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1. A thermomagnetic recording method wusing a
thermomagnetic recording medium where first, second and third
magnetic thin films each formed of rare-earth anc¢ transition
metals are sequentially superposed to form layers in a
magnetically coupled manner; heating said thermomagnetic
recording medium under a predetermined magnetic field
perpendicular to the film plar. thereof while selectively
modulating, in accordance with data to be recorded, a first
heating state at a first temperature T, substantially above the
Curie point Tc; of said first magnetic thin film and adequate
to hold the sublattice magnetization of the transition metal
of said second magnetic thin film in a predetermined direction,
and a second heating state at a second temperature T,
substantially above said Curie point Tc,, higher than said
first temperature T,, and adequate to invert the sublattice
magnetisation of the transition metal of said second mag1:1etic
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thin film to the reverse of said predetermined direction; and
in a cooling step subsequent to said first and second heating
states, maintaining the sublattice magnetisation of said third
magnetic thin film in a predetermined direction while orienting
the sublattice magnetisation of said magnetic thin film to be
directionally coincident with that of said third magnetic thin
film at a temperature below said first temperature T, without

directionally inverting the sublattice magnetisation of said

-first magnetic thin film this representing data by said

sublattice magnetisation of said first magnetic thin film.
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BACKGROUND OF THE INVENTION:

The ‘present invention relates to a thermo-
magnetic recording method employing, for example, irra-
diation of a laser light beam on a perpendicular

anisotropy magnetic £ilm.

In the thermomagnetic recording method which
Trerer records data on a recording medium where data bits
-~ (magnetic domains) are read out by magneto-optical
RITTAN interaction, the recording medium having a perpendi-
E cularly magnetizable thin film is initialized by previously

orienting the magnetization in one direction perpendi-

cular to the film plane, and bifs having perpendicular

magnetization reverse to such direction are formed by

local heating with irradiation of a laser light beam

toes or the like, whereby binary-coded data are recorded.

In the thermomagnetic recording method, a

et A time is required for erasure of the recorded data

. (corresponding to the above-described initialization)
executed before rewriting the data, so that it is
impossible to realize a fast recording operation at a
high transfer rate or in other words a realtime
overwriting. With regard to this point, there are
prdposed a variety of recording methods with an over-

write function which eliminates the necessity of such

AR i e e % e




independent erasure time. Out of the known overwrite type
thermomagnetic recording methods, the most promising one
is a system adopting modulation of an external magnetic
field to a recording medium, and another is a two-head
systzm using an erasing head in addition to a recording
head. According to the former system with external
magnetic field modulation, as disclosed in Japanese Patent
Laid-Open No. 60-48806 for example, a recording opera-
tion is pefformed by applying a magnetic field, which is
so poled as to correspond to the state of an input
digital signal current, to a heating-beam irradiation
area on a recording medium with an amorphous ferrimagnetic
thin film having an axis of easy magnetization perpen-
dicular to its film plane.

In performing a fast recording operation at
a high data transfer rate with such external magnetic
field modulation mentioned, it requires an electromagnet
operable at a frequency on the order of MHz, and there
exist considerable difficulties in production of such
electromagnet. Even if the production is technically
possible, there still remain some problems with respect
to great power consumption and excessive generation of
heaﬁ to eventually bring about an impediment to

practical use. Meanwhile in the two-head system, an

o
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additional head is required and the two heads need to be
spaced apart from each other, hence imposing a great
burden on the drive mechanism with an economical

disadvantage and nonadaptability to mass production.

RELATED APPLICATION:

In an attempt to solve the above-described
problems, it has been proposed to rewrite or overwrite
the data with facility merely by selectively controlling
the temperature in heating the recording medium with a
laser light beam or the like by the present inventors.

The present applicant previously proposed an

improved thermomagnetic recording method contrived to
£Pp 0257530

solve the above problems,,inL?*Sw_Eatent_Application___

Serial -No.—87440  £ilgd on-August—20,-1984. The

thermomagnetic recording method disclosed therein uses
a thegmomagnetic recording medium of a laminated
structure composed of first and second magnetic thin
films of rare-earth and transition metals, and heats
the.recording medium under a required first external
magnetic field while selectively modulating, in
accordance with data such as binary "0" and "1" to be
recorded, a first heating state at a first temperature

Tl substantially above the Curie point Tcl of the first
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magnetic thin film but not sufficiently high to invert
the sublattice magnetization of the second magnetic
thin film, or a second heating state at a second tempera-
turé T2 above the Curie point Tcl and adequate to invert
the sublattice magnetization of the second magnetic thin
film. Sub;equently in a cooling step, the sublattice
magnetization of the first magnetic thin film is
oriented to be directionally coincident with that of the
second magnetic thin film by exchange coupling force
between the first and second magnetic thin films, thereby
forming "0" and "1" recorded bits (magnetic domains)
in the first'magnetic thin film. And the sublattice
magnetization of the second magnetic thin film is inverted
by a second external magnetic field or the aforesaid
first external magnetic field ét room temperature with
the composition of the second magnetic thin film so
selected that its compensation temperature is existent
between the room temperature and the second temperature
T2, hence achieving an overwritable condition.

The above method realizes a high dats
transfer rate without requiring any particular step
(time) for erasure and solves the known problems in the

aforementioned two-head system .or external magnetic

field modulation system.
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SUMMARY QF THE INVENTIQN:

It is an object of the present invention to provide
an improved thermomagnetic recording method capable of realtime
overwriting data.

According to one aspect of the present invention
there is provided a thermomagnetic recording method using a
thermomagnetic recording medium where first, second and third
magnetic thin films each formed of rare-earth and transition
metals are sequentially superposed to form layers in a
magnetically coupled manner; heating said thermomagnetic
recording medium under a predetermined magnetic field
perpendicular to the film plane thereof while selectively
modulating, in accordance with data to be recorded, a first
heating state at a first temperature T, substantially above the
Curie point Tc, of said first magnetic thin film and adequate
to hold the sublattice magnetization of the transition metal
of said second magnetic thin film in a predetermined direction,
and a second heating state at a second temperature T,
substantially above said Curie point Tc,, higher than said
first temperature T,, and adequate to invert the sublattice
magnetisation of the transition metal of said second magnetic
thin film to the reverse of said predetermined direction; and
in a cooling step subsequent to said first and second heating
states, maintaining the sublattice magnetisation of said third
magnetic thin film in a predetermined direction while orienting
the sublattice magnetisation of sa’d magnetic thin film to be
directionally coincident with that of said third magnetic thin
film at a temperature below said first temperature T, without
directionally inverting the sublattice magnetisation of said
first magnetic thin film this representing data by said
sublattice magnetisation of said first magnetic thin film.

According to another aspect of the present invention
there is provided a thermomagnetic recording method using a
thermomagnetic recording medium where first and second magnetic
thin films each formed of rare-earth and transition metals are
superposed to form layers in a magnetically coupled manner,



said second magnetic thin film consisting of a first film part
having a first Curie point Tc2, and disposed adjacent to said
first magnetic thin film and a second film part having a second
Curie point Tc2, lower than said first Curie point Tc2, and
disposed on the reverse side with respect to said first film
part, said first and second film parts each being composed of
a composition chosen from the group consisting of a rare earth
rich side composition in which the rare earth element is
contained in said film parts in a larger amount than an amount
of a magnetic compensational composition at room temperature
and a transition metal rich side composition in which the
transition metal element is contained in said film parts in a
larger amount than the magnetic compensational composition at
room temperature, and said first and second film parts being
formed of the same side composition;

heating said thermomagnetic recording medium while
selectively modulating, in accordance with data to be recorded,
a first heating state at a first temperature T, substantially
above the Curie point Tc, of said first magnetic thin film and
adequate to hold the sublattice magnetisation of the transition
metal in said second magnetic thin film in a predetermined
direction, or a second heating state at a second temperature
T, substantially above said Curie point Tc, and adequate to
invert the sublattice magnetisation of the transition metal of
said, second magnetic thin film to the reverse of said
predetermined direction; and,

in a cooling step subsequent to said first and second
heating states, orienting the respective sublattice
magnetizations of both parts of said second magnetic thin film
in the same state of magnetic polarization.

Embodiments of the invention will now be described
by way of example only with reference to the accompanying
drawings in which:

Figs. 1, 7, 9, 11, 12 and 14 show the charts
illustrating recording processes according to the present
invention;

rig. 2 shows basic structure of a thermomagnetic
recording medium used in the invention;
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Fig. 3 1is a sectional view showing an exemplary

specific structure of the thermomagnetic recording medium;___
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Fig. 4 illustrates transitions among the states of
magnetization; Fig. 5 schematically shows the constitu-
tion of a recprding apparatus; Figs. 6 and 13 graphically
show magnetization and coersive force-to-temperature
characteristics; and Figs. 8 and 10 graphically shows
exemplary coercive force-to-temperature characteristics
of magnetic thin films.

