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A magnetooptical recording medium has a first magnetic
layer which 1s an in-plane magnetization film at both room
temperature and high temperatures and changed to a per-
pendicular magnetization film at intermediate temperatures,
and a second magnetic layer which 1s composed of a
perpendicular magnetization film. The recording medium
enables realization of high S/N reproduction of information
recorded at a pitch below the diffraction limit of light with
a simple structure, and further improvement in linear record-
ing density and track density.
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MAGNETO-OPTICAL RECORDING
MEDIUM AND METHOD FOR
REPRODUCING INFORMATION FROM A
MAGNETO-OPTICAL RECORDING
MEDIUM HAVING THREE LAYERS

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] A division of the present reissue application was
filed on Jan. 15, 2003 as reissue application Ser. No.

10/342,217. The present application 1s a reissue application
of U.S. Pat. No. 5,831,944, which issued on Nov. 3, 1988

from application Ser. No. 08/858,200, filed May 13, 1997,
now abandoned, which is a continuation of application Ser.
No. 08/389,579 filed Feb. 15, 1995, now abandoned, which

in turn 1s a continuation-in-part of application Ser. No.
08/111,974 filed Aug. 26, 1993, now abandoned 1n favor of

continuation application Ser. No. 08/643,833 filed May 7,
1996, which 1ssued as U.S. Pat. No. 5,626,428 on Apr. 1,
1997. A division of said application Ser. No. 08/643,833

issued as U.S. Pat. No. 5,889,739, which is the subject of

pending reissue application Ser. No. 09/820,734.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a magnetooptical record-
ing medium allowing information recording and reproduc-
tion by irradiation with a laser beam, utilizing magneto-optic
effect, and particularly to a magnetooptical reproducing
method and magnetooptical recording medium which
enables a higher-density medium by improving linear
recording density and track density.

2. 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 i1s recorded in the
recording medium by forming a magnetic domain 1n a
magnetic film of the medium by means of thermal energy of
laser beams emitted from a semiconductor laser, and infor-
mation 15 read out from the medium, utilizing magneto-
optical effect. 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, the 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-
tion information. 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/2ZNA 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
NA of an objective must be enlarged 1n order to increase the
recording density of the conventional optical disc.

However, there are limitations to improvement of the
wavelength of a laser beam and the numerical aperture of an
objective. Techniques therefor have been developed, which
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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 linear recording den-
sity and track density. The process 1s performed in the
following sequence. First, a recording medium, which com-
prises a readout layer and a recording layer, 1s prepared.
After the direction of magnetization in the readout layer 1s
oriented 1n a single direction prior to information
reproduction, then information held in the recording layer 1s
transterred to the readout layer. Thus, 1t becomes possible to
reduce interference between codes at the time of information
reproduction and to reproduction information recorded at a
pitch below the diffraction limit of light (magnetic super-
resolution).

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.

The inventors previously proposed a method for realizing
magnetic super-resolution by a simple film structure without
the need for an external magnetic field at the time of
reproduction. This method uses a magnetooptical recording
medium comprising two layers including a readout layer
which 1s an 1n-plane magnetization film at room temperature
and changed to a perpendicular magnetization film at raised
or high temperatures, and a recording layer which 1s com-
posed of a perpendicular magnetization {ilm. In this method,
for realizing magnetic super-resolution, the readout layer 1s
used as an 1n-plane magnetization film within a low-
temperature areca 1n a light spot, and as a perpendicular
magnetization film within a high-temperature area for trans-
ferring magnetization 1nformation stored in the recording
layer and reproducing the information.

However, 1n such a super-resolution medium comprising,
the 1mn-plane magnetization film, only the high-temperature
arca within a light spot 1s a reproducible area. It 1s thus
difficult to stably provide a reproduction area having a
predetermined space, and signal output i1s possibly decreased
because the reproduction area 1s at the edge of the light spot.

SUMMARY OF THE INVENTION

In consideration of the above problems, 1t 1s an object of
the present invention to provide a magnetooptical recording
medium which enables realization of high S/N reproduction
of information recorded at a pitch below the diffraction limait
of light with a simple structure, and a method for reproduc-
ing information using the recording medium.

The object 1s attained by a magnetooptical recording,
medium comprising a first magnetic layer which 1s an
in-plane magnetization film at both room temperature and
raised or high temperatures and changed to a perpendicular
magnetization film at intermediate temperatures, and a sec-
ond magnetic layer which 1s composed of a perpendicular
magnetization film.

Further, the object 1s attained by a method of reproducing,
by using a laser beam, information recorded on a magne-
tooptical recording medium comprising a first magnetic
layer which 1s an in-plane magnetization film at both room
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temperature and raised or high temperatures and changed to
a perpendicular magnetization {ilm at intermediate
temperatures, and a second magnetic layer which 1s com-
posed of a perpendicular magnetization film. The method
comprises a step of projecting the laser beam on the record-
ing medium from the side of the first magnetic layer, a step
of changing both low-temperature and high-temperature
arcas within a light beam projection portion of the first
magnetic layer to an in-plane magnetization film, and an
intermediate-temperature area thereof into a perpendicular
magnetization {1lm, a step of performing exchange coupling
of the perpendicular magnetization of the first magnetic
layer and the magnetization of the second magnetic layer to
transfer the information recorded on the second magnetic
layer to the first magnetic layer, and a step of reproducing
the recorded mnformation based on the magneto-optic effect
of light reflected from the recording medium.

The recording medium and reproducing method will be
described 1n detail below with reference to embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view showing a film structure in
accordance with an embodiment of the present invention.

