbon film 18 on the
recording layer 19.

Referring to FIG. 5, the second embodiment of the present
invention will be explained hereinafter.

First, a carbon film (nonmagnetic film) having a film
thickness of 5 nm 1s formed by sputtering on a silicon
substrate (nonmagnetic substrate) 11 under the conditions
that argon pressure 1s 10 mTorr, a substrate temperature 1s

20° C., an AC power having a frequency of 13.56 MHz is 0.2
kW, and a DC bias voltage 1s not applied.

In turn, a cobalt film (ferromagnetic film) of 5 nm in film
thickness 1s formed on the carbon film by sputtering under
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the conditions that argon pressure 1s 5 mTorr, a substrate
temperature is 20° C., a DC power is 0.2 kW, and a DC bias
voltage 1s not applied.

Then, the carbon film having a film thickness of 7 nm 1s
formed on the cobalt film by sputtering under the conditions
that argon pressure is 5 mTorr, a substrate temperature is 20°
C., an AC power having a frequency of 13.56 MHz 1s 0.2
kW, and a DC bias voltage 1s not applied.

Next, in low pressure atmosphere of a degree of vacuum
of less than 5x107° Torr, annealing process is effected at a
temperature of 450° C. for 60 minutes. Thereby, oxidation of
the carbon films and the cobalt film can be prevented, and
carbon and cobalt are mutually diffused. As a result, the
recording layer 19 1in which crystal grains 13b of cobalt
having several nm or several tens nm 1n size are dispersed
into the carbon film 18 can be formed. At this time, since the
cobalt film 1s formed to be continuous before annealing
process, 1ts coercive force can be small. By annealing
process, the crystal grains 13b of cobalt are scattered 1nto the
recording layer 19, so that large coercive force can be
attained. Further, 1f crystal structures of cobalt are formed as

the hcp structures by annealing process, larger coercive
force can be attained.

As has been described above, the magnetic recording
medium has been finished.

As shown 1n Table I below, assuming that noise power 1n
the conventional example 1s regarded as 1 at recording
frequency of 20 MHz, noise power of the magnetic record-
ing medium manufactured as above can be obtained as 0.8
which 1s lower than that in the conventional example.

TABLE 1
FERROMAGNETIC

NONMAGNETIC LAYER LAYER NOISE POWER
Ag Co 0.8
Ag CogCrqq 0.75
Ag CogoPtsg 0.8
Ag CosnPtsg 0.8
Ag Coggomog 0.8
Ag COgg oMy 5 0.8
C Co 0.8
C CogCryq 0.75
C CogpPtsg 0.8
C CospPtsg 0.8
C Cogod,g 0.8
C COgg 5oy 5 0.8
Cu Co 0.85
Cu ConCryg 0.8
Cu CognPtsg 0.8
Cu CospPtsg 0.8
Cu Cogpom,g 0.8
Cu COgg oM g 5 0.8
TIN Co 0.85
TIN CognCrq0 0.8
TIN CogpPtsg 0.75
TIN CospP 15, 0.8
TIN Cogdm,, 0.8
TIN COgg 5oM g 5 0.8
510, Co 0.8
S10, CogqCryq 0.85
S10, CogpPtsg 0.8
S10, CospPtsg 0.8
S10, Cogpdm g 0.75
S10, COgg soM g 5 0.8
SIN Co 0.8
SIN CogCrq g 0.85
SIN CogpPtsg 0.8
SIN CosnPtsg 0.8
SIN Coggdm,g 0.75
SIN COgg soMyn 5 0.8
/10, Co 0.8
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TABLE I-continued

FERROMAGNETIC
NONMAGNETIC LAYER LAYER NOISE POWER
10, CooqCr1q 1 0.8
/10, CogoPtsq 0.85
/10, CosgPtsg 0.8
71O, Cog DM, 0.75
/10, COgg sy 5 0.8

Although the protection layer 1s not particularly formed
on the recording layer 19, the protection layer may be
formed with a carbon film or the like additionally as the case
may be.

(3) Explanation of a magnetic recording medium accord-
ing to a third embodiment of the present imnvention:

FIG. 6 1s a sectional view showing a magnetic recording
medium formed by a manufacturing method according to a
third embodiment of the present invention.

The third embodiment 1s different from the first and
second embodiments 1n the respect that a Co,Cr,, 1lm may
be used 1n place of the cobalt film as the ferromagnetic film
sandwiched with the nonmagnetic films.

