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(57) ABSTRACT

A method of recording information on and reproducing
information from a magnetooptical recording medium
which includes first and second magnetic layers. The method
includes the step of projecting a light spot onto the medium.
When reproducing information, the light spot i1s projected
onto the medium from the side of the magnetic layer. In this
method only a high temperature region of the second mag-
netic layer within a light spot projection portion 1s changed
to a perpendicular magnetization {ilm so that information
recorded 1n the first magnetic layer 1s transferred to the
perpendicular magnetization film of the second magnetic
layer. In addition, information which 1s transferred to the
second magnetic layer 1s detected by using reflected light
from the medium which is subjected to the magneto-optic
ceffect from the perpendicular magnetization film of the
second magnetic layer. When recording information, a mag-
netic field 1s applied, whose magnetization direction 1s
modulated according to information, to a light spot projec-
tion portion of the medium so the magnetization of the
second magnetic layer 1s oriented to the direction of the
applied magnetic field, and the magnetization of the second
magnetic layer 1s transferred to the first magnetic layer to
form a record bit.

4 Claims, 42 Drawing Sheets
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MAGNETOOPTICAL RECORDING MEDIUM
AND INFORMATION RECORDING AND
REPRODUCING METHODS USING THE

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.

This application 1s a division of application Ser. No.
08/643,833, filed May 7, 1996, now U.S. Pat. No. 5,616,428,
which 1s a continuation of application Ser. No. 08,111,974,
filed Aug. 26, 1993, now abandoned.

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to a magnetooptical record-
ing medium allowing information recording and reproduc-
fion by 1rradiation with a laser beam, utilizing a magneto-
optic effect, and methods for information recording and
reproduction using the magnetooptical recording medium.

Related Background Art

In recent years, a magnetooptical recording medium has
become a subject of attention in the field of a rewritable
recording method of high recording density. In such a
recording method, information or data is recorded in the
recording medium by forming a magnetic domain 1n a
magnetic film of the medium by means of thermal energy of
a laser beam from a semiconductor laser, and information 1s
read out from the medium, utilizing magneto-optic etfect.
The above-noted trend 1s based on need for a larger amount
of recording capacity to be achieved by higher recording
density of such a recording medium.

By the way, linear density of an optical disc, such as a
magnetooptical recording medium, 1s largely dependent on
the wavelength of a laser beam and the numerical aperture
of an objective lens used 1n an optical system for reproduc-
ing 1nformation. When the wavelength A of a laser beam
used 1n a reproducing optical system and the numerical
aperture NA of an objective lens are determined, a bit or pit
periodicity or pitch 1s defined as A/2NA which 1s a minimum
scale or limit of detection.

Track density of the optical disc 1s, on the other hand,
chiefly limited by crosstalk. The crosstalk 1s largely depen-
dent on a laser beam distribution or profile on a medium
surface and 1s expressed as a function of A/2NA, similar to
the bit periodicity mentioned above. Thus, the wavelength of
a laser beam must be shortened and the numerical aperture
of an objective must be enlarged i1n order to increase
recording density of the conventional optical disc.

However, there are limitations to improvement of the
wavelength of a laser light and the numerical aperture of an
objective. Techniques therefor have been developed, which
improve the structure of a recording medium and a method
of reading out data bits so that the linear recording density
can be 1mproved.

For example, Japanese Patent Laid-open No. 3-93058
discloses a method for improving the recording density of an
optical disc. The process 1s performed in the following
sequence. First, a recording medium, which comprises a
readout layer and a recording layer, 1s prepared. After the
direction of magnetization in the readout layer 1s oriented in
a single direction prior to information reproduction, then
information held in the recording layer 1s transferred to the
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readout layer. Thus, 1t becomes possible to reduce interfer-
ence between codes at the time of information reproduction
and to reproduce information recorded at a pitch below the
diffraction limit of light.

However, the magnetooptical reproducing method of
Japanese Patent Laid-open No. 3-93058 requires a step of
aligning the magnetization direction of the readout layer 1n
a predetermined direction, which 1s conducted before pro-
jection of a laser beam onto the readout layer. Thus, 1t 1s
necessary to add a magnet for mitializing the readout layer
to a conventional apparatus. Due to such addition, problems
arise, such as more complicated structure of a magnetoop-
tical recording apparatus, ditficulty of down-sizing, and
higher cost of an apparatus.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide a
magnetooptical recording medium which enables realization
of a compact apparatus and a high S/N reproduction of
information recorded at a pitch below the diffraction limait of
light and methods for recording information on the magne-
tooptical recording medium and reproducing information
therefrom.

The object 1s attained by a magnetooptical recording
medium comprising a first magnetic layer which 1s com-
posed of a perpendicularly magnetizable film at both room
temperature and a raised temperature and 1in which infor-
mation 1s to be stored, and a second magnetic layer which 1s
an 1n-plane magnetizable film at room temperature and
becomes a perpendicularly magnetizable film at the raised
temperature.

Further, the object 1s attained by a magnetooptical record-
ing medium comprising a first magnetic layer which 1s a
perpendicularly magnetizable film at both room temperature
and a raised temperature and 1n which information 1s to be
stored, and a second magnetic layer which 1s a perpendicu-
larly magnetizable film at room temperature and becomes an
in-plane magnetizable film at the raised temperature.

Further, the object 1s attained by a method of reproducing,
information from a magnetooptical recording medium com-
prising a first magnetic layer which 1s a perpendicularly
magnetizable film at both room temperature and a raised
temperature and 1n which information 1s to be stored, and a
second magnetic layer which 1s a perpendicularly magne-
tizable film at room temperature and becomes an in-plane
magnetizable film at the raised temperature. The method
comprises a step of projecting a light spot on the recording
medium from the side of the second magnetic layer, a step
of changing only a high-temperature area within a light spot
projection portion of the second magnetic layer to an
in-plane magnetization film, and a step of detecting infor-
mation stored in the first magnetic layer by detecting a
reflective light from the recording medium, which 1s mflu-
enced by magneto-optic effect of the perpendicular magne-
tization film portion 1n an arca other than the high-
temperature area of the light spot projection portion.

Further, the object 1s attained by a method of reproducing,
information from a magnetooptical recording medium com-
prising a first magnetic layer which 1s a perpendicular
magnetization film at both room temperature and raised
temperatures and 1n which information 1s to be stored, and
a second magnetic layer which 1s an 1n-plane magnetization
film at room temperature and changed to a perpendicular
magnetization film at raised temperatures. The method com-
prises a step of projecting a light spot on the recording
medium from the side of the second magnetic layer, a step
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of changing only a high-temperature area within a light spot
projection portion of the second magnetic layer to a perpen-
dicular magnetization film and transferring information
stores 1n the first magnetic layer to a perpendicular magne-
fization film portion of the second magnetic layer, and a step
of detecting information transferred to the second magnetic
layer by a reflective light from the recording medium, which
1s influenced by magneto-optic effect of the perpendicular
magnetization film portion of the second magnetic layer.

Further, the object 1s attained by a method of reproducing,
information from a magnetooptical recording medium com-
prising a first magnetic layer which 1s a perpendicular
magnetization film at both room temperature and raised
temperatures and 1n which information 1s to be stored, and
a second magnetic layer which 1s an in-plane magnetization
film at room temperature and changed to a perpendicular
magnetization film at raised temperatures. The method com-
prises a step ol projecting a light spot on the recording
medium, a step of applying a magnetic field, whose direction
1s modulated 1n accordance with information, to a light spot
projection portion of the recording medium and orienting the
magnetization direction of the second magnetic layer to the
direction of the applied magnetic field, and a step of trans-
ferring the magnetization of the second magnetic layer to the
first magnetic layer to form record bits.

These advantages and others will be more readily under-
stood 1 connection with the following detailed description
of the preferred embodiments taken 1n conjunction with the
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view showing the film structure of
a magnetooptical recording medium of a first embodiment of
the present invention.

FIG. 2 1s a schematic view showing the principle of a
reproducing method of the first embodiment.

FIG. 3 1s a view 1llustrating the temperature distribution
of a magnetooptical recording medium around a light spot

when the recording medium i1s moving.

FIG. 4 1s a schematic view 1llustrating the situation in
which a transferred magnetization appears 1n a magnetic
layer.

FIG. 5 1s a graph illustrating the temperature dependen-
cies of magnetization Ms and performance mdex RO, of a
readout layer.

FIG. 6 1s a graph 1llustrating the temperature dependen-
cies of 2nMs* and perpendicular magnetic anisotropy con-
stant Ku of a readout layer.

FIG. 7 1s a view showing the layer structure of a magne-
tooptical recording medium of the first embodiment of the
present mvention.

FIG. 8 1s a graph 1llustrating an average rotation ratio of
magnetic moment relative to an external magnetic field
applied perpendicular to the film surface.

FIG. 9 1s a graph illustrating the record frequency depen-
dency of C/N ratio.

FIG. 10A 1s a schematic view showing the film structure
of a magnetooptical recording medium of a second embodi-
ment of the present mnvention.

FIG. 10B 1s a schematic view showing the improved film
structure of a magnetooptical recording medium of the
second embodiment of the present 1nvention.

FIG. 11 1s a schematic view 1llustrating a method of
reproducing information by using the magnetooptical
recording medium shown i1n FIG. 10A.
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FIG. 12 1s a schematic view 1llustrating the temperature
distribution of the magnetooptical recording medium around
a light spot when the recording medium 1s moving.

FIGS. 13A and 13B are schematic views illustrating a
method of reproducing information by using the magnetoop-
tical recording medium shown 1 FIG. 10B.

FIG. 14 1s a graph 1llustrating examples of the temperature
dependencies of 2tMs” and perpendicular magnetic anisot-
ropy constant Ku of a readout layer.

FIG. 15 1s a graph 1llustrating an example of the tempera-
ture dependency of a residual 0, (when a magnetic field=0)
of the magnetooptical recording medium of the second
embodiment.

FIG. 16 1s a schematic view 1llustrating a magnetized
situation of a magnetooptical recording medium of a third
embodiment.

FIG. 17 1s a schematic view 1llustrating another magne-
tized situation of the magnetooptical recording medium of
the third embodiment.

FIG. 18A 15 a schematic view showing the layer structure
of the magnetooptical recording medium of the third
embodiment shown 1n FIG. 16.

FIG. 18B 1s a schematic view showing the layer structure
of the magnetooptical recording medium shown 1n FIG. 17.

FIG. 19 1s a schematic view illustrating a method of
reproducing information by using the magnetooptical
recording medium shown in FIG. 16.

FIG. 20 1s a schematic view 1illustrating a method of
reproducing information by using a magnetooptical record-
ing medium different from the third embodiment.

FIG. 21 1s a schematic view illustrating a method of
reproducing information by using the magnetooptical
recording medium shown in FIG. 17.

FIG. 22 1s a schematic view illustrating the relation
between the beam intensity of a light spot and detection
region within the light spot.

FIG. 23 1s a graph 1llustrating examples of the temperature
dependencies of 2nMs~ and perpendicular magnetic anisot-
ropy constant Ku of a readout layer of the magnetooptical

recording medium of the third embodiment.

FIG. 24 1s a graph 1llustrating an example of the tempera-
ture dependency of a residual 8, (when a magnetic field=0)
of the magnetooptical recording medium of the third
embodiment.

FIG. 25 1s a graph 1llustrating an example of the tempera-
ture dependency of a residual 0, (when a magnetic field=0)
of a magnetooptical recording medium of a comparative
experimental example.

FIGS. 26A and 26B are schematic views showing the
layer structures of magnetooptical recording media of a
fourth embodiment.

FIG. 27 1s a schematic view illustrating a method of
reproducing information by using the magnetooptical
recording medium of the fourth embodiment.

FIG. 28 1s a schematic view illustrating the magnetized
situation when 1nformation 1s recorded in an example of the
magnetooptical recording medium of the fourth #embodi-
ment.

FIG. 29 1s a graph illustrating temperature dependencies
of demagnetizing field energy 2aMs” and perpendicular
magnetic anisotropy energy Ku of a second magnetic layer
of the magnetooptical recording medium of the fourth
embodiment.

FIG. 30A 1s a graph illustrating the temperature depen-
dency of a residual 0, (when a magnetic field=0) of the
magnetooptical recording medium of the fourth #embodi-
ment.
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FIG. 30B 1s a graph 1llustrating the temperature depen-
dency of a residual 0, (when a magnetic field=0) of a
magnetooptical recording medium of a comparative
example.

FIGS. 31A-31D are conceptual views showing layer

structures of magnetooptical recording media of a fifth
embodiment.

FIGS. 32A-32C are conceptual views showing other

layer structures of magnetooptical recording media of the
fifth embodiment.

FIG. 33 1s a schematic view 1llustrating a method of
reproducing information by using the magnetooptical
recording medium of the fifth embodiment.

FIG. 34A 1s a graph 1llustrating the temperature depen-
dencies of Ms and Hc of a first recording layer of two
recording layers in an A type where neither the two record-
ing layers have compensation temperature between room
temperature and Curie temperature.

FIG. 34B 1s a graph 1llustrating the temperature depeden-
cies of Ms and Hc of a second recording layer of the two
recording layers.

FIG. 34C 1s a schematic view 1llustrating a temperature-
dependent change in the magnetized situation.

FIG. 35A 1s a graph 1llustrating the temperature depen-
dencies of Ms and Hc of a first recording layer of two
recording layers 1n a P type where only the first recording
layer has compensation temperature between room tempera-
ture and Curie temperature.

FIG. 35B 1s a graph illustrating the temperature depeden-
cies of Ms and Hc of a second recording layer of the two
recording layers.

FIG. 35C 1s a schematic view 1llustrating a temperature-
dependent change 1n the magnetized situation.

FIGS. 36A and 36B arec conceptual views showing layer
structures of magnetooptical recording media of a sixth
embodiment.

FIGS. 37A and 37B are conceptual views showing other
layer structures of magnetooptical recording media of the
sixth embodiment.

FIG. 38A 1s a graph illustrating 1sotherms of the sixth
embodiment at the time of data recording.

FIG. 38B 1s a graph illustrating the pattern of record pits
of the sixth embodiment.

FIG. 39A 1s a graph 1llustrating 1sotherms of a conven-
fional magnetooptical recording medium at the time of data
recording.

FIG. 39B 1s a graph illustrating the pattern of record pits
of a conventional magnetooptical recording medium.

FIG. 40 1s a schematic view showing the relation between
record pits formed on the magnetooptical recording medium
of the sixth embodiment and reproducable region where
information can be reproduced by a laser beam.

FIG. 41 1s a schematic view showing the relation between
record pits formed on a conventional magnetooptical record-
ing medium and reproducable region where information can
be reproduced by a laser beam.

FIG. 42 1s a schematic view 1illustrating an example of
magnetization formed when information 1s recorded on the
recording medium of the first embodiment by using a
magnetic field modulation system.

FIG. 43 1s a schematic view 1llustrating magnetization
formed when information i1s recorded on a recording
medium, which has an ordinary single layer having large
coercive force and low Curie temperature, by using a
magnetic field modulation system.
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FIG. 44 1s a view showing lines of magnetic force of a
recording magnetic field when information is recorded on
the recording medium of the first embodiment.

FIGS. 45A and 45B are views showing lines of magnetic
force of a recording magnetic field at the time of recording,
when a magnetic coil 1s disposed on the side of the readout
layer of the recording medium of the first embodiment.

FIG. 46 1s a graph 1llustrating an example of the tempera-
ture dependencies of saturation magnetization Ms and coer-
cive force He of the readout layer 1n the recording medium
of the first embodiment.

FIG. 47 1s a graph 1llustrating an example of the tempera-
ture dependencies of saturation magnetization Ms and coer-
cive force Hc of the recording layer in the recording medium
of the first embodiment.

FIG. 48 1s a schematic view illustrating states of sublattice
magnetization and net magnetization at room temperature,
information reproduction and information recording, where
the structure of magnetic layer 1s PA-type.

FIG. 49 1s a schematic view 1llustrating states of sublattice
magnetization and net magnetization at room temperature,
information reproduction and information recording, where
the the structure of magnetic layer 1s AP-type.

FIG. 50 1s a schematic view illustrating states of sublattice
magnetization and net magnetization at room temperature,
information reproduction and information recording, where
the structure of magnetic layer 1s AA-type.

FIG. 51 1s a schematic view illustrating states of sublattice
magnetization and net magnetization at room temperature,
information reproduction and information recording, where
the structure of magnetic layer 1s PP-type.

FIG. 52 1s a view 1illustrating an equipment for imple-
menting an eighth embodiment of the present invention.

FIG. 533 1s a view showing a detected wave form of
reflective light of a recording laser beam projected onto a
recording medium at the time of recording in the eighth
embodiment.

FIG. 54 1s a view showing a detected wave form of
reflective light of a recording laser beam projected onto a
recording medium at the time of recording in the eighth
embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIRST EMBODIMENT

In this specification, a recording layer stands for a second
magnetic layer, and a readout layer stands for a first mag-
netic layer

A preferred first embodiment according to the present
invention will be described with reference to FIGS. 1-9.
FIG. 1 conceptually shows the film structure of a magne-
tooptical recording medium. FIG. 2 schematically shows the
principle of an information recording-reproducing method.
FIG. 3 1s a graph 1illustrating the temperature distribution of
the magnetooptical recording medium. FIG. 4 illustrates the
situation 1n which transferred magnetization appears 1n a
readout layer. FIGS. 5 and 6 are graphs illustrating tempera-
ture dependencies.

A magnetooptical recording medium of the first embodi-
ment 1s composed of at least two layers: a readout layer and
a recording layer. The readout layer remains an in-plane
magnetizable film or layer at room temperature and becomes
a perpendicularly magnetizable film when the temperature 1s
raised. The recording layer, in which mmformation is to be
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stored, 1s exchange-coupled to the readout layer and remains
a perpendicularly magnetizable film not only at room tem-
perature but also at raised temperatures.