FIG. 2 1s a schematic view showing a film structure in

accordance with another embodiment of the present mven-
fion.

FIGS. 3(a) and 3(b) are schematic views showing the
wholes of film structures of the present 1invention.

FIG. 4 1s a graph illustrating an example of the tempera-
ture dependencies of 2mMs~ and perpendicular magnetic
anisotropy constant Ku of a readout layer.

FIG. 5 1s a schematic view 1llustrating an example of an
information reproducing method of the present invention.

FIG. 6 1s a schematic view 1llustrating a magnetized
situation when an intermediate layer 1s provided between a
readout layer and a recording layer according to the present
invention.

FIGS. 7(a) and 7(b) is a schematic view illustrating a
magnetized situation when an intermediate layer with small
in-plane anisotropy 1s provided.

FIGS. 8(a) and 8(b) is a schematic view illustrating a
magnetized situation when an intermediate layer with large

in-plane anisotropy 1s provided.

FIG. 9 1s a schematic view illustrating another example of
an mnformation reproducing method of the present invention.

FIGS. 10(a) through 10(c) is a graph illustrating the
temperature dependencies of Ms when an intermediate layer
1s provided between a readout layer and a recording layer
according to the present 1nvention.

FIG. 11 1s a schematic view 1illustrating the relation
between the beam intensity of a light spot and detection
region within the light spot.

FIG. 12 1s a schematic view 1llustrating an information
reproducing method of a comparative example.

FIG. 13 1s a graph illustrating an example of the tempera-
ture dependency of a residual 0, (when a magnetic field=0)
of the recording medium of the present invention.

FIG. 14 1s a graph illustrating an example of the tempera-
ture dependency of a residual 0, (when a magnetic field=0)
of the recording medium of the present invention.

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

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A magnetooptical recording medium and reproducing
method using the recording medium of the present invention
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4

are described 1n detail below with reference to the drawings.
Hereinafter, a first magnetic layer, a second magnetic layer
and a third magnetic layer are referred to as a readout layer,
a recording layer and an intermediate layer, respectively.

The magnetooptical recording medium of the present
invention 1s composed of at least two layers: a readout layer
and a recording layer. The readout layer remains an in-plane
magnetization {1lm at room temperature, 1s changed 1nto a
perpendicular magnetization film when the temperature 1s
raised, and 1s changed into an in-plane magnetization film or
climinates magnetization when the temperature 1s further
raised. The recording layer remains a perpendicular magne-
fization {ilm not only at room temperature but also at raised
temperatures. The above-described states of the readout
layer and the recording layer are states when these layers are
laminated.

The readout layer 1s preferably composed of, for example,
a rare-carth and 1ron group amorphous alloy, such as GdCo,
GdFeCo, GdTbFeCo, GdDyFeCo or NdGdFeCo. By “iron
group” 1s here meant the elements Fe, Co, and Ni. Material
having small magnetic anisotropy and compensation tem-
perature between room temperature and Curie temperature 1s
preferable.

The recording layer 1s preferably composed of material
having large perpendicular magnetic anisotropy and being
capable of stably maintaining the magnetized state, for
example, a rare earth and 1ron group amorphous alloy, such
as TbFeCo, DyFeCo or TbDyFeCo; garnet; or a platinum
group and 1ron group periodical structure layer, such as
Pt/Co or Pd/Co; or a platinum group and iron group alloy,
such as PtCo or PdCo. By “platinum group” 1s here meant
the elements Ru, Rh, Pd, Os, Ir, and Pt. Further, an element
for improving corrosion resistance, such as Cr, Al, T1, Pt, Nd
or the like, may be added to each of the readout and
recording layers as the magnetic layers.

Dielectric, such as SiNx, AINx, TaOx, S10x or the like,
may be added to the readout and recording layers 1n order to
improve 1nterference effect. Material for improving thermal
conductivity, such as Al, AlTa, Al'Ti, AlCr, Cu or the like,
may be provided.

An 1ntermediate 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 recording-
reproducing method of the present invention.

Referring to FIG. 1, data signals are first recorded 1n the
recording layer of the magnetooptical recording medium of
the present invention. One way of recording data signals in
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 laser power while applying
a magnetic field in the recording direction, after eliminating,
data 1n the recording layer. 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 a predetermined region within a beam
spot 1s raised close to Curie temperature of the recording
layer, considering the linear velocity of the recording
medium, a recording magnetic domain, which 1s less than
the diameter of the laser beam spot, 1s formed. As a resullt,
it 1s possible to record signals having a periodicity less than
the diffraction limit of light.
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When reproducing the data signal, a readout laser beam 1s
projected onto the recording medium. At this time, however,
the temperature 1n the region, irradiated with the beam, rises.
Since the medium moves at a constant speed, the tempera-
ture distribution on the recording medium has a shape
extending along the moving direction of the recording
medium, as shown i1n FIG. § or 9. In the temperature
distribution, a part within the beam spot 1s a high-
temperature area.

A two-layer structure magnetooptical recording medium
basically comprising the readout layer and the recording
layer of the present mnvention 1s first described below.

With regard to a magnetic thin film comprising a single
layer, 1t 1s known that a chief magnetization direction 1is
determined by an effective perpendicular magnetic anisot-

ropy constant K| that is defined by the following equation
1:

K 1=Ku-27Ms> (1)

wherein Ms 1s the saturation magnetization of the magnetic
thin film, and Ku 1s the perpendicular magnetic anisotropy
constant. When K1 1s positive, the magnetic film becomes
a perpendicular magnetization film. When K1 1s negative,
the magnetic film becomes an in-plane magnetization film.
Here, 2nMs” is energy of demagnetizing field.

