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" Magneto-optical recording medium"

The invention relates to a magneto-optical recording medium comprising a
substrate and a recording multilayer, the recording multilayer having a magnetic easy
axis perpendicular to the multilayer and comprising layers of a first kind alternately
stacked with layers of a second kind, the layers of the first kind being principally
comprised of Co and the layers of the second kind comprising a metal other than Co,
whereby successive layers of the first kind are ferromagnetically coupled across
interposed layers of the second kind.

In a magneto-optical recording medium having a recording multilayer with
perpendicular magnetic anisotropy, individual data bits are represented by domains
which are magnetised in one of the two different orientations perpendicular to the
multilayer. Such data bits can be detected via magneto-optical effects, whereby the
polarisation state of polarised light incident on the multilayer (e.g. from a laser) is
changed in a manner which depends on the direction and magnitude of the
magnetisation in that part of the multilayer impinged upon by the light. Such changes in
polarisation state can be monitored in the light reflected from the multilayer (Kerr
effect) or in the light transmitted through the multilayer (Faraday effect).

The magnetised domains can be obtained by using a focused laser light
beam to locally heat the recording multilayer to a temperature near the Curie
temperature of the recording multilayer material. When the region of the recording
multilayer thus heated is allowed to cool in an external magnetic field, the mag_netisation
in that region will align and lodge itself in the direction of that magnetic field. This
procedure is referred to as thermomagnetic writing. A common means of thermo-
magnetically writing information in a recording multilayer is one whereby the recording
medium is embodied in the form of a disc which rotates about an axis perpendicular to
its plane, the data bits being written in the recording multilayer using a permanent
external magnetic field and a radially moveable focused laser light beam whose intensity

is pulsed in accordance with the infosmation to be written. Use of this means

necessitates prior erasure of existing information in that region of the/rpqords EET HAS BEEN
REPLACED



alternately stacked with econd kind, the layers of the first
kind being principally c and the Iayers of the second kind
conpri si ng PHNd@a536t her tha ereby 2uccessive layers of the 26.0%t1993
kind are ferromagnetically coupled across interposed | ayers of the second

ki nd. multilayer whiefe theBawéiformation & to Be wiittgng medi um having a
recording nultilayer with perpendi cul ar nmagnetic ani sotropy, individual

ga]E? bits are represehﬂmdwnymmmfr@fmkwn&me neugméomaatwn ovesrexistingt he t wo
ifferent orjientati ndi cul | ti ch, data bit
be_det ct o FFR2E Sr AP sk SupPirited cplorta el relRtreL i ermagiats of
pol ari se n(glp t R, LRl

in a mannerﬂe% dﬁﬁ epends Mr? the%ﬁggﬁl}&g&&sgﬁﬁmgm tuge of t 1&{&;&%“&%{1

nmagnet i st light bearhligicopstant avid thbedirection |ofythe extepnal gragnetiorfidly xs medulatgd in
Such changes in polarisation state can be nonitored in fhe |jght reflect ed

f rf)m lt he w@peqrrla%@r withethe information & bewiiken, themagnetin dif @tbé’d‘gt%ﬁ‘PBh% Y8

mul til ayer rada Th e b

obt ai ned bf eﬁg H& e%gﬁgeﬁlolwggg; 49%?%}9«%5% &o It@ﬁ 3§B@h‘gﬁpgggr dieng

multilayer geyandisiPaeutient it e dl8Grémagetic coil must be switched very rapidly, and
the required switching power is thus high. Another disadvantage of MFM is that, if it is

aXi s perpendicular to tTI"i"ﬁS 1 Has[B T@tplamdi conpri si ng Iayers of afi.rst kind

10 employed with double-sided recording media which are protected on both faces by a
) glass or plastic plate, the presence of the plate increases the distance from the
electromagnetic coil to the recording multilayer, thus reducing the on-site magnetic field
strength in the recording multilayer, thereby necessitating a larger electrical current in
the coil in order to counteract this effect. Application of MFM in compact devices with
15 relatively small power supplies, such as "disc-man”" players and portable computers, can

thus be problematic.

A magneto-optical recording medium as described in the opening

20 paragraph is known from European Patent Specification EP-B-304873, in which the

recording multilayer consists of layers of Co alternately stacked with non-magnetic
) layers comprising a metal selected from the group formed by Pt and Pd. Important

properties of such a recording multilayer are its saturation magnetisation, Curie
temperature, coercive field, nucleation field, remanence, and magneto-optical Kerr

25 effect. These properties can be influenced in a number of ways, such as variation of the
thicknesses of the Co layers and the non-magnetic layers, variation of the total number
of constituent layers in the recording multilayer, or variation of the technique used to
create the recording multilayer. Specific combinations of these variable parameters have
been shown to yield recording multilayers which have concurrent desirable properties

30 such as a relatively large magneto-optical Kerr effect, 100% remanence, and a ratio of
the values of the coercive field and nucleation field which results in a so-called "square”

magnetic hysteresis loop.

However, a limitation of the known recording medium concef %‘im‘ED
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This is the minimum width of the light spot formed on the recording medium by a

10 focused light beam. Because magneto-optical effects monitored in the reflected or
transmitted light will be proportional to the net magneﬁsaﬁon value for this entire spot,
it is evident that the width of the individual magnetised domains representing stored data
bits will have a practical lower limit given by Equation (1). This limits the maximum
density of information storage of the recording medium. |

15

It is an object of the invention to provide a so-called super-resolution
magneto-optical recording medium, in which the maximum storage density is
) considerably higher than in the known recording medium.

20 It is a further object of the invention to provide a magneto-optical
recording medium into which data bits can be written according to a simple direct
overwrite procedure which does not involve magnetic field modulation.

According to the invention, these and other objects, as will become
apparent from the description below, are achieved in a magneto-optical recording

25 medium as described in the opening paragraph, characterised in that at least one of the
layers of the second kind which is bounded on both sides by layers of the first kind is
substituted by a coupling structure comprising at least one layer of antiferromagnetic
coupling material, across which coupling structure the immediately adjacent layers of
the first kind are antiferromagnetically coupled.

30 A great advantage of such a magneto-optical recording medium is that, in
M
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kind, the constitution and chemical composition of the coupling structure, the means by

which the various layers are deposited (e.g. vapour deposition or sputter deposition),
and the conditions under which deposition takes place (e.g. choice of sputter gas).
The invention is based upon the insight that the concurrent presence of

10 ferromagnetic and antiferromagnetic coupling, together with the different temperature

“»

dependencies of the AF coupling and magnetisation, can be exploited to produce a
recording medium employing mechanisms for data recording and data reading which are
different to those employed in the known recording medium.
It should be observed that there is another class of magneto-optical

15 recording media in which coupling of various layers is exploited to allow super-
resolution data storage and direct overwrite recording. These media, which demonstrate
perpendicular magnetic anisotropy, employ amorphous alloys of rare earth (RE)
elements and transition metal (TM) elements, as described for example in United
Kingdom Patent Application GB-A-2077065. Such RE-TM alloy media generally

20 comprise at least two relatively thick RE-TM alloy layers, stacked directly on top of
one another. Commonly used RE-TM alloys include TbFeCo and GdTbFe, and typical
layer thicknesses are of the order of 100 nm. Each of the alloy layers is ferrimagnetic,
and the degree of ferrimagnetism is controlled by the exact compositions of the RE-TM
alloys. In common embodiments, these compositions are thus chosen that the two layers

25 are directly AF coupled. However, because this AF coupling is not mediated by an
interposed coupling structure such as that characterising the present invention, there is
comparatively little scope for independent adjustment of the temperature dependencies
of the AF coupling and magnetisation, since both quantities are controlled by only one
parameter, namely the RE-TM alloy composition. Controlled adjustment of temperature

30 dependencies is important for the realisation of optimised practical embodiments of the

magneto-optical recording medium according to the invention, as will become evident

from discussion of the embodiments hereafter. THIS SHLET RS BEEN
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effectively minimising the effects of oxidation. However, heating thick layers requires a
larger (laser) light intensity than heating thin layers, so that this measure increases the
power required to write data into the medium. Thirdly, in manufacturing processes, it is
10 relatively difficult to accurately maintain a critical RE-TM alloy composition combining
! the required values of the coercive field, nucleation field, magnetisation, remanence,
magneto-optical Kerr effects, Curie temperature and AF coupling strength.
In the magneto-optical recording medium according to the invention, the
layers of the first kind may contain extra materials in addition to pure Co. These extra
15 materials can serve to alter the physical or chemical properties of the layers in which
they are incorporated, or to influence the properties of neighbouring layers. For
example, it can be shown that incorporation of 3-8 at. % Os or Re into the Co layers of
the recording medium according to the invention causes a lowering of the Curie
temperature and magnetisation of those layers. Similar effects can be achieved when the
20 Co layers contain minority W, Nb, Ta or Mo substituents. Alternatively, the layers of
the first kind can comprise a CoNi alloy which is principally comprised of Co, e.g. a
) CogNiy alloy. It is stressed that the invention does not require all the layers of either
the first kind or the second kind to have identical compositions or thicknesses, or to be
provided by the same means. For example, the layers of the first kind at one side of the
25 coupling structure may have different compositions and thicknesses to the layers of the
first kind at the other side of the coupling structure. Additionally, consecutive layers of
the second kind may comprise different materials, and have different thicknesses, and
be deposited by different means or under different conditions.
A preferential embodiment of the magneto-optical recording medium
30 according to the invention is characterised in that the antiferromagnetic coupling
material is selected from the group formed by V, Cr, Mn, Cu, Nb, Mo, Ru, Rh, Ta,
W, Re, Os, Ir, and mixtures thereof. When interposed between Co layers in a

\\\
multilayer, an appropriately thick layer comprising one of these mate: als thsShir HAS BEEN
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interposed layer comprising one of these materials demonstrates an oscillatory

t he known

dependence on the thickness of that layer, thus allowing the strength of the AF coupling

5 to be tailored to the desired performance and requirements of a particular multilayer via

careful choice of the thickness of the layer of antiferromagnetic coupling material.

A particularly advantageous embodiment of the magneto-optical recording

medium according to the invention is characterised in that the coupling structure is a

single layer of antiferromagnetic coupling material selected from the group formed by

10 Rh, Ru, and mixtures thereof, which layer has a thickness in the range 0.5 nm -
nm. Of the elements V, Cr, Mn, Cu, Nb, Mo, Ru, Rh, Ta, W, Re, Os and Ir listed

e

1.2

above, Rh demonstrates the largest AF coupling strength, and Ru demonstrates the

second largest AF coupling strength. The magnitude and sign of the coupling across

these two materials oscillates as a function of the Rh or Ru layer thickness,

15 demonstrating a peak at approximately 0.8 nm. Above 1.2 nm, the coupling begins to

demonstrate a ferromagnetic character. Below 0.5 nm, the coupling becomes weakly

antiferromagnetic, or ferromagnetic.
Another preferential embodiment of the magneto-optical recording

medium according to the invention is characterised in that the coupling structure further

20 contains at least one layer of ferromagnetic material selected from the group formed by
Fe, Ni, Co, and mixtures thereof. As already stated, the presence of an interposed
: coupling structure according to the invention advantageously facilitates adjustment of the

temperature dependence and effective strength of the AF coupling in the recording

multilayer. Such temperature dependence and effective strength can be influenced not

25 only by the choice of chemical composition and thickness of the layer of

antiferromagnetic coupling material, but also by the presence of at least one layer of
ferromagnetic material in the coupling structure, the thickness of which also influences

the aforementioned temperature dependence and effective strength.

In addition to the layer of antiferromagnetic coupling material, and any
30 optionally present ferromagnetic material, the coupling structure can also contain layers
of other materials, which are, for example, incorporated in the structure so as influence

its magnetic, magneto-optical, optical, thermal or chemical properties, or solely

for the

purpose of adjusting the thickness of the coupling structure so as to mﬂlr Hee e
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Possible embodiments of the coupling structure in a magneto-optical
recording medium according to the invention therefore include:
5 () a single Rh layer sandwiched between two Ni layers, or
(b) a single Fe layer sandwiched between a Pd layer on one
side and a Ru layer on the other side, ot
(c) a single Fe layer sandwiched between a Rh layer on one
side and a Ru layer on the other side, or _
10 (d) a stack of five layers, each containing a given element, namely Pd, Fe,
, Ru, Ni and Pt, consecutively, for specific thickness ranges of the various
layers.
This list of four possible embodiments is given by way of example only, and is
obviously not exhaustive.