The recording layer may be a perpendicularly magnetiz-
able film which can stably store a minute record bit. The
recording layer 1s desirably composed of material, such as
rare-carth and iron group metal amorphous alloy (e.g.,
TbFeCo, DyFeCo and TbDyFeCo). The recording layer may
also be composed of garnet, Pt/Co, Pd/Co and so forth, each
of which 1s a perpendicular magnetization film and can
magnetically transfer data to the readout layer.

The readout layer 1s desirably composed of material, such
as rare-earth and iron group metal amorphous alloy (e.g.,
GdCo, GdFeCo, TbFeCo, DyFeCo, GdTbFeCo,
GdDyFeCo, TbDyFeCo and so forth). In order to increase a
Kerr rotation angle at short wavelengths and for other
purposes, light rare-earth metal, such as Nd, Pr and Sm, may
be added to the material mentioned immediately above. The
readout layer may also be composed of platinum group and
iron group periodical structure film, such as Pt/Co, Pd/Co, or

platinum group and 1ron group alloy, such as PtCo and
PdCo.

At a high-temperature domain of the readout layer within
a laser beam spot for reproducing information, the direction
of magnetization needs to shift from an 1n-plane direction to
a direction perpendicular to the layer surface. Magnetic
material, which 1s able to vary between an in-plane magne-
fizable film and a perpendicularly magnetizable film, may be
adopted as a magnetic layer to be used for the readout layer.
For example, such material originally has perpendicular
magnetic anisotropy (Ku>0), becomes an in-plane magne-
fizable film due to effect of 1its own demagnetizing field since
its saturation magnetization Ms 1s large at room temperature,
and becomes a perpendicularly magnetizable film at the time
of mmformation reproduction since the saturation magnetiza-
tion Ms decreases as temperature rises. An example of such
magnetic material 1s a magnetic thin film whose compen-
sation temperature does not necessarily exist but whose
compensation temperature 1s, if it exists, preferably between
room temperature and Curie temperature. Particularly, the
compensation temperature of the readout layer 1s desirably
over 100° C., more desirably over 200° C. and most desir-

ably higher than 240° C.

The saturation magnetization of the readout layer 1s
desirably equal to over 150 emu/cc at room temperature, and
more desirably equal to over 200 emu/cc at room tempera-
ture. Further, Curie temperature of the readout layer is
desirably as high as possible since Kerr rotation angle will
not be small during readout and suificiently large readout
signal can be obtained, and 1s desirably higher than at least
Curie temperature of the recording layer. More particularly,
Curie temperature of the readout layer 1s desirably higher

than 250° C., and more desirably higher than 300° C.

When the readout layer 1s composed of magnetic material
whose principal component 1s GdFeCo, 1ts Curie tempera-
ture rises as the Co content increase. However, 1f too much
Co 1s added, desirable signal cannot be obtained because Ku
decreases and becomes negative (i.€., an in-plane anisotropy
appears) and thus a complete perpendicularly magnetizable
f1lm cannot be established even if temperature 1s raised so
that saturation magnetization becomes sufliciently small.
When the deposition 1s performed, even the GdCo layer can
have perpendicular magnetic anisotropy 1f reverse
sputtering, 1n which a negative potential bias 1s applied to
the substrate side, 1s conducted or if annealing process or the
like 1s conducted after deposition. Therefore, the GdCo layer
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cannot always be used. However, such process 1s slightly
disadvantageous 1n productivity. Consequently, when the
main element composition of the readout layer 1s Gd,(Fe oq_
vC0,) 100> ¥ 18 desirably in a range of 10 at%—60 at%, and
more preferably in a range of 20 at%—50 at%.

The thickness of the readout layer cannot be too small
since an incident light enters the recording layer or magnetic
domain walls created between readout layer and recording
layer invade the readout layer if such thickness 1s too small.
Due to such entrance and invasion, data recorded in the
recording layer 1s read out, and hence the masking portion
of light spot becomes 1ncomplete. On the other hand, 1if the
readout layer 1s too thick, laser power needed during readout
increases. Therefore, the readout layer should not also be too
thick. The thickness of readout layer 1s desirably in a range

of 150 é&—lOOO A, and more desirably 1n a range of 300
A-900 A.
Further, elements for improving corrosion resistance,

such as Cr, Al, T1, Pt, Nb and the like, may be added to the
readout and recording layers, respectively.

An mtermediate layer for adjusting exchange coupling
force, or other magnetic layer may be formed.

In addition to the readout and recording layers, dielectric,
such as SiN, AlO_ and TaO_, or metal layer for controlling
thermal conductivity, such as Al, Al'li, AlCr, AlTa and Cu,
may be formed in the recording medium. A protecting film
may be used as a protective coat which 1s composed of the
above-mentioned dielectric or polymer resin.

The Applicant earnestly studied the magnetization trans-
fer process from recording layer to readout layer, and found
the following fact. When using a magnetic layer which 1s an
in-plane magnetizable film at room temperature and
becomes a perpendicularly magnetizable film as the tem-
perature rises, magnetization in the recording layer 1s trans-
ferred only to a high-temperature portion of the readout
layer within a laser spot. According to such transfer method,
it becomes unnecessary to conduct any preceding operation,
such as alignment of magnetization direction of the readout
layer to a single direction, and 1t 1s possible to reproduce
signal having a periodicity or pitch below the diffraction
limit of light.

The following description deals with the principle of
recording-reproducing process of the first embodiment.
Referring to FIG. 1, data signal 1s recorded 1n the recording
layer of the magnetooptical recording medium. One way of
recording data signal 1n the recording layer 1s to modulate an
external magnetic field while projecting a laser beam pow-
erful enough to raise the temperature of the recording layer
close to Curie temperature. The other way 1s to modulate a
laser power while applying a magnetic field 1in a recording
direction, after initializing magnetization of the recording
layer toward a single direction.

When the mtensity of the laser beam 1s determined so that
the temperature of a predetermined region within a beam
spot can be raised close to Curie temperature, considering
the linear velocity of the recording medium, a record mag-
netic domain, which 1s less than the diameter of the laser
beam spot, can be formed. As a result, 1t 1s possible to record
signal having a periodicity less than the diffraction limit of
light.

When reproducing the data signal, a readout laser beam 1s
continuously projected onto the recording medium from the
side of the readout layer and the data signal can be repro-
duced by detecting a light reflected from or transmitted
through the recording medium. At this time, the temperature
in the region irradiated with the beam spot rises and the




US RE33,501 E

9

temperature distribution on the recording medium has a
shape extending along the moving direction of the recording
medium as shown 1n FIG. 3. In the temperature distribution,
a part of the 1lluminated portion within the beam spot is a
high-temperature area.

With regard to the direction of magnetization, 1t 1s known
that a chief magnetization direction 1s determined by an
cfiective perpendicular magnetic anmisotropy constant KL
that 1s defined by the following equation:

K1 =Ku-2aMs~

where Ms 1s the saturation magnetization of a magnetic thin
film and Ku 1s the perpendicular magnetic anisotropy con-
stant. Here, 2tMs” is energy of demagnetizing field.

As shown 1 FIG. §, Ms of the readout layer decreases
during information reproduction since the temperature
increases. Thus, 2nMs* is rapidly reduced and becomes
smaller than the perpendicular magnetic anisotropy constant
Ku at temperature Tr. As a result, K1 becomes more than
ZETO:

K1>0.

When the readout layer and the recording layer are
layered directly or with an intermediate layer therebetween,
the temperature of a perpendicular magnetization region
shifts toward a lower value, compared to a case where the
readout layer and the recording layer are not layered, since
exchange coupling force, magnetostatic coupling force or
the like acts from the perpendicular magnetization film and
thus Ku increases 1n appearance. However, 1if presetting the
perpendicular magnetization temperature range 1n a single
layer structure at a slightly higher value, it 1s possible that
the readout layer 1s an in-plane magnetization film at room
temperature and shifts into a perpendicular magnetization
film at high temperature even when the readout layer is
layered along with the perpendlcular magnetization layer.

The highest-temperature region in the readout layer shifts
into a perpendicular magnetization film. The temperature, at
which 2ntMs*=Ku, is referred to as Tr, as shown in FIG. 6.
Although Ku also slightly decreases as the temperature rises,
the rate of its decrease is smaller than that of 2xMs”.

Ms 1s large i1n the other portion where temperature 1s
lower than Tr, so that the portion, where K1 <0, remains an
in-plane magetization film.

In brief, only 1f the intensity of a laser beam for infor-
mation reproduction 1s adjusted so that the temperature of
only the highest-temperature region within the beam spot
shown in FIG. 3 1s higher than Tr, only the highest-
temperature point of the readout layer, which 1s within the
beam spot, becomes a perpendicular magnetization film, as
shown 1n FIG. 2. Most of the other region, however, remains
an 1n-plane magnetization film, as shown 1n FIG. 2. Since
the portion of perpendicular magnetization film in the read-
out layer 1s magnetically coupled to the recording layer due
to exchange coupling, signal 1n the recording layer 1s trans-
ferred to the readout layer. The transferred magnetic signal
1s reproduced by detecting a reflective light of the laser beam
influenced by magneto-optic effect (Kerr or Faraday rotation
angle) in the perpendicular magnetization film portion.

Therefore, since an arca of the highest-temperature light
spot shown 1 FIG. 3 can be determined by the preset
intensity of the laser beam, it 1s possible to transfer signal
having a periodicity below the diffraction limit of light,
which 1s recorded 1n the recording layer, into the readout
layer by each record bit unit. Such reproducing method
provides the reproduction of the above-mentioned signal
without interference between codes.
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Further, when the temperature distribution is adjusted so
that temperature Tt at a boundary between the reproduced
track and adjacent track is lower than Tr (1.e., Tt<Tr), a
readout layer i the adjacent track remains an in-plane
magetization film. Thus, the method can prevent transfer of
signal, recorded 1n the recording layer of the adjacent track,
into the readout layer thereof, and can fully solve the
problem of crosstalk, as shown 1n FIG. 4.

Further, this embodiment 1s described as the case of
magnetic coupling between the readout layer and the record-
ing layer due to exchange coupling action, but it 1s possible
that the recording layer 1s magnetically coupled to the
recadout layer by magnetostatic coupling at the time of
reproduction.

Experimental examples of the first embodiment will be
described hereinafter. They are 1llustrative and not #restric-
five.

First Experimental Example

Targets of S1N, Tb, Gd, Fe, Co and Al are installed in a DC
magnetron sputtering equipment, and a glass substrate is
held on a holder. Thereafter, air 1s vacuum-exhausted from
a chamber to establish a high vacuum level of less than
1x107> Pa by using a cryosorption pump.

Ar gas 1s mtroduced into the chamber while vacuum-
exhausting air, until the level of 0.3 Pa of Ar gas 1s reached.
Then, a GATbCo layer (thickness: 800 A) is deposited on the
surface of the glass substrate by respectively applying DC
powers to the targets of Gd, Tb and Co. This 1s followed by
deposition of a SiN layer (a protective film and thickness:
800 A) by applymmg AC power to the SiN target. The
composition of the GdTbCo layer 1s controlled by adjusting
applied powers of targets of Gd, Tb and Co at the time of
sputtering. Thus, 1ts compensation and Curie temperatures
are adjusted to 180° C. and over 350° C., respectively.

Reduction rate near 150° C. of Kerr rotation angle from
its standard value at room temperature 1s below 10%, since
the Curie temperature 1s high. Further, 1t has been found, as
shown 1n FIG. 8, that a film magnetized 1n the direction of
a layer surface of the readout layer i1s changed to a perpen-
dicular magnetization film near 120° C., by measuring the
average rotation rate of magnetic moment of perpendicular
magnetization 1n the readout layer relative to an external
magnetic field. The average rotation rate of magnetization 1s
represented by M1/ Ms.Hex), where ML is obtained by
measuring magnetization of a sample, using a vibrating
sample type magnetometer (VSM), under conditions under
which the sample 1s heated by a resistance heating type
heater in a vacuum of less than 1x10™" Pa and that an
external magnetic field (Hex) of 600 Oe 1s applied in a
direction perpendicular to the layer surface, and the satura-
fion magnetization Ms 1s similarly obtained by applying an
external magnetic field of 15 KOe.

Next, a polycarbonate substrate with pregooves having a
diameter of 130 mm 1s installed. Other conditions are the
same as above. Ar gas 1s introduced mto the chamber, while
vacuum-exhausting air, by using a cryosorption pump, until
the level of 0.3 Pa of Ar gas 1s reached. Then, a SiN layer
having a thickness of 900 A 1s deposned on the substrate for
anti-oxidation and interference effect. A GdIbCo layer

(thickness: 400 A) 1s deposited as a readout layer, and a
TbFeCo layer (thickness: 400 A) 1s deposited as a recordmg

layer. Then, another SIN of layer (thickness: 300 A) is
deposited thereon for anti-oxidation and 1nterference effect.
An Al layer (thickness: 400 A) is deposited as a thermal

conductive layer. These depositions are performed 1n turn
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continuously with keeping vacuum. Thus, a five-layer mag-
netooptical recording medium as shown 1n FIG. 7, which 1s
an example of the present invention, 1s formed.

Both SiN layers exhibit about 2.1 of refractive index, and
the composition of the TbFeCo layer 1s set so that ratios of
Tb, Fe and Co respectively exhibit 21, 72 and 7 at%.

The composition of GdTbFe layer 1s preset so that its
compensation temperature 1s approx. 260° C. and Curie
temperature is equal to 350° C.

Recording-reproducing characteristics of the magnetoop-
tfical recording medium are measured. Conditions are
described hereinafter. An measuring instrument comprises
an objective lens of 0.55 N.A. and a projector for outputting
a laser beam of 780 nm wavelength. Power for recording and
power for reproduction are respectively preset 1n ranges of
7 mW-13 mW and 2.5 mW-3.5 mW so that CN becomes
highest. The linear velocity 1s 9 m/sec. Then, 5~15 MHz
carrier signal 1s recorded 1n the recording layer with inter-
vals of 2 MHz, using a field modulation system. The
record-frequency dependency of C/N ratio (ratio of carrier
level relative to noise level) has been measured. The result

1s shown 1n FIG. 9.

Second to Sixteenth Experimental Examples

Similarly, media having readout and recording layers,
which respectively have compositions, layer thicknesses,
compensation temperatures (Tcp) and Curie temperatures as
indicated 1in Table 1, are fabricated and evaluated. The layer
structure 1s the same as the first experimental example,
except that no thermal conductive layer 1s formed.

TABLE 1

experimental exs. 2~16

readout layer

10

15

20

25

30

recording laver

12

dependency of the conventional method (2). It 1s apparent
from FIG. 9 that the method of the present invention (1)
provides a preferable C/N ratio even under the condition of
high record-frequency.

SECOND EMBODIMENT

A preferred second embodiment according to the present
invention will be described hereinafter.

A magnetooptical recording medium of the second
embodiment 1s composed of at least two layers: a readout
layer and a recording layer. The readout layer remains a
perpendicular magnetization film at room temperature and
shifts into an in-plane magnetization film or layer when the
temperature 1s raised. The recording layer, in which infor-
mation 1s to be stored, remains a perpendicular magnetiza-
tion film not only at room temperature but at raised tem-
peratures. The readout and recording layers are exchange-
coupled to each other when both of them are respectively
perpendicular magnetization films.

The readout layer 1s preferably composed of, for example,
rare-earth and 1ron group amorphous alloy, such as GdCo,
GdFeCo, GdTbFeCo, GdDyFeCo and NdGdFeCo. Material,
whose compensation temperatures 1s between room tem-
perature and Curie temperature, 1s preferable.

The recording layer 1s preferably composed of material
having large perpendicular magnetic anisotropy, for
example, rare earth and 1ron group amorphous alloy, such as
TbFeCo, DyFeCo and TbDyFeCo; or garnet; or platinum
oroup and 1ron group periodical structure layer, such as

Pt/Co and Pd/Co; or platinum group and iron group alloy,
such as PtCo and PdCo.

result

eX. thick. Tcp Tc thick. Tcp Tc CN,s CNy, CN;q
No. composition A °C. °C. composition A °C. °C. dB dB dB
2 Gd,(Fe,,Cosg)s 400 150 330 Tb,e(FeqqCoyn)en 400 non 190 52 32 20
3 Gdyg 5(Fe5Cos6) 71 5 400 220 300 Tbyg(FegnCoqp)er 400 non 190 49 36 20
4 Gd;o(Fe,»,Cosg) 70 400 non 275  Tb,g(FeqnCoyg)er 400 non 190 51 33 20
5 Gdyg 5(FegsCoss5)7q 5 400 210 350 Tbg(FegnCoqp)es 400 non 190 50 30 20
6 Gd;n(FessCoss)g 400 265 320 Tb,a(FeqyCoyn)en 400 non 190 51 34 20
7 Gds(FegsCoss)s0 400 280 300 Tbys(FegnCosp)vy 400 non 240 52 36 23
8 Gd,g(FegqCoyn)7o 400 190 400< 'Tb;g(FegqCos0)ey 400 non 265 52 37 20
9  Gd,(FessCoss)og 400 240 320 Tb,o(FegCospay 400 non 265 48 38 22
10 Gd,g 5(Fe,Co,g) 1 5 400 220 300 Tbyg(FegqCosp)ay 400 non 265 49 36 20
11 Gdye(FeggCoyp) 7o 600 190 400< Tb,g(FegqCosp)ey 400 non 265 52 41 24
12 Gdg(FegCo,40) 75 800 190 400< 'Tb;g(FegqCosp)ay 400 non 265 50 41 27
13 Gd,(FeyCo,g) o 1000 190 400< Tb,o(FegCosples 400 non 265 50 41 26
14 (GdoeDy4)rs(FessCoyz)7o 350 % 7 Dy, s(FegnCosp)es 300 $ $ 52 36 26
15 (GdogDy,)sg(FesgCoys)vo 450 * ¥ (TbguDY20)12(Fe77C043)es 350 * i 50 36 24
16 (Nd,sGdgs)3,(FessCos5)6e 600 * * Tb,;(Feg3;Coq)gs 480 * * 49 37 23

Tcp; compensation temp.,

Tc; Curie temp.,

CN76; C/N at mark length of 0.76 gm
CN46; C/N at mark length of 0.46 um,

CN30; C/N at mark length of 0.30 ym,
*: not measured

First Comparative Experimental Example

Conditions of the first comparative experimental example
of a magnetooptical recording medium are the same as the
first experimental example, except that the readout layer 1s
removed, a four-layer structure 1s adopted and the thickness
of the recording layer 1s set to 800 A. The record-frequency
dependency of C/N ratio has similarly been measured. The
result 1s shown 1n FIG. 9 where dotted curve expresses the
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Further, elements for 1mproving corrosion resistance,
such as Cr, Al, T1, Pt, Nb and the like, may be added to the
readout and recording layers, respectively.