For example, when the magnetic film has temperature
dependency of Ms and Ku as shown 1n FIG. 4, the magnetic
film 1s an in-plane magnetization film since the following
equation 2 1s established:

Ku<2nMs~, K1<0 (2)

However, at the time of information reproduction, Ms of the
readout layer decreases since the temperature increases.
Thus, 2xMs” rapidly decreases and becomes smaller than
the perpendicular magnetic anisotropy constant Ku, as
shown by the following relation 3:

Ku>2nMs?, K1>0 (3)

As a result, the readout layer becomes a perpendicular
magnetization film.

When the temperature further increases, the relation
between 2xMs” and Ku is again reversed after compensation
temperature, and the following relation 4 1s again obtained:

Ku<2aMs”, K1<0 (4)

As a result, the readout layer again becomes an in-plane
magnetization film.

Namely, a state 1s realized in which the readout layer
becomes an 1n-plane magnetization film 1n the highest-
temperature and low-temperature regions within a portion of
the light spot, and the readout layer becomes a perpendicular
magnetization film in the medium-temperature region
thereol, as shown 1n FIG. 5. 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 magnetiza-
tion direction of information recorded in the recording layer.
Thus, the mnformation recorded in the recording layer is
transterred into the readout layer. The transferred informa-
tion 1s converted into an optical signal by magneto-optic
effect (magneto-optic effect (polar Kerr effect) of a laser
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beam reflected from the readout layer) of the readout layer,
and detected. Namely, the information is detected by detect-
ing the light reflected from the readout layer. In this case, the
magneto-optic effect (polar Kerr effect) would not occur in
a portion within the light spot where the readout layer 1s an
in-plane magnetization film.

Thus, as shown 1n FIG. 5, a masked region for masking,
magnetization imformation in the recording layer, and an
aperture region for detecting the information are formed
within the light spot. Since the aperture region can be
formed to have an area smaller than the light spot, signals
having a periodicity below the diffraction limit of light can
be detected, thereby increasing the linear density.

Since 1t 1s also possible to mask a mark on an adjacent
track, the density of the adjacent track can be improved.

Although a case of magnetic coupling due to exchange
coupling between the readout layer and the recording layer
1s described above, 1t 1s possible that the recording layer 1s
magnetically coupled to the readout layer due to magneto-
static coupling at the time of reproduction. When the readout
layer and the recording layer are layered directly or with an
intermediate layer therebetween, Ku apparently increases
due to the exchange coupling force or magnetostatic cou-
pling force applied from the perpendicular magnetization
film, and thus the temperature region serving as a perpen-
dicular magnetization film shifts to a lower temperature side,
compared with a case where the readout layer and recording
layer are not layered. If presetting a perpendicular magne-
fization temperature region 1n a single layer film at a slightly
higher value, even when the readout layer 1s layered with the
perpendicular magnetization layer, 1t 1s possible that the
readout layer 1s an in-plane magnetization film at room
temperature and high temperatures, and shifts into a per-
pendicular magnetization film only 1n the medium tempera-
ture region.

Masking may be achieved at the highest-temperature
point or region by disappearance of magnetization 1n the
readout layer. However, the signal level in 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 1mproved magnetoop-
tical recording medium of the present invention, which
contains an 1ntermediate layer between a readout layer and
a recording layer as shown i FIG. 6, and thus basically
comprises three magnetic film layers.

In this example, the intermediate layer 1s interposed
between the readout layer and the recording layer, and Curie
temperature of the intermediate layer 1s higher than room
temperature and lower than Curie temperatures of the read-
out and recording layers. Material for the intermediate layer
may be a rare-carth and 1ron group amorphous alloy, such as
TbFe, GdFe, TbFeCo or GdFeCo, or such an alloy ito
which a non-magnetic element such as Al, Cu and Cr are
added.

When the readout layer and the recording layer are
layered, the exchange coupling force from the recording
layer acts in a direction to make the spin (magnetization)
direction of the readout layer perpendicular. Thus, the per-
pendicular magnetic anisotropy of the readout layer appar-
ently increases. Although this apparent increase 1n the per-
pendicular magnetic anisotropy 1s omitted 1n the above
description, the effective perpendicular magnetic anisotropy
K1 will be handled below 1n consideration of the increase.

Assuming that the thickness of the readout layer 1s hl,
saturation magnetization 1s Ms, perpendicular magnetic
anisotropy constant 1s Ku, and energy of the interface
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magnetic domain walls between the readout layer and the
recording layer 18 Oy, when the thickness of the interface
magnetic domain walls 1s neglected, an 1ncrease 1n perpen-
dicular magnetic anisotropy of the readout layer due to
exchange coupling force i1s expressed by oy/(4h1).

Thus, the effective perpendicular magnetic anisotropy
constant K1 1s as follows:

KJ-=KU+T—2FTMSZ ()

4h1

As shown 1n FIG. 6, the readout layer 1s subjected to the
exchange coupling force from the recording layer at room
temperature (RT), but energy of a demagnetizing field is
dominant because of larce Ms within a low-temperature
region near room temperature. As a result, the following
relation 6 1s obtained, and the readout layer becomes an
in-lane magnetization film.

