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(57) ABSTRACT

A magneto-optical device including a substrate [which is]
transparent to light in a visible spectrum region [and], a plu-
rality of ferromagnetic layers [arranged thereon, each ferro-
magnetic layer preferably] having a width [ranging from] i
an inclusive range of 5 [to] through 100 nanometers and a
thickness [ranging from] irn an inclusive range of 0.1 [to]
through 5 microns|. The], wherein said ferromagnetic layers
are parallel to each other and separated by a distance [ranging
from] in an inclusive range of 0.2 [to] through 2 microns.
[ The ferromagnetic layers are arranged preferably on the side
walls of grooves formed parallel to each other 1n the trans-
parent substrate.]
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MAGNETO-OPTICAL RECORDING MEDIUM
HAVING A PLURALITY OF
FERROMAGNETIC THIN LAYERS

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCES TO RELATED
APPLICATION

This application claims priority to Japanese Application
No. 9-117626, filed Apr. 21 1997 and Japanese Application

No. 10-103612, filed Mar. 31, 1998.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a magneto-optical device
which 1s highly transparent and capable of repeatedly carry-
ing out recording and reading operations including erasing
through magnetic heads. The magneto-optical device may
also be used 1 a polarizer, 1n a display device for displaying
picture 1mages by applying a magnetic field and 1lluminating
light, 1n a spatial optical modulator and in magnetic field
SENnsor.

2. Description of the Related Art

When linearly polarized light is incident on a magnetized
material with 1ts propagation direction parallel to the direc-
tion of the magnetization of the magnetized matenal, the
plane of the linear polarization 1s rotated by the magnetic
field, which 1s well known as the Faraday efiect. Utilizing
magnetic materials having a relatively large coellicient of the
elfect, several devices have been fabricated such as magnetic
recording media and spatial optical modulator.

As examples of such devices, there disclosed are magnetic
recording media (1) using yttrium rare-earth iron garnet and
its derivative disclosed 1n Japanese Laid-Open Patent Appli-
cation 56-13125/1981, (2) using hexagonal ferrite in Japa-
nese Laid-Open Patent Application 61-89605/1986, (3) a
coated magnetic recording medium using yttrium iron garnet
particulates 1 Japanese Laid-Open Patent Application
62-119758/1987 and (4) another coated magnetic recording
medium using rare-earth 1ron garnet particulates in Japanese
Laid-Open Patent Application 4-132029/1992.

These magnetic recording media each generally consist of
thin layers of either magnetic material or its particulates dis-
posed on a substrate.

Although these media 1n general have excellent capability
of writing and reading various information data, their use has
been rather limited to those applications mentioned above. In
other words, they are not so advantageous for other applica-
tions such as, for example, information display.

SUMMARY OF THE INVENTION

It 1s an object of the present invention, therefore, to provide
a magneto-optical device which 1s capable of carrying out
recording and reading operations including erasing through
magnetic heads and which may also be utilized 1n a polanizer,
in a display device for visually displaying picture images by
applying magnetic field and illuminating light.

A Turther object of the present invention 1s to provide a
magneto-optical device which has an excellent response
capability to the intensity of applied magnetic field and 1s
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therefore capable of visually displaying even slight ditfer-
ences 1 display contrast caused by minute differences in
applied magnetic field strengths.

In a further object of the present invention there 1s provided
a magneto-optical device which may also be used 1n a spatial
optical modulator and 1n a magnetic field sensor.

According to the present invention, a magneto-optical
device 1s firstly provided, including a substrate and a plurality
of thin layers of ferromagnetic material disposed on the sub-
strate. The substrate 1s preferably transparent in the visible
spectral region. The thin layers of ferromagnetic material
cach preferably have a width of from 5 to 100 nanometers and
a thickness of from 0.1 to 5 microns and the plurality of the
thin layers each being parallel with one another with a spacing,
of from 0.2 to 2 microns.

Secondly, a magneto-optical device 1s provided, character-
ized 1n that the thin layers of ferromagnetic material of the
magneto-optical device are preferably disposed on side wall
portions of a plurality of concave grooves provided parallel
with one another on the substrate which 1s transparent 1n the
visible spectral region.

Thirdly, a magneto-optical device 1s provided, character-
1zed 1n that side wall portions of the magneto-optical device
tor the thin layers of ferromagnetic material to be disposed are
preferably perpendicular to the surface plane of the substrate.

Fourthly, a magneto-optical device 1s provided, character-
1zed 1n that at least one reflecting layer 1s further provided on
one of the faces of the substrate of the magneto-optical device

Fifthly, a magneto-optical device i1s provided, character-
1zed 1n that an anti-reflective layer 1s further provided on the
back side of the substrate from the reflecting layer.

Sixthly, a magneto-optical device 1s provided, character-
ized 1n that the thin layers of ferromagnetic material are
preferably electrically conductive.

Seventhly, a magneto-optical device 1s provided, charac-
terized 1n that the thin layers of ferromagnetic material essen-
tially consist of ultra-fine particles of Fe, Co, N1 or alloy
thereol, having an average diameter of from 2 to 20 nanom-
eters.

Eighthly, a magneto-optical device 1s provided, character-
1zed 1n that a layer of non-magnetic semiconductive material
or metal 1s further provided in contact with each of the thin
layers of ferromagnetic material, having the same thickness
as that of the thin layers and a width of from 5 to 10 nanom-
eters.

As described earlier, the magneto-optical device of the
present invention mcludes a substrate which is transparent in
the visible spectral region and a plurality of thin layers of
ferromagnetic material disposed thereon, each of the thin
layers having a width of from 5 to 100 nanometers and a
thickness of from 0.1 to 5 microns, being parallel with one
another with a spacing of from 0.2 to 2 microns.

The magneto-optical device 1s therefore capable of achiev-
ing both high light transmittance and polarizability by the
magneto-optical effect at the same time, to thereby result in a
high contrast in transmittance values for wvisible light,
between magnetized and non-magnetized portions. In addi-
tion, since these characteristics of the present magneto-opti-
cal device enables for picture images to be recorded on large
area display panels, the magneto-optical device may be used
in display applications. Furthermore, since the device has an
excellent response characteristics to the intensity of applied
magnetic fields, the device 1s capable of visually displaying
even slight differences in display contrast caused by minute

differences 1n applied magnetic field strengths.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention and many of
the attendant advantages thereof will be readily obtained as
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the same becomes better understood by reference to the fol-
lowing detailed description when considered in connection

with the accompanying drawings, wherein:

FIG. 1 1s an enlarged schematic cross-sectional view of a
magneto-optical device according to one embodiment of the
present mnvention.

FIG. 2 1s an enlarged schematic top view of the magneto-
optical device of FIG. 1.

FIG. 3 1s an enlarged schematic cross-sectional view of a
magneto-optical device according to another embodiment of
the present invention.

FIG. 4 1s an enlarged schematic cross section view of a
terromagnetic thin film layer superimposed with non-mag-
netic semiconductor or metal layers according to the present
invention.

FIG. 5a shows a schematic cross-sectional view of the
micro magnetic head in accordance with one embodiment of
the present invention.

FIG. 5b shows a schematic top-view of the micro magnetic
head 1n accordance with one embodiment of the present
invention.

FIG. 6 1s a schematic circuit diagram of one embodiment of
the magneto-optical device of the present invention for writ-
ing and reading using a two-dimensional micro magnetic
head array.

FI1G. 7a 1s a cross sectional view of a reading head accord-
ing to the present invention.