In comparison with the Co film, the crystal structures of
crystal grains of the ferromagnetic film are readily formed as
the hep structures 1n the Coy,Cr,, 11lm, because of existence
of Cr therem. Thus, the Co,,Cr,, film has a feature that high

coercive force can easily be obtained.

A film forming method 1s the same as that used for the Co
film, which has been explained i1n the first and second
embodiments. As a result, the recording layer 21 1n which
the crystal grains 13 of Co,,Cr,, are dispersed 1nto the silver
f1lm 20 and mutual crystal grains 13c are perfectly 1solated
can be formed on the silicon substrate (nonmagnetic
substrate) 11.

In this case, as shown 1 Table I above, assuming that
noise power in the conventional example 1s regarded as 1 at
recording frequency of 20 MHz, noise power of the mag-
netic recording medium manufactured as above can be
obtained as 0.75 which 1s lower than that in the conventional
example.

In the magnetic recording medium according to the first to
third embodiments, the silver film or the carbon film 1n
which Co 1s not soluble has been used as the non-magnetic
films 12, 14 sandwiching the ferromagnetic film 13.

Alternatively, any one of S10,, film, ZrO,, film, TiN film and
SiN film mto which Co 1s seldom soluble may be used.

As a substance of the ferromagnetic film 13, Co, Pt 5.4
(A 1s 70 or more, or 40 to 50) or Co,Sm,,_4 (A 1s 83.3 or
89.5) may be used in addition to Co or CogyCry,.

Regarding the nonmagnetic substance and the ferromag-
netic substance. Table I shows measured data of noise power
caused by the magnetic recording medium if various com-
binations of the nonmagnetic substance and the ferromag-
netic substance are utilized. It 1s understood that noise power
becomes smaller than 1 1f noise power 1n the conventional
example 1s assumed as 1.

In the manufacturing method of the magnetic recording
medium according to the third embodiment of the present
invention, 1n order to form the recording layer, the nonmag-
netic film, the ferromagnetic film, and the nonmagnetic film
are formed 1n that order and separately, then crystal grains of
the ferromagnetic film are dispersed into the nonmagnetic
film by annealing process.

Consequently, the crystal grains of the ferromagnetic film
may be 1solated in the recording layer such that they are
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separated not to magnetically interact each other. Thus,
magnetization distribution can be made uniform i the
recording layer. As a result, the undesirable noise charac-
teristic due to uneven magnetization distribution 1n magne-
fization transition regions and their peripheral regions of the
magnetic recording medium can be 1mproved.

Furthermore, such a recording layer can be formed that
has a thin film thickness, realizes satisfactory coercive force,
and attains a product t*Br of less than 100 Gauss*um.
Therefore, large reproducing output which 1s fit for high
sensifivity performance of the MR head can be derived.

(4) A fourth embodiment of the present invention:

FIGS. 7A to 7C are sectional views showing manufac-
turing steps of the magnetic recording medium according to
the fourth embodiment of the present mnvention. FIG. 8A 1is
a schematic view showing the sputtering apparatus used for
staking the ferromagnetic material and the nonmagnetic
material. FIG. 8B 1s a plan view showing a target used for
sputtering process.

To manufacture the magnetic recording medium, the
sputtering apparatus shown in FIG. 8A 1s employed. First, a
heat-resistant and nonmagnetic substrate 21 having a diam-
eter of 2.5 1nch 1s fixed on a water holder 32 1n a chamber
31. As the heat-resistant and nonmagnetic substance 21, the
silicon substrate or the carbon substrate which can stand heat
in excess of 400° C. for example, may be used.

In addition, a target 34 shown 1 FIG. 8B 1s also placed
on a target supporting bed 33. The target 34 1s formed by
arranging a plurality of sectoral magnetic plates 34b dis-
cretely on a nonmagnetic target 34a. The target 34 1s fixed
on the target supporting bed 33 by a frame body 35. In the
fourth embodiment, the silver (Ag) plate is used as the
nonmagnetic target 34a while the cobalt (Co) plate 1s used
as the magnetic plate 34b.

In this state, argon gas 1s mntroduced 1n the chamber 31 via
a gas 1ntroducing portion 37 while the gas in the chamber 31
1s being exhausted from an exhaust port 36, thus holding
pressure 1n an interior of the chamber 31 at 5 mTorr.

Then, after a substrate temperature 1s not heating, high
frequency power of 0.2 kW 1s applied between the target
supporting bed 33 and the water holder 33 from a high
frequency power source serving as a sputtering power
source 38.

