MAGNETO-OPTICAL RECORDING MEDIUM, REPRODUCING METHOD, AND

REPRODUCING APPARATUS THEREFOR
TECHNICAL FIELD

The present invention relates to a magneto-optical

recording.medium which makes it possible to reproduce

information recorded in minute magnetic domains, with high_.’"

resolving power and high S/N ratio. In particular, fhet
present invention relafes to a magneto-opﬁical recording.
medium which makes it possible to perform reproduction
individually in a magnified manner from a plurality 6f

minute magnetic domains existing within a reproducing laser

spot when reproduction is performed for the magneto-optical

recording medium including minute magnetic domains which

have been recorded. The present invention also relates to
a reproducing method therefor, and a reproducihg apparatus
suitable for the magneto-optical recording medium and tﬁe

reproducing method.
BACKGROUND ART

Magneto-optical recording media such as magneto-
optical disks are known as an optical memory having a large
storage capacity on which infqrmation is rewritable. 1In

order to allow such a magneto-optical recording medium to



have a high dengity, it is conceived that minute recofding
magnetic domains are used to peffdrm recording. It is
possible to perform_recording with minute recording:
magnetic domains by using the magneto-optical field
modulation system. However, in order to reproduce'each_
minute magnetic domain independently, it is desired to
decreasé the spot size of_a rep;oducing light beamt___
Hoﬁever, the spot sizé.is'limited by NAﬁof an optiéél hgéd._?"
Therefore, é technique is demanded, which.ﬁakes it éoSgibléj i
to reproduce information from minute magnetic-domainé thle
maintaining the present spoé size. When it is intended to
reproduce information from extremely minute recording
magnetic domains while ﬁaintaihing the present size of the
spot size of the reproducing laser beam, it is necessary.to :
solve the following problems.

(1) Since the spot size of the reproducing light beam
is too large as compared with the size of the recording
magneti¢ domain (recording mark), it is impossible to
individually detect a .plurality .of magnetic doniains-
existing within the reproducing light beam spot. Namely,
the reproduqing resolving power is insufficient. For this
reaSon,.it ié impoésible'to reprbduce informatibn from
individual recording magnetic domains.

(2) Each of fecording magnetic domains has a small
areal size, and hence the reproduction signal has a smalll

output. For this reason, the reproduction signal has low



S/N.

The magnetically induced super resolution technique,
whiéh has been suggested,'for example, in Journal of.
Magnetic Society of Japan, Vol. 17, Supplement, No. S1, p.
201 (1993), is one of methods to solve the foregoing
problem (1). A ﬁagneto-optical recording medium used for
the magnetically induced super resolution éenerally
comprises a reproducing layer for maghefically induced
super resolution, an exchange.fofce control layer, an&
information-recording laye?. When the'magnefo-optical
récording medium for the magnetically induced supér
resolution is subjected to reproduction by using a |
reproducing iaser beam, if a certain area on the disk_on'
which information to be reproduced is recorded is locéted
outside the light beam spot, all magnetic domains subjected
to recording iﬁ the info:mation-reéording layer undergo
transfer to the reproducing layer for magnetically induced
super resolutioh. When this area enters the ligh£ beam
spot, two.magnetic domains exist in an identical light beam- -
spot. A reproduction signaL is given as a sum 6f signals
formed by the respe@tive magnetic domains. Therefore, it
is impossible to sepérate and reproduce, from the sum
signal, the signals originating from the individual
magnetic domainé; Accordi#gly, one of the magneﬁic domains
is masked so that it is not observed, and thus only the

other magnetic domain can be used for reproduction. Thus,



the magnetically induced super resolution tecﬁnique is a
method in.which the repréducing resolving power is improved
by narrowing the effective field of the radius of the light
beam spot. However, the foregoing problem (2) cannot be
solved even by using the magnetically induced super
resolution technique, hecauée the intensity of the
reproduction signal from each of the magnetid domains does
not change. | |

A reproducing apparatus has been contrived in order.to
perform reproduction from recording domains having been
subjected to high density récording. Such an apparatus is’
exemplified by those based on the optical super resolution
technique in which a shielding element is inserted into an
optical path so thé# a light-collecting spot which exceeds
the diffraction limit of the laser beam is obtained by
means of optical super resolution. This technique is
discussed in detail in Yamanaka et al., "High Density
Optical Recording by Super Resolutioh", Jan. J. Appl.
Pilys., _28_, Supplément'28-3,_ 1989, pp. 197-200.. 'Besides, a
method is also known, in which an'ordinary laser beam or a
laser beam comprising a main“lobe and a pair of side lobes’
produced by means of the optical super resolution technique
is allowed to have a pulsed waveform to decrease an area on
a medium on which the temperature is raised so that high
density recording/reproduction is realized.

The present inventors have disclosed, in Japanese



Laid-Open Patent Publication No. 8-7350, a magneto-optical
recording medium comprising, on a substrate, a reproducing
layer and a recording layer, which makes it possible to
magnify and reprodﬁcé a magnetic domain transferred to the
reproducing layer, by fransferring (or transmitting) the
magnetic domain in the recording layer to the reproducing

layer, and'épplying a reprodﬁcing magnetic field during

reproduction. An alternating magnetic field is used as the -

reproducing magnetic field. Namely, a magnetid field in a’
direcfion to magnify the magnetic domain and a mégnetic
field in a direction opposite thereto are 5pplied
alternately to magnify and reduce (or shrink) respective
magnetic domains. The use of the.magneto-optical recording
medium makes it possible to solve the foregoing problem (2)
and amplify the reproduction signal obtained from the
magnetic domain. However, it is not eaéy to control the
reproducing ﬁagnetic field which is used to magnify'the
magnetic domain in the reproducing layer; In this
viewpoint, this technique requires further improvement.

On the other hand, as disclosed in Japanese LaidfOpen
Patent Publication No. 8-7850, when the magnetic doméih is
transferred by the aid of the exchange coupling force, the
magnification for the magnetic domain effected in the
reproducing layer for transferring the magnetic domain
thereto is restricted by the size of the magnetic .domain in

the recording layer. Namely, the size of the magnetic



domain cannot be magnified to be larger than that of the
magnetic domain in the recording layer, at a portion of the
reproducing layer on the side of the recording layer. The
size of the magnetic domain increases as the seéarating
distance from the recording layér becomes large.
Therefore, the following probiem arises. Namely, in an
area of the reproducihg iayer just over the magnetic domain
in the recording layer intended to be reproduced,
magnetization is in a direction idenﬁical with that in the
recording layer in the depth-direction for all concerning -
~magnetic domains, however, in an area deviated in the in-
plane direction from the magnetic domain intended to be
réproduced, a state tends to.oécur, in which magnetic
domain portions having a direction identical with that of
magnetization in the recording layer in the depth direction
_and magnetic domain portions'having a direction different
therefrom co-exist in a mixed manner.

in order to.respond to the multimedia technology
developed for the recent information instruments and
systems, it is demanded to realize a magneto-optical
.recording medium oﬁ which recording can be performed at a
higher recording density. lMoreover,'it is necessary to
devgiop a technique with which ‘minute magnetic domains
subjected to recording on such a high density recording
medium can be reproduced at a higher resolving power, at a

higher sensitivity, and with higher reliability.



A first'object of the present invention is to solve
the foregoing problem (1) and provide a magneto-optical
recording medium oh which control can be.easily performed
when magnetic domains are magnified by the aid of a
reproducing magnetic field. | |

A second object of the present invention is to
simultaneously solve the foregoing problems (1) and (2) and
provide a n0§e1 magneto-optical recording medium on which - |
minute magnetic domains can be used for recording,-and a
reproduction signal can be.obtained from minute magnetic
domains which have been recorded, at a high resolving powef
and at a high sensitivity.

A third object of the present invention is to
simultaneously solve the foregoing'problems (1) and (2) and -
provide a novel reproducing method for a magneto-optical
recording medium, with which minute magnetic domains
recorded can be subjected to reproduction at a high
sensitivity.

A fourth object of the present invention is to provide -
a reproducing apparatus suitable for reproduction on a
magneto-optical recording medium which achieves the

foregoing first and second objects.
DISCLOSURE OF THE INVENTION

According to a first aspect of the present invention,



there is provided a magneto-éptical recording medium
comprising, on a substrate,'an information-recording layer,
and ‘a magnetic domain-magnifying and reproducing layer
capable of magnifying and reproducing a magnetic domain-
transferred from the information-recording layer, by
applying an extefnal magnetic field having a polariﬁy
identical with that of magnetization of the magnetic
domain, characterized in thaﬁ:

the information-recording layer has a thickness‘h
which satisfies h/d > 0.5 for a radius d of a minimum
magnetic domain which has been recorded.

Awano, who is one of the inventors of the present
invention, has been disclosed, in Japanese Laid-Open Pafent
Publication No. 8-7350, a magneto-optical £ecording medium
comprising a reproducing layer and a recording layer, which
is capable of transferring a magnetic domain from the
reéording layer to the reproducing layer during
reproduction of information,'magnifying the size of the |
magnetic domain in the reproducing layer to be 1argér_than
the size of the magnetic domain in the recording layer, and
reproducing the magnetic domain by applying an external
magnetic field having a polarity identical with that of
magnetizétion of the magnetic domain. The first aspect of
the present invention, which is relevant to the magneto-
optical recording medium disclosed in Japanese Laid-Opeh

Patent Publication No. 8-7350, specifies the magneto-
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optical recording'medium having a structure which is more
appropriate to magnify the magnetic domain trahsfe;red to
the reproducing layer by applying the external magnetic
field. Namely, when the magneto-optical recording medium
of the present invention, which is constructed so that the
thickness of the information~recording layer satisfies h/d
> 0.5, is used, the magnification of the magnetic domain is
realized in a suitable manner. Thus, it is possible to
easily control the change in size of the magnetiq domain- in -
the magnetic domain-magnifying and reproducing layer, with
respect to the reproducing magnetic field.

In a preferred embodiment of the magneto-optical
recording medium according to the first aspect of the
present invention, the magnetic domain-magnifying and
reproducing layer can be composed of a rare earth
transition metal having a compensation temperature within a

range of -100 to 50 °C. In accordance with this preferred

embodiment, when the magnetic domain transferred from the

information-recording layer to the magnetic domain-

magnifying and reproducing layer is magnified and

reproduded, the obtained magnéto-optical recording medium
provides a high resolving power and high S/N.

According to a second aspect of thé present invention,
there is provided a magneto-optiéal recording medium
comprising at least an information-recording layer on a

substrate, for reproducing information by irradiating the



magneto-optical recording medium with a reproducing 1ight
beam spot, characterized in that:
the magneto-optical recording medium comprises, on the

substrate, a magnetic domain-magnifying and reproducing

layer, a gate layer, and the information-recording layer in .

this order;

only one magnetic domain of_a plurality of magnetic
domains, subjected to recording in the information-
recording layer and existing within the reproducing light
beam spot, is transferred to the gate layer from the
information-recording layer on the basis of.a temperature
distribution in the gate layer generated within the
reproducing light beam spot when the magneto-optical
recording medium is irradiate with the réproducipg light
beam spot; and

the magnetic domain-magnifying and reproducing layer
enables the magnetic domain transferred from the gate layer
to be magnified by applying an external magnetic field
having a polarity identical with that of magnetization of
the magnetic domain.

Acéording to the second aspect of the present
invention, one recording magnetic domain of the plurality
of recording magnetic domains in the information-recording
layer included in the reproducing light beam spot is
transferred to the gate 1a§er'by utilizing the temperature

distribution characteristic of the gate layer, the magnetic
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domain transferred to the gate magnetic layer is
transferred to the magnetic domain;magnifying and .
reproducing layer, and the one domain transferred to the
magnetic domain-magnifying and reproducing layer is
magnified by using the reproducing magnetic field and
detected. Accordingly, the reproducing resolving power- is
impfoved by the gate magnetic layer, and the intensityiof
the reprbduction signal is increased by means of the
magnetic domain-magnifying;and reproducing technique.
Thus, it is.possible td improve S/N.