15 A further advantageous embodiment of the magneto-optical recording
medium according to the invention is characterised in that the layers of the second kind
contain a material selected from the group formed by Ni, Pd, Pt, Au, and mixtures
thereof. Experiment has demonstrated that Co/Ni, Co/Pd, Co/Pt and Co/Au interfaces
all demonstrate particularly large positive surface anisotropies (i.e. strong perpendicular

20 magnetisation). Attractive magneto-optical recording properties of multilayers in which
layers of Co are alternately stacked with layers of Ni are discussed at length by den
Broeder et al. in Appl. Phys. Lett. 61 (12), pages 1468-1470 (1992). In the case of
multilayers combining Co layeré with interposed Pd or Pt layers, advantageous
magneto-optical recording properties are summarised by Zeper et al. in J. Appl. Phys.

25 70 (4), pages 2264-2271 (1991). A particular advantage in the case of such Co/Pd and
Co/Pt multilayers is that the magnitudes of their magneto-optical Kerr effects increase
with decreasing wavelength, making these multilayered materials particularly suitable
for recording at short optical wavelengths (blue light), at which wavelengths the
maximum density of information storage is higher than at commonly employed red

30 wavelengths (see Equation (1)). In the case of Co/Pt interfaces, experiment has shown
that the Pt layer becomes magnetically polarised by the Co layer in such a manner that
the total magneto-optical Kerr effect of the combined layers substantiajlyexoeeds that ofEen

the Co layer alone. In contrast, the magneto-optical Kerr effect of CL)/Au lajéfed (=D '
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side of the coupling structure, and of that part P, of the recording multilayer at the

other side of the coupling structure, is such that a first magnetic switching field Hy,, for
switching magnetisations in part P, out of anti-parallel orientation with respect to
10 corresponding magnetisations in part P, and into paralle] orientation with respect

a0

thereto, is lower than a second magnetic switching field Hs,, for switching
magnetisations in part P, out of anti-parallel orientation with respect to corresponding
magnetisations in part P, and into parallel orientation with respect thereto. This
stipulation can be expressed in formula form as follows:

15

H, < H, ' )

The term "corresponding magnetisations in part P," is intended to denote those
magnetisations in part P, which are located within the same data bit domain as the
relevant magnetisations in part P,, and vice versa. If AF coupling strength across the
' 20 coupling structure is denoted by J, magnetic permeability of vacuum is denoted by wu,,
saturation magnetisation of a given part is denoted by Ms, cumulative ferromagnetic

layer thickness of a given part is denoted by t, and coercive field of a given part is

denoted by He, then the following equations can be derived in SI units:
-2
H, = ( +H 3)
St “oﬂlst ah

25
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whereby it is assumed that J is negative for AF coupling. In each of these equations, the
expression between parentheses is intended to be evaluated for that part of the recording
multilayer which is indicated by the particular subscript outside those parentheses,

5 whereby the subscript "1" refers to part P, and the subscript "2" refers to part P,.

It is of additional advantage in this case when the parts P, and P, are thus
embodied, by suitable choice of parameters as already discussed, that the following
conditions are met:

1) A third magnetic switching field Hg,, for switching magnetisations in part P, out

10 of parallel orientation with respect to corresponding magnetisations in part P, and into
anti-parallel orientation with respect thereto, is larger than a fourth magnetic switching
field Hg,, for switching magnetisations in part P, out of parallel orientation with respect
to corresponding magnetisations in part P; and into anti-parallel orientation with respect
thereto. This stipulation can be expressed in formula form as follows:

15
H, > H,, G
Using the notation and sign convention introduced above, the following equations can be
derived in SI units:
-7
H, = -H (6)
s7 ( “o Ms t 0) 1
20
-2J
H, = ( - H @)
54 ﬂo Ms t &2

In each of these equations, the expression between parentheses is intended to be
evaluated for that part of the recording multilayer which is indicateﬂmﬂmm__
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(iiiy  The temperature dependence of the AF coupling strength is stronger than that of
’ the magnetisation in either of the parts P, or P,, i.e. the decrease of J with increasing
10 temperature is stronger than the corresponding decrease of the magnetisation in either
part of the recording multilayer.
({iv) The Curie temperature T, of part P, is higher than the Curie temperature T,
of part P,.
) The (laser) light beam employed in writing data to and reading data from the
15 recording medium enters the recording multilayer via part P,, and then impinges on part
P,.

Since the intensity of a light beam incident on such a recording multilayer
through the part P, (for example) demonstrates an exponential decay as a function of the
penetration depth into the medium, the individual magneto-optical contributions of the

) 20 successively encountered layers to the total magneto-optical effect from the entire
recording multilayer will thus diminish as a function of penetration depth. However,
adjustment of the absolute magneto-optical effect of part P, to be larger than that of part
P, counteracts this effect, and, for a chosen wavelength of light, sufficiently accurate
choice of chemical composition, deposition conditions, layer thicknesses and numbers of

25 repetitions in the two parts will ensure an almost perfect counteraction, whereby the
magnitude of the relative magneto-optical contribution from part P, will equal that from
part P, as seen from the side of P, remote from the coupling structure. Since parts P,
and P, are located at opposite sides of the coupling structure across which the
immediately adjacent layers of the first kind are antiferromagnetically coupled, and

30 since, within each part, the layers of the first kind are ferromagnetically coupled to one

another, it follows that part P, as a whole can be antiferromagnetically coupled to part
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hereafter. coupling structure thus heated will diminish. If the intensity of the light beam is such

~

10 that the temperature within the heated region remains below the Curie temperatures of
’ the parts P; and P,, then the AF coupling can be weakened without substantiaily
| weakening the magnetisation of these individual parts. Due to the validity of Formula
(2), an external magnetic field (the so-called reading field), which is weaker than Hg; at
room temperature, can then be employed to overwhelm any remaining AF coupling and
15 force the magnetisations in part P; to become parallel to the magnetic field, whilst
leaving those in part P, unchanged. In this way, the net magneto-optical effect from the
recording multilayer will become non-zero for domains in which the magnetisation in
part P, was already parallel to the external magnetic field. In addition to its dependence
on the chemical composition of the recording multilayer, the thermal behaviour of the
20 AF coupling is dependent on the microstructure of the coupling structure, and this
microstructure is in turn dependent on the means used to deposit the coupling structure
) (such as sputtering deposition or vacuum vapour deposition) and on the conditions under
which deposition takes place (such as the choice of sputter gas). With a suitable choice
of chemical composition and deposition conditions, and appropriate choice of the
25 intensity of the focused light beam, one can thus exploit the Gaussian distribution of
intensity within the Airy disc of the focused light beam to guarantee that, in relation to
the fixed magnitude of the reading field, sufficient thermal weakening of the AF
coupling across the coupling structure only occurs in a small central region of the Airy
disc. Outside this small central region, corresponding magnetisations in parts P, and P,
30 remain oppositely oriented, since remaining AF coupling cannot be overwheimed by the
fixed reading field, and the net magneto-optical effect will thus be zero. The size of the
spot from which a magneto-optical effect is obtained is therefore smaller than the Airy
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which resembles that used to write data bits into the known recording medium. For

example, using a focused light beam, part P, at least is locally heated to a temperature
near its Curie temperature. By carefully choosing the intensity of the light beam, the
5 Gaussian distribution of intensity within the Airy disc of the focused light spot can be
exploited to ensure that only a small central region of the Airy disc is heated to a
temperature near this Curie temperature. Using an external magnetic field, the
magnetisation in part P, within the heated region is forced into a direction parallel to the
magnetic field, being one of two orientations perpendicular to the plane of the medium.
10 Cooling the heated region allows the magnetisation in part P, of the same region to
¥ adopt an anti-parallel orientation with respect to the locked magnetisation in part P, of
that region, as AF coupling across the coupling structure strengthens. In this way, the
individual magnetisations in part P, each correspond to oppositely directed
magnetisations in part P,, so that the total summed magneto-optical contribution of the
15 combined parts is zero. However, the individual magnetisations in part P, still represent
data bits, by virtue of their individual orientations. The size of each data bit is smaller
that the Airy disc of the employed light beam, thus yielding a maximum density of
information storage which exceeds that of the known recording medium, in accordance
with one of the stated objects of the invention. -
20 Data bits which have been written into such a recording multilayer can be
read therefrom by virtue of the principle introduced in the penultimate previous
) paragraph. Once the AF coupling between parts P, and P, has been thermally weakened
by a light beam of the chosen wavelength, an external magnetic field of accurately
chosen magnitude can be employed to force the individual magnetisations in part P, into
25 a single orientation parallel to the field, whilst leaving the orientations of the
magnetisations in part P, unchanged. This selective manipulation of magnetisations is
made possible by the validity of Formula (2) for the embodiment in question.
Magnetisations in part P, will align themselves in the same direction as the external
magnetic field, whereas the magnetisations in part P, will retain their initial orientation.
30 If, within a given single data bit domain of the recording medium, the magnetisations in
part P, happen to have the same orientation as the external magnetic field, then all
magnetisations within that data bit domain will be parallel, giving a non-zero magneto-
optical effect. If, however, the magnetisations in part P, of that data bit domain happen
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10 multilayer are thus embodied that Hy; < Hg,, and that the following two relationships
‘ hold:

H, <0 9)
Tg > Iy (10)
15 It is of additional advantage in this case when the parts P, and P, are thus

embodied, by suitable choice of parameters as already discussed, that the following
conditions are met:
) [0 Formula (§) is valid, i.e. Hy > Hg,.

an The AF coupling across the coupling structure demonstrates a relatively weak

20 temperature dependence.
(I  The (laser) light beam employed in writing data to the recording medium enters
the recording multilayer via part P,, and then impinges on part P,.

A direct overwrite method which does not involve MFM and which can

be employed with such an embodiment of the magneto-optical recording medium

25 according to the invention will now be elucidated. The method employs two oppositely
oriented external magnetic fields, and a (laser) light beam whose intensity is modulated
according to the data to be written. One of the external magnetic fields, called the

initialising field (Hy), can be activated so as to force all magnetisations in part P, of a
given region of the recording multilayer into a single lasting orientation, wi -
THIS SHEET HAS BEEN
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characterised in that the antiferromagnetic coupling material is selected
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that same region of the recording multilayer, now initialised. The essence of this writing
procedure, within a given data bit domain of the region in question, is as follows:
(A) Thermomagnetic orientation of magnetisations in part P, to be anti-parallel to
10 the corresponding initialised magnetisations in part P, requires a relatively low (laser)
” light intensity. Thanks to the validity of Formula (10) for this embodiment, this first
light intensity can be chosen so as to thermally demagnetise part P, to a greater extent
than part P,. As the heated domain is subsequently allowed to cool, the AF coupling
locks the thermally weakened magnetisations in part P, into an anti-parallel orientation
15 with respect to the (less-weakened) initialised magnetisations in part P,.
B) Thermomagnetic reversal of initialised magnetisations in part P,, with attendant
anti-parallel aligning of the corresponding magnetisations in part P,, requires a higher
(laser) light intensity than is necessary in case (A), since Formula (10) now requires the
domain to be heated to a higher temperature than in case (A). Once the magnetisations
20 in part P, have been thermally weakened to the required extent, the domain is allowed
to cool. The magnetisations in part P, will then first lock themselves parallel to Hy, and
) the magnetisations in part P, will later align thgmselves anti-parallel to the
magnetisations in part P;, due to the AF coupling.
This embodiment of the magneto-optical recording medium, suitable for
25 direct overwrite recording, can also be used for super-resolution data storage, since
supplementary condition (v) for super-resolution (stated above) is not essential. In this
case, supplementary condition (ii) for super-resolution (stated above) must be
abandoned, since it is at variance with Formula (9), whence two initialising magnetic
fields are required instead of one.
30 | Practical and advantageous materials from which the substrate can be
manufactured include glass, quartz, and synthetic resins such as polymethylmethacrylate
and polycarbonate. Apart from the substrate and recording multilayer, the recording

medium can also comprise additional layers which improve the perforthidficéiof-theas prry
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per f or Mang¢&-qram rﬁeaiuhea?at»ehaé Ex®@aples Gf sath Adbitionhal/ Riyersl Aecar ef ul choi ce
of the thi ckness of the layer of antiferronmagnetic coupling material .
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fromthe GLAHE duHiEeditR% servo track (guide groove) along which mdmdual data bits can be

