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[57] ABSTRACT

A recording medium comprises a recording layer, a
birefringent layer, and a reflecting layer. The recording
layer is formed of a material whose optical rotatory

. power is alterable such that in one state no optical rota-

tory power is present and, in a second state, optical
rotatory power is present. Information is recorded in
the recording layer by selectively altering the state of
the recording layer. The birefringent layer is formed of
a material having constant birefringence without regard
to the state of the recording layer. The reflecting layer
reflects a light beam transmitted through the recording
layer and the birefringent layer to reintroduce the beam
into the birefringent layer and the recording layer. A .
method of reproducing information from this recording
medium applies a polarized light beam to the recording
medium and detects change of the polarized state of the
polarized light beam reflected from the recording me-
dium, thereby reading the information recorded in the
recording layer. According to the inventive recording
medium and reproducing method, the information is
reproduced by detecting the presence of optical rota-
tory power of the recording layer.

10 Claims, 6 Drawing Sheets
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OFPTICAL RECORDING MEDIUM HAVING A
CONSTANT BIREFRINGENT PROPERTY AND AN
ALTERABLE PHOTOCHROMIC PROPERTY

This application is a continuation-in-part of our co-
pending United States patent application entitled “An
Optical Recording Medium Having A Constant Bire-
fringent Property And An Alterable Photochromic
Property”, filed Mar. 2, 1993 and accorded Ser. No.
08/025,725, now abandoned, which is a continuation of
our United States patent application entitled “Record-
ing Medium and Reproducing Method Therefor”, filed
Sep. 20, 1990 and accorded Ser. No. 07/585,611, now
abandoned. This application has been assigned to the
present assignee of the parent applications.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a recording medium
which enables high-density recording and a method of
reproducing information recorded therein and more
particularly, to a recording medium having a constant
birefringent property and an alterable photochromic
property.

2. Background of the Invention

In recent years, an organic photochromic material of
a photon mode has been studied as a material for use as
a recording layer. When the photochromic material is
exposed to light of a prescribed first wavelength, a
photochemical reaction changes the molecular struc-
ture of the material. The changed molecular structure
returns to its original structure when the material is
exposed to light of a second wavelength. In response to
such change in the molecular structure, absorptiveness
of the material is also greatly changed with respect to
light beams of prescribed wavelengths.

A photochromic material having such a property can
be used as a recording layer in a recording medium in
order to record information using a light beam having
the aforementioned first wavelength. Further, the infor-
mation can be reproduced through a light beam having
the aforementioned second wavelength.

When such a reproducing method is employed, how-
ever, a previously recorded portion of the recording
layer absorbs the reproducing beam, and hence the
molecular structure of the previously recorded portion
is unfortunately changed to that of an unrecorded state.

Japanese Patent Laying-Open Gazette 63-259850
discloses a reproducing method that utilizes the optical
rotatory power of the photochromic material to record
information. The term “optical rotatory power” indi-
cates such a phenomenon wherein a prescribed material
rotates the plane of polarization of a linearly polarized
light beam which is introduced into and transmitted
through the material. In the aforementioned photochro-
mic material, presence/absence of such optical rotatory
power determines the recorded/unrecorded state.
Thus, it is possible to read information by a reader
which is provided with means for detecting such rota-
tion of the polarization azimuth angle of a linearly po-
larized light beam. According to this method, further, it
is possible to select a wavelength for the reproducing
beam which is not absorbed by the recording layer.
Such a selection is possible because optical rotatory
power is also present in a region out of the band of
absorbed wavelengths. Thus, it is possible to prevent
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the aforementioned erasing of information caused by
the reproducing beam.

FIG. 10 is a sectional view showing a conventional
recording medium which is disclosed in Japanese Patent
Laying-Open Gazette No. 63-259850. Referring to FIG.
10, a recording layer 102 is formed on a transparent
substrate 101, and a reflecting layer 103 is formed on the
recording layer 102. This conventional recording me-
dium records information by exposing a portion of the
recording layer 102 to a light beam having a specific
wavelength and changing the molecular structure of the
exposed portion.