At first,iexplanation will be made for the principle
of the magneto-optical recording medium according to the
secpnd aspect of the present invention and a method for
reproduction theréon, with reference to Figs. 1 to 5. fig.
1A illustratively shows a concept for recording infdrmation
as minute magnetic domains on a magneto-optical recording
medium 11 of the present invention by applying a recording
magnetic field 15 while irradiating the magneto-optical -
recording medium 11 with a recording-laéer beam'13. The
magneto-optical recording medium 11 cbmprises a magnetic_
domain-magnifying and reproducing layer 3, an intermediaté
layer 4, a gate layer ‘16, an exchange coupling force |
control layer 17, and an information-recording layer 18.
Information can be recorded on the magneto-optical
recording medium 11 based on the use of the magneto-optical

. field modulation system, wherein the magneto-optical
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recording medium 11 is irradiated with a laser pulse
synchronized with a recordiﬁg clock while applying a
magnetic field having a polarity corresponding to a
recording signal. The magneto-obtical recording medium 11
is moved in a traﬁeling direction indicated by an arrow in
Fig. 1A with respect to a recording laser beam 13. -
Therefore, an area 19, ﬁhich is deviated backward from the
spot center, is heated to a higher temperature. The
coercivity of the area 19 in the information-recordiné'
layer iB is loweréd due to the heating. Accordingly{:a
minute-maghetic domain, which has a direction of
magnetization directed in the direction of the recording
magnetic field 15, is formed during its cooling process. |
It is assumed in the description of the principle that-fhe
magneto-optical recording medium is'subjected to recording
and reproduction by using, for examplg, a magneto-optical
recording and reproducing apparatus 200 conceptually
illustrated in Fig. 2. With reference to Fig. 2, thé'
magneto-optical recording medium 210 is.rotationally
movable with respect to an optical head 213 and a flying
magnetic head 215 by_the'aid.of a spindle motor 217, aqd an
iﬁitializing magnetic field is applied to the magneto; 
optical recording medium 210 by the aid of an initializing
magnet 211 upon reproduction. |

As shown in Fig. 1B, the ihitializing magnetic field

12 is applied to the magneto-optical recording medium 11,
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in a direction opposite to the direction of the recording
magnetic field 15. The coercivity of the gate layer 16 at
room température is smaller than thé initializing magnetic
force. Therefore, the magnetic domains subjected to
recording in the gate layer 16 are inverted, and all of
thém are directed in the direction of the initializing
magnetic fie;d 12. On the contrary, the coefcivity.of the .
information—récoﬁding layer 18 is extremeiy larger fhén-the -
coe:civity of the gateﬁiayer 16. Therefore, magnetiéation
of a récording.magnetic domain 313b in the information-

‘ reéording layer 18 reméins as it is. Magnetization of the'
-'gate 1ayér 16 is antiparallel to that of the magnetic
domain 313b in the information-recording layer 18.
Therefore, an interface therebetween is in an unstable
magnetizatioh state.

After the gate layer 16 is initialized as déescribed
above, the magneto-optical recording medium 11 is subjected
to reproduction under a reproducing light beam as shown in
Fig. 3. During repfdduction, tﬁe'magneto—optical redording :
medium 11 is irradiated with the ;eproducing lightlbeam
having a poﬁer lower than that of the recording light beam.
An area 314, .which is dgviéted backward from the spot
center, is heated_to a higher temperature in the same:
manner as heated by the recording light beam. The
coercivity of the gate layer 16, which corresponds to.the

area 314 heated to the higher temperature, is loﬁered. The
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magnetic domain 313b in the information-recording layer 18
is transferred to the gate layer 16 via the exchange force
control layer 17 by the aid of the exchange coupling force
between the information-recording layer 18 and the gate
layer 16, and it is further transferred to the magnetic
domain—magﬂifying and reproducing layer 3. On the other
hand, another recording magnetic domain 313a ip the
information-recording layer 18 is-not'transferred'to the
gate laﬁer 16, because an area in the gate layer 16
corresponding to the magnetic domain 313a has a relatively
low temperature, and its coercivity is not lowered.

- Therefore, as shown in a lower part of Fig.'3, when the
magneto-opticél recording medium 11 is enlarged aﬁd viewed
f;om an upyard position, only an area 315, which has
arrived at a high temperature in the laser spot 311,
undergoes decrease in magnetic energy. Accordingly, the
‘recording magnetic domain 313b in the information-recording
layer 18 appears as a recording mark 316 on the gate layer
16, and it appears on the magnetic domain-magnifying and
reproducing layer 3. On the other hand, the other magnetic
domains 313 are preyented from transfer by the gate.layer
16, in areas other than the area 315 in the spot 311.
Therefore, the.recording magnetic domain 313a in the
information-recording layer 18 remains latent.

Accordingly, it is possible to independently reproduce only

one minute magnetic domain of a plurality of minute
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magnetic domain§ existing within the spot size, by
irradiating the magneto-optical recording medium with the
réproducing light beam in accordance with the principle as
shown in Fig. 3.

According to the present invention, one minute
magnetic domain, which is focused by using the gate layer
16 as described abové, can be transferred to the magnetic
domain-magnifying and reproducing layer 3, aﬁd it can Be
magnified within the reproducing laser spot. _This.process
is performed in the magnetic domain-magnifying and
reproducing layer 3 of the magneto-optical recording medium
11. This principle will be explained with reference to
Fig. 4A. It is noted that the magnetic domain-magnifying
and reproducing layer 3 is a magnetic layer to which a
minute magnetic domain is transferred from the gate layer
16, and on which the transferred magnetic domain can be
magnified by the aid of the reproducing magnetic field.
The magnetic domain-magnifying and reprqducing layer 3 is a
perpendicularly magnetizable film having a magnetic force
resistance of the magnetic wall which is smaller than the
- force of the reproducing magnetic field upon being
irradiated with the reproducing light beam so that the
magnetic wall is moved by application of the reproducing
magnetic field to magnify the magnetic domain. When a
magnifying reproducing magnetic field 411 is applied in a

direction identical with that of magnetization of the
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minute magnetic domain 313b in the reproducing state shown
in Fig. 3, i.e., in the state in which the minute magnetic
domain 313b is transferred from the information-recording
layer 18 to the gate layer 16 and the magnetic domain-
magnifying and reproducing layer 3, then the magnetic wall
is moved in a direction to magnify the magnetic domain,
because the magnetié force resistance of the magnetic wall
is'smail in the magnetic domain-magnifying and reproducing
layer 3. Thus, a magnified magnetic domain 419 is formed.
As a result, as shdwn in a lower part of Fig. 4A, it is
possible to observe a magnified mark 413 (the magﬁetic
domain 419 magnified in the magnetic domain-magnifying and
reproducing layer) magnified within the reproducing spot
311. As described above, the minute magnetic domain which
has been magnified éppears on'the surface of the magneto-
optical recording medium. Therefore, a reproduction signal
having a sufficient intensity can be obtained from the
magnified magnetic domaiﬁ.

After the magnified magnetic domain 419 in the
information-recording layer 18 is subjected to
reproduction, a reducing rebroducing magnetic field 415 is
applied in a direction opposite'fo that of the magnifying '
reproducing magnetic field 411 as shown in Fig. 4B.
Accordiﬂgly, the magnified magnetic domain 419 in the
magnetic domain-magnifying and reproducing layer 3 is

reduced. As a result, areas having a direction of
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magnetization identical with the direction of'the magnetic
field of the reducing reproducing magnetic field 415 are
predominant. The reduciﬁg reproducing magnetic field 415
an& the magnifying rep:oducing magnetic field 411 can be
applied by using an alternating magnetic field. A
reproduction signal with amplification for each of the
minute magnetic domains can be obtaihea by synchroniéing
‘the period of the alternating magnetic field with a
recérding clock.

Now, eiplanation will be made with referenée to a
. hysteresis curve shown in fig. SA for the relationship
among the magnitude of the magnifying reproducing magnetic
field applied du;ihg reproduction, the applied magnetid
field, and the size of the mark appearing on the magnetic
domain-magnifying and reprdducing layer 3. The hysteresis
curve shown iniFig. SA illustraﬁes the change in Kerr
rotation angle 6, of the magnetic domain-magnifying and
reproducing layer 3 with respéét to the magnetic field H.
The Kerr rbﬁation éngle 0 is 6bserved when varioué
magnetic fields H afe'épplied to the magneto-oﬁtical
recording medium while irradiating the magngto-opiical .
recording medium with a reproducing light beam having the
same power as that.used during reproduction. It is noted
that the hysteresis curve shows a hysteresis curve of the
magnétic domain-magnifyihg and reproducing layer of the

magneto—oppicai recording medium having the structure shown
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in Figs. 3 to 6, to which the recording magnetic domain in
the underlying information-recording layer is transferred

by being irradiated with the reproducing light beam. A
predetermined Kerr rotation angle 6 is pfovided (point a in

Fig. 5) even when the magnetic fiela H is zero,_ﬁecause fhe
magnétic domain in the information-recording layer has been
transferred. When the magnetic field H having é polariﬁy'ﬂ
identical with the polarity of'magnetization of the--._f
recording magnetic domain is gradually applied, the initial
magnetization curve rises. .ihe point b represéﬁts én
initial rising-point. The rise of the initial
magnetization curve corresponds to magnification of the
magnetic domain in the layer (the magnetic domain 419 in
Fig. 4A) as a result of movement of the magnetic wall of.
the magnetic domain-magnifying and reproducing iéyer 3 from
-the center of the magnetic domain toward the outside
depending on thé magnitude of the magnetic field H. In £he
initial magnetization curve, no more ihcreaSe in Kerr :
‘rotation angle océufs when maghetizati6n~is séturated; 'inr
. Fig. 5A, conéeptual photomicrographs of magnetic domain ~.
patterns are shoﬁﬁ; in which the magnetic domaiq-magnifying
and reproducing layer 3 is viewed from an upward poéition,

~ at respective points including the pointé a and.B on the
initial magnetization curve of the hysteresis curve. The
magnetic domain pattern (black circle pattern) at the point.

a concerns magnetic domains obtained when magnetic domains
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(seed magnetic domains) in the information-recording layer
18 are transferred via the gate layer 16 to the magnetic
domain-magnifying and reproducing layer 3 by the'aid of
irradiation with the réproducing light beam. The patterns
at the respective points comprehensively suggest the
situation in which the magnetic domains are magnified in
accordance with the increase of the magnetic field oﬁ the
initial magnetiiation curve stariing from ﬁhe state'-
represented by the poin£ a. When the Kerr rotation éﬁgle 0
is saturated, the magnetic domains are inverted on £he
entire sﬁrface of the magnetic domain-magnifying and
reproducing layer 3.

In the hysteresis curve shown in Fig. 5A, the magnetic
field at the rising point c of the major loop of the
hysteresis curve (outef loop which represehts a locus after
the initial magnetization curves is once saturated), which
has the same polarity as that of the magnetic field applied
in.the direction to magnify the magnetization of the
magnetic domain-magnifjing'and reproducing'léyer, is
referred to as “"new creation magnetic field". The absolute
value thereof is represented by Hn. The magnetic field at
the initial rising point b of the initia; magnetizatidn
cuiﬁe, which is obtained by applying the magnetic field in
the direction to expand the recording magnetic domain in
the magnetic domain-magnifying and reproducing layer 3

transferred from the information-recording layer 5 via the
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gate layer 16, is referred to as "magnetic wall-magnifying
mégnetic field". The absolute value thereof is represented
by He. Assuming that the reproducing magnetic field has
. its absolute value Hr, it is desirable to apply the
reproducing magnetic field within a range of He < Hr < Hn
because of the following reason. Namely, if Hr is smaller
than He, the recording magnetic domain transferred to the
magnetic domain-magnifying and reproducing layer 3 is not
magnified. If Hr is larger than Hn, even'whEn no recbrdihg
magnetic domain (éeed magnetic domain) exists in the
information-recofding layexr 18, then the magnetic domain iﬁ
the magnetic domain—magnifying and reproducing layer 3
disposed thereover is inverted( and ‘it is read as a signal.
Fig. 5B shows an initial magnetization curve obtained
when the magnetic field is applied in a direction to reduce
the recording magnetic domain in the magnetic domain-
magnifying and reproducing layer 3 tranéfefred via the gate
layer 16 from the information-recording layer 18, in tpe
hysteresis curve shown in Fig; 5A. The.magnetic field at
" the initial dropping point c¢' of the major loop (outer loop
which représents a locus aftér the initial magnetization
curve is once saturated) of the hysteresis curve, which is
located on the side of the same polarity as that of the
initial magnetization cufve, is referred to as "new
creation magnetic field". The absolute value thereof is

represented by Hn. The magnetic field at the dropping
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point 4 on the initial magnetization curve is referred to
as "magnetic wall-reducing magnetic field". "The absolute
value thereof is represented by Hs. When the magnetic
field is apﬁlied within a range of Hs < Hr, the magnetic
field having been subﬁected to magnification and
reproduction can be reduced. in Fig. 5B, conceptual
photomicrographs of'maénetic domain patterns are also-
shown, in which tﬁe magnétic domain-magnifying and
reproducing layer is viewed from an upward position, at'.
respective points including the péints a and d oﬂ the
initial magnetization curve of the hysteresis curve. Since
the magnetic field in the reducing directidn is too large
at the point e, the recording magnetization transferred to
the magnetic dbmain—magﬂifying and reproducing 1ayer-.
completely disappears. Therefore,-when it is intended to
reliably erase the recording magnetization,.it is
appropriate tbladjust the magnefic field to satisfy Hé < Hn
< Hr. The hystéresis curves depicted in Fig. 5A and Fig.
5B and hystereéié.durves referred.to herein are hystefeéis
cﬁrves obtained under'the condition in which magneto- -
optical reproduction is performed in accordance with the
reproducing method for the magneto-optical recording medium
of the present invention;'and they represent | |
characteristics of the Kerr rotation angle (or
magnetization) with respect to various magnetic fields,

obtained when the reproducing light beam is radiated and
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the temperature is raised by actually using the recordihg
and reproducing apparatus for the magneto-optical recording
' medium. Therefore, the hysteresis curves, Hs, Hn, and Hr
to be applied are-observed by using a practical magneto-
optical recording and reproducing apparatus while radiating
the reproducing light beam having the power for
reprqduction.