)

DESCRIPTION OF THE PREFERRED EMBODIMENTS:

In a thermomagnetic recording medium 10
employed in the present invention, as illustrated in
its sectional view of Fig. 2, at least first, second and
third magnetic thin films 1, 2 and 3 are sequentially
superposed on a light transmissive base 5 to form
layers in a magnetically coupled manner. Each of the
first, second and third magnetic thin films 1, 2 and
3 is composed of a perpendicularly magnetizable film of
rare-earth and transition metals.

In the present invention, the procedure is
executed by heating the thermomagnetic recording medium
10 under an external magnetic field Hex perpendicular
to fhe film plane thereof while selectively modulating,
in accordadnce with data to be recorded, a first heating !

state at a first temperature Tl substantially above the {



Curie poiqt Tcl of the first magnetic thin film 1 and
adequate to hold the sublattice magnetization of the
transition metal of the second magnetic thin film 2 in
a predetermined direction (hereinafter referred to as
positive direction), or a second heating state at a
second temperature T2 substantially above the Curie
point Tcl and adequate to invert the sublattice magne-
tization of the transition metal of the second magnetic
thin £ilm 2 to the opposite direction (hereinafter
referred to as inverse direction); and in a cooling step
subsequent to such first and second heating states,
maintaining the sublattice magnetization of the third
magnetic thin film in the positive direction while

orienting the sublattice magnetization of the second

magnetic thin film to be directionally coincident with

that of the third magnetic thin film without directionally

inverting the sublattice magnetization of the first
magnetic thin film. |

. The first and second heating states can be
obtained by modulating, in accordance with the data to
be recorded, the intensity or irradiation time of a
heating beam such as laser light beam to the thermo-
magnetic recording medium 10.

According to the above-described method of

WATIOT. b dia v sveal e
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the present invention, data can be recorded in the form

of a direction of the sublattice magnetization of the

transition metal in the first magnetic thin film 1 merely

by modulating, in accordance with such data, the
heating béam irradiated to obtain the first or second
heating state. And in the recording mode, the direc-
tions of sublattice magnetizations in the second and third
magnetic thin films 2 and 3 are so oriented as to
become coincident with those in the initial state
anterior to recording the data on the magnetic recording
medium, so that an overwritable condition adapted for
recording next data is achieved merely by providing the
first or second heating state in accordance with the
next data.

For reading out or reproducing the recorded
data from the thermomagnetic recording medium, a
lingar polarized light beam is irradiated to the first
magnetic thin film 1 and, for example, a binary "0" or
"1l" representing the positive or inverse direction of
the sublattice hagnetization of the transition metal TM
in the first magnetic thin film 1 is read out by
detépting the Kerr rotation angle or the like based
on the interaction of the light beam and the

magnetization.



In a thermomagnetic recording medium 10
employed in further embodiments of the present invention,
similar to the illustration in Fig. 2, at least first
and second magnetic thin films 1 and 2 are superposed
on a light transmissive base 5 to form layers, and the
second magnetic thin film 2 comprises superposed layers
of first and second film parts 2l and 22. The first
magnetic thin film 1 and the second magnetic thin film 2
consisting of its first and second film parts 2l and
22 are composed individually of perpendicularly
magnetizable films of rare-earth (RE) and transition
metals (TM).

v In the second magnetic thin film 2, the first

film part 2. having a first Curie point Tch is

1
disposed adjacent to the first magnetic thin film 1,

and the second film part 22 having a second Curie

point Tc22 lower than the first Curie point Tc2l is
disposed on the reverse side with respect to the first
film part 21. Such first and second film parts are both
so composed as to deviate toward the same side from the
ccmpensational composition at the normal temperature.
and 2

That is, the two film parts 2 are formed to

1 2
have TM~-rich characteristic as TM sublattice dominant

films or to have RE-rich characteristic as RE sublattice

!
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dominant films at the normal temperature.

In further embodiments of the present
invention, the procedure is executed by heating the thermos
magnetic recording medium 10 under an external magnetic
field Hex perpendicular to the film plane thereof while
seleétively modulating, in accordance with data to be
recorded, a first neating state at a first temperéture
Tl substantialiy above the Curie point Tcl of the first
magﬁetic ghin film 1 and adequate to h»1d the sublattice
magnetization of the transition metal of the second
magnetic thin.film 2 in a predetermined direction (here-‘
inafter referred to as positive direction), or a second
heating state at a second temperature T2 substantially
above the Curie point Tcl and adequate to.invert the
sublattice magnetization of the transition metal of the
second magnetic thin film 2 to “the opposite directior
(hereinafter referred to as inverse direction); and
in a cooling step subsequent to such first and second
heating states, orienting the respective sublattice
nagnetizations of both parts of the second magnetic
thin film in the same state.

The first and second heating states can be
obtained by modulating, in accordance with the data to

be recorded, the intensity cs irradiation time of a

- 11 -
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heatipg beam such as laser light beam to the thermo-
magnetic recording medium 10.

According to the above-described method of
the present inveantion, data can be recorded in the form
of a direction of the sublattice magnetization of the

transition metal in the first magnetic thin film merely

'by medulating, in accordance with such data, the heating

beam irradiated to obtain the first or second heating
state. And in the recording mode, the directions of
magnetizations in the second magnetic thin film 2 are
so oriented as to become coincident with those in the
initial state anterior to recording the data on the
magnetic recording medium, so that an overwritable
condition adapted for recording next data is achieved
merely by providing the first or second heating state
in accordance with the next data.

For recording out or reproducing the recorded
data from the thermomagnetic recording medium, a linear
polarized light beam is irradiated to the first magnetic
thin film 1 and, for example, a binary "O0" or "1"
representing the positive or inverse direction of the
sublattice magnetization of the transition metal TM in
the first magnetic thin film l'is read out by detecting

the Kerr rotation angle or the like based on the inter-

action of the light beam and the magnetization.

-12 -
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a) Thermomagnetic recording medium

The thermomagnetic recording medium 10 used
in the present invention is basically so constituted as
illustrated in Figz/3, wherein first, second and third
magnetic thin films 1, 2 and 3 are deposited on one
surface of a light transmissive base 5 of a glass plate,
acrylic plate or the like through a transparent dielec-
tric film 6 serving as a protective or interference
film, and further a protective film 7 of a nonmagnetic
metal or dielectric material is deposited thereon.
However, it is possible in this thermomagnetic
recording medium 10 to dispense with such dielectric
film 6 and the protective film 7.

'The thermomagnetic recording medium 10
employed in the embodiments 1 and 2, which will be
described later, has a structure of Fig. 3 where a
fourth magnetic thin film 4 is interposed between the
second magnetic thin film 2 and the third magnetic thin
£ilm 3.

In such magnetic thin films 1 to 3 or 1 to 4,
the mutually adjacent ones are magnetically coupled to
each other by the exchange force.

The dielectric film 6, the magnetic thin films

1l to 4 and the protective film 7 constituting the

- 13 -
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recording medium 10 can be formed by vacuum evaporation
or sputtering technique.

The magnetic thin films 1 to 4 may be composed
of a variety of magnetic materials. For example, there
is availagle an amorphous alloy REx TMl-x which includes
one or more rare-earth metals (RE) such as Nd, Sm, G4,
Tb, Dy and Ho where x = 10 to 40 atomic percent, and one
or more transition metals (TM) such as Cr, Mn, Fe, Co,
Ni and Cu where 1 - x = 90 to 60 atomic percent. And
a small amount of some other element may be added
thereto. Inlthis RE-TM amorphous alloy of magnetic
metals, except the case where RE is Nd or Sm, the
magnetic moment of RE and that of TM are coupled in
antiparallel with each other to consequently present
so-called ferrimagnetism, and the net magnetization is
the difference between the respective sublattice magneti-
zations of RE and TM (sum of the respective sublattice
magnetizations in view of the positive and negative
values depending on the directions of magnetizations).
In case the rare-earth (RE) is composed of either or both
of Nd and Sm, the magnetic moment of RE and that of TM
are coupled in parallel with each other to present so-
called ferromagnetism. In this case, the net magnetiza-
tion is the sum of the respective sublattice magnetiza-

tioﬁs of RE and TM.