In such a reflection type recording medium, how-
ever, it is impossible, in principle, to reproduce informa-
tion that has previously been recorded using changes in
the optical rotatory power of the medium. The reason
for this is as follows: .

FIGS. 11A to 11D illustrate states of rotation of the
azimuth angle of the polarization of a linearly polarized
light beam which is introduced into the conventional
recording medium shown in FIG. 10.

FIG. 11A shows the plane of polarization of the beam
which is incident upon the recording layer. FIG. 11B
shows the plane of polarization of the beam, transmitted
through the recording layer, which is on the point of
being reflected by the reflecting layer. As shown in
FIG. 11B, the plane of polarization of the beam is ro-
tated clockwise by an angle & as viewed from the sub-
strate. FIG. 11C shows the plane of polarization of the
beam just reflected by the reflecting layer. As shown in
FIG. 11C, the plane of polarization of the beam is re-
flected in the state rotated by the angle §. FIG. 11D
shows the plane of polarization of the beam retransmit-
ted through the recording layer. When the beam is thus
retransmitted through the recording layer, its plane of
polarization is rotated counterclockwise by the angle &
as viewed from the substrate, since the reflected beam
advances in a direction opposite to that of incidence.
Consequently, the plane of polarization of the reproduc-
ing beam reflected from the recording medium returns
to the state the beam had upon incidence, as shown in
FIG. 11D. In the conventional reflection type record-
ing medium, therefore, it has been impossible, in princi-
ple, to reproduce information that has previously been
recorded by altering the optical rotatory power of the
medium.

Also when a circularly or elliptically polarized light
beam is employed, no change is caused in the polarized
state of the reflected beam in response to the state of the
recording layer. Hence it is impossible to reproduce
information that has been recorded by changing the
optical rotatory power of the recording layer. In the
recording medium of the conventional structure as
shown in FIG. 10, therefore, no change is caused in the
polarized state of the beam reflected from the recording
medium, even if the recording layer has optical rotatory
power. Thus, it has been impossible to read information
that has been recorded by changing the optical rotatory
power of a material.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a
recording medium of a reflection type which can repro-
duce information that is recorded by changing the opti-
cal rotatory power of the medium and a method of
reproducing the information.

The recording medium according to the present in-
vention comprises a recording layer containing a mate-
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rial whose optical rotatory power is changed to record
information therein, a birefringent layer for changing a
state of the polarization of a light beam, and a reflecting
layer for reflecting the beam transmitted through the
recording layer and the birefringent layer to reintro-

duce the same into the birefringent layer and the re-

cording layer.

The birefringent layer can be formed by bringing a
quarter-wave plate into close contact with the record-
ing layer, for example. Further, the birefringent layer
can be formed as a thin film by bringing the same into a
columnar structure which is obliquely grown with re-
spect to a substrate. In this case, a neutral axis is gener-
ated in the direction of growth of the columnar struc-
ture as viewed from the upper surface of the substrate.
Such a thin film can be formed by vacuum deposition,
sputtering or the like.

According to the present invention, the recording
layer contains a material whose optical rotatory power
is changed to record information therein. The optical
rotatory power can be changed by application of light,
heat or the like. Alternatively, the optical rotatory
power may be changed by change of an external field
such as an electric field, a magnetic field or the like.
Information is recorded by such changes in the optical
rotatory power while the birefringence of the birefrin-
gent layer is not altered by the recording process. As
such, the birefringence remains constant whether infor-
mation is recorded in the medium or not.

According to the present invention, further, a single
layer may serve both as the recording layer and the
birefringent layer. Such a layer serving both as the
recording layer and the birefringent layer is called a
recording/birefringent layer in this specification.

For example, the recording/birefringent layer can be
formed by unidirectionally stretching a thin film which
contains a material having optical rotatory power.
When the material having optical rotatory power is of
monomer and/or oligomer introduced birefringence is
small. In this case, a polymer material is contained in the
thin film in order to introduce large birefringence into
the thin film. Alternatively, it is possible to employ
another method in order to introduce birefringence into
the recording/birefringent layer.

The reproducing method for a recording medium
according to the present invention comprises a step of
applying a polarized light beam to a recording medium
having the aforementioned recording, birefringent and
reflecting layers, and a step of reading information re-
corded in the recording layer by detecting changes in
the polarized state of the polarized light beam reflected
from the recording medium.