Dielectrics, such as SiN, AlO_, TaO_, S10_, et al., may be
formed 1n addition to the readout and recording layers in

order to improve 1nterference effect. Materials for improving
thermal conductivity, such as Al, AIN _, Al'Ti, AlCr, AlTa, Cu
and the like, may be formed.
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An mtermediate layer for adjusting exchange coupling
force, or an auxiliary layer for assistance of recording or
reproduction may be formed. A protecting coating, which 1s
composed of the above-discussed dielectric or polymer
resin, may be used as a protective film.

The following description deals with the principle of
recording-reproducing process of the second embodiment.
Referring to the FIG. 10A, data signal 1s recorded m the
recording layer of the magnetooptical recording medium.
One way of recording data signal 1n the recording layer 1s to
modulate an external magnetic field while projecting a laser
beam powerful enough to raise the temperature of the
recording layer to over Curie temperature. Another way 1s to
modulate a laser power while applying a magnetic field 1n a
recording direction, after eliminating data in the recording
layer. The other way 1s to modulate a laser power while
applying an external magnetic field.

When the intensity of the laser beam 1s determined so that
the temperature of a predetermined region within a beam
spot 1s raised close to Curie temperature, considering the
linear velocity of the recording medium, a record magnetic
domain, which 1s less than the diameter of the laser beam
spot, 1s formed. As a result, 1t 1s possible to record signal
having a periodicity less than the diffraction limit of light.

When reproducing the data signal, a readout laser beam 1s
projected onto the recording medium. At this time, the
temperature in the region, rradiated with the beam spot,
rises. Since the medium moves at a constant speed, the
temperature distribution on the recording medium has a
shape extending along the moving direction of the recording
medium, as shown 1n FIG. 12. In the temperature
distribution, a part (i.€., a trailing edge portion in the moving
direction of the light spot) of the illuminated portion within
the beam spot 1s a high-temperature area.

With regard to the direction of magnetization, 1t 1s known
that a chief magnetization direction 1s determined by an
cfiective perpendicular magnetic anmisotropy constant KL
that 1s defined by the following equation:

K1=Ku-2aMs~

where Ms 1s the saturation magnetization of a single mag-
netic thin film and Ku 1s the perpendicular magnetic anisot-
ropy constant. Here, 2nMs”~ is energy of demagnetizing
field.

For example, when the readout layer has the temperature
dependency of Ms and Ku as shown in FIG. 14, Ms of the
readout layer increases at the time of information reproduc-
tion since the temperature increases. Thus, 2nMs* rapidly
increases and becomes larger than the perpendicular mag-
netic anisotropy constant Ku. As a result, K1 becomes less
than zero (K1<0), and the readout layer becomes an in-plane
magnetization film.

When the saturation magnetization Ms and perpendicular
magnetic anisotropy constant Ku of the readout layer are set,
considering the 1ntensity and linear velocity of the laser light
during data reproduction, so that the magnetization of the
readout layer 1s an in-plane magetization film in the high-
temperature point within the light spot as shown in FIG. 11,
only the high-temperature region within the laser beam spot
becomes an in-plane magetization film. The other potion,
however, 1s a perpendicular magnetization film as shown 1n
FIG. 11. Since the readout layer, which 1s a perpendicular
magnetization film, 1s magnetically coupled to the recording
layer due to exchange coupling therebetween, the direction
of magnetization 1n the readout layer 1s aligned along a
stable direction for the magnetization direction of informa-
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tion recorded in the recording layer. Thus, the recorded
information 1n the recording layer 1s transterred into the
readout layer. The transferred information is converted into
an optical signal by magneto-optic effect (magneto-optic
effect of a laser beam reflected from the readout layer) and
detected. In this case, the magneto-optic effect would not
occur 1n a portion within the laser beam spot where the
readout layer 1s an in-plane magetization film.

Further, this embodiment 1s described as the case of
magnetic coupling due to exchange coupling between the
readout layer and the recording layer, but 1t 1s possible that
the recording layer 1s magnetically coupled to the readout
layer at the time of reproduction by magnetostatic coupling.

When the readout layer and the recording layer are
layered directly or with an intermediate layer therebetween,
the temperature of an in-plane magnetization region shifts
toward a higher value, compared to a case where the readout
layer and the recording layer are not layered, since exchange
coupling force, magnetostatic coupling force or the like acts
from the perpendicular magnetization film and thus Ku
increases 1n appearance. However, 1 presetting the in-plane
magnetization temperature range 1n a single layer structure
at a slightly lower value, 1t 1s possible that the readout layer
1s a perpendicular magnetization film at room temperature
and shifts into an in-plane magnetization film at the high
temperature even when the readout layer 1s layered along
with the perpendicular magnetization layer.

As described above, 1n an 1nformation reproducing
method using the magnetooptical recording medium of the
present 1nvention, 1t 1s possible to reduce interference
between codes and reproduce information at high C/N ratio
without utilizing a magnetic field for mitialization, even in
the case of a bit periodicity smaller than the diameter of a
laser beam spot.

The following 1s an example of an improved recording,
medium which contains an intermediate layer between a
readout layer and a recording layer as shown 1 FIG. 10B.
An mtermediate layer 1s formed between a readout layer and
a recording layer. Curie temperature of the intermediate
layer 1s higher than room temperature and lower than those
of the readout layer and the recording layer. Material of the
intermediate layer may be rare-earth and iron group amor-
phous alloy, such as TbFe, GdFe, TbFeCo and GdFeCo, or
these alloys to which non-magnetic element such as Al, Cu
and Cr 1s added.

The intermediate layer functions as a mediator of
exchange coupling force from the recording layer to the
readout layer until the temperature reaches Curie
temperature, and information of the recording layer 1s trans-
ferred to the readout layer as shown FIG. 13A.

However, the exchange coupling between the readout and
recording layers 1s interrupted at a high-temperature portion
of the intermediate layer where its temperature reaches
Curie temperature. Perpendicular magnetic anisotropy
constant, 1n appearance, of the readout layer thereat becomes
smaller than the other portion due to loss of exchange
coupling force from the recording layer. Energy level rela-
tion between perpendicular magnetic anisotropy constant 1n
appearance and demagnetizing field energy 1s 1inverted, and
accordingly the magnetization direction of the readout layer
1s aligned to an in-plane direction.

In such a case where the intermediate layer 1s formed,
which has a low Curie temperature, the readout layer 1s a
perpendicular magnetization film at room temperature and
can shift into an 1n-plane magnetization film at raised
temperature with the intermediate layer being formed with
the recording layer, even when the readout layer has no
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characteristic that the readout layer in a single-layer state
varies from a perpendicular magnetization film to an
in-plane magnetization film as temperature increases (in
other words, even if the readout layer 1n a single-layer state
remains a perpendicular magnetization film from room
temperature to Curie temperature. Thus, the recording
medium comprising the intermediate layer 1s advantageous
in that material can be selected from a wider range.

Since a portion of the laser beam spot 1n the readout layer
(a portion in which the readout layer is not an in-plane
magnetization film, that is, a low-temperature portion) is a
perpendicular magnetization film, the readout layer and the
recording layer are exchange-coupled to each other and thus
information 1n the recording layer 1s transterred to the
readout layer. The transferred information 1s converted into
an optical signal by magneto-optic effect (i.e., magneto-
optic effect of a laser beam reflected from the readout layer)
and thus the transferred information can be detected. In this
case, since the magneto-optic effect would not occur 1n the
other portion where an in-plane magnetization film 1s
established, preferable information reproduction with high
resolution 1s possible even when a higher density recording
1s conducted.

The following 1s the description concerning experimental
examples of the second embodiment.

Seventeenth Experimental Example

Targets of S1, Tb, Gd, Fe and Co are installed in a DC
magnetron sputtering equipment, and a glass substrate is
held on a holder. Thereafter, air 1s vacuum-exhausted from
a chamber to establish a high vacuum level of less than
1x107> Pa by using a cryosorption pump.

Ar gas 15 mtroduced into the chamber while vacuum-
exhausting air, until the level of 0.4 Pa of Ar gas 1s reached.
Then, a SiN layer 1s deposited to a thickness of 800 A on the
surface of the substrate. A GdFeCo layer (thickness: 400 A)
1s deposited as a readout layer, and a TbFeCo layer
(thickness: 400 A) 1s deposited as a recordmg layer. Then
another SiN layer (thickness: 700 A) is deposited as
protective film.

When the SiN layer 1s formed, N, gas 1s mtroduced 1n
addition to the Ar gas and the deposition 1s performed by DC
reactive sputtering. The GdFeCo and TbFeCo layers are
formed with applying DC powers to targets of Gd, Fe, Co
and Tb respectively and uftilizing spontaneous sputtering.
The compositions of those layers are controlled by adjusting
applied DC powers to the respective targets.

The composition of the GdFeCo layer 1s set so that its
compensation and Curie temperatures are respectively 120°
C. and over 400° C. The composition of the TbFeCo layer
1s adjusted so that its compensation and Curie temperatures
are respectively less than room temperature and 200° C.

It has been found that residual Kerr rotation angle disap-
peares at about 150° C. and an in-plane magnetization film
1s established as shown in FIG. 15§, by measuring the residual
0, at the time of magnetic field=zero with the temperature of
the layered films being raised.

Eighteenth Experimental Example

The following 1s the description concerning the 18th
experimental example. A magnetooptical recording medium
1s fabricated, which has the same layer structure as the 17th
experimental example. Conditions of the 18th experimental
example are the same as the second one except that a
polycarbonate substrate having a diameter of 130 mm with
pregrooves 1s 1nstalled.
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Result of measurement of recording-reproducing charac-
teristics of this magnetooptical recording medium 1s as
follows. A measuring instrument comprises an objective of
0.55 N.A. and a projector for outputting a laser beam of 780
nm wavelength. Power for recording 1s preset at 8 mW and
linear velocity 1s 9 m/sec. Then, 5.8—13 MHz carrier signal
1s recorded 1n the recording layer by using a field modulation
system (record magnetic field: +300 Oe). The record-
frequency dependency of C/N ratio 1s measured. The repro-
ducing power 1s set so that C/N ratio 1s maximized. The
result 1s shown 1n Table 2.

Nineteenth Experimental Example

Targets of S1, Tb, Gd, Fe and Co are installed 1n a DC
magnetron sputtering equipment, and a polycarbonate resin
substrate 1S held on a holder. Thereafter, air 1s vacuum-
exhausted from a chamber to establish a high vacuum level
of less than 1x107> Pa by using a cryosorption pump.

Ar gas 1s mtroduced into the chamber while vacuum-
exhausting air, until the level ot 0.4 Pa of Ar gas 1s reached.
Then, a SiN layer 1s deposited to a thickness of 820 A on the
surface of the substrate. A GdFeCo layer (thickness: 400 A)
is deposited as a readout layer, and a TbFeCo layer
(thickness: 300 A) 1s deposited as a recording layer Then, a
SiN layer as a protective film (thickness: 700 A) is depos-
ited. Thus, a magnetooptical recording medium of the
present 1nvention 1s fabricated.

When the SiN layer 1s formed, N, gas 1s introduced 1n
addition to the Ar gas and the deposition is performed by DC
reactive sputtering. The GdFeCo and TbFeCo layers are
formed by applying DC powers to targets of Gd, Fe, Co and
Tb respectively and utilizing spontaneous sputtering. The
compositions of those layers are controlled by adjusting the
DC powers applied to the respective targets.

The composition of the GdFeCo readout layer 1s set so
that 1ts compensation and Curie temperatures are respec-
tively 130° C. and over 350° C. The composition of the
TbFeCoAl mtermediate layer 1s adjusted so that 1ts com-
pensation and Curie temperatures are respectively less than
room temperature and 150° C. The composition of the
TbFeCo recording layer 1s adjusted so that i1ts compensation
and Curie temperatures are respectively less than room
temperature and 200° C.

Result of measurement of recording-reproducing charac-
teristics of this magnetooptical recording medium 1s as
follows. A measuring instrument comprises an objective of
0.55 N.A. and a projector for outputting a laser beam of 780
nm wavelength. Power for recording 1s preset at 8 mW and
linear velocity 1s 9 m/sec. Then, 5.8—~13 MHz carrier signal
1s recorded 1n the recording layer by using a field modulation
system (record magnetic field: +300 Oe). The record-
frequency dependency of C/N ratio 1s measured. The repro-

ducing power 1s set so that C/N ratio 1s maximized. The
result 1s shown 1n Table 2.

Second Comparative Experimental Example.

Conditions of the second comparative experimental
example of a magnetooptical recording medium are the
same as the 18th experimental example, except that the
readout layer 1s removed and the thickness of the TbFeCo
recording layer 1s set to 800 A. The record- frequency
dependency of C/N ratio has similarly been inspected. The
result 1s shown 1n Table 2. It 1s apparent from Table 2 that
the method of the present invention provides a preferable
C/N ratio even under the condition of high record-frequency.

Twentieth Experimental Example

A magnetooptical recording medium 1s fabricated, which
has the following layer thicknesses and compositions, by the
same method as the 19th experimental example.
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A SiN layer 1s deposited to a thickness of 780 A on the
surface of the substrate. A GdFeCo layer (thickness: 400 1&)
1s deposited as a readout layer, a TbFeCoS1 layer (thickness:
100 A) is deposited as an intermediate layer and a TbFeCo
layer (thickness: 300 13&) 1s deposited as a recording layer.
Then, a SiN layer (thickness: 700 A) is deposited as a
protective film. Thus, a magnetooptical recording medium
of the present invention 1s fabricated.

The composition of the GdFeCo readout layer 1s set so
that 1ts compensation and Curie temperatures are respec-
tively 110° C. and 320° C. The composition of the TbFeCoSi
intermediate layer 1s adjusted so that its compensation and
Curie temperatures are respectively less than room tempera-
ture and 110° C. The composition of the TbFeCo recording
layer 1s adjusted so that 1ts compensation and Curie tem-

peratures are respectively less than room temperature and
#200° C.

After the fabrication of the recording medium, recording-
reproducing characteristics are evaluated in the same man-
ner as the 18th and 19th experimental examples and the
result of measurement 1s shown 1 Table 2.

TABLE 2

value of C/N ratio (dB)

exp. exp.
£ pit length example example exp. example com. example
(MHz) (um) 18 19 20 2
13 0.35 29 32 31 2
10 0.45 37 38 34 18
8.0 0.57 44 44 45 42
5.8 0.78 48 48 48 48

THIRD EMBODIMENT

A preferred third embodiment according to the present
invention will be described hereinafter.

A magnetooptical recording medium of the third embodi-
ment 1s composed of at least two layers: a readout layer and
a recording layer. The readout layer remains an in-plane
magnetization film at room temperature, shifts into a per-
pendicular magnetization film or layer when the temperature
1s raised, and returns to an in-plane magnetization film or its
magnetization disappears when the temperature 1s further
raised. The recording layer, in which information 1s to be
stored, remains a perpendicular magnetization film not only
at room temperature but at raised temperatures.

The readout layer 1s preferably composed of, for example,
rare-earth and 1ron group amorphous alloy, such as GdCo,
GdFeCo, GdTbFeCo, GdDyFeCo and NdGdFeCo. Materal,
whose compensation temperature 1s between room tempera-
ture and Curie temperature, 1s preferable.

The recording layer 1s preferably composed of material
which has large perpendicular magnetic anisotropy and
whose magnetized state 1s stably held, for example, rare
carth and 1ron group amorphous alloy, such as TbFeCo,
DyFeCo and TbDyFeCo; or garnet; or platinum group and
iron group periodical structure layer, such as Pt/Co and
Pd/Co; or platinum group and iron group alloy, such as PtCo

and PdCo.

Further, elements for improving corrosion resistance,
such as Cr, Al, Ti, Pt, Nb and the like, may be added to
magnetic layers such as the readout and recording layers,

respectively.
Dielectrics, such as Sin_, AIN_, TaO_, S10_, et al., may be
formed in addition to the readout and recording layers in
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order to improve interference effect. Materials for improving
thermal conductivity, such as Al, Alta, Al'Ti, AlCr, Cu and
the like, may be formed.

An mtermediate layer for adjusting exchange coupling
force or magnetostatic coupling force, or an auxiliary layer
for assistance of recording or reproduction may be formed.
A protecting coating, which 1s composed of the above-
discussed dielectric or polymer resin, may be used as a
protective film.