FIG. 7b 15 a top view of a reading head according to the
present invention.

FIG. 8 1s a schematic circuit diagram of another embodi-
ment for writing and reading using a one-dimensional micro
magnetic head array according to the present invention.

FIG. 9 1s a cross sectional view of the magneto-optical
device of the present invention, which illustrates the manifes-
tation of contrast when the magneto-optical device of the
present invention 1s used 1n a display device.

FIG. 10a-h 1llustrate the fabrication process steps of the
magneto-optical device of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

A magneto-optical device of the present invention has such
a basic structure as to include a substrate which 1s transparent
in the visible spectral region and a plurality of thin layers of
ferromagnetic material, having a width of from 5 to 100
nanometers and a thickness of from 0.1 to 5 microns and
being disposed on the substrate parallel with one another with
a spacing of from 0.2 to 2 microns.

Experimentation has been carried out by the inventor con-
cerning to the degree of polarization of the magneto-optical
device of the present invention.

When a constant area of the surface of a magneto-optical
device 1s 1lluminated, it has been found that the degree of
polarization 1ncreases with the increase 1n the height of fer-
romagnetic layers and also with the decrease 1n the distance
between the layers, or with the increase 1n an aspect ratio (1.e.,
height of ferromagnetic thin layers /distance between the
layers). During the experimentation the polarizability value
of more than 40% has been achieved.

FIG. 1 1s an enlarged cross-sectional view of a magneto-
optical device in accordance with one embodiment of the
present invention.

Referring to FIG. 1, on a substrate 1 which is transparent in
the visible spectral region, a plurality of thin layers 4 of
ferromagnetic material are disposed, having a width M of
from 5 to 100 nanometers and a height H of from 0.1 to 5
microns, each being parallel with one another with an equal
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spacing, 1.¢., L1=L2, of from 0.2 to 2 microns. Furthermore,
the thin layers 4 of ferromagnetic material are disposed on
side wall portions vertically to the surface plane 2, of a plu-
rality of concave grooves 3 previously formed on the sub-
strate on the substrate.

FIG. 2 1s an enlarged top view of the magneto-optical
device of FIG. 1.

Referring to FI1G. 2, on the surface of the substrate 1 which
1s transparent in the visible spectral region, a plurality of thin
layers 4 of ferromagnetic material are disposed on side wall
portions perpendicular to the surface plane 2, of a plurality of
concave grooves 3.

FIG. 3 1s an enlarged (cross-sectional view of a magneto-
optical device 1n accordance with another embodiment of the
present invention.

Referring to FIG. 3, on a substrate 1 which 1s transparent in
the visible spectral region, a plurality of thin layers 4 of
ferromagnetic material are disposed, having a width M of
from 5 to 100 nanometers and a height H of from 0.1 to 5
microns, each being parallel with one another with an equal
spacing, 1.e., L1=0L2, of from 0.2 to 2 microns.

The magneto-optical device further comprises a reflecting
layer 6 provided on one of the faces of the substrate of the
magneto-optical device. An anti-reflective layer 7 1s further
provided on the back side of the substrate 1 against the retlect-
ing layer 6.

The reflecting layer 6 may be provided by pasting a retlect-
ing layer which 1s previously disposed on one of the faces of
another substrate 1A, onto the back side of the substrate 1
against the substrate 1.

It 1s noted in FIGS. 1 and 3 that the numeral 3 represents a
plurality of thin layers of ferromagnetic material, which pos-
sess, 1n fact, both polarizing and magnetic capabilities at the
same time.

The width M of the ferromagnetic layer 4 i1s preferably
from 5 to 100 nanometers. For the width of less than 5 nanom-
eters, the reduction 1n the magneto-optical effect of the device
results, thereby making 1t difficult for the magneto-optical
device be used 1n a display. By contrast, for the width of
greater than 100 nanometers, the degree of polarizability 1n
the visible spectral region decreases and the transmittance
also decreases down to 50% or less, thereby making 1t also
difficult for the magneto-optical device to be used 1n a display.

The height H of the ferromagnetic layer 4 1s preferably
from 0.1 to 5 micron. The magnitude of the rotation of the
plane of the linear polarization by the magneto-optical effect
1s related to this height, thereby facilitating more versatile
designing for desirable display contrasts of the magneto-
optical device

For the layer height of less than 0.1 micron, polarization
and magnetization effects such as expected to continuous
ferromagnetic layers only becomes evident. By contrast,
transmittance decreases for the height of greater than 5
microns, thereby making 1t also difficult for the magneto-
optical device be used 1n a display.

The spacing L between ferromagnetic layers 4 1s prefer-
ably from 0.2 to 2 microns. For the spacing of less than 0.2
micron, transmittance and the degree of polarizability
decrease, thereby making it difficult for the magneto-optical
device be used 1n a display.

By contrast, for the spacing of greater than 2 microns, the
polarization effect such as expected to continuous ferromag-
netic layers only becomes dominant, thereby making 1t diffi-
cult for the magneto-optical device be used 1n a display or
polarizing device.

Although, as described earlier, the plurality of thin layers
of the ferromagnetic material are preferably provided on the
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side wall portions vertically to the surface plane of the
grooves with a width of from 35 to 100 microns and a height of
from 0.1 to 5 microns, slight t1lt and/or bent of the thin layers
are found not to substantially affect to device characteristics.

In place of hollow grooves, the grooves 3 provided on the
substrate may also be formed 1n such a manner that the hollow
portions are filled with material which 1s transparent and has
a refractive index different from that of the substrate.
Examples of such transparent materials are illustrated 1n
Table 1. When the hollow portions are filled with material
with the same refractive index as that of the substrate, neither
light diffraction due to interference nor appreciable magneto-
optical etlect 1s observed.

Examples of suitable matenals for the transparent substrate
of the magneto-optical device of the present invention include
inorganic materials such as quartz glass, sapphire, crystal-
lized glass, Pyrex glass, Al,O;, MgO, BeO, Zr0O,, Y,O;,
ThO,, Ga0O, and GGG (Gadolintum Gallium garnet); and
transparent {ilms of plastics, such as MMM (methyl meth-
acrylate), PMMA (polymethyl methacrylate), polycarbonate,
polypropylene, acrylic resins, styrene resins, ABS(acryloni-
trile butadiene styrene) resins, polyallylate, polystyrene,
polysulphone, polyether sulphone, epoxy resin, poly-4-me-
thylpentene-1, fluorinated polyimide, fluorine resins, tluo-
roresin, phenoxyresin, polyolefin resins and nylon resins.

These plastic films are advantageous for the device fabri-
cation due to its light weight and flexibility.

The thickness of the transparent substrate suitable for the
device 1s preferably from 50 to 500 microns. As the thickness
of the substrate decreases, the substrate becomes more suit-
able for recording due to reduced distances between a mag-
netic head and polarization and/or magnetization layer 5. By
contrast, for the thickness of greater than 500 microns of the
substrate, 1t also becomes possible to record with a magnetic
head from the backside of the device against the retlecting,
layer 6 1n FIG. 3.

As the materials for ferromagnetic thin layer 4 suitable for
recording of the present invention, 1t 1s preferable for these
materials to exhibit high magneto-optical effect, to have mag-
netic anisotropy 1n the plane of the ferromagnetic layer and a
coercive force value of from 200 to 2000 Oe. In addition,
since the polarization and magnetization layer 35 1s also
capable of acting 1n a polanizing device, 1t 1s essential for the
maternals of the ferromagnetic thin layers to be electrically
conductive to thereby give rise to the transier of electrons
under the electric field of light.