Under these sputtering conditions, as shown in FIG. 7A,
a magnetic recording layer 25 made of an alloy consisting of
a ferromagnetic film 22 and a nonmagnetic substance 23 1s
formed on the heat-resistant and nonmagnetic substrate 21 to
have a thickness of 10 nm. By use of the above target 34, the
ferromagnetic films 22 are distributed uniformly into an
entire arca ol the magnetic recording layer 25. A containing
rate of the ferromagnetic film 22 in the magnetic recording
layer 25 can be controlled by varying the number of sheet of
the magnetic plate 34b arranged 1n the target 34.

If Co 1s used as the ferromagnetic film 22 and Ag 1s used
as the nonmagnetic substance 23, sizes of the crystal grains
of Co are small, like less than or equal to several nm, and
plural crystal grains are formed 1n the film thickness direc-
tion. In addition, 1n some cases, some of the crystal grains
are coupled partially with each other. As a result, 1t becomes
unavoidable that the magnetic recording layer 25 has only
small coercive force and that variation 1n magnetization 1s
increased 1n the magnetization transition regions.

Hence, 1in case the nonmagnetic substrate 21 on which the
magnetic recording layer 25 1s formed 1s heated at a tem-
perature of 500° C. for ten minutes in a heating furnace (not
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shown), Ag and Co are separately segregated in the record-
ing layer, as shown 1n FIG. 7B. The crystal grains of Co are
completely 1solated to have a diameter of 50 nm or less 1f
viewed from the upper side. Also, the size of the crystal
orain 1s formed such that only one crystal grain of Co exists
in the direction of the film thickness. This resultant layer
may be used as the magnetic recording layer 25.
Consequently, 1t has been found that large crystal grains of
Co are grown, and the crystal grains are formed not to be
coupled with each other, and also the crystal grains of Co are

covered with Ag. This 1s because Ag and Co are mutually
insoluble.

According to the magnetic recording layer 25, 1t has been
confirmed that high coercive force can be derived, variation
in magnetization can be small in the magnetization transition
regions, and noise power can be reduced when magnetic
recording 1mnformation are read out.

Here the t*Br value of the magnetic recording layer 25
having a film thickness of 10 nm can be obtained as about
100 Gauss*um. Therefore, the magnetic recording layer 25
can provide a large amplitude output 1mn a state of high

recording density 1if it being used together with the magne-
toresistance head.

After the magnetic recording layer 25 1s formed as above,
as shown 1n FIG. 7C, a protection film 26 made of carbon 1s
then formed by sputtering on the magnetic recording layer
25 to have a thickness of 10 nm. As the sputtering
conditions, a carbon plate 1s used as the target, pressure of
argon gas atmosphere 1s set at 10 mTorr, a substrate tem-
perature 1s not heating, and a DC power of 1 kW 1s applied
between the target supporting bed 33 and the walfer holder
32 as the sputtering power source 38.

In FIG. 9, a solid line shows the relation between noise
power and recording signal frequency, which has been
investigated when recording information are read from the
magnetic recording medium including the magnetic record-
ing layer 25 formed as above. The noise power does not
depend on the magnitude of the recording signal frequency
to be virtually constant. If the recording signal frequency
exceeds about 13 MHz, noise power can be reduced in

contrast to the conventional magnetic recording medium
shown 1n FIG. 9.

Using the magnetoresistance head, noise power has been
measured 1n a state wherein the relative velocity between the
MR head and the magnetic recording medium
(circumferential velocity) is selected as 10 m/s. Now the
recording density 1s 100 kFRPI when the recording signal
frequency 1s selected as 20 MHz.

(5) A fifth embodiment of the present invention:

In the fourth embodiment, the magnetic recording layer
25 is heated at 500° C. after being formed on the heat-
resistant nonmagnetic substrate 21. This heating process
may be executed simultancously 1n the course of stacking
the magnetic recording layer 25. According to this process,
the same advantage as that in the fourth embodiment can
also be obtained.

Therefore, by examining change of coercive force in the
magnetic recording medium due to difference 1n heating

process to form the magnetic recording layer 25, the result
shown 1n FIG. 10 has been obtained.

According to FIG. 10, it has been found that coercive
force 1s increased abruptly around 400° C. and is at a
maximum at 500° C. if the substance temperature is further
increased, and that coercive force 1s then gradually
decreased with further increase of the substance tempera-
ture. Thus, high coercive force and low substance noise can
be obtained over the temperature range of 400° to 550° C.