In a preferred embodiment of the present invention, a
linearly. polarized light beam is employed for reproduc-
tion. According to this embodiment, the beam is prefer-
ably incident upon the recording medium so that the
plane of polarization of the beam matches with the
direction of a neutral axis of the birefringent layer of the
recording medium.

The term “neutral axis” of the birefringent layer indi-
cates a fast axis or a slow axis. The beam is so intro-
duced into the recording medium that its plane of polar-
ization matches with the direction of the fast axis or the
slow axis of the birefringent layer.

The birefringent layer preferably has such a thickness
that a retardation is a constant 7 /2 with respect to the
wavelength of the polarized light beam serving as a
reproducing beam.

—

0

—

5

20

25

30

35

40

45

60

65

4

The action of the present invention is now described.

When a recording medium has optical rotatory
power, its optical rotatory power in Jones matrix repre-
sentation is expressed as follows, assuming that 6 repre-
sents the angle of polarization rotation:

cosd —sind M

R(®) =

sind cosd

When a recording medium has a constant retardation
action of a quarter-wave plate, this action is matrix-
represented as follows, assuming that 7 represents the
constant amount of retardation provided by the bire-
fringent layer:

@
2
an=|°
_,'7
0 e 2

The inventive recording medium contains combina-
tion of two such actions and reflection. In general, the
polarized state of an incident light beam is matrix-repre-
sented as follows:

3
E 3)

Ey

a

E= s

When such a beam is introduced into the inventive
recording medium, the same is subjected to the optical
rotatory power of the recording layer as well as to the
retardation action by the birefringent layer respec-
tively, and then reflected by the reflecting layer. When
the beam represented by the expression (3) is introduced
into the recording medium, the beam which is on the
point of being reflected by the reflecting layer is in the
following polarized state, from the expressions (1) and

Q):

Ey = PAy)- R(®) - Eo @
i
_ e Z 0 cosd —sin8||a|
N Y “lsind cost | |8
0 e T

Then, the reflected beam is retransmitted through the
birefringent layer, and reintroduced into the recording
layer. The beam currently incident upon the recording
layer is subjected to the optical rotatory power by the
recording layer again, while the direction of polariza-
tion rotation is opposite as viewed from the substrate
since the beam advances oppositely to the above. In
other words, the current angle of polarization rotation
is —8 as viewed from the substrate. Such an optical
rotatory power of —8 is matrix-represented as follows:

(6)

cosd  sind
R(-8) =

—sind  cosd
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Therefore, the polarized state of the reflected beam
retransmitted through the recording layer can be ex-
pressed as follows:

E3 = R(—8)-Py): A(y)- K8) - Eo o
i i
cos§  sind el 0 e? 0
= —sind cosd | ¥ Y
[1] e—’T 0 e—'T

~sind I I I
sind B
= D(8,7) - Eo

It is understood from expression (7) that the polarized
state of the beam reflected by the recordmg medium can
be changed from the state in incidence, in response to
optical rotatory power of the recording layer and the
retardation action of the birefringent layer.

When no optical rotatory power is caused in the
recording layer, §=0, and hence §=0 is substituted in
expression (7) as follows:

10 Y 0 10 ®
[ a
E3=|01'0 -W'IOIHBI
_ et 0 a
o e—WIIBI
= IXy) - Eg

Thus, the beam is influenced only by the birefringent
layer. Comparing the expression (7) with expression (8),

DG, y)#D(y)

Hence, the polarized state E3 of the reflected beam is
varied with presence/absence of optical rotatory power
in the recording layer. Thus, it is possible to read infor-
mation from the recording medium by detecting the
difference in the polarized state of the reflected beam.
Such difference of the polarized state can be detected,
for example, by extracting the E3 component of the
reflected beam using a beam splitter and judging the
value of this component.