Accordingly, when the ferromagnetic layer consists of
insulating materials such as, for example, Fe,O,, CoFe,O,,
Bi,DyFe, (Al, ,O,,, 1t 1s preferable for non-magnetic semi-
conductor or metal layer be superposed with the msulating
materials, to thereby form electron movable layers.

Because of the increase in light absorption with the
increase in the thickness of the superimposed layer, the thick-
ness 1s preferable to be as small as possible for the semicon-
ducting layer. Furthermore, 1t 1s also preferable to form the
ferromagnetic layers with conductive materials so as to
secure the conductive property even without additional con-
ductive layer.

A ferromagnetic thin layer superimposed with non-mag-
netic semiconductor or metal layers 1s exemplified 1n an
enlarged cross sectional view of FIG. 4.

The superposition of the non-magnetic semiconductor or
metal layer 8 with the ferromagnetic thin oxide layer 4 A can
be accomplished either by providing the non-magnetic semi-
conductor or metal layer 8 on the ferromagnetic thin oxide
layer 4 A previously disposed on the side walls of the grooves,
as shown 1n FIG. 4a, or by providing the ferromagnetic thin
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oxide layer 4A on the non-magnetic semiconductor or metal
layers 8 previously disposed on the side walls of the grooves,
as shown 1n FIG. 4b.

The ferromagnetic layer 1s preferably be highly transpar-
ent. Examples of maternials for ferromagnetic thin layers
include conventional transparent ferromagnetic materials.
Theretore, 1t 1s preferably for the matenals to be transparent
and to have a large Faraday effect and its coellicient.

Examples of the ferromagnetic thin layers of abovemen-
tioned materials include thin layers comprising ultrafine par-
ticles of ferromagnetic metals such as, for example, 1rron (Fe),
cobalt (Co), nickel (N1) and alloys thereof, having an average
diameter of from 2 to 20 nanometers.

These ferromagnetic layers may be formed by evaporation
method, and more preferably by evaporation under rare gas
atmosphere mixed with a small amount of air (e.g., several
100 m-Torr) 1n the evaporation chamber. Through this evapo-
ration process step, the ferromagnetic layer generally include
oxygen, carbon and other elements 1n addition to the above-
mentioned principal metallic components.

Although metallic elements such as, for example, 1ron,
cobalt and nickel exhibit large magneto-optical effect, these
materials by themselves are generally difficult to be used as
the present ferromagnetic layer materials. This difficulty can
preferably be overcome 1n the present invention by the for-
mation of thin layers including ultra-fine particles of the
above metals, thereby realizing magneto-optical characteris-
tics large enough for the ferromagnetic layer application of
the present invention.

In addition, by controlling the size of, and the distance
between the ultra-fine particles formed, respectively, 1ts coer-
cive force value and magnetic anisotropy 1n the plane of the
ferromagnetic layer can be adjusted.

Because of the inclusion of the metallic ultra-fine particles,
turthermore, the present ferromagnetic thin layers are highly
conductive, to thereby be preferably used by themselves as
the ferromagnetic layer materials for the polarization and
magnetization layer 5, which may be used 1n a polarizing
device.

In addition to the atorementioned examples, materials suit-
able for ferromagnetic thin layers of the present mvention
further iclude oxides such as rare-earth 1ron garnet, cobalt
ferrite and bartum {ferrite; matenals having large birefrin-
gence values, such as FeBO,, FeF;, YFeO;, and NdFeO,;
transparent magnetic materials such as MnB1, MnCuBi1 and
PtCo.

Since the magneto-optical effect utilized in the present
ivention 1s most effective i the parallel configuration
between the directions of light propagation and the magnetic
spin orientation, the ferromagnetic materials are preferably
disposed so as to have a magnetic anisotropy 1n the plane of
the ferromagnetic layer.

The ferromagnetic thin layers may preferably be formed by
PVD (physical vapor deposition) or CVD (chemical vapor
deposition) method such as sputtering, evaporation, and MBE
(molecular beam epitaxy), and plating method, for example.

As the matenals for anti-reflection layer suitable for the
magneto-optical device of the present invention, it 1s prefer-
able for these matenals to have high reflectivity 1n a certain
visible spectral region.

Examples for the above materials includes Cu, Al, Ag, Au,
Pt, Rh, TeO,, TeC, SeAs, TeAs, TiN, TaN and CrN. Using
these ma‘[erlals the above anti- reﬂectwe layer may be formed
through the methods such as evaporation, sputtering and 1on
plating, preferably to a thickness of from 50 to 100 nm. In
addition, examples of the anti-reflection layer may further
include multiple alternating layers of oxides such as, for
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example, S10, and T10,, and of metals; a slant viewing type
of reflecting plate, and a hologram reflecting plate (Holobrite
from Polaroid Japan Co).

In order to improve light transmittance, and to prevent
chemical corrosion, and weathering by light irradiation, of
the magneto-optical device, an anti-reflective layer 1s further
provided on the back side of the device against the reflecting
layer, which 1s especially preferable when the device 1s used
in a display panel. The anti-reflection layer of the present
invention may preferably be disposed through evaporation
method using materials such as shown in table 1, for example.

TABL

(L]

1

Refractive Index and Transparent Spectral Region
of Thin Laver Materials for Anti-Reflective Laver

Refractive Index Transparent
(Wavelength 1n Spectral

Thin Layer Material nanometers) Region
n<1.5 calcium fluoride (CakF,) 1.23~1.26 (546) 150 nm~12 pm

sodium fluoride (NaF) 1.34 (550) 250 nm~14 pm

cryolite (Na;AlF) 1.35 (550) <200nm~14 pm

lithium fluoride (LiF) 1.36~1.37 (546) 110 nm~7 pm

magnesiumiluoride 1.38 (550) 210 nm~10 pm

(MgF>)

silicon dioxide (S105) 1.46 (500) 200 nm~8 um
1.5< lanthanum fluoride (Lak;) 1.59 (550) 220 nm~>2 um
n-<?2 neodymium fluoride 1.6 (550) 220 nm~>2 um

(NdF3)

alumimum oxide (Al50;) 1.62 (600)

cerium fluoride (Cel ;) 1.63 (550) 300 nm~>5 um

lead fluoride (PbF,) 1.75 (550) 240 nm~>20 um

magnesium oxide (MgQO) 1.75 (500)

thorium oxide (ThO,) 1.8 (550) 250 nm~>2 um

tin oxide (SnO-) 1.9 (550)

lanthanum oxide (LLa,0;) 1.95 (550) 350 nm~>2 pm

silicon monoxide (S10) 1.7~2.0  (550) 500 nm~8 um
2< indium oxide (In,0;) 2.0 (500)
n <3 neodymium oxide 2.0 (550) 400 nm~>2 um

(Nd;03)

antimony trioxide (Sb>0;) 2.40 (546) 300 nm~>1 pm

zirconium oxide (ZrO-) 2.1 (550)

cerium dioxide (CeO,) 2.2 (550) 400 nm~10 um

titanium dioxide (T10-) 2.2~2.7 (550) 350 nm~12 pm

zinc sulfide (ZnS) 2.35 (550) 380 nm~25 pm

bismuth oxide (B1,0;) 2.45 (550)

zinec selenide (ZnSe) 2.58 (633) 600 nm~>15 um

cadmium sulfide (CdS) 2.6 (600) 600 nm~7 pum
3<n antimony sulfide (Sb,S;3) 3.0 (589) 500 nm~10 pm

cadmium telluride (CdTe) 3.05 (IR)

silicon (S1) 3.5 1.1 nm~10 um

germanium (Ge) 4.0 1.7 nm~100 um

tellurium (Te) 49 (6um) 3.4 nm~20 um

lead telluride (PbTe) 5.5 3.4 nm~30 pm

Although the magneto-optical device of the present inven-
tion has a polarizing capability by itsell as alorementioned,
the device may further be provided with additional polarizing,
layer to enhance the polarizing capability.