5 written. An advantageous form for this servo track is a spiral curve which winds

gradually outward from the centre of a circular disc. In the case of a substrate

manufactured from a synthetic resin, a guide track can be provided directly in the

substrate itself;

- A dielectric enhancement layer of a material such as AIN or Si;N,. Such a layer -
10 serves to artificially enhance the Kerr rotation of the recording multilayer;

. - A reflector layer of a highly reflective metal such as Au, Ag, Al or Cu. The
presence of such a layer can improve the overall reflectivity of the recording medium
with respect to the light beam employed to read data bits therefrom;

- A protective layer of, for example, a spin-coated UV-cured photolacquer.
15

The invention and its attendant advantages will be further elucidated with
the aid of embodiments and the accompanying drawings, whereby:

Figure 1 is a schematic representation of part of a cross section of a

20 particular magneto-optical recording medium according to the invention;

Figure 2 shows a magnetic hysteresis loop measured at room temperature
and at a wavelength of 633 nm for the particular embodiment of the magneto-optical
recording medium depicted in Figure 1;

Figure 3 depicts a magnetic hysteresis loop measured at room
25 temperature and at a wavelength of 820 nm for a particular embodiment of the magneto-
optical recording medium according to the invention, in which embodiment the coupling
structure is a stack of five layers, each containing a given element, namely Pt, Fe, Ru,
Fe, Pt, consecutively;
Figure 4 is a schematic depiction of a direct overwrite principle which can
30 be employed with a particular embodiment of the magneto-optical recording medium

according to the invention.
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conposi ti diw Bi and &ss ImbothnpartssPeang Py, the layers o the irst kind 5 comprise Co,

and the layers of the second kind 7 comprise Pt. In part P, the Co layer 5 immediately

10 adjacent to the Ru layer 9 has a thickness of 0.45 nm, each of the remaining five Co
‘ layers S has a thickness of 0.31 nm, and each of the six Pt layers 7 has a thickness of
1.0 nm. In part P,, the Co layer 5 immediately adjacent to the Ru layer 9 has a
thickness of 0.45 nm, each of the remaining eight Co layers 5 has a thickness of 0.26
nm, and each of the nine Pt layers 7 has a thickness of 1.0 nm. The thicknesses of the
15 Co layers 5 are such that they all exhibit perpendicular magnetic anisotropy (i.e.
magnetisation perpendicular to the plane of each layer 5, and a positive value of the
total effective anisotropy), and that Formula (2) is valid for this embodiment.
The figure also depicts a glass substrate 11, which is spin-coated with a
UV-cured photolacquer layer 13 and a dielectric enhancement layer 15 of AIN. Part P,
20 of the recording multilayer 3 is vapour-deposited directly onto this dielectric
enhancement layer 15, with subsequent vapour-deposition of layer 9 and part P,.

) Also schematically depicted are two focused (laser) light beams 17, 19 of
equal diameter, wavelength and intensity. These light beams impinge upon the recording
multilayer 3 via the substrate 11, and illuminate two distinct data bit domains of the

25 recording multilayer 3. An external magnetic field 21 (the reading field) is applied
concurrent to illumination of the medium 1 by the light beams 17, 19. Although two
light beams 17, 19 are drawn for illustrative purposes, only one light beam is actually
required to read data from the medium, or to write data into the medium.
To read existing data bits from the recording multilayer 3, a focused light
30 beam (such as light beam 17 or 19) is employed to thermally weaken the AF coupling
across layer 9 within a given domain, without causing substantial thermal
demagnetisation of the parts P, and P,. Under these circumstances, the strength of the
magnetic field 21 is thus chosen that it can be used to change the one@h;—%aﬁg HAL p, ,\j
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In the case of the data bit domain 23 illuminated by the central region of

5 light beam 17, the magnetisations 25 in part P, are anti-parallel to the magnetic field
21, whereas the magnetisations 27 in part P, are parallel to the magnetic field 21, so
that the total magneto-optical effect from the domain 23 is zero. On the other hand, in
the case of the data domain 29 illuminated by the central region of light beam 19, the
magnetisations 31 in part P, are parallel to the magnetic field 21, and the magnetisations

10 33 in part P, are reversed by the magnetic field 21 so as to be parallel to it, so that the
_‘ total magneto-optical effect from the domain 29 is non-zero. These considerations
justify the labels "0" and "1" used in Figure 1 to denote the respective data bit domains
illuminated by the light beams 17, 19.
. The width of the light beams 17, 19 schematically represents the diameter
‘i 15 of the Airy disc for the chosen wavelength. The two data bit domains discussed above
are each situated within a small central region of this Airy disc, and the intensity of
light beams 17, 19 is thus chosen that sufficient thermal weakening of the AF coupling
across layer 9 only occurs within this small central region of each Airy disc. For
illustrative purposes, an additional data bit domain 35 is represented at the edge of the
20 Airy disc of light beam 19. For this data bit domain 35, the magnetisations 37 in part P,
are oriented parallel to the magnetic field 21, but the AF coupling across layer 9 is
? insufficiently thermally weakened by the light beam 19 to allow reversal of any of the
magnetisations 39 in part P, by the magnetic field 21. The magnetisations 39 in part P,
therefore remain oppositely oriented to the magnetisations 37 in part P,, so that the total
25 magneto-optical effect in this domain is zero. It is thus seen that, at any one time, only
data bit domains within a small central region of the light beam can be read.

Embodiment 2
Figure 2 shows a magnetic hysteresis loop measured at room temperature
30 for the particular embodiment of the magneto-optical recording medi_um detailed in
Embodiment 1 and Figure 1. The depicted hysteresis loop is a graph of polar magneto-
optical Kerr rotation 6y (in degrees) as a function of external polar magnetic f ﬁeld H (in
kA/m), whereby the recording medium was irradiated via the subsn& hsnig a HeNe BEEN
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magnitude and equal in sign, and thus reinforce one another. The hysteresis loop

includes an inner loop L, and a reading field Hy is also depicted.

Embodiment 3.

10 Figure 3 shows a magnetic hysteresis loop measured at room temperature
) for a particular embodiment of the magneto-optical recording medium according to the

invention, whereby the coupling structure consists of a PVFe/Ru/Fe/Pt layered stack.
The depicted hysteresis loop is a graph of polar magneto-optical Kerr rotation Sy (in
degrees) as a function of external polar magnetic field H (in kA/m), whereby the

15 recording medium was irradiated via the substrate using a solid state semiconductor
laser of wavelength 820 nm.

The recording multilayer in this embodiment has the following structure:

- Each layer of the first kind comprises Co, and is 0.31 nm thick;
- Each layer of the second kind comprises Pt, and is 1.0 nm thick;

20 - The first layer to be deposited on the glass substrate is a Pt layer, followed by a
Co layer. Pt and Co layers are subsequently stacked in alternate arrangement until a

’ total of five of each has been deposited. The stack thus ends with a Co layer;

- The coupling structure is subsequently deposited. This is a symmetric structure
consisting of 5 layers, each of a single chemical elemént, namely Pt, Fe, Ru, Fe and Pt,

25 consecutively. The respective thicknesses of the layers are 1.0, 0.45, 0.9, 0.45 and 1.0
nm;
- The coupling structure is covered by a Co layer, followed by a Pt layer. Co and
Pt layers are subsequently stacked in alternate arrangement until a total of eight of each
has been deposited. The stack thus ends with a Pt layer. An additional protective layer

30 was not necessary.

The thicknesses and pluralities of the various layers in the recording

multilayer had not yet been optimised to yield zero total Kerr rotation (for the employed
wavelength of 820 nm) at zero applied external field. / “\M Hag B
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positive surface anisotropies (i.e. strong perpendi cul ar magneti sation).
Attractive nmagneto-optical recording properties of nmultilayers in which

| ayers of QomBbginrtenately stacked with layers of Ni are discussed at

| ength by den Broeder_et al. in Appl. Phys. Lett. 61 (12), pages 1468-1470
(1992). In the case oFigue #iis aysshemaderinepreseptation of 2 direch overivrite prinsipie Pd

cumar i o5 ByicBehl b eRRIeyef HAHFh fRental embodiment belhe Bensiropicn) recording
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mul tilayers is that the magnitudes of their magneto-optical Kerr eftects
i ncrease wimbdulatiomasi ng wavel ength, neking these nmultilayered materials
particularly suitable_for frilgagordi ng at short optical wavel engths (bl ue

light), at which wavel@HEt AR haWsa¢Toshserting;afypast of arrecardingomultilayerdh i s

hi gher than, g . . uation.(1)). . .ln the
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10 field Hg, which fields are oppositely oriented. A laser light beam 8 is used in

p conjunction with Hj in the writing process.

The depicted part of the recording multilayer 4 is laterally divided into
three schematic portions E, I and W, which respectively represent a portion E of
existing data, a portion I which has been initialised for writing, and a portion W of

15 newly written data. Within these portions, the arrows 10, 12 and 14, 16 schematically
indicate the magnetisation directions in two different data bit domains of the recording
multilayer 4. In the case of the portion W, a block graph shows relative values of the
intensity P of the laser light beam 8 employed to write the corresponding data bit
domains depicted above the graph.

20 Figure 4(b) shows a perspective view of a possible arrangement for direct
overwrite of information into a rotatable disc-shaped magneto-optical recording medium

’ 2 according to the invention, whereby use is made of the direct overwrite principle
illustrated in Figure 4(a).
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1. Magneto-optical recording medium comprising a substrate and a recording
multilayer, the recording multilayer having a magnetic easy axis perpendicular to the
multilayer and comprising layers of a first kind alternately stacked with layers of a
second kind, the layers of the first kind being principally comprised of Co and the
5 layers of the second kind comprising a metal other than Co, whereby successive layers
' of the first kind are ferromagnetically coupled across interposed layers of the second
' kind, characterised in that at least one of the layers of the second kind which is bounded
on both sides by layers of the first kind is substituted by a coupling structure comprising
. at least one layer of antiferromagnetic coupling material, across which coupling
r 10 structure the immediately adjacent layers of the first kind are antiferromagnetically
!‘_ coupled.
lr 2. Magneto-optical recording medium according to Claim 1, characterised in
li that the antiferromagnetic coupling material is selected from the group formed by V,
Cr, Mn, Cu, Nb, Mo, Ru, Rh, Ta, W, Re, Os, Ir, and mixtures thereof.
15 3. Magneto-optical recording medium according to Claim 2, characterised in
i that the coupling structure is a single layer of antiferromagnetic coupling material
) selected from the group formed by Rh, Ru, and mixtures thereof, which layer has a
!. thickness in the range 0.5 nm - 1.2 nm.
4, Magneto-optical recording medium according to any of the preceding
20 Claims, characterised in that the coupling structure further contains at least one layer of
ferromagnetic material selected from the group formed by Fe, Ni, Co, and mixtures
thereof.
5. Magneto-optical recording medium according to any of the preceding
Claims, characterised in that the layers of the second kind contain a material selected
25 from the group formed by Ni, Pd, Pt, Au, and mixtures thereof.
6. Magneto-optical recording medium according to any of preceding Claims,
characterised in that the embodiment of that part P, of the recording multilayer at one
side of the coupling structure, and of that part P, of the recording multilayer at the
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7. Magneto-optical recording medium according to Claim 6, characterised in
that part P, and part P, of the recording multilayer are thus embodied that a third
magnetic switching field, for switching magnetisations in part P, out of parallel
orientation with respect to corresponding magnetisations in part P, and into anti-parallel
orientation with respect thereto, is negative.