Accdrding to the present invention, owing tb thé -'
provision of thée gate layer as described above,'bnlyﬁéné.
magnetic domain.is allowed to emerge on the gate'iayér 16;
or it can Be transferred to the gate layer 16 even when:a
plurality of magnétic domains exist in the information—l
recording layer. Further, the one minute magnetic domaip
having been trapsferred to the gate layer 16 can be
fransferred to the magnetic domain-magnifying and
reproducing layer 3, and it can be magnified and detected
(reproduced) by using the reproducing magnetic field.
'Therefore, the minute magnetic domain formed in'accordance”
with the magneto-optical field modulation syétem can be
subjected to reproduction at a high resolving power and at
high S/N.

The principle-has been explained by illustrating the.
gate layer as the magnetic layer which undergoes |
temperature distribution.of the gate layer generated.in the
reproducing light beam spot, in which the magnetic domain

in the information-recording layer is transferred to the
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gate layer in a high temperature area having a temperature
higher than a predetermined temperature. However, it is
'pOSSlble to use a magnetlc layer which undergoes the
emperature distribution in the gate layer generated in the
reproducing light beam spot;,in which the magnetic domain
in the information-recording layer is transferred to'thel
.gate layer in a low temperature area having a temperature -
lower than a predetermined teﬁperature. Aiternati?el&, it
is possible to use a magnetic layer which undergoes the
temperature distribution in the gate layer generated in thé
reproducing light beam spot, in which the magnetic domain )
in the information-recording layer is.transferred to the
gate layer in a predetermined temperature range.

According to a third aspect of the present inventién,
‘there is provided a magneto-optical recording medium
comprising a recording layer for récording information
therein, a noﬁ-magnetic layer, and a reproducing layer,
characerized in that:

ﬁagnetization is transferred from the recording layer’
to the reproducingflayer in accordance with magnetostatic
coupling forée'by heéting the magneto-optical récording
medium to a bredetermined temperature, and a magnetic
domain having the transferred magnetization is magnified
for reproduction to be larger than a magnetic domain
subjected to recording in the recording layer under a

reproducing external magnetic field.
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In the magnetic domain-magnifyin§ and reproducing
technique disclosed in Japanese Laid-Open Patent
Publication No. 8-7350, the recording layer, the
intermediate magnetic layer, and the reproducing layer are
magnetically coupled to one another by allowing the |
intermediate magnetic layer to intervene between the
recording layer and the reproducing lafer. Howéver, in the
magneto-optical recording medium aécording to the thir&
aspect of the present invention, the recording layer and
the reproducing layer are magnetostatically coupled to one
another by allowing the.non—magnetic layer to intervené
between the recordiﬁg layer and the reproducing layer.
Thus, transfer is effected from the recordiné-layer to the
reproducing layer.

In the magneto-optical recording medium according to
the third aspect of the present invéntion, the reproducing
layer may bé a magnetic layer which behaves as an in-plane'
magnetizable film at room temperature and which behaves as
a perbendicularly magnetizable film at a temperature not
less than the predetermined temperature described above.

In this aspect, the tempefature coefficient for making the
change from the in-plane magnetizable film to the
perpendicularly magnetizable film may be not less than 8.0.
The magnetic domain éubjectgd to recording in the
reproducing layer may have a minimum length in the track

direction which is not more than 1/2 of a size of the
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reproducing light beam spot.

| According to a fourth aspect of the present invention,
there is'provided.a-magneto-optical recording medium
comprising a recording layer for recording information
therein, an intermediate layer, and a reproducing layer,-
for reproducing information by detecting a magnetization
state of a magnetic domain transferred from the recording
layer to the reproducing layer, characterized in that:

a minimum stable megnetic domain radius in the -
reproducing 1ayer'is larger than a size of a magnetic
domain subjected to recording in the recording layer.

In the magneto-optical recording medium according to
the fourth aspect of the present invention, the minimum-
stable magnetic‘domain radius in the reproducing layer is
larger than the size of.the magnetic domain subjected to-
recording in the recording layer. Therefore, the magnetic
domain transferred to the reproducing layer is magnified to
be larger than the recording magnetic domain. Aocordingly,
a reproduction signal having high C/N is obtained by
reading magoetization information from the magnified
magnetic domain as describediabove. The magneto-optical
recording medium according to this aspect is different from
the magneto-optical recording media according to the first
to third aspects, in which the magnetic domain transferred
from the recording layer to the reproducing leyer can be

magnified even when no reproducing magnetic field is
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THIS SHEET HAS BEEN
REPLACED

applied. Accordingly, reproduction can be performed by
using a reproducing apparatus constructed in the same
manner as the conventional technique. The term "minimum
stable magnetic domain radius" means a radius of the
minimum magnetic domain which can stably exist in thé
magnetic thin film. The minimum stable magnetic domain
radiué is given by the following expression (1).

dua = 0, / (2MH) | o e (1)
wherein c, represénts-enérgy density of thejﬁagnetic wall,
M, represents saturatidﬁ magnetizatioh, anleL.represents
coercivity.

The intermediate iayer of the magneto-optical
recording medium acéording to the fourth aspect of the
present‘invéﬁtion may be a magnetic layer or a non-magnetic
layef. Namely, when the intermediate layer is a magnetic
layer, the recording magnetic domain in the recording layer
is transferred to the reproducing layer by the aid of the
exchange cbupling effected by the recording layer, the -
intermediatg iafer, and the reproduéing layer.' When fhe
intermediate layer is a non-magnetic layer, the recording
magﬁetic domain in the fecording layer is transferred to
the reproducing layer by the aid of the magnetostatic
coupling effécted between the recording layer and the
reproducing layer.

In the magneto-optical recording medium according to

the first, second, and fourth aspects of the present
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invention, the intermediate layer (the intermediate
magnetic layer or the gate layer), which is inserted
between the reproducing layer (the magnifying and_
reproducing layer) and the recording layer (the
information-recording layer), is a magnetic layer, it is
‘desirable that the thickness of the intermediate layer is
not less than the thickness of the magnetic wall of the
magnetig domain in the interme&iate layer, because'bf the
following reasoh. Namely, for éxample, when a magnetic
"film, which exhibits in-plane magnetizatioﬁ at rbom_
. temperature and which makes transition froﬁ in-plane
magnetization to perpendicular magnetization at a
temperature'hot less than a predetermined temperature
(critiéal temperature), is used for the intermediate layer,
it is necessary that the magnetic spiﬁ is Ewisﬁed by 90
_ deérees in the magnetic wall (hereinafter referred to as
"magnetic wall of the intermediate layer”) between the
magnetic domain in which the transition oédurs and the
magnetic domain adjacent to the foregoing magnetié domain;
in_ordef to effect the transition. The thickness of the
magnetic wall can be measured, for example, in accordance

with the following operation based on the use of the Hall

effect. The intermediate layer, the reproducing layer, and '

the recording layer are magnetized in one direction to
measure the Hall voltage (V,) at this time. Assuming that

the Hall resistances and the thicknesses of the films
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(layers) of the intermediate layer, the reproducing layer,
and the recording layer are p,, p,, ps, t;, t,, and t,
respectively, the Hall voltage V, obtained when there is no

interface magnetic wall is V; = I x (t,p, + t,p, + t,p;)/(t, +
t, + tbjz, wherein I represenfs the current fiowing into the
film (layer). Therefore, the difference (V,) between the
absolute value IVII- V,| of the voltage including the
interface magnetic wall and 2V, represents the thickness of
tﬁe interface maghétic wall. It is aisc possible to
estimate the_magnétic épin state which indicates the Hall
voltage V,, by using the exchange stiffness constant, the
perpendicular magnetically anisotropié energy constant, and
the saturation magnetization of the'respective layers.

Suqh a method for calculating the extent of the interface
magnetic wall is described in R. Malﬁhall,'ét al.,
Prdceedings of Optical bata Strange, 1993, pp. 204-213.
Reference may be hade to this document. In the present
invention, it is desirable that the thickness of.the
intermediéte layer is not lésé than the thickneéé'of the
magnetic wall measured in accordance with the measuring
method based.on the use of the Hall effect as described

above. For example, when the magnetic material of the

intermediate layer is composed of a GdFeCo sjstemlsuch as
Gd,Fe,Co, (20 < X £ 35, 50 <Y <100, 0 < Z < 50), the
thickness of the magnetic wall is calculated to be about 50

nm on the basis of the calculating method described above.
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Therefore, when the intermediate-layer is composed of
Gd,Fe,Co, (20 < X < 35, 50 <Y <100, 0 <2 < 50), the
thickness of the magnetic layer-is required to be nct less
than 50 nm.

As described above, the thlckness of the magnetic wall
differs depending on the type and the compositlon of the
magnetic material for the intermediate layer (or the gate
layer). However, in the case of the magnetic'material to
be used for a magnetic'layer of the magneto-optical
recording medium, the thickness is generally required to be
10 nm at ‘minimum. Therefore, it is preferable that the
thickness of the intermediate layer exceeds 10 nm. The
upper limit of the thickness of the intermediate layer is
preferably less than 100 nm, due to the limitation for the
semlconductor laser power. Accordingly, it is preferable
for the thlckness t of the 1ntermed1ate layer to satisfy 10
<t <100 nm. o |

In the magneto-optical reccrding media according to
the flrst, second, and fourth aspects of the present
1nventlon, when the lntermedlate layer is “the- magnetlc
layer, it is preferable that the sxze of the magnetlc
domain magnetlcally transferred from the recordlng layer to
the ‘intermediate layer (gate layer) 1s smaller than the
size of the recorded magnetlc domaln, in order to stabilize
the magnetic domain transferred from the- recording layer to

the intérmediate layer (gate layer).
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According to a fifth aspect of the present invention,
there is provided a reproducing method for reproducing
information recorded on the magneto-optical recording
medium according to the first aspect of the present
invention, comprising the eteps of'transferring a magnetic
domain subjected to recording in an information-recording
layer to a'magnetic domain-magnifying and reproducing. layer
by irradiating the magnete-eptical recording medium_with a
reproducing light.beem, and magnifying the transfefred
magnetie domain to be larger than a size of the magnetic
domain subjected to recording in the informatioh-recordihgd
layer to perform reproduction by applying a reproducing
magnetic field having a polafity identical with that of
magnetization of the transferred magnetic.domain.

In this aspect, it is preferable that an alternating
magnetlc field synchronlzed with a reprodu01ng clock is
' used as the reprodu01ng magnetic f1e1d, the transferred
magnetic domain is'magnified by using a magnetic field
having a polériffiidehfical'with that of magnetization of
. the magnetic- domaln subjected to recordlng in . the
informatlon-recordlng layer, and the: magnlfled magnetlc
domain is reduced by using a magnetlc field hav1ng a
polarity opposite:. theréto. .