As the polarizing layer, there may be used conventional
polarizing films and highly transparent polarizers using beam
splitters. The polarizing films 1include a perhalogenated film
polarizer, dyestuil polarizer, and metal layer polarizer. Either
one of these polarizers may preferably used for the magneto-
optical device of the present invention. The perhalogenated
f1lm polarizer utilizes 10dine as the dichromatic material, to
thereby result in useful polarizing characteristics relatively
independent of light wavelength. Although the dyestutl polar-
1zers have polarizing characteristics not so good as those of
the perhalogenated film polarizers, the former polarizers are
more durable against heat, light and temperature.

In order to carry out a writing (or recording) operation 1nto
the polarization and magnetization layer of the present mag-
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neto-optical device, there 1s used a magnetic head. Since the
magnetic head 1s operated by being placed on either the
bottom or the top face of the device, the writing operation into
the polarization and magnetization layer can be accomplished
without traveling the head at a high speed, which 1s generally
required in the writing operation. This 1s 1n much contrast to
prior art magnetic memory devices such as, for example,
magnetic tapes and magnetic disks.

As the magnetic head of the present invention, a magnetic
head may preferably be used, which consists of a plurality of
magnetic heads constructed of a tiny bar of soit magnetic
material around which thin copper lines are wound and sub-
sequently arranged 1n matrix. As the magnetic head array
preferably used 1n the present invention, the preferable diam-
cters of the tiny bar and thin copper wire are approximately
100 microns and 20 microns, respectively, and the preferably
distance between the magnetic heads 1n the matrix 1s approxi-
mately 50 microns. The wound thin copper lines are a couple
of thin copper lines, and one of which 1s used for DC for
recording, while the other 1s for AC for magnetizing the
heads. For the detection of magnetic fields, the above wound
line for DC may preferably be used.

Besides the above-mentioned magnetic head construction,
other constructions are also conceivable 1n the present inven-
tion. For example, another magnetic head may comprise a
core portion of a soft magnetic material formed by plating
method with a coil portions formed by the photolithography
techniques, and still another magnetic head may comprise
core and coil portions both formed by plating method. The
s1ze and distance between the magnetic heads and the manner
of winding coils are almost similar to those of the magnetic
head array 1n the above-mentioned fabrication.

FIGS. 5a and 5b show a micro magnetic head in accordance
with one embodiment of the magneto-optical device of the
present mvention. FIG. 5a 1s a sectional view of the micro
magnetic head and FIG. 5b 1s a top view of the micro mag-
netic head. As shown 1in FIGS. 5a and 5b, a two-dimensional
array of the micro magnetic heads may be fabricated by
providing a plurality of the micro magnetic heads 1n a matrix
fashion.

Referring to FIG. 5, a micro magnetic head 13 1s formed,
comprising an Fe Ni disk-shaped magnet 14 (60 micron 1n
diameter), which 1s provided in the central portion of the head
and surrounded by silicon portions 15, having a coil 17 of Au
on the silicon portion, which 1s wound around the top portion
of the magnet 14 and 1s embedded in polyimide resin 16. The
coi1l 17 1s then connected to a wiring 19 through a terminal 18.

A plurality of the thus constructed micro magnetic heads
13 may be arranged 1n a matrix with a distance between the
center portions of the micro heads of 120 microns to thereby
constitute the array of micro magnetic heads.

The thus prepared micro magnet head array is subse-
quently provided on the top face of the magneto-optical
device. The write operation 1nto the polarization and magne-
tization layer can be carried out 1n the present invention by
controlling current supplied to each of the micro magnetic
heads without traveling a head or at rest 1n the position of the
head relative to the magneto-optical device.

The magneto-optical device having recorded information
1s then placed between a pair of polarizing films and observed
visually under light, to thereby be used 1n a display panel, for
example.

The magneto-optical device of the present invention has an
excellent response capability to the intensity of applied mag-
netic field and 1s capable of visually displaying even slight
differences 1n display contrast caused by minute differences
in applied magnetic field strengths.
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Besides the aforementioned magnetic head array, a mag-
netic pen which 1s composed of a cylindrical permanent mag-
net may also be used 1n the present invention as one of the
simplest forms of the magnetic head.

Erasing of image imnformation data recorded in the mag-
neto-optical device may be achieved (1) by removing a per-
manent magnet from, after having brought close to, the face
of the magneto-optical device, or (2) by magnetizing the
device in the direction opposite to that for the previous record-
ng.

FIG. 6 1llustrates a circuit schematic in accordance with
one embodiment of the magneto-optical device of the present
invention, which 1s configured 1n a display panel which 1s
capable of recording and erasing information data using the

above-mentioned two-dimensional array of micro magnetic
heads.

Referring to FIG. 6, a magneto-optical device 21 of the
present invention 1s provided on a two-dimensional array 20
of micro magnetic heads. The two-dimensional micro mag-
netic head array 20 1s constructed of a plurality of the micro
magnetic heads of FIG. 5 arranged 1n matrix.

An address circuit 22 and a driver circuit 23 are further
provided, being connected to the micro magnetic head array
20. The address circuit 22 1s operated so as to select a line of
the micro head array and the driver circuit 23 1s to mnput or to
crase information data to each of the heads on the selected
line. In addition, a controller 24 (PC or PDA) 1s connected to
control writing and erasing operations of information data.

Information data to be recorded are inputto a CPU 27 of the
controller 24 through an external memory 25 or a communi-
cation lmne 26 and subsequently stored in a sequential
memory 28. During the writing process, the information data
are output from the memory 28, sequentially sent through the
CPU 27 to the above-mentioned address circuit 22 and driver
circuit 23, and then mput to the magneto-optical device
through the micro magnetic head in the two-dimensional
micro magnetic head array 20.

Erasing operation of information data may be carried out,
for example, by supplying current in the opposite direction to
thereby apply magnetic field in the direction opposite to that
for the previous recording.

The recording and erasing operations through the mag-
neto-optical device of the present invention are therefore
achieved without traveling a head or at rest 1n the position of
the head relative to the magneto-optical device. Furthermore,
by 1lluminating visible light upon the recorded magneto-
optical device, the information data may visually be dis-
played on the magneto-optical device which 1s now operated
as a display panel.

In addition, although nputting the mformation data into
magneto-optical device can be carried out by the micro mag-
netic heads of FIG. 5, the input magnetic data into the mag-
neto-optical device can not be output by the micro heads,
since there 1s no change either 1n relative position between the
magneto-optical device and the magnetic heads, or 1n mag-
netic flux with time.