When the recording medium is provided without a
birefringent layer, as in the prior art, y=0. Hence when
y=0 is substituted in expression (7), this equation be-
comes;

Ey = c0526+sin28‘ Y H“I
0 sin?8 + cos?6 | |8
1 0] fa
-lo V13l
_ a
”lBI

Hence, E3=Eq and no difference in the polarized state
is caused between an incident beam and a reflected
beam even though optical rotatory power is present in
the recording layer. Thus, the information recorded in
the recording layer cannot be reproduced.
Description is now made on such case that a linearly
polarized light beam is applied to a recording medium
so that its plane of polarization matches with the neutral
axis (fast axis or slow axis) of a birefringent layer, the
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‘ 6
thickness of which is set so that the retardation is a
constant /2 . Conditions in this case are expressed as
follows:

®)
|

Bo=|,
)

y= o)

N':l

Expressions (9) and (10) are substituted in expression
(7), to attain the following expression:

(1)

B | o | l |
370 sin2s  cos26
cos2d sin28

T _sin25  cos2s |'E°

Expression (11) indicates that the plane of polariza-
tion is rotated by —2 & as compared with the plane of
polarization at incidence. Furthermore, if no optical
rotatory power is caused in the recording layer, §=0
and hence the polarized state of the reflected beam is
expressed as follows:

10 a2

Ey=i.
3 'lo 1
=i Ep

=

In the expression (12), i indicates that the overall phase
of the beam is shifted by #/2 , and hence the polarized
state of E3 is not substantially different from Eq, which
is the polarized state of the beam at the time of inci-
dence.

FIGS. 8A to 8F illustrate states of rotation of the
azimuth angle of the polarization of a polarized light
beam in an embodiment of the present invention. A
recording medium according to this embodiment is
separately provided with a recording layer and a bire-
fringent layer.

FIG. 8A shows the plane of polarization of the beam
that is incident upon the recording layer. Referring to
FIGS. 8A to 8F, the dot-dashed lines denote the direc-
tion of the fast axis of the birefringent layer.

As shown in FIG. 8A, a linearly polarized light beam
is introduced into the recording medium having its
plane of polarization match the direction of the fast axis
of the birefringent layer.

FIG. 8B shows the plane of polarization of the polar-
ized light beam transmitted through the recording layer
to be incident upon the birefringent layer. As shown in
FIG. 8B, the plane of polarization of the beam is rotated
clockwise through an angle & after transmission
through the recording layer.

FIG. 8C shows the plane of polarization of the beam,
transmitted through the birefringent layer, which is on
the point of being reflected by the reflecting layer.
When the beam is incident upon the birefringent layer,
a constant retardation of 7/2 takes place between E,
and E, components of the beam, which in turn is
changed to an elliptically polarized light beam as shown
in FIG. 8C.

FIG. 8D shows the polarized light beam just re-
flected by the reflecting layer. The beam is reflected by
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the reflecting layer in the state of said elliptically polar-
ized light beam.

FIG. 8E shows the beam which is retransmitted
through the birefringent layer to be reintroduced into
the recording layer. As shown in FIG. 8E, a constant
retardation of 7/2 again takes place in the beam after
retransmission through the birefringent layer, to cause a
total retardation of # in the beam. Consequently, the
beam is converted to a linearly polarized light beam
whose plane of polarization is rotated counterclockwise
by & with respect to the fast axis of the birefringent
layer immediately before exiting from the birefringent
layer, as shown in FIG. 8E.

FIG. 8F shows the plane of polarization of the beam
retransmitted through the recording layer. When the
beam is thus reintroduced into the recording layer, its
plane of polarization is rotated counterclockwise by &
opposite to the direction of incidence, since the beam
advances opposite to the direction of incidence. Conse-
quently, the plane of polarization of the beam exiting
from the recording medium is rotated counterclockwise
by 2 8 as compared with that in incidence, as shown in
FIG. 8F.

When the recording layer has no optical rotatory
power, no rotation of the azimuth angle of the polariza-
tion as shown in FIG. 8B, takes place. Thus, the beam is
so introduced that its plane of polarization matches with
the neutral axis of the birefringent layer, and hence the
birefringent layer causes no change in polarized state.
Consequently, the beam is reflected from the recording
medium in the same polarized state as that in incidence.