In the method'of the present invention, a plurality of
recording mageetic domains in the information-recording

layer capabie of being included in a spot of the
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reproducing light beam may be individually transferred co
the magnetic domain-magnifying and reproducing layer, and
the transferred magnetic domain may be magnified to be
larger than the size of the magnetic domain subjected to
recording in the information-recording layer to perform
reproduction by applying a reproducing magnetic field
having a polarity identical with that of magnetization1of
the transferred.magnetic domain. |

According'to.a sixth aspect of the present invenrion,
there is provided a reproducing method for reproducing,i
infornation recorded in a recording area of the magneto-
optical-recording medium according to the second aspect of
the present invention{ comprising the steps of transferring
a magnetic domain subjected to recording in an information-
recording layer to a magnetic domain—magnifying and
reproducing layer via a gate magnetic layer bp irradiating
- the magneto-optical recording medium.with a reproducing
light beam, and magnifying the transferred magnetic domain
to be larger than a size of the magnetic domain subjected
to recording in,:he information-recording layer to perform
reproduction by applying-e reproducing magnetic field
having a direction.identical with that of magnetization of
the transferréd{megnetic’domaing“-'

According to this method, one magnetic domain is
selected via the gate 1aper from a plurality of recording

magnetic domains in the information-recording layer
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inclu@ed inlthe spot of the reproducing light beam during
reproduction, the generated one magnetic domain is
transferred to the_magnetic domain-magnifying_and
repreducingllayer, and the transferred magnetic domain can
be magnified to be larger than the size of the magnetic .
domain subjected to recording in the information-recording
layer to perform reproduction by applylng the reproduclng
magnetic f1e1d 1n the same direction as that of the
magnetization of the transferred magnetic domain.

According to a seventh aspect of the present
'invenfion, there is provided -a reproducing method for a
magnetd-opfical recording medium, for reproducihg
information recorded on the magneto-optical recording
medium by the aid of the magneto-optical effect,
characterized in that: |

a magneto-optical recording medium comprising, on a
substrate, an information-recording layer, and a magnetic
" domain-magnifying and reproducing layer for transferring a
magnetic domain in the information-recording layer thereto
and-magnifyieg the transferred magnetic domain by the aid
of an external magnetic f1e1d is used as the magneto-
opt1cal recordlng medlum, and

the magnetic domain transferred from the 1nformat10n—
recording layer to the magnetic domain-magnifying and
reproducing layer is magnified to be larger than a size of

the magnetic domain subjected to recording in the
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information-recording layer to perform reproduction by
applying, during the reproduction, at least one of a
reproducing magnetic field modulated on the basis of a
~reproducing clock and a reproducing light beam modulated on
the basis of the reproducing clock, to the magneto-optical
recording modium. |

The inteosities of the reproducing magnetic fieldfand_
the reproducing light beam may be simultaneously modoiated |
during the reproduction, and thus the error rate of ét
reproduction signal can be further lowered. |

In the reproducing methods according to the fifth to
seventh aspects of the present invention, the reproducing
magnetic field has its absolute value Hr which_relates to
an absolute value Hn of the new creation magnetic field of
the hysteresis curve'of the magnetic domain-magnifying and
reproducing layer as explained with reference to Fig. 5, an
absolute volue_He of the oagnetic wall-magnifying maohetic
field, and an absolute value Hs of the'magnetic'wall-
reducing magnetic field, as measured by using a reproducing
power of a recording and reproducing apparatus, such that .
the reproducing mognetio field is applied_to satisfy He <t
Hr < Hn in a magnifying direction and-Hs < Hr in an erasing
direction. If a magnifying magnetic field having an
intensity not less than Hn is applied, then.the
magnetization in the reproducing layer is inverted even at

portions in which no information is recorded in the
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information-recording layer, and it is impossible to detect
any recording signal, which is not preferred. When a
reducing magnetic field having an intensity larger than Hs
is applied, the magnetic domain in thé reproducing layer is
erased. In principle, the magnifying reproduction is.no£
obstructed even when the magnetic domain in the reproducing
layer is not completely erésed. However, the signal
efficiency is rather improved when the magnetic domain.is
completely erased. | |

According to an eighth aspect of the present
inVention; there is provided a reproducing apparatus for
reproducing informatidn recorded oﬁ a magneto-optical
recording medium, characterized in that:

the reproducing apparatus comprises;

a magnetic head for applying a reproducing magnetic
field to the mhgneto-optical recording medium,

an optical head for irradiaéing the magneto-optical
recording medium with a'réproducing light beam,

'a'clock-generating unit for generating a reproducing
clock, and |

" a control unit for controlling at least one of the
magnetic head and tﬁe optical head to perform pulse
modulation for-at least one of the reproducin§ magnetic
field and the reproducing light beam on the basis of the
reproducing clock.

This apparatus makes it possible to magnify the
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magnetic domain transferred to_the reproducing layer of the
magneto-optical recording medium of the present invenﬁion
and reproduce information. The reproducing apparatus also
functions as a recording apparatus by controlling the |
magnetic head and the optical head in accordance with a
recording signal.

It is necessary for the reproducing apparatus of the

present invention to control thé'timing for giving the

' magnetic domain-magnifying magnetic field during

reproduction. Namely, it is necessary that when thé 
magnetic domain transferred from the information—recording.
layer to the magnetic domain-magnifying and reproducing
layer appears, the magnetic field is applied in the
direction to magnify the magneiic domain, and then the
polarity of the magnetic field is inverted to reduce the
magnified magnetic domain. It is preferéble to use, as the
magnetic fieia; an alternating magnetic field having the
same period as that of the reproducing clock or modulated
with a second synchronization signal generated from a
secon& synchronization signal-generating circuit

(reproducing magnetic-field pulse width/phése-adjusting_

_circuit 131) on the basis of the reproducing clock, Such a

period makes it possible not only to magnify and reproduce
portions in which seed magnetic domains (magnetic domains
subjected to recording in the recording direction) exist,

but also recognize portions in which no seed magnetic
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domains exist (magnetic domains subjected to recording in
the erasing directién);,.When the reproducing light'beam is
continuously radiated, the temperature of the central
portion of the track of the magnetic domain—maghifying And
reproducing layer increases along the track. Therefore,
the portion, in which no see& magnetic domain exist in the
informaﬁion-recording layer, tends to be inverted, because
the coercivit& of the central portion of the magnetic
domain-magnifying and réproducing layer is decreased at a

" high temperature. In order to avoid this phenomenon, the
temperature of the track center is lowered in the present
invention by modﬁ}ating the intensity of the reproduéing
light beam in synchronization with the reproducing clock or
by using a first synchronization signal generated from a
first synchronization signal-generating. circuit
(reproducing light beam pulse width/phase-adjusting circuit
53) on the basis of the reproducing clock. 1In an
alternative method, for'example, when a rare earth
transition metal is used for the mégnetic'dbmain—magnifying
and reproducing layer, the compenéation temperature is set
to be about 80 to'200'9c considered to be the temperature
of the track center under the reproducing light beam so

" that the coerci#ity is increased. Alternatively,
information may be recorded by using a short wavelength
laser, an& information may be reproduced by using a long

wavelength laser in order to lower the temperature of the
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track center during reproduction.

| " An internal clock or an external clock may be used as
the reproducing clock.. The external clock can be |
generated, for example, from a detection signal from pits
or fine clock marks formed on the magneto-optical recording
medium, or a wobb;e period of the magneto-optical recording_.
medium formed with wobbie-shaped grooves (l#nds).

| The use of the ﬁagpeto-optical rechding.apparatqs of
the présént invention makes it possible to magnify and
'reproduce recording:domains of 0.1 micfdn._ Therefore, it
is possible to densify not only the linear density but also
the track density. Accordingly, it is possible to échieve
recording and reproduction at an areal recording density of
50_Gbit/in§h’. In such én aspéct, it is conceived that the
present invéntion may be applied for animation editing and
so-called electronic refrigerators. The present invention
is also advantageoﬁs in that a compact information
processing system canlbe constructed.

According to a ninth aspeét of the present invention,
thére is provided a reproducing apparatus for a magneto—
Opticai reédrding medium, for reproducing information
| recorded oﬁ the magnetb-optical recording medium,
characterized in that:

the ieproducing apparatus comprises;

an optical head for irradiating the magneto-optical

recording medium with a reproducing light beam,
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an optical head-driving unit for driving the optical
head,

a clock-generating unitlfor generating a reproducing
clock, and |

a control unit for controlliné the_Optical head-

driving unit to perform pulse modulation for the

" reproducing light beam on the basis of the reproducing

clock; wherein

the magneto-optical recording medium comprises a
recording layer for recording information therein, an
intermediate layer, and a reproducing layer, the
reproducing layer has a minimum stable magnetic domain
radius which is larger than a size of a magnetic domain
subjected £o recording in the recording layer, and the
information is reproduced by detecting a magnetization
state of the magnetic domain magnified and transferred from
the recording layer to the reproducing layer.

This repfoducing apparétus is preferably used for.
performing reproduction on the magneto-optical recording
medium according to the fourth éspect of the present

invention.
BRIEF DESCRIPTION OF THE DRAWINGS

Figs. 1A and 1B explain the principle of recording and

reproduction on the magneto-optical recording medium of the
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present invention, wherein Fig. 1A illustrates the
principle of information recording, and Fig. 1B illustrates
tﬁe'principle of initialization for a magnifying and
reproducing layer.

Fig. 2 shows a schematic arrangement of a recording

and reproducing apparatus used for recording and

reproduction on the magneto-optical recording medium of the .=

present invention.

Fig. 3 explains the pfinciple of magnetic transfér in
which only one majnetic domain of-a plurality of reCprding
magnetic domains in an information-recording layer existin§
within-a reproducing light beam spot is selected by the aid
of a gate layer during reproduction on the magneto-optical
recording medium of the present invention.

Figs. 4A and 4B explain the principle of magnification
and reproduction for a minute magnetic domain during.
reproduction on the magneto-optical fecording medium of the
-preéent invention, wherein Fig.-4A illustrates a situation
in which the magnetic domain is magnifiedlby using a
magnifying reproducing magnetic field, and Fig. 4B
illustrates a situation in which the magnetic domain is
réduced by using a teducing reproducing magnetic field.

Figs. 5A and 5B show graphs illustrating hysteresis
curves of a magnifying and reproducing layer of the
magneto-optical recording medium of the present invéntion,‘

wherein Fig. 5A illustrates an initial magnetization curve

39



upon'applicétidﬁ of the magnifying magnetic field, and Fig.
5B illustrates an initial magnification curve upon
application of the reducing magnetic field.

Fig. 6 shows a cfoss-sectional view illustrating a
specified embodiment of a magneto-éptical recording medium
according to the secoﬁd aspect of the present invention.

.- Figs. 7A and 7B show cross-sectional views
illustrating specified embodiments @f the magneto-optical
recording medium according to first embodiments (A) and (B)
of the present invention respectiveiy;

Figs. BA to 8D shows graphs illustrating reproduction'
signals obtained from the magneto-optical recoﬁding medium
according to the first embodiment of thg p;esent invention,
wherein Figs. 8A, 8B, 8C, and 8D illustrate those obtained
for intensities of the reproducing magnetic field H = 0
(Oe), H = 130 (Oe), H = 215 (Oe), and H = 260 (Oe)
respectively.

Fig. 9 shows a cross-sectionai view of a specified
embodiment of a magneto-optical recording medium according
to a second embodiment of the present invention.

Fig. 10 shows a schematic arrangement of a magneto-
optical recording and reproducing apparatus according to a
third embodimen£ of the present invention.

Fig. 11 shows a timing chart illustrating A
relationship between a recofding laser pulse, a recording

external magnetic field, and recording magnetic domains
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concerning an magneto-optical field modulation recording
method referred to in third and fourth embodimenté éf the
present invention.

Fig. 12 shows a timing chart illusfrating a
reproducing cloék, a reproducing external magnetic field, a
reproduction signal waveform obtained by using the pulsed
magnetic field, and a reproduction signal waveform after
sampling and holding in the reproducing method according fo
the third embbdiment of the present invention.

Fig. 13 shows a éraph illustrating a relationship
between the error rate and the recording mark length in 1-7
modulation in the reproducing method according to the third
embodiment of the present invention.