8. Magneto-optical recording medium according to Claim 6 or 7,
characterised in that the Curie temperature of part P, is larger than the Curie
temperature of part P,.

9. A method of reading data bits from a magneto-optical recording medium
as claimed in any of the Claims 1 up to and including 8, characterised in that a focused
light beam is used to sufficiently thermally weaken the antiferromagnetic coupling
within a given data bit domain to an extent whereby an external magnetic field can be,
and is, subsequently used to force the magnetisation within that data bit domain and at
one given side of the coupling structure into a certain orientation, without changing the
orientation of the magnetisation within that data bit domain and at the other side of the
coupling structure, whereby the intensity of the light beam is thus chosen that the said
sufficient thermal weakening of the antiferromagnetic coupling only occurs within an
area of the focused light beam which is smaller than the Airy disc of the light beam, the
configuration of magnetisations in the given data bit domain being derived from analysis
of the magneto-optical Kerr effect observed in the light reflected therefrom.

10. A method of directly writing data bits into a magneto-optical recording
medium as claimed in any of the Claims 1 up to and including 8, characterised in that a
first external magnetic field is employed to force all magnetisations in a given region of
the recording multilayer and at a first side of the coupling structure into a single
orientation without disturbing the magnetisations in that same region of the recording
multilayer but at the other side of the coupling structure, and a second external
magnetic field is subsequently used in conjunction with a focused (lasera hgh&bmm_g,
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The term "correspondi ng Wﬁiﬂiﬁim "]FWEH part P[ err] 'S intended to
denot e those nagneti satio r] which are located within the
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can be deri thedfirst eXternali magnetic fifld; whereb(y 4 irst]light lifitensity fequirkd to reverse the
(3) magnetisation direction solely at the second side of the coupling structure in a given
5 data bit domain of the given region is lower than a second light intensity required to
reverse the magnetisation direction at the first side of the coupling structure in a given
data bit domain of that region, the intensity of the light beam being modulated in
accordance with the information content of the data bits to be written, whereby the
value of the light intensity for each such data bit is equal to either the first light

10 intensity or the second light intensity.
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9. Herr] = ([err] + Herr])[err]

(4) V\/nereby it is assumed that | is negative for AF coupling. In each
of these eqwﬁs he expression betweemyparentheses is intended 20761993
eval uated for that part of the recording nultilayer which is indicated by

the particul Jpt outside those parentheses, whereby the subscript
"1" refers @%ﬁgﬁerr] and the subscript "2" refers to part Plerr].

"Magneto-optical recording medium”

Magneto-optical recording medium comprising a substrate and a recording
multilayer, the recording multilayer having perpendicular magnetic anisotropy and
comprising layers of a first kind, which are principally comprised of Co, alternately
stacked with layers of a second kind, which comprise metal other than Co, successive

5 layers of the first kind being ferromagnetically coupled across interposed layers of the
. second kind, whereby at least one of the layers of the second kind which is bounded on
both sides by layers of the first kind is substituted by a coupling structure comprising at
least one layer of antiferromagnetic coupling material, across which coupling structure
the immediately adjacent layers of the first kind are antiferromagnetically coupled. Such
10 a magneto-optical recording medium is suitable for super-resolution data storage and
retrieval, and for a direct overwrite procedure which does not involve magnetic field

modulation.
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SE:I g:ﬁ S?CLF;thgl}eetRlaagltzeegLe&aggi recording multilayer which is indi Q%ed by
Sl:I_bSCI’i pt out si muuﬂmﬁuﬂmmt heses, whereby the subscript "I" refers to
Pl[err] and the " refers to part Plerr]. (1) In the
absence of an external magnetic fiel c213!3he only stabl e nmagnetisation
configurations in parts Plerr] and P e those whereby magnetisations in
part Pl[err] are oppositely oriented to correspondi ng magneti sations in
part P[err]. This requires that:
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Herr] >

(8) (ii1) The tenperature dependence of the AF coupling strength is
stronger than that of the magnetisati.on'in either of the parts P[err] or
Plerr], i.e. the decrease of J with increasing tenperature i s stronger

t han t he correspondi ng decrease of the magnétisation in either part of

the recordin V) The Curie tenperature T[err] of part P2
i s hi gher thg’rf‘ni'J ‘?'Bcst rr%erature Tlerr] of part Plerr]. (v) The

(laser). | |ghtu\q§@}{a@g® oi’d?n%"iﬂdeﬁldﬁg' data to and reading data fromthe

recordi ng medi unt ent e rec ng nultilayer via part P[err], and then
| npi nges on part P[err].

The invention relates to a magneto-optical recording medium comprising a
_ substrate and a recording multilayer, the recording multilayer having a magnetic easy
axis perpendicular to the multilayer and comprising layers of a first kind alternately
stacked with layers of a second kind, the layers of the first kind being principally
comprised of Co and the layers of the second kind comprising a metal other than Co,
whereby successive layers of the first kind are ferromagnetically coupled across
interposed layers of the second kind.

In a magneto-optical recording medium having a recording multilayer with
perpendicular magnetic anisotropy, individual data bits are represented by domains
which are magnetised in one of the two different orientations perpendicular to the
multilayer. Such data bits can be detected via magneto-optical effects, whereby the
polaﬁsation state of polarised light incident on the multilayer (e.g.-from a laser) is
changed in a manner which depends on the direction and magnitude of the
magnetisation in that part of the multilayer impinged upon by the light. Such changes in
polarisation state can be monitored in the light reflected from the multilayer (Kerr
effect) ot in the light transmitted through the multilayer (Faraday effect).

The magnetised domains can be obtained by using a focused laser light
beam to locally heat the recording multilayer to a temperature near the Curie
temperature of the recording muitilayer material. When the region of the recording
multilayer thus heated is allowed to cool in an external magnetic field, the magnetisation
in that region will align and lodge itself in the direction of that magnetic field. This
procedure is referred to as thermomagnetic writing. 'A common means of thermo-
magnetically writing information in a recording multilayer is one whereby the recording
medium is embodied in the form of a disc which rotates about an axis perpendicular to
its plane, the data bits being- written in the recording multilayer using a permanent
external magnetic field and a radially moveable focused laser light beam whose intensity
is pulsed in accordance with the information to be written. Use of this means
necessitates prior erasure of eﬁsﬁggMn of the recording .
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Since the intensity of a |light beamincident on such a recogding.nul filayer_.__
t.hrough the part Plerr] (for exanple) denpnstrates an expong (rpg,.al decay asET
a function of the penetration depth into the medium the i
magnet o-opti cal contributions of the successively encounte A a%( aﬁ.t;e?
the total magneto-optical effect fromthe eptire recording mltﬂ e‘gfér‘ ’Wf
thus dimnish as a function of penetration depth. However, 1lac
t he absol ute Hﬂﬁﬂﬁﬁk?uﬂ@ | neGf Foq_;m_ be Iarger t han that of
part Plerr] counter actl';sdt ng l?‘ a%'aﬁ%bt?égrar%tgchosen wav e-ergthi—of
light, suffi cr ently acdukadven nehns cﬁedméctkyrwnun@hewomﬂoomamrbnvermosgt ion |
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will ensure a‘ﬂ UM3HeR (itech RYEEVE |°5W1°X§He qys,t¢ erﬁ%['.bpl S BEGHC ¢ he
relative mag nﬁér&m%&ura%h (SANTS, '»bh’érétﬂ”d‘fertﬁfé‘nfi?f bf e r‘éﬁthhy QRbvRkbIE lﬂ@etusécr rase:
part Plerr], as seen fromthe 'side of Plerr] renote fromthe coupli
structure. Siligh bp@mus comtans and Mieedirdction @frcb@axte@ahmasmsﬁqlé l%rne@éatsd i1 he
coupl ing struct t I r
first kind araéc ﬁ@%&"ﬂtﬁ@r&%{aﬁ)}o Qg%’!é%‘ %élaag}é%%?gmvt\’n .sﬁ ISe}ach part ,
the layers Ofelédtﬁmidghéﬁc toincHewevet o4 diRidaneige I MFM: sithht dt mghcmmagwot her,
it follows that part P2 as a Wnole can be antrferronagnetrceJ Q’ cougl edJo
part frequencies, the current in the electromagnetic coil must bé switched very rapidly, an
the required switching power is thus high. Another disadvantage of MFM is that, if it is
employed with double-sided recording media which are protected on both faces by a
glass or plastic plate, the presence of the plate increases the distance from the
electromagnetic coil to the recording multilayer, thus reducing the on-site magnetic field
strength in the recording multilayer, thereby necessitating a larger electrical current in

the coil in order to counteract this effect. Application of MFM in compact devices with
relatively small power supplies, such as "disc-man" players and portable computers, can

thus be problematic.

A magneto-optical recording medium as described in the opening
paragraph is known from European Patent Specification EP-B-304873, in which the
recording multilayer consists of layers of Co alternately stacked with non-magnetic
layers comprising a metal selected from the group formed by Pt and Pct. Important
properties of such a recording mulﬁlayexj are its saturation magnetisation, Curie .
temperature, coercive field, nucleation field, remanence, and magneto-optical Kerr
effect. These properties can be influenced in a number of ways, such as variation of the
thicknesses of the Co layers and the non-magnetic layers, variation of the total number
of constituent layers in the recording multilayer, or variation of the technique used to
create the recording multilayer. Specific combinations of these variable parameters have
been shown to yield recording multilayers which have concurrent desirable properties
such as a relatively large magneto-optical Kerr effect, 100% remanence, and a ratio of
the values of the coercive field and nucleation field which results in a so-called "square”
magnetic hysteresis loop.

However, a limitation-of the known recording medium concems its




11 Plerr] as a whole. This antiferromagnetic coupling will cause the

sign of the magneto- optical effect frompart Plerr] to be (E)p05| te to B
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spot by a lens, diffraction effects place a fundamental lower limit on the width of the

li-.ia-

spot obtained. For a circular lens of diameter A and focal length f, the focused light
forms a diffraction pattern consisting of a central bright disc (so-called Airy disc)
surrounded by conceatric dark and bright circular rings. The diameter § of this Airy

disc is given by the formula:

5§ = 1.22 k({) 0

This is the minimum width of the light spot formed on the recording medium by a

focused light beam. Because magneto-optical effects monitored in the reflected or

transmitted light will be proportional to the net magnetisation value for this entire spot,

it is evident that the width of the individual magnetised domains representing stored data
~ bits will have a practical lower limit given by Equation (1). This hnuts the maximum

density of information storage of the recording medium.

It is an object of the invention to provide a so-called super-resolution
magneto-optical recording medium, in which the maximum storage density is
considerably higher than in the known recording medium.

Se It is a further object of the invention to provide a magneto-optical
recording medium into which data bits can be written according to a simple direct
overwrite procedure which does not involve magnetic field modulation.

According to the invention, these and other objects, as will become
apparent from the description below, are achieved in a magneto-optical recording
medium as described in the opening paragraph, characterised in that at least one of the
layers of the second kind which is bounded on both sides by layers of the first kind is
substituted by a coupling structure comprising at least one layer of antiferromagnetic
coupling material, across which coupling structure the immediately adjacent layers of
the first kind are antiferromagneticaily coupled.

A great advantage of such a magneto-optical recording medium is that, in
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ferromagnetic and antiferromagnetic coupling, together with the different temperature
dependencies of the AF coupling and magnetisation, can be exploited to produce a
recording medium employing mechanisms for data recording and data reading which are
different to those employed in the known recording medium.