Accordingly, in order to output the magnetic data, areading
head having magnetoresistance effect may preferably be
used. FIGS. 7a and 7b illustrate an example of the above-
mentioned reading head, wherein FIG. 7a 1s a cross sectional
view and FIG. 7b 1s a top view of the reading head. Referring
FIGS. 7a and 7b, the reading head 1s composed of a magne-
toresistance film 29 formed with layered thin film structure of
N1, Co, Fe, Cu and alloys thereof, with a wiring for the

resistance measurement, which 1s provided on the substrate
31.
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With this reading head, the recorded magnetic data can be
output by detecting the change in resistance of the magne-
toresistance layer caused by magnetic flux from the magneto-
optical device. Accordingly, a two-dimensional head array of
FIG. 6 1s prepared with a plurality of magnetic heads arranged
in an array matrix, each of which includes one micro mag-
netic head of FIG. 5 and one reading head of FI1G. 7. By using
thus prepared head array, both of writing and erasing the
information data can be carried out. The reading of the 1nfor-
mation data 1s accomplished by measuring resistance values
of the magneto-resistance film with a driver circuit, and then
sending the values to CPU and storing into memory.

FIG. 8 1llustrates another embodiment of the system con-
figuration for carrying out writing and reading information
data using a one-dimensional micro magnetic head array 32.
CPU 27 drnives a motor 33 through a control unit of motor
driving, to thereby travel the magneto-optical device relative
to the micro magnetic head array. A precise control of the
rotation speed of motor 33 1s carried out by a decoder 34
provided with the motor 33.

During the operation with this construction, there are
caused some variations of relative position between the mag-
neto-optical device and magnetic heads. Therefore, writing
and erasing information data are both achieved using the
micro magnetic heads of FIG. 5, without further providing a
reading head, which 1s 1n contrast to the operation using the
alforementioned two-dimensional magnetic array.

Although not shown 1n FIG. 8, another system construction
may also be feasible, wherein scanning the magneto-optical
device in both of horizontal and vertical directions are carried
out by using a micro magnetic head array having a relatively
few number of magnetic heads and by translating the array 1n
both horizontal and vertical directions, to thereby carry out
writing and erasing operations two-dimensionally 1n a man-
ner similar to that for the conventional printing operation.

FIG. 9 1s a cross sectional view of the magneto-optical
device of the present invention herewith included to 1llustrate
the manifestation of contrast when the magneto-optical
device 1s used 1n a display device.

Referring to FIG. 9, the magneto-optical device comprises
a plurality of polarization and magnetization layer 5 having
the ferromagnetic material disposed on the side wall portions
perpendicular to the surface plane 2, of a plurality of concave
grooves 3 provided on the substrate 1 which 1s transparent 1n
the visible spectral region, and a retlecting layer 6 disposed on
the back side of the substrate against the grooves, as described
carlier. The ferromagnetic polarnization and magnetization
layer 5 has magnetized and non-magnetized potions 4X and
4Y, respectively.

A couple of light beams 11A and 12A incident on the
magneto-optical device are assumed. The light beam 11 A 1s
circularly polarized, and the light beam turns to linearly
polarized light 11B after passing through the magnetized
portion 4X. The light beam 11B 1s then retlected by the
reflecting layer 6 to be a light beam 11C and passes through
the magnetized portion 4X again. Since the plane of the
polarization of the light beam 11C has been rotated from that
of 11B and the magnetized portion 4X acts as a polarizer, the
beam 11C can not go through the portion 4X.

In similar manner, the light beam 12A 1s also circularly
polarized and the light beam turns to linearly polarized light
12B after passing through the non-magnetized portion 4Y.
The light beam 12C 1s reflected back as a beam 12C by the
reflecting layer 6, and passes through the non-magnetized
portion4Y. By contrast to the light beam 11C above, however,
the plane of the polarization of the light beam 12C has not
been rotated by the non-magnetized portion 4Y and 1s coin-
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cident to the plane of the polarization of the magnetization
and polarization layer 5. Therefore, the beam 12C can there-
fore go through the portion 4Y. Accordingly, the light inten-
s1ty which passes through these portions 1s determined by the
magnitude of magnetization of the ferromagnetic portion of
the ferromagnetic thin layers.

Therefore, the magnetized portions of the ferromagnetic
thin layer appears dark, whereas the non-magnetized portions
appears light.

Such magneto-optical device as described above may
therefore be used also 1n a polarizer. Furthermore, since pat-
tern 1images may be formed, changed and erased modified on
the magneto-optical device at will, the device may be used in
a display panel even without a back-light illumination.

Furthermore, the magneto-optical device of the present
invention may also be used 1n a spatial modulator. The spatial
modulator 1s fabricated, for example, as follows.

A plurality of solenoids having an iner diameter of
approximately 100 microns are prepared. These solenoids are
then arranged 1n a matrix and connected so that each 1s 1ndi-
vidually supplied by current for magnetization. The solenoid
matrix thus prepared 1s provided, for example, directly on the
magneto-optical device as shown 1n FIG. 1, and this structure
1s further placed between a pair of polarizers, to thereby be
operated as a spatial modulator by controlling the current
supplied to each of the solenoids. It 1s noted, since a magnetic
spin flop caused by reversing the solenoid current tlow takes
place within several nanoseconds with this structure, a high
speed spatial modulation may be achieved, to thereby accom-
plish high speed switching of light beams and the use of the
present magneto-optical device in a high speed spatial modu-
lator.

In addition, 1t 1s also noted, since the magnitude of mag-
neto-optical effect depends on that of ferromagnetic thin layer
formed on side walls of the grooves, the magneto-optical
device ol the present invention may also be used 1n amagnetic
field sensor.

The method of fabricating the magneto-optical device of
the present invention includes the process steps of:

(1) forming a plurality of substantially linear concave
grooves being parallel with one another on a substrate
which 1s transparent 1n the visible spectral region using
photolithography techniques;

(2) disposing a thin layer of ferromagnetic material on the
substrate;

(3) removing the portions of the ferromagnetic layer on the
substrate using the etching techniques, such that the
portions of the ferromagnetic layer only on side walls of
the grooves are retained, to thereby form stripes of thin
layers of ferromagnetic material;

(4) carrying out the formation, and succeeding suriace
polishing of alayer of inorganic material, when relevant,
which 1s further provided, for example, by sputtering
process to fill up the grooves and to thereby obtain a
smoothed surface;

(5) when relevant, providing a light reflecting layer on one
of faces of the substrate of the magneto-optical device,
or pasting another transparent plate onto one of faces of
the substrate, which 1s previously provided with a light
reflecting layer thereon; and

(6) providing, when relevant, an anti-reflective layer on the
back face of the substrate against the light reflecting
layer.

FI1G. 10 illustrates fabrication process steps of the mag-

neto-optical device of the present invention.

A layer of a photoresist material 9 1s firstly disposed on a
transparent substrate (a). After providing thereon with a mask
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having a plurality of narrow lines being parallel with one
another, the resultant layer 1s exposed to ultraviolet light, and
subsequently wet etched to obtain a photoresist mask having
a pattern of narrow parallel lines, having a width of 1, and a
spacing of 1, (b). The transparent substrate 1s then etched to
thereby a plurality of parallel concave grooves 3 are formed
(c), and the mask 1s removed upon the completion of the
etching process step (d).

Through the above-mentioned steps, a plurality of grooves
may be formed with relative ease, having a large depth verti-
cally to the surface of the substrate (up to about 10 microns).
In addition, by the photolithography techniques also, the
grooves can be formed having linear and smoothed edges.

When a transparent film of plastic material are used as a
substrate, a thin layer of, for example, S10, 1s disposed on the
plastic film through the PVD techniques beforehand, and
grooves may be tormed on the S10, portions of the substrate.