These and other objects, features, aspects and advan-
tages of the present invention will become more appar-
ent from the following detailed description of the pres-
ent invention when taken in conjunction with the ac-
companying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view showing an embodiment
according to the present invention;

FIG. 2illustrates chemical structures of an exemp]ary
material which is useful as a recording layer in the pres-
ent invention;

FIG. 3 illustrates absorptiveness of the exemplary
material which is useful as the recording layer in the
present invention;

FIG. 4 schematically illustrates an exemplary optical
system for reading information from a recording me-
dium in the present invention;

FIG. 5 illustrates chemical structures of another ex-
emplary material which is useful as a recording layer in
the present invention;

FIG. 6 illustrates chemical structures of still another
examplary material which is useful as a recording layer
in the present invention;

FIG. 7A illustrates a polarized state of a reflected
light beam obtained when an elliptically polarized light
beam is applied to a recording medium which is pro-
vided with a recording layer having no optical rotatory
power;

FIG. 7B illustrates a polarized state of a reflected
beam obtained when a circularly polarized light beam is
applied to a recording medium which is provided with
a recording layer having optical rotatory power;

FIGS. 8A to 8F illustrate states of rotation of the
azimuth angle of the polarization of a polarized light
beam in the embodiment according to the present in-
vention, in which:

8

FIG. 8A shows the plane of polarization of the beam
introduced into a recording layer;

FIG. 8B shows the plane of polarization of the beam
transmitted through the recording layer to be incident
upon a birefringent layer;

FIG. 8C shows the plane of polarization of the beam,
transmitted through the birefringent layer, which is on
the point of being reflected by a reflecting layer;

FIG. 8D shows the plane of polarization of the beam

10 just reflected by the reflecting layer;
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FIG. 8E shows the plane of polarization of the beam
retransmitted through the birefringent layer to be rein-
troduced into the recording layer; and

FIG. 8F shows the plane of polarization of the beam
retransmitted through the recording layer;

FIG. 9 is a sectional view showing another embodi-
ment according to the present invention;

FIG. 10 is a sectional view showing an example of a
conventional recording medium; and

FIGS. 11A to 11D illustrate states of rotation of the
azimuth angle of the polarization of a beam in the con-
ventional recording medium shown in FIG. 10, in
which:

FIG. 11A shows the plane of polarization of the beam
introduced into a recording layer;

FIG. 11B shows the plane of polarization of the
beam, transmitted through the recording layer, which is
on the point of being reflected by a reflecting layer;

FIG. 11C shows the plane of polarization of the beam
Jjust reflected by the reflecting layer; and

FIG. 11D shows the plane of polarization of the beam
retransmitted through the recording layer.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 is a sectional view showing a recording me-
dium according to an embodiment of the present inven-
tion. Referring to FIG. 1, a recording layer 2 is formed
on a substrate 1. A birefringent layer 3 is formed on the
recording layer 2, and a reflecting layer 4 is formed on
the birefringent layer 3. In this embodiment, the sub-
strate 1 is made of quartz glass. A photochromic mate-
rial is applied onto the substrate 1 by a spin coating
method, to form the recording layer 2 in a thickness of
1 pm. A quarter-wave plate of artificial crystal is
brought into close contact with the recording layer 2, to
form the birefringent layer 3 having a constant birefrin-
gence. Further, aluminum is vacuum-deposited on the
birefringent layer 3 to form the reflecting layer 4 having
a thickness of 1000 A,

FIG. 2 shows the photochromic material for the
recording layer 2. Referring to FIG. 2, the left part A
shows a ground state and the right part B shows an
excited state, while symbol Me represents methyl
groups.

FIG. 3 illustrates absorptiveness of the photochromic
material shown in FIG. 2. When the material is in the
ground state (A), i.e., a state wherein the material does
not have optical rotatory power, its absorption peak
appears at a wavelength around 400 nm or 325 nm as
shown in FIG. 3. Thus, the molecular structure of the
material is changed to an excited state, ie., a state
wherein the material has optical rotatory power, when
the material is exposed to a beam whose wavelength is
around 400 nm or 325 nm. When the material is in the
excited state (B), on the other hand, its molecular struc-
ture is changed from the excited state to a ground state
upon exposure to a beam whose wavelength is around