Fig. 14 shows a schematic arrangement of a magneto-
optical recording and reproducing apparatus according to a
fourth embodiment of the present invention. |

Fig. 15 shows a timing chart illustrating.a
reproducing clock, a reproducing external magnetic field, a
reproduction signal waveform obtained by using the pulsed
liéht beam/pulsed magnetic field, and a reproduction signal
waveform after sampling an& holding in the reproducing
method according to the fourth embodiment of the present
invention. |

Fig. 16 shows a graph illustrating a relationship
between the error rate aﬁd the recording mark length in 1-7

modulation in the.reproducing method according to the
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fourth embodiment of the present invéntion.

Fig. 17 shows a temperature distribution depending qnl-
the position on the disk, of a reproducing laser light beam -
spot.

Figs. 18A and 18B explain the principle of
reproduction on the magneto-optical recording medium
according to the first embodiment (B), wherein Fig. 18A
illustrates transfer of magnetization from the recordihg .
‘layer to the reproducing layer, and Fig. 18B illustrates a-
situation in which a transferred magnetic domain is
magnified. |

Fig. 19 shows a graph illustrating dependency of Hs
and Hn on the power of the reproducing light beam, measuréd
By using the magneto-optical recording medium according to |
the first embodiment (B). |

Fig. 20 shows a graph illustrating the minimum stable
magnetic domain radius r,, of the magnetic domain which can
stably exist, with respect to the température.

Fig. 21 explains the principlé to disappear the
magnetic domain magnified on the magneto-optical recording
-mediﬁm according to the first embodiment (B) by applyiﬁg
the reducing magne;ic field. -

. Fig. 22 explains a reproducing system in which a
system to cause transfer in a high temperature area at a
backward portion in the reproducing light beam spot is

combined with a system to cause transfer in a low
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temperatufe aréé at a frontward portion in the reproducing
light beam spot.

Fig. 23 ekplains self-synchronization to generate a
clock signal which may be used for the_épparatuses
according to the third and fourth embodiments.

Fig. 24 explains external éynchronization to generate -
a clock signal which may be used by employing a land-groove
type magneto-optical recording medium in the apparatuses
according to the thi:d and fourth embodiments. -

Fig. 25 explains external synchronization to generate
a clock signal which may be used by employing a wobble-
shaped land-groove type magneto-optical recording medium in
the apparatuses according to the third and fourth
embodiments. |

Fig. 26 explains external synchronization to generate
a clock signal which may be used by employing a land-groove
type magneto-optical recordipg medium having fine clock |
marks in the apparatuses according to the third and fourth
embodiments.

Fig. 27 explains two-period sampling to generate a
clock signal which may be used in the-apparatuses accordin§
to the third or fourth embodiment.

Figs. 28A and 28B show the applicable period of a
pulsed laser beam or a pulsed magnetic field, wherein Fig.
28A illustrates a relationship between the periods of

magnifying and reducing magnetic fields, and Fig. 28B
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illustrates the period of the laser beam pulse with respect
to the alternating magnetic field.

Fig. 29 shows an example of a magnetic field having a
triangular waveform which may be used as a magnetic field
for magnifying and reducing the magnetic domain.

Fig. 36 shows an.eiample of a circuit to generate a
sine-wave or sinusoidal waveform which may be used as a
magnetic'field.for magnifying and reducing the.magnétic
domain.

Fig. 31 shows reproduction signals obtained when
magnifying and reducing magnetic fields having various
intensities afe applied to the maéneto-bptical recording
medium accordin§ to the first embodiment (B).

Fig. 32 shows a schematic arrangement illustrating a
modified embodiment of the magneto-optical recording and
reproducing apparatus'shown in Fig. 10.

Fig. 33 shows a stackgd structure of a magneto-optical
recording medium preferably used to perform recording and
repfoduction by using the magneto-optical recording and
reproducing apparatus shown in Fig. 32.

Figs. 34A and 34B show shortest magnetic domain
configurations of recording magnetic domains preferably
used for magnification.and reproduction of the magnetic
domains. | |

Fig. 35 shows a stacked structure of a magneto-optical

recording medium according to a ninth embodiment.

44



Fig. 36 explains the principle to perform reproduction
on the magneto-optical récording medium according to the
ninth embodiment. |

Fig. 37 explains a mégnetic domain structure of
another magneto-optical recording medium according to thé_
ninth embodimént. |

Fig. 38 explains the principle of reproduchion-cn the
medium having the magnetic domain structure shown iﬁ;rig._
37. |

Figs. 39A and 39B explain an advantage obtaihed?when'a
magnetic domain transferred to an'intermediate magnetic'
layer or a gate layer is smaller than a magnetic doméin

subjécted to recording in a recording layer.
BEST MODE FOR CARRYING OUT THE INVENTION

Embodiments of the magneto-optical recording media
according to the first and second aspects of the preéent
invention will be explained with reference to the drawings.
Fig. 6 shows an examplé of the structure of the magneto-
optical recording medium according to the second aspect of
the present invention. The magneto-optical recording
me&ium according. to the fifst aspect of the present
invention is obtained, with reference to Fig. 6, by
replacing the gate layer 16, the exchange coupling force

control layer 17, and the information-recording layer 18
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with the inforﬁéﬁion fecording layer (information recording
layer 75 shown in Fig. 7), and limiting the thickness of
the information-recording.1ayer in accordance with the
present iﬁvention. Therefore;'the following description
for the medium structure basically relates to the
construction of the magneto-optical recording medium
according to the second aspect of the present invention. -
However, the following description is also applied £61theﬁ
magneto-optical recording medium according to the'fifst
aspect provided that the information—recordiﬂg 1éyer'iswnot
limited to the stacked structure composed of the gate 1ayef
16, the exchange coupling férce control layer 17, and the
information-recording layer 18.

The magneto-optical recording medium 61 is provided as
a recording medium ﬁhich makes it possible to transfer only
one of a plurality of minute magnetic domains in the
information-recording layer to the magnetic domain-
ﬁagnifying and reproducing layer 3, and simultaneously
magnify and reproduce the transferred magnetic domain in
accordance witﬁ the principle as described above. The
magneto-optical recording medium 61 comprises a dielectric
layef 2, a magnetic domain-magnifying and reproducing layer
3, a non-magnetic layer 4, a gate layer 16, an exchange
coupling force control layer 17, an information-recording
layer 18, and a transparent dielectric layer 6, the layers

being successively stacked on a transparent substrate 1. A
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perpendicularly magnetizable film, iﬁ which the magnetic
force resistance of the magnetic wall is smaller than the
feproducing magnetic field upon irradiation with the
reproducing light beam, cén be used for the-magnifying.and

reproducing layer 3 as described above. It is possible to

‘use, for example, a rare earth transition metal alloy such

as GdFe, GdFeCo, and GdCo; an alloy or an alternately
stacked material of a Pd or Pt layer and a Co layer; or a -
magnetic material of garnet-based oxide.

Preferably, the magnetic domain-magnifying and

reproducing layer 3 is constructed to have its compensation'

temperature of -100 to 50 °C. When the compeﬁsation
temperature is in ihe foregoing range, the saturation
magnetization (Ms) is small in the vicinity of room
temperature, and Ms is large only at a high temperature
portion (the coercivity is increased in the vicinity of
room temperature, and'thé coercivity is lowered at a high
temperature). Namely, the coercivity Hc is lowered in an
area of the magnetic domain;magnifying and reproducing

layer 3 in which the temperature is high at the central

- portion within the laser spot, because Ms is increased.

Accordingly, only one recording magnetic domain, which is
located in the information-recording layer existing under
the high temperature area of the ﬁagnetic domain-magnifying
and reproducing layer 3, is transferréd to the reproducing

layer. Thus, only the transferred magnetic domain in the
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magnetic domain:magnifying and reproducing layer 3 can be
magnified by using the reproducing mégnetic field.
Therefore, the magnification and.reproduction for the
magnetic domain can be realized by using the simple
structure by setting the compensation temperature of the
magﬁetic domain-magnifying and réproducing layer 3 to be ‘:"..
1od'to'50 °c. |
Sevefal méthods are available to transfer, to the gatelf
layer 16, only one magnetic domain of a plurality of.'
magnetic domains in the information-recording layer
irradiated with the réproducing laser.beaﬁ,spot. Namely,
there are (1) a method in which a magnetic domain in the
information-recording layer 18 is transferred to the gate
layer 16, the magnetic domain being in an area having a
'temperatﬁre higher than a predetermined temperature in a
temperature distribution in the gate layer 16 and the
information-recording léyer 18 within the reproducing laser
beam spot, (2)'a methéd-in wﬁich a magnetic domain in the
infotmation—iecording'1ayer 18 is transferred to the gate
layer 16, the ﬁagnetic domain being in an area haviné a-
temperature lower than a prédetermined température in a
temperatﬁre distribution in the gate layer 16 and the
- information-recording layer 18 within the reproducing laser-
beam spot, and (3) a method in which a magnetic domain in
the information-recording layer 18 is transferred to the

gate layer 16, the magnetic domain being in.an area within
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a prede£ermined temperature range in a temperature
distribution in the gate layer 16 and the information-
recording layer 18 within the reproducing laser beam spot.
The method (1) has been described in the explénation
for the principle of the present invention with reference
to Fig. 3, which is based on the fact that the'cqercivity
is decreased in oniy the high temperature area in the gate
layer irradiated with the reproducing laser beam spét, and
oniy that portion undergoes the exchange coupling force
exerted from the information-recording layer. Naﬁely, the
magnetic domain is'tiansferréd from the information-
recording léyer to the gate layer'only in the temperature
area in which the coercivity of the gate layer is smaller
than the exchange coﬁpling force exerted from the
information-recording layer. In the method (2), the
coercivity of the high température portion of the gate
layer .irradiated with the reproducing laser beam spot is
lowered in the same manner as in the method (1); and all of
the magnetization'of the high temperature portion is
aligned to the external magnetic field when the external
magnetic field is applied for magnification and
reproductioh. On the other hand, the magnetic domain in
the information-recording layer 18 is transferred to the
gate layer 16 at the low temperature portion by the aid of
the exchange coupling force of the information-fecording

layer 18 and the gate layer 16. The film of this type
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préferably has a structure provided with an intermediate
layer between the gate layer and the information-recording
layer. It is possible to use, for example, Gd-Fe-Co (gate
layer) ( Tbh-Fe~Co-Al (intermediate layer ) / Tb-Fe-Co
(information—reCordin§ layer). In the method (3), it is
convenient to stack the gate layers exhibiting the
charaéteristics as described in the foregoing (i) and (2).
For example, a ﬁagnetic layer is provided as an ﬁpper layér
in which the magnetic domain in the information-recording
layér is transferred only in a high temperature'areé, and a
magnetic iayer'is provided aé é lower layer in which the
magnetic domain in the information-recording layer is
transferred only in a low temperature area. Without
adopting the stacked strucﬁure, a single magnetic layer may
be used to construct a magnetic layer in which the magnetic
domain in the information-recording layer is transferred
only in a predetermined température range as well. For
example, in the case of the use of a magnetic méterial in
which thé compensation temperature T,, exists in the
vicinity of room temperature, and the magnetization-easy
axis is directed in the in-plane direction in the film at a
predetermined temperature T, transfer from the
information-recording layer occurs only at a temperature

('l‘cw' + AT) ~ T, which is higher to some extent than the

compensation temperature depending on the magnetic

material.

50



In general, the Curig temperature of the information-
recording layer is usually about 250 °C, considering the
power of semiconductor lasers available as products.
Therefore, the upper limit of the recording film subjected
to the increase in temperature caused by the reproducing
light beam spot is about 170 °C, because if the temperature
is higher than the above, the éoercivity of the
info‘rmation-récording layer is de.creased, "and hence ﬁhe
recording magnetic domain possibiy changes. Thereforé, in
the method (2) deséribed above, it is preferable to'qesign
the respective magnetic layersaso that magnetic domains in-
the information-recording layer 18 in an area at a
temberature lower than 170 °C are transferred to the gate
layer 16. In general, the temperature in the magneto-
optical recording and reproduging appafatﬁs is.about 50 °C.
Accordingly, in order to make a difference from the
critical temperﬁture in the method (1) so that only one
magnetic domain in the information—récording layer 18 is
distinguished by using the gate layer 16, a margin of 30 °C
is necessary at the minimum. Therefore, it is preferable
to design the respective hagnetic layers in the method (1)
so that magnetic domains in the inférmatioh-fecordihg layer

18 in a high temperature area of not less than 80 °C are

transferred to the gate layer 16. Because of the same

reason, it is preferable to design the respective magnetic
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layers of the magneto-optical recording medium in the

method (3) so that magnetic domains in the information-

recording layer 18 in a temperature range of 80 °C to 170

°C are transferred to the gate layer 16.