The following description deals with the principle of
recording-reproducing process of the third embodiment.
Referring to the FIG. 16, data signal 1s recorded 1n the
recording layer of the magnetooptical recording medium.
One way of recording data signal 1n the recording layer 1s to
modulate an external magnetic field while projecting a laser
beam powerful enough to raise the temperature of the
recording layer to over Curie temperature. Another way 1s to
modulate a laser power while applying a magnetic field 1in a
recording direction, after eliminating data. The other way 1s
to modulate a laser power while applying an external
magnetic field.

When the mtensity of the laser beam 1s determined so that
the temperature of only a predetermined region within a
beamspot 1s raised close to Curie temperature, considering
the linear velocity of the recording medium, a record mag-
netic domain 1s formed, which 1s less than the diameter of
the laser beam spot. As a result, 1t 1s possible to record signal
having a periodicity less than the diffraction limit of light.

When reproducing the data signal, a readout laser beam 1s
projected onto the recording medium. At this time, the
temperature 1n the region, irradiated with the beam spot
rises. Since the medium moves at a constant speed, the
temperature distribution on the recording medium has a
shape extending along the moving direction of the recording
medium as shown 1 FIG. 19 or 20. In the temperature
distribution, a portion within the beam spot 1s a high-
temperature area.

As regards a single magnetic thin film, 1t 1s well known
that a chief magnetization direction 1s determined by an
cliective perpendicular magnetic anisotropy constant KL
that 1s defined by the following equation:

K1 =Ku-2aMs~

where Ms 1s the saturation magnetization of a single mag-
netic thin film and Ku 1s the perpendicular magnetic anisot-
ropy constant. A perpendicular magnetization film appears
when K1 1s positive, and an in-plane magnetization film
appears when K1 is negative. Here, 2nMs* is energy of
demagnetizing field.

For example, when Ms and Ku have the temperature
dependencies as shown in FIG. 23, the in-plane magnetiza-
tion film appears at room temperature since Ku<2xMs” and
K1<0. Ms of the readout layer decreases at the time of
information reproduction since the temperature increases.
Thus, 2xMs” rapidly decreases and becomes smaller than
the perpendicular magnetic anisotropy constant Ku. As a
result, Ku>27Ms~ and K1 >0, and the readout layer becomes
the perpendicular magnetization film.

When the saturation magnetization Ms and perpendicular
magnetic anisotropy constant Ku of the readout layer are set,
considering the intensity and linear velocity of the laser light
at the time of data reproduction, so that the magnetization of
the readout layer is an in-plane magetization film (which
functions as a mask) in the highest-temperature and low-
temperature (near room temperature) points within the light
spot and is a perpendicular magnetization film (which func-
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tions as a detection area or aperture) in an intermediate-
temperature portion thereof, as shown 1 FIG. 19, only the
highest-temperature and low-temperature points within the
laser beam spot become an in-plane magetization film. The
other portion (the intermediate-temperature portion),
however, 1s a perpendicular magnetization film.

Since the readout layer, which 1s a perpendicular magne-
fization film, 1s magnetically coupled to the recording layer
due to exchange coupling, the direction of magnetization in
the readout layer 1s aligned along a stable direction for the
magnetization direction of information recorded 1n the
recording layer. Thus, the recorded information in the
recording layer 1s transferred mto the readout layer. The
transferred information 1s converted 1nto an optical signal by
magneto-optic effect (i.e., magneto-optic effect of a laser
beam reflected from the readout layer) and detected. In this
case, the magneto-optic effect would not occur 1n a portion
within the laser beam spot where the readout layer 1s an
in-plane magetization film.

Further, this embodiment 1s described as a case of mag-
netic coupling due to exchange coupling between the read-
out layer and the recording layer, but 1t 1s possible that the
recording layer 1s magnetically coupled to the readout layer
at the time of reproduction by magnetostatic coupling. When
the readout layer and the recording layer are layered directly
or with an intermediate layer therebetween, the temperature
of a perpendicular magnetization region shifts toward a
lower value, compared to a case where the readout layer and
the recording layer are not layered, since exchange coupling
force, magnetostatic coupling force or the like acts from the
perpendicular magnetization film and thus Ku increases in
appearance. However, 1f presetting the perpendicular mag-
netization temperature range in a single layer structure at a
slightly higher value, 1t 1s possible that the readout layer is
an 1n-plane magnetization film at room temperature and
raised temperatures and shifts into a perpendicular magne-
fization film only at the mntermediate temperature even when
the readout layer 1s layered along with the perpendicular
magnetization layer.

Masking may be achieved at the highest-temperature
point or region by disappearance of magnetization 1n the
readout layer thereat. However, signal level 1n readout might
be slightly reduced because Curie temperature Tc of the
readout layer needs to be lower than Curie temperature Tc of
the recording layer.

The following 1s an example of an improved magnetoop-
fical recording medium of the third embodiment, which
contains an mtermediate layer between a readout layer and
a recording layer as shown in FIG. 17.

The intermediate layer 1s interposed between the readout
layer and the recording layer. Curie temperature of the
intermediate layer 1s higher than room temperature and
lower than Curie temperatures of the readout and recording
layers. Material for the intermediate layer may be rare-earth
and 1ron group amorphous alloy, such as TbFe, GdFe,
TbFeCo and GdFeCo, or such alloy into which non-
magnetic elements such as Al, Cu and Cr are added.

Refering now to FIG. 21, 1 a portion where temperature
increases due to projection of a readout laser beam, the
readout layer 1s changed from an in-plane magnetization
film to a perpendicular magnetization film, similar to the
example of the recording medium mentioned above. The
intermediate layer can function as a mediator of exchange
coupling force from the recording layer to the readout layer,
until its Curie temperature 1s reached, and information in the
recording layer 1s transferred to the readout layer.

However, the exchange coupling between the layers 1s
interrupted in the high-temperature portion of the mterme-
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diate layer where 1ts Curie temperature 1s reached. In this
portion, perpendicular magnetic anisotropy constant of the
readout layer rapidly decreases 1n appearance due to such
ceasing of exchange coupling force from the recording layer.
Therefore, the magnetization direction of the readout layer
becomes an in-plane direction again (see FIG. 21).

In such a case where the intermediate layer 1s formed,
which has low Curie temperature, the readout layer can be
an in-plane magnetization film at room temperature and
raised temperatures and be a perpendicular magnetization
f1lm at intermediate temperature therebetween 1n its layered
structure together with the intermediate and recording
layers, though the readout layer has no characteristic that the
layer structure 1n 1ts single layer state returns to an 1n-plane
magnetization film at raised temperatures. Thus, the record-
ing medium comprising the intermediate layer 1s advanta-
ogeous 1n that material can be selected from a wider range.

Thus, 1 the information reproducing method using the
magnetooptical recording medium of the third embodiment,
since a reproducable portion within the laser beam spot 1s
located 1n a narrow zone between a high-temperature portion
and a low-temperature portion, it 1s possible to reproduce
information with high resolution even if the information is
recorded 1n higher density.

This reproducing method can provide still better C/N ratio
because the detecting region 1s placed 1n a center of the laser
beam spot. The reason therefor 1s explained hereinafter.

Intesity distribution of the laser beam 1s of a Gaussian
type and the intensity at a center of the laser spot 1s highest.
Thus, the closer to the center of the spot a position, where
information 1s reproduced, 1s, the better the C/N ratio
becomes. Generally, the center of the spot 1s coincident with
the center of temperature distribution of the medium when
the recording medium moves. The highest temperature point
shifts toward the moving direction of the medium.
Therefore, when the highest-temperature point 1s selected as
a detecting area, the detecting area will be deviated from the
center of the spot (see FIG. 20).

The third embodiment of the present invention 1s
described 1n more detail by using the following experimental
examples. The experimental examples are illustrative and
not restrictive.

Twenty First Experimental Example

Targets of S1, Tb, Gd, Fe, Co and Al are mstalled in a DC
magnetron sputtering equipment, and a glass substrate 1s
held on a holder. Thereafter, air 1s vacuum-exhausted from
a chamber to establish a high vacuum level of less than
1x10~> Pa by using a cryosorption pump.

Ar gas 1s mtroduced into the chamber while vacuum-
exhausting air, until the level of 0.3 Pa of Ar gas 1s reached.
Then, a SiN layer, which functions as an interference film,

1s deposited to a thickness of 700 A on the surface of the
substrate. A GdFeCo layer (thickness: 400 A) is deposited as

a readout layer, and a TbFeCo layer (thickness: 400 131) 1S
deposited as a recording layer. Then, another SiN layer
(thickness: 800 A), which functions as a protective film, is
deposited. Thus, the layer structure as shown in FIG. 18A 1s
obtained.

When the SiN layer 1s formed, N, gas 1s introduced 1n

addition to the Ar gas and the deposition i1s performed by DC
reactive sputtering. The GdFeCo and TbFeCo layers are

formed with applying DC powers to the targets of Gd, Fe,
Co and Tb, respectively.

The composition of the GdFeCo layer 1s adjusted so that
its compensation and Curie temperatures are respectively
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270° C. and over 400° C. The composition of the TbFeCo
layer 1s adjusted so that 1ts compensation and Curie tem-

peratures are respectively less than room temperature and
230° C.

It has been found that Kerr effect (residual Kerr rotation
angle), when no magnetic field is applied, appeares only in
a range from 130° C. to 180° C. and a perpendicular
magnetization film 1s established as shown in FIG. 25, by
measuring the residual 0, at the time of magnetic field=zero
as the temperature of the layered films 1s raised.

Twenty Second Experimental Example

The following i1s the description concerning the 22nd
experimental example. A magnetooptical recording medium
1s fabricated, which has the same layer structure as the 21st
experimental example. Conditions of the 22nd experimental
cxample are the same as the 21st one except that a polycar-
bonate substrate having a diameter of 130 mm with pre-
ogrooves 15 1nstalled.

Result of measurement of recording-reproducing charac-
teristics of the magnetooptical recording medium 1s as
follows. A measuring 1instrument comprises an objective lens
of 0.55 N.A. and a projector for outputting a laser beam of
780 nm wavelength. Power for recording 1s preset at 8 mW
and limear velocity 1s 9 m/sec. Then, 6—15 MHz carrier
signal 1s recorded 1n the recording layer with mtervals of 1
MHz by using a field modulation system. The record-
frequency dependency of C/N ratio 1s measured. The repro-

ducing power 1s set so that C/N ratio 1s maximized. The
applied field 1s £150 Oe. The result 1s shown 1n Table 3.

Twenty Third Experimental Example

Targets of S1, Tb, Gd, Fe, Co and Al are mstalled in a DC
magnetron sputtering equipment, and a polycarbonate resin
substrate with pregrooves 1s held on a holder. Thereafter, air
1s vacuum-exhausted from a chamber to establish a high
vacuum level of less than 1x10~> Pa by using a cryosorption

pump.
Ar gas 1s introduced into the chamber while vacuum-
exhausting air, until the level of 0.3 Pa of Ar gas 1s reached.

Then, a S1N layer, which functions as an interference film,
1s deposited to a thickness of 830 A on the surface of the

readout layer
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deposited. Thus, a magnetooptical recording medium of the
present invention as shown in FIG. 18B 1s fabricated.

When the SiN layer 1s formed, N, gas 1s introduced 1
addition to the Ar gas and the deposition 1s performed by DC
reactive sputtering. The GdFeCo and TbFeCo layers are
formed by applying DC powers to targets of Gd, Fe, Co and
Tb, respectively, and utilizing spontaneous sputtering. The
compositions of those layers are controlled by adjusting the
DC powers applied to the respective targets.

The composition of the GdFeCo readout layer 1s set so
that 1ts compensation and Curie temperatures are respec-
tively 250° C. and over 310° C. The composition of the
TbFeCoAl mtermediate layer 1s adjusted so that its Curie
temperature is 150° C. The composition of the TbFeCo
recording layer 1s adjusted so that its Curie temperature 1s

210° C.

Result of measurement of recording-reproducing charac-
teristics of the magnetooptical recording medium 1s as
follows. A measuring instrument comprises an objective lens
of 0.55 N.A. and a projector for outputting a laser beam of
780 nm wavelength. Power for recording 1s preset at 8.2 mW
and linear velocity 1s 9 m/sec. Then, 6—15 MHz carrier
signal 1s recorded 1n the recording layer with intervals of 1
MHz by using a field modulation system (record magnetic

field: 200 Oe). The record-frequency dependency of C/N
ratio 1s measured. The result 1s shown 1n Table 3.

24th to 29th Experimental Examples

Similarly, 24th to 29th experimental examples are shown
in Table 3.

Third Comparative Experimental Example

Conditions of the third comparative experimental
example of a magnetooptical recording medium are the
same as the 21st experimental example, except that com-
pensation and Curie temperatures of the readout layer are
respectively 280° C. and 300° C. The layered layers has the
temperature dependency of residual 0. as shown in FIG. 285.
Then, the deposition 1s performed on the polycarbonate
substrate, similar to the 22nd experimental example. After
the magnetooptical recording medium 1s thus fabricated, the
record-frequency dependency of C/N ratio has similarly
been mspected. The result 1s shown 1n Table 3.

TABLE 3

intermediate layer recording layer C/N (dB)

comp.
example 21, 22 GdFeCo
example 23 GdFeCo
example 24 GdFeCo
example 25 GdTbCo
example 26 GdFeCo
example 27 NdGdFeCo
example 28 GdFeCo
example 29 GdFeCo
com. €X. 3 GdFeCo

substrate. A GdFeCo layer (thickness: 400 131) 1s deposited as
a readout layer, a TbFeCoAl layer (thickness: 100 A) is
deposited as an intermediate layer and a TbFeCo layer
(thickness: 300 131) 1s deposited as a recording layer. Then,
another SiN layer as a protective film (thickness: 700 131) 1S

65

thick. thick. thick. mark length

(A) comp. (A) comp. (A) 03um 04um 0.5 um
400 non TbFeCo 400 33 43 46
400 TbFeCoAl 100 TbFeCo 300 32 41 44
350 non TbFeCo 370 30 42 45
300 non TbFeCo 400 30 41 44
400 non DyFeCo 380 32 40 44
370 non TbFeCo 400 30 42 46
400 TbFeCoCu 50 TbFeCo 450 32 42 44
360 GdFeCo 80 TbFeCo 300 35 44 46
400 non TbFeCo 400 24 37 42

FOURTH EMBODIMENT

A preferred fourth embodiment according to the present
mvention will be described hereinafter.

A magnetooptical recording medium of the fourth
embodiment 1s composed of at least three layers: a first
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magnetic layer, a second magnetic layer (a readout layer)
and a third magnetic layer (a recording layer where infor-
mation is to be stored). The first magnetic layer is composed
of an in-plane magnetization film. The second magnetic
layer has Curie temperature higher than the first magnetic
layer, remains an 1n-plane magnetization film at room tem-
perature and shifts into a perpendicular magnetization film
when the temperature 1s raised. The third magnetic layer 1s
composed of a perpendicular magnetization film.

The first, second and third magnetic layers are fabricated
in the following manner, as shown 1 FIG. 26A.

The first layer 1s preferably composed of material which
maintains a stable 1n-plane magnetic anisotropy until Curie
temperature 1s reached, for example, rare-earth and iron
oroup amorphous alloy, such as GdCo, GdFeCo,
GdTbFeCo, GdDyFeCo and NdGdFeCo. Material, whose
Curie temperature 1s 1n the vicinity of intermediate tempera-
ture at the time of reproduction, i1s preferable.

The second magnetic layer 1s preferably composed of rare

carth and 1ron group amorphous alloy, such as GdCo,
GdFeCo, GdTbFeCo, GdDyFeCo and NdGdFeCo, or such

amorphous alloy to which non-magnetic element, such as
Al, S1, Cu or the like, 1s added. Material, whose compen-
sation temperature 1s between room temperature and Curie
temperature, 1s preferable.

The third magnetic layer 1s preferably composed of
material, which has a large perpendicular magnetic anisot-
ropy and can stably maintain the magnetized state, for
example, rare-earth and 1ron group amorphous alloy, such as
TbFeCo, DyFeCo and TbDyFeCo; or garnet; or platinum
oroup and 1ron group periodical structure layer, such as

Pt/Co and Pd/Co; or platinum group and iron group alloy,
such as PtCo and PdCo.

Further, elements for improving corrosion resistance,
such as Cr, Ti, Pt and the like, may be added to those
magnetic layers, respectively.

Dielectrics, such as SiN, AIN _, AlO_, TaO_, S10_, et al.,
may be formed 1n addition to those magnetic layers 1n order

to improve interference etfect. Material for improving ther-
mal conductivity, such as Al, AlTi, AlCr, AlTa, Cu and the

like, may be formed.

An 1termediate layer for adjusting exchange coupling
force or magnetostatic coupling force, or an auxiliary layer
for assistance of recording or reproduction my be formed. A
protecting coating, which 1s composed of the above-
discussed dielectric or polymer resin, may be used as a
protective film.

The following description deals with the principle of
recording-reproducing process of the fourth embodiment.
The first, second and third magnetic layers will hereinafter
be referred to as auxiliary, readout and recording layers,
respectively.

Referring to the FIG. 28, data signal 1s recorded in the
recording layer of the magnetooptical recording medium of
the fourth embodiment. One way of recording data signal 1n
the recording layer 1s to modulate an external magnetic field
while projecting a laser beam powertul enough to raise the
temperature of the recording layer to over Curie tempera-
ture. Another way 1s to modulate a laser power while
applying a magnetic field in a recording direction, after
climinating data. The other way 1s to modulate a laser power
while applying an external magnetic field.

When the intensity of the laser beam 1s determined so that
the temperature of a predetermined region within a beam
spot 1s raised near to Curie temperature, considering the
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linear velocity of the recording medium, a record magnetic
domain 1s formed which 1s less than the diameter of the laser

beam spot. As a result, it 1s possible to record a signal having
a periodicity less than the diffraction limit of light.