- 14 -
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b) States of magnetization

In the thermomagnetic recording medium 10,
data such as binary "O0" and "1" are recorded in the form
of positive and inverse directions of the sublattice
magnetizations of TM in the first magnetic thin film 1,
as mentioned previously. With respect to the first
magnetic thin film 1 and the second magnetic thin film
2 coupled thereto by the exchange force, the states of
magnetization obtainable at the respective Curie points
Tcl and Téé are classified into A through D illustrated
in Fig. 4, where the respective directions of the TM
spin and the RE spin are typically shown by arrowed
solid lines and broken lines in regard to the first
and second magnetic thin films 1 and 2. The axes of
easy magnetization in both thin films 1 and 2 are supposed
here to be pérpendicular to the film plane, but the
requisite is satisfied if merely one of them is adapted
for perpendicular magnetic recording.

In Fig. 4, the states A and B represent a
case where the TM spins corresponding to the respective
magnetic moments of TM in the first and second
magnetic thim films 1 and 2 or the RE spins corresponding
to the respective magnetic moments of RE therein are

mutually in the same direction. In contrast therewith,

- 15 -
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the states C and D in Fig. 4 represent a case where the

respective magnetic moments of TM and RE in the first

and second magnetic thin films 1 and 2 are mutually in

the opposite directions and, in the vicinity of the inter-

face between the two layers, there exists an interface

magnetic wall 2 where the magnetic moments of TM and RE

are direcﬁionally changed by 180°. And interface magne-

tic wall energy (ow erg/cm2 per unit area) is stored

in this region.

c) Appar;tus for carrying out thermomagnetic recording
As illustrated in Fig. 5, for example,

recording/reproducing laser light R is incident upon

the thermomaénetic recording medium 10, which is in

the shape of a disk or the like, from its one side with

the light transmissive base 5 shown in Fig. 3.

Meanwhile magnetic fields Hex and Hsub generated by a
magnet 21 and, if rniecessary, another magnet 22 are applied
to the recording medium 10 from its side with the protec-

tive film 7 or the base 5. Although the magnets 21 and

22 are spaced apart from each other in Fig. 5, they

may be disposed mutually adjacent. In case the magnetic
field Hsub is not required as will be described later,
the disk-shaped thermomagnetic recording medium 10 is

driven by a rotary shaft 26 of .a drive motor 25 in a

- 16 -
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structure without the magnet 22. The power of the

laser light R is modulated in accordance with the data

to be recorded, so as to heat the light-irradiated
portion of the recording medium 10 at the first or second
temperature Tl or T2.

d) Embodiment 1

Fig. 1 illustrates how the state of
magnetization changes in compliance with the tempera-
ture in an embodiment of the present invention, and
Fig. 3 schematically shows the sectional structure of
the'recorQing medium 10 used in the embodiment. The
thermomagnetic recording medium 10 for use in this
embodiment islso constituted that, as mentioned pre-
viously, a fourth magnetic thin film 4 is interposed
between the second magnetic thin film 2 and the third
magnetic thin f£ilm 3. 1In this embodiment, the
magnetic thin films 1 to 4 are composed of ferrimagnetic
TM-RE‘alloy.

Such magnetic thin films 1 to 4 are deposited
on the light transmissive base 5 directly by the use of
a DC magnetron sputtering apparatus without forming
a dielectric film 6, so that sequential layers of RE-TM
ferrimagnetic thin films are obtained by sputtering.

Sucli magnetic thin films 1 to 4 are so arranged that RE

-17 -
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and TM layers are superposed alternately. And a

protective film 7 composed of Si3N4, AlN, Sioz, Sio

(<]
or MgF, is deposited to a thickness of 800A on the
uppermost third magnetic thin f£ilm 3.

The first and second magnetic thin films

1 and 2 of the recording medium 10 in this embodiment are

_so-called TM-rich films where TM sublattice magnetization

is dominant in a range from room temperature to the
respectivé Curie points Tcl and Tc2. Meanwhile the
third magnetic thin £ilm 4 is a so-called RE-rich

film wherg RE sublattice magnetization is dominant

in a range from room temperature to the aforementioned
heating temperature Tl.

In the first to fourth magnetic thin films 1
to 4, the re;pective Curie points Tcl to Tc4 are so
selected as to have the following relationship:

Tcl < Tc2 ceees (1)
Tcd < Tc2, Tc3 ......(2)
Tc4 S Tcl P <))

The thickness of the fourth magnetic thin
film 4 is selected to be as small as 1003 adequate to
interrupt the exchange force, which is exerted between
the second and third magnetic thin films 2 anad 3, at

a temperature above the Curie point Tc4 of the fourth

- 18 -
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magnetic thin film 4.

In the description of this embodiment 1, as
illustrated in Fig. 1; data are recorded by forming a
portion of state A and a portion of state C or B in the

thermomagnetic recording medium 10 shown in Fig. 4,

i.e., a positive-direction portion and an inverse-
. directiqn portion with regard to the TM spins in the
first magnetic thin film 1. In Fig. 1, the arrows
relative to the thin films 1 to 3 typically indicate the
directions of the TM spins, and the magnetizations Msl to
Ms4 in the magnetic thin films 1 to 4 correspond
respectively to the difference between the TM and RE
magnetic moments in the thin films 1 to 4 in case
they are ferrimagnetic ones.

"It is assumed in this example that initially

?é. S the first and second magnetic thin films 1 and 2 are

in the state A where the respective TM spins are both

St
.

T ‘ in the positive direction, and the TM spin in the thixrd
magnetic thin film 3 is in the same direction as in the

first and second magnetic thin films 1 and 2.

Subpose now that the temperature T is raised
to the first temperature Tl or the second temperature T2
from the initial state A at room temperature TR. The

first temperature Tl is above the Curie point Tcl of the

- 19 -
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first magnetic thin film 1 but is not so high as to

invert the magnetization of the second magnetic thin film

2 with application of an external magnetic field Hex

which will be described later. The second temperature T2
is above the first temperature Tl and high enough to invert
the T™ subiattice magnetization of the film 2 with'
application of the external magnetic field Hex, namely

near or substantially higher than the Curie Tc2 of the
second magnetic thin film.

After completion of the heating step at such
temperature Tl or T2, a magnetization emerges in the
first magnetic thin film 1 upon fall of the temperature
T below the Curie point Tcl, and with regard to determi-
nation of the direction of such magnetization, the
exchange coupling force exerted between the magnetic
thin films 1 and 2 becomes dominant. That is, the
saturation magnetization Msl and the thickness hl of
the first magnetic thin film 1 relative to the external
magnetic field Hex and the interface magnetic wall energy
owl are so selected as to substantially satisfy the
following conditions at the temperature T (proximate to
Tcl) where a spontaneous magnetization emerges in the

first magnetic thin film 1:

owl > 2 | Msl | hl Hex .....(5)

- 20 -
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Tiien the state of magnetization caused upon fall of the
recording medium temperature T below the Curie point Tcl
is such that the TM sublattice magnetizations in the
first and second magnetic thin films 1 and 2 are
directionally coincident with each other as in the
state A or B illustrated in Fig. 4. And the state A
is obtained when the temperature in the heating step
is Tl, or the state B is obtained when the temperature
is T2.

The state E in Fig. 1 shows a state where
the magnetization of the first magnetic thin film 1
disappeared with rise of the recording medium

temperature T up to the first temperature Tl. And

“upon fall of the temperature T substantially below the

Curie point Tcl of the first magnetic thin film 1 in

the subsequent cooling step, the TM s_olattice magneti-
zation of the first magnetic thin film 1 is oriented

to be directionally coincident with that of the second
magnetic thin film 2 by the exchange coupling force with
the film 2 as described previously, so that the initial
state A in Fié. 1l is obtained to form a recorded

portion of, e.g., binary data "O0". The state F in

Fig. 1 is.obtqined,when.the magnetizations of the first

and second magnetic thin films 1 and 2 are once erased
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or reduced due to rise of the temperature T up to the
second temperature T2 and the TM sublattice magnetiza-
tion of the second magnetic thin film 2 is inverted by
the external magnetic field Hex. In this case, since
the exphange force between the second and third
magnetic thin films 2 and 3 is'interrupted by the
existence of the fourth magnetic thin film 4 which

is nonmagnetic film at the second temperture T2 higher
than Tc4, the TM sublattice magnetizations of the two
films 2 and 3 can be directionally opposite to each
other as shown in the state F. And with further fall
of the temperature T to the vicinity of the Curie point
Tcl of the first magnetic thin film 1, the TM sublattice
magnetization, which is in the inverse direction as
in - the second magnetic thin film 2, is generated in the
first'magnetic thin film 1 by the exchange coupling

force with the second magnetic thin film 2, as shown

in the state G. 1In the fourth magnetic thin film 4

intefposed.between the second and third magnetic thin

-films 2 and 3, an interface magnetic wall 9 is generated

as the sublattice magnetizations of the second and
third magnetic thin films 2 and 3 are rendered direc-
tionélly opposite to each other. And when the

temperature T further falls in the cooling step to the
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room temperature TR from the state G, the state B or C
is obtained under the conditions set according to Egs.
(12) and (13) which will be described later. In this
stage, the TM sublattice magnetization of the first
magnetic thin film 1 is directionally inverted to
record, e.g., binary data "1".