It should be observed that there is another class of magneto-optical
recording media in which coupling of various layers is exploited to allow super-
resolution data storage and direct overwrite recording. These media, which demonstrate
perpendicular magnetic anisotropy, employ amorphous alloys of 1:a:é earth (RE)
elements and transition metal (TM). elements, as described for example in United
Kingdom Patent Application GB-A-2077065. Such RE-TM alloy media generally

) comprise at least two relatively thick RE-TM alloy layers, stacked directly on top of
one another. Commonly used RE-TM alloys include TbFeCo and GdTbFe, and typical
layer thicknesses are of the order of 100 nm. Each of the alloy layers is ferrimagnetic,
and the degree of ferrimagnetism is controlled by the exact compositioné- of the RE-TM
alloys. In common embodiments, these compositions are thus chosen that the two layers
are directly AF coupled. However, because this AF coupling is not mediated by an
interposed coupling structure such as that characterising the present invention, there is
comparatively little scope for independent adjustment of the temperature dependencies
of the AF coupling and magnetisation, since both quantities are controlied by only one
parameter, namely the RE-TM alloy composition. Controlled adjustment of temperature
dependencieé is important for the realisation of optimised practical embodiments of the
.magneto-opcical recordileg medium according to the invention, as will become evident
from discussion of the embodiments hereafter.

The known RE-TM alloy media have a number of additional
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way, the proportion of unoxidised material in the bulk of the layer is relatively large in
relation to the proportion of oxidised material at the surfaces of the layer, thus
effectively minimising the effects of oxidation. However, heating thick layers requires a
larger (laser) light intensity than heating thin layers, so that this measure increases the
power required to write data into the medium. Thirdly, in manufacturing processes, it is
relatively difficult to accurately maintain a critical RE-TM alloy composition combining
the required values of the coercive field, nucleation field, magnetisation, remanence,
magneto-optical Kerr effects, Curie temperature and AF coupling strength.

In the magneto-optical recording medium according to the invention, the
layers of the first kind may contain extra materials in addition to pure Co. These extra
materials can serve to alter the physical or chemical properties of the layers in which
they are incorporated, or to influence the properties of neighbouring layers. For
example, it can be shown that incorporation of 3-8 at. % Os or Re-into the Co layers of
the recording medium according to the invention causes a lowering of the Curie
temperature and magnetisation of those layers. Similar effects can be achieved when the
Co layers contain minority W, Nb, Ta or Mo substituents. Alternatively, the layers of
the first kind can comprise a CoNi alloy which is principally comprised of Co, e.g. 2
CogNiyg alloy. It is stressed that the invention does not require all the layers of either
the first kind or the second kind to have identical compositions or thicknesses, or to be
provided by the same means. For example, the layers of the first kind at one side of the
coupling structure may have different compositions and thicknesses to the layers of the
first kind at the other side of the coupling structure. Additionally, consecutive layers of
the second kind may comprise different materials, and have different thicknesses, and
be deposited by different means or under different conditions.

A preferential embodiment of the magneto-optical recording medium
according to the invention is characterised in that the antiferromagnetic coupling
material is selected from the group formed by V, Cr, Mn, Cu, Nb, Mo, Ru, Rh, Ta,
W, Re, Os, Ir, and mixtures thereof. When interposed between Co layers in a

multilayer, an appropriately thick layer comprising one of these jals hasbeen
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coupling structure s ens 'S “way,
' A particularly advantageous embodxment of the magneto-optical recording

medium according to the invention is characterised in that the coupling structure is a
single layer of antiferromagnetic coupling material selected from the group formed by
Rh, Ru, and mixtures thereof, which layer has a thickness in the range 0.5 nm - 1.2
am. Of the elements V, Cr, Mn, Cu, Nb, Mo, Ru, Rh, Ta, W, Re, Os and Ir listed
above, Rh demonstrates the largest AF coupling strength, and Ru demonstrates the
second largest AF coupling strength. The magnitude and sign of the coupling across
these two materials oscillates as a function of the Rh or Ru layer thickness,
demonstrating a peak at approximately 0.8 nm. Above 1.2 nm, the coupling begins to
demonstrate a ferromagnetic character. Below 0.5 nm, the coupling becomes weakly
antiferromagnetic, or ferromagnetic. .

Another preferential embodiment of the magneto-opucal recording
medium according to the invention is characterised in that the coupling structure further
contains at least one layer of ferromagnetic materjal selected from the group formed by
Fe, Ni, Co, and mixfures thereof. As already stated, the presence of an interposed
coupling structure according to the invention advantageously facilitates adjustment of the
temperature dependence and effective strength of the AF coupling in the recording
multilayer. Such temperature dependence and effective strength can be influenced not
only by the choice of chemical composition and thickness of the layer of
antiferromagnetic coupling material, but also by the presence of at least one layer of
ferromagnetic material in the coupling structure, the thickness of which also influences
the aforementioned temperature dependence and effective strength.

In addition to the layer of antiferromagnetic coupling material, and any
optionally present ferromagnetic material, the coupling structure can also contain layers
of other materials, which are, for example, incorporated in the structure so as influence
its magnetic, magneto-optical, optical, thermal or chemical properties, or solely for the
numose of adiusting the thickness of the coupling structure so as to influence the
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This list of four possible embodiments is givén by way of example only, and is
~ obviously not exhaustive.

A further advantageous embodiment of the magneto-optical recording
medium according to the invention is characterised in that the layers of the second kind
contain a material selected from the group formed by Ni, Pd, Pt, 'Au, and mixtures
thereof. Experiment has demonstrated that Co/Ni, Co/Pd, Co/Pt and Co/Au interfaces
all demonstrate particularly large positive surface anisotropies (i.e. strong perpendicular
magnetisation). Attractive magneto-optical recording properties of multilayers in which
layers of Co are alternately stacked with layers of Ni are discussed at length by den
Broeder et al. in Appl. Phys. Lett. 61 (12), pages 1468-1470 (1992). In the case of
multilayers combining Co layers with interposed Pd or Pt layers, adva_nfageous
magneto-optical recording properties are summarised by Zeper et al. in J. Appl. Phys.
70 (4), pages 2264-2271 (1991). A particular advantage in the case of such Co/Pd and
Co/Pt multilayers is that the magnitudes of their magneto-optical Kerr effects increase
with decreasing wavelength, making these multilayered materials particularly suitable
for recording at short optical wavelengths (blue light), at which wavelengths the
maximum density of information storage is higher than at commonly employed red
wavelengths (see Equation (1)). In the case of Co/Pt interfaces, experiment has shown
that the Pt layer becomes magnetically polarised by the Co layer in such a manner that
the total magneto-optical Kerr effect of the combined layers substantially exceeds that of

the Co laver alone. In contrast, the magneto-optical Kerr effect of Co/Au layered
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A preferred rendition of the magneto-optical recording medium according
to the invention, particularly suitable for so-called super-resolution data storage, is
characterised in that the embodiment of that part P, of the recording multilayer at one
side of the coupling structure, and of that part P, of the recording multilayer at the
other side of the coupling structure, is such that a first magnetic switching field Hg,, for
switching magnetisations in part P, out of anti-parallel orientation with respect to
corresponding magnetisations in part P, and into parallel orientation with respect
thereto, is lower than a second magnetic switching field Hg,, for switching
magnetisations in part P, out of anti-parallel orientation with respect to corresponding
magnetisations in part P, and into parallel orientation with respect thereto. This
stipulation can be expressed in formula form as follows:

H, < Hg, . ' (2)

The term "corresponding magnetisations in part P," is intended to denote those
magnetisations in part P, which are located within the same data bit domain as the
relevant maénetisations in part P,, and vice versa. If AF coupling strength across the
coupling structure is denoted by J, magnetic permeability of vacuum is denoted by u,,
saturation magnetisation of a given part is denoted by M,, cumulative ferromagnetic
layer thickness of a given part is denoted by t, and coercive field of a given part is
denoted by Hc, then the following equations can be derived in SI units:

-7
H, =( + H 3
S P'o Ms 7 c) 1
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mul tilayer arH.tRu d+éﬁ9;hat Herr] < Herr] and that the foll ow i4)
two rel ati onshi ps ol Ms ¢ Herr] <O
(9) T[err] > T[err] (10)

whereby it is assumed that J is negative for AF coupling. In each of these equations,'the
expression between parentheses is intended to be evaluated for that part of the recording
multilayer which is indicated by the particular subscript outside those parentheses,

- whereby the subscript "1" refers to part P; and the subscript "2" refers to part P,.

| It is of additional advantage in this case when the parts P, and P, are thus

embodied, by suitable choice of parameters as already discussed, that the following
conditions are met: _ .
[6)] A third magnetic switching field Hg;, for switching magnetisations in part P, out
of parallel orientation with respect to corresponding magnetisations in part P, and into
anti-parallel orientation with respect thereto, is larger than a fourth magnetic switching
field Hy,, for switching magnetisations in part P, out of parallel orientation with respect
to corresponding magnetisations in part P; and into anti-parallel orientation with respect

thereto. This stipulation can be expressed in formula form as follows:
H, > H,, ®

Using the notation and sign convention mtroduced above, the following equauons can be

- derived in SI units:
B |
s - (Fo Ms ; Hal (6)
= -z, - (7) :
Hsc (Fo Ms 7 Hp, .

In each of these equations, the expression between parentheses is intended to be . ;s

evaluated for that part of the recordmg multilayer which is indicated by the parncula.r N
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H, >0 ®

(iii) = The temperature dependence of the AF coupling strength is stronger than that of
the magnetisation in either of the parts P, or P,, i.e. the decrease of J with increasing
temperature is stronger than the corresponding decrease of the magnetisation in either
part of the recording multilayer.
({iv) The Curie temperature T, of part P, is higher than the Curie temperature T,
of part P,.
4] The (laser) light beam employed in writing data to and reading data from the
recording medium enters the recording multilayer via part P, and then impinges on part
P,. i

Since the intensity of a light beam incident on such a recording multilayer
through the part P, (for example) demonstrates an exponential decay as a function of the
penetration depth into the medium, the individual magneto-optical contributions of the
successively encountered layers to the total magneto-optical effect from the entire
recording multilayer will thus diminish as a function of penetration depth. However,
adjustment of the absolute magneto-optical effect of part P, to be larger than that of part
P, counteracts this effect, and, for a chosen wavelength of light, sufficiently accurate
choice of chemical composition, deposition conditions, layer thicknesses and numbers of
repetitions in the two parts will ensure an almost perfect counteraction, whereby the
magnitude of the relative magneto-optical contribution from part P, will equal that from
part P;, as seen from the side of P, remote from the coupling structure. Since parts P,
and P, are located at opposite sides of the coupling structure across which the
immediately adjacent layers of the first kind are antiferromagnetically coupled, and
since, within each part, the layers of the first kind are ferromagnetically coupled to one
another, it follows that part P, as a whole can be antiferromagneti
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initialising field (Herr]), can be activated so as torfiP§{& Haé Been Replaced

magneti sations in part P[err] of a given ergion of the n ' | aver
into a single lasting orientation, without ’”“ﬂ"ﬂlllﬂ“[ll ul
14 assistance fromthe |ight beam and w t hout changi ng of
magneti sations in part P2 of that region. This selective manipul ation of
magneti sations (the so-called initialisation process) is nade possible by
the validi ty RyfasfowhaleaThid)antiferrdngaetinioupling will caost thegigat sitthé infagnats- t he
initialised magneti sation state is due to the validit .

optical ef?ect from part P, to be opposite to that from part %1. Since the magnitudes of

the relative magneto-optical contributions from the two parts are equal (for the chosen .
wavelength of light), it follows that the total nét magneto-optical effect from the
recording multilayer will therefore be zero, as seen from the side of P, remote from the
coupling structure. |
If the coupling structure is locally heated using a focused (laser) light
beam of the chosen wavelength, the strength of the AF coupling across the region of the
coupling structure thus heated will diminish. If the intensity of the light beam is such
that the temperature within the heated region remains below the Curie temperatures of
the parts P, and P,, then the AF coupling can be weakened without substantially
weakening the magnetisation of these individual parts. Due to the validity of Formula
(2), an external magnetic field (the so-called reading field), which is weaker than Hy, at
room temperature, can then be employed to overwhelm any remaining AF coupling and
force the magnetisations in part P, to become parallel to thé magnetic field, whilst
leaving those in part P, unchanged. In this way, the net magneto-optical effect from the
recording multilayer will become non-zero for domains in which"the maéneﬁsaﬁon' in
part P, was already parallel to the external magnetic field. In addition to its dependence
on the chemical composition of the recording multilayer, the thermal behaviour of the
AF coupling is dependent on the microstructure of the coupling structure, and this
microstructure is in turn dependent on the means used to deposit the coupling structure
(such as sputtering deposition or vacuum vapour deposition) and on the conditions under
which deposition takes place (such as the choice of sputter gas), With a suitable choice
of chemical composition and deposition conditions, and appropriate choice of the
intensity of the focused light beam, one can thus exploit the Gaussian distribution of
intensity within the Airy disc of the focused light beam to guarantee that, in relation to
the fixed magnitude of the reading field, sufficient thermal weakening of the AF
coupling across the coupling structure only occurs in a small central region of the Airy
disc. Outside this small central region, corresponding magnetisations in parts P, and P,
" remain oppositely oriented, since remaining AF coupling cannot be overwhelmed by the
fixed reading field, and the net magneto-optical effect will thus be zero. The size of the
spot from which a magneto-optical effect is obtained is therefore smaller than the Airy
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Cooling the heated region allows the magnetisation in part P, of the same region to

adopt an anti-parallel orientation with respect to the locked magnetisation in part P, of
that region, as AF coupling across the coupling structure sn'engthéns. In this way, the
individual magnetisations in part P, each correspond to oppositely directed
magnetisations in part P,, so that the total summed magneto-optical contribution of the
combined parts is zero. However, the individual magnetisations in part P, still represent
data bits, by virtue of their individual orientations. The size of each data bit is smaller
that the Airy disc of the employed light beam, thus yielding a maximum density of
information storage which exceeds that of the known recording medium, in accordance
with one of the stated objects of the invention.