10

15

20

25

30

35

40

45

50

55

60

65

14

Then, in case the annealing temperature 1s set to 400° C.,
a sectional shape of the magnetic recording medium 27 1s
shown 1n FIG. 11. The ferromagnetic film 22 1s turned into
1solated grains, and the size thereof 1s substantially 1dentical
to that of the fourth embodiment.

The same conditions as those 1n the first embodiment have
been used as conditions for forming the magnetic recording
layer 27 except for the substrate temperature to accomplish
the result in FIG. 10. In addition, the same conditions as
those 1n the fourth embodiment except for no heating of the
substrate are also employed to grow the protection film 26.

(6) A sixth embodiment of the present invention:

Although Co has been used as the ferromagnetic material
contained 1n the magnetic recording layers 25, 27 in the
fourth and fifth embodiments, 1ron, cobalt-chromium alloy
ctc. may be used. As the nonmagnetic substance, copper
(Cu) in which such ferromagnetic film is not soluble may be
used 1n addition to Ag.

The magnetic recording layers have been manufactured
by heating mixed layers having combinations of the ferro-
magnetic {ilm and the nonmagnetic substance shown in
Table II below at 500° C. Then noise power caused by
respective magnetic recording layers has been checked. It
has been appreciated that such noise power are smaller than
those 1n the conventional magnetic recording layer. Respec-
tive noise powers in Table Il are comparative values 1f noise
power 1n the conventional magnetic recording medium 1s
assumed as 1.

TABLE 11
FERROMAGNETIC

NONMAGNETIC LAYER LAYER NOISE POWER
Ag Co 0.8
Ag CogCrqq 0.75
Ag CogpPtsg 0.8
Ag CogqPtsg 0.8
Ag Coggomog 0.8
Ag COgg oMy 5 0.8
Ag Fe 0.75
Cu Co 0.85
Cu CooqCryg 0.8
Cu CogpPtsg 0.75
Cu CoqPtsy 0.8
Cu COgaomsg 0.8
Cu COgg sdM g 5 0.8
Cu Fe 0.75

The magnetic recording medium in which the CoCr,,Ta,
having a thickness of 20 nm 1s formed on the substrate, as
shown 1 FIG. 1, was used as the conventional magnetic
recording medium.

The recording signal frequency 1s selected as 20 MHz at
the time of measuring noise power.

Referring to Table II, 1t has bene confirmed that, if the
magnetic recording layer comprising the nonmagnetic sub-
stance and the ferromagnetic film, both being mutually
insoluble, 1s formed and then heated at 500° C., noise power
in the magnetic recording layer can be reduced.

In any circumstances, if Ag 1s used as the nonmagnetic
substance and also Co,,Cr,, 1s used as the ferromagnetic
film and both substances are formed on the nonmagnetic
substance having heat-proof property in excess of 400° C.,
the crystal grains of the ferromagnetic film are readily
formed as the hcp structures. Thus, high coercive force can
casily be obtained 1n comparison with the case where the
magnetic recording layer 1s formed with Co. In the case
where Fe, Co, Crygo_, (x 1s 90 or more). Co, Pt,4q, (y is 70
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or more, or 40 to 50) or Co,Sm 0.4 (A 1s 77.3 or 80 or
more) may be used as a substance of the ferromagnetic film,
the advantages can be obtained.

If the relation between the film thickness of the magnetic
recording layer and coercive force by the magnetic record-
ing layer after the magnetic recording layer consisting of Ag
serving as the nonmagnetic substance and Fe serving as the
ferromagnetic film has been formed under the conditions
orven 1n the fourth embodiment, the result shown in FIG. 12
has been derived. According to FIG. 12, 1t has been found
that large coercive force can be derived if the film thickness
of the magnetic recording layer 1s set over a range of 50 nm
to 10 nm (500 A to 100 A). With reference to all combina-
tions of the ferromagnetic films and the nonmagnetic sub-
stances listed 1n Table II, this relation has also been derived.

(7) A seventh embodiment of the present invention:

In any case, 1f the silicon substrate 1s used as the heat-
resistant and nonmagnetic substrate 21 shown 1n the above
embodiments, silicon i1s diffused into the ferromagnetic
substance 22 1n the magnetic recording layer 25, otherwise
the ferromagnetic film 22 1s readily diffused into the silicon
substrate. Thus, there 1s a possibility such diffusion causes
degradation of magnetic characteristics of the magnetic
recording layer.