In case the state C is obtained, it signifies
that an interface magnetic wall 9 is generated between
the first and second magnetic thin films 1 and 2 as
the respective TM sublattice magnetizations corresponding
to the TM spins become directidnally opposite to each
other.

A transition of the state G to either the
state B or the state C is determined by the following
conditional equation, where h2, h3 and h4 are the
_thicknesses of the second, third and fourth magnetic
thin films 2, 3 and 4, respectively; Ms2, Ms3 and Ms4
are the magnetizations thereof, respectively; and Hc2,
Hc3 and Hc4 are the coercive forces thereof, respec-
tively. 1In calculation, there exists the relationship
of h4 <« h2, h3; and Ms4-Hc4 <« Ms2+Hc2, Ms3°Hc3.
Besides the above, odwl represents the interface
‘magnetic wall'énergy between the first and second

magnétic thin films 1 and 2; and cw2 represents the

- 23 -
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interface magnetic wall energy between the second and

third magnetic thin films 2 and 3. Then the condition

for not causing directional inversion of the magneti-

zation of the third magnetic thin film 3 is given by
ow2 - 2Ms3+h3+*Hex < 2Ms3°*h3-Hc3 .....(11)

The condition for inducing a transition from
the state G to the state C is expressed as

ow2 - 0wl - 2Ms2°*h2.Hex > 2Ms2-h2-Hc2 ..... (12)

And the condition for inducing a transition

from' the s?ate G to the state B is expressed as
ow2 ;~awl - 2Ms2-h2.Hex < 2Ms2.h2-:Hc2 ..... (13)

Therefore, when the conditions of Egs. (11)
and (12) are both satisfied, it follows that the state
C is obtained at room temperature without the necessity
of applying any particular external magnetic field.other
than the external magnetic field Hex.

Meanwhile, when the conditions of Egs. (1l1)
and (13) are both satisfied, application of another
external magnetic field Hsub in the positive direction
as shown in Fig. 1 to initialize the medium is reguired
for inducing a transition from the state B to the state
C at room temperature. In this case, the magnetic
field Hsub is so set as to satisfy the following

equations:
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2Ms2°*h2°*Hsub + ow2 - owl > 2Ms2°*h2°*Hc2 ..... (14)
-2Ms3+h3*Hsub + ocw2 < 2Ms3-H3-Hc3 cese. (15)
Viewing now Eq. (14) alone on condition that Egq. (15)

is satisfied, then it may be expressed as

owl _ o w2
2Ms2+h2 2Ms2-h2 ettt

Hsub > Hc2 + (16)
Due to such transition to thez state C, the

magnet! zations ¢f the second and third magnetic thin

films 2 and 3 corresponding to the TM spins therein

are in the positive direction which is the same as in

the initial state A, so that when a temperature

modulation is executed in accordance with the rnext data

to be recorded with a temperature rise to the first

or second temperature Tl or T2, a transition to the

state‘E is induced as in the case from the initial

state, thereby enabling an overwrite operation.

‘e) Embodiment 2

JIn the embodiment 1 mentioned above, the
magnetic thin films 1 and 2 are composed of TM-RE
magnetic éllofs where a compensation point Tcomp is not
existent in a range from the room temperature TR to the
second temperature T2. In this embodimént 2, however,

the second magnetic thin film 2 has a compensation
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point Tcomp between the room temperature TR and the

Curie point Tc2 thereof as graphically shown in Fig. 6
where the saturation magnetization Ms and the coercive
force Hc are represented respectively by a solid-line

curve and a broken-line curve.

The second magnetic

thin film 2 presents, at any temperature below the

compensation temperature Tcomp, so-called RE-rich

characteristic where the RE sublattice magnetization

is dominant; and at any temperature above the compensa-

tion point Tcomp, so-called TM-rich characteristic

where the TM sublattice magnetization is dominant;

‘The compositions of the magnetic thin films 1 to 4

constituting the thermomagnetic recording medium 10

are listed in Table 1 below.

e A AN b

TABLE 1
Magnetic Curie Magneti-]Coercive
thin Material [point |zation force Thickness
film (°C) | (emu/cc) (KOe) (K)-
1st TbFeCo 150 100 12 500
2nd GdTbFeCo| 218 100 1 300
3rd TbFeCo 150 150 7 500
4th TbFe 130 - - 100
- 26 -




In this example, the exchange coupling energy owl exerted
between the first and second magnetic thin films 1 and

2 at the room temperature TR is 1.7 erg/cmz, and the
exchange coupling energy ow2 between the second and
third magnetic thin films 2 ané 3 is 2.5 erg/cmz. Using
the thermomagnetic recoding medium 10 of such composi-
tion, a data recording operation was performed in the
same manner as in the foregoing embodiment 1 with the
first temperature Tl set to 150°C and the second
temperature T2 to Z50°C. Fig. 7 illustrates the states
of magnetization obtained in the individual steps.

In Fig. 7, any components corresponding to those in

Fig. 1 are denoted by the same reference numerals, and

"a repeated explanation is omitted here. 1In this

illusfration, solid-line arrows relative to the magnetic
thin films'l, 2 and 3 in the states A, E, F, G and C
represent TM spins or TM magnetic moments, and broken-
liné arrows represent RE spins or RE magnetic moments.
It has been confirmed that, according to the embodiment
2, sequential.transitions of state A or C - state E -
state A are induced in the heating step to the fifst
température Tl and the subsequent cooling step, whereby
a bit "0", for example, is recorded in the first

magnetic thin film 1; and sequential transision of state

- 27 -




A or C - state F - state G = state C arn induced in the
heating step to the second temperature T2 and the subse-
quent cooling step, whereby a bit "1", for example, is
recorded. |

In this case, the condition of Eg. (12) is
satisfied when the coercive force Hc2 of the second
magnetic thin film 2 at the room temperature TR becomes
smaller than the external magnetic field Hex whose
level is represented by a chain line in Fig. 6. Then,
as illustrated in Fig. 7, a transition from the state G
to the state C can be induced directly without the
necessity of applying another external magnetic field
Heub in addition to the external magnetic field Hex.

The embodiments 1 and 2 mentioned above are
examples where binary data recording is performed by
transitions among the states A, B and C as described
in connection with Fig. 4. However, a similar data
recording bperation can also be performed by transitions
induced among the states A, B and D shown in Fig. 4.

In the latter case, the states A, B and C in Figs. 1

and 7 may be'replaced with the states B, A and D,

respectively.
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f) Embodiment 3

In this embodiment also, merely the external
magnetic field Hex alone is applied.

The magnetic recording medium 10 used in this
embodiment has first, second and third magnetic thin
films 1, 2 and 3, whose coercive force-to-temperature
characteristics are graphically represented by curves
81 to 83 respectively in Fig. 8. As shown, the first
magnetic thin film 1 serving as a recorded-bit holding
layer indicates a great coercive force at the room
temperature TR. Meanwhile the second magnetic thin
film 2 has the highest Curie point in comparison with
the first and third magnetic thin films 1 and 3, and
its sublattice magnetization is not inverted directionally
in the vicinity of the Curie point of the first magnetic
thin film 1. For example, the characteristic of the
second magnetic thin film 2 is so selected that a
coercive force of about 1 KOe is retained even in the
vicinity of the Curie point Tcl of the first magnetic
thin £film 1.

‘The first magnetic thin film 1 may be either
TM=-rich or RE-rich. The respective Curie points Tcl to

Tc3 of the first to third magnetic thin films 1 to 3

are so selected as to have a relationship of Tc3 < Tcl< Tc2.

oS ol e



Each of the second and third magnetic thin films 2 and 3
may be either TM-rich or RE-rich. However, in case the
second magnetic thin film 2 ha§ TM-rich characteristic
in the vicinity of its Curie point Tc2, the third
magnetic thin film 3 needs to be RE-rich immediately
below the Curie point Tc3 thereof. And in case the
second magnetic thin film 2 has RE-rich characteristic
in the vicinity of its Curie point Tc2, the third

magnetic thin film 3 needs to be TM-rich immediately

below the Curie point Tc3 thereof.
Exemplary compositions, thicknesses and
characteristics of the magnetic thin films 1 to 3 are

listed in Table 2 below.