(T W
Ku+ — <27Ms?, KL <0 (6)

4hl

Similar to the above example, 1n a portion of the magne-
tooptical recording medium where the temperature increases
due to projection of the readout laser beam, Ms of the
readout layer decreases, and thus 2xMs* rapidly decreases.
As a result, the above relation 1s reversed, as shown by the
following relation 7, and the readout layer becomes a
perpendicular magnetization film.

oW
Ku+ — >27Ms%, K+ <0 (7)

4h1

However, 1n a high-temperature region within the light spot,
like at room temperature, the readout layer 1s an in-plane
magnetization film.

The intermediate layer functions as a mediator of
exchange coupling force from the recording layer to the
readout layer, until 1ts Curie temperature i1s reached, and
information 1n the recording layer 1s transferred to the
readout layer.

However, 1n the high-temperature portion within the light
spot, the temperature of the intermediate layer reaches its
Curie temperature. The mtermediate layer has such a com-
position that Curie temperature 1s reached, or laser power 1s
set so that Curie temperature 1s reached. In this portion, thus,
the exchange coupling force 1s eliminated, and the perpen-
dicular magnetic anisotropy constant of the readout layer
rapidly decreases 1n appearance. Therefore, the magnetiza-
fion direction of the readout layer becomes an in-plane
direction again (refer to FIG. 6). Namely, the energy of the
interface domain walls between the readout layer and the
recording layer becomes 0, and the following relation (8) is
obtained:

Ku<2nMs~, K1<0 (8)

Like the two-layer structure, therefore, only the medium-
temperature region becomes an aperture region, thereby
realizing super-resolution.

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

Since the mtermediate layer need not to contribute to the
magneto-optic effect, reproduction characteristic do not
deteriorate even if Curie temperature 1s set to a low value.

Although, 1n the above description, it 1s assumed for
convenience sake that the width of the interface magnetic
domain walls between the readout layer and the recording
layer can be neglected, the above description applies to a
case where the interface magnetic domain walls enter the
readout layer to have a thickness which cannot be neglected.
However, when the interface magnetic domain walls
between the readout layer and the recording layer occur on
the side of the readout layer, magnetization of the recording
layer 1s transferred to a portion of the readout layer, as 1n the
state of spin orientation schematically shown in FIGS. 7(a)
and 7(b). If the interface magnetic domain walls become too
thick, therefore, 1t 1s difficult to completely mask magneti-
zation information recorded in the recording layer. It 1s thus
preferable to thicken the readout layer or increase the
in-plane anisotropy in the low-temperature region.

Description will now be made of a case where the above
magnetooptical recording medium comprising three mag-
netic films 1s improved. In this case, the intermediate layer
1s 1nterposed between the readout layer and the recording
layer, and the Curie temperature thereof 1s higher than room
temperature and lower than Curie temperatures of the read-
out layer and recording layer. In addition to these conditions,
the 1m-plane anisotropy of the intermediate layer at tempera-
ture near room temperature must be larger than that of the
readout layer. In order to increase in-plane anisotropy, for
example, when rare-earth and iron group alloy 1s used,
rare-earth elements or iron group elements may be predomi-
nant so that Ms of the intermediate layer at room tempera-
ture 1s increased.

When such an mtermediate layer 1s interposed between
the readout layer and the recording layer, the interface
magnetic domain walls can be enclosed 1n the intermediate
layer from room temperature to the aperture region, as
shown in FIGS. 8(a) and 8(b).

Thus, the readout layer stably becomes an in-plane mag-
netization film within the low-temperature region, and it 1s
possible to completely mask magnetization information
recorded 1n the recording layer.

If the Curie temperature of the intermediate layer 1s lower
than Curie temperature of the recording layer and higher by
a degree which causes no cutting of exchange coupling
between the readout layer and the recording layer in the
medium-temperature region within the light spot, Ms of the
intermediate layer i1s sufficiently small in the medium-
temperature region, and the in-plane anisotropy thereof is
decreased, thereby increasing perpendicular magnetic
anisotropy. At the readout temperature, even when the
intermediate layer itsell has no perpendicular magnetic
anisotropy, perpendicular magnetic anisotropy can be
imparted to the intermediate layer by magnetic coupling
force from the recording layer and the readout layer which
came to have perpendicular magnetic anisotropy.

In the medium-temperature region, therefore, magnetiza-
tion of the recording layer 1s transferred to the readout layer.
In the high-temperature region, the temperature of the inter-
mediate layer reaches Curie temperature, and exchange
coupling force 1s eliminated, as described above. As a resullt,
the readout layer becomes an in-plane magnetization film.
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As shown 1n FIG. 9, therefore, the mask region for
masking magnetization information recorded 1n the record-
ing layer, and the aperture region for detecting the magne-
tization information are formed within the light spot. Since
the aperture region can be formed to have an area smaller
than the light spot, signals with periodicity below the
diffraction limit of light can be detected. Further, as
C
t

escribed above, the mask can completely be operated on
e front side.

Since a mark on an adjacent track can completely be
masked, the density of the adjacent track can further be
improved.

In this case, the intermediate layer 1s preferably formed by
using material such as a Gd alloy or the like which has low
anisotropy and easily forms interface magnetic domain
walls, for example, GdFe, GdFeCo or the like, or the
material to which a non-magnetic element such as Al, Cu or
Cr 1s added for decreasing Curie temperature.

The thickness of the intermediate layer may be equal to or
more than the thickness of the interface magnetic domain
walls between the readout layer as an in-plane magnetization
film and the recording layer as a perpendicular magnetiza-
tion film. On the other hand, if the intermediate layer 1s too
thick, the total thickness of the magnetic layers 1s increased,
thereby necessitating much power for recording. The exces-
sively thick mtermediate layer 1s thus undesirable. The
thickness of the mtermediate layer 1s preferably 20 A to 200
A, more preferably 50 A to 150 A.