In generél, the information—recérding layer is
required to have a characteristic that the coercivity Hc is
several times larger than the reproducing magnétic field
éven at the te@eratﬁ:e of the center of the light beam
spot during reproduction. Those usable for the
information-recording-layer include, for example, rare
earth transition metal alloys such asITbFecO, GdTbFeCo,
DyFeCo, GdDyFeCo, GdDybeeCo, and/or those added with non-
magnetic elements such as Cr and Ti as added elemehts; ét-
Co alloys; Pt/Co two-layered'filhs; and garnet materials.
In general, it is necessary for the gate layer that fhe
coercivity Hc is-considerébly smaller than that of the
information-recording laYerf Those .usable as the gate
layer include, for ékample, rafe earth transition metal
alloys such as GdFeCo, GdFe, and GdW; Pd-Co alloys; Pt=Co
alloys; Pd/Co two-layered films; Pt/Co twoflayered.films;
and garnet. In order to fa€i1itate the control for |
magnification and reduction of the magnetic domain in the
magnetié domain-magnifying and reproducing layer, the
thickness (h) of. the gate layer + the exchange coupling

force control layer + the information-recording layer

prefefably satisfies (h/r)_z 0.5 for the radius (r) of the
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minimum magnetic domain which has been recorded in the.
information-recording layer. According to this 1imitatiqn,

the magnetic domain can be reliably transferred by the aid

‘'of the leak magnetic field or the magnetic field leakage

direéted from ihe information-recording layer toward the
magnetic domain-magnifying and reproducing layer. Further,
it is possible to obtain a relatively flat distribution of
the léak magnetic field in the in-plane direction in the
layer. Therefore, it i#_easy to controi magnification and
reduction of magnetic domains in tﬁe magnetic domain-
magnifying'aﬁd reproducing layer. |

In the magneto-optical recording medium of the present
invention, as shown in Fig. 6, the non-magnetic layer 4 can
be inserted between the magnetic domain-magnifying and
reproducing layer 3 and the gate layer 16 (the information-
recording layer in the magneto-optical récording medium
according to the first aséect). Those usable as 5 material-
for the non-magnetic layer include dielectrics such as
S8i0o,, AlIN, and SiN; metals such as Al, AlTi,. Au, Ag, Cu,
AuAl, and AgAl; and structural materials in which metals
and dielectrics are stacked. When the non-magnetic layer 4
exists between the magﬁetic domain-magnifying and.
reproducing iayer 3 and the gate layer or the information-
recording layer 5, an advantage is obtained in that the
magnetic domain transferred to the magnetic domain-
magnifying and reproducing layer 3 is smoothly magnified
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and reduced by the aid of the reproducing magnetic field.
The magnetic domain in the information-recording layer 18
is magnetostatically transferred via the_gate layer ho the
magnetic domain-magnifying and reproducing layer 3 by the
aid of the.leak magnetie field from the gaﬁe layer + the
exchange coupling force conhrol layer + the information-
recording layer (or simply hhe information-recording-
layer). .The nohémaghetiC'layer 4 may be constructed?by a
single layer or a multi-layered.film. When the nonﬁ 
magnetic layer 4 exiets between the magnetic domain-
magnifying and reprddpcing layer 3 and the gate laye% 16 in
" the magneto-opticelI;ecording medium of the presen£ ‘
invention, the magnehic domain is transferred in accordance
with the magnetostat;c coupling between thelmagnetic‘
domain-magnifying and reproducing layer 3 and the combined -
magnetic field of the leak magnetic field concerning the
magnetic domain'trahsferred to the gate layer 16 and the
magnetic domain wrltten in the 1nformat10n—record1ng layer
18. When the non-magnetic layer 4 does not exist, the
magnetic domain transferred from the_information-recording'
layer 18 to the gate layer 16_is magnetically transferred
to the magnetic domaih-magnifying and reproducing layer 3
by the aid of the exchange coupling magnetic filed of the -
gate layer 16 and the magnetic domain-magnifying and
reproducing layer 3. |

In the magneto-optical recording medium 61 shown in
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Fig. 6, the dielectric layers 2, 6 can be composed of, for
example, nitrides and oxides. The interference effect of
the reproducing light beam in the dielectric layer makes it

possible to increase the apparent Kerr rotation angle. 1In

- addition to the layers shown in'Fig. 6, it is allowablé to

form a metal reflective layér composed of, for example, Al
alloy, Au alloy, éilver alloy; or copper alloy on tﬁe non-
magnetic layer 4 on thé side of the maghetic domain- '
magnifying and reproducing layer 3 (or as a part of the -
non-magnetic layer) in order to obtain a uniform
temperature distribution in the magnetic domain-magniinog
and reproducing layer 3. When the track centér of the

magnetic domaih-magnifying and reproducing layer 3 has a

" temperature higher than those of outer portions upon

application of the reproducing magnetic field, those
included in an area not corresponding to the magnetic
domain subjected to_recording in the information-recording
layer tend to be inverted by the reproducing magnetic

field.  For this reason, it is avoided that only the track

" center has a high temperature, by allowing the heat to

escape owing to the provision of the metal reflective

. layer. Thus, it is possible to avoid inversion of magnetic

domains at unnecessary portions in the reproducing layer

" when the reproducing magnetic field-is applied.

As described above, the portion of (the gate layer 16

+ the exchange coupling force control layer 17 + the
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information-recording layer 18) shown in Fig. 6 may be
replaced with %he information-recording layer. In this

arrangement, the compensation temperature of the magnetic

 domain-magnifying and reproducing iayer 3 or the

iﬁformation-recording layer may be adjusted to be -100 to
50 °C. For example, a rare earth transition metal is used

as a magnetic material for the information-recording layer,

and the compensation temperature is set to be -100 to 50 °C

in the same manner as the magnetic domain-maénifying and

- reproducing layer so that the leak magnetic'field is

increased only at a high temperature portion. Thus, it is
possible to perform reproduction while magnifying a
magnetic domain of 0.3 micron three times.-

When the portion of (the gate layer 16 + the exchange
coupling force control layer 17 + the information-recording
layer 18) is simply replaced with the information-recording
layer, it is possible to provide, between the magnetic
domain-magnifying and reproducing layer 3 and.the gate
layer 16, a magnetic layer or an intermediate layer which

behaves as an in-plane magnetizable film at room

-tgmperature,-which makes transition from the in-plane

magnetizable film to a perpendicularly magnetizable film
within a temperature range of 80 to 150 °C, and which

behaves as the perpendicularly magnetizable £ilm at a
temperature higher than the above. .Owing to the

intermediate layer, even when a plurality of magnetic
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domainé exist in the rebroducing-light beam spot, the
focusing effect of the gate layer makes it possible to
allow only one minute magnetic domain smaller than the
reproducing light beam spot to emerge (or to be
transferred) onto the magnetic domain—maghifying and

reproducing layer.

. ~ TTHIS SHEET HAS BEEN
First Embodiment (A) REPLACED _

At first, embodiments of. the magneto-optical-recording”

medium according to the first aspect of the present
invention will be more specifically explained with
reference to the drawings. However, the present invention
is not limited thereto. |

Fig. 7 shows an example of a cross-sectional structure
of a magneto-optical recording medium 71 according to the
present invention. The magneto-optical recording medium 71
comprises a dielectric layer 2, a magnifying and |
reproducing layer 3, a non-magnetic layer 4, an
.information—recording layer 75, and a dielectric layer, the
layers being successively stacked on a transparent
substrate 1. A polycarbonate substrate having a thickness
6f 1.2 mm was used as the transparent substrate 1. A
silicon nitride material having a film thickness of 70 nm
was used as the dielectric layers 2, 6. A GdFeCo alloy

having a film thickness of 20 nm, a compensation

temperature of -10 °C, and a Curie temperature of 350 °C
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was used as the magnifying and reproducing layer 3. A
silicon nitride material having a film thickness of 15 nm
and an Al alloy having a film thickness of 10 nm were used

as the non-magnetic layer 4. A TbFeCo alloy having a film

thickness of 200 nm, a compensation temperature of -50 °C,

and a Curie temperature of 270 °C was used as the
informétion-recording layer 75.. Films of these layers were
formed by meah§ of sputtering by uéing a magnetron |
sputtering apparatus respectively. |
Predetermined data wés recoraed on the magnetp-bﬁﬁicai.
recording medium 71 shown in Fig. 7 by using the reéofdiné
and reproducing apparatus shown in Fig. 2 in accordance
with the magneto-optical field modulatioﬂ syétem. Detaiis
of recording and reproduction based on the magneto-optical
field modulation system will be explained in third and
fourth embodiments described later on; Alternatively, as
explained in another émbodiment;.the magnetic field
modulation system may be used to form recording magnetic
domains in the informatibn-recprding layer so that the
magnetic domain length of the minimum magngtic domain in
the widthwise direction of the track is shorter than the
length in the linear direction. The optical head shown_in
Fig. 2 had a laser wavelength of 680 nm, and én opticgl
“system having a numerical aperture of 0.55 was used. The
effective spot size was 1.2 micron. Therefore, when

continuous magnetic domains each having a size of 0.4
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micron are recorded on the magneto-optical recording medium_
71, two magnetic domains simultaneously exist within the
reproduciné light beam spot. In the present invention, the
two magnetic domain§ can be separated and reproduced by
using the gate layer included in the magneto—oPtical
recording medium.

At first, the:reproducing power was set to be 1.0 mv
to.pérform reproduction. However, the recording magnetic
domain was not transferred td the magnifying and
reproducing layer 3, and no reproduction signal appeared,
becéuse of the followiﬁg reason. Namely, ﬁhe compensétioﬁ
témperature of the magnifying and reproducing layer 3 of
the magneto-optical recording medium 71 was not more than
room temperature, and it was impossible to heat the
magnifying and_reproducing layer 3 up to a temperature
sufficient to transfer the recording magnetic domain to the
magnifying and reproducing layer 3 by using the reproducing
power of 1.0 ﬁw. No reproduction waveform.appeared as welL
even when the reproduéing power was 1.8 mW.

Next, wﬁen-the feproducing power was increased to 2.0
mW, an area having a diameter of about 0.7 micron in the
vicinity of the center of the spot on the maénifyiné and -
reproducing layer 3 was heated to be not less than 80 °C.
Only one magnetic domain having a size of 0.4 ﬁicron was
transferred to the heated area on the magnifying and

reproducing layer 3. Namely, the two magnetic domains in
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the information-recording layer 5 existing in the spot were
successfully distinguished from each other to perform
reproduction, because qf the following reason. The
saturation magnetization at room temperature is smaller
than 100 emu/cc in any of the information-recording layer 5
and the magnifying and reproducing layer 3, and hence no
magnetic domain in the information-recording layer 5 was
 transferred to low temperature portions at 80 °C §£ less in
thé light beam spot. Namely, the recording magnetic domain
of 0.4 micron was successfully transferred only to the area
of the magnifying and reproducing layer 3 heated to the |
temperature higher than 80 °C. A reproduction waveform
obtained in this;procedure is shown in Fig. 8A. No
reproducing magnetic field was applied (H ='0) during the
reproduction. A signal of an alternating magnetic field is
simultaneously shown in a lower part of Fig. 8A. |

Next, the recoraing data was reproduced from the
magneto-optical recording medium 71 under the saﬁe
condition as described above by applying, to the magnetic
head, an alternating magnetic field as the reproducing

magnetic field of H = #215 (Oe) with modulation in

synchronization with a recording clock. As a result, a

reproductioﬁ wavefdrm was obtained as shown in Fig. 8C. 1In
the reproduction signal shown in Fig. 8C, the amplitude of
the reproduction signal is increased threefold as compared

with the signal obtained with no reproducing magnetic field
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(Fig. 8A). The amplitude should not be increased if the
transferable area for the magnetic domain'was merely
increased by the aid of the reproducing magnetic field.
However, in fact, the amplitude was increased threefold,
indicating the occurrence of magnification (and reduction)
of the magnetic.domain transferréd to the magnifying and
reproducing lajer 3. Fig. 8B shows a waveform obtained
when an élternating magnetic field of'ﬁ = +130 (Oe) was.  
- applied in synchronization with the recording clock.- It is
understood that the amplitude of the reproduction signalz.
was also increased in this case as compared with the case
in which no reproducing magnetic field was applied. Fig.
8D shows a waveform obtained when an alternating magnetic
field of H = 1260 (Oe) was applied in synchronization with
the recording clock. 1In this éase, thé amplitude of the |
reproduction signal was slightly decreaéed as compared with
the case of H = +215 (Oe), probably because of the
following reason. Namely, magnetic domains in the
magnifying and repréducing layer 5 corresponding to an area
including no recording magnetic domain were also-inverted
due to the téo_large reproducing magnetic field, and the
reducing reproducing magnetic field failed to erase the

. invertéd magnetic domains. Namely, the signal amplitude
was apparently decreased since the base line of the signal
level was raised when the reducing magnetic field was

applied.
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Reproduction was performed while changing the film
thicknéss from 200 nm to 70 nm for the information-
-recordin§ layer 5 composed of TbFeCo of the magneto-optical
recording medium 71, under the same reproduciné condition
as that used when the alternating magnetic field of H =
1215 (Oe) was applied. 1In this case, the repraduction
waveform was instantaneously increased by the alternating
réprodﬁcing magnetic fieid, however,-magnetid.domains were
immeaiately linkéd.ﬁith adjacent magnetic domains, and it
was impossible to deieCt individual magnetic domains,
probably'because of the-following reasoh. Namgly,'the fiimi
thickness of TbFeCo of the information-recording layer 3
was thin as compafed with the size of the recording.
magnetic domain, and hence the leak magnétic field thereof
was insufficient. According to experiments perforﬁed by-
the present inventors, it has been revealed that the
information-recording layer has its film thickness which is
'required to be at least 100 nm or more in order to.magnify
and reproduce the magnetic domain of 0.4 micron.