TABLE 2
Magnetic | Composition | Coercive | Curie point | Thickness
¢ B ‘ thin _ force (°C) (3)
(R £ilm (KOe)
t S 1 | TbFeco 10 180 500
: ; ' : (Fe rich)
2 GdTbFeCo 3 300 500
(Fe rich) .
3 TbFe 2 130 2000
(Tb rich)
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In this example, the first and second magnetic
thin films 1 and 2 are Fe-rich, that is, TM-rich below the
respective Curie points, and the third magnetic thin
film 2 is Tb-rich, that is, RE-rich. The data recording
process in this case will be described with reference to
Fig. 9, where solid-line arrows relative to the magnetic
thin films 1 to 3 typically represent TM spins or
magnétic moments, and broken-line arrows typically
represent RE spins or magnetic moments.

Due to binary data recording, the first and
second temperatures Tl and T2 are so determined as to
satisfy, for example, conditions of Tl =~ 170°C and
T2 = 270°C, wherein the first temperature Tl is proxi-
mate to the Curie point Tcl of the first magnetic thin
film 1 and the second temperature T2 is proximate to the
Curie point Tc2 of the second magnetic thin film 2.

It is assumed now that the TM sublattice
magnetizations of the first and second magnetic thin
films 1 and 2 are both in the positive direction as in
the initial stéte at the room temperature TR, that is,
in the state A described in connection with Fig. 4.

In the embodiment 3 also, merely the external
magnetic field Hex having an intensity of, for example,

500 (Oe) is applied in the same direction as the RE



sublattice magnetizations of the first and second
magnetic thin films 1 and 2 in the state A.

| With rise of the recording medium temperature
T up to the first temperature Tl in such state, the
magnetization of the third magnetic thin £film 3 is
erased under the condition of T 2 Tc3 as shown in the
state H, and the magnetization of the first magnetic
thin film 1 is also reduced or erased under the condition
of T = T1 = Tcl as shown in the state I. However, since
the second magnetic thin film 2 retains a reguired
coercive force at the temperature Tl, its magnetization
is not inverted directionally by the external magnetic
field Hex applied, so that in the cool! .g step subsequent

to the heated state, TM and RE sublattice magnetizations

'of the same directions as in the initial state A are

generated in the first magnetic thin film 1 by the
exchange coupling force relative to the second magnetic
thin film 2, whereby the state A is resumed to conse-
quently record, e.g., binary data "0".

Meanwhile, when the recording.medium tempera-
ture T has reached the second temperature TZ, the magne-
tization of the second magnetic thin film 2 is erased
completely or substantially as well as that of the first

magnetic thin film 1 as shown in the state J, so that in

[— L
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the subsequent cooling step from the temperature T2, the
respective TM sublattice magnetizations of the first and
second magnetic thin films 1 and 2 are criented in the
same direction by the external magnetic field Hex and
are thereby stabilized. With further fall of the
temperature, the exchange coupling force is exerted
betweep the first and second magnetic thin films 1 and

2 so that, as shown in the states K and L, the T™

sublattice magnetization of the first magnetic thin

- film 1 is oriented to be directionally coincident with

that of the second magnetic thin film 2. And with

still further fall of the temperature to the vicinity

of the Curie point Tc3 of the third magnetic thin film 3,
the coercive force of the first magnetic thin film 1

is rendered considerably high and therefore the magne-
tization of the film 1 is stabilized and held in the
state M where the magnetization is directionally inverse
to the state A. At this time, the direction of the
magnetization of the third magnetic thin film 3 is
determined by'& combination of the coercive force in

the éecondlmagnetic thin film 2, the exchange coupling
force exerted between the first and second magnetic
thin films 1 ahd 2, and the intensity of the external
magnetic field Hex. 1In the thermomagnetic recording

medium 10 of the above-described structure, the

- 33 -




LEXY

-

magnetization is oriented in the direction of the
applied external magnetic field Hex having an intensity
of 500 Oe. That is, in the third magnetic thin film 3,
its TM spin or TM sublattice magnetization is rendered
directionally inverse to the TM sublattice magnetization
of the first magnetic thin film 1 as shown in the

state M.. And a magnetic wall 9 is generated between the
second and third magnetic thin films 2 and 3 in the state
M where the magnetization of the second magnetic thin
film 2 i; directionally coincident with that of the
third magnetic thin film 1. However, in the structure
mentioned, it has been confirmed that the magnetic wall
energy between the second and third magnetic thin films
2 and:- 3 at the room temperature TR is gfeater than the
magnetic wall energy between the first and second
.magnetic thin films 1 and 2, whereby the TM sublattice
magnetization of the second magnetic thin film 2 is
oriented Eb be directionally coincident with that of

the third magnetic thin film 3 by the exchange coupling
force of the film 3, and therefore the state C is
obtained a£ the room temperature TR. Thus, binary data
"1" is recorded in the form of state C in the cooling
step executed subsequently to the heating up to the

second tempefature T2.
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When the temperature in the medium 10 including
the recorded portion of such data "1" is heated to the
temperature Tl or T2 for recording the next data, there
occurs a transition to the state I from each of the
states C and A since the TM and RE sublattice magnetiza-
tions of the second magnetic film 2 are directionally
opposite to each other, so that binary data "0" or "1"
can be recorded in an overwrite mode as described pre-
viously.

This embodiment 3 is'an exemplary case where
a binary data recording operation is performed in the
form of states A and C shown in Fig. 4. However, it is
also possible to record binary data similarly by replacing
the states A and C of Fig. 4 with the states B and D,
respectively. In this case, the direction of the
applied external magnetic field Hex is so selected as
to become opposite to the direction shown in Fig. 9.

g) Embodiment 4

In this embodiment also, merely the external
magnetic field Hex alone is applied.

The magnetic recording medium 10 used in this
embodiment has first, second and third magnetic thin
filmé 1, Zsand 3, whose coercive force-to-temperature

characteristics are graphically represented by curves
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101 to 103 respectively in Fig. 10. As shown, the first
magnetic thin film 1 serving as a recorded-bit holding
layer indicates a great coercive force at the room
temperature TR and has a low Curie point Tcl. Meanwhile
the third magnetic thin film 3 has the highest Curie
poin£ Tc3 of all and retains a.great coercive force in
the vicinity of the Curie point Tc2 of the second magnetic
thin film 2. That is, the respective Curie points Tcl

to Tc3 of the first to third magnetic thin films 1 to

3 are so selected as to have a relationship of Tc3 >

Tc2 > Tcl, and the third magnetic thin film 3 is composed
0 a suitable material free from causing directional
inversion of its magnetization in the data recording
process. The second magnetic thin film 2 is composed of
a material indicating a small coercive force at the

room femperature TR as graphically shown in Fig. 10 and
is so selected as to become TM-rich or RE-rich in such

a manner that the TM sublattice magnetization thereof
invérted by the external magnetic field Hex is rendered
directionally opposite to the TM sublattice magnetiza-
tion of the tﬁird magnetic thin film 3 maintained in a
predetermined state of magnetization. The first

magnetic thin film 1 may be either RE-rich or TM-rich.

Exemplary compositions, thicknesses and

- 36 -
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listed in Table 3 below.

characteristics of the magnetic thin films 1 to 3 are

TABLE 3
Magnetic | Composition | Coercive |[Curie | Thickness
thin force point °
film (KOe) (°C) (A)
- 1 TbFe 15 =130 500
(Fe rich)
2 GATbFe 3 =200 1000
(Tb rich)
3 TbFeCo 12 =300 500
(Fe rich)

In this example, the first and third magnetic
thinlfilms 1 and 3 are Fe-rich, that is, TM-rich below the
respective Curie points, and the second magnetic thin
film 2 is Tb-rich, that is, RE-rich. The data recording
process in this case will be described with reference
to Fig. 11, where solid-line arrows relative to the

magnetic thin films 1 to 3 typically represent TM spins

or magnetic moments, and broken-line arrows typically

represent RE spins or magnetic moments.
Due to binary data recording, the first and

second temperatures Tl and T2 are so determined as to
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satisfy, for example, conditions of Tl = 130°C and

T2 = 200°C, wherein the fi;st temperature Tl is proximate
to the Curie point Tcl of the first magnetic thin film 1
and the second temperature T2 is proximate to the Curie
point Tc2 of the second magnetic thin film 2,

It is assumed now that the first and second
magnetic thin films 1 and 2 initialized at the room
temperature TR are in the state A described in connection
with Fig. 4, and the TM spin of the third magnetic thin
film 3 is selected to be directionally coincident with
the TM spins of the first and second magnetic thin films
1l and 2. And in this embodiment 4 also, the required
external magnetic field Hex is applied in the same
direétion as the TM sublattice magnetizations of the
first and second magnetic thin films 1 and 2 in the
state A.