Subsequently, a thin layer 4 of ferromagnetic material 1s
formed on the grooved substrate (). Methods for forming the
thin layer preferably includes but not limited to PVD, CVD
and plating.

The thus formed ferromagnetic layer 1s then subjected to a
sputtering process step using Ar ions 10 to remove the por-
tions of the ferromagnetic layer on horizontal faces of the
grooved substrate (1), to thereby form a plurality of thin layers
4 of ferromagnetic material (g). Although the method for the
removal also includes dry and wet methods, the above-men-
tioned Ar 1on sputtering may preferably be used over other
methods, wherein the sputtering i1s preferably carried out
under the reverse biased condition at a negative voltage
applied to a substrate electrode.

A light reflecting layer 1s formed on a transparent plate 1 A
and the resultant structure 1s pasted on the grooved face of the
substrate of the magneto-optical device, whereby a magneto-
optical device of the present invention 1s fabricated (h).

EXAMPLES

The following examples are provided further to illustrate
preferred embodiments of the invention.

EXAMPLE 1

A substrate of quartz was provided having a thickness of 1
mm. On the surfaces of the substrate, a layer of Cr,O, and
thereon a layer of Cr were formed on the substrate, having a
total layer thickness of 120 nanometers. In addition, a layer of
a photoresist material of the positive type was further pro-
vided thereon.

A resultant layer accumulated as above was then subjected
to the conventional photolithography techniques for forming
a plurality of narrow lines being parallel to with one another.
During the photolithography process step, the resultant layer
was exposed to ultraviolet light using a photoresist mask for
narrow parallel lines to be formed, having . 1=1.2=1.0 micron
(FIG. 1), and subsequently subjected to a wet etching process
step.

The thus formed pattern of the resultant layer on the sub-
strate was used as a second mask. Using the second mask, the
quartz substrate was etched under a fluorine gas ambient, to
thereby form a plurality of parallel concave grooves having
the depth of 0.65 micron (H 1n FIG. 1). Upon the completion
of the etching, the second mask was removed from the sub-
strate surface.

Subsequently, a layer of ultra-fine particles of 1ron was
disposed on the grooved quartz substrate by an evaporation
method under gaseous atmosphere without heating the sub-
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strate. The gaseous atmosphere was argon flowing mto the
evaporation chamber at a rate of 50 sccm and the total pres-
sure¢ of 1.0 Pa. The layer of ultra-fine 1ron particles thus
formed was found to have a thickness of approximately 90
nanometers.

The diameter of the iron ultra-fine particles was measured
using a transmission electron microscope and found approxi-
mately 6 nanometers on the average. When the 1ron particle
layer was 1investigated with x-ray photoelectron spectroscopy

(XPS)techmque, XPS spectra showed that the layer consisted
of 66% of 1wron with additional elements such as, oxygen,
carbon and mitrogen.

During the above evaporation process, another tlat quartz
plate was mounted 1n the evaporation apparatus adjacent to
the above-mentioned quartz substrate, onto which for ultra-
fine particles of 1ron to be evaporated under the i1dentical
conditions as those for the grooved quartz substrate. The
magnetic characteristics of an 1ron particle layer on the flat
quartz plate were measured to find a coercive force of 32 Oe,
a squareness ratio of 0.80 and a magnetic anisotropy present
in the plane surface of the quartz substrate.

The grooved quartz substrate with the 1ron particle layer
was then subjected to a sputtering process step as follows.
Using a sputtering apparatus which was operated under nitro-
gen atmosphere and at —400 Volts applied to a substrate
clectrode (i.e., under the reverse biased condition), the por-
tions of the 1ron particle layer previously present on horizon-
tal faces (2a and 2b 1n FIG. 1) of the grooved substrate were
removed, thereby forming a plurality of thin layers of ultra-
fine particles of 1ron, which were retained only on the vertical
portions (the side walls 2 in FIG. 1) of the substrate with the
thin layers being parallel with one another. The layer thus
prepared with a plurality of thin layers of ultra-fine particles
of 1ron are hereinatter referred to as a striped thin ferromag-
netic layer.

In addition, an antiretlective layer of Mg F,(n=1.38) was
tformed on the back side of the substrate by vacuum evapora-
tion with a thickness of approximately 100 nanometers,
whereby constituting a magneto-optical device of the present
invention. With this antiretlective layer, the light reflectivity
of the device 1n the visible region was reduced by about 3%.

The optical characteristics of the striped thin ferromagnetic
layer was subsequently measured. Assuming s- and p-com-
ponents of polarized light to have the plane of 1ts electric
vector perpendicular and parallel to the surface plane of the
terromagnetic layer, respectively, the striped thin ferromag-
netic layer plane was found to have intensity transmission
coellicients at wavelength of 600 nanometers, of equal to or
greater than 50% for s-component and equal to or less than
4% for p-component. From these values presently measured,
the degree of polarization (T,-T,)/(T,+T,) at 600 nanom-
eters was obtained as 86%, which 1s indicative of possible use
of the striped thin ferromagnetic layer 1n a polarizing unit as
well.

Portions of the striped thin ferromagnetic layer were mag-
netized by, for example, drawing characters with a thin bar
magnet of approximately 1 mm 1n diameter, on the side of the
coated antiretlective layer of the grooved substrate. The fer-
romagnetic layer was subsequently placed between a pair of
polarizing films and observed visually. As a result, a dark
appearance ol the magnetized portions were observed, which
corresponds to the rotation of the plane of linearly polarnized
light by the Faraday effect upon the passage through the
ferromagnetic layer and resultant shading of the light by the
polarizing films. By contrast, no shading was observed for
non-magnetized portions without the influence of the Faraday
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rotation effect. Accordingly, characters previously written
into the ferromagnetic layer were found clearly legible with a
satisfactory contrast.

Furthermore, another magneto-optical device was pre-
pared 1n a similar manner as above with the exception that a
layer of aluminum was provided as a light reflecting layer 1n
place of one of the polarizing layers on the side of the sub-
strate on which the ferromagnetic layer along the grooves was
formed.

When the portions of the striped thin ferromagnetic layer
were subsequently magnetized by drawing characters with a
thin bar magnet 1n a similar manner as above, the characters
were Tound clearly legible with a satisfactory contrast under
light reflected from the light reflecting layer.

EXAMPLE 2

A magneto-optical device was fabricated by repeating the
procedure of Example 1 with the exception that a magnetic
oxide layer was disposed by sputtering a B1,Gd Fe,AlO,,
target on the grooved quartz substrate heated at approxi-
mately 300° C. to a thickness of 57 nanometers on the hori-
zontal faces of the grooved substrate, 1n place of the 1ron
particle layer formed by the evaporation method of Example
1.

The thus disposed magnetic oxide layer was subjected to
annealing process step at 650° C. for 3 hours. When the
magnetic characteristics of the magnetic oxide layer was
measured, the value of the coercive force of 540 Oe was
obtained on flat portions of the layer.

A layer of Ge was then disposed by sputtering on the
grooved side ol the quartz substrate to a thickness of 8 nanom-
eters without heating the substrate ata pressure 01 6.7x10 Torr
and with an input power of 200 W. Subsequently, the portions
of the Ge layer on horizontal faces of the grooved substrate
were removed by the reversed biased sputtering 1n a similar
manner to Example 1.

When the portions of the magnetic oxide layer were sub-
sequently magnetized by drawing characters with a thin bar
magnet and observed visually 1n a similar manner as Example
1 described earlier, the characters were found clearly legible
with a satisfactory contrast.