In regard to the physical properties of the readout layer,
the intermediate layer and the recording layer, assuming that
the Curie temperatures of the readout layer, the intermediate
layer and the recording layer are T1, T3 and T2; the
compensation temperature of the readout layer 1s Tcompl;
the saturation magnetizations of the readout layer, the inter-
mediate layer and the recording layer are Msl, Ms2 and
Ms3, elfective perpendicular magnetic anisotropy constants
are K11, K13 and K12; and the energy values of perpen-
dicular magnetic anisotropy 1s Kul, Ku3d and Ku2; the
following equation (9) 1s obtained:

K1 =Kui-2aMsi” (i=1, 2, 3) (9)

At room temperature, the effective perpendicular magnetic
anisotropy constants K11, K13 and K12 may have the
following relation:

K13<K11<<K12 (10)

At room temperature, examples satistying the above relation
are as follows:

Msl<Ms3 (11)

Ms2<Ms3 (12)

In addition, as described above, the Curie temperatures
must satisfy the relation (13) below.

(13)

FIGS. 10(a) through 10(c)1 show an example of tempera-
ture tendencies of saturation magnetization of the readout
layer, the intermediate layer and the recording layer, which
satisty the above conditions.

In order to decrease the in-plane anisotropy of the inter-
mediate layer, as described above, Ms may be increased, or

RT (room temperature)<Tc3<<Tcl
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energy ol perpendicular magnetic anisotropy Ku may be
decreased or made negative (in-plane anisotropy) by adding,
clements such as Co and the like, which increase in-plane
anisotropy.

As described above, 1n the information reproducing
method using the magnetooptical recording medium of the
present invention, 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 1f the information 1s recorded i1n higher density. A
higher C/N ratio can also be expected because the detecting
region 1s placed 1 a center of the laser beam spot. The
reason for this 1s explained hereinafter.

Intensity distribution of the laser beam 1s of a Gaussion
type and the 1ntensity at a center thereof 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 record-
ing medium moves. The highest temperature point shifts
toward the moving direction of the medium. Therefore,
when the highest-temperature point 1s selected as a detect-
able area, the detecting area will be deviated from the center
of the spot (FIG. 12).

Although the present mvention 1s described 1n detail
below with reference to experimental examples, the present
invention 1s not limited to these experimental examples
within the scope of the gist of the mnvention.

(First Experimental Example)

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

Ar gas was 1ntroduced into the chamber while vacuum-
exhausting air, until the level of 0.3 Pa or Ar gas was
reached. Then, a S1N layer, which functioned as an inter-
ference dielectric film, was deposited to a thickness of 700
A on the surface of the substrate. A GdFeCo layer was
(thickness: 400 ﬁx) was deposited as a readout layer, and a
TbFeCo layer (thickness: 400 13&) was deposited as a record-
ing layer. Then, another SiN layer (thickness: 800 13&), which
functioned as a protective dielectric film, was deposited to
form a magnetooptical recording medium of the present
invention having the two-layer structure shown in FIG. 3(a).

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

The composition of the GdFeCo layer was adjusted to that
its compensation and Curie temperatures were 240° C. and
over 400° C., respectively.

The composition of the TbFeCo layer was adjusted to that
its compensation and Curie temperatures were less than
room temperature and 230° C., respectively.

It was found that Kerr effect (residual Kerr rotation
angle), when no magnetic field was applied, appeared only
in a temperature range from 130° C. to 180° C., as shown in
FIG. 13, and a perpendicular magnetization film was
established, by measuring the residual 0, at the time of
magnetic field=zero as the temperature of the layered films
was raised.

(Second Experimental Example)

A magnetooptical recording medium was fabricated,

which had the same layer structure as the above first
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example except that a polycarbonate substrate having a
diameter of 130 mm and pregrooves was used.

Results of measurement of recording-reproducing char-
acteristics of the magnetooptical recording medium were as
follows. A measuring instrument comprised an objective
lens of 0.55 N.A. and a projector for outputting a laser beam
of 780 mm wavelength. Power for recording was preset at 8
mW, and linear velocity was 9 m/sec. Then, 6—15 MHz
carrier signal was recorded 1n the recording layer by using
a field modulation system in which a magnetic field of
+2000 e was applied stepwise. The dependency of C/N ratio
on the recorded mark length was measured. The reproducing

power was set to a value (2.5 to 3.5 mW) so that C/N ratio
1s maximized.

Table 1 shows the C/N ratios of the carrier signals
recorded at 15 MHz (mark length: 30 ¢#am), 11.25 MHz (mark

length: 0.40 um), and 9 MHz (mark length: 0.50 um).

Then, crosstalk with an adjacent track was measured. The
crossta]k was expressed as a difference between a repro-
duced signal 1n a land portion where a signal with a mark
length of 1.0 um was recorded, and the reproduced signal 1n
an adjacent group portion. Results are shown 1n Table 1.
(Third Experimental Example)

A magnetooptical recording medium of the present inven-
tion comprising a readout layer, a recording layer and an
intermediate layer with low Curie temperature provided
therebetween was fabricated and evaluated.