With rise of the recording medium temperature
T up to the first temperature ?1 in such state, the
magnetization of the first magnetic thin film 1 is
erased or reduced in the vicinity of the Curie point
Tcl, as shown in the state N. However, since the second
and third magnetic thin films 2 and 3 retain required
great coercive forces in such state as illustrated in
Fig. 10, the respective TM and RE sublattice magnetiza-

tions are not inverted directionally by the applied
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external ﬁﬁgnetic field Hex. Therefore, in the cooling
step subsequent to the heating, TM and RE sublattice
magnetizations of the same direction as in the initial
state A afe generated in the first magnetic thin film 1
by the exchange coupling force exerted relative to the
second magnetic thin film 2, whereby the state A is
resumed to cbnsequently record, e.g., binary data "0".

Meanwhile, when the recording medium tempera-
ture T has reached the second temperature T2 proximate
to the Curie point Tc2 of the second magnetic thin film
2, the magnetization of the second magnetic thin film
2 is erased completely or substantially as well as that
of the first magnetic thin film 1 as shown in the state
O. But since the third magnetic thin film 3 retains
a sufficiently great coercive force at such temperature,
its magnetization is maintained in the predetermined
direction even at the temperature T2 without being
affected by the external magnetic field Hex.

However, with regard to the second magnetic
thin film 2, the magnetization is oriented in the
cooling'step.by the external magnetic field Hex to be
directionally coincident therewith. That is, as shown
in the state P, the TM sublattice magnetization of the

second magnetic thin film 2 is rendered directionally

- 39 -
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opposite to the external magnetic field Hex and therefore
becomes opposite to the third magnetic thin film 3 as
well, so that an interface magnetic wall 9 is generated
between the two magnetic thin films 2 and 3 since the
se2cond magnetic thin film 2 if Tb rich film dominant RE
spin aligns along the external ﬁagnetic field direction.
With further fall of the recording medium temperature T

to the vicinity of the Curie point Tcl of the first
magnetic thin f£ilm 1 in the cooling step, there emerges

a magnetization in the first magnetic thin film 1.

In this stage, its TM sublattice magnetization is oriented
to be directionally coincident with the TM sublattice
magnetization of the second magnetic thin film 2 as shown
in the state Q by properly selecting the temperature
characéeristic, thickness and so forth of the first magnetic

thin film 1. And with still further fall of the temperature

T, the coercive force of the first magnetic thin film 1

becomes greater to retain the magnetization thereof. The
recording medium 10 is so constitqted that a great exchange
coupling force is exerted between the second and thirad
magnetic thin films 2 and 3, that is, the magnetic wall
energy between the first and second magnetic thin films 1
and 2 is selected to be smaller than the magnetic wall
energy between the second and third magnetic thin films 2

and 3,'whereby the sublattice magnetization of the second

- 40 -



AN A sk

x,‘ T A o PR ‘~ e

magnetic thin film 2 is directionally inverted to obtain
the state C illustrated in Fig. 4, hence recording binary
data "1". |
When the temperature in the medium 10 including
the recorded portion of such data "1" is heated up to the
temperature Ti or T2 for recording the next data, there
occurs a transition to the state N from each of the states
A énd C since the TM and RE sublattice magnetizations of
the second magnetic thin fiim 2 are directionally opposite
to each other, so that binary data "0" or "1" can be
recorded in an overwrite mode as described previously.
This embodiment 4 is an exemplary case where
a binary data recording operation is performed in the
form of states A and C. However, it is also possible
to record binary data similarly by replacing the states
B and D of Fig. 4 with the states A and C of Fig. 11.
In this case, the direction of the applied external
magnetic field Hex is so selected as to become opposite
to the direction shown in Fig. 11.
Altﬁough the above embodiments are concerned
with exemplary cases where the thin films 1 to 4 are
ferrimagnetic, it is to be noted that similar results are

achievable by the use of ferromagnetic thin films as well.
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h) Embodiment 5

Fig. 12 illustrates how the state of magnetiza-
tion changes in compliance with the temperature in the
embodiment of the present invention. 1In this embodiment,
the first'ﬁagnetic thin film 1 and the two film parts
21, 22 of the second magnetic thin film 2 are composed
of ferrimagnetic TM-RE alloy.

&he magnetic thin films 1 and 2 (21, 22) in
this embodiment are deposited on the light transmissive
base 5 directly by the use of a DC magnetron sputtering
apparatus wifhout forming a dielectric film 6, so that
sequential layers of RE-TM ferrimagnetic thin films are
obtained by sputtering. Such magnetic thin films 1, 2l
and 22 are so arranged that RE and TM layers are
superposed alternately. And a protective film 7
composed of Si3N4, AlN, SiO,, S5i0 or MgF, is deposited
to a thickness of 800 A on the uppermost third magnetic
thin film 3 as explained in connection with the
previous embodiments.

The first and second magnetic thin films 1

and 2 (2 2,) of the recording medium 10 in this

l'
embodiment are so-called TM-rich films in a range from

room temperature to the respective Curie points Tcl and

Tc2 Tc2

1’ 2°
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In the first magnetic thin film 1 and the
figst and second film parts 2l and 2, of the second
magnetic thin film 2, the respective Curie points Tcl
and Tc21, TcZ2 are so selected as to have the following
relationship:

Tc'.22 < Tcl < Tch eeeee (21)

In the description of this embodiment 5, as
illustrated in Fig. 12, data are recorded by forming
a portion of state A and a portion of state C or B in
the thermomagnetic recording medium 10 shown in Fig. 4,
i.e., a positive-direction portion and an inverse-direc-
tion portign'with regard to the TM spins in the first
magnetic thin film 1. 1In Fig. 12, the arrows relative
to the ﬁagnetic thin films 1 and 2 (parts 21, 22)
typically &ndicate the directions of the TM spins, and
the magnetizations Msl and Mle, MsZ2 in the magnetic
thin films 1 and 2 (parts 21, 22) correspond respective-
ly to the difference between the TM and RE magnetic
moments therein since they are ferrimagnetic films.

It is assumed in this example that, when
initialized at the room temperature TR, the first
magnetic thin film 1 and the first film part 2; of the
second magnetic thin film 2 are in the state A where

the respective TM spins are both in the positive direc-

tion, and the TM spin of the second film part 2, is also
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in the same direction as in the first magnetic thin film
1 and the film part 21.
Suppose now that the temperature T is raised
to the first temperature Tl or the second temperature T2
from the initial state A at room temperature TR. The
first>temperature Tl is above the Curie point Tcl of
ferad the first magnetic thin film 1 but is not so high as to
invert the magﬁetization of the first film part 2l of the
second magpetic thin film 2 with application of an
external ﬁagnetic field Hex which will be described
later. The second temperature T2 is above the first
temperature Tl and high enough to invert the TM sublat-
tice magnetization of the film 2 with application of the
external magnetic field Hex namely, near or higher than
RN the Curie point Tc2, of the first film part.
After completion of the heating step at such
eere temperature Tl or T2, a magnetization emerges in the
T first magnetic thin film 1 upon fall of the temperature

T below the Curie point Tcl, and with regard to deter-

J
mination of the direction of such magnetization, the

exchange coupling force exerted between the magnetic
thin film 1 and the magnetic thin film part 2l becomes

dominant. That is, the saturation magnetization Msl H

and the thickness hl of the first magnetic thin film 1
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relative to the external magnetic field Hex and the
interface magnetic wall energylcwl are so selected as
to substantially satisfy the following conditions at
the temperature T (proximate to Tcl) where a spontaneous
magnetization emerges in the first magnetic thin film 1:
owl > 2 | Msl1 | hl Hex ..... (25)

Then the state of magnetization caused upon fall of
the recording medium temperature T below the Curie point
Tcl is such that the TM sublattice magnetizations in
the first magneéic thin film 1 and the film part 2l of
the second magnetic thin film 2 are directionally
coincident with each other as in the state A or B
illustrated in Fig. 4. And the state A is obtained when
tﬁe temperaturé in the heating step is Tl, or the state
B is obtaiped when the temperature is T2.