Therefore, it is. preferable that the ratio (h/r) of the
thickness (h) of the recording layer to the léngth radius
(r) in the linear direction (the track direction) of the

minimum recording magnetic domain is not less than 0.5.
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embodiment of the magneto-optical recording medium having a
structure equivalent to that of the magneto-optical
recording medium shown in Fig. 7A. This specified
embodiment of the magneto-optical recording medium
corresponds to the third aépect of the present invention.
With reference to Fig. 7B, the magneto-optical recording

' ﬁedium,72 has a structqre'comprising ; dielectric layer 2
composed of SiN, a magnifying and reproducing layer |
(hereinafter abbreviated as "magnifying layer") 3 composed
of GdFeCo, a non—magnetic'layer.4'composed of SiN/AlTi, an
information-recording layer (hereioafter abbreviated as |
“recording layer") 75 composed of TbFeCo, and a protective
layer 76 composed of SiN, the layers being successively
stacked on a light-transmissive substrate 1 made of, for
example, glass or polycarbonate. The film thickness of the
dielectric layer 2 may be adjusted to be 600 to 800
angstroms (hereinafter indicated by "A"). The film
thickness of the reproducing layer 3 may be adjusted to be
50 to 100 A. The film thickness of the non-magnetic layer
4 may be adjusted to be 50 to 300 A; The film thickness of
the recording layer 75 may be adjusted to be 500 fo 3000 A.
The film thickhess of the protective layer 1 may be
adjusted to be 500 to 1000 A. The respective layers can be
formed by means of the magnetron sputtering method by using

Ar as a sputtering gas.
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reproduéing layer 3 is not limited to GdFeCo, which may be
GdFe, GdCo, or TbCo, or a magnetic film composed of_one
element selected from Ho, Gd, Tb, and Dy, and one element
selected from Fe, Co, and Ni. In place of SiN/AlTi, the
non-magnetic layer 4 may be composed of AIN, TiN, sio,,
Al,0,, SiC, Tic, 2zno, SiAlON, ITO, or Sn0,. The recording -
layer 75 is not limited to the TbFeCo alloy, which may be-aflz
single-layered magnetic film or a multi-layered magﬂétic -
film composed of an element selected from Tb, Dy, and Nd,
and an element selected_from Fe, Co, and Ni. The recording
layer 75 may be a singie—layered magnetic'film or a multi--
layered magnetic film composed of an element selected from
Pt and Pd, and an element selected from Fe, Co, and Ni.
Further, it is also possible to use other materials which
can be used for the reproducing layer, the recording layer,
and the non-magnetic layer as disclosed herein.

The principle of-the magneto-optical recording medium
of the present invention will be explained with reference
to Fig. 17 and Figs. 18A -and 18B. In the case of the
magneto-optical recording medium 72 of this specified
embodiment, a minute magnetic domain 7 in the recording
layer 75lis firstly transferred to the reproducing layer 3
.in accordance with magnetostatic coupling by radiating the
‘reproducing laser beam, and then the transferred magnetic
domain is magnified and reproduced. When the magneto-

optical recording medium is irradiated with the reproducing
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laser beam, the température distribution usually occurs on
the medium as shown in Fig. 17. Fig. 17 shows a graph
illﬁstrating the relationship of the teﬁperature with
respect to the positioh in the track direction, obtained
when the magneto-optical disk is irradiated with the
reproduéing-light beam in a spot form. A high temperature
area exists at the backward position from the spot center
of the reproducing lighf beam. This temperature
‘aistribution can be-utilized.to transfer only magngtizétibh:
.of the recording layer 75 in a specified temperature.area
to the réproducing 1ayer 3.

With reference to Fig; 1§A, explanation will be made
for the process in which magnetization of the recording
layer 75 is transferred to the reproducing layer 3& only at
the central portion (high temperature portion) of the
reproducing lighf beam spot. For convenience of
explanation, only the recording layer 75, the non-magnetic
layer 4,-and the reproducin§ layer 3a are shown.in Fig.
18A; ovér which the tempe:ature'distribution,'obtéined when
the magneto-optical iecording medium is irradiated with the.
reproducing light beam spot, is simultaneously shown. When
the.magneto-optical recording medium is irradiated with the
reproducing 1igh£ beam spdé, only a magnetic domain 7 in
the ;ecordingllayer 75 in the high temperature area having
a temperature not less than a predetermined temperature is

transferred to the reproducing layer 3 via the non-magnetic
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layer 4. A magnetic domain 8, which has the same
magnetization as that of the magnetic domain 7 in the
recording layer 75, appears in the reproducing layer 3a.

In this case, the'magnetic domain is transferred from the
recording layer 75 to the reproducing layer 3a via the non-~
magnetic layer 4. Accordingly, the transfer is effectéd-by
the magnetostatic coupling rather than by the exchangel
coupling forée- In order to perform %his type of ;:ansfer,
it is preferable to use, as the reproducing layer 3a, a
magnetic film which behaves as an in-plane magnetizable
film at room temperature, and which‘behaves as a |
perpendicularly magnetizable film at a temperéture not less
than a predetermined temperature (critical temperature).
The critical temperature is usuélly within a range of 100
to 170 éc. It is preferable to use a magnetic film which
quickly changes from an in-piane magnetizable film to a
perpendicularly ﬁagnetizable film when it arrives at a
temperature ﬁithin the foregoing range. An index to
indicate the degree of gquick change from the in-plane .
magnetizable film to the perpendicularly magnetizable film
is exemplified by the'tempefature coefficient C of the Kerr
rotation angle. The magneto-optical recording medium
according to this ;mbodiment uses a magnetic film having a
temperature coefficient C of not less than 8.0. When the

magnetic film, which behaves as an in-plane magnetizable

film at room temperature, and which behaves as a
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peipendicularly magnetizable film at a temperature not less
than the critical temperature, is used as the reproducing
iayer in the magneto-optical recording media according to

- the various aspects (the first to fourth aspects) of the
present invention, it is preferable to use the magnetic
film having a temperature coefficient C of not less than
8.0. For details of the calculating method for the
temperature coefficiep£ c, reference'maylbe made to
*Washimi et al, Proceedings of 43th Lecture.ﬂeeting of
Appiied Physics Society Association, 27p-PD-26 (1996)".

In order tolcarry out the transfer of the type shown
in Fig. 18A, it is appropriate to use GdFeCo, GdFé, and
GdCo for the magnetic film to be used for the reprdducing
layér 3a. The materials déscribed in this embodiment can
be used as mate:ials for constructing the non-magnetic
'layer 4 and the recording iayer 75.

After the magnetization of the magnetic domain 7 is
transferred as the magnetic domain 8:to the reproducing
layer 3a, an external magnetic field Hep is applied to .
magnify the magnetic domain 8 as shown in Fig. 188. An
_ alte:nating magnetic field is used as the external magnetic
field'Hep to be appliéd. When the polarity of the
alternating magnetic field is identical with that of the
mégnefization of fhe magnetic'domain 8 transferred to the_
reproducing layer 3a, magnetic domains 8a, 8b having the

same direction as that of the magnetization of the magnetic
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domain 8 appear in both areas adjacent to .the magnetic
domain 8. Thus, the tfansferred magnetic domain 8 is
magnified. The momeﬁt the transferred magnetic domainIB is
magnified, it is detected as a reproduction signal by the
reproducing apparatus described later on.

The magnitude Hep of the magnifying reproducing
magnetic field applied upon the reproduction, and the
relationship between the foregoing magnetiéﬁfield and the
éizg of the mark (magnetic domain) appearing on the.
ireproducing layer 3a have been exactly explained in the
foregoing section of thé explanation for thé principle with
reference to the hysteresis curve shown in fig. S5A.

Fig. 19 shows deéendency of Hn and He measured by
using the magneto;optical recording medium_72 shown in Fig.
7B, on the reproducing power. The reproducing laser beam
had a wavélength of 830 nm. When the reprdducing laser
beam power is in.a range of 1.0 to 2.2 mW, a distinct
difference exists between He and Hn. Therefore, the
external magnetic fiela Hep may be determined between Hs
and Hn determined depending on the respective reproducing
powers. For example, when the reproducing laser beam power
is 1.4 mW, the extérnal magnetic field Hep may be set
between 200 and 250 (Oe). 'Accofding to Fig. 19,“the
external magnetic field Hep can be decreased in accordance
with increase in the reproducing laser beam power. The

frequency of the alternating magnetic field can be within a
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range of 0.5 to 2 MHz.

After transferring the magnetic domain to the
feproducing layer 3a and magnifying and reproducing the
magnetic domain by the aid of the exﬁernal magnetic field,
it is necessary to once erase the magnified magnetic domain
in order to transfer, magnify, and reproduce the next
magnetic domain. Two ﬁéthods are available to erase.the
magnetic domain. One.method is based on the ﬁse'éf the
minimum stable magnetic domain radius determined depéhaing'.
on the type of the magnetic film. The size of the.recdfded
magnetic domain provides different stabilities dependihg on
" the atmospheric temperature, and it is difficult for minute
magnetic domains to stably exist at a low temperature. .
Fig. 20 shows the minimum stable magnetic domain radiu's.r,liu
of the magnetic domain which can be stably exist as defined
in the expression (1) described above, with respect to the
temperature. The.miniﬁum stable magnetic domain radius r,,,
decreases as the temperatﬁre of the magnetic film

increases. In the case of GdFeCo used for the reproducing

layer 3, r,, at room temperature is 0.5 to 0.6 um, and r,,,
at 120 °Cc is 0.1 um. Namely, magnetic domains of not less
than 0.1 um can stably exist at 120 °C. However, magnefic

domains having a size of 0.1 um cannot stably exist no

longer, and such magnetic domains disappear. Therefore,

the magnetic domain behaves as follows on the basis of this
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principle. Namely, the magnetic domain in the recbrding
layer is transferred to the reproducing layer at the
central portion (high temperature area) within the
réproducing light beam spot, and it is magnified by the aid
of the magnifying reproducing magnetic field. After that,
when the magnetic domain enters fhe low temperature portion
within the reproducing light beam spot, the minimum stable
magnétic domain radius becomes large with respect to tﬁé
transferred and magnified magnetic domain. Accordingiy;'
the magnetic domain spontaneously disappears. The method
for erasing the magnified magnetic domain is not limited to
this embodiment, which is applicable to the magneto-optical
recording media and the reproducing methods therefor
according to all of the aspects of the present invention.
Another method for erasing the magnetic domain
transferred to the reproducing iayer 3 and magnified
therein is based on the application of a magnetic field Hsr
having a direction opposite to that of the external
magnetic field Hep appiied when thé magnetic domain is
magnified, as éxplained in relation to Fig. 5B in the
foregoing explanation for the principle. Fig. 21
conceptually shows the neighborhood of the magnetic domain
8 in the reproducing layer 3a shown in Fig. 18B,
illustrating a situation in which thé magnified magnetic
domains 8a, 8b are reduced by applying the magnetic field

Hsr in the direction opposite to that of the external
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magnetic field Hep. The maghetic field Hsr used to reduce
the magnetic domain can be determined on the basis of the
hysteresis curve shown in Fig. 4B. The prinéiple of
reducing the magnetic domain has been already explained.in
relation to Fig. 5B, which will not be described again._
The wavelength of the laser beam used to transfer and
magnify the magneﬁic domain, i.e., used for reproduction is

preferably 300 to 830 nm. The objective lens for

‘collecting the laser beam may have a numerical aperture of

0.55 (allowable error: +0.05). The spot Size of the laser

beam may be 1.0 pm (allowable error: +0.1).