By contrast, when another device was prepared 1n similar
manner as above except the Ge layer, no characters were
found legible.

EXAMPLE 3

An array of micro magnetic heads as shown in FIGS. 5a
and 5b was prepared as follows. The array included a plurality
of the micro magnetic heads 13 provided 1n a matrix on a 0.5
micron thick silicon water through the photolithography
techniques.

Each of the micro magnetic heads 13 comprised of an FeN1
disk-shaped magnet 14 of 60 micron in diameter, which was
provided 1n the central portion of the head and surrounded by
s1licon portions 15, having a seven-turn coil of Au 17, which
was wound around the tip portion of the magnet 14 and was
embedded 1n polyimide resin 16.

A plurality of the thus constructed micro magnetic heads
were arranged 1n a lattice with a distance of 120 microns to
thereby constitute the array of micro magnetic heads.

The thus prepared micro magnetic head array was then
provided on the anti-retlective layer of the magneto-optical
device fabricated in Example 1.

The portions of the thin ferromagnetic layer of the mag-
neto-optical device were then magnetized by controlling cur-




US RE42,324 E

15

rent supplied to each of the micro magnetic heads to thereby
write characters 1n the ferromagnetic layer.

The magneto-optical device was subsequently placed
between a pair of polarizing films and observed visually. As a
result, a dark appearance of the magnetized portions were
observed, which corresponds to the rotation of the plane of
linearly polarized light by the Faraday effect upon the passage
through the ferromagnetic layer and resultant shading of the
light by the polarizing films. By contrast, no shading was
observed for non-magnetized portions without the intfluence
of the Faraday rotation effect. Accordingly, characters previ-
ously written into the ferromagnetic layer were found clearly
legible with a satisfactory contrast.

For the magneto-optical device fabricated as above, writ-
ing and displaying image information utilizing the ferromag-
netic layer have become feasible as described earlier, by
simply controlling the current supplied to each micro mag-
netic head without any translation or displacement of the
magnetic head array relative to the magneto-optical device.

In addition, by carrying out the writing and displaying
image information consecutively, displaying visually moving
picture 1mages 1s also feasible by the device.

Furthermore, reading magnetic images 1s also feasible with

the simultaneous use of an ac magnetization coil and a dc
detection coil, as described earlier.

Comparative Example 1

A continuous, or not particulate, ferromagnetic layer of
iron was disposed on a flat surface of quartz substrate to a
thickness of 67 nanometers by evaporation method. The
transmission coetficient of the layer in the visible region was
found to be equal to or less than 40%, resulting visually 1n a
dark appearance and no legible display images.

Comparative Example 2

A couple of continues magnetic oxide layers were disposed
on a flat surface of a 1 mm thick quartz substrate by sputtering
in similar manner to Example 2, one to a thickness of 100
nanometers and other to 900 nanometers. Both layers were
found to have a yellowish appearance, having transmission
coellicients of approximately 80% in red spectral region,
whereas 30% or less 1n the region 500 nanometers or less.

The portions of the thus prepared magnetic oxide layer
were subsequently magnetized by drawing characters with a
thin bar magnet and placed between a pair of conventional
polarizing films to be observed visually.

As aresult, no image was found legible for the 100 nanom-
cters thick magnetic oxide layer. In addition, for the 900
nanometers thick layer, although 1mages were legible in the
transmission mode, no 1mage was observed 1n the reflection
mode (or the device construction with a reflecting layer pro-
vided on one of the surfaces of the substrate).

Advantages of the Invention

According to [claims 1 and 2] one aspect of the present
invention, the magneto-optical device of the present invention
includes a substrate which 1s preferably transparent 1n the
visible spectral region and a plurality of thin layers of ferro-
magnetic material disposed thereon, each of the thin layers
preferably having a width of from 5 to 100 nanometers and a
thickness of from 0.1 to 5 microns, and being parallel with
one another with a spacing of from 0.2 to 2 microns.

The magneto-optical device 1s, therefore, capable of
achieving both high light transmittance and refractivity by
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magneto-optical effect at the same time, to thereby result in a
high contrast 1n transmittance values of visible light between

magnetized and non-magnetized portions, which 1s satisfac-
tory for large area display panels. In addition, since the mag-
neto-optical device has also an excellent response character-
1stics to the intensity of applied magnetic field, the device 1s
capable of visually displaying even slight differences 1n dis-
play contrast caused by minute differences in applied mag-
netic field strengths.

The magneto-optical device [of claim 4] according to
another aspect of the present invention 1s provided with a
light reflecting layer. The magneto-optical device 1s therefore
capable of exhibiting an excellent contrast in transmittance of
visible light between magnetized or non-transmittable por-
tions of, and non-magnetized or transmittable portions of the
device, to be used 1n a reflection type display.

The magneto-optical device [of claim 5] according to still
another aspect of the present invention 1s provided further
with an anti-reflection layer. The light transmittance of the
device 1s increased, to thereby displaying picture images with
a higher contrast.

The magneto-optical device [of claim 6] according to
another aspect of the claimed invention 1s fabricated so as for
its ferromagnetic layer to be electrically conductive. The fer-
romagnetic layer of the device 1s therefore composed of the
ferromagnetic layer by itself, having both of the polarization
and magnetization capabilities, without providing any addi-
tional layer otherwise necessitated to gives rise to the electron
transier in the layer.

The ferromagnetic layer of the magneto-optical device of
[claim 7] vet another aspect of the present invention is com-
posed of ultra-fine particles of materials such as Fe, Co, Ni
and alloys thereof, which exhibit relatively large Faraday
elfects. The device, therefore, has a high transmittance as well
as the large Faraday etlect, and picture images of high con-
trast may be displayed by the device.

According to [claim 8] a further aspect of the present
invention, when a ferromagnetic layer of the magneto-optical
device 1s non-conductive, the ferromagnetic layer 1s superim-
posed with non-magnetic semiconductor or metal layers. The
non-conductive ferromagnetic layer 1s therefore provided
with polarization characteristics, thereby for the layer to be
formed having both of the polarization and magnetization
capabilities.

Description of the Reference Numeral

1 A substrate which i1s transparent in the visible spectral
region.

2 A side wall of concave grooves.

3 A plurality of liner grooves provided 1n parallel with one
another.

4 A thin layer of ferromagnetic matenal.

4A A thin layer of ferromagnetic oxide.

4X A magnetized portion of the thin layer of ferromagnetic
oxide.

4Y A non-magnetized portion of the thin layer of ferromag-
netic oxide.

5 A polarization and magnetization layer.

6 A light reflecting layer.

7 An anti-reflection layer.

8 A non-magnetic semiconductor or metal layer.

9 A photoresist layer.

10 Ar 10mns.

11A Circularly polarized light.