’The state E in Fig. 12 shows the state where
the magnetizaﬁions of the first magnetic thin film
1 disappeqred and the first film part 2l of the second
magnetic thin film 2 with rise of the recording
medium temperature T up to the first temperature T1.
And upon fal} of the temperature T substantially below
the Curie point Tcl of the first magnetic thin film 1

in the subsequent cooling step, the TM sublattice

magnetization of the first magnetic thin film 1 is
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oriented to be directionally coincident with that of

the first film part 2., of the second magnetic thin film

1
2 by the exchange coupling force of the film 2 as
described previously, so that the initial state A in
Fig. 12 is obtained to form a recorded portion of, e.g.,
binary data "0".

The state F in Fig. 12 is obtained when the
magnetizations of the first and second magnetic thin
films 1 and 2 are once erased or reduced due to rise
of the temperature T up to the second temperature T2
and then the TM sublattice magnetization of the first
film part 21 6f the second magnetic thin film 2 is
inverted by the external magnetic field Hex applied with
fall of the temperature T substantially to the Curie
point Tc22 of the second film part 2, of the second
magnetic thin f£ilm 2. And with further fall of the
temperature T to the vicinity of the Curie point Tcl
of the first magnetic thin film 1, the TM sublattice
magnetization, which is in the inverse direction as
in the first film part 21 of the second magnetic thin
film 2, is generated in the first magnetic thin film
1 by tlie exchange coupling force of the first film

part 2 as shown in the state G. When the temperature

ll
T still further falls in the cooling step to the room
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temperature TR from the state G, there is obtained the
state B where the TM sublattice magnetization of the
first magnetic thin film 1 is directionally inverted
to record, e.g., binary data "1". In such transition
to the state B, the TM spin of the second film part 22
is reﬂdered directionally coinc¢ident with the TM spin
of the first film part 21 by the exchange coupling
force of the first film part 21.

And a next transition is induced from the
state B to the state C by applying another or second
external magnetic field Hsub in addition to the afore-
mentioned or first external magnetic field Hex. Then
the TM sublattice magnetizations of the magnetic thin

film 1 and the magnetic thin £film part 21 are rendered

directionally opposite to each other with respect to

the interface therebetween, whereby an interface magnetic

wall 9 is generated. Regarding the magnetic wall
energy ow, the effective coercive force Hc2 of the
second magnetic thin film 2, its saturation
magnetizafion Ms2 and its thickness h2, the condition
required for inducing a transition from the state B to

the state C is expressed as

guw

ee s (31)
2M521 h21 + 2M§22 h22

Hsub > Hc2 +
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Meanwhile the effective coercive force Hc2

is given by
He2 = Ms2l h2l Hc2l + M522 h22 Hc2

Mle h2l .+ MSZ2 h22 """

In the above equation, Mle and Ms22 ' th and h22, chl
and Hc2, represent the saturation magnetizations,
thicknesses and coercive forces of the first and

second magnetic thin film parts 2l and 2 respectively.

2!

As is obvious from Eg. (32), the coercive
force Hc2 can be reduced in comparison with the value
in a single-layer structure having the magnetic thin
film part 2l alone, so that the second magnetic field
Hsub defined by Eg. (31) for inducing a transition from
the state B to the state C can be diminished as compared
with the recording medium where the magnetic thin film
2 is formed of.the first £film part 2l alone.

For example, in case the first magnetic thin
film 1 is composed of TM-rich TbFe (Hcl 2 2.5 kOe) to
have a thickness of 10003 and the second magnetic thin
film 2 is composed of TM-rich TbFeCo (Hc2 2 7 kOe) to
have a thickness of 10003, the intensity of the second
magnetic field Hsub needs to be 8 kOe or more.

In contrast therewith, accorxding to the method of the

present invention, the magnetic field Hsub can be reduced
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to 4 kOe or so in an example where the second magnetic
thin film 2 is formed of the first film part 21
mentioned above and the second film part 22 composed
of TM-rich DyFeCo alloy (HcZ2 = 1 kOe) to have a
thickness of 20003.
i) Embodiment 6

In the embodiment 5 described above, the
magnetic thin films 1 and 2 are composed of TM-RE
magnetic metals where a compensation point Tcomp is not
existent in a range from the room temperature TR to the
second temperature T2. 1In thié embodiment 2, however,
the first film part 21 of the second magnetic thin film
2 has a compensation point Tcomp between the vicinity

of the Curie point Tcl of the first magnetic thin film

1 or the vicinity of the first temperature Tl and the

- second temperature T2 or below as graphically shown in

Fig. 13 where the saturation magnetization Ms and the
coercive force Hc are represented respectively by a
solid-line curve and a broken-line curve. The first

film part 2. of the second magnetic thin film 2 pre-

1
sents, at any temperature below the compensation point

Tcomp, so-called RE-rich characteristic where the RE

sublattice magnetization is dominant; and at any

)

temperature above the compensation point Tcomp, so-called
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TM-rich characteristic where the TM sublattice magnetiza-
tion is dominant. Fig. 14 illustrates the states of
magnetization obtained in the individual steps. 1In

Fig. 14, any components corresponding to those in Fig.

12 are denoted by the same reference numerals, and a
repeated explanation is omitted here. 1In this illustra-
tion, solid-line arrows relative to the magnetic thin

film 1 and the film parts 2 22 in the states A, E,

1
F, G and C represent TM spins cr TM magnetic moments,
and broken-line arrows represent RE spins or RE magnetic
moments.

According to the embodiment 6, sequential
transitions of state A or C - state E - state A are
induced in the heating step to the first temperature T1
and the subsequent cooling step, whereby a bit "0",
for example, is recorded in the first magnetic thin
film 1; and sequential transitions of state A or C -
state F - state G - state C are induced in the heating
step to the second temperature T2 and the subsequent
cooling stép,'Qhereby a bit "1", for example, is
recofded.‘

In this case, the condition of Eq. (3l) is

satisfied by the external magnetic field Hex at the

room temperature TR whose level is represented by a
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chain line in Fig. 13. Then, as illustrated in Fig. 14,
a transition from the state G to the state C can be
induced directly without the necessity of applying another
external magnetic field Hsub in addition to the first
external magnetic field Hex.

The embodiments 5 and 6 mentioned above are
examples where binary data recording is performed by
transitions among the states A, B and C as described
in connection with Fig. 4. However, a similar data
recording operation can also be performed by transitions
induced among the states A, B and D shown in Fig. 4.

In the latter case, the states A, B and C in Figs. 12
and 14 may be replaced with the states B, A and D,
respectively.

V It is to be noted thét the individual magnetic
thin films of the recording medium 10 may be composed
of ferromagnetic material as well.

According to the recording method of the
present invention, as is obvious from the above
description, there are attainable a variety of advantages
including realization of a higher data transfer rate
due to the nonnecessity of an erasing step (time), a
compact structure accomplished without adoption of a

two-head system requiring an erasing head, a fast
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recording operation based on the capability of thermal
modulation using laser light or the like without
modulation of an external magnetic field, and remarkable
simplification of the apparatus contrived in combina-
tion with employment of a single laser light beam.
Furthermore, as is manifest in view of the
individual embodiments mentioned, the existence of the
third magnetic thin film 3 enables a binary data
recording operation in an overwrite mode as well in the
present invention merely by the use of an external magne-
tic field Hex alone without applying any other external
magnetic field. And even when an additional magnetic
field Hsub is required to induce a transition from the
state B to the state C as in the embodiment 1 described
with reference to Fig. 1, the intensity of such
external magnetic field Hsub can be reduced in comparison
with that i the conventional thermomagnetic recording
method employing merely the first and second magnetic
thin films 1 and 2 as disclosed in, for example,
£fF ox57530

i . According to the known thermo-
magnetic recording method described therein, magnetic
layers formed in the structure of the recording medium
are only the first and second magnetic thin films 1 and

2 in the embodiment 1 of Fig. 1 in the present invention,
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so.that the intensity of the external magnetic field
Hsub required for inducing a transition from the
state B to the 'state C in Fig. 4 is given by

Hsub > Hc2 + ow/2Ms2 h2 ceee. (161)
Since the intensity in the embodiment 1 is based on the
aforementioned conditional equation (16), as is obvious
from the comparison of Egs. (161) and (16), the magnetic
field Hsub’according to Eq. (16) can be reduced by a
value of the term ow,/2Ms, h2 as compared with that
according to Eq. (161).