Data bits which have been written into such a recording multilayer can be
read therefrom by virtue of the principle introduced in the penultimate previous
paragraph. Once the AF coupling between parts P, and P, has been thermally weakened
by a light beam of the chosen wavelength, an external magnetic field of accurately
chosen magnitude can be employed to force the individual magnetisations in part P, intc
a single orientation parallel to the field, whilst leaving the orientations of the
magnetisations in part P, unchanged. This selective manipulation of magnetisations is
made possible by the validity of Formula (2) for the embodiment in question.
Magnetisations in part P, will align themselves in the same direction as the external
magnetic field, whereas the magnetisations in part P, will retain their initial orientation

" If, within a given single data bit domain of the recording medium, the magnetisations i
part P, happen to have the same orientation as the external magnetic field, then all
magnetisations within that data bit domain will be parallel, giving a non-zero magneto-
optical effect. If, however, the magnetisations in part P, of that data bit domain happer
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A preferred rendition of the magneto-optical recording medium according

to the invention, particularly suitable for direct overwrite recording without the use of
magnetic field modulation, is characterised in that parts P, and P, of the recording
multilayer are thus embodied that H;; < Hg,, and that the following two relationships
hold:

H,<0 ®

T, > T, | . (10)

It is of additional advantage in this case when the parts P, and P, are thus
embodied, by suitai)le choice of parameters as already discussed, that the following
conditions are met:

1)) Formula (5) is valid, i.e. Hy > Hg,.

an The AF coupling across the coupling structure demonstrates a relatively weak
temperature dependence.

(I  The (laser) light beam employed in writing data to the recording medium enters
the recording muitilayer via part P,, and then impinges on part P;.

A direct overwrite method which does not involve MFM and which can
be employed with such an embodiment of the magneto-optical recording medium
according to the invention will now be elucidated. The method employs two oppositely
oriented external magnetic fields, and a (laser) light beam whose intensity is modulated
according to the data to be written. One of the external magnetic fields, called the |
initialising field (Hp), can be activated so as to force all magnetisations in part P, of a
eiven racian of the recording multilayer into a single lasting orientation, without
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Such a | ayeripjtialisation process) is made possible by the validity of Formula (2) for this

embodiment, and the stability of the initialised magnetisation state is due to the validity
of Formula (9). Subsequently, the second external magnetic field, called the bias field
(Hp), is used in conjunction with the modulated light beam to write the new data bits in
that same region of the recording multilayer, now initialised. The essence of this writing
procedure, within a given data bit domain of the region in question, is as follows:
(A) Thermomagnetic orientation of magnetisations in part P, to be anti-parallel to
the corresponding initialised magnetisations in part P, requires a relatively low (laser)
light intensity. Thanks to the validity of Formula (10) for this embodiment, this first
light intensity can be chosen so as to thermally demagnetise part P, to a greater extent
than part P;. As the heated domain is subsequently allowed to cool, the AF coupling
locks the thermally weakened magnetisations in part P, into an anti-parallel orientation
with respect to the (less-weakened) initialised magnetisations in part P,.
[4:)) Thermomagnetic reversal of initialised magnetisations in part P;, with attendant
anti-parallel aligning of the corresponding magnetisations in part P,, requires a higher
(laser) light intensity than is necessary in case (A), since Formula (10) now requires the
domain to be heated to a higher temperature than in case (A). Once the magnetisations
in part P, have been thermally weakened to the required extent, the domain is allowed
to cool. The magnetisations in part P, will then first lock themselves parallel to Hg, and
the magnetisations in part P, will later ahgn themselves anti-parallel to the
" magnetisations in part P,, due to the AF coupling.
_ This embodiment of the magneto-optical recording medium, suitable for

e direct overwrite recording, can also be used for super-resolution data storage, since
supplementary condition (v) for super-resolution (stated above) is not essential. In this
case, supplementary condition (ii) for super-resolution (stated above) must be
abandoned, since it is at variance with Formula (9), whence two initialising magnetic
fields are required instead of one. .

Practical and advantageous materials from which the substrate can be
manufactured include glass, quartz, and synthetic resins such as polymethylmethacrylate
and polycarbonate. Apart from the substrate and recording multilayer, the recording
medium can also comprise additional layers which improve the performance of the
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gradually outward from the centre of a circular disc. In the case of a substrate
manufactured from a synthetic resin, a guide track can be provided directly in the
substrate itself;

- A dielectric enhancement layer of a material such as AIN or Si;N,. Such a layer
serves to artificially enhance the Kerr rotation of the recording multilayer;

- A reflector layer of a highly reflective metal such as Au, Ag, Al or Cu. The
presence of such a layer can improve the overall reflectivity of the recording medium
with respect to the light beam employed to read data bits therefrom;

- A protective layer of, for example, a spin-coated UV-cured photolacquer.

The invention and its attendant advantages will be further elucidated with
the aid of embodiments and the accompanying drawings, whereby::

Figure 1 is a schematic representation of part of a cross section of a

- particular magneto-optical recording medium according to the invention;

Figure 2 shows a magnetic hysteresis loop measured at room temperature
and at a wavelength of 633 nm for the particular embodiment of the magneto-optical
recording medium depicted in Figure 1;

Figure 3 depicts a magnetic hysteresis loop measured at room
temperature and at a wavelength of 820 nm for a particular embodiment of the magneto-
optical recording medium according to the invention, in which embodiment the coupling
structure is a stack of five layers, each containing a given element, namely Pt, Fe, Ru,
Fe, Pt, consecutively;

Figure 4 is a schematic depiction of a direct overwrite principle which can
be employed with a particular embodiment of the magneto-optical recording medium

according to the invention.
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Figure 1 is a schematic representation of part of a cross section of a

particular magneto-optical recording medium | according to the invention.

The figure depicts a recording multilayer 3 comprising an altemnating stack -
of layers of a first kind 5 and layers of a second kind 7, in which a coupling structure 9
is substituted for one of the layers of the second kind 7. The coupling structure 9
comprises a Ru layer of thickness 0.9 nm, and divides the recording multilayer 3 into
two parts P, and P,. In both parts P, and P,, the layers of the first kind 5 comprise Co,
and the layers of the second kind 7 comprise Pt. In part P,, the Co layer 5 immediately
adjacent to the Ru layer 9 has a thickness of 0.45 nm, each of the remaining five Co
layers 5 has a thickness of 0.31 nm, and each of the six Pt layers 7 has a thickness of
1.0 nm. In part P,, the Co layer 5 immediately adjacent to the Ru layer 9 has a
thickness of 0.45 nm, each of the remaining eight Co layers 5 has a thickness of 0.26
nm, and each of the nine Pt layers 7 has a thickness of 1.0 nm. The thicknesses of the
Co layers 5 are such that they all exhibit perpendicular magnetic aniSotropy (i.e.
magnetisation perpendicular to the plane of each layer 5, and a positive value of the
total effective anisotropy), and that Formula (2) is valid for this embodiment.

The figure also depicts a glass substrate 11, which is spin-coated with a
UV-cured photolacquer layer 13 and a dielectric enhancement layer 15 of AIN. Part P,
of the recording multilayer 3 is vapour-deposited directly onto this dielectric
enhancement layer 15, with subs;equent vapour-deposition of layer 9 and part P,.

Also schematically depicted are two focused (laser) light beams 17, 19 of
equal diameter, wavelength and intensity. These light beams impinge upon the recording
multilayer 3 via the substrate 11, and illuminate two distinct data bit domains of the
recording multilayer 3. An external magnetic field 21 (the reading field) is applied
concurrent to illumination of the medium 1 by the light beams 17, 19. Although two
light beams 17, 19 are drawn for illustrative purposes, only one light beam is actually
required to read data from the medium, or to write data into the medium.

To read existing data bits. from the recording multilayer 3, a focused light
beam (such as light beam 17 or 19) is employed to thermally weaken the AF coupling
across layer 9 within a given domain, without causing substantial thermal
demagnetisation of the parts P, and P,. Under these circumstances, the strength of the
magnetic field 21 is thus chosen that it can be used to change the orientations of the
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(i.e. the case of the data domain 29 illuminated by the central region of light beam 19, the
magnetisations 31 in part P, are parallel to the magnetic field 21, and the magnetisatior
33 in part P, are reversed by the magnetic field 21 so as to be parallel to it, so that the
total magneto-optical effect from the domain 29 is non-zero. These considerations
justify the labels "0" and "1" used in Figure 1 to denote the respective data bit domain:
illuminated by the light beams 17, 19.

The width of the light beams 17, 19 schematically represents the diamete:
of the Airy disc for the chosen wavelength. The two data bit domains discussed above
are each situated within a small central region of this Airy disc, and the intensity of
light beams 17, 19 is thus chosen that sufficient thermal weakening of the AF coupling

. across layer 9 only occurs within this small central region of each Airy disc. For

illustrative purposes, an additional data bit domain 35 is represented at the edge of the

+ Airy disc of light beam 19. For this data bit domain 35, the magnetisations 37 in part I
are oriented parallel to the magnetic field 21, but the AF coupling across layer 9 is
insufficiently thermally weakened by the hght beam 19 to allow reversal of any of the
magnetisations 39 in part P, by the magnetic field 21. The magnetxsauons 39 in part P,
therefore remain oppositely oriented to the magnetisations 37 in part P,, so that the tota
magneto-optical effect in this domain is zero. It is thus seen that, at any one time, only
data bit domains within a small central region of the light beam can be read.

Embodiment 2
Figure 2 shows a magnetic hysteresis loop measured at room temperature
" for the particular embodiment of the magneto-optical recording medium detailed in
Embodiment 1 and Figure 1. The depicted hysteresis loop is a graph of polar magneto-
optical Kerr rotation e,c (in degrees) as a function of extemnal polar magnetic field H (ir
kA/m), whereby the recording medium was irradiated via the substrate using a HeNe
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Embodiment 3.