Hence, as shown i FIG. 13, 1t would be preferable to
prevent diffusion of silicon and the ferromagnetic film by
intervening a barrier layer 29 between the magnetic record-
ing layer 25 and a nonmagnetic wood ash 21 formed of
silicon. As the barrier layer 29, S10,, film may be used which
1s formed by oxidizing a surface of the silicon substrate so
as to have a film thickness of about 300 nm, for example.

According to the fourth to seventh embodiments
aforementioned, the magnetic recording layer made of the
alloy consisting of the ferromagnetic film and the nonmag-
netic substance 1s formed on the heat-resistant and nonmag-
netic substrate to have a thickness of less than 30 nm, and
further the magnetic recording layer i1s heated 1 excess of
400° C. during it is formed or after it is formed, to thus form
plural 1solated grains made of the ferromagnetic substance
and having an average grain diameter of 50 nm or less.
Theretfore, grains of the ferromagnetic film can grow large,
and variation 1in magnetization in the magnetization transi-
tion regions can be reduced. As a result, 1n confrast to the
conventional recording medium, noise can be reduced upon
recording/reproducing signals as well as the dependency of
noise power on the recording signal frequency can also be
reduced.

Also, coercive force of the magnetic recording layer may
be 1ncreased by setting an annealing temperature at more

than 400° C., preferably in a range of 400° to 550° C.
(8) An eighth embodiment of the present invention:

FIGS. 14A to 14D are sectional views showing manufac-
turing steps of a magnetic recording medium according to an
eighth embodiment of the present invention.

First, as shown 1n FIG. 14A, a diffusion preventing layer
42 made of S10, (silicon dioxide) is formed on a single
crystal silicon substrate 41 by sputtering or thermal oxida-
tion to have a thickness of 100 nm.

Then, as shown 1n FIG. 14B, a granular magnetic film 43
in which magnetic fine grains 43g like iron (Fe) is diffused
into the S10, 43s 1s formed on the diffusion preventing layer
42 by sputtering to have a thickness of 100 nm. The granular
magnetic film 43 1s grown at a substrate temperature of a
room temperature (a normal temperature) and in argon
atmosphere.
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After this, as shown 1 FIG. 14C, crystal property of the
magnetic film grains can be improved by annealing process
In 1nert gas atmosphere.

Subsequently, as shown 1 FIG. 14D, a protection film 44
made of carbon (C) and having a thickness of 15 nm is
formed on the granular magnetic film 43. Thereafter, the
magnetic recording medium has been completed by coating
a lubricant on the protection film 44.

To examine the effect produced by annealing process of
the magnetic recording medium having the structure set
forth above, a comparative sample without the diffusion
preventing layer 1s also prepared. As shown 1n FIG. 15, this
comparative sample has such a structure that the granular
magnetic film 52 1s formed directly on the single crystal
silicon substrate 51 without an interposition of the diffusion
preventing layer. The granular magnetic film 52 1s consti-
tuted by dispersing the fine grains 53¢ of the magnetic
substance 1nto the S10, 53s. Manufacturing conditions of
the comparative sample are selected to be the same as in
FIGS. 14A and 14B excluding the diffusion preventing layer.

Examinations have been tried to check how respective
oranular magnetic layers 43 and 33 1n the magnetic record-
ing medium shown in FIG. 14B and the comparative sample

in FIG. 15 are changed by annealing process.
(Change of Saturation Magnetization)

When changes 1n the value of saturation magnetization
(Ms) caused by annealing process is examined, the result
shown 1n FIG. 16 can be derived. In FIG. 16, a solid line
indicates a characteristic between annealing temperature vs
saturation magnetization of the magnetic recording medium
shown 1n FIG. 14C, while a broken line indicates a charac-
teristic between annealing temperature vs. saturation mag-
netization of the comparative sample shown in FIG. 185.
Here the abscissa indicates an annealing process temperature
and the ordinate indicates a magnitude Ms (emu/cc) of
saturation magnetization of the magnetic recording medium
after the annealing process has been done.

As may be evident from the broken line 1n FIG. 16, 1n the
comparative sample without the diffusion preventing layer,
the value of Ms 1s decreased 1n proportion with increase of
the temperature used for the annealing process. Since reduc-
tion of Ms 1n the magnetic recording medium causes reduc-
tion of the reproducing output, it 1s not preferable to anneal
the comparative sample. The value of Ms still remains low
unless the annealing process 1s executed yet.