The same film forming instrument and film forming
method as those employed i1n the second experiment
example were used. A S1IN layer as an mterterence dielectric
layer was deposited to a thickness of 830 A on the surface
of a polycarbonate substrate having a diameter of 130 mm
and pregrooves. A GdFeCo layer (thickness: 400 A) was
deposited as a readout layer, a TbFeCoAl layer (thickness:
100 A) was deposited as an mtermediate layer, a TbFeCo
layer (thickness: 300 A) was deposited as a recording layer.
Then, another SiN layer (thickness: 700 A) was deposited as
a protective dielectric layer to form a magnetooptical record-
ing medium having the structure shown in FIG. 3(b).

When the SiN layer was formed, N, gas was introduced
in addition to the Ar gas, and the deposition was performed
by DC reactive sputtering. The GdFeCo layer and the
TbFeCo layer were formed by applying DC power to targets
of Gd, Fe, Co and Tb, respectively, and utilizing spontane-
ous sputtering. The compositions of those layers were con-
trolled by adjusting the DC powers applied to the respective
targets 1n sputtering film formation.

The composition of the GdFeCo readout layer was set so
that its compensation and Curie temperatures are 250° C,
and over 310° C., respectively. The composition of the
TbFeCoAl intermediate layer was set so that its Curie
temperature is 150° C. The composition of the TbFeCo
recording layer was set so that its Curie temperature is 210°
C.

The mark length dependency of C/N ratio, and crosstalk
were measured by the same method as in the second
experimental example. Results are shown 1n Table 1.
(Fourth to Seventh Experimental Examples)

Magnetooptical recording media of the present invention
having a two-layer structure was fabricated by the same film
forming equipment as that used in the second and third
experimental examples, and the mark length dependency of
C/N ratios were measured by the same method. The mea-
sured physical property values, C/N ratios and crosstalk are
shown 1n Table 1.

(Eighth and Ninth Experimental Examples)

Magnetooptical recording media of the present invention
having a three-layer structure comprising an intermediate
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layer with low Curie temperature were fabricated by the
same film forming instrument as that used in the second to
seventh experimental examples. The mark length dependen-
cies of C/N ratios were measured by the same method as 1n
the second to seventh experimental examples. The measured
physical property values, C/N ratios and crosstalk of the
respective layers are shown 1n Table 1.

(Tenth Experimental Example)

A magnetooptical recording medium of the present inven-
tion having a three-layer structure comprising an interme-
diate layer with low Curie temperature and in-plane anisot-
ropy which was larger than that of a readout layer 1 a
low-temperature region within an light beam spot, was
fabricated by the same method as that employed in the
second to ninth experimental examples.

A SiN dielectric layer of 900 A, a GdFeCo readout layer
of 400 A, a GdFe mtermediate layer of 100 A, a TbFeCo

recording layer of 300 A and a SiN protective layer were
successively formed on a glass substrate to form a sample
having the structure shown in FIG. 3(b). When each of the
SiN layers was formed, a N, gas was introduced 1n addition
to a Ar gas, and the deposition was performed by DC
reactive sputtering. The mixing ratio between the Ar gas and
N, gas was adjusted so that the refractive index 1s 2.1.

The composition of the GdFeCo readout layer was set so
that the layer 1s RE-rich and has saturation magnetization
Ms of 160 emu/cc at room temperature, and 1ts compensa-
tion temperature and Curie temperature are 205° and over
300° C., respectively.

The composition of the TbFe intermediate layer was set so
that the layer 1s RE-rich and has a saturation magnetization
Ms of 520 emu/cc at room temperature, and its Curie
temperature is 150° C.

The composition of the TbFeCo recording layer was set so
that the layer 1s TM-rich and has a saturation magnetization
of 200 emu/cc, and its Curie temperature is 220° C.

The dependency of the Kerr rotation angle (0,) on an
external magnetic field was measured by applying a semi-
conductor laser beam of 830 nm to a sample having layers,
which were formed on a glass substrate by the above
method, from the side of the glass substrate. The measure-
ment was performed by heating the sample from room
temperature to about 200° C. FIG. 13 shows the temperature
dependency of the Kerr rotation angle (residual Kerr rotation
angle: 0, at the time of external magnetic field=0. It is
found from FIG. 13 that the residual Kerr rotation angle 6%
is substantially zero from room temperature to about 140°

C., then rapidly increases from about 140° C. and becomes
zero at about 200° C.

(Eleventh Experimental Example)

A magnetooptical recording film having the same layer
structure and layer compositions as those 1n the tenth
experimental example was formed on a polycarbonate sub-
strate with pregrooves to form a magnetooptical recording
medium of the present invention.

The dependency of C/N ratio on the recorded mark length
and crosstalk were measured by the same method as 1 the
second to ninth experimental examples. Results are shown
in Table 1.

(Twelfth Experimental Example)

A SIN dielectric layer of 900 A, a GdFeCo readout layer
of 400 A, a GdFe ntermediate layer of 120 A, a TbFeCo

recording layer of 300 A, and a SiN protective layer of 700
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A were successively formed on a polycarbonate substrate by
the same instrument and method as those employed in the
first experimental example to obtain a sample having the
structure shown in FIG. 3(b).

The composition of the GdFeCo readout layer was set so
that the layer 1s RE-rich and has a saturation magnetization
Ms of 180 emu/cc at room temperature, and 1ts compensa-
tion temperature and Curie temperature are 220° C. and over
300° C., respectively.

The composition of the GdFe mtermediate layer was set
so that the layer 1s RE-rich and has a saturation magnetiza-
tion Ms of 680 emu/cc at room temperature, and its Curie
temperature is 180° C.

The composition of the TbFeCo recording layer was set to
that the layer 1s TM-rich and has a saturation magnetization
Ms of 200 emu/cc at room temperature, and its Curie
temperature is 220° C.