Figure 3 shows a magnetic hysteresis loop measured at room temperature
for a particular embodiment of the magneto-optical recording medium according to the
invention, whereby the coupling structure consists of a Pt/Fe/Ru/Fe/Pt layered stack.
The depicted hysteresis loop is a gfaph of polar magneto-optical Kerr rotation G (in

| degrees) as a function of external polar magnetic field H (in kA/m), whereby the

recording medium was irradiated via the substrate using a solid state semiconductor

laser of wavelength 820 nm.
The recording multilayer in this embodiment has the fellowing structure:

- Each layer of the first kind comprises Co, and is 0.31 nm thick;
- Each layer of the second kind comprises Pt, and is 1.0 nm thick;
- The first layer to be deposited on the glass substrate is a Pt layer, followed by a
Co layer. Pt and Co layers are subsequently stacked in alternate arrangement until a
total of five of each has been deposited. The stack thus ends with a Co layer;
- The coupling structure is subsequently deposited. This is a symmetric structure
consisting of 5 layers, each of a single chemical element, namely Pt, Fe, Ru, Fe and Pt,
consecutively. The respective thicknesses of the layers are 1.0, 0.45, 0.9, 0.45 and 1.0
nm;
- The coupling structure is covered by a Co layer, followed by a Pt layer. Co and
Pt layers are subsequently stacked in alternate arrangement until a total of eight of each
has been deposited. The stack thus ends with a Pt layer. An additional protective layer
was not necessary. _

The thicknesses and pluxaliﬁes of the various layers in the recording
multilayer had not yet been optimised to yield zero total Kerr rotation (for the employe:
wavelength of 820 nm) at zero applied external field.
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Embodiment 4,
Figure 4 is a schematic representation of a direct overwrite principle
which can be employed with a preferential embodiment of the magneto-optical recording

medium 2 according to the invention and which does not involve magnetic field

- modulation.

Figure 4(a) shows a cross section of part of a recording multilayer 4,
which recording multilayer 4 is divided into parts P, and P, by a coupling structure 6.
Also schemaﬁcéuy depicted are an initialising magnetic field H, and a bias magnetic
field Hy, which fields are oppositely oriented. A laser light beam 8 is used in
conjunction with Hp in the writing process.

The depicted part of the recording multilayer 4 is laterally divided into
three schematic portions E, I and W, which respectively represent a portion E of
existing data, a portion I which has been initialised for writing, and a portion W of
newly written data. Within these portions, the arrows 10, 12 and 14, 16 schematically
indicate the magnetisation directions in two different data bit doma.ins of the recording
multilayer 4. In the case of the portion W, a block graph shows relative values of the
intensity P of the laser light beam 8 employed to write the corresponding data bit
domains depicted above the graph.

Figure 4(b) shows a perspective view of a possible arrangement for direct
overwrite of information into a rotatable disc-shaped magneto-optical recording medium

2 according to the invention, whereby use is made of the direct overwrite principle

illustrated in Figure 4(a).
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bit domain 35, thé magnetisationsS 37 in
second kind, the layers of the first kind bemg pnncxpally comprised of Co and the
layers of the second kind comprising a metal other than Co, whereby successive layers
of the first kind are ferromagnetically coupled across interposed layers of the second
kind, characterised in that at least one of the layers of the second kind which is bounded
on both sides by. layers of the first kind is substituted by a coupling structure comprising
at least one layer of antiferromagnetic coupling material, across which coupling
structure the immediately adjacent layers of the first kind are antiferromagnetically
coupled. _
2. Magneto-optical recording medium according to Claim 1, characterised in
that the antiferromagnetic coupling material is selected from the group formed by V,
Cr, Mn, Cu, Nb, Mo, Ru, Rh, Ta, W, Re, Os, Ir, and mixtures thereof.

273, Magneto-optical recording medium according to Claim 2, characterised in
that the coupling structure is a single layer of antiferromagnetic coupling material
selected from the group formed by Rh, Ru, and mixtures thereof, which layer has a
thickness in the range 0.5 nm - 1.2 nm.

4, Magneto-optical recording medium according to any of the preceding
Claims, characterised in that the coupling structure further contains at least one layer of
ferromagnetic material selected from the group formed by Fe, Ni, Co, and mixtures '
thereof. _

s. Magneto-optical recording medium according to any of the preceding
Claims, characterised in that the layers of the second kind contain a material selected
from the group formed by Ni, Pd, Pt, Au, and mixtures thereof. '

6. Magneto-optical recording medium according to any of preceding Claims,
characterised in that the embodiment of that part P, of the recording multilayer at one
side of the coupling structure, and of that part P, of the recording multilayer at the
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part P, and into parallel orientation with respect thereto.

7. Magneto-optical recording medium according to Claim 6, characterised in
that part P, and part P, of the recording multilayer are thus embodied that a third
magnetic switching field, for switching magnetisations in part P, out of parallel
orientation with respect to corresponding magnetisations in part P, and into anti-parallel
orientation with respect thereto, is negative.

8. Magneto-optical recording medium according to Claim 6 or 7,
characterised in that the Curie temperature of part P, is larger than the Curie
temperature of part P,.

9. A method of reading data bits from a magneto-optical recording medium
as claimed in any of the Claims 1 up to and including 8, characterised in that a focused
light beam is used to sufficiently thermally weaken the antiferromagnetic coupling
within a given data bit domain to an extent whereby an external magnetic field can be,
and is, subsequently used to force the magnetisation within that data bit domain and at
one given side of the coupling structure into a certain orientation, without changing the
orientation of the magnetisation within that data bit domain and at the other side of the
coupling structure, whereby the intensity of the light beam is thus chosen that the said
sufficient thermal weakening of the antiferromagnetic coupling only occurs within an
area 6f the focused light beam which is smaller than the Airy disc of the light beam, the
configuration of magnetisations in the given data bit domain being derived from analysis
of the magneto-optical Kerr effect observed in the light reflected therefrom.

10. A method of directly writing data bits into a magneto-optical recording

medium as claimed in any of the Claims 1 up to and including 8, characterised in that a
first external magnetic field is employed to force all magnetisations in a given region of
the recording multilayer and at a first side of the coupling structure into a single
orientation without disturbing the magnetisations in that same region of the recording
multilayer but at the other side of the coupling structure, and a second external
magnetic field is subsequently used in conjunction with a focused (laser) light beam to
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the first external magnetic field, whereby a first light intensity required to reverse the -
magnetisation direction solely at the second side of the coupling structure in a given -
data bit domain of the given region is lower than a second light intensity required to
reverse the magnetisation direction at the first side of the coupling structure in a given
data bit domain of that region, the intensity of the light beam being modulated in
accordance with the information content of the data bits to be written, whereby the
value of the light intensity for each such data bit is equal to either the first li_ght
intensity or the second light intensity. |
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The recor di" MagnetotaptiaglenecordinghimedivmBodi ment has the fol I owi ng structure:

Each | ayer of the first kind conprises Co, and is 0.31 nmthick; -
Each | ayer of the second kind conmprises Pt, and is 1.0 nmthick; -

The first layer to be deposited on the glass substrate is a Pt |ayer,
foll onwed by a Co layer. Pt and Co | ayers are subsequently stacked in
alternate arrangenent until a total of five of each has been deposited.

The stack thus ends coupl i structure is
subsequent |y deposi teéﬁﬁhl‘%oga cilq')é&(rd nﬁe’??dl%mscpmgpﬂgea stfbstrale afd 'a recording

multilayer, the recording mulnlayer havmg perpendicular magnetic anisotropy and
comprising layers of a first kind, which are principally comprised of Co, alternately

-stacked with layers of a second kind, which comprise metal other than Co, successive

layers of the first kind being ferromagnetically coupled across interposed layers of the

second kind, whereby at least one of the layers of the second kind which is bounded on

both sides by layers of the first kind is substituted by a coupling structure comprising at

least one layer of antiferromagnetic coupling material, across which coupling structure
the immediately adjacent layers of the first kind are antiferromagnetically coupled. Such

) a magneto-optical recording medium is suitable for super-resolution data storage and

retrieval, and for a direct overwrite procedure which does not involve magnetic field

modulation.

Fig. 1
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19 Enbodi ment 4. Figure 4 is a schemati c represent a_tlon of

a direct overwite principle which can be enployed wth a ptrefererttal
enmbodi ment of the magneto-optical recording nmedium 2 accordlﬁﬁj’lﬂﬁtﬁ‘iﬁéT SHEET
i nventi on and which does not involve nagnetic field nodul afi
Figure 4(a) shows a cross section of part of a recording m 'Ba'-yq’@ziﬁl’?%?
whi ch recording multilayer 4 is divided into parts P[err] n “by
coupling structure 6. Al so schematically aepi cted-are an i pi tfatsimyg
magnetic field Herr] and a bias nmagnetic field Herr], which fields are

oppositely oriented. A laser light beam 8 is used in conjunction WtTn
Herr] in thegvk/ri(t)inc process.
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The depicted part of the recording multilayer 4 is |ateral
three schematic portions E, | and W which respectively re
‘E of existing data, a portion | which has been initialised
a portion Wof newly witten data. Wthin these portions,
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different data bit domains of the recording nultilayer 4.
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rot at abl e di sc-shaped nagneto-optical recording nedium 2 according to the
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Philips Electronics N.V.

"Magneto-optical recording medium”

~ The invention relates to a magneto-optical recording medium comprising a
. substrate and a recording multilayer, the recording multilayer having a magnetic easy
axis perpendicular to the multilayer and comprising layers of a first kind alternately
stacked with layers of a second kind, the layers of the first kind being principally
comprised of Co and the layers of the second kind comprising a metal other than Co,
whereby successive layers of the first kind are ferromagnetically coupled across
interposed layers of the second kind. .

In a magneto-optical recording medium having a recording multilayef with
perpendicular magnetic anisotropy, individual data bits are represented by domains
which are magnetised in one of the two different orientations perpendicular to the
multilayer. Such data bits can be detected via magneto-optical effects, whereby the
polarisation state of polarised light incident on the multilayer (e.g.- from a laser) is
changed in 2 manner which depends on the direction and magnitude of the
magnetisation in that part of the multilayer impinged upon by the light. Such changes’in
polarisation state can be monitored in the light reflected from the multilayer (Kerr
effect) ot in the light transmitted through the multilaye; (Faraday effect).

The magnetised domains can be obtained by using a focused laser light
beam to locally heat the recording multilayer to a temperature near the Curie
temperature of the recording multilayer material. When the région of the recoi-ding
multilayer thus heated is allowed to cool in an external magnetic field, the magnetisation
in that region will align and lodge itself in the direction of that magnetic field. This
procedure is referred to as thermomagnetic writing. A common meaas of thermo-
magnetically writing information in a recording multilayer is one whereby the recording
medium is embodied in the form of a disc which rotates about an axis perpendicular to
its plane, the data bits being written in the recording multilayer using a permanent
external magnetic field and a radially moveable focused laser light beam whose intensity
is pulsed in accordance with the information to be written. Use of this means

necessitates prior erasure of existing information in that region of the recording
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larger (laser) light intensity than heating thin layers, so that this measure increases the
power required to write data into the medium. Thirdly, in manufacturing processes, it is
relatively difficult to accurately maintain a critical RE-TM alloy composition combining
the required values of the coercive field, nucleation field, magnetisation, remanence,
magneto-optical Kerr effects, Curie teméerature and AF coupling strength. .

In the magneto-optical recording medium according to the invention, the
layers of the first kind may contain extra materials in addition to pure Co. These extra
materials can serve to alter the physical or chemical properties of the layers in which
they are incorporated, or to influence the properties of neighbouring layers. For
example, it can be shown that incorporation of 3-8 at. % Os or Re-into the Co layers of
the recording medium according to the invention causes a lowering of the Curie
temperature and magnetisation of those layers. Similar effects can be achieved when the
Co layers contain minority W, Nb, Ta or Mo substituents. Alternatively, the layers of
the first kind can comprise a CoNi alloy which i; principally comprised of Co, e.g. a

" Cogoliyg alloy. It is stressed that the invention does not require all the layers of either
the first kind or the second kind to have identical compositions or thicknesses, or to be
provided by the same means. For example, the layers of the first kind at one Qidg of the

" . coupling structure may have different compositions and thicknesses to the layers of the
first kind at the other side of the coupling structure. Additionally, consecutive layers of
the second kind may comprise different materials, and have different thicknesses, and
be deposited by different means or under different conditions.