When reproducing the data signal, a readout laser beam 1s
projected onto the recording medium. At this time, the
temperature 1n the region, irradiated with the beam spot,
rises. Since the medium moves at a constant speed, the
temperature distribution on the recording medium has a
shape extending along the moving direction of the recording
medium. In this temperature distribution, a part of the
irradiated portion within the beam spot 1s a high-temperature
area.

As regards the direction of magnetization of a single
magnetic thin film, 1t 1s known that a chief magnetization
direction 1s determined by an effective perpendicular mag-
netic anisotropy constant K | that 1s defined by the following
equation:

K1 =Ku-2aMs~

where Ms 1s the saturation magnetization of a single mag-
netic thin film and Ku 1s a perpendicular magnetic anisot-
ropy constant. The single magnetic thin film 1s a perpen-
dicular magnetization film when K1 1s positive, and an
in-plane magnetization film when K1 is negative.

Here, 2xMs” is energy of demagnetizing field. Then, as
shown in FIG. 29, at room temperature (RT), the following
relation 1s satisfied:

Ku<2aMs~*, K1 <0,

Thus, the in-plane magnetization film 1s produced. On the
other hand, temperature 1s raised during reproduction, and
then the following relation is satisfied:

Ku>2aMs?, KL>0.

In other words, when the saturation magnetization of a
single magnetic thin film Ms and perpendicular magnetic
anisotropy constant Ku are preset so that the magnetic thin
film 1s a perpendicular magetization film, only the highest-
temperature point or region within the laser spot becomes a
perpendicular magetization film to which magnetization in
the recording layer can be transferred. Thus, high resolution
can be achieved. In other words, information can be repro-
duced by detecting a reflective light of the laser beam,
because the reflective light 1s influenced by magneto-optic
cifect of only a portion of the readout layer to which the
magnetization has been transferred.

When the magnetic thin film and the perpendicular and
in-plane magnetization films are layered directly or with an
intermediate layer therebetween, Ku shifts in appearance
since exchange coupling force, magnetostatic coupling force
or the like acts from those films. However, 1f presetting the
perpendicular magnetization temperature range of a single
layer structure at a slightly higher or lower value, it 1is
possible that the readout layer 1s an 1n-plane magnetization
film at room temperature and shifts into a perpendicular
magnetization film at raised temperatures even when the
readout layer 1s layered along with other layers.

In the recording medium of the fourth embodiment, the
auxiliary layer 1s also layered on the readout layer directly
or with a intermediate layer being layered therebetween, in
addition to the recording layer. The auxiliary layer remains
an 1n-plane magnetization {ilm 1n a range between room
temperature and Curie temperature, and thus the magneti-
zation direction of the readout layer 1s stably oriented 1n an
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in-plane direction due to exchange coupling force from the
auxiliary layer, until the temperature of the recording
medium reaches Curie temperature of the auxiliary layer.

Thus, 1f presetting Curie temperature of the auxiliary layer
close to the transition temperature at which magnetization
direction 1n the readout layer varies, the exchange coupling
force from the auxiliary layer, which urges an in-plane
magnetization orientation, will not act. Therefore, the detec-
tion region 1n the readout layer 1s easier to be oriented 1n a
perpendicular magnetization direction.

Since the auxiliary layer 1s placed on the opposite side to
the recording layer, that 1s, on the light incidence side, the
auxiliary layer needs to have a thickness which 1s so thin that
readout signal would not be degraded due to 1its light
absorption and which 1s so thick that exchange coupling
force to the readout layer would not be reduced. The
thickness 1s preferably not more than 200 A, more preferably
not more than 100 A, and most preferably not more than 60
A. Further, the thickness is preferably not less than 20 A.

The recording medium comprising the auxiliary layer can
provide a clear boundary between an 1n-plane magnetization
portion and a perpendicular magnetization portion in the
readout layer, and improve C/N ratio. Moreover, since
recorded 1mnformation can be reproduced without any inter-
ference from adjacent bits 1n tracking and radial directions,
it 1s possible to reproduce bits, recorded m higher linear
recording density and higher track density, with good C/N
ratio.

Further, this embodiment 1s described as a case of mag-
netic coupling due to exchange coupling interaction between
the magnetic layers, but 1t 1s possible that the layers are
magnetostatically coupled to each other.

Further, in order to conduct the transfer more clearly, an
intermediate layer having different Curie temperature or the
like may be formed.

The following 1s the description concerning experimental
examples of the fourth embodiment.

30th Experimental Example

Targets of S1, Tb, Gd, Fe and Co are installed in a DC

magnetron sputtering equipment, and a polycarbonate sub-
strate 1S held on a holder. Thereafter, air 1s vacuum-

example 31
example 32
example 33
example 34
com. €X. 5

exhausted from a chamber to establish a high vacuum level
of less than 1x107° Pa by using a cryosorption pump.

Ar gas 15 mntroduced into the chamber while vacuum-
exhausting air, until the level of 0.4 Pa of Ar gas 1s reached.
Then, a SiN layer (an interference layer) is deposited to a

thickness of 780 A on the surface of the substrate. A GdCo
layer (an auxiliary layer) is deposited, a GdFeCo layer (a
recording layer) is deposited and a TbFeCo layer (a record-
ing layer) is deposited. Then, another SiN layer (thickness:
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700 1&) 1s deposited as a protective film. Thus, the layer
structure as shown 1n FIG. 26B 1s obtained.

When the SiN layer 1s formed, N, gas 1s introduced 1
addition to the Ar gas and the deposition 1s performed by DC
reactive sputtering of the Sitarget. The GdFeCo and TbFeCo
layers are formed with applying DC powers to targets of Gd,
Fe, Co and Tb, respectively. The compositions of those
layers are controlled by adjusting DC powers applied to the
respective targets.

The thickness of the GdCo auxiliary layer 1s 50 A, and the
composition thereof 1s set so that the layer 1s RE-rich from
room temperature to Curie temperature.

The thickness of the GdFeCo readout layer 1s 400 A, and
the composition thereof 1s set so that 1ts compensation and

Curie temperatures are respectively 280° C. and over 350°
C.

The thickness of the TbFeCo recording layer 1s 400 A, and
the composition thereof 1s set so that the layer 1s TM-rich at
room temperature and 1ts compensation and Curie tempera-

tures are respectively less than room temperature and 220°
C.

[t has been found that Kerr effect appears at about 140° C.
and a perpendicular magnetization film 1s established as
shown 1 FIG. 30A, by measuring the residual 0, when
magnetic field=zero with the temperature of the layered
films being raised.

™

31st Experimental Example

Result of measurement of recording-reproducing charac-
teristics of the magnetooptical recording medium, described
in the 30th experimental example, 1s as follows. A measuring
mstrument comprises an objective of 0.55 N.A. and a
projector for outputting a laser beam of 780 nm wavelength.
Power for recording i1s preset at 8~10 mW and linear
velocity 1s 9 m/sec (rotation speed: 2400 rpm and radius: 36
mm). Then, 5.8-15 MHz carrier signal is recorded in the
recording layer by using a field modulation system
(recording magnetic field: £150 Oe). The record-frequency
dependency of C/N ratio 1s measured. The readout power 1s

set so that C/N ratio 1s maximized. The result 1s shown 1n
Table 4.

TABLE 4

measurement result of C/N

readout layer _recording laver C/N (dB)

thick. thick. thick. mark length
comp. (A) comp. (A) comp. (A) 03um 04um 0.5 um
GdFe 50 GdFeCo 400 TbFeCo 400 33 43 46
GdCoAl 30 GdFeCo 400 TbFeCo 300 30 42 45
GdCoSi 40 GdFeCo 400 DyFeCo 400 32 40 44
GdFeCo 40 GdFeCo 400 TbFeCo 400 32 42 45
— GdFeCo 400 TbFeCo 400 24 37 42

60

65

32nd Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental examples 30 and 31, and a magnetooptical
recording medium 1s fabricated. The thus fabricated record-
ing medium 1s evaluated under the same conditions.

A SIN layer (an interference layer) is deposited to a
thickness of 780 A on the surface of the substrate. A GdCo
layer (an auxiliary layer) is deposited, a GdFeCo layer (a
readout layer) is deposited and a TbFeCo layer (a recording
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layer) 1s deposited. Then, another SiN layer (thickness: 700
A) 1s deposited as a protective film. Thus, the layer structure
as shown 1n FIG. 26B 1s obtained.

When the SiN layer 1s formed, N, gas 1s mtroduced 1n
addition to the Ar gas and the deposition 1s performed by DC
reactive sputtering of the Sitarget. The GdFeCo and TbFeCo
layers are formed with applying DC powers to targets of Gd,
Fe, Co and Tb, respectively.

The thickness of the GdCoAl auxiliary layer 1s 30 A, and

the composition thereof 1s set so that the layer 1s RE-rich
from room temperature to Curie temperature and the Curie
temperature is approximately 130° C.

The thickness of the GdFeCo readout layer 1s 400 A, and
the composition thereof 1s set so that 1ts compensation and

Curie temperatures are respectively 270° C. and over 350°
C

The thickness of the TbFeCo recording layer 1s 300 A, and
the composition thereof 1s set so that the layer 1s TM-rich at
room temperature and 1ts compensation and Curie tempera-

tures are respectively less than room temperature and 200°
C.

The result of this experimental example 1s shown 1n Table
4.

33rd Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental examples 30 and 31, and a magnetooptical
recording medium 1s fabricated. The thus fabricated record-
ing medium 1s evaluated under the same conditions.

A SiN layer (an interference layer) is deposited to the
thickness of 780 A on the surface of the substrate. A GdCo
layer (an auxiliary layer) is deposited, a GdFeCo layer (a
readout layer) is deposited and a DyFeCo layer (a recording
li:lyer) is deposited. Then, another SiN layer (thickness: 700

A) 1s deposited as a protective film. Thus, the layer structure
as shown 1 FIG. 26B 1s obtained.

When the SiN layer 1s formed, N, gas 1s mtroduced 1in
addition to Ar gas and the deposition 1s performed by DC
reactive sputtering of the Sitarget. The GdFeCo and TbFeCo
layers are formed with applying DC powers to targets of Gd,
Fe, Co and Tb, respectively.

The thickness of the GdCoS1 auxiliary layer 1s 40 A, and
the composition thereof 1s set so that the layer 1s RE-rich
from room temperature to Curie temperature and the Curie
temperature is approximately 160° C.

The thickness of the GdFeCo readout layer 1s 400 A, and

the composition thereof 1s set so that 1ts compensation and
Curie temperatures are respectively 260° C. and over 350°

C

The thickness of the TbFeCo recording layer 1s 400 A, and
the composition thereof 1s set so that the layer 1s TM-rich at
room temperature and i1ts compensation and Curie tempera-
tures are respectively less than room temperature and 200°

C.

The result of this experimental example 1s shown 1n Table
4.

34th Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental examples 30 and 31, and a magnetooptical
recording medium 1s fabricated. The thus fabricated record-
ing medium 1s evaluated under the same conditions.

A SIN layer (gn interference layer) is deposited to the
thickness of 780 A on the surface of the substrate. A GdFeCo
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layer (an auxiliary layer) is deposited, a GdFeCo layer (a
readout layer) is deposited and a TbFeCo layer (a recording,
ljlyer) is deposited. Then, another SiN layer (thickness: 700

A) 1s deposited as a protective film. Thus, the layer structure
as shown 1n FIG. 26B 1s obtained.

When the SiN layer 1s formed, N, gas 1s introduced 1n
addition to Ar gas and the deposition i1s performed by DC
reactive sputtering of the Sitarget. The GdFeCo and TbFeCo
layers are formed with applying DC powers to targets of Gd,
Fe, Co and Tb, respectively

The thickness of the GdFeCo auxiliary layer is 40 A, and

the composition thereof 1s set so that the layer 1s RE-rich
from room temperature to Curie temperature and the Curie
temperature is approximately 160° C.

The thickness of the GdFeCo readout layer 1s 400 A, and
the composition thereof 1s set so that i1ts compensation and

Curie temperatures are respectively 220° C. and over 350°
C

The thickness of the TbFeCo recording layer 1s 400 A, and

the composition thereof 1s set so that the layer 1s TM-rich at
room temperature and its compensation and Curie tempera-
tures are respectively less than room temperature and 240°

C.

The result of this experimental example 1s shown in Table
4.

Fourth Comparative Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental example 30, except that the auxiliary layer 1s
removed, and a magnetooptical recording medium 1s fabri-
cated. The thus fabricated recording medium 1s evaluated
under the same conditions.

The result 1s shown 1n FIG. 30B. It 1s known therefrom
that 0, at room temperature 1s reduced and the rise of O,
during the increase of temperature 1s steep 1n the present
invention, compared to the comparative example. Thus, 1t
can be seen that super-resolution detecting effect 1s
improved.

Fifth Comparative Experimental Example

Recording-reproducing characteristics are measured,
similar to the comparative experimental example 4, by using
the optomagnetic recording medium described in the com-

parative experimental example 4. The result 1s shown 1n
Table 4.

FIFTH EMBODIMENT

A preferred fifth embodiment according to the present
mvention will be described hereinafter.

A magnetooptical recording medium of the fifth embodi-
ment 1s mainly composed of a recording layer having a
two-11lm structure and a readout layer formed on the record-
ing layer directly or with an intermediate layer therebetween
(see FIG. 31A). The recording layer, where information is to
be stored, consists of second and third magnetic layers in
cach of which directions of sublattice magnetic moments are
opposite to each other and which are respectively perpen-
dicular magnetization films. The readout layer consists of a
first magnetic layer which 1s an in-plane magnetization film
at room temperature and shifts 1nto a perpendicular magne-
tization film at raised temperatures.

With respect to the magnetization transfer process from
recording layer to readout layer appearing 1n the recording
medium, the following fact has been found by the #Appli-
cants.
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In the magnetooptical recording medium having the
above-discussed structure, Kerr rotation angle of the record-
ing layer 1s zero i1n appearance. Therefore, when super-
resolution, in which a plurality of recorded bits within a laser
spot are independently recognized, 1s performed, magneti-
zation out of the detection region of the recording layer
would not be detected even if the laser light passes through
the readout layer in the masked area. As a result, the total
thickness of the medium can be thinned, and a reflection-
layer structure can be adopted, thereby furthering the
improvement of C/N due to enhancement effect. Further,
such a structure 1s also advantageous 1n productivity.

The readout layer 1s preferably composed of, for example,
rare-earth and 1ron group amorphous alloy, such as GdCo,

GdFeCo, GdTbFeCo, GdDyFeCo and NdGdFeCo. Material
having a small magnetic anisotropy or material whose
compensation temperature 1s between room temperature and
Curie temperature 1s preferable.

The recording layer 1s preferably composed of material
which has a large perpendicular magnetic anisotropy and
stably maintains the magnetized state, for example, rare
carth and 1ron group amorphous alloy, such as TbFeCo,
DyFeCo and TbDyFeCo; or garnet; or platinum group and
iron group periodical structure layer, such as Pt/Co and

Pd/Co; or platinum group and iron group alloy, such as PtCo
and PdCo.

Further, elements for improving corrosion resistance,
such as Cr, Al, Ti, Pt, Nb or the like, may be added to the
readout and recording layers, respectively.

Dielectrics, such as SIN_, AIN_, AlO_, TaO_, S10_, et al.,
may be formed in addition to the readout and recording
layers in order to improve interference effect. Moreover, a
reflective layer (see FIGS. 31C and 31D), or material for

improving thermal conductivity, such as Al, Alli, AlCr,
AlTa, Cu and the like, may be formed.

An 1ntermediate layer for adjusting exchange coupling
force or magnetostatic coupling force (see FIG. 30B), or an
auxiliary layer for assistance of recording or reproduction
my be formed. A protecting coating, which 1s composed of
the above-discussed dielectric or polymer resin, may be used
as a protective film.

The structure of the recording layer will be described in
more detail. The following 1s directed to a recording layer
composed of ferrimagnetic rare-earth (RE) and iron group
transition-metal (TM) alloy. When, for example, rare-earth
element is dominant (RE rich) in the following description,
this wording means that the sublattice magnetic moment of
rare-carth element 1s larger than the sublattice magnetic
moment of iron group transition-metal element.

In the following description, one of layers of the two-layer
recording layer 1s referred to as a first recording layer and the
other 1s referred to as a second layer.

When the first and second recording layers respectively
have ferrimagnetism, the recording medium, 1n which ele-
ment of dominant magnetization 1n the first and second
recording layers 1s rare-carth element or 1ron group element,
1s called P-type, and the recording medium, in which ele-
ment of dominant magnetization 1n the first recording layer
1s rare-carth element and that in the second recording layer
1s 1ron group element, or the recording medium of mnverted
type, 1s called A-type.

An 1ntermediate layer may be formed for adjusting or
collapsing exchange-coupling between first and second
recording layers.

(1) A Type

The recording layer is composed of a magnetic layer (a

first recording layer) in which rare-earth element is domi-
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nant at room temperature and which does not have compen-
sation temperature between room temperature and Curie
temperature, and a magnetic layer (a second recording layer)
in which iron group transition metal 1s dominant at room
temperature (i.e., which does not have compensation tem-
perature between room temperature and Curie temperature).

(1) P Type

The recording layer is composed of a magnetic layer (a
first recording layer) in which rare-earth element is domi-
nant at room temperature and which has compensation
temperature between room temperature and Curie
temperature, and a magnetic layer (a second recording layer)
in which rare-carth element metal 1s dominant at room
temperature and which does not have compensation tem-
perature between room temperature and Curie temperature.