As may be apparent from the solid line in FIG. 16,
according to the magnetic recording medium of the eighth
embodiment, 1t has been understood that the value of Ms i1s
increased 1n proportion to increase of the annealing tem-
perature. In order to obtain a high output at the time of
reproducing information, the higher the Ms becomes, the
more advantageous 1t become.

Like this, 1n both cases where the S10, diffusion prevent-
ing layer 42 1s intervened between the silicon substrate and
the granular magnetic film and no diffusion preventing layer
1s 1ntervened, the following 1s the reason why the value of
M becomes different by the annealing process.

In other words, this 1s because the magnetic fine-grains
53¢ formed of 1ron and silicon 1n the silicon substrate 51 are
mutually diffused by heat in the comparative sample to
generate silica 1ron, and therefore an amount of the magnetic
substance 1s reduced. It can be considered that silicon
clements and 1ron are diffused via the boundary between the
magnetic fine grains 53¢ and the S10, 53s 1n the granular
magnetic film 353 of the comparative sample.

On the other hand, 1n the eight embodiment shown 1n FIG.
14B, since mutual diffusion of silicon and the magnetic fine
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orains 43a by heat 1s prevented by the diffusion preventing
layer 42, an amount of the magnetic substance i1s not
reduced, and also sizes of the fine grains are increased by
heat treating.

Next, as shown 1n FIG. 14B, it has been examined by the
XRD (X-ray diffraction) how respective crystal structure of
the granular magnetic film 43, which 1s formed on the silicon
substrate 41 via the S10, diffusion preventing layer 42, and
of the granular magnetic film 53, which is directly formed on
the silicon substrate 51 shown 1n FIG. 15, are changed by the
annealing process.

FIG. 17 shows the measurement result of XRD of the
cgranular magnetic {ilm 43 immediately after the magnetic
f1lm 43 being formed on the silicon substrate 41 via the S10,
diffusion preventing layer 42. While, FIG. 18 shows the
measurement result of XRD of the granular magnetic film 53
immediately after the magnetic film 53 being directly on the

silicon substrate 51.

If the result in FIG. 17 1s compared with the result in FIG.
18, there exists no remarkable difference between the X-ray
diffraction spectra of both granular magnetic films 43 and
53. In detail, 1t scarcely causes great difference 1n crystal
properties between the granular magnetic films 43 and 53
before annealing process, whether the S10, diffusion pre-
venting layer 42 mcluding no iron 1s provided or not. The
fact that crystal grains of the magnetic grains 43g, 53¢ 1n
both granular magnetic films 43, 53 are very small under the
as-grown condition without annealing may be considered as
the reason why the X-ray diffraction ray from both granular
magnetic {ilms 43 and 53 shows weak strength.

Then, the XRD measurement results are shown i FIGS.
19 and 20 which are obtained after the granular magnetic
film 1s annealed at 800° C. for ten minutes.

FIG. 19 shows the XRD measurement result obtained
after the granular magnetic film 43 in the magnetic recording
medium shown 1 FIG. 14B i1s annealed. According to the
measurement result, 1t has been found that only a-Fe dif-
fraction rays appear as peaks, and the peaks have a large
amplitude. In addition, no peak from a compound of 1ron and
silicon 1s watched. The reason may be deducted as that
mutual diffusion of silicon atoms 1n the silicon substrate 41
and 1ron atoms 1n the granular magnetic film 43 can be
prevented by the S10, diffusion preventing layer 42 formed
between the silicon substrate 41 and the granular magnetic
f1lm 43. While, the reason why Ms 1s increased in the solid
line in FIG. 16 by annealing process at 800° C. for ten

minutes 1s that an amount of the ferromagnetic o.-Fe 1s not
reduced.

FIG. 20 shows the XRD measurement result obtained
after the comparative sample shown 1n FIG. 15 1s annealed.
According to this measurement result, only diffraction rays
from a compound of 1ron and silicon appear as peaks. This
may be considered such that the body-centered cubic (bcc)
system iron (o.-Fe), which exists in the granular magnetic
film 53 as the magnetic grains 53g before annecaling, 1s
combined with silicon atoms by annealing process to thus
form silica iron. While, the reason why Ms 1s reduced 1n the
broken line in FIG. 16 by annealing process at 800° C. for
ten minutes 1s that an amount of the ferromagnetic a-Fe
reduced.