A preferential cmbodiment of the magneto-optical recording medium
according to the invention is characterised in that the antiferromagnetic coupling
material is selected from the group formed by V, Cr, Mn, Cu, Nb, Mo, Ru, Rh, Ta,
W, Re, Os, Ir, and mixtures thereof. When interposed between Co layers in a

multilayer, an appropriately thick layer comprising one of these materials has been



4. : Magnet o- opti cal recordl ng rredl um-accordi n¢ mespyEietfat Deli ¢ 1
precedl ng C ai ns, characterised in that the ‘coupl i ng stir y,

contains at |east one | ayer of ferronmagnetic material g e?df"r‘” oy;@gvh
group forned by Fe, Ni, Co, and mixtures thereof. 5. i

Magnet o- opti cal recordi ng medi um according to any of tHe '
characterised in that the |layers of tlkhe second kind cortain a materi al

sel ected fromthe group forned by Ni, Pd, Pt, Au, and -
Magnet o- opt i cal ordi ng medi um according to any of preceding C ains,
characterlfégdﬂ(n—ﬁﬁ} ﬁg),enbodl ment of that part P[err] of the rec@bdl ng
mul tilayer at or‘fe’%!i de of the coupling structure, and of that part P[err]
of the recording multilayer at the )

whereby it is assumed that I is negative for AF coupling. [n each of these equations, the
expression between parentheses is intended to be evaluated for that part of the recording
multilayer which is indicated by the particular subscript outside those parentheses,

-~ whereby the subscript "1" refers to part P, and the subscript "2" refers to part P,.

It is of additional advantage in this case when the parts P, and P, are thus
embodied, by suitable choice of parameters as already discussed, that the following
conditions are met: .

(3] A third magnetic switching field Hg;, for switching magnetisations in part P, out
of parallel orientation with respect to corresponding magnetisations in part P, and into
anti-parallel orientation with respect thereto, is larger than a fourth magnetic switching
field Hg,, for switching magnetisations in part P, out of parallel orientation with respect
to corresponding magnetisations in part P, and into anti-parallel orientation with respect

thereto. This stipulation can be expressed in formula form as follows:

H, > H,, 3.

Using the notation and sign cons(Ention introduced above, the following equations can be

"derivedin_s_umjﬁ:
Ll -
o = o~ Hy | @
=27
H, = - .
xS - Ho: ™ -

In each of these equations, the expression between parentheses is intended to be
evaluated for that part of the recording multilayer which is indicated by the particplar"

~



ot her side of the coupling structure, is such that a first magnetic
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recordi ng
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Plerr] an%pbgﬁéllyaéﬁdnt&%aéglﬁgs%q oer @g?ﬁéﬁé%g?“g”lhgmﬁe ! a%:egﬁ{rgqt ﬁr@t to daim

negative
6 or 7,

H, >0 = (8)

(i)  The temperature dependence of the AF coupling strength is stronger than that of
the magnetisation in either of the parts P, or P,, i.e. the decrease of J with increasing
" temperature is stronger than the corresponding decrease of the magnetisation in either
part of the recording multilayer. | .
(iv)  The Curie temperature T, of part P, is higher than the Curie temperature T,
of part P,.
4] The (laser) light beam employed in #vriting data to and reading data from the
* recording medium enters the recording multilayer via part P, and then impinges on part
P,. |
Since the intensity of a light beam incident on such a recording multilayer
through the part P; (for example) demonstrates an exponential decay as a function of the
penetration depth into the medium, the individual magneto-optical contributions of the
successively encountered layers to the total magneto-optical effect from the entire
recording multilayer will thus diminish as a function of penetration depth. However,
adjustment of the absolute magneto-optical effect of part P, to be larger than that of part
Py counteracts this effect, and, for a chosen wavelength of light, sufficiently accurate
choice of chemical composition, deposition conditions, layer thicknesses and numbers- of
repetitions in the two parts will ensure an almbst perfect counteraction, whereby the
_ magnitude of the relative magneto-optical contribution from part P, will equal that from
part P;, as seen from the side of P; remote from the coupling structure. Since parts P,
and P, are located at opposite sides of the coupling structure across which the
immediately adjacent layers of the first kind are antiferromagnetically coupled, and
since, within each part, the layers of the first kind are ferromagnetically coupled to one
another, it follows that part P, as a whole can be antiferromagnetically coupled to part



characterised in that the Curie tenperature of part Plerr] is I arger than
-the Curie tenperature of part P2. 9. A net hod dat a ...
bits froma magneto-optical recording nedium as clainmed rﬁE&’hbef“",thQ;ht
Clainms 1 up to and including 8, characterised in that a focuped—+i-gh

beamis used to sufficiently thermally weaken the antlferrorragfz 20 ¢
coupling vmthln a given data bit donbin to an extent whgrep y n' eszmQZ I

magneti c ' :m

nmagnet i sat i‘on W ﬁ ?15‘@%% gﬁgn@%&ﬁgﬁﬁgy}]é Wt 91§B°<|§ en SE" em of the
coupl i ng spﬁwtteffba frohpast Betot i appositetat ti frum pmrt BpLﬁmm Ban :
orientation of the magnetisation within that data bit do\r;rg ? and at the

ot her si déieorelative maaee@pqnqsgl QriRutions frofh diedie RS 3rp cawdi (far the chasen |.i ght

beam i s tQuge ER@R%’P lxtoﬂ ttf*aﬂo Qtthe theSitdl I tLﬁQLnézE‘%bHPJi W%?*Eﬁ 'lgeOOf the

anti f erromagnet coﬁp only occurs wi thin®an “area cused

l'i ght bearnecahdicg) mudtilapex \Ivék thetedoret feezebd,r 3 @es Crand thehsidd DO B redmenfromithe
confi guratl of magnetisations in the given data bit domai n being derived
from anal § FQ“ g SHHCEff nagnet o- optical Kerr effect observed in the |ight

reflected therefronﬂf the d8lpling structuf® Bﬁb&?ﬂ t%te@'dsﬁfgtuodﬁ%éd (1&001%9 bi t's
into a magnet o-opti cal recorlng medi um’as clainmed in any of the dainms 1

up to andbeamofdienchosen wruelangths thestrengthiafdhe AF coupling across thc region of the
coupling structure thus heated will diminish. If the intensity of the light beam is such
that the temperature within the heated region remains below the Curie temperatures of
_ the parts P, and P,, then the AF coupling can be weakened without substantially .
weakening the magnetisation of these individual parts. Due to the validity of Por.n_'lix!a.
(2), an external magnetic field (the so-called reading field), which is weaker than Hg, at
room temperature, can then be employed to overwhelm any remaining AF coupling and
force the n&agnen’sations in part P, to become paraliel to the magnetic field, whilst
leaving those in part P, unchanged. In this way, the net magneto-optical effect from the
recording multilayer will become non-zero for domains in which'the maénetisation in
part P, was already parallel to the external magnetic field. In addition to its dependence
on the chemical composition of the recording multilayer, the thermal behaviour of the
AF coupling is dependent on the microstructure of the coupling structure, and this
microstructure is in turn dependent on the means used to deposit the coupling structure
(such as sputtering deposition or vacuum vapour deposition) and on the conditions under
which deposition takes place (such as the choice of sputter gas). With a suitable choice
of chemical composition and deposition conditions, and appropriate choice of the
intensity of the focused light beam, one can thus exploit the Gaussian distribution of
intensity within the Airy disc of the focused light beam to guarantee that, in relation to
the fixed magnitude of the reading field, sufficient thermal weakening of the AF
. coupling aémss the coupling structure only occurs in a small central region of the Airy
disc. Qutside this small central region, corresponding magnetisations in parts P, and P,
remain oppositely oriented, since remaining AF coupling cannot be overwhelmed by the

fixed reading field, and the net magneto-optical effect will thus be zero. The size of the

spot from which a magneto-optical effect is obtained is therefore smaller than the Airy

disc.
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t her nomagne e new data bits .into that same region t he
' g Igucﬁ seXavars t}:at used 10 write data bits into the known record?ng medtum—For -

recordlng
example, using a focused light beam, part P, at least is locally heated to a temperature

near its Curie temperature. By carefully choosing the intensity of the light beam, the
Gaussian distribution of intensity within the Airy disc of the focused light spot can be
exploited to ensure that only a small central region of the Airy disc is heated to a
temperature near this Curie temperature. Using an external magnetic field, the
magnetisation in part P, within the heated region is forced into a direction parallel to the
magnetic field, being one of two orentations perpendicular to the plane of the medium.
Cooling the heated region allows the magnetisation in part P, of the same region to
adopt an anti-parallel orientation with respect to the locked magnetisation in part P, of
that region, as AF coupling across the coupling structure strengthens. In this wajf_,- the
individual magnetisations in part P, each correspond to oppositely directed
magnetisations in part P,, so that the total summed magneto-optical contribution of the
combined parts is zero. However, the individual magnetisations in part P, still represent
data bits, by virtue of their individual orientations. The size of each data bit is smaller
that the Airy disc of the employed light beam, thus yielding a maximum density of
information storage which exceeds that of the known recording medium, in accordance
with one of the stated objects of the invention.
Data bits which have been written into such a recording multilayer can be
.read therefrom b); virtue of the principle-introduced in the penuldﬁam previous
paragraph. Once the AF coupling between parts P, and P, has been thermally weakened
by a light beam of the chosen wavelength, an external magnetic field of accurately
chosen magnitude can be employed to force the individual magnetisations in part P, intc

" a single orientation parallel to the field, whilst leaving the orientations of the
magnetisations in part P, unchanged. This selective manipulation of magnetisations is
made possible by the validity of Formula (2) for the embodiment in question.

_ Magnetisations in part P, will align themselves in the same direction as the external
magnetic field, whereas the magnetisations in part Pz will retain their initial orientation
If, within a given single data bit domain of the recording medium, the magnetisations i
part P, happen to have the same oncntanon as the external magnetic field, then all
magncusanons wnhm that data blt domam will be parallel, giving a non-zero magneto-
opucal effect. If however the magncnsatmns in part P, of that data bit domain happer
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opposn te tH I Ill st external magnetic fiel rrﬂQ}"*\?f
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reverse the magnetisatio BERId on_SMy at
the second side of the coupling structure in a givenidafa bit do% of}| t he
given region is lower than a second |ight ggntensity req wédctco re\laer
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gi ven data lggAnMd@sain of that region, the intensity o
nodul ated in accordance with the information content bf the d
witten, whereby the value of the light intensity for each such data bit is
equal to either the first light intensity or the second light intensity.

L. Magneto-optical recording medium comprising a substrate and a recording
multilayer, the recording multilayer having a easy axis of magnetization perpendicular to
the multilayer and comprising layers of a first kind alternately stacked with layers of a
second kind, the layers of the first kind being principally comi:rised of Co and the
layers of the second kind comprising a metal other than Co, whereby successive layers
of the first kind are ferromagnetically coupled across interposed layers of the second
kind, characterised in that at least one of the layers of the second kind which is bounded
" on both sides by layers of the first kind is substituted by a coupling structure comprising
at least one layer of antiferromagnetic coupling material, across which coupling
structure the immediately adjacent layers of the first kind are antiferromagnetically
coupled. . :
2, Magneto-optical recording medium according to Claim 1, characterised in
that the antiferromagnetic coupling material is selected from the gioup formed by V,
Cr, Mn, Cu, Nb, Mo, Ru, Rh, Ta, W, Re, Os, Ir, and mixtures thereof.
3. Magneto-optical recofding medium according to Claim 2, characterised in
that the coupling structure is a single layer of antiferromagnetic coupling material
selected from the group formed by Rh, Ru, and mixtures thereof, which layer has a
thickness in the range 0.5 nm - 1.2 nm.
4, Magneto-optical recording medium according to any of the preceding
Claims, characterised in that the coupling structure further contains at least one layer of
ferromagnetic material selected from the group formed by Fe, Ni, Co, and mixtures
thereof.
5. | Magneto-optical recording medium according to any of the preceding
Claims, characterised in that the layers of the second kind contain a material selected
from the group formed by Ni, Pd, Pt, Au, and mixtures thereof. '
6. Magneto-optical recording medium according to any of precedmg Claims,
characterised in that the embodiment of that part P, of the recording multilayer at one
side of the coupling structure, and of that part P, of the recording multilayer at the