In this specified embodiment, explanation has been
made for the case in which the minute magnetic domain in
the recording layer 75 existing in the high temperature
area at the central portion within the reproducing light
beam spot is transferred to the reproducing layer 3.
Besides, it is allowable to use a method for transferring a
magnetic domain existing in a backward high temperature
area or in a frontward low temperature area within £he
reproducing light beam spot. In the case of the magneto-
optical recording medium of the former type,. a
pérpendicularly magnetizable film is used for the
repréducing layer, and it is necessary to apply an
initializing magnetic field in orderlto align the
magnetization direction of the reproducing layer 3 before

being irradiated with the reproducing'iaser beam. When the
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medium is irradiated with the laser beam, magnetization of
a magnetic domain having a temperature raised to a
predetermined temperature or higher is transferred from the
recording layer 75 to a magnetic domain in the repréducing
layer 3 via the non-magnetic layer 4 in accordance with
magnetostatic coupling. After that, the operation'is
-performed for magnifying (and erasing) the magnetic dbméin'
“as shown in Fig. 18B. Those preferably used for the
reproducing layer appropriate for the system to perform
transfer by using the high temperature area at the backward.
portion within the reproducing light beam spot include a
magnetic film composed of an alloy containing one or more
rare earth metals such as Tb, Dy, and Gd, and one or more
transition metais such as Fe, Co, and Ni. It is preferable
to use, for example, GdFeCo, GdFe, GdCo, and TbCo. Those |
used for the non-magnetic layer 4 and the recording layer
75 may be selected from those described above.

In the method for transferring the magnetic domain
existing in the frontward low temperature area within the
reproducing light beam spot, a perpendicularly magnetizable
film is used for the reproducing layer. The
perpendicularly magnetizable film is_bésed on the use of a
magnetic layer having such a propérty that magnetization is
erased when it is irradiated with the reproducing laser
beam to raise the temperature to be not less than a

predetermined temperature (Curie temperature). In this
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case, the direction of magnetization of the.recording'layer
75 is coincident with that of the reproducing layer 3 when :
the signal is recorded. When the reproducing laser beam is
radiated, and the temperature of the reptoducing layer 3 is
raised tO'be not less than a predetermined temperature,
then the magnetization in such an area is erased.

Therefore, the area having the temperature not less than

" - the predetermined temperature is in a state in which no

signal is recorded. Transfer is performed only at the
frontward portion having a lower temperature withinxthe
laser -beam, and the signai is réproduced. After that, the
operation for magnifying (erasing) the magnetic domain is
performed as shown in Fig. 18A. Those appropriately used
as the reproducing layer 3 based.on this method include a
magnetic film coﬁposéd of TbCo, Dy, and an element selected
from Fe, Co, and Ni. Those usable for the non-magnetic
layer 4 and the recording layer 75 may be selected from the
materials described above. |

With referénce to Fig. 22, it is possible to combine
the system for gauéing transfer at the backward high
teméerature area within the réproducing light ‘beam spot and
the system for causing transfér at the froﬂtward low
- temperature area within the reproducing light beam spot.
Fng 22 shows a recérding layer 75, a non-magnetic layer 4,
and a reproducing layer 3d of a magneto-optical recording

medium of this type, and a temperature distribution
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thereof. In the case of the magneto-optical recording
medium of this type, the reproducing layer 3d is magnetized
in a certain direction by using an initializing magnetic
field (not shown) before being subjected to reproduction.
After that, when the magneto-optical recording medium is
irradiated with the laser beam, the magnetization is erased
at a high temperature portion 19 in the reproducing layer
3d. A magnetic domain 20, which ié located frontwafd ffbm
the high temperature portion 19 (at a frontward position in
the disk-traveling direction), is magnetized in the same'__
direction as tha£ of a magnetic domain Zi in the recording
layer 75, and hence it can be reproduced by ﬁagnifying the
magnetic domain 20. A magnetic film used for the
reproducing layer 3d has the following characteristics,
assuming that it undergoes a temperature at which
magnetization is transferred froﬁ the.recording layer 75
and a temﬁerature at which or higher than which
magnetization is.e:ased. Namely, the temperatufe for

transferring magnetization is preferably within a range of

80 to 120 °C, and.the temperature for erasing magnetization

is preferably within a range of 130 to 170 °C. The
initializing magnetic field, which is used before beginning
the reproducing operation, preferably has a magnitude of
not more than 1 k (Oe). Those appropriately used as the
reproducing layer 3d include a magnetic film composed of

TbCo, Dy, and an element selected from Fe, Co, and Ni.
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Those usable for the non-magnetic layer 4 and the recording
layer 75 may be selected from the materials described

above.

Second Embodiment

In the first embodimenf, the simple structure
comprising the magnifying and reproducing layer 3 qnd:the_
information-recording 1&Yer is successfully”ﬁsed_to  |
transfer the minute magnetic domain from the-infoimaéidn;
recording layer to the magnetic domain-magnifying and
reprdducing layer and maénify and re&uce the transferred
magnetic domain. This second embodiment illustrates a
magneto-optical recording medium provided with a gate layer-
which makes it possible to select ohly one of a plurality
of magnetic domains in the information-recording layer
existing within the reproducing light beam spot. This
magneto-optical recording medium corresponds to the
magneto-optical recordipg medium according to the second
aspect of thé present invention.

As shown in Fig. 9, the magneto-optical recording
medium 91 of this embpdiment has a structure in which the
information-recording layer 5 of the magneto-optical
recording medium 71 of the first embodiment (A) is replaced
with a gate layer 93 + exchange coﬁpling force control
layers 95, 97 + an information-recording layer 99. A

magnetic layer composed of GdFeCo having a compensation
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temperature of -50 °C, a Curie temperature of 350 5C,.and a
film thickness of 100 nm was used as the gate layer 93. A
magnetic layer composed of TbFeCo having a compensation
temperature of -80 °C, a Curie temperature of 160 °C, and a
film thickness of 20 nm was used.as the first exchange
coupling force control layer 95. A magnetic layer composed

of GdFeCo having a compensation temperature of 90 °C, a

Curie temperature of 200 °C, and a film thickness of 10 nm

was used as the second exchange coupling force control

layer 97. A magnetic layer composed of TbFeCo having a

compensation temperature of -50 °C, a Curie temperature of

270 °C, and a film thickness of 70 nm was used as the
information-recording layer 99. The first exchange
coupling force control layer 95 is a layer to con£rol
transfer of magnetic domains in the information-recording
layer 99 in an area having a temperature of not less than
70 °C to the gate layer 93. The second exchange coupling
.force control layer 97 is-a layer to control transfer of
magnetic domains in the information-recording layer 99 in
an area having a temperature of not more than 160 °C to the
gate layer 93. The arrangement as described above makes it
possible éo transfer, to the magnifying and reproducing
layer 3, the recording magnetic domain in the information-

recording layer 99 within a temperature range of not less

than 70 °C and not more than 160 °C. Films of these layers

76



were formed by using the magnetron sputtering apparatus in
the same manner as described in the first embodiment.

The magneto-optical recording medium 91 was subjected
to recofding and reproduction under the same condition as
that used in the first embodimenﬁ. The magnetic domain
transferred to the magnifyingland reproducing layer 3 was
magnified by using a reéroducing magnetic field
(alternating mégﬁetié field) H = £200 (Oe). It Qas.
confirmed that -the amplitude of the repro&uction signai'ﬁas
increased foﬁrfold. It was found that thé magﬂétic dbmain
of 0.3 micron was reliably transferred by using the |
magneto-optical recording medium 91.°

The magnetic layer_composed of GdFeCo having the
thickness of 100 nm is used as the gate layer 93, which is
thicker than the thickness of the magnetic wall of the
magnetic domain formed ip.the GdFeCo maénetic layer.
Accordingly, twisting of magnetic spin in the magnetiq wall
is permitted uébn inve:sion of the magnetization
transférred from fhe'information;recording layer 99 to the

gate layer 93.

Third Embodi I
This embodiment explains an illustrative arrangement

of an apparatus, and a recording and reproducing method

preferably used for'recording and reproduction on the

magneto-optical recording media specifically explained in
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the first embodiments (A) and (B) and the second
embodiment. The apparatus 101 shown in Fig. 10 principaliy
comprises a laser beam-radiating unit for irradiating the
magneto-optical disk 1 with a light beam pulsed at a |
constant period synchronized with code data, a magnetic
fiéid-applying unit for'applying a controlled magnetic-
fié;d fo the magneto-optical disk 100 during recording and
reprqductioh, and a signal-processing sfsﬁém for detecting
and. processing a signal'supplied-from the magneto-optical
disk 100. 1In ﬁhe laser beam-radiating uﬁit, a laser 22 is
connected to a léser-dfiQiné circuit 32 and a recording
pﬁlse width/phase-adjusting circuit 51 (RC-PPA). The
lase:-driving:circuit 32 receives a signal from the
recording pulse width/phase-adjusting circuit 51 and
controls the lasér_pulse width and the phase of the laser
22. The-recording pulse width/phaée-adjusting circuit 51
receives a clock signal described later on from a PLL
cifcuit 59, and it generates a first synchronization_signal
toladjust the phase and the pulse width of the recording
light beam.

In the magnetic field-applying unit, a magnetic coil
29 fbr applying the magnetic field is connected to a
magnetic coil-driéing'circuit (M-DRIVE) 34. 'During
recording, the magnefic coil-driving circuit 34 receives
input dat$ from an encoder 30 into which data is inputted,

via a phase-adjusting circuit (RE-PA) 31 to control the

This Sheet Has Been Reilaced
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magnetic coil 29. Dnring reproduction, the magnetic coil-
driving circuit 34 receives a clock signal described later
on from a PLL circuit 39 to generate alSecond
synchronization signal for adjusting the phase and the
pulse width, via a reproducing pulse width/phase-adjusting
circuit (RP-PPA) 131. The magnetic coil 29 is controlled

on the basis of the second synchronization signal. 1In

order to switch the s1gna1 +to be inputted into the magnetic

coil-driving circuit 34 between the recording and
reproduction operations, a recording/reproduction
-changeovér switch (RC/RP SWj 134 is connected tn the
magnetic coil—driving circuit 34.

In the signal-processing system, a first deflecting
prism 25 is arranged between the laser 22 and the magneto-
optical disk 100. A second deflecting prism 251 and
detectors 28, 281 are arrangéd on a side of the first
deflecting prism 25. Both of the detectors 28, 281 are
connectéd to.a subnracter 362 and an adder 301 via I/V
convertérs 311, 312 respectively. The adder 301 and is
connected to the PLL circuit 39 via_a'clock extraction
circuit (CSS) 37. The éubtracter 302 is connected to a
decoder 38 via a sample/hold (S/H) circuit 41 for holding
the signal in synchronization with the clock, an A/D
conversion circuit 42 for performing analog-digital
conversion in synchronization witn the clock in the same

manner as described above, and a binary signal-processing
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circuit (BSC) 45.

In the apparatus constructed as described above, the
light beam emitted from the 1aset 22 is converted into a
parallel light beam by the aid of a collimator lens 23.

The light beam passes through the deflecting prism 25, and
it is condensed onto the ﬁagneto—optical disk 21 by the aid
~of an objective lens 24. ‘A reflected light beam from the
disk 100 is directed toward a direction to arrive-ét thef:
deflecting prism 251 by the aid of the deflecting prism 25; |
The light beam passes through a half-wavelength plate 26,
-and then 1t is divided into those directed to two
directions by the aid of the deflecting prism 251. The
divided light beams are collected by detector lenses 27
respectively, and they are introduced into photodetectors
28, 281. Now, pits for generating a tracking etror'signal
and for generating a c