(Change of Coercive Force)

FIG. 21 shows the result which ha been obtained by the
experiment to confirm how coercive force of the granular
magnetic film 43 serving a the magnetic recording medium
shown 1n FIG. 14B 1s changed by annealing process. In FIG.
21, the abscissa indicates an annealing temperature (°C), and
the ordinate indicates coercive force He (Oe).
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As may be evident from FIG. 21, 1f the annealing tem-
perature 1s 1ncreased higher, coercive force of the granular
magnetic film 43 1s increased 1n proportion. At the annealing
temperature of 500° C. coercive force becomes 800 oersted
(Oe¢). Here ten minutes is selected a the annealing time.

With the above, 1t has been appreciated that, if the
diffusion preventing film interposed between the granular
magnetic {1lm and the silicon substrate, the magnetic record-
ing medium having coercive force suitable for large repro-
ducing output and high recording density can be achieved by
annealing process.

In the case 1n which a film wherein magnetic fine grains
such as nickel (N1), cobalt (Co), or others are distributed into
the S10, film 1s used as the granular magnetic film, the
nonmagnetic film interposed between the granular magnetic
f1lm and the silicon substrate can prevent the compound of
fine grains of magnetic substance and silicon from being
generated.

In any case, aeeerdrng to the nlagnetre recording medium
shown 1n FIG. 14D, since both the diffusion preventing layer
42 and the granular magnetic film 43 are formed with the
same S10, and also the S10, and the silicon substrate 41
may be ftightly adhered to each other, film exfoliation
because of thermal expansion does not occur even if they are

annealed at high temperature in excess of 300° C.

Incidentally, the nonmagnetic film such as S1,N,, S1ON,
Cu, Cr or the like as well a S10, may be used.

As discussed earlier, according to the eighth embodiment,
since the nonmagnetic layer including no magnetic grains 1s
formed between the silicon substrate and the nonmagnetic
layer including magnetic grains and also the nonmagnetic
layer including no magnetic grains therein i1s used as the
diffusion preventing layer, mutual diffusion of silicon in the
silicon substrate and magnetic grains by heat can be pre-
vented by the diffusion preventing layer.

Therefore, since the compound of the magnetic substance
and silicon 1s not generated, reduction of the magnetic
substance 1s prevented, and the magnetic recording medium
having high coercive force and enabling high recording
density can be achieved. In addition, the granular magnetic
layer excluding the magnetic fine grains and the diffusion
preventing layer are formed with the same material, differ-
ence 1n thermal stress between the granular magnetic layer
and the diffusion preventing layer can be eliminated, so that
there 1s no possibility of film exfoliation. As a result, the
stable layer structure can be attained.

Besides, since a product of the thickness of the silicon
oxide layer including the magnetic fine grains and residual
magnetization 1s set to be less than 100 Gauss*um, the
magnetic recording layer can be applied to the magnetore-
sistance head.

Furthermore, 1n the case 1n which any one of 1ron, cobalt,
and nickel 1s included as the magnetic fine grains, the effect
of the diffusion preventing layer becomes conspicuous since
their atoms and silicon are easily combined with each other
by annealing process.

(9) Explanation of a magnetic recording drive according
to a minth embodiment of the present invention:

With reference to FIG. 22, a magnetic recording drive 1n
which the magnetic recording mediums according to the first
to eighth embodiments are used selectively 1n the magnetic
disk will be explained.

As shown 1n FIG. 22, a magnetic recording drive 45
comprises a magnetic disk 46, a slider 47 having a MR head,
and a spring arm 48 for supporting the slider 47.
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Referring to FIGS. 23A to 23C, details of the magnetic
recording medium and the magnetic head in the magnetic
recording device will be explained. FIGS. 23A to 23C are

sectional views.

FIG. 23A shows a composite type MR head. An A portion
denotes a reproducing head, and a B portion denotes a
recording head. A soft magnetic layer 102 1s used as a
magnetic shield of the reproducing head and magnetic poles
of the recording head commonly.

According to this magnetic recording device, since the
magnetic recording mediums according to the above
embodiments are used, high density recording, high repro-
ducing output, and small noise can be achieved.

As shown 1n FIG. 23A, 1n the reproducing head portion,
soft magnetic layers 101, 102 serving as the magnetic shield
are opposed to each other at a distance. The above MR
clement 1s placed 1n a gap between the magnetic recording
medium 106 and the opposing portion 105. Leakage mag-
netic field from the magnetic recording medium 106 can be
detected directly by the MR element.