14

The composition of the GdFeCo readout layer was set so
that the layer 1s RE-rich and has a saturation magnetization
Ms of 150 emu/cc at room temperature, and 1ts compensa-
tion temperature and Curie temperature are 188° C. and over

5 300° C., respectively.

The composition of the GdFe intermediate layer was set
so that the layer 1s RE-rich and has a saturation magnetiza-
fion Ms of 520 emu/cc at room temperature, and its Curie
temperature is 170° C.

10 The composition of the TbFeCo recording layer was set so
that the layer 1s TM-rich and has a saturation magnetization
Ms of 200 emu/cc at room temperature, and its Curie
temperature is 220° C.
Then, the dependency of C/N ratio on the recorded mark
15 length and crosstalk were measured by the same method as
in the second to nminth experimental examples. Results are
shown 1n Table 1.
[ntermediate layer
Thick Ms Tc
Composition A elcc " C
(Tb,,4(FeosCos)7s)osAls 100 100 150
(Tb,3(Feg,Cog)77)04Cus 50 s0 170
Gd, Fe, 80 460 188
Gd,<Fe.. 100 520 150
Gd,5(FeogCoy0)soAls 120 680 180
Gd,, . (FegaCo,)ex 80 520 170
Gd (Feo,Cos)sa 90 470 165
C/N (dB)
ite 0.40 u Cross-talk
°C. 030 dB 050 u dB
230 30 33 44 -30
210 36 41 47 -35
220 30 34 45 -31
220 30 33 44 —-30
220 31 32 44 —-29
220 30 31 46 —28
220 35 41 46 -36
220 39 44 47 -35
220 41 45 48 —40
220 39 44 48 -41
220 40 45 48 —40
220 40 44 48 -41]
220 20 26 46 —20
220 26 29 47 -21

TABLE 1
Readout layer

Thick Ms T.., Tt
Composition A eecc °C. °C

Example 1,2 Gd;,(FessCoyus)s0 400 — 240 400< —
Example 3 Gd;o(FegnCo40)70 400 — 250 310<
Example 4 Gd,g(FessCos5)75 350 — 205 300<
Example 5 (Gd45Th,5)70C05, 300 — 205 300<
Example 6 Gd,g(FegsnCoyus)7o 400 — 205 300<
Example 7 (Nd, ;Gdgp)30(Fes0C040) 70 370 — —  300<
Example 8 Gd,o(Fes,Cosg)rq 400 — —  300<
Example 9 Gd,g(Fe,Co35)75 360 260 — 300<
Example 10,11 Gd,5(FegqC040)72 400 180 205 300<
Example 12 Gd,o(Fes0Co40)74 400 200 220 300<
Example 13 Gd,-(FesCos,)45 400 150 188 300<
Example 14 Gd,(FegsCoss)3 400 160 188 300<
Co.Ex. 12  Gdy(FeesCoss)oa 400 130 280 300<
Co. Ex. 3 Gds+(FesnCou0)se 400 270 280 300<

Recording layer

Thick Ms
Composition A efce
Example 1,2 Th,o(FegnCosg)sp 400 =200
Example 3 Th,o(FegqCosg)sg 300 -200
Example 4 Th,(FegnCosylsy 370 =200
Example 5 Th,o(FegqCosg)sg 400 -200
Example 6 Dvy,o(FegqCos0)sg 380 =200
Example 7 Th,o(FegqCosg)sg 400 -200
Example 8 Th,(FegnCosglsy 450 =200
Example 9 Thyo(FegnCosg)sp 300 —200
Example 10,11 Tb,o(FegnCosg)sp 300 =200
Example 12 Thyo(FegnCosg)sp 300 —200
Example 13 Th,o(FegqCosg)sg 300 -200
Example 14 Th,o(FegnCosg)sp 300 =200
Co. Ex. 12 Tho(FeeuCoqrn)sy 300  —200
Co. Ex. 3 Th,(FegnCosglsy, 300 =200

e/cc = emu/cc

Then, the dependency of C/N ratio on the recorded mark
length and crosstalk were measured by the same method as
in the second to nminth experimental examples. Results are
shown 1n Table 1.

(Thirteenth Experimental Example)

A SiN dielectric layer of 900 A, a GdFeCo readout layer
of 400 A, a GdFe intermediate layer of 80 A, a TbFeCo
recording layer ot 300 A, and a SIN protective layer of 700
A were successively formed on a polycarbonate substrate by
the same 1nstrument and method as those employed in the
first experimental example to obtain a sample having the

structure shown in FIG. 3(b).
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(Fourteenth Experimental Example)
A SIN dielectric layer of 900 A a GdFeCo readout layer

of 400 A, a GdFe intermediate layer ot 90 A, a TbFeCo
recording layer of 300 A, and a SIN protective layer of 700
A were successively formed on a polycarbonate substrate by
the same 1nstrument and method as those employed 1n the
first experimental example to obtain a sample having the
structure shown in FIG. 3(b).

The composition of the GdFeCo readout layer was set so
that the layer 1s RE-rich and has a saturation magnetization
Ms of 160 emu/cc at room temperature, and 1ts compensa-
tion temperature and Curie temperature are 188° C. and over
300° C., respectively.
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The composition of the GdFe intermediate layer was set
so that the layer 1s RE-rich and has a saturation magnetiza-
tion Ms of 470 of emu/cc at room temperature, and its Curie
temperature is 165° C.

The composition of the TbFeCo recording layer was set so
that the layer 1s TM-rich and has a saturation magnetization
Ms of 200 emu/cc at room temperature, and its Curie
temperature is 220° C.