In both of the cases (1) and (2), Curie temperatures (1c)
of the first and second recording layers do not need to be
equal to each other, but it 1s desirable they are approximately
equal. Further, in both of the cases (1) and (2), the first and
second recording layers are interchangeable with each other.

Recording method of the fifth embodiment of the present
mvention will be described.

(1) Case of A Type (see FIG. 34)

The layers are partially heated from the state at room
temperature, in which sublattice magnetic moments are
opposite to each other ((1)), near to Curie temperature (2)),
by 1rradiation with a light spot. Then, an external magnetic
field Hb is applied (or 1s being applied from the beginning),
and magnetizations of the two layers are inverted ((3)).
Thereafter, the layers are cooled to room temperature, so that
the two layers are stabilized 1n respective states 1 which
sublattice magnetic moments are iverted, compared to the
state of (1) ((4)).

At this time, 1t 1s necessary that the exchange coupling
force 1s not greater than the magnetization inverting field
(coercive force) so that the magnetic moment would not be
re-inverted during the transition process from (3) to (4).
(2) Case of P Type (see FIG. 35)

The layers are partially heated from the state at room
temperature, in which sublattice magnetic moments are
opposite to each other (@), closely to Curie temperature
((2)). Then, an external magnetic field 1s applied (or is being
applied from the beginning), and magnetizations of the two
layers are mnverted (@) Thereafter, the layers are cooled to
room temperature, during which temperature passes com-
pensation temperature, so that the two layers are stabilized
In respective states in which sublattice magnetic moments
are 1mnverted, compared to the state of @, and directions of
total magnetizations are anti-parallel to each other (@)

At this time, 1t 1s necessary that the exchange coupling
force 1s not greater than the magnetization inverting field
(coercive force) so that the magnetic moment would not be
re-inverted during the transition process from (3) to (4).

In the above recording methods of (1) and (2), when the
intensity of the laser beam 1s set so that only the temperature
of a predetermined region within a beam spot 1s raised close
to Curie temperature, considering the linear velocity of the
recording medium, a record magnetic domain, which 1s less
than the diameter of the laser beam spot, can be formed. As
a result, 1t 1s possible to record a signal having a periodicity
less than the diffraction limit of light.

Characteristics of the recording layer will be described.

Between the first and second recording layers, sublattice
magnetic moments are oriented opposite to each other.
Therefore, the polarization plane of an incident light during
data reproduction 1s rotated 1n a direction 1n the first record-
ing layer and then rotated 1n an opposite direction in the next
recording layer.
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As a result, under particular conditions, the rotation angle
in polarization plane of a reflective light becomes equal to
the rotation angle 1n polarization plane of the incident light
on the recording layer, and the light returns to a detector.
Thus, Kerr rotation angle 1s not influenced by those record-
ing layers.

Reproducing method of the fifth embodiment of the
present mvention will be described.

As shown 1n FIG. 33, when a light spot i1s 1lluminated
from the readout layer side during data reproduction, only a
high-temperature portion of the readout layer within the
light spot 1s changed into a perpendicular magnetization
film. This 1s made possible by adjusting saturation magne-
fization Ms and perpendicular magnetization anisotropy Ku
of the readout layer, considering the intensity of laser light
during information reproduction. In this case, exchange
coupling force acts from the recording layer on that portion
of the readout layer where perpendicular magnetization film
appears, and the direction of magnetization in that portion of
the readout layer 1s aligned to a stable direction relative to
a direction of magnetization based on data recorded in the
recording layer.

Since a portion other than the high-temperature portion of
the readout layer remains an in-plane magnetization film, the
reflective light of light spot from the medium 1s subjected to
magneto-optic effect of only the perpendicular magnetiza-
fion film portion of the readout layer. Thus, polarization
plane of the reflective light 1s changed according to the
direction of magnetization. Therefore, information 1s repro-
duced by detecting the change 1 polarization plane of the
reflective light.

The polarization plane of the reflective light 1s not greatly
influenced by the portion of in-plane magnetization film.
Since Kerr rotation angle 1s as a whole cancelled 1n the
recording layer, light which 1s transmitted through the
readout layer and reflected by the recording layer, or light
which further passes through the recording layer and 1s
reflected by the reflective layer, 1s sujected only to the
rotation of polarization plane caused by the magneto-optical
cifect of the readout layer. Therefore, even if the imcident
light passes through the readout layer because of insufficient
masking, magnetization 1n the recording layer would not be
detected. Further, enhancement structure can be obtained by
forming a reflective layer.

The fifth embodiment of the present invention 1is
described 1n more detail by using the following experimental
examples. The experimental examples are illustrative and
not restrictive.

35th Experimental Example

Targets of S1, Tb, Gd, Fe, Co and Al are mstalled in a DC

magnetron sputtering equipment, and a polycarbonate sub-
strate with pregrooves 1s held on a holder. Thereafter, air 1s
vacuum-cxhausted from a chamber to establish a high
vacuum level of less than 1x107> Pa by using a cryosorption
pump.

Ar gas 1s introduced into the chamber while vacuum-
exhausting air, until the level of 0.4 Pa of Ar gas 1s reached.
Then, a SiN layer (an interference layer) is deposited to a
thickness of 850 A onto the surface of the substrate. A
GdFeCo layer (a readout layer) is deposited to a thickness of
400 A, a TbFeCo layer (a first recording layer) 1s deposited
to a thickness of 200 A and a TbFeCo layer (a second
recording layer) is deposited to a thickness of 200 A. Then
another SIN layer (thickness: 700 A) is deposned as

protective film. Thus, the layer structure as shown 1n FIG
32A 1s obtained.
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When the SiN layer 1s formed, N, gas 1s introduced 1n
addition to the Ar gas and the deposition 1s performed by DC
reactive sputtering of the Sitarget. The GdFeCo and TbFeCo
layers are formed with applying DC powers to targets of Gd,
Fe, Co and Tb, respectively.

The composition of the GdFeCo readout layer 1s set so

that 1ts compensation and Curie temperatures are respec-
tively 280° C. and over 400° C.

The composition of the TbFeCo first recording layer 1s set
so that the layer 1s RE rich at room temperature, there 1s no
compensation temperature, Curie temperature 1s 220° C. and
saturation magnetization at room temperature 1S approxi-
mately 100 emu/cc.

The composition of the TbFeCo second recording layer 1s
set so that the layer 1s TM-rich at room temperature
(compensation temperature is less than room temperature),
Curie temperature 1s 220° C. and saturation magnetization at
room temperature 1s approximately 100 emu/cc.

Result of measurement of recording-reproducing charac-
teristics of the magnetooptical recording medium described
in the twentieth experimental example 1s as follows.

A measuring instrument comprises an objective of 0.55
N.A. and a projector for outputting a laser beam of 780 nm
wavelength. Power for recording 1s preset at 7~9 mW and
linear velocity i1s 9 m/sec (rotation speed: 2400 rpm and
radius: 36 mm). Then, 5.8—15 MHz carrier signal is recorded
in the recording layer by using a field modulation system
(recording magnetic field: £150 Oe). The record-frequency
dependency of C/N ratio 1s measured. The readout power 1s
set so that C/N ratio is maximized (1.5~3 mW). The result
1s shown 1n Table 5.

36th Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental examples 35, and a magnetooptical recording
medium having the following structure, thickness and com-
position 1s fabricated. The thus fabricated recording medium
1s evaluated under the same conditions.

A SIN layer gan interference layer) is deposited to a
thickness of 820 A on the surface of the substrate. A GdFeCo
layer (a readout layer) 1s deposited to a thickness of 100 A,
a TbFeCo layer (a first recording layer) is deposited to a
thickness of 68 A and a TbFeCo layer (a second recording
layer) is deposited to a thickness of 100 A. Then, another
SiN layer (thickness: 300 A) 1s deposited as a protective film
and an Al layer (thickness: 600 A) 1S deposﬂed as a reflective
film. Thus, the layer structure as shown in FIG. 32B is
obtained.

The composition of the GdFeCo readout layer 1s set so

that 1ts compensation and Curie temperatures are respec-
tively 280° C. and over 400° C.

The composition of the TbFeCo first recording layer 1s set
so that the layer 1s RE-rich at room temperature, there 1s no
compensation temperature and Curie temperature 1s 220° C.

The composition of the TbFeCo second recording layer 1s
set so that the layer 1s TM-rich at room temperature
(compensation temperature: lower than room temperature)
and Curie temperature 1s 220° C.

The result of this experimental example 1s shown 1n Table

5.

37th Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental examples 35, and a magnetooptical recording
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medium having the following structure, thickness and com-
position 1s fabricated. The thus fabricated recording medium
1s evaluated under the same conditions.

A SiN layer (an interference layer) is deposited to a
thickness of 800 A on the surface of the substrate. A GdFeCo
layer (a readout layer) is deposited to a thickness of 100 A,

a TbFeCo layer (a first recording layer) is deposited to a
thickness of 56 A, a SiN layer (thickness: 50 A) 1s deposited

as an intermediate film and a TbFeCo layer (a_second
recording layer) is deposited to a thickness of 100 A. Then
another SIN layer (thickness: 300 A) is deposited as

protective film and a reflective film 1s deposited to a thlck-
ness of 600 A. Thus, the layer structure as shown in FIG.

32C 1s obtained.

The composition of the GdFeCo readout layer 1s set so

that 1ts compensation and Curie temperatures are respec-
tively 300° C. and over 400° C.

The composition of the TbFeCo first recording layer 1s set
so that the layer 1s RE-rich at room temperature, there 1s no
compensation temperature and Curie temperature 1s 200° C.,

The composition of the GdFeCo intermediate layer 1s set
so that its compensation and Curie temperatures are respec-
tively below room temperature and over 150° C.

The composition of the TbFeCo second recording layer 1s
set so that the layer 1s TM-rich at room temperature
(compensation temperature: lower than room temperature)
and Curie temperature is 150° C.

The result of this experimental example 1s shown 1n Table

5.

38th Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental examples 35, and a magnetooptical recording
medium having the following structure, thickness and com-
position 1s fabricated. The thus fabricated recording medium
1s evaluated under the same conditions.

A SiIN layer gan interference layer) is deposited to a
thickness of 830 A on the surface of the substrate. A GdFeCo
layer (a readout layer) is deposited to a thickness of 200 A,
a TbFeCo layer (a first recording layer) is deposited to a
thickness of 56 A, a SiN layer (thickness: 10 A) 1s deposited
as an intermediate film and a TbFeCo layer (a second
recording layer) is deposited to a thickness of 100 A. Then,
another SiN layer (thickness: 300 A) 1s deposited as a
protective tilm and an Al layer (a reflective film) is deposited

to a thickness of 600 A. Thus, the layer structure as shown
in FIG. 32C 1s obtained.

The composition of the GdFeCo readout layer 1s set so

that 1ts compensation and Curie temperatures are respec-
tively 290° C. and over 380° C.

The composition of the TbFeCo first recording layer 1s set

so that 1ts compensation and Curie temperatures are respec-
tively 200° C. and 180° C.

The composition of the TbFeCo second recording layer 1s
set so that the layer 1s TM-rich at room temperature
(compensation temperature: lower than room temperature)
and Curie temperature is 180° C.

The result of this experimental example 1s shown 1n Table

5.

39th Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental example 35, and a magnetooptical recording
medium having the following structure, thickness and com-
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position 1s fabricated. The thus fabricated recording medium
1s evaluated under the same conditions.

A SiIN layer gan interference layer) is deposited to a
thickness of 780 A on the surface of the substrate. A GdFeCo
layer (a readout layer) is deposited to a thickness of 200 A,
a TbkeCo layer (a first recording layer) is deposited to a
thickness of 51 A, a SiN layer (thickness: 20 A) 1s deposited
as an intermediate film and a TbFeCo layer (a second
recording layer) is deposited to a thickness of 150 A. Then,
another SiN layer (thickness: 300 A) 1s deposited as a
protective film and an Al layer (a reflective film) 1s deposited
to a thickness of 600 A. Thus, the layer structure as shown

in FIG. 32C 1s obtained.

The composition of the GdFeCo readout layer 1s set so
that 1ts compensation and Curie temperatures are respec-

tively 270° C. and over 320° C.

The composition of the TbFeCo first recording layer 1s set

so that its compensation and Curie temperatures are respec-
tively 200° C. and 180° C.

The composition of the TbFeCo second recording layer 1s
set so that the layer 1s TM-rich at room temperature
(compensation temperature: lower than room temperature)
and Curie temperature 1s 180° C.

The result of this experimental example 1s shown in Table

5.

40th Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental example 35, and a magnetooptical recording
medium having the following structure, thickness and com-
position 1s fabricated. The thus fabricated recording medium
1s evaluated under the same conditions.

A SiN layer (an interference layer) is deposited to a
thickness of 1000 A on the surface of the substrate. A
GdFeCo layer (a readout layer) is deposited to a thickness of
150 A, a TbFeCo layer (a first recording layer) is deposﬂed
to a thickness of 47 A, a SiN layer (thickness: 10 A) is
deposited as an intermediate film and a TbFeCo layer (a
second recording layer) is deposited to a thickness of 60 A.
Then, another SiN layer (thickness: 300 A) 1s deposited as
a protective film and an Al layer (a reflective film) is
deposited to a thickness of 600 A. Thus, the layer structure
as shown 1 FIG. 32C 1s obtained.

The composition of the GdFeCo readout layer 1s set so
that 1ts compensation and Curie temperatures are respec-

tively 285° C. and over 350° C.

The composition of the TbFeCo first recording layer 1s set
so that its compensation and Curie temperatures are respec-

tively 200° C. and 180° C.

The composition of the TbFeCo second recording layer 1s
set so that the layer 1s TM-rich at room temperature
(compensation temperature: lower than room temperature)
and Curie temperature is 180° C.

The result of this experimental example 1s shown in Table

5.

Sixth Comparative Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental example 35, and a magnetooptical recording
medium having the following structure, thickness and com-
position 1s fabricated. The thus fabricated recording medium
1s evaluated under the same conditions.
layer) is deposited to a

A SiIN layer gan interference
the substrate. A TbFeCo

thickness of 850 A on the surface of
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layer (a recording-readout layer) is deposited to a thickness
of 800 A. Then, another SiN layer (thickness: 700 A) is
deposited as a protective film. Thus, the layer structure as
shown 1n FIG. 33B 1s obtained.

The composition of the TbFeCo recording-readout layer
1s set so that the layer i1s RE-rich at room temperature,
compensation temperature 1s lower than room temperature
and its Curie temperature is 200° C.

The result of this comparative experimental example 1s
shown 1n Table 5.

Seventh Comparative Experimental Example

Thin films are deposited on a polycarbonate, similar to the
experimental example 35, and a magnetooptical recording
medium having the following structure, thickness and com-
position 1s fabricated. The thus fabricated recording medium
1s evaluated under the same conditions.

A SiIN layer gan interference layer) is deposited to a
thickness of 850 A on the surface of the substrate. A GdFeCo
layer (a readout layer) is deposited to a thickness of 400 A
and a TbFeCo layer (a recording layer) is deposited to a
thickness of 400 A. Then, another SiN layer (thickness: 700
1&) 1s deposited as a protective film. Thus, the layer structure
as shown 1n FIG. 33B 1s obtained.

The composition of the GdFeCo readout layer 1s set so
that the layer is TM-rich at room temperature (compensation
temperature: lower than room temperature) and its Curie
temperature is 360° C.

The composition of the TbFeCo recording layer 1s set so
that the layer 1s RE-rich at room temperature, its compen-
sation temperature 1s lower than room temperature and its
Curie temperature is 190° C.

The result of this comparative experimental example 1s
shown 1n Table 5.

TABLE 5

value of C/N ratio (dB)

f d exX. eX. eX. eX. eX. eX. com. com.
(MHz) (um) 35 36 37 38 39 40 ex. 6 ex. 7
15 0.30 26 28 30 32 34 35 8 15
12 0.38 37 38 38 37 38 38 12 22
10 0.45 42 42 43 43 43 43 30 35
8.0 057 44 44 44 44 44 44 42 42
5.8 0.78 48 48 48 48 48 48 48 48

(f: recording frequency,

d: recorded mark length)

In the fifth embodiment, the structure of the readout layer
1s the same as that of the first embodiment, but this can be
the same as the structure of the readout layer of the second
embodiment.

SIXTH EMBODIMENT

A preferred sixth embodiment according to the present
invention, information recording and reproducing methods
using this magnetooptical recording medium will be
described hereinafter.

As shown 1n cross-sectional views of FIGS. 36A and 36B,
a magnetooptical recording medium of the sixth embodi-
ment is mainly composed of a readout layer (a second
magnetic layer)which i1s an in-plane perpendicular magne-
fization film at room temperature and 1s changed to a
perpendicular magnetization film at raised temperatures, a
recording layer (a first magnetic layer) in which data is to be
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stored and which 1s a perpendicular magnetization film both
at room temperature and raised temperatures, and a thermal
conductive layer for desirably conducting heat which 1is
layered directly or indirectly on the recording layer.

According to the above medium, a pit shape recorded 1n
the recording layer during data recording can be prevented
from having a crescent shape.

The reason that the recorded pit 1s likely to have a crescent

shape 1n a conventional medium and the problem thereof
will be explained.

When a field modulation recording is performed onto a
magnetooptical recording medium disclosed 1n Japanese
Patent Laid-open No. 3-93058, a recording layer 1s heated
by a laser beam to over Curie temperature or compensation
temperature, and 1n this state, an external magnetic field 1s
applied with its polarity being changed according to
recorded information. The recorded pit formed by the field
modulation recording 1s likely to have an arcuate or crescent
shape which has a sharp curve projecting toward the moving
direction of the recording medium, as shown in FIG. 39B.
This phenomenon results from heat-storing effect due to the
fact that the thermal conductivity of the magnetic layer,
composed of readout layer, recording layer and the like, 1s
low. The 1sothermal distribution 1n the vicinity of a portion,
where a laser beam 1s 1lluminated, has an elliptical shape
which has a major axis along the moving direction of the
laser beam, as shown 1n FIG. 39A. Moreover, the tempera-
ture of a trailing portion of the laser beam (a rear end portion
in the moving direction) 1s high, so that the curvature of
temperature distribution is sharp on the rear end side. Thus,
the record pit shape also has a sharp arcuate or crescent
shape.