In addition, 1n the recording head portion, soft magnetic
layers 102, 104 serving as the magnetic poles are opposed to
cach other at a distance. A coil 103 for generating the
magnetic flux which flows through the soft magnetic layers
102, 104 1s arranged 1n a gap between the soft magnetic
layers 102, 104. Recording on the magnetic recording
medium 106 1s effected by generating the leakage magnetic
field from the gap 1n the opposing portion 105 based on the
magnetic flux.

FIG. 23B shows an in-gap type MR head having a flux
ouide. As shown 1n FIG. 23B, soft magnetic layers 111, 114
serving as magnetic poles are placed opposedly at a distance.
The MR element 1s put in the gap between a magnetic
recording medium 116 and an opposing portion 115A. A coil
113 for generating the magnetic flux passing through the soft
magnetic layer 111, 114 1s formed 1n a gap between the soft
magnetic substances 111, 114.

In order to avoid corrosion or direct contact to the
magnetic recording medium, the MR element 1s placed 1n
the 1nside of the magnetic head without protruding toward
the opposing portion 115 of the magnetic recording medium
116. A flux guide 112a which 1s electrically 1solated from the
MR element and magnetically coupled with the MR element
1s protruded to the opposing portion 115. Leakage magnetic
field generated from the magnetic recording medium 116
enters into the flux guide 112a, and 1s then detected by the
MR element. Another flux guide 112b which 1s also elec-
trically 1solated from the MR element and magnetically
coupled with the MR element 1s provided at other end of the
MR element, and leads the magnetic flux passed through the
MR element to the soft magnetic layers 111, 114.

FIG. 23C show a yoke type MR head. As shown 1n FIG.
23C, soft magnetic layer 121, 123a and 123b serving as
magnetic poles are placed opposedly at a distance. A coil
122 for generating the magnetic flux passing through the soft
magnetic layers 121, 123a and 123b i1s formed 1n a gap
between the soft magnetic layers 121, 123a and 123b. The
MR element 1s placed at the cut portion of the soit magnetic
layers 123a and 123b 1n such a manner that it 1s electrically
isolated from the soft magnetic layers 123a and 123b and
also 1t 1s magnetically coupled with them. Recording on the
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magnetic recording medium 106 1s effected by generating
the leakage magnetic field from the gap i1n the opposing
portion 124 by virtue of the magnetic flux which 1s generated

by the coil 122 and passed through the soit magnetic layers
121, 123a and 123b.

In the magnetic recording device shown 1n FIGS. 23A to
23C, substrates on which the magnetic heads are formed,
insulating films formed between the soft magnetic layers,
etc. are omitted.

In addition, the magnetic recording medium according to
the embodiments of the present invention may be used in not
only the above magnetic recording drive but also various
recording drives, each having a writing portion and a reading
portion.

Furthermore, the above magnetic recording medium may
also be used in the reproducing only magnetic recording
drive.

What 1s claimed 1s:
1. A magnetic recording medium comprising:

a magnetic recording layer including ferromagnetic grains
and a nonmagnetic substance, said ferromagnetic
grains including Fe, Co, Co[],] Crigo.. (x is 90 or
more), Co Pty (v 1s 70 or more, or 40 to 50), or
Co,m,q,.. (A 1s 77.3, or 80 or more) as a major
constant, said nonmagnetic substance including Ag or
Cu as a major constituent;

wherein said ferromagnetic grains are formed to have an
average grain diameter of 50 nm or less and not to be
overlapped in the film thickness direction and to be
1solated 1n the direction along a layer surface, and

wherein a product of residual magnetization and a film
thickness of said magnetic recording layer 1s less than
or equal to 150 Gauss*um.

2. A magnetic recording device comprising;:

a magnetic recording medium set forth 1n claim 1; and

a magnetoresistance reproducing head.
3. A magnetic recording medium comprising;:

a silicon substrate;

a first nonmagnetic layer formed of a silicon oxide layer
on said silicon substrate, and including no magnetic
[crain] grains therein; and

a second nonmagnetic layer formed on the same material
as that of said first nonmagnetic layer on said first
nonmagnetic layer, and including magnetic grains
therein, said magnetic grains being formed of material
which includes [any] at least one [of] selected from the
group consisting of iron, cobalt, and nickel [or at least
one kind of them]; and

wherein a product of residual magnetization and a thick-
ness of said second nonmagnetic layer which includes
said magnetic grains therein 1s less than or equal to 150
Gauss*um.

4. A magnetic recording device comprising:

a magnetic recording medium set forth 1n claim 3; and

a magnetic head for reading and writing magnetic record-

ing mformation from and into said magnetic recording
medium.
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