11B A light beam after passing through a magnetized portion
4X of the thin layer of ferromagnetic material.
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11C A light beam reflected by a reflecting layer.
12 A Circularly polarized light.
12B A light beam after passing through a non-magnetized
portion 4Y of thin layer of ferromagnetic material.
12C A light beam reflected by a reflecting layer.
13 A micro magnetic head.
14 A disk-shaped magnet.
15 A silicon portion.
16 Polyimide resin.
17 A coil.
18 A terminal.
19 A wiring.
20 A two-dimensional array of micro magnetic heads.
21 A magneto-optical device.
22 A address circuit.
23 A driver circuait.
24 A controller.
25 An external memory.
26 Communication.
27 A CPU.
28 A memory.
29 A magnetoresistance layer.
30 A wiring.
31 A substrate.
32 A one-dimensional array of micro magnetic heads.
33 A motor.
34 A decoder.
What 1s claimed as new and desired to be secured by
Letters Patent of the United States 1s:
1. A magneto-optical device comprising;
a substrate transparent to light 1n a visible spectral region;
a plurality of ferromagnetic layers having a width i an
inclusive range of S through 100 nanometers and a thick-
ness 1n an inclusive range of 0.1 through 5 microns;

wherein said ferromagnetic layers are parallel to each other
and separated by a distance 1n an inclusive range o1 0.2
through 2 microns.

2. The magneto-optical device of claim 1, wherein said
substrate defines grooves having side walls, said ferromag-
netic layers being arranged on said side walls.

3. The magneto-optical device of claim 2, wherein said side
walls are perpendicular to a surface of said substrate.

4. The magneto-optical device of claim 1, further compris-
ing a reflecting layer on a first face of said substrate.

5. The magneto-optical device of claim 4, further compris-
ing an anti-retlecting layer on a second face of said substrate.

6. The magneto-optical device of claim 1, wherein said
ferromagnetic layers are electrically conductive.

7. The magneto-optical device of claim 6, wherein said
ferromagnetic layers comprise particles ol a member of the
group consisting of Fe, Co, N1, FeCo alloys, FeN1 alloys and
CoNi1 alloys.

8. The magneto-optical device of claim 7, wherein said
ferromagnetic [layers] particles have an average diameter in
an inclusive range of 2 through 20 nanometers.

9. The magneto-optical device of claim 1, further compris-
ing a layer of non-magnetic semiconducting material or metal
in contact with said ferromagnetic layers and having a same
thickness as the thickness of the ferromagnetic layers and a
width 1n an inclusive range of 5 through 10 nanometers.

10. The magneto-optical device of claim 2, further com-
prising a retlecting layer on a first face of said substrate.

11. The magneto-optical device of claim 10, further com-
prising an anti-reflecting layer on a second face of said sub-
strate.

12. The magneto-optical device of claim 2, wherein said
ferromagnetic layers are electrically conductive.
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13. The magneto-optical device of claim 12, wherein said
ferromagnetic layers comprise particles of a member of the
group consisting of Fe, Co, N1, FeCo alloys, FeN1 alloys and
CoNi alloys.

5 14. The magneto-optical device of claim 13, wherein said
ferromagnetic [layers] particles have an average diameter in
an inclusive range of 2 through 20 nanometers.

15. The magneto-optical device of claim 2, further com-
prising a layer of non-magnetic semiconducting material or
metal in contact with said ferromagnetic layers and having a
same thickness as the thickness of the ferromagnetic layers
and a width 1n an inclusive range of 5 through 10 nanometers.

16. The magneto-optical device of claim 3, further com-
prising a reflecting layer on a first face of said substrate.

17. The magneto-optical device of claim 16, further com-
prising an anti-reflecting layer on a second face of said sub-
strate.

18. The magneto-optical device of claim 3, wherein said
ferromagnetic layers are electrically conductive.

19. The magneto-optical device of claim 18, wherein said
ferromagnetic layers comprise particles ol a member of the
group consisting of Fe, Co, N1, FeCo alloys, FeN1 alloys and
CoNi1 alloys.

20. The magneto-optical device of claim 19, wherein said
ferromagnetic [layers] particles have an average diameter in
an inclusive range of 2 through 20 nanometers.

21. The magneto-optical device of claim 3, further com-
prising a layer of non-magnetic semiconducting material or
metal in contact with said ferromagnetic layers and having a
same thickness as the thickness of the ferromagnetic layers
and a width 1n an inclusive range of 5 through 10 nanometers.

22. A magneto-optical device comprising:

a substrate transparent to light in a visible spectral region;

and

a plurality of ferromagnetic lavers having a width in an

inclusive vange of 5 through 100 nanometers and a

thickness in an inclusive vange of 0.1 through 5 microns;
wherein said ferromagnetic lavers ave parallel to each

other.

23. The magneto-optical device of claim 22, wherein said
substrate defines grooves having side walls, said ferromag-
netic lavers being arranged on said side walls.

24. The magneto-optical device of claim 23, wherein said
side walls arve perpendicular to a surface of said substrate.

25. The magneto-optical device of claim 22, further com-
prising a reflecting layer on a first face of said substrate.

26. The magneto-optical device of claim 25, further com-
prising an anti-veflecting laver on a second face of said sub-
strate.

27. The magneto-optical device of claim 22, wherein said
Jerromagnetic layers are electrically conductive.

28. The magneto-optical device of claim 27, wherein said
Jerromagnetic layers comprise particles of a member of the
group consisting of Fe, Co, Ni, FeCo alloys, FeNi alloys and
55 CoNi alloys.

29. A recording device comprising:

a magneto-optical device comprising:

a substrate, and

a plurality of ferromagnetic layers on said substrate;

and

a magnetic recovding head, on which said magneto-optical

device is positioned,

wherein said magnetic vecording head comprises a plural-

ity of bars of magnetic material.

30. The vecording device of claim 29, wherein said mag-
netic recorvding head further comprises lines wound around
said bars of magnetic material.
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31. The recording device of claim 30, wherein said bars of
magnetic material are arrvanged in a matvix.
32. An image forming apparatus comprising:
an array of magnetic heads; and
a magneto-optical device on said array and comprising: >
a substrate, and
a plurality of ferromagnetic layers formed on said sub-
strale,
wherein a relative position between the magneto-optical
device and the magnetic heads does not change during a
recording operation.
33. The image forming apparatus of claim 32, whevein said
Jerromagnetic layers have a width in an inclusive range of 5
through 100 nanometers.
34. The image forming apparatus of claim 32, wherein said
Jerromagnetic layers have a thickness in an inclusive vange of
0.1 through 5 microns.
35. The image forming apparatus of claim 32, wherein said

15

ferromagnetic lavers are parallel to each other. 20

36. The image forming apparatus of claim 35, whevein said
Jerromagnetic layers are separated by a distance in an inclu-
sive range of 0.2 through 2 microns.

37. The image forming apparatus of claim 32, whevein said
substrate defines grooves having side walls, said ferromag-
netic layers being arrvanged on said side walls.

10
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38. The image forming apparatus of claim 37, wherein said

side walls are perpendicular to a surface of said substrate.

39. The image forming apparatus of claim 32, wherein said

Jerromagnetic layers arve formed by a method selected from

the group comsisting of sputterving, PVD, CVD and plating.
40. The image forming apparatus of claim 32, further com-

prising:

an address civcuit configured to select a line of said array
of magnetic heads; and

a driver circuit configured to input and evase information
data to each head on the selected line.

41. The image forming apparatus of claim 40, further com-

prising a controller configured to control writing and erasing

operations of said information data.

42. The magneto-optical device of claim 32, whervein each
magnetic head of said array of magnetic heads includes a
micro magnetic head and a reading head.

43. The image forming apparatus of claim 42, wherein said
reading head comprises a magnetoresistance film.

44. The recording device of claim 41, wherein each of said

Jerromagnetic layers is positioned on a wall of said grooves.

45. The recording device of claim 44, wherein said ferro-
magnetic layers are separated from each other.
46. The recording device of claim 45, wherein said ferro-

5 magnetic layers are parallel to each other.
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