When such record pit has a sharp crescent, there exist, 1n
a high-temperature region which 1s a reproducable region of
a readout laser beam, both opposite tail portions of a
adjacent preceding record pit 1n addition to one record pit,
as shown 1n FIG. 41. As a result, S/N or C/N of reproduced
information 1s reduced. Thus, the proposed improvement of
resolution 1s prevented.

In contrast, in the magnetooptical recording medium of
the sixth embodiment of the present invention, since the
thermal conductive layer 1s provided, the 1sothermal distri-
bution curve has, due to 1its heat radiating effect, an 1sotropic
circular shape as shown 1 FIG. 38A. Therefore, the record
pit 1s prevented from having a sharp arcuate or crescent
curve.

Concrete structure of the magnetooptical recording
medium of the sixth embodiment 1s as follows.

The readout layer 1s preferably composed of, for example,
rare-earth and iron group amorphous alloy, such as GdCo,
GdFeCo, GdTbFeCo, GdDyFeCo and NdGdFeCo. Material
having a small magnetic anisotropy or material, whose
compensation temperature 1s between room temperature and
Curie temperature, 1s desirable.

The recording layer 1s preferably composed of material
which has a large perpendicular magnetic anisotropy, for
example, rare earth and 1ron group amorphous alloy, such as
TbFeCo, DyFeCo and TbDyFeCo; or garnet; or platinum
oroup and 1ron group periodical structure layer, such as
Pt/Co and Pd/Co; or platinum group and 1ron group alloy,
such as PtCo and PdCo.

Further, elements for 1mproving corrosion resistance,
ouch as Cr, Al, Ti, Pt, Nb or the like, may be added to the
readout and recording layers, respectively. The thermal
conductive layer 1s desirably composed of Al, AIN_, AlTa,
AlTi, AlCr, Cu or the like.
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Dielectrics such as SIN_, AIN , AlO_, TaO_, S10_, et al.,,
may be formed between the thermal conductive layer and
recording layer as shown 1n FIG. 36A.

Information recording and reproducing methods of the
sixth embodiment will be described.

Initially, data signal 1s recorded 1n the recording layer of
the magnetooptical recording medium of the sixth embodi-
ment. Recording 1s conducted by modulating an external
magnetic field with a laser beam, powerful enough to raise
the recording layer to over Curie temperature, being applied.
At this time, as explained above, the shape of record pit will
not be crescent due to the presence of the thermal conductive
layer.

The record pit formed by the field modulation recording,
has a gentle curve as shown 1n FIG. 38B.

When a readout laser beam 1s applied to the medium to
reproduce mnformation, the temperature of a beam 1llumina-
fion portion 1s raised and the temperature distribution as
shown 1n FIG. 38A appears.

As regards the direction of magnetization of a single
magnetic thin film, 1t 1s known that a chief magnetization
direction 1s determined by an effective perpendicular mag-
netic anisotropy constant K | that 1s defined by the following
equation:

K1 =Ku-2nMs~

where Ms 1s the saturation magnetization of a single mag-
netic thin film and Ku 1s a perpendicular magnetic anisot-
ropy constant.

Here, 2nMs” signifies energy of demagnetizing field.

When the readout layer has compensation temperature,
for example, between room temperature and Curie
temperature, Ms 1s large at room temperature, and the
following relation 1s satisfied:

K1 <0.
Thus, an in-plane magnetization film 1s produced. On the
other hand, since temperature 1s raised during reproduction,
27Ms” is sharply reduced and Ku becomes larger than
2ntMs~. The following relation is thus satisfied:

Ku>0.

Thus, a perpendicular magnetization film 1s produced.
Here, Ku slightly decreases along with the rise of
temperature, but its rate of reduction 1s generally small,
compared to that of 2nMs”.

When the readout layer and the recording layer are
layered directly or with an intermediate layer therebetween,
the temperature of a perpendicular magnetization region
shifts toward a lower value, compared to a case where the
readout layer and the recording layer are not layered, since
exchange coupling force, magnetostatic coupling force or
the like acts from the perpendicular magnetization film and
thus Ku increases in appearance. However, 1 presetting the
perpendicular magnetization temperature range in a single
layer structure at a slightly higher value, 1t 1s possible that
the readout layer i1s an 1n-plane magnetization film at room
temperature and shifts into a perpendicular magnetization
film at the high temperature even when the readout layer 1s
layered along with the perpendicular magnetization layer.

If the saturation magnetization Ms and perpendicular
magnetization anisotropy constant Ku of the readout layer
are set, considering the intensity of laser light during infor-
mation reproduction, so that only a high-temperature portion
of the readout layer within the light spot 1s changed 1nto a
perpendicular magnetization film, only the high-temperature
portion within the light spot becomes a perpendicular mag-
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netization film and the other portion remains an in-plane
magnetization film. In this case, exchange coupling force
acts from the recording layer on that portion of the readout
layer where perpendicular magnetization film appears, and
the direction of magnetization in that portion of the readout
layer 1s aligned to a stable direction relative to a direction of
magnetization based on data recorded 1n the recording layer.
Thus, data recorded in the recording layer is transferred to
the readout layer. The transferred information 1s reproduced
by detecting a reflective light of the light spot influenced by
magneto-optic effect of the perpendicular magnetization
film portion in the readout layer (in other words, magneto-
optical effect of laser light reflected by the readout layer). In
this case, magneto-optical effect 1s caused 1n the 1n-plane
magnetization film portion of the readout layer within the
light spot.

As discussed above, 1n the reproducing method using the
magnetooptical recording medium of the sixth embodiment,
no 1nitializing magnetic field 1s needed, and even when the
bit pitch 1s smaller than the diameter of laser beam, inter-
ference between codes 1s reduced and data 1s reproduced
with high C/N.

Further, when the record pit formed in the magnetooptical
recording medium 1s read out by a readout laser beam, only
a single desired record pit, which 1s to be read out, 1s caused
to be present within a reproducable window region of a
readout laser beam spot of, for example, laser light, as
shown 1 FIG. 40. Invasion of edge portions of adjacent
record bits within the reproducable window region can be
prevented.

Thus, improvements of S/N or C/N and reproduction
resolution or resolving power can be achieved.

41th Experimental Example

Targets of S1, Tb, Gd, Fe, Co and Al are installed in a DC
magnetron sputtering equipment, and a polycarbonate sub-
strate of a diameter of 130 mm with pregrooves 1s held on
a holder. Thereafter, air 1s vacuum-exhausted from a cham-
ber to establish a high vacuum level of less than 1x10™> Pa
by using a cryosorption pump.

Ar gas 1s mtroduced into the chamber while vacuum-
cxhausting air, until the level of 0.4 Pa of Ar gas 1s reached.
Then, a SiN layer (an interference layer) is deposited to a
thickness of 800 A on the surface of the substrate. A GdFeCo
layer (a readout layer) is deposited to a thickness of 400 A,
a TbFeCo layer (a recording layer) is deposited to a thick-
ness of 400 A and another SiN layer (thickness: 300 A) is
deposited as an interference film. Then, an AlCr layer
(thickness: 600 A) is deposited as a thermal conductive
layer. Thus, the layer structure as shown in FIG. 37A 1is
obtained.

When the SiN layer 1s formed, N, gas 1s introduced 1n
addition to the Ar gas and the deposition 1s performed by DC
reactive sputtering of the Sitarget. The GdFeCo and TbFeCo
layers are formed with applying DC powers to targets of Gd,
Fe, Co and Tb, respectively.

The composition of the GdFeCo readout layer 1s set so

that 1ts compensation and Curie temperatures are respec-
tively 280° C. and over 350° C.

The composition of the TbFeCo recording layer 1s set so
that the layer 1s TM-rich at room temperature, compensation
temperature 1s less than room temperature and Curie tem-
perature is 210° C.

Result of measurement of recording-reproducing charac-
teristics of the magnetooptical recording medium described
in the 41th experimental example 1s as follows.
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A measuring mstrument comprises an objective of 0.55
N.A. and a projector for outputting a laser beam of 780 nm
wavelength. Power for recording 1s preset at 8~10 mW and
linear velocity is 9 m/sec (rotation speed: 2400 rpm and
radius: 36 mm). Then, 5.8—15 MHz carrier signal 1s recorded
in the recording layer by using a field modulation system
(recording magnetic field: £200 Oe). The record-frequency
dependency C/N ratio 1s measured. The reproducing power
1s set so that C/N ratio 1s maximized.

The result 1s shown 1n Table 6.

42nd Experimental Example

Targets of S1, Tb, Gd, Fe, Co and Al are installed 1n a DC
magnetron sputtering equipment, and a polycarbonate sub-
strate of a diameter of 130 mm with pregrooves 1s held on
a holder. Thereafter, air 1s vacuum-exhausted from a cham-
ber to establish a high vacuum level of less than 1x107> Pa
by using a cryosorption pump.

Ar gas 15 mtroduced into the chamber while vacuum-
cxhausting air, until the level of 0.4 Pa of Ar gas 1s reached.
Then, a SiN layer (an interference layer) is deposited to a
thickness of 800 A on the surface of the substrate. A GdFeCo
layer (a readout layer) is deposited to a thickness of 400 A,
a TbleCo layer (a recording layer) is deposited to a thick-
ness of 400 A and an AlCr layer (thickness: 600 A) is
deposited as a thermal conductive layer. Thus, the layer
structure as shown 1n FIG. 37A 1s obtained.

When the SiN layer 1s formed, N, gas 1s mntroduced 1n
addition to the Ar gas and the deposition 1s performed by DC
reactive sputtering of the Sitarget. The GdFeCo and TbFeCo
layers are formed with applying DC powers to targets of Gd,
Fe, Co and Tb, respectively.

The composition of the GdFeCo readout layer 1s set so

that 1ts compensation and Curie temperatures are respec-
tively 280° C. and over 400° C.

The composition of the TbFeCo recording layer 1s set so
that the layer 1s TM-rich at room temperature, compensation
temperature 1s less than room temperature and Curie tem-
perature 1s 220° C.,

Result of measurement of recording-reproducing charac-
teristics of the magnetooptical recording medium described
in the 42nd experimental example 1s as follows.

A measuring mstrument comprises an objective of 0.55
N.A. and a projector for outputting a laser beam of 780 nm
wavelength. Power for recording is preset at 8~10 mW and
linear velocity i1s 9 m/sec (rotation speed: 2400 rpm and
radius: 36 mm). Then, 5.8—15 MHz carrier signal 1s recorded
in the recording layer by using a field modulation system
(recording magnetic field: £180 Oe). The record-frequency
dependency of C/N ratio 1s measured. The readout power 1s
set so that C/N ratio 1s maximized. The result 1s shown 1n

Table 6.

Eighth Comparative Experimental Example

Targets of S1, Tb, Gd, Fe, Co and Al are mstalled in a DC
magnetron sputtering equipment, and a polycarbonate sub-
strate of a diameter of 130 mm with pregrooves 1s held on
a holder. Thereafter, air 1s vacuum-exhausted from a cham-
ber to establish a high vacuum level of less than 1x107> Pa
by using a cryosorption pump.

Ar gas 15 mtroduced into the chamber while vacuum-
exhausting air, until the level of 0.4 Pa of Ar gas 1s reached.

Then, a SiN layer (an interference layer) is deposited to a
thickness of 800 A on the surface of the substrate. A GdFeCo

layer (a readout layer) is deposited to a thickness of 400 A,
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a TbFeCo layer (a recording layer) is deposited to a thlck-
ness of 400 A and another SiN layer (thickness: 300 A) is
deposited as a protective layer. Thus, the layer structure as
shown 1n FIG. 37A 1s obtained.

When the SiN layer 1s formed, N, gas 1s introduced 1n
addition to the Ar gas and the deposition 1s performed by DC
reactive sputtering of the Sitarget. The GdFeCo and TbFeCo
layers are formed with applying DC powers to targets of Gd,
Fe, Co and Tb, respectively.

The composition of the GdFeCo readout layer 1s set so

that 1ts compensation and Curie temperatures are respec-
tively 280° C. and over 400° C.

The composition of the TbFeCo recording layer 1s set so
that the layer 1s TM-rich at room temperature, compensation
temperature 1s less than room temperature and Curie tem-
perature is 220° C.

Result of measurement of recording-reproducing charac-
teristics of the magnetooptical recording medium described
in the comparative experimental example 1s as follows.

A measuring instrument comprises an objective lens of
0.55 N.A. and a projector for outputting a laser beam of 780
nm wavelength. Power for recording 1s preset at 8~10 mW
and linear velocity is 9 m/sec (rotation speed: 2400 rpm and
radius 36 mm). Then, 5.8—~15 MHz carrier signal recorded in
the recording layer by using a field modulation system
(recording magnetic field: £180 Oe). The record frequency
dependency of C/N ratio 1s measured. The readout power 1s

set so that C/N ratio 1s maximized. The result 1s shown 1n
Table 6.
TABLE 6
value of C/N ratio (dB)
f (MHz) d (um) ex. 41 ex. 42 com. ex. 8

15 0.30 30 32 22

12 .38 41 43 34

10 0.45 44 44 40

8.0 0.57 46 45 44

5.8 0.78 49 50 48

In the sixth embodiment, the structure of the readout layer
1s the same as that of the first embodiment, but this can be
the same as the structure of the readout layer of the second
embodiment.

SEVENTH EMBODIMENT

The following description deals with a recording method
of a seventh embodiment using the recording medium of the
first embodiment and a magnetic field modulation system.

Information 1s recorded on the magnetooptical recording
medium of the first embodiment by projecting a laser beam
onto a record portion 1n the recording medium. The laser
beam is a continuous-wave (cw) light and powerful enough
to raise the temperature of the recording medium close to
Curie temperature of the recording layer.

At this time, magnetization in the readout layer becomes
small, but does not disappear. A perpendicular magnetization
f1lm still remains and exchange coupling force i1s generated
between the readout and recording layers. Magnetization in
the recording layer disappears or becomes sufficiently small.
When an external magnetic field, whose direction 1s modu-
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lated according to information, 1s applied i1n this state,
magnetization 1n the readout layer 1s aligned toward the
direction of an external magnetic ficld H__, as shown 1n FIG.

42.

Since the magnetic moment in the recording layer, which
disappears or 1s sufliciently small, 1s influenced by exchange
coupling force from the readout layer, the magnetic moment
in the recording layer 1s likely to be directed toward the
direction of external magnetic field, similar to the readout
layer. This exchange coupling interaction functions, as a bias
magnetic field directed toward the direction of the external

magnetic field, for the magnetization in the recording layer.
As a result, record bit can be formed.

ex?

As shown 1 FIG. 44, magnetic force lines generated by
a magnetic head concentrate on a perpendicular magnetiza-
fion film portion in the readout layer in the magnetooptical
recording medium of the first embodiment of the present
invention, in comparison with a conventional recording
medium having a single magnetic film as shown 1n FIG. 45A
or a conventional case where a readout layer 1s placed on the
side of a magnetic coil as shown 1n FIG. 45B. Therefore, an
clfective magnetie field acting on record bits becomes large.
Thus, 1t 1s p0551ble to erase micro-domain (see FIG. 43)
which causes noise at the time of magnetic field modulation,
and effectively form record bits even by a weak external
magnetic field.

The seventh embodiment of the present invention 1s
described 1n more detail by the following experimental
examples. The experimental examples are illustrative and
not restrictive.

43rd Experimental Example

A SiN layer (thickness: 1000 131) is deposited on a poly-
carbonate substrate of a diameter of 130 mm with
pregrooves, for obtaining interference effect and anti-
oxidation, by using a magnetron sputtering apparatus. Then,
a GdFeCo layer (a readout layer) is deposited to a thickness
of 200 A, a TbFeCo layer (a recording layer) is deposited to
a thickness of 200 A. Thereafter, another SiN layer
(thickness: 300 A) 18 deposited tor enhancing anti-oxidation
and interference effect, and an Al layer (thickness: 400 A) 1S
deposited as a thermal conductive layer. Those layers are
consecutively grown without destroying vacuum. Thus, the
layer structure of the seventh embodiment 1s obtained.

Information 1s recorded 1n this magnetooptical recording
medium by using a magnetic field modulation system, and
the data 1s reproduced. The 1ntensity of a magnetic field for
realizing C/N ratio of 49 dB 1s measured. The result 1s shown

in Table 7.

Ninth Comparative Experimental Example

The structure of this comparative experimental example 1s
the same as the 43rd experimental example, except that a
readout layer and a recording are layered in an inverted

order. The intensity of a magnetic field for realizing C/N
ratio of 49 dB 1s measured. The result 1s shown 1n Table 7.

Tenth Comparative Experimental Example

The structure of this comparative experimental example 1s
the same as the 43rd experimental example except a readout

layer 1s removed. The intensities of a magnetic field for
realizing C/N ratios of 30, 40 and 50 dB are measured. The
result 1s shown 1n Table 7.
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TABLE 7

layer structures and field intensities for achieving
C/N ratios of 30, 40 and 50 dB

layer st (mag. layer) C/N30dB (C/N40dB C/N 50 dB
(sub.) readout layer/ 10 Oe 50 Oe 70 Oe¢
rec. layer

(sub.) rec. layer/ 50 Oe¢ 80 Oe¢ 100 Oe
readout layer

(sub.) rec. layer 90 Oe¢ 100 Oe 130 Oe¢

EIGHTH EMBODIMENT

The following description deals with a verification
method (confirmation of recorded data) which is performed
with data being recorded in the magnetooptical recording
medium of the first embodiment.