Then, the dependency of C/N ratio on the recorded mark
length and crosstalk were measured by the same method as
in the second to ninth experimental examples. Results are
shown 1n Table 1.

(First Comparative Experlmental Example)

A SIN dielectric layer ot 900 A, a GdFeCo readout layer
of 400 A, a TbFeCo recording layer of 300 A, and a SiN
protective layer of 700 A were successively formed on a
polycarbonate substrate by the same mnstrument and method
as those employed in the first experimental example to
obtain a sample having the structure shown 1n FIG. 3(a).

The composition of the GdFeCo readout layer was set so
that the layer 1s RE-rich and has a saturation magnetization
Ms of 130 emu/cc at room temperature, and 1ts compensa-
tion temperature and Curie temperature are 280° C. and
about 300° C., respectively.

The composition of the TbFeCo recording layer was set so
that the layer 1s TM-rich and has a saturation magnetization
Ms of 200 emu/cc at room temperature, and its Curie
temperature is 220° C.

This sample had the temperature dependency of residual
0, as shown m FIG. 15, and did not become again an
in-plane magnetization film at high temperatures. As 1 this
comparative example, in a recording medium having a
two-layer structure comprising a readout layer and a record-
ing layer 1n which the compensation temperature and Curie
temperature are close to each other, the readout layer cannot
be made an in-plane magnetization film at high tempera-
tures.

(Second Comparative Experimental Example)

Layers were formed on a polycarbonate substrate to form
a magnetooptical recording medium by the same method as
that employed 1n the second experimental example. Then,
the dependency of C/N ratio on the recorded mark length
and crosstalk were measured by the same method as 1n the
second to ninth experimental examples. Results are shown
in Table 1.

(Third Comparative Experimental Example)

A S1IN dielectric layer of 900 A, a GdFeCo readout layer
of 400 A, a TbFeCo recording layer of 300 A, and a SiN
protective layer of 700 A were successively formed on a
polycarbonate substrate by the same mnstrument and method
as those employed in the first experimental example to
obtain a sample having the structure shown 1n FIG. 3(a).

The composition of the GdFeCo readout layer was set so
that the layer 1s RE-rich and has a saturation magnetization
Ms of 180 emu/cc at room temperature, and 1ts compensa-
tion temperature and Curie temperature are 290° C. and
about 300° C., respectively.

The composition of the TbFeCo recording layer was set so
that the layer 1s TM-rich and has a saturation magnetization
Ms of 200 emu/cc at room temperature, and its Curie
temperature is 220° C.

Then, the dependency of C/N ratio on the recorded mark
length and crosstalk were measured by the same method as
in the second to nminth experimental examples. Results are
shown 1n Table 1.

Comparison of the experimental examples 2 to 14 and
comparative experimental examples 2 and 3 reveals that the
present invention can significantly improve the C/N ratio
and crosstalk with a short mark length.
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Use of the magnetooptical recording medium and repro-
ducing method of the present invention enable reproduction
of a magnetic domain smaller than the diameter of a beam
spot by using a simple instrument (conventional instrument)
which requires no initialization magnet, and achievement of
high-density recording 1n which the linear recording density
and track density are further improved, thereby improving,
the C/N ratio.

What 1s claimed 1s:

1. A magnetooptical recording medium adapted to be
heated from a room temperature range to a medium tem-
perature range above the room temperature range and to a
higch temperature range above the medium temperature
range, said medium comprising:

a first magnetic layer, which has an in-plane magnetiza-
tion at the room temperature range, and which changes
to a perpendicular magnetization at the medium tem-
perature range;

a second magnetic layer having a perpendicular magne-
tization; and

a third magnetic layer, wherein the third magnetic layer 1s
interposed between said first and second magnetic
layers, and has a Curie temperature lower than those of
said first and second magnetic layers, and has an
in-plane magnetization at the room temperature range
and changes to a perpendicular magnetization at the
medium temperature range.

2. A method of reproducing, with a laser beam, informa-
tion recorded on a magnetooptical recording medium com-
prising a first magnetic layer, a second magnetic layer
having a perpendicular magnetization, and an intermediate
layer therebetween having a Curie temperature higher than
a room temperature range, lower than the Curie temperature
of the first and second magnetic layers, and in a high
temperature range, the first magnetic layer having an
in-plane magnetization at the room temperature range,
changing to a perpendicular magnetization at a medium
temperature range higher than the room temperature range
and changing back to an in-plane magnetization at or above
the Curie temperature of the intermediate layer in the high
temperature range higher than the medium temperature
range, said method comprising the steps

projecting a laser beam onto the magnetooptical recording
medium from a side of the first magnetic layer;

heating the first magnetic layer with the laser beam so that
the first magnetic layer has a portion in the room
temperature range having m-plane magnetization and a
portion 1n the medium temperature range having a
perpendicular magnetization;

heating a portion of the mtermediate layer at least to 1its
Curie temperature so that a corresponding portion of
the first magnetic layer 1n the high temperature range
changes to an in-plane magnetization;

transferring information recorded 1n the second magnetic
layer to the first magnetic layer by exchange coupling
through the intermediate layer perpendicular magneti-
zation of the first magnetic layer and magnetization of
the second magnetic layer; and

reproducing the recorded information based on the
magneto-optic effect of the light reflected from the
magnetooptical recording medium.

3. The magnetooptical recording medium of claim 1,

wherein the first magnetic layer and the third magneftic layer
are magnetically coupled by exchange coupling.
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