Fufthermore, in case the recording medium
is such that thc magnetic layers thereof include merely
first and second magnetic films 1 and 2 as mentioned
hereinabove and the second magnetic thin film 2 is not
so composed that a compensation temperature Tcomp is
existent between the room temperature TR and its Curie
point Tc2, it is necessary to prevent directional
inversion of the magnetization in the second magnetic
thin film 2 at the first temperature Tl which is in the
vicinity of the Cuvie point Tcl of the first magnetic
thin film 1. Therefore, the coercive force Hc2 of the
second magnetic thin film 2 practically needs to be
greater than 1 kOe or so. In any material suited to

satisfy such condition, the coercive force Hc2 at the
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room temperature TR amounts to more than 2 kOe or so,
and conseduently the second external magnetic field Hsub

with addition of the termow/2Ms., h2 is Eq. (161) comes

2

to require a great intensity of at least 3 to 4 kOe.
However, it is practically difficult to produce a
satisfactory apparatus capable¢ of applying such magne-
tic field Hsub simultaneously or sequentially to the
entire area of the recording medium 10.

Besides the above, in the recording medium
where its magnetic layers include merely the first and
second magnetic thin films 1 and 2 alone &s in U.S.

Ef 0257530

—Set&zﬁrikrr—&¥##3f if a compensation temperature
Tcomp is existent between the room temperature TR and
the Curie point Tc2 of the second magnetic thin film
2, then the second external magnetic field Hsub can be
rendered coincident with the first external magnetic
field Hex, and therefore it becomes practically
nonnecessary to provide the additional magnetic field
Hsub in particular. In this case, for enabling the
first magnetic thin film 1 to exert its exchange
coupling force on the second magnetic thin film 2 at
the first tehperature Tl in the vicinity of the Curie point
Tcl of the first magnetic thin film 1, the magnetic

field required for causing directional inversion of the

et o mma e emeie o
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h magnetization in the second magnetic thin film 2 at the
room temperature TR needs to have an intensity of about
2 kOe or more according to Eq. (161), whereas the
intensity of the external magnetic field Hex is at most
1 kOe. or less. Consequently, for reducing the former
field intensity, it becomes necessary to increase the

: ERERE film thickness-or to set a higher temperature relative
e to directional inversion of the magnetization in the

second magnetic thin film 2 so as to enhance the

e L

magnetization Ms at the room temperature TR. Then
there may eventually arise some problems including the
requisite of a greater recording power and so forth.
According to the present invention, however, such
problems can also be solved by using the improved
magnetic recording medium 10 furnished with the third
magnetic thin film 3.
e Furthermore, as is manifest in view of the
A E embodiments 5 and 6 mentioned, the double-layer

«cture of the second magnetic thin film 2 is effec-

cive to reduce the required intensity of the external

magnetic field Hex in comparison with the conventional

method using a single-layer second magnetic thin film
£P 0251530

as disclosed injU+S-—Sexrial-Ne+—87H440. And the present
~ .

invention enables a binary data recording operation in
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an overwrite mode as well merely by using the external
magnetic field Hex alone without applying any other
external magnetic field. And even when an additional
magnetic field Hsub is employed to induce a transition
from the state B to the state C as in the embodiment 1
described with reference to Fig.l, it is possible to
diminish fﬁe required intensity of such external

magnetic field Hsub.
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THE CLATMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A thermomagnetic recording method using a
thermoniagnetic recording medium where first, second and third
magnetic thin films each formed of rare-earth and transition
metals are sequentially superposed to form layers in a
magnetically coupled manner; heating said thermomagnetic
recording medium under a predetermined magnetic field
perpendicular to the film plane thereof while selectively
modulating, in accordance with data to be recorded, a first
heating state at a first temperature T, substantially above the
Curie point Tc, of said first magnetic thin film and adequate
to hold the sublattice magnetization of the transition metal
of said second magnetic thin film in a predetermined direction,
and a second heating state at a second temperature T,
substantially above said Curie point Tc,, higher than said
first temperature T,, and adequate to invert the sublattice
magnetisation of the transition metal of said second magnetic
thin film to the reverse of said predetermined direction; and
in a cooling step subsequent to said first and second heating
states, maintaining the sublattice magnetisation of said third
magnetic thin film in a predetermined direction while orienting
the sublattice magnetisation of said magnetic thin film to be
directionally coincident with that of said third magnetic thin
film at a temperature below said first temperature T, without
directionally inverting the sublattice magnetisation of said
first magnetic thin film this representing data by said
sublattice magnetisation of said first magnetic thin film.

2. A thermomagnetic recording method using a
thermomagnetic recording medium where first and second magnetic
thin films each formed of rare-earth and transition metals are
superposed to form layers in a magnetically coupled manner,
said second magnetic thin film consisting of a first film part
having a first Curie point Tc2, and disposed adjacent to said
first magnetic thin film and a second film part having a second
Curie point Tc2, lower than said first Curie point Tc2, and
disposed on the reverse side with respect to said first film

57
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part, said first and second film parts each being composed of
a composition chosen from the group consisting of a rare earth
rich side composition in which the rare earth element is
contained in said film parts in a larger amount than an amount
of a magnetic compensational composition at room temperature
and a transition metal rich side composition in which the
transition metal element is contained in said film parts in a
larger amount than the magnetic compensational composition at
room temperature, and said first and second film parts being
formed of the same side composition;

heating said thermomagnetic recording medium while
selectively modulating, in accordance with data to be recorded,
a first heating state at a first temperature T, substantially
above the Curie point Tc, of said first magnetic thin film and
adequate to hold the sublattice magnetisation of the transition
metal in said second magnetic thin film in a predetermined
direction, or a second heating state at a second temperature
T, substantially above said Curie point Tc, and adequate to
invert the sublattice magnetisation of the transition metal of
said second magnetic thin film to the reverse of said
predetermined direction; and,

in a cooling step subsequent to said first and second
heating states, orienting the respective sublattice
magnetizations of both parts of said second magnetic thin film
in the same state of magnetic polarization.

3. The thermomagnetic recording method of claim 1,
wherein said thermomagnetic recording medium further comprises
a fourth layer which is interposed between said second and
third magnetic thin film, said fourth layer interrupts magnetic
coupling between said second and third magnetic thin films at
heated conditioh.

4. The thermomagnetic recording method of claim 1,
wherein said first and second magnetic films have an interface
magnetic wall energy ow, therebetween, and said second and
third magnetic films have an interface magnetic wall energy ow,
therebetween, and said interface magnetic wall energy ow, is
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smaller than said interface magnetic wall energy Ow,.

5. The thermomagnetic recording method of claim 1,
wherein said predetermined magnetic field is applied by an
external magnetic field Hex, that satisfies the following
conditions:

owW,-2Ms;h;Hex<2Ms;h,Hc;

oW,—0W;—2Ms,h,Hex <2Ms,h,Hex
wherein:

ow, represents an interface magnetic wall energy
existing between said first and second magnetic thin films;

ow, represents an interface magnetic wall energy
existing between said second and third magnetic thin films;

Ms, and Ms; represent the saturation magnetisation of
said second and third magnetic thin film respectively;

h, and h; represent the thickness of said second and
third magnetic thin films respectively; and,

Hc, and Hc; represent the coercive force of said
second and third magnetic thin films respectively.

6. The thermomagnetic recording method ¢f claim 1
wherein said predetermined magnetic field is applied by an
external magnetic field Hex which satisfies the following
conditions:

ow,—2Ms;h;Hex<2Ms;h;Hc;

owW,—W,~2Ms,h,Hex<2Ms,h,Hc,
wherein:

ow, represents an interface magnetic wall energy
existing between said first and second magnetic thin films;

oW, represents an interface magnetic wall energy
existing between said second and third magnetic thin films;

Ms,, Ms; represents the saturation magnetisation of
said second and third magnetic thin film respectively:

h,, h; represents the thickness of said second and
third magnetic thin films respectively; and,

Hc,, Hcy represents the coercive force of said second
and third magnetic thin films respectively;

and another external magnetic field Hsub is applied

59




to said thermomagnetic recording medium to maintain the
sublattice magnetisation of said third magnetic thin film in
a predetermined direction while orienting the sublattice
magnetisation of said second magnetic thin film to be
directionally coincident with that of said third magnetic thin
film at a temperature below said iirst temperature T, without
directional inverting the sublattice magnetisation of said
first magnetic thin film.

7. A thermomagnetic recording method using a
thermomagnetic recording medium substantially as herein
described with reference to and as illustrated in the
accompanying drawings.

Dated this 14th day of May, 1990

SONY CORPORATION
By Its Patent Attorneys:

GRIFFITH HACK & CO.
Fellows Institute of Patent
Attorneys of Australia
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