FIG. 52 1s block diagram illustrating an equipment for
implementing the eighth embodiment. In FIG. 52, reference
numeral 1 1s a coil for applying an external magnetic field,
reference numeral 2 1s a recording medium, reference
numeral 21 1s a readout layer, reference numeral 22 1s a
recording layer, reference numeral 3 1s a semiconductor
laser, reference numeral 4 1s a half-prism, reference numeral
S5 1s a polarization beam splitter, reference numerals 6 and 7
are photodiodes, reference numeral 8 1s a differential ampli-
fier. FIG. 52 shows an example 1n which the present inven-
tion 1s applied to a method wherein a cw laser beam 1is
illuminated under an external magnetic field modulated
according to record information 9.

An operation principle of the eighth embodiment is
described hereinafter.

When a laser beam 1s projected on the recording medium
2, temperature of the medium increases and then magneti-
zation 1n the recording layer 22 disappears. Magnetization 1n
the readout layer 21, however, remains because 1ts Curie
temperature 1s high, but the magnetization decreases to be a
perpendicular magnetization film and 1s i1nverted by an
external magnetic field from the coil 1. After magnetization
1s generated 1n the recording layer, the magnetization 1is
exchange-coupled to the magnetization in the readout layer
and always takes a stable magnetization state through the
same process, under given conditions, as shown 1n FIGS. 48,
49, 50 and 51. Therefore, 1f the magnetization 1mversion in
the readout layer can be detected, it 1s possible to verily
recorded mformation simultaneously with the recording of
information.

This magnetization 1nversion 1n the readout layer i1s
detected by photodiodes 6 and 7 as a change 1n the magneto-
optic effect of a reflective light of the 1lluminated laser beam
during recording, because the magnetization remains even at
the time of data recording. The detected magnetization
inversion 1s converted mto a reproduced signal by the
differential amplifier 8. An abnormal reproduced signal is
output from the amplifier 8 when 1t 1s impossible to correctly
record information due to defect, deterioration, corrosion or
dust of the recording medium, trouble of a magnetooptical
recording apparatus or the like. Therefore, also 1n such
cases, 1t 1s possible to verify the recording at the same time
with data recording.

The manner of change in magnetization during recording
process will be described.

FIGS. 46 and 47 respectively show examples of tempera-
ture dependencies of saturation magnetization Ms and coer-
cive force Hce of the first and second magnetic layers. T

coep
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and T . respectively stand for compensation temperature and
Curie temperature.

<A case where compensation temperature of the first
magnetic layer 1s lower than Curie temperature of the second
magnetic layer>

In the case of magnetic characteristics as shown 1n FIGS.
46 and 47, two cases of PA-type and AP-type (their defini-
tions will be described hereinafter) can be considered since
compensation temperature of the first magnetic layer 1is
lower than Curie temperature of the second magnetic layer

(see FIGS. 48 and 49).

P-type 1s defined by the fact that TM-sublattice or
RE-sublattice magnetization 1s dominant 1n both of the first
and second magnetic layers. A-type 1s defined by the fact
that TM (iron group atom)-sublattice magnetization is domi-
nant in the first and RE (rare-earth metal atom)-sublattice
magnetization 1s dominant 1n the second magnetic layer, or
vice versa. PA-type 1s defined, for example, by the fact that
P-type 1s established at room temperature and A-type 1is
established at high temperature. AP-type 1s defined, for
example, by the fact that A-type 1s established at room
temperature and P-type 1s established at high temperature.
PP-type 1s defined, for example, by the fact that P-type is
established both at room temperature and at high tempera-
ture. AA-type 1s defined, for example, by the fact that A-type
1s established both at room temperature and at high #tem-
perature.

FIGS. 48 and 49 respectively 1llustrate changes 1n RE and
TM-sublattice magnetizations appearing when temperature
shifts from room temperature (RT) and again returns to
readout temperature, through readout time (Tr) and record-
ing time (‘Tw), under the condition that the first and second
magnetic layers respectively exhibit magnetic characteris-
tics of FIGS. 46 and 47 and are respectively PA-type and
AP-type.

(PA-type; FIG. 48)

In PA-type, there 1s a possibility that interface magnetic
domain walls appear between the first and second magnetic
layers during recording. Therefore, 1n PA-type, there 1s a
possibility that several different states ((a)~(f) in FIG. 48)
occur at high temperature. However, the medium can always
pass through a desired state 1f the relation among values of

energy of interface magnetic domain walls, Zeeman energy
and energy of coercive force 1s properly adjusted.

More detailed explanation 1s as follows. Where o, 1s
energy ol interface magnetic domain walls, h;, and h, are
respectively thicknesses of the first and second magnetic
layers and M_, and M _, are respectively saturation magne-
fizations of the first and second magnetic layers, effective
bias magnetic fields H , and H_,, which are caused by
exchange interaction coupling acting upon the first and
seccond magnetic layers, are represented by the following
formulae:

Hw1=GW/(2M51h1) (1)?

HWE=UW/(2M52h2) (2)

Further, where H_, and H_, are respectively magnetiza-
tion inversion fields of the first and second magnetic layers
and H__is an external magnetic field, (5) always proceeds to

(6), if the following relation is satisfied during (5) to (6), for
example,:

@_}@HCE}HEI_HWE (3):
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and always proceeds to @ if the following relation 1s

satisfied during to , @, for example,:

d" @ H, <(M;;hHoy +MsohoH o)/ (M, hy+Moho) (4).

Thus, the path of (b) is established:

DY O OO Ol O Ol e Ol O
ﬁ@%@, even though the (b) involves branch-
Ing points @ and at which other procession 1s

possible. In brief, the path of (b) 1s always established
if temperatures at respective stages satisty those con-
ditions.

Other paths are as follows:

DO — QO — 00 — O —

O — 6O —0 — 6 —
© — ©.

O — 000 —0 — O —

O — 6 — B — 0O —
(© — @,

@@ — 0 — 0 — O —

@ —_— - @ —_— (18) —_— (19) —_—
(16) — (17),

@ —_— @ — (18) — (19) ——
(20) —= (21),

©@Q — Q@ — 0 — O —

@ — - @ — (18) — (23) —=
(24) — (25),

@ —_— @ — (22) — (23) —
(26) —= (27).

Conditions at the branching points are represented by the
following relations (5)~(13), and respective paths are always
achieved 1f conditions according to respective processions
are satisfied at branching points.

(3);

@ — @ H-::Z < HE}{ - HWZ
(6),

@ — > Hcl < le - He}{
(7),

@ - (18) HGZ < He}; - HW2
(8);

and Hcl < le - He}{
(9),

@ — (22) H.<Hyy-H
(10),

(19) —_— (1 6) Hcl < le - He:{
(11),

(19) — (20) Hc:l << le + HEK

— (9 ad (23 — (26)

Hex > (MgihiHey + MgohoH)/(Mgihy + Mgoho)

(12):
(13)

(23) — (24) HEK < (Mslthcl + MSZhZHEZ)/(Mslhl + MSZhl)
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(AP -type; FIG. 49)
AP-type, there are the following paths:

(a) @*@*@e@e@*@*ee

) D~~~ D-O—~©—~10 -

© O-Q~~D-G~©—~10~

@ O-0-3-@®--06-1 *(16)

Conditions at the branching points are represented by the
following relations (14)~(19), and respective paths are
always achieved 1f conditions according to respective pro-

cessions are satisfied at branching points.

(14),

(6) — He < Hee - Hy
(15),

— (1) Heo<Hg- He
(16),

— @ Hei < Hew: - Hex
(17),

— (5 Ho<Hg-H
(18),

and H.; < Hewi - Hee
(19).

(60) — (1) Hy>Hy-Hy

<A case where compensation temperature of the first
magnetic layer 1s higher than Curie temperature of the
second magnetic layer>

In this case (magnetic characteristics of the respective
magnetic layers are not shown, two cases of AA-type and
PP-type (see FIGS. 50 and 51) exist. In AA-type, as dis-
cussed above, there 1s a possibility that interface magnetic
domain walls occur. However, a desired path can be always
established if medium characteristics are designed in the
following manner.
(AA-type; FIG. 50)

In AA-type, there are the following paths (a)~(d):

® DO -@-D~@~D—~E)

QIO OEOR O OSOMEINE
(©) O~=Q-B)~BD—-~©-019-013,

Conditions at the branching points are represented by the
following relations (20)~(25), and respective paths are

always achieved 1f conditions according to respective pro-
cessions are satisfied at branching points.

(20),

) — (9) Ho<He-He
(21),

(o) — Hei < Hy - Hex
(22),

(O) — (@ Ho<Hp-Hy
(23),

() — Hei > Hy - Heg
(24),

and H.o > Hyn - Hex
(25).

) — (6) Ha>He-Hy

In PP-type, a predetermined path 1s achieved irrespective
of conditions (see FIG. 51).

Thus, 1t 1s easy to control values of external magnetic
field, magnetization inversion field and exchange energy by
adjusting contents of the layers and so forth so that a
predetermined path 1s always established and a stable mag-
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netized state 1s achieved. Therefore, 1f magnetization inver-
sion ol the first magnetic layer i1s confirmed during

recording, recording can be verified.

In PA-type, AP-type and AA-type, paths (i.e., paths of
(c)~(f) in PA-type, paths of (b)~(d) in AP-type and paths of
(b)~(d) in AA-type), during which interface magnetic
domain walls appear, have many branching points and hence
a lot of unstable factors. In contrast, paths (i.e., paths of (a)
and (c) in PA-type, path of (a) in AP-type and path of (a) in
AA-type), during which no interface magnetic domain walls
appears, have only a few branching points since transier 1s
ciiected by the exchange coupling between first and second
magnetic layers, and hence those paths are desirable since
more accurate verification of recording can be performed.

Further, in PA-type, when the second magnetic layer,
whose coercive force at room temperature 1s large, 1s used
for stable maintenance of recorded data, the coercive force
of the second magnetic layer i1s larger than the external
magnetic field. As a result, magnetization inversion cannot
be achieved in the first and second magnetic layers, and
hence the path of (a) would not be realized. Therefore, in
PA-type, the path of (b) is more desirable.

The following concretely explains materials of a readout
layer and a recording layer of the recording medium 1n still
more detail.

The readout layer 1s preferably composed of rare-carth

and 1ron group amorphous alloy, such as GdCo, GdFeCo,
TbFeCo. DyFeCo, GdTbFeCo, GdDyFeCo, TbDyFeCo,

NdFeCo, NdGdFeCo,NdTbFeCo, NdDyFeCo and the like;
or platinum group and 1ron group periodical-structure film,
such as Pt/Co and Pd/Co; or platinum group and 1ron group
alloy, such as PtCo and PdCo.

The recording layer 1s desirably composed of rare-carth
and 1ron group amorphous alloy, such as TbFeCo, DyFeCo
and TbDyFeCo.

Elements for improving corrosion resistance, such as Cr,
Al, T1, Pt and Nb, may be added to the readout layer and the
recording layer, respectively.

The eighth embodiment of the present invention i1s
described 1n more detail by the following experimental
example. The experimental example 1s illustrative and not
restrictive.

44th Experimental Example

A SiIN layer (thickness: 900 131) is deposited on a poly-
carbonate substrate of a diameter of 130 mm with
pregrooves, for obtaining interference effect and anti-
oxidation, by using a magnetron sputtering apparatus. Then,
a GdTbCo layer (a readout layer) is deposited to a thickness
of 400 A, a TbFeCo layer (a recording layer) is deposited to
a thickness of 400 A. Thereafter, another SiN layer
(thickness: 300 A) 1s deposited for enhancing anti-oxidation
and 1nterference effect. Those layers are consecutively
orown without destroying vacuum. Thus, the magnetoopti-
cal recording medium of the eighth embodiment 1s obtained.

The refractive index n of both the SiN layers 1s approx.

2.1, and contents of Tb, Fe and Co of the TbFeCo layer are
respectively 21 at%, 72 at% and 7 at%.

The GdTbCo layer 1s set so that compensation tempera-
ture 1s 240° C. and Curie temperature 1s higher than 350° C.

3 MHz signal 1s recorded on the recording medium with
a laser beam of 9 mW power, and then 1 MHz signal 1s
recorded. During the recording of 1 MHz signal, the reflec-
tive light of the laser beam 1s detected and observed. As a
result, a signal shown in FIG. 53 has been obtained. It has
been found from FIG. 53 that the 1 MHz signal 1s clearly

reproduced though the 3 MHz 1s contained therein.




US RE33,501 E

47

Next, after 1 MHz signal 1s recorded, 3 MHz signal 1s
recorded. During the recording of 3 MHz signal, the reflec-
five light of the laser beam 1s detected and observed. As a
result, a signal shown 1n FIG. 54 has been obtained. It has
been found from FIG. 54 that the 3 MHz signal 1s clearly

reproduced though modulated by 1 MHz.

While the present invention has been described with
respect to what 1s presently considered to be the preferred
embodiments, it 1s to be understood that the invention 1s not
limited to the disclosed embodiments. The present invention
1s 1ntended to cover various modifications and equivalent
arrangements included within the sprit and scope of the
appended claims.

What 1s claimed 1s:

[1. A method of reproducing information in a magnetoop-
tical recording medium which comprises a first magnetic
layer, which has an in-plane magnetization at a first tem-
perature range that disappears at a second temperature range
that 1s higher than the first temperature range; a third
magnetic layer having a perpendicular magnetization; a
second magnetic layer, wherein the second magnetic layer 1s
interposed between said first and third magnetic layers, has
a Curie temperature higher than the temperatures of said first
and third magnetic layers, and has an in-plane magnetization
at the first temperature range that changes to a perpendicular
magnetization at the second temperature range; and a
substrate, wherein the substrate, and the first, second and
third magnetic layers are disposed in the medium 1n this
order: the substrate, the first magnetic layer, the second
magnetic layer, and the third magnetic layer, said method
comprising the steps of:

projecting a laser beam onto the substrate to create a light
spot region;

changing only a high-temperature area in a light spot
region of the first and second magnetic layers to a
perpendicular magnetization {ilm so that information
recorded 1n the third magnetic layer i1s transferred
through the second magnetic layer to the perpendicular
magnetization film of the first magnetic layer; and

detecting the information transferred to the first magnetic
layer by using reflected light from the medium which 1s
subjected to a magneto-optic effect of the perpendicular
magnetization film of the first magnetic layer.}

2. A method of recording information in a magnetooptical
recording medium which comprises a first magnetic layer
being an in-plane magnetization film at a first temperature
range and a perpendicular magnetization film at a second
temperature range that 1s higher than the first temperature
range, a second magnetic layer composed of a perpendicular
magnetization film at both the first temperature range and
the second temperature range and storing information, and a
substrate, wherein the substrate, and the first and second
magnetic layers are disposed 1n the medium 1n this order: the
substrate, the first magnetic layer, and the second magnetic
layer, said method comprising the steps of:

projecting a laser beam onto the substrate to create a light
spot region;

applying a magnetic field, wherein the magnetization
direction of the magnetic field 1s modulated according

to information, to a light spot region of the substrate so

that magnetization of the first magnetic layer 1s oriented

to the direction of the applied magnetic field; and

transferring the magnetization of the first magnetic layer
to the second magnetic layer to form a record bit.
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3. A method of recording information according to claim
2, further comprising the step of detecting information from
the record bit at the same time as the formation of the record
bit by detecting reflected light of the light spot region from
the medium.

4. A method of recording information in a magnetooptical
recording medium which comprises a first magnetic layer,
which has an in-plane magnetization at a first temperature
range that disappears at a second temperature range that is
higher than the first temperature range; a third magnetic
layer having a perpendicular magnetization; and a second
magnetic layer, wherein the second magnetic layer 1s inter-
posed between said first and third magnetic layers, has a
Curie temperature higher than the temperatures of said first
and third magnetic layers, and has an in-plane magnetization
at the first temperature range that changes to a perpendicular
magnetization at the second temperature range, and a
substrate, wherein the substrate, and the first, second and
third magnetic layers are disposed in the medium in this
order: the substrate, the first magnetic layer, the second
magnetic layer, and the third magnetic layer, said method
comprising the steps of:

projecting a laser beam onto the substrate to create a light
spot region; and

applying a magnetic field, wherein the magnetization
direction of the magnetic field 1s modulated according
to information, to a light spot region of the substrate so
that a record bit 1s formed in the third magnetic layer.

5. A method of reproducing information in a magneto-
optical recording medium which comprises:

an auxtliary layer having a Curie temperature and having
an in-plane magnetization at a first temperature range
that disappears at a second tamperature range higher
than the first temperature range;

a recording layer having a Curie temperature and having
a perpendicular magnetization;

a reproducing layer being located opposite a light inci-
dent side of the auxiliary layer, and having a Curie
temperature higher than the Curie temperatures of satd
auxtliary and recording layers, and having in-plane
magnetization at the first temperature range that
changes to a perpendicular magnetization at the sec-
ond temperature range; and

a substrate;

satd method comprising the steps of:

projecting a laser beam onio the substrate to create a
light spot region;

changing only a high temperature area in a light spot
region of the reproducing layer to change the high
temperature area of the reproducing layer fo a
perpendicular magnetization film and to eliminate
magnetization in the high temperature area of the
auxtliary laver, so that information recorded in the
recording layer is transferred to the magnetization
film of the reproducing layer; and

detecting the information transferred to the reproduc-
ing layer by using reflected light from the medium
which is subjected to a magneto-optical effect of the
perpendicular magnetization film of the reproducing
